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Robust Roll Modulation Guidance for Aeroassisted Mars Mission

Nick A. Thorp* and Bion L. Pierson1^
Iowa State University, Ames, Iowa 50011-3231

The utility of using an aggregate measure of a vehicle's performance in determining the gains in a fixed-structure
guidance scheme for an aeromaneuvering spacecraft so as to increase the "robustness" of the vehicle's perfor-
mance is examined. The gains in the guidance scheme are determined by minimizing an "averaged" performance
measure based upon the vehicle's flight through several different atmosphere models. This technique is applied to
a Martian aeromaneuvering problem. Simulation results using gains determined by this method show a significant
increase in off-nominal performance.
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Nomenclature
amplitude of the sine wave
vehicle's coefficient of drag

: vehicle's coefficient of lift
: local gravitational acceleration
: altitude rate
= reference altitude rate
: reference altitude
= angular momentum vector of the actual orbit
; angular momentum vector of the target orbit
: vehicle's mass
; number of different atmospheres
: dynamic pressure
: reference dynamic pressure
= planetary radius
: radial distance to vehicle
: radial apoapsis distance based on flight conditions at
atmospheric exit after flight through /th atmosphere

: specified radial apoapsis distance of target orbit
: radial periapsis distance based on flight conditions at
atmospheric exit after flight through /th atmosphere

: specified radial periapsis distance of target orbit
: vehicle's aerodynamic reference area
: vehicle's velocity
: threshold velocity for guidance scheme switching
: weight of the vehicle
: vehicle's flight-path angle
= A V Sit actual apoapsis required to adjust actual

periapsis to targeted periapsis after flight through /th
atmosphere

= A V at actual periapsis required to adjust actual
apoapsis to targeted apoapsis after flight through /th
atmosphere

= A V required to adjust orientation of orbit, i.e., to align
actual orbit's momentum vector with targeted orbit's
momentum after flight through /th atmosphere

= bias
= damping factor for roll model
= longitude of vehicle
= Martian gravitational parameter
= atmospheric density
= atmospheric density from the nominal atmosphere

model at an altitude of h
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T = vehicle's bank angle
jc = commanded bank angle from guidance system
p = latitude of vehicle
Patm = phase angle
\/s = vehicle's heading angle
L>n = natural frequency for roll model
£>exit, = "wedge angle" between actual orbit's angular

momentum vector and target orbit's angular
momentum vector after flight through /th atmosphere

Introduction

W HENEVER an aeroassisted mission is being planned, there
will always be imprecise knowledge of the target planet at-

mospheric properties, the spacecraft aerodynamic characteristics,
and the atmospheric entry orientation. Thus, the spacecraft guidance
system must be able to compensate for these uncertainties. Several
guidance schemes for aeromaneuvering flight have been presented.
These strategies utilize drag coefficient modulation, lift coefficient
(angle-of-attack) modulation, and/or bank angle modulation (roll
about the velocity vector) as the controlling mechanism.

In the area of drag modulation, Kechichian et al.1 have presented
two guidance schemes using drag modulation for planar, nonlifting,
aeroassisted flight. These strategies utilize switching between max-
imum and minimum CD values and have been applied to simulated
GEO-to-LEO missions, where GEO and LEO refer to geostation-
ary Earth orbit and low Earth orbit, respectively. A related guidance
scheme has been proposed by Vinh et al.2 This scheme is less sen-
sitive to the timing of the switching from the entry guidance phase
to the exit phase. In this two-phase scheme, a constant drag coeffi-
cient is used for the initial portion of the atmospheric flight. After
passing the minimum altitude point, the drag coefficient is varied
to achieve a desired exit velocity. This strategy has been applied to
several simulated GEO-to-LEO transfers.

In the area of lift coefficient or angle-of-attack modulation for
planar, aeroassisted orbital transfer, Miele and Wang3 have devel-
oped a feedback control scheme that adjusts the lift coefficient via
a two-stage gamma (flight-path angle) guidance law. The algorithm
uses the equilibrium glide lift coefficient with feedback of the error
from a reference flight-path angle. This reference flight-path angle is
linear with altitude during the entry portion of the aeromaneuvering
flight and constant during the exit portion. This modified gamma
guidance law has been successfully demonstrated on several HEO-
to-LEO missions, where HEO refers to high Earth orbit. Lee and
Grantham4 have presented a guidance scheme that is based on a
Lyapunov optimal function minimizing feedback control algorithm
and has been successfully applied to HEO-to-LEO transfer.

Extensive use has been made of bank angle modulation for trajec-
tory control. Hill5 presented a fixed-structure, three-phase adaptive
guidance scheme using roll about the velocity vector to modulate
the lift vector for an aeromaneuvering orbital transfer vehicle. This
scheme attempts to follow an equilibrium glide trajectory during
the first phase of flight and then to follow reference drag and
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altitude rate profiles during the last guidance phase. Roll rever-
sals are used to maintain lateral control of the vehicle. Hill5 and
Cerimele et al.6 apply this algorithm to several HEO-to-LEO mis-
sions. Another fixed-structure guidance scheme that uses bank angle
for L/D modulation was introduced by Gamble et al.7 This scheme
has two longitudinal control phases (equilibrium glide in the entry
phase and full lift-up in the exit phase) to determine the magnitude
of the commanded bank angle. The lateral guidance determines the
sign of the bank angle to reach a specified exit state. This algo-
rithm was applied to a simulated GEO-to-LEO Shuttle rendezvous
mission. An improved version of this guidance scheme is due to
Cerimele and Gamble.8 The two phases of longitudinal control are
an equilibrium glide with feedback of altitude rate error and dy-
namic pressure error for the entry portion of the flight and a predic-
tor/corrector algorithm for targeting the proper exit state in the exit
portion of the flight. This guidance scheme has been successfully
applied to a simulated GEO-to-LEO transfer. This scheme is used
by Fitzgerald and Ward9 in their GEO-to-LEO mission analysis,
and Meyerson and Cerimele10 have applied it to a Mars mission.
Also, Gamble et al.11 have included this scheme in their work on
guidance schemes for the aeroassist flight experiment (AFE). Two
other guidance algorithms (numeric predictor/corrector and energy
controller) have been developed in this work. Dukeman12 outlines
two possible guidance schemes (reference apogee method and a dif-
ferent numeric predictor/corrector) for the AFE. Bank angle mod-
ulation has been employed in all five of these schemes, which have
been demonstrated on simulated AFE flights. Braun and Powell13

have developed a three-phase, three-degree-of-freedom, predictor-
corrector, guidance algorithm. The first phase uses a constant com-
manded bank angle calculated to yield the proper exit energy. The
second phase (load relief) is a lift vector up flight that is used only if
the deceleration level is excessive. The third phase uses a constant
commanded bank angle to achieve the required exit energy. Roll
reversals are used during this exit phase to maintain the proper or-
bital plane. Powell and Braun14 have improved the load-relief logic
and the accuracy of the exit energy predictions in this guidance
algorithm. This guidance scheme has been successfully demon-
strated on a simulated Mars aerocapture mission. A three-phase
guidance law for planar aeroassisted flight, based on the use of
an approximate, analytical solution (by matched asymptotic expan-
sions) to the planar equations of motion, has been outlined by Mease
and McCreary.15 This law, which employs bank angle modulation,
consists of entry, constant altitude, and exit phases and has been
applied to a simulated Martian aerocapture maneuver.

In a series of articles, Hull and his associates16"19 have devel-
oped a minimum-energy-loss guidance law for an aeroassisted plane
change maneuver between circular LEOs with the same altitude.
This guidance law repetitively uses an approximate optimal control
law to determine the appropriate angle of attack and bank angle.
McEneaney20 has extended this work and developed three related
guidance algorithms for Earth-based plane change maneuvers.

Our intent is to increase the robustness of one of these guidance
schemes for use on a Mars mission. Since atmospheric uncertain-
ties are the primary concern, the adjustable parameters of a par-
ticular guidance scheme can be chosen to optimize a measure of
mission performance in the presence of more than one model at-
mosphere. There is an extensive body of work in the general area
of robust controller design. Dorato21 and Dorato and Yedavalli22

have compiled and edited two volumes of selected recent confer-
ence papers that provide an excellent survey of controller design
methods that may be used to decrease sensitivity. Most of these
techniques, however, are restricted to systems with linear dynam-
ics. Two concepts from robust controller design seem applicable
to our problem. A minimax method of controller design that gives
the best linear-quadratic-Gaussian closed-loop performance over a
set of worst plant parameter changes has been presented by Mills
and Bryson.23 Since they have linear dynamics, the evaluation of
the worst plant parameter changes is analytic. To extend this con-
cept to nonlinear dynamics would require extensive computation.
Also, Ray and Stengel24 have developed a method of stochastic
robustness analysis that could be used in the development of a ro-
bust flight controller. This analysis approach has been applied to

nonlinear systems. Again, an intensive computational effort would
be required to determine an optimal fixed-structure controller based
on minimizing a probability from the stochastic robustness analy-
sis. Consequently, to reduce the required computational burden, we
propose to determine the gains in a fixed-structure guidance scheme
by minimizing an "averaged" performance measure based upon the
vehicle's flight through several representative atmosphere models.

To investigate the utility of this technique, a hypothetical aeroas-
sisted Mars mission is examined. In this mission, the spacecraft's
physical description, position, velocity, and orientation are known
when the vehicle first encounters the Martian atmosphere. A single
aeroassisted pass through the Martian atmosphere is used for the ae-
rocapture of the spacecraft. During this atmospheric pass, bank angle
modulation is used to control the trajectory. This type of flight con-
trol produces a nonplanar trajectory rather than the planar trajectory
produced by a drag modulation control scheme. Upon exiting from
the Martian atmosphere, the spacecraft uses three impulsive engine
burns to enter a specified elliptic orbit about Mars. In order, these
A V adjust the orbital 1) periapsis, 2) apoapsis, and 3) inclination and
longitude of the ascending node to the prescribed target orbit values.

Problem Statement
The general problem then is to determine the values of the guid-

ance parameters (gains) in a fixed-structure guidance scheme for
aeroassisted flight that will minimize some aggregate measure of
the vehicle's performance when that vehicle is flown through sev-
eral different atmospheres that characterize the anticipated range of
atmospheres.

Equations of Motion
For the aeroassisted maneuver, it is assumed that the vehicle is

flying through a nonrotating atmosphere about a nonrotating spher-
ical planet with an inverse-square gravity field. Furthermore, it is
assumed that the vehicle is flying at a constant angle-of-attack, that
CL and CD are constant, and that the vehicle roll dynamics may
be modeled as a second-order system. The equations of motion
for a four-degree-of-freedom (4-DOF) system (three-dimensional
translational equations plus roll dynamics) are employed so that the
selected guidance scheme may use logic for both longitudinal and
lateral maneuvers in attempting to meet the specified atmospheric
exit conditions. These 4-DOF equations of motion, which contain
the commanded bank angle oc as the only control function, are
given by25

r = V sin y

0 =
V cos Y cos VT

r cos0
V cos Y sin \fs

-CDS 2 £i .
V = ———pV2 - — sin Y

2m (1)
CLS

Y = —-pVcosa + — - —y Jcosy2m \^r r2v t
. CL^ T sincr V

w = —— p V ——— — — cos y cos w tan d>
2m cosy r

(7 =: —2^G)nG — 0)n(& — CTC)

Performance Indices
There are several possible objective functions that could be used to

measure the overall performance of the vehicle as it is flown through
several different Martian atmospheres. Since the main motivation
for an aeroassisted maneuver is to save fuel,26'27 i.e., total AV,
the average total A V could be used as a measure of the vehicle's
performance,

(2)

The equations for the calculation of the AV in this performance
index are shown in the Appendix.
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Alternately, the average total deviation of the actual orbit, before
A V corrections are applied, from the target orbit parameters could
be employed as a performance index,

/__, (K a,exit/ '"a,target I ~T" Kp,exit,- fp,target I i l^exit, I)

h = —————————————————————————— (3)n

Potential scaling problems with this performance measure are
avoided since all of the actual computations involve normalized
variables.

Guidance Algorithm
Several of the possible guidance algorithms for aeroassisted flight

that could be used in this study have been mentioned in the Intro-
duction. The only restriction on the guidance scheme for this study
is that the scheme be of a fixed structure with selectable gains.

Many of the guidance algorithms for aeroassisted maneuvers,
including the algorithm used in this study, are discrete in nature.
Here, a discrete guidance scheme is a guidance algorithm that will
issue new guidance commands at discrete, periodic times. Thus, a
guidance command is applied for a fixed, finite-length time interval
(ATguidance-cycieX and it is assumed that there is no time delay in the
computation of a guidance command.

Each of these discrete guidance schemes meets the fixed-structure
requirement. For this study, the analytic predictor/corrector guid-
ance scheme of Gamble et al.11 will be used, with minor modifica-
tions in the lateral guidance algorithm due to Dukeman.12 This is a
fixed-structure guidance scheme with Gp,Gq, G/j>entry, G/j exit, VScaie,
and Wsiope as design parameters. This guidance algorithm may be
summarized as follows.11

At the start of each guidance cycle, CD, S, m, the spacecraft's
current state (h, 6, 0, V, y, i/O, and the drag acceleration V must
be available for guidance computations. In flight, the spacecraft's
current state and drag acceleration will be available from measure-
ments. First, determine the density from the drag acceleration,

pd = 2Vm/(CDSV2) (4)

Then, compute the filtered density multiplier for the next guidance
cycle (Kp.+l),

pi+l = (1 — Gp)Kpi + Gp(p<//pnominal) (5)

The density value used in the remaining guidance calculations may
be determined by

Pguidance — ^pi+\ Aiominal (6)

The magnitude of the commanded bank angle is determined so that
the apoapsis distance based on the flight conditions at atmospheric
exit is as close as possible to the targeted apoapsis distance. For the
entry portion of the flight (when V > VtnggerX

\(W(\-V2/gR) r ; . r f - - , . m
= - I ————77-7;———— - Ghh + Gq(q - tfref) ) (7)q \ CL^

For the exit portion of the flight (when V <

- V2/gR) ^
COS(7C = - CLS (8)

The lateral guidance scheme (determining the sign of the com-
manded bank angle) tries to establish and to maintain the vehicle's
position and velocity vectors in the targeted orbital plane. The wedge
angle (co) between the angular momentum vectors for the targeted
orbital plane and the orbital plane based on the current conditions
is a measure of the success of this attempted alignment. Thus, the
lateral guidance scheme attempts to maintain &> at 0 deg. The initial
deviations of position and velocity from the specified orbital plane
are assumed to be small. Thus, the lateral portion of the guidance
scheme is as follows.

The commanded bank angle's sign is determined by evaluating
the current wedge angle,

cos co = "actual " "target

l^actualll^targetl

Then, compute a maximum acceptable wedge angle,

<*W = (V - Vsc

(9)

(10)

The appropriate sign for the commanded bank angle is then deter-
mined:

_ f -Sgn(Kctual ' ̂ target) if & > 0)max

\ -Sgn(ractual • /Itarget) if CO < C0max

Thus, the commanded bank angle becomes

oc = Sign|ac| (12)

This is the control law for the analytic predictor/corrector guidance
scheme. When this control law is used in Eq. (1), the nonlinear
closed-loop dynamics are obtained.

Atmosphere Models
The atmospheric models involved in this study are all based on

exponential models of the Martian atmosphere28 of the form

P = (13)

The nominal model for the Martian atmosphere has been taken as
a two-parameter (p0, P\ nonlinear, least-squares fit to the North-
ern Hemisphere, summer data.28 The atmospheric density from this
model is used in the guidance scheme to establish a commanded
bank angle.

In order to simulate variations in the Martian atmosphere, a biased
sine wave, similar to that used in Ref. 13, is imposed upon the
nominal model atmosphere used by the guidance system:

= Pnominal 1 + 5 + A
2nh M
——- + 0atm
^ref )\

(14)

Each choice of the parameter vector (5, A, /zref, 0atm) then generates
a new model atmosphere.

Problem Statement
Thus, the general problem is to determine the guidance parameters

Gp, Gq, G,,)entry, G^>exit, Vscaie, and Wsiope in the given fixed-structure
guidance scheme that will minimize an aggregate performance index
(2) or (3) subject to the nonlinear closed-loop dynamic equations
(1) and (4-12) for a specified set of n model atmospheres.

Solution Method
Gradient-based methods, such as sequential quadratic program-

ming or gradient restoration, are currently among the most efficient
methods for solving many finite-dimensional optimization prob-
lems. These methods assume that the objective function and the
gradients of the objective function and constraints are continuous.
This is not the case for the problem treated here. Thus, an optimiza-
tion scheme based on only function values will be employed for this
problem. An algorithm for solving inequality-constrained optimiza-
tion problems has been developed by Box.29 Kuester and Mize30

present a computer code based upon this algorithm. A modified ver-
sion of this code is used in this investigation. The code modifications
involve changes in the testing for feasible points, the generation of
feasible points, and the generation of the initial complex. Also, a
restart capability has been added to the code, and a new output for-
mat has been installed. Although not needed in the current study,
the computer code's ability to handle inequality constraints will be
necessary in future work.

A Martian aeromaneuvering guidance problem has been solved.
There are two versions of this problem depending upon which per-
formance index is used: average total A V [Eq. (2)] or average total
deviation from the specified target orbit parameters [Eq. (3)]. For
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this problem, a training set of model atmospheres is defined. This set
of model atmospheres represents average (nominal), extreme, and/or
varied atmospheres, and this set of atmospheres remains constant
throughout the entire investigation of both versions of this particular
problem. For a particular version of this problem, Box's COMPLEX
method is used to determine the optimal set of guidance gains. For
comparison purposes, a set of optimal guidance system gains based
upon flight through only the nominal model atmosphere is also ob-
tained by use of the COMPLEX method. The vehicle's performance,
in terms of the required A V and nearness of the aerocaptured orbit
to the targeted orbit, can then be compared for flight through each
of the model atmospheres in the defined set using each of the two
different optimal gain sets. This procedure is employed for each of
the two versions of this problem.

In the simulation and optimization programs, no limits have been
placed upon the roll rate and roll acceleration in the second-order
model of the vehicle's roll dynamics. Also, there is no time lag asso-
ciated with the calculations of the commanded bank angle. The ve-
hicle's atmospheric trajectory is generated using a variable-stepsize
fourth-order Runge-Kutta-Fehlberg integration scheme.31

Results
This demonstration problem uses seven different Martian model

atmospheres in the performance measure. Thus, the two versions
of this problem may be stated as follows. Determine the set of six
guidance system gains Gp ^entry, G^)C and Wsiope
that minimizes Eq. (2) or (3) with n — 1 subject to the equations
of motion of the vehicle [Eq. (1)] and the equations of the guidance
algorithm [Eqs. (4-12)].

The spacecraft is flown through the seven different Martian
model atmospheres shown in Fig. 1 and defined in Tables 1 and 2.
These model atmospheres consist of a nominal atmosphere; a cool,
low-pressure atmosphere; a warm, high-pressure atmosphere; and

Table 1 Parameters for model exponential atmospheres

Model atmosphere

Nominal
Cool, low pressure
Warm, high pressure

Reference
altitude,

km

40.0
40.0
40.0

Reference
density,
kg/m3

0.00033648
0.00026402
0.00050554

Inverse scale
height,
km"1

0.11330
0.11966
0.10612

Table 2 Parameters for model varied atmospheres

Biased sine
wave model

1
2
3
4

Bias

0.1
-0.1

0.2
-0.2

Amplitude

0.1
0.1
0.3
0.3

Reference
altitude,

km
15
15
10
10

Phase
angle,

rad
0.00
0.00
0.00
0.00

100 •

- Nominal
-....... Cool, Low Pressure
- - - - Warm, High Pressure
- - - Biased Sine Wave 1
- - - Biased Sine Wave 2
- - - Biased Sine Wave 3
- - - Biased Sine Wave 4

0.0001 0.0002
Density, p , k g / m 3

0.0003

four varied atmospheres. The nominal atmosphere is the model
atmosphere used by the guidance system. The cool, low-pressure
atmosphere and the warm, high-pressure atmosphere represent two
atmospheric extremes.28 The four varied atmospheres are modeled,
as previously mentioned, as biased sine waves imposed upon the
nominal atmosphere.

The parameter values that define this problem are shown in
Table 3. The gain values at the beginning of the optimization pro-
cess and the optimal gain values for both versions of this problem,
along with their bounding values, are shown in Table 4. Table 5

Table 3 Parameters that define this Martian
aeromaneuvering problem

Parameter Definition Value Unit

CL
CD
"entry
rt
"entry
gentry
Ventry
Xentry
Gentry
°entry
c
(On

Vtrigger
A -/guidance-cycle
Mass
Area
h a, target
hp, target
1 target
^target
^target

Lift coefficient
Drag coefficient
Atmospheric entry altitude
Atmospheric entry longitude
Atmospheric entry latitude
Atmospheric entry velocity
Atmospheric entry flight-path angle
Atmospheric entry heading angle
Atmospheric entry bank angle
Roll model damping ratio
Roll model natural frequency
Guidance scheme trigger velocity
Guidance cycle time
Vehicle mass
Vehicle reference area
Target orbit apoapsis altitude
Target orbit periapsis altitude
Target orbit inclination
Target orbit ascending-node longitude
Target orbit argument of periapsis

0.618
1.030

100.000
0
0
6.700

-12.000
0
0
0.950
2.000
4.500
1

9387.084
200

2000
500

0
0

300

km
deg
deg
km/s
deg
deg
deg

rad/s
km/s
s
kg
m2

km
km
deg
deg
deg

Table 4 Initial and optimal guidance gains

Optimal gains based on

Control
variable

Lower
bound

Initial
value

Nominal
atmosphere

Seven
atmospheres

Upper
bound

Total AV performance index

UA, entry
Gh,exit
Vscale
Wslope

0
0
0
0

0.10
0.01

1.000
2.000
2.000
2.000
2.722
0.108

0.8539
1.2140
2.2837
2.1309
2.8307
0.0892

0.7913
1.3134
3.2452
2.1295
2.4009
0.0914

1.00
25.00
25.00
25.00
4.00
0.50

Total deviation performance index

GP
G~q
gentry
G/t,exit
Vscale
Wsiope

0
0
0
0

0.10
0.01

1.000
2.000
2.000
2.000
2.722
0.108

0.8747
1.1986
2.3150
2.3556
2.6633
0.0739

0.7427
1.3086
3.2466
2.2395
2.2058
0.0776

1.00
25.00
25.00
25.00
4.00
0.50

Table 5 Performance averages for simulated flight through
seven model atmospheres

Optimal gains based on
Flight trajectory
measure

Nominal
atmosphere

Seven
atmospheres

Percent
reduction

Total A V performance index

0.1141 0.1015 11.04
584.98 488.33 16.52

0.0589 0.0281 52.29

Fig. 1 Model Martian atmospheres.

A V, km/s
Miss distance, km
Wedge angle, deg

A V, km/s
Miss distance, km
Wedge angle, deg

Total deviation performance index

0.1124
560.83

0.0756

0.1034
495.17

0.0403

8.01
11.71
46.69
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Table 6 Flight characteristics in various Martian atmospheres using gains
based upon minimum average total A V

Flight characteristic

Nominal model
Apoapsis altitude, km
Periapsis altitude, km
Wedge angle, deg
Total A V, km/s
Flight time, s

Cool low-pressure model
Apoapsis altitude, km
Periapsis altitude, km
Wedge angle, deg
Total A V, km/s
Flight time, s

Warm high-pressure model
Apoapsis altitude, km
Periapsis altitude, km
Wedge angle, deg
Total A V, km/s
Flight time, s

Biased sine wave model 1
Apoapsis altitude, km
Periapsis altitude, km
Wedge angle, deg
Total A V, km/s
Flight time, s

Biased sine wave model 2
Apoapsis altitude, km
Periapsis altitude, km
Wedge angle, deg
Total AV, km/s
Flight time, s

Biased sine wave model 3
Apoapsis altitude, km
Periapsis altitude, km
Wedge angle, deg
Total A V, km/s
Flight time, s

Biased sine wave model 4
Apoapsis altitude, km
Periapsis altitude, km
Wedge angle, deg
Total A V, km/s
Flight time, s

Initial
value

4679.27
26.45
0.0930
0.3665

196.19

5338.90
26.30
0.2329
0.4217

202.66

3266.79
38.63
0.2225
0.2544

201.12

4193.86
31.40
0.3158
0.3445

200.18

5081.70
21.49
0.0458
0.3920

191.87

4659.99
23.95
0.3967
0.3874

191.84

4402.22
34.25
0.2373
0.3547

214.83

Gains based on
Nominal atmosphere

2006.31
47.01
0.0012
0.0943

274.92

2270.67
55.23
0.0032
0.1264

307.28

1924.88
-16.72

0.0900
0.1230

206.96

2068.21
50.18
0.0942
0.1060

269.21

2265.90
54.58
0.0743
0.1292

285.58

2048.42
36.65
0.0458
0.1042

251.17

2129.48
42.33
0.1033
0.1160

275.69

Seven atmospheres

1993.15
19.40
0.0442
0.1026

249.58

2007.30
28.17
0.0118
0.0991

270.97

1958.37
-1.77

0.0123
0.1110

213.18

2000.51
37.12
0.0039
0.0959

256.30

2008.73
42.65
0.0997
0.1000

274.90

2011.15
25.60
0.0056
0.0999

243.91

2012.65
19.29
0.0287
0.1026

255.18

100

80

Nominal
............ QQQ^ i_ow Pressure
---- Warm, High Pressure
- - - Biased, Sine Wave 1
- - — Biased Sine Wave 2
- — - Biased Sine Wave 3
--- Biased Sine Wave 4

0 100 200 300
Time, t, sec

Fig. 2 Altitude time histories.

shows the average values, for flight through the seven model atmo-
spheres, of various performance index components. Table 6 shows a
summary of selected flight characteristics for trajectories using the
J\ -optimal gains in each of the seven different model Martian atmo-
spheres. Similar results were obtained using the /2-optimal gains.
Altitude time histories for flight through each of the seven model
Martian atmospheres, using gains determined by minimizing the

— Commanded Bank Angle
••••• Flight Bank Angle

o Minimum Altitude
o V Trigger

200 300
Time, t, sec

Fig. 3 Bank angle time history based upon seven-atmosphere aggre-
gate performance index gains.

average total A V over seven atmospheres, are shown in Fig. 2. The
bank angle time history for flight through the nominal Martian at-
mosphere, using gains determined by minimizing the average total
A V over seven atmospheres, is shown in Fig. 3.

In order to observe the increase in the "robustness" of the aero-
maneuvering guidance system, this same problem has been solved
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Table 7 Parameters for test set of biased sine wave Martian atmospheres and
AV performance results

Reference
altitude,

Model Bias Amplitude km

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

0.1 0.2 10
0.1 0.2 10
0.1 0.2 10
0.1 0.2 10
0.2 0.3 7
0.2 0.3 7
0.2 0.3 7
0.2 0.3 7

-0.2 0.4 20
-0.2 0.4 20
-0.2 0.4 20
-0.2 0.4 20
-0. 0.3 15
-0. 0.3 15
-0. 0.3 15
-0. 0.3 15

0. 0.1 15
-0. 0.1 15

0. 0.3 10
-0. 0.3 10

0. 0.2 12
0. 0.2 12

-0.2 0.1 18
-0.2 0.1 18

Average:

A V for gains based on

Phase Nominal Multiple (7)
angle, atmosphere atmospheres,
deg km/s km/s

0.00 0.11229 0.109993

45.00 0.10796 0.103883

90.00 0.11013 0.098753

-45.00 0.112633 0.11871
0.00 0.105973 0.11095

90.00 0.098493 0.10056
180.00 0.10071s 0.11434
270.00 0.101833 0.11404

0.00 0.30564 0.241353

45.00 0.20203 0.189663

90.00 0.13140 0.109993

135.00 0.111373 0.11321
0.00 0.15235 0.130133

45.00 0.16028 0.118023

90.00 0.15838 0.124083

135.00 0.11052 0.107813

-45.00 0.11478 0.113563

90.00 0.12510 0.099313

180.00 0.10888 0.100143

90.00 0.11440 0.109143

0.00 0.12301 0.104423

45.00 0.103003 0.10402
-45.00 0.12325 0.098663

0.00 0.11263 0.103583

0.12946 0.11826
aLower AV value.
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have, of course, lower values for total A V and total deviation from
the target orbit parameters. For flights through the six off-nominal
model atmospheres, however, the lower values for total AV and
for total deviation from the target orbit parameters are generally
associated with the optimal seven-atmosphere gains. The superi-
ority of the optimal seven-atmosphere gains is also shown by the
various average values shown in Table 5. This table shows the aver-
age (for flight through all seven atmospheres) total A V , the average
miss distances (the sum of the deviations from the targeted periapsis
and apoapsis), and the average final wedge angles for flights using
gains based on seven atmospheres and for flights using gains based
only on the nominal atmosphere. In all cases, the results obtained
for flight using optimal seven-atmosphere gains show a better aver-
age performance than the optimal nominal atmosphere gain based
flight. The percent reduction in flight trajectory measure with res-
pect to the nominal atmosphere gain measure is also indicated in

200 30° Table 5. For example, when the guidance scheme with ^-optimal
seven-atmosphere gains is flown through each of the seven atmos-

Fig. 4 Bank angle time history based upon single-atomsphere perfor- pheres, the average total AV is 0.1015 km/s, and this is an 11%
mance index gains. improvement over using the gains optimized only over the nominal

atmosphere.
using only the nominal model atmosphere; i.e., only a single atmo- The AV values in Table 7 indicate that the aeromaneuvering
sphere (the nominal atmosphere) is used in the performance index guidance scheme is more "robust" when the Ji -optimal seven-
evaluations. These results are included in Tables 4 and 5 . Also shown atmosphere gain set is used (compared to the J\ -optimal nominal at-
in Table 6 are the flight characteristics for flight through each model mosphere gain set). From the simulated flights through each of these
atmosphere using the J\ -optimal, single-atmosphere gains. Again, test atmospheres, the A V requirement associated with the optimal
similar results were obtained using the /2 -optimal gains. The nom- seven-atmosphere gains was lower in 17 of the 24 test atmospheres.
inal atmosphere bank angle time history, using gains determined by Furthermore, when the guidance scheme uses the J} -optimal seven-
minimizing the average total A V over a single atmosphere, is shown atmosphere gains, the average total A V (for all 24 test atmospheres)
in Fig. 4. To further substantiate our claim of a decrease in the sensi- is 0. 1 1 826 km/s, which is an 8.7% improvement over using the gains
tivity of the aeromaneuvering guidance system, 24 additional biased optimized only over the nominal atmosphere. The J[ -optimal seven-
sine wave Martian atmospheres have been defined. The parameters atmosphere gains also produced a 16.9% reduction in the average
for these 24 atmospheres are shown in Table 7. The required A V miss distance (from 727.2 to 604.3 m). The lower miss distance from
for flight through each of these test atmospheres using each of the simulated flight in 20 of the 24 test atmospheres was associated with
two gain sets is also recorded in Table 7. these gains. The J2 -optimal seven-atmosphere gains also produced

A comparison of the flight characteristics for flight through each a more "robust" performance in simulated flights through the 24
of the model atmospheres shows the anticipated results. Flights test atmospheres. The average AV was reduced by 7.8% and the
through the nominal model atmosphere using the optimal nominal average miss distance was reduced by 14.0%. In these simulated
atmosphere gains (compared to the optimal seven-atmosphere gains) flights, the seven-atmosphere-based gains produced the lower value
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of the performance measure in a majority of the 24 test atmospheres.
Also, Table 6 shows that the atmospheric flight times produced by
guidance systems designed by aggregate seven-atmosphere perfor-
mance indices are generally shorter than the flight times produced
by guidance systems whose design is based upon a single model
atmosphere.

The minimum altitude will change with different model atmo-
spheres. This is reflected in the 6.42-km range in minimum altitude
over the seven model atmospheres. However, the minimum alti-
tude achieved by the vehicle in a given atmosphere is nearly the
same regardless of the performance index used or the number of
model atmospheres used in the gain determination. This is indi-
cated by the small changes in minimum altitude, 0.00-0.03 km,
experienced across the various performance measures in each of
the different atmospheres. Consequently, the guidance system gain
settings will only have a minor effect upon those quantities whose
maximum value occurs near the minimum altitude point such as
peak g loading, peak dynamic pressure, and peak stagnation point
heating rate. Also, an examination of Fig. 2 shows that the initial
plunge into the Martian atmosphere is not influenced by the type
of atmosphere being encountered or by the guidance system gain
settings.

Conclusions
The basic idea of this investigation is to evaluate the feasibility

of determining an optimal set of gains for a discrete-time, fixed-
structure guidance system based on an "averaged" performance
measure for flight through multiple model atmospheres rather than
flight through a single model atmosphere. The results of the inves-
tigation indicate that the vehicle's performance (measured in terms
of A V or miss distance) using gains based upon multiple model at-
mospheres is superior in all of the off-nominal training atmospheres
and in a majority of the other test atmospheres.

Examination of all of the simulated flight bank angle time histo-
ries reveals that roll modulation occurs over a larger portion of the
atmospheric flight for guidance systems that use gains based upon an
aggregate performance index. Much of the superior performance of
the guidance systems using gains based upon multiple atmospheres
may be attributed to this extended maneuvering period.

This guidance scheme produces a substantial number of roll re-
versals in order to maintain flight within the specified orbital plane.
The use of gains determined by an aggregate performance index
does not seem to affect the number of roll reversals.

Since the two aggregate performance indices used in this study
measure a similar quantity, deviation from a specified target or-
bit, the two sets of optimal gains should be similar, and they are.
Although the aggregate performance indices produce superior per-
formance in off-nominal atmospheres, there does not appear to be
any clear advantage to either of the two aggregate performance
indices.

This approach to guidance system gain selection may be ap-
plied late in the design process after a particular guidance logic
has been chosen. This investigation illustrates a practical engineer-
ing approach to making a specific guidance scheme for aeroassisted
maneuvers more robust with respect to atmospheric and aerody-
namic uncertainties.

Appendix: Performance Index Evaluation
At the completion of the vehicle's atmospheric flight, i.e., atmo-

spheric exit, the spacecraft will enter an elliptical Keplerian orbit
about Mars. At this atmosphere-space interface, all of the atmo-
spheric flight trajectory variables (rexit, 6, 0, Vexit, yexit> and \js) will
be known. From these known quantities, the apoapsis (Vfl>exit) and
periapsis (rp^t) of the elliptical orbit may be determined.32 The
spacecraft will follow this orbit until it reaches apoapsis. At this
point the first tangential AV will occur. This AV will raise the
periapsis (rp?exit) out of the Martian atmosphere to the desired peri-
apsis distance, rpitarget. The vehicle will then follow the new orbital
path to the periapsis point. Here, the second AV will occur. This
tangential AV will adjust the current apoapsis distance (raiexu) to
the desired apoapsis distance, ra(target. These two A V relations may

be summarized as

AVi = ^P---»"———— /Ve
2
xil - 2 / i - e r i t ex" (Al)

ra, exit Va, exit ~J~ ^p, target) y ^a, exit'"exit

a, target

p, target (Ta, target i f p , target)

p, target v a, exiv a, exit ~T~ f p , target/
(A2)

The spacecraft will follow this new orbit until the third orbit ad-
justment point is reached. This maneuver will occur at the node
line between the current orbital plane and the targeted orbital plane.
Since the current orbit intersects this nodal line at two points, the
fuel requirements may be minimized by executing this maneuver
at the node line intersection point with the largest radial distance.
The required plane rotation angle v and AV for this orbital plane
adjustment maneuver may be determined from the relations33

COS V = COS Current COS /target

+ Sin /current Sin /t^et COS( - ^currentl)

AV3=2Vnodesin(v/2)

(A3)

(A4)

where /current is the inclination of the current orbital plane, /target is
the inclination of the targeted orbital plane, £2Current is the longitude
of the ascending node of the current orbital plane, £2target is the
longitude of the ascending node of the targeted orbital plane, and
Vnode is the spacecraft velocity at the node line intersection point.

Also, the wedge angle &>, the angle between the angular mo-
mentum vectors of the targeted orbit and the orbit based on at-
mospheric exit conditions, may be evaluated by Eq. (9), where
"actual == ''e V exit-
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