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Abstract: Due to the long-range data communication and complex Mars environment, the Mars lander needs to promote the
ability to autonomously adapt uncertain situations ensuring high precision landing in future Mars missions. Based on the analysis
of multiple disturbances, this paper demonstrates an enhanced predictor-corrector guidance method to deal with the effect of
atmospheric uncertainties during the entry phase of the Mars landing. In the proposed method, the predictor-corrector guidance
algorithm is designed to autonomously drive the Mars lander to the parachute deployment. Meanwhile, the disturbance observer
is designed to onboard estimate the effect of fiercely varying atmospheric uncertainties resulting from rapidly height decreasing.
Then, with the estimation of atmospheric uncertainties compensated in the feed-forward channel, the composite guidance method
is put forward such that both anti-disturbance and autonomous performance of the Mars lander guidance system are improved.
Convergence of the proposed composite method is analyzed. Simulations for a Mars lander entry guidance system demonstrates

that the proposed method outperforms the baseline method in consideration of the atmospheric uncertainties.

Nomenclature

gravitational acceleration at Ry,
approximately 3.7 m/ s>

nondimensional aerodynamic lift

and drag acceleration, g

radius of the Mars, 3,397,200 m

radial distance from the Mars’ center to the vehicle,
normalized by Ry

great-circle range to go, normalized by R
Mars-relative velocity, normalized by /go Ro
Mars-relative flight-path angle, deg
atmospheric density of Mars, kg/ m3

bank angle, deg

coefficient of lift and drag force, —

time, normalized by v/ Ro/ g0
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1 Introduction

Since guided entry guidance is firstly adopted in the latest Mars
landing mission, the 2011 Mars Science Laboratory (MSL), and suc-
cessfully achieved a higher landing precision than ever before [1],
Mars lander entry guidance algorithms have become a hot research
topic [2-4]. Nevertheless, further improvement of guidance preci-
sion is inevitably limited by many unpredictable aspects, such as
initial state deviation, atmospheric uncertainty and inertial mea-
surement unit inaccuracy [1],[5]. On the other hand, autonomous
guidance ability is required such that Mars landers can survive long
period mission without real-time data communication. Therefore,
both anti-disturbance and autonomous performance of Mars landers
are needed to be addressed to satisfy the high guidance precision
demand of future Mars landing missions.

Generally speaking, guidance methods could be mainly separated
into two categories: 1) reference-path tracking schemes [6-9], and
2) predictive path-planning schemes [3],[10-17]. The idea of refer-
ence trajectory tracking is first introduced into the entry guidance in
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the 1970s with the fundamental purpose of cancelling the tracking
errors between the reference and the actual path [6]. By compar-
ing to the reference-path tracking method, the predictive approach
could provide greater flexibility for landers to handle larger ini-
tial states dispersions and accommodate more severe off-nominal
conditions. Besides, the predictive methodology can alleviate the
burden on actuators which resolves the overload problem on track-
ing pre-programmed trajectory under poor maneuverability. In [10],
the predictor-corrector technique has been first attempted to guide
a Mars lander to ensure the satisfaction of the mission require-
ments. Besides, [11] uses predictive path-planning schemes to plan
a path onboard from the current position to the targeting parachute
deployment. Moreover, the numerical predictor-corrector algorithm
is used to deliver the spacecraft to satisfy certain conditions [12].
Specifically, Lu successfully extends the predictor-corrector tech-
nique to various types of spacecrafts and provides a general guidance
design structure [13]. In order to reduce the large onboard computa-
tional time of integration, segmented guidance is designed in [3] to
improve the online performance of the predictor-corrector algorithm.

Although the predictive guidance scheme holds greater potential
to be adaptive and flexible than the reference-path tracking guid-
ance, it relies heavily on accurate onboard models of the vehicle
[14]. Until now, some effective approaches have been provided to
achieve satisfiable performance on solving constant biases in uncer-
tainties [13],[15]. However, the Martian environment contains large
uncertainties resulting from the limited observational atmospheric
data and the rapidly changing atmosphere dynamics on Mars, it
brings a significant adverse impact on the accuracy of the exist-
ing technique. Therefore, atmospheric uncertainties should be online
mitigated more radically than it is usually done by repetitive control
corrections [11],[15-17].

Recently, the investigation of systems subject to uncertainties and
disturbances has received considerable research attention and many
effective control methods are proposed [18-30]. In [18], Lam com-
prehensively analyzes the estimation problem of reachable set and
extends the algorithm to the situation with parameter uncertainties.
In order to deal with a class of parametric uncertain systems with
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both sensor and actuator saturations, elegant disturbance attenua-
tion approach is proposed to achieve the prescribed performance
[19]. While as a typical disturbance rejection approach, disturbance
observer based control (DOBC) method has achieved notable perfor-
mance [22-25]. Guo proposes hierarchical anti-disturbance control
(CHADC) strategy by combining DOBC with traditional control
methods, such as Hso control, backstepping control, sliding mode
control, finite-time control, composite control with prescribed per-
formance, et al [26-32]. Besides simple structure and flexible design,
the most significant advantage of CHADC comparing with the other
anti-disturbance methods is that it holds the performance of simulta-
neous disturbance compensation and attenuation by taking the partial
attainable information into account.

Motivated by the above observations, we consider the Mars entry
guidance with atmospheric uncertainties. In this paper, the main
contributions can be summarized as following:

1. As compared to the previous researching work, multiple
sources of disturbances are considered and analyzed to find the main
disturbance before the design of guidance scheme;

2. Different from the fading-memory filter technique dealing
with constant bias atmospheric uncertainties, disturbance observer
is designed in this paper to estimate the height-dependent bias
atmospheric uncertainties; and

3. The composite guidance approach based on the DOBC is pro-
posed to conquer the effect of the atmospheric uncertainties such that
the desired parachute deployment precision can be guaranteed.

The remaining part of the paper is organized as follows: Section 2
provides the multiple disturbances models and analysis; in Section 3
the disturbance observer based predictor-corrector guidance scheme
is introduced; simulation results are demonstrated in Section 4 to
testify the effectiveness of the proposed algorithm, followed by the
conclusion in Section 5.

2  Multiple Disturbances Models and Analysis

In this paper, a longitudinal dimensionless model [4] is consid-
ered. As the Mars lander entries the atmosphere of Mars with a
relatively high speed and low height compared with the rotational
speed of Mars, the Mars’ rotational effects are ignored. Therefore,
the kinematic and dynamic equations of an Mars lander during the
atmosphere entry phase are given by

7= Vsiny +d; 6))

V=-D- (Sin;)er} @)
™

._ L 2 1 cosy -

'yfv{cosa—i—(\/ r)( > )+d3} 3)
1 2 S
1 2 S

D= 59(1+A/3)V E(CD'FACD) (5)

where m is the mass of Mars lander, S represents the Mars lan-
der reference area. d; represents the wind disturbance, dg represents
equivalent disturbance brought by drag coefficients uncertainties
and atmospheric uncertainties, d3 represents equivalent disturbance
brought by lift coefficients uncertainties and atmospheric uncertain-
ties [5],[33-34].

Generally, the disturbances will cause different degrees of effect
according to certain missions. In order to compare the impact
degree of multiple disturbances and find main disturbance to deal
with, Monte Carlo simulations have been made to demonstrate the
parachute deployment dispersions under different disturbances. The
engineering applied guidance method Apollo guidance is adopted
in the simulations [7]. The simulation parameters and uncertain-
ties configurations are shown in Table 1 referring to Jet Propulsion
Laboratory and NASA researchers [5].

It needs to be noted that the atmospheric perturbation A5 which
is a variable with zero mean and standard deviation og. o3 can be

modeled as a function of height r and topographic surface height zs
by the relation [33-34]

og = 0.01(25 + zs) exp[(r — Ro — 100)/40] 6)

Each Monte Carlo simulation runs 1000 cases and simulation results
are shown in Figs. 1(a)-1(e).
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Fig. 1: Deployment Dispersions under Multiple Sources of Uncer-
tainties

Remark 1: As can be seen from Figs. 1(a)-1(e), the effect of
the atmospheric uncertainties is mostly noticeable in downrange out
of the initial state deviation, dynamic parameter uncertainties and
wind uncertainties. It needs to be noticed from Fig. 1(a) and (b),
the dispersion is lager Thus, the purpose of the paper is to achieve
a higher precision of the parachute deployment by attenuating the
atmospheric uncertainties among multiple disturbances. In the fol-
lowing paragraph, the influence of the atmospheric uncertainties is
mainly focused. Dealing with multiple and mismatched disturbances
will be studied in the next work.

Aiming at tackling with the disturbance caused by the atmo-
spheric uncertainty in the control channel, the Mars entry guidance
system Egs. (1)-(5) are simplified as follows

7= Vsinvy (@)
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Table 1 Monte Carlo campaign parameters

Disturbances Initial state deviation Wind Coefficients uncertainties
Parameters 0, km Vo, m/s Yo, deg >60 km, m/s <60 km,m/s Cr Cp
Value 125 5505 -14.15 0 0 0.41 1.71
Perturbations Ar, km AV,m/s A~, deg — — ACT ACp
Range (30) +2.31 +2.85 +15% +80 +40 +15% +15%
. sin y the entry phase, the time variable is substituted for an energy vari-
V=-D- r2 ®) able E containing altitude and velocity providing for the criterions
of parachute deployment:
L 1
4= eoso+ (V22 (COSV)+d3 )
Vv T rL 1 V2
E=-—— (13)
1 2 S r 2
L= Ep(l—&-AB)V ECL (10)
1 g From Eq. (13), F is a monotonically increasing variable (dE/dT =
D= 5,)(1 + A,B)V2—CD (11) DV > 0). Because V' can be determined by the values E and r,
m

ds = Ap coso. According to Eq. (6), Ag falls into (—30, 30) with
the probability of 99.74%. Subsequently, for the simplicity of anal-
ysis, A is considered to be upper bounded by 3¢ in the following
paragraph. It should be noted that the disturbance effect also exists
in the mismatched velocity channel which is not directly dealt by the
proposed method in this paper.

3 Disturbance Observer Based
Predictor-Corrector Control

In this section, the disturbance observer based predictor-corrector
approach is designed to deal with the system constructed by Egs.
(7)-(11). The proposed composite anti-disturbance controller struc-
ture is illustrated in Fig. 2. The proposed controller consists of
nominal predictor-corrector method ensuring the Mars lander fly-
ing to the parachute deployment and disturbance observer estimating
atmospheric uncertainties simultaneously. Following the predictor-
corrector method is introduced first, the disturbance observer based
composite controller is then designed.

Initial and final External
state information disturbances

It _x_"J ————— *ds

Predictor- | ¥ _ | Mars lander | X

i > . >
corrector | dynamics
[ -

B!

Feedforward Loop |

Disturbance [ |

Controller observer |« I

I
I
I
| Composite d;
I
I

Feedback Loop |

Fig. 2: The Composite Controller Structure

3.1 Predictor-Corrector Algorithm

Up to date, the predictor-corrector guidance algorithm [10] is suc-
cessfully applied in the entry mission of spacecrafts due to its
advantage of high autonomy and precision. Therefore, in order to
utilize the predictor-corrector guidance scheme in the Mars entry
mission, some variables are firstly defined. Taking s to represent the
range to go along the Mars surface linking the current location of
Mars lander to the parachute deployment site. Thus, one can get

_Vcosy
r

12)

S =

The differentiations are with respect to the dimensionless time 7
(normalized by y/Ro/go). As time is not the crucial criteria during
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three longitudinal equations are given as follows

ds cosy

dE~ D 1)
dr _ siny
dE- D s

d L 9 1 cos

d% = D2 {cosaJr (V — ;) ( rL’Y) +d3} (16)
Given initial conditions s(Ey), r(Ep) and V (Ejp), the lander has to
meet the final constraint sy = s(Ef) when the energy F comes to
the specific final value E; = 1/7¢* — V;*2/2 (r* and V™ repre-
sent the height and velocity of the parachute deployment). It should
be pointed out that since the Mars atmospheric density is too thin
for the lander to execute effective command during the initial phase
of the flight, the predictor-corrector algorithm is called only when
the lift force can provide a sufficient component to drive the lander.
Thus, A = v/ L2 + D? is defined to give an index calling algorithm
when A achieves a certain level to provide enough lifting capability;
if not, the bank angle command is set to be zero.

The bank angle magnitude profile is parameterized by a linear

function of £

2(o0™)
[2(00®)) = 2(00k=1))]

Uo(kJrl) _ oo(k) — A\ (Uo(k) _ Uo(k—l))
(17)
where

z(o0) = s(Ef) —sg =0 (18)

the step-size parameter Ay is chosen to be 1/ 2% and i is the small-
est integer (including 0) such that f(ao(’Hl)) < f(ao(k)) with the
stopping condition

<e (19)

8f (ook )| (k+1), 02(a0 T D)
’ dog = |#(o0 ) dog

Remark 2: It needs to be noticed that the predictor-corrector guid-
ance scheme calculation can only use the information about nominal
models. However, from Eq. (16) one can see that the disturbance d3
causes effect to , this will further affects range s. As a result, to
overcome the effect of disturbance d3 in the command calculation is
a core problem to be figured out.

3.2 Disturbance Observer

For a system such as a Mars lander, precisely modeling its dynamics
and directly measuring the disturbances onboard are very difficult
because of the dramatic uncertainty of the atmosphere. Fortunately,
fading-memory filter technique is applied to solve the uncertainties



problem and achieves satisfiable performance [12-13],[15-16]. Nev-
ertheless, constant effects of uncertainties are focused in above lit-
eratures. Alternatively, the disturbance observer technique provides
an approach which can deal with more general kinds of disturbances
[35]. In this subsection, a nonlinear disturbance observer is designed
to estimate the uncertainties in the models. d5 = Lds/V is defined
and Eq. (9) can be rewritten as

. L 2 1 cos 7y y
fy_vcoso—i-(V —;)( )+d3 (20)

Vr

Then the following disturbance observer is given to estimate the
effect of disturbance df

. £ 271 cosy\
s l(vcosaJr(V T) w) I(z+1y) @)

dy=z+1y (22)

where z is the internal state variable of the observer, [ is the observer
gain. It can be derived that d3 = d4V/L. By defining the esti-
mate error between the disturbance and the disturbance estimation
as eq = ds — d, the performance of the disturbance observer is
analyzed as follows.

Combining Eqgs. (7)-(11) together with Eqgs. (21)-(22) gives

éay =dy — dy = dy — 5~ 15
(L 2 1) cosv
—l(vcosa+<V 7’) . +1(z+1v)

\%
i ] 2_1 cosY\| _,u ;
-7 {Lcosa—&—(\/ r) ( . )} ld3 + dj

=lz 4+ 1Py — Id5 + d}

= — ledé + dé
Then one can get

ca = di/1+ (eq (to) —di/Dexp (<1t — 1)) (23)

Taking the description of d3 and system Egs. (7)-(11) into account,
one will have

,  0dy 9AB  9dy dcosa
=588 0t " Beoso ot @4

where d, = f(V,r,~) is derived which is assumed to be bounded by
0 < @ < oo. Then by introducing Eq. (23), it is possible to ensure
that as ¢ — oo, if [ > 0 is chosen, the estimation error will enter
into the set ed, < /1. Tt can be seen that the bound of disturbance
estimation error can be made arbitrarily small, comparing with the
disturbance d3, as [ increases. Consequently, ey will also converge
to a upper bounded domain as V' and L are positive. )

Remark 3: It can be seen from Eq. (24) that the boundary of dj is
decided by the derivative of A and cos o. The derivative of cos o is
inherently bounded. Then, during the entry phase of Mars landing,
the varying of atmosphere is related to the density of atmosphere
which varies continuously along with the height. Therefore, d/g is
bounded by f is reasonable.

3.3 The Composite Controller

Uncertainties in the Mars atmosphere may significantly degrade the
entry performance of lander. With the disturbance estimated by the
disturbance observer, the predictor-corrector method can take into
account of the disturbance by replacing it with its estimated value
which achieves the desired parachute deployment performance. With

the definition of w = cos o the structure of the composite controller
is given in

U=u—d3 (25)

Substitute the composite guidance scheme Eq. (25) into system
Eq. (9), one can derive that

. _ L 2 1Y fcosy
Y= {cosaJr (V T) ( L )+ed3] (26)

According to the analysis in the preceding part, the estimation error
eq, Will converge into a bounded set with the predictor-corrector
guidance scheme attenuating the estimation error. Thus, the effect
of the disturbance d3 is ultimately dealt by the proposed composite
guidance scheme.

Remark 4: The disturbance observer based predictor-corrector
composite guidance scheme Eq. (25) consists of two layers: the
inner layer contains the disturbance observer and the compensator
in the feedforward path which is operated through disturbance esti-
mation d3; the outer layer contains the predictor-corrector controller
onboard which calculates the bank angle command to satisfy the
requirements in feedback path which is operated through u and the
bank angle command follows Eq. (17). Therefore, the composite
hierarchical structure proposed in this paper could simultaneously
guarantee the anti-disturbance ability and the guidance precision of
Mars landers.

4  Numerical Simulations

The lander model adopted in the simulations is the model from Mars
Science Laboratory. The geometry of the lander is a double-cone,
with an aero-shell forebody shape of a 70 deg sphere-cone. By off-
setting the center of gravity from the lander axis, the lander adopts
an asymmetrical orientation with respect to the incoming flow which
provides a small amount of lift. The trim angle of attack is o = —15
deg. Comparing with the landers previously, the Mars Science Lab-
oratory has the capability of changing the flying trajectory, although
the L/ D is just 0.24. It also has a large volume of which the diameter
is 4.5 m. The maximum bank rate of the vehicle is limited at 20 deg/s
and the maximum bank acceleration at 5 deg/sQ. The simulation is
based on the parameters given in Table 2. The uncertainty is selected
following the distribution as Eq. 6. The observer gain [ = 0.4 is cho-
sen. Considering the lifting capability of the lander, A is set at 1.52
m/s? [5].

From Figs. 3-6 one can see that when the altitude and the velocity
of the lander satisfy the conditions of the parachute deployment, the
final range of the proposed composite method is 0.005 km which is
reasonable to apply to the Mars entry mission. We can first conclude
that the proposed approach can guarantee the lander achieving the
desired control performance under the nominal conditions.

Remark 5: The parachute deployment basically requires landers
to satisfy velocity and height requirement. Then the final range is
the main evaluation index in the longitudinal motion analysis.

Then for the purpose of investigating the effect of atmospheric
uncertainties to the performance, several cases of the uncertainty in
Eqgs. (9)-(11) is chosen. Af in each case is selected according to Eq.
(6) and 1 out of 1000 simulation cases is demonstrated as follows.

Table 2 The lander entry and final conditions

Parameters Symbols Values
initial height 0 125 km
initial velocity Vo 5505 m/s
initial range S0 744 km
initial flight-path angle Yo -14.15 deg
final height ry* 10 km
final velocity Ve* 410 m/s
final range sf” 37 km
final flight-path angle v -
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®
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Nominal case  Atmospheric Uncertainties as Eq. (6)

bank angle, deg
- =)
> =

Baseline algorithm 0.005 km 6.153 km

Predictor-corrector+DO  0.005 km 1.216 km
20

From blue curves in Figs. 7 and 8, one can see that when
the lander reaches the parachute deployment altitude, uncertainties

Fig. 11: Bank Angle History
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Fig. 12: Deployment Dispersions under Atmospheric Uncertainties
Only with uncertainties in Eq. (6)

in atmosphere cause the lander operated under baseline algorithm
(predictor-corrector—+filter) to have a larger velocity and cost more
fuel. The lander need to fly a longer distance to satisfy the final
parachute deployment requirement. For a lander flying during the
entry phase, final range is crucial to evaluate the precision of the
parachute deployment. The final parachute deployment precision
using different methods is shown in Table 3. Results show that
the final range is 6.153 km when using the predictor-corrector
method which is not suitable for the high-precision requirement of
parachute deployment. However, comparing to the baseline method,
Figs. 7 and 8 demonstrate that the proposed method can successfully
restrain the effect of atmospheric uncertainties and make the lander
more likely flying under no disturbance circumstances. Fig. 9 also
demonstrates that the disturbance observer is efficient to estimate the
disturbance which varies complicatedly. Thus, the proposed compos-
ite method can improve the accuracy of the parachute deployment.
On the other hand, one can see that the inconstant varying distur-
bance degrades the performance achieved by the baseline control.
The final range of the composite guidance method is 1.216 km which
is a more sophisticated entry guidance strategy than that of the base-
line approach. The performance of 1000 cases illustrated in Fig. 12
indicates that the composite guidance scheme achieves a better mis-
sion precision than that of baseline guidance strategy in the existence
of atmospheric disturbance.

crossrange error (km)
crossrange error (km)
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downrange error (km) downrange error (km)
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Fig. 13: Deployment Dispersions under Multiple Disturbances

In order to evaluate the disturbances attenuating ability and relia-
bility performance of the proposed composite method under multiple
disturbances, the final parachute deployment dispersions are also
exhibited in 1000 runs Monte Carlo simulations for the compar-
ison of algorithms. The uncertainty parameters and perturbations
adopted in the simulations are listed in Table 1. As can be seen from
Fig. 13, parachute deployment error of nearly all cases of the pro-
posed composite method are within 2 km and that of 80.6% cases of
the baseline algorithm are within 5 km. Hence, it can be seen that
the proposed composite guidance approach achieves a better overall
performance.

5 Conclusions and Future Work

In this paper, the novel enhanced guidance approach has been put
forward to achieve high precision requirement during the entry phase
of Mars landing. The approach is constructed with the predictor-
corrector algorithm and the disturbance observer. The predictor-
corrector algorithm is designed without depending on the scanty
prestored data such that the Mars lander autonomy is well improved.
On the other hand, the disturbance observer is designed to estimate
the effect of atmospheric uncertainties which are compensated in
the feedforward channel. Then, by using the estimation provided
by the nonlinear dynamic disturbance observer, the enhanced guid-
ance method is proposed. The Monte Carlo simulation results have
verified that the proposed composite method not only reduces the
effect of main disturbance during the entry process but also achieves
favourable performance with consideration of multiple disturbances.
It should be noted that, the real-time proposed method will cause
calculation burden which may degrade the performance of guid-
ance system in a great extent. Therefore, research on releasing the
calculation burden of real-time approach will be carried out.
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