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Abstract: In order to research the uncertainty propagation laws of Mars entry dynamic equations for the

Mars entry phase, an improved method was presented for analyzing the effect of the initial state uncertainties

and uncertainty factor on the system state in the state trajectories. When applying the method to the entry

phase of one of the NASA Mars exploration missions, the simulation results agreed well with the Monte Carlo

method, especially the flight path angle simulation at least reaching 92%. It is found that the improved method

can not only predict the uncertainty propagation laws with high accuracy of at least 92%~in flight path angle

simulation and large application scope from — 0.1 degree to 0.1 degree, compared with local linearization

method, but also save several hours relative to Monte Carlo method.
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Mars exploration missions” play_an impor-
tant role in the future deep space exploration-ac-
tivities, and the-niumber of countries and-inter-
national originations,\which have begun to focus
planetary exploration activities on Mars, is-in-
creasing as time going.'\ However.\ _engineering
interplanetary journeys.dare very complicated, so
the exploration of\Mars~has experienced a high
failure rate, especially in earlier attempts.
Roughly two-thirds of all spacecraft destined for
Mars failed before completing their missions,
and there are some that failed before their obser-
vations could begin. One of the significant engi-
neering challenges for delivering spacecraft from
Mars orbit to surface involves the EDL (entry,
descent and landing) phase of the mission. The
Mars entry phase is defined as the period of the
mission from the atmosphere interface to para-
chute deployment, which is considered as the

critically important phase and decides the success
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or-not of the” entire Mars exploration mis-

12 As experienced with the past successful

[3]

sion
landing missions™>, it is widely assumed that the
Mars entry interface begins at 125 km altitude.
To date, all Mars spacecrafts continue to rely on
the entry technologies developed for the Viking
missions. However, Viking-like spacecraft leads
to larger landing error ellipse in order of several
hundred kilometers and cannot meet the require-
ments of future deep space exploration activi-
tiesH %,

Future Mars missions, such as Mars sample
return and Mars base, need to obtain the pin-
point landing Mars within tens of meters to 1km
of a preselected target sitet”. Given the analysis
before*!, some factors, which contain the initial
spacecraft states uncertainties, Mars atmosphere
density, and lift-to-drag ratio, are the main rea-
sons which will significantly lower the landing

precision. As a result of that, to research the
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landing errors caused by the uncertainties
through some optimal methods™ is necessary.
As to the uncertainty propagation problems
for nonlinear dynamical system, there are some
traditional methods, which contain MC ( Monte
Carlo) method™, MCMC (Markov chain Monte
Carlo) method"", LL(local linearization) meth-
od™*?, UKF (unscented Kalman filter) meth-
od"™, CTCC(cell to cell) mapping'*', PC (poly-
and Fokker

Planck Kolmogorov framework"®, to evaluate

nomial chaos) based method™™

the results in order to obtain the laws of uncer-
tainty propagation.

Among the methods presented above, an
improved method (IM method for short) based
on local linearization method is proposed so that
it meets the requirements of accuracy and effi-
cient in deep space exploration. Assuming that
the initial uncertainties are Gaussian distributed
in Mars entry phase, the applicability of this
method is necessary to research. So_the aim-of
this paper is to obtain the laws of-uncertainty
propagation and the application scope of “this
method. This _paper is structured ‘as follows:
section 1 describes the Mars\entry problem, -And
the uncertainty propagation method for Mars-en-
try problem, which is based on local“lineariza-
tion method, is inferred'in séction 2. Given the
approach is applied to-the entry scenario of a
Mars exploration mission, the simulation results
are presented and analyzed in section 3. The last

section 4 contains the conclusions of this paper.
1 Mars entry problem

1.1 Mars entry dynamic equations

Mars

when the spacecraft starts at the Mars atmos-

Typically, the entry phase starts
phere interface and ends with the parachute de-
ployment. As the Mars entry phase only lasts a
short time, and the decrease of height is much
less than the radius of Mars, a uniform gravita-
tional field is used here and the Mars’ rotation is
neglected. It is also assumed that the entry
spacecraft flies at a constant angle of attack and

the controlled guidance of spacecraft is achieved

only through modulating the bank angle of entry
spacecraft. Based on the Mars centered Mars-
fixed coordinate system, the dynamic equations
of Mars entry spacecraft are given by
r= wsin?y
wcos Ysin ¢
B rcos A
UCOS Ycos ¢

r

v=—d— gsiny

. lcos >
7:—(#* —&*—v]cos}'
- v r
. vsin ¢cos Ytan A [sin
¢ = v + ¢ @D
r VCOSs Y

Where ris the distance from the center of Mars
to the center of mass of enfry spacecraft; 01is the
longitude-and A‘is the latitude; v is the velocity
of entry -spacecraft; ¥ is the FPA (flight path
angle). The—azimuth angle ¢ is defined as a
clockwise rotation angle from north, and ¢ is the
bank angle defined ag the angle about the veloci-
ty vector from the€ local vertical plane to the lift
vector.
The variables of drag and lift are presented
by d and [ as followed:
d = 0. 5pv2/B
l=dXL/D (2)
Where B presents the ballistic coefficient and
L/ D denotes the lift-to-drag ratio.
Then, the gravitational acceleration g uses
the Newton formulation which gives enough ac-

curacy (roughly 99%).

(3

_ M
€=

¥
Where p is the gravitational constant of Mars
(p=42828.29X10" m*/s").

Finally, an exponential Mars atmosphere

density model is assumed as followed;

e It

Where o is the reference density on the surface

of the Mars (o, =2X10"" kg/m’); r is the ref-

o= ‘O<)€Xp|:*

erence radial position (r,=3437.2km), and h, is

the constant scale height (h,=7500m).
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1.2 Uncertainty factor of atmosphere density

In the Mars entry phase, there are lots of
uncertainties in the real navigation system, such
as initial entry state uncertainties, atmosphere
model uncertainty and so on. But atmosphere
model uncertainty, which is one of the main fac-
tors, affects navigation accuracy. So there is a
demand to research the atmosphere model uncer-
tainty.

And percentage is traditionally given as the
unit of atmosphere model uncertainty. Further-
more, the equation for atmosphere model uncer-
tainty is expressed as followed:

o (A= +gXAX o (5)
Where o, is the nominal density; the standard
deviation of atmosphere model uncertainty is g,
and A complies with Gaussian distribution. Mo-
reover, its mean and standard deviation are zero

and one respectively.
2 Uncertainty propagation on improved method

In fact, the system described-by Eq.” (1) —
Eq. (5) can be simply rewritten as
x= h(t,x, ps$) (6)
Where p is the.modified uncertainty factor (see
in the next equation) ; xis the\state vector of sys-
tem and the control variable is| ¢.
Because p is a random cénstant parameter,
Eq. (5) can be rewritten-ds

p=0

(M=o +pXp &P
Where E[p(t,)]=0, E[p*(t,)]= ¢, and
A =100 0 0
TG G
A27|: r 0 M

H
A3f[—°‘;—2 0 0
h. r

G Gy .
A0 0 2 G+
A7:

p(ty), which is Gaussian distributed, denotes
the initial atmosphere model error.

So, let the state vector be X=_[x; p]", the
function be f=[h";0]", Eq. (6) can be rewrit-

ten as

X=f(t,X,¢) €))

Assumed that X" =[X";p" ] is the nomi-

nal state, and the nominal control variable is
" (1), the modified dynamical equations based

on the nominal trajectory can be got below:
X = f(t.X" ) €))
Supposing the state deviation is expressed
as 0X, 0¢ is the control deviation. Given Eq. (8)
and Eq. (9), expanding the equation at nominal
trajectory so that the deviation caused\by the ini-
tial state uncertainties or<atmosphere model un-

certainty factor can he obtained-as followed:

PX — ACDIX + B3+ Soxt (10)
Where

o -

IX | xeH=x" » = A(D
wn=¢" (v

af _

(7#, Xo=x" (@ B(o)
Ho=¢" (D

2’f _

IX? | xo=x"® Co
dn=¢"(n

So the detailed forms of matrix A; and C; can
be got, and denote respectively the ith row of
A(t) and C(0).

are expressed as followed:

Moreover, the detailed forms

R +S 0 0]
GG *Gy Gx O:|
H oK <E o]
r r r
2d d
- 85 0 (1+1>>}
LYJFL’“S LR 0 hSTz]
U
heJ, —G4+M Gs hJ.]
o S

[0, ] (1D
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Where E=cos ysin¢, F=sin ysin¢, H=cos ycos ¢, K=sin ycos ¢, M=cosA, N=sind, W=cos ¢,
vEN vE . _EN . _ vFN _, vHN . _ E

M ’ (1271”M’ (Isfma (11: M 9(15: M ’ (16

V=sin¢, S=cos ¥, R=siny, G =

™’
_wE L oH o IW _ L _ v _2g _ g1 _8_ 1 _ v
G rM’ Gy rM’ T h.v T ler’ Ls r? ro’ L o T r’ Ls v r’ Ji h.vS’
_
J.= 1t
G = [lezs S 0us S —uR 01><16:|
G-[H, G G G G, G, EILN) G G G
’ 7 ™ r r r 1 ™ rM? M M M
G Gs F H G G _F _ K Gs
r 0 M 0 ™M M 0 r 0 M rM G r™M 0 r
G H oK }
0 M M rM G Ouy
2vH H K E H K E K
C:; = [ v; 01z - 7 U_Z v_; 0115 - 7 013 — —— 0 vz 012
r r r r r r
LK WM F B o E oF o g
r r r r r r
d ©6g 2d  2gc d 2 2d
=|—5— %R =a —_— A <= 5
G [ hs r 012 vh, r S 0 (1 -+ prhy O vh, 012 o Oz
__2d  Zg , _/d 7 o id ‘
Tt po ro o 8B 0o A Qe e O]
G = |:’]£l —1L,S 0, _L_Lzs L3R 0 — Ty 0 _L_LZS 0r: _24?8 _LlR
v V v
T, h, T, h,
0 2—"0 L;R Opo. — LiR-L:S 0 — Ty 070 — 013 ]
_ G N G 260 &6 G &
C(i - [Il O TM IZ I% ” jZ 01><7 }"M O M2 M M M
G he G
O Iz O 1\/6[ O Ii G]o ‘(jl I3 O - I\/} 11 Jg G] Gl] J_§
Gs G h
7 K O I\Z GIO 7 G]l 7 Gl O - j? 0]><) 7{2 LSA' 0|><2]
G = [01><19] 12
_6g 20 _2g 1 _ WVA+RH _ _WR . _EN _ HN
Where L, IR L, ot + 2 Js S , Ju o1+ p S’ Gy M’ Guo M
KN . 2G|, ] _ G I _ G IR _LVR
Gu ™ L 7 - h,’ L= r v’ Is= r S’ L= o' & Gs.
Now the uncertainty propagation, based on obtained by LL method and MC method.
initial condition and atmosphere model uncer- In order to discuss the laws of uncertainty
tainty, can be researched. However, the control propagation and the range of application for IM
uncertainty is not discussed here. method, a series of initial errors are assumed to

. . each system state or atmosphere model uncer-
3 Simulation and results ‘ .
tainty to sum up the laws of uncertainty propa-

In this section,the effect of the uncertainties gation for dynamic system of Mars entry. The
of initial conditions and atmosphere model uncer- nominal initial state variables and physical pa-
tainty on spacecraft flight trajectories in the rameters of entry spacecraft are listed in Table
Mars entry phase is researched based on IM 1, and the consequences based on each of these

method, and the results are compared with those cases are plotted in Fig. 1—Fig. 7.
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Table 1 Nominal initial state variables and
physical parameters
Symbol Quantity Value
ho /km Initial altitude 125
6 /(" Initial longitude 0
A /() Initial latitude 1
w/(m/s) Initial velocity 6900
%/ Initial FPA —13
¢o /(") Initial azimuth angle 89
L/D Lift-to-drag ratio 0. 156
B/(kg/m*) Ballistic coefficient 62.5

Figure 1 shows that when the initial state
uncertainty of radius increases from —4km to 4
km, the other initial state uncertainties remain
zero. The final uncertainties of longitude and

latitude are in close proximity to linearity. But

—= LL method

—+ MC.method

the errors of the other states change quickly. So
they go out of the linear domain quickly. The
reason is that there exists perturbations from in-
itial nominal radius which brings in correspond-
ing errors to all the other states. The first col-
umn of matrix A and the first to the seventh col-
umns of matrix C are very small, with the result
that the errors introduced by r are also small.
However, when the error of ¥ enhances with the
increasing of radius perturbation, it affects v, r
and ¢ heavily in turn. Because the corresponding
items of A and matrix C are relatively large.
Furthermore, IM method is better than LL
method.

Figure 2 indicates that the final longitude
error keeps the same with the initial state uncer-
That’s because thé corresponding

The

pérturbations about 0 do not influence the other

tainty error.

items of matfix A and matrix C-are zero.

==1M method
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Final errors caused by initial radius error
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Fig. 2. Final-errors caused by initial longitude error

states, so the other states remain the same and
do not have an effect on” 0 inAurn.

Figure 3 shows thatthe uncertainty of lati-
tude only affects 0 and . The reason is that only
the third columns of matrix A, and matrix A,
and the fifteenth to the twenty-first columns of
matrix C, and matrix C; have the error intro-
duced by A. However, the errors are all small.
As a result of that, the effect of A on 0 and ¢ is
little. Moreover, IM method is also better than
LL method.

The initial uncertainty of velocity increases
from —20m/s to 20m/s, and the result is that
the errors of all states are in close proximity to
linearity. It is found that the items by studying
the fourth column of A and the twenty-second to
twenty-eighth columns of C are all small. More-
over, that’s why the linear domain is relatively

large. And the Fig. 4 indicates the case.

Figure 5 shows that the corresponding items
of A and C are relatively large relative to the oth-
er items. This explains why the uncertainty of
FPA affects r and v heavily. Moreover, r and v
make an impact on each other relatively. So
when the initial uncertainty 7 increases from
—0.2° t0 0. 2°, the errors of rand v have strong
variation and go beyond the linearity range
quickly. From Fig. 5, it shows that the simula-
tion of LLL method is worse than IM method.

Figure 6 indicates that the perturbations of
the azimuth angle only have an effect on 0, A and
itself. But 0 does not affect the other states.
And A only makes an impact on 0 and . So the
perturbations of the azimuth angle do not influ-
ence r, vand 7.

The atmosphere model uncertainty affects v
and 7Y heavily. The reason is that the atmosphere

model uncertainty affects ¥ heavily, so ¥ has an
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effect on r and v. Moreover, they influence each longitude uncertainty ranges from —0. 04° to 0. 04°;
other interactively, What is more, the IM method the latitude uncertainty is between —0.04° and
is almost close to the MC method from Fig. 7. 0.04°; the scope of velocity uncertainty is from

From Fig. 1 to Fig. 7, if the initial radius —20m/s to 20m/s; the flight path angle should
uncertainty is between —2km and 2 km, the initial ranges from —0.1° to 0. 1°; between —1° and 1°

—= LL method —+— MC method == IM method
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Final errors caused by initial FPA error

should be the scope of azimuth angle uncertainty,
and from —15% to 15% should be the domain of
atmosphere model uncertainty; the simulation re-

sults from IM method and MC method are almost

the same.
Given the analysis above, an analysis asso-
ciated with all the initial uncertainties is per-

formed. The IM method presented in this paper
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gets the results so quickly, however, MC meth-
od (10 000 times) spends more than one hour

getting the results. And Fig. 8 shows that the

—= LL method

—+ MC method

simulation of IM method is almost the same to

the MC method during the Mars entry phase.

== IM method
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. analyzed by using the
4 Conclusion Y Y &

IM method. Then the

range of application for future research is also

During the Mars entry phase, the uncer-

tainty propagation laws of dynamic model are

studied through the results of the IM method,

LL method and MC method. Furthermore, an
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analysis associated with all the initial uncertain-
ties is performed. From Fig. 1 to Fig. 8, the
conclusions can be drawn as followed:

1) The initial errors of radius, velocity,
FPA and atmosphere model uncertainty are mo-
mentous factors which have an effect on all the
states and the application of IM method, and the
vital reasons for affecting the states are the two
factors which are FPA error and atmosphere model
uncertainty.

2) The perturbation of longitude makes no
impact on the other states. As a result of that,
the final errors of the other states are all zero,
and the final longitude error keeps the same to
the initial longitude error.

3) The azimuth angle error and the latitude
error only affect the state of longitude and them-
selves. Moreover, the errors of azimuth angle,
longitude and latitude are almost changing in a
linear fashion.

4) The IM method simulation shows that
the IM method is better than the LI.._method,
and the IM method keeps practically-the same to
the MC method"during the Mars entry phase:
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