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ABSTRACT: Landing on Mars is one the paramount space missions undergoing various system and
environmental uncertainties. Hence an exact model to represent the dynamic system cannot be achieved
in advance, and subsequently model-based navigation algorithms degrade. In this regard, the present
paper has focused on a robust integrated estimation and control algorithm to attain an accurate navigation
in the presence of different uncertainties for the nonlinear problem of landing on Mars. The proposed

algorithm has been developed based on the variable structure control framework. This method alleviates

limitations of the existing algorithms including the requirement of the Jacobian calculation and the  Keywords:

dimension equality for the state and measurement vectors via statistical linearization and the generalized Robust estimation
matrix inverse theory, respectively. Performance of the proposed algorithm has been investigated via Robust control
Monte Carlo simulations in the presence of different uncertainties including atmosphere instability and '
modeling errors, time delay of actuators, the geometric constraint of the landing site as well as the Landing

saturation limitations of actuators. In addition, the obtained results have been compared to those of the — Cubature Kalman filter

well-known extended Kalman filter- PID combination. This comparison proves the superiority of the  Variable Structure filter

proposed variable structure estimation and control algorithm in terms of the accuracy and robustness.

1. INTRODUCTION

Space exploration and landing on other planets are
significant missions attracted many researchers in recent
decades. However, the system dynamics cannot be forecasted
accurately in such space missions due to vast variations of
the environmental characteristics and system uncertainties.
As the prevailing algorithms applied to the estimation and
control of a lander are model-based, their performance
degrades against such inevitable uncertainties. To cope with
such a difficulty, robust filters like the augmented state, two-
step, and multi-step Kalman filters have been proposed [1].
Adaptive multiple model filer is the other algorithm that
employed a bank of Kalman filters with different settings
and extra computational burden to this aim [2]. These robust
algorithms are ineffective against nonlinear dynamics and
suffer from model linearization. Control algorithms adopted
for the landing phase can be classified into three categories of
optimal control [3], predictive control [4], and robust control
[5] with different cost functions, model accuracy requirements,
and computational complexities. The present study has been
devoted to addressing the problem of nonlinear and robust
integrated estimation and control of a Mars lander. To this
aim, a variable structure approach has been adopted as the
basic framework. A smooth variable structure filter (SVSF)
has been proposed for the estimation of linear systems with
Gaussian inputs in 2002 and then extended to nonlinear

*Corresponding author’s email: kiani@sharif.edu

dynamics in 2007 [6]. Comparison of the SVSF with Kalman
filter family and particle filter in presence of uncertainties
reveals the stability of the SVSF [7]. To achieve an estimation
algorithm that inherits the optimality of Kalman filters and
robustness of the SVSF, these two types of filters have been
combined [8]. It has been shown that the combination of the
Cubature Kalman filter (CKF) and the SVSF, called CK-
SVSF, demonstrates a superior performance than other similar
combinations. However, the existing CK-SVSF is shaped
based on the assumption of a linear measurement model and
dimension equality of the state and measurement vectors.
Accordingly, the application of the existing CK-SVSF is
limited to linear or differentiable measurement systems with
the same dimension as the state vector. Addressing these
difficulties is the key contribution of the present paper. To
this aim, statistical linearization has been substituted for
the analytic linearization and a completely nonlinear robust
filter is achieved. Sequentially, the filter gain is modified
to revise the dimension problem via taking advantage of
the generalized matrix inverse theory. The modified CK-
SVSF has been integrated into a sliding mode control and
then applied to the estimation and control of a Mars lander
in the presence of modeling error, the geometric constraint
of the landing point, saturation, and delay of actuators. In
addition, this integrated algorithm is compared to the well-
known combination of the Extended Kalman Filter (EKF)-
Proportional-Integral-Derivative (PID) algorithm.
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Fig. 1. Time history of the position vector and Euler angles- triangles denote the EKF-PID method results

2. ROTO-TRANSLATIONAL DYNAMICS
Position and attitude of the assumed rigid Mars lander

are represented by the Euler angles (¢, 8,y ) and topocentric
Cartesian coordinates (x,y,z ), respectively. Gravity (g)
and aerodynamic drag ( D) [9] are considered to describe the
lander dynamics in the body coordinate system. Therefore,
rotational and translational motions are described respectively
as:

&=J" (M +M ., ~[0x])Je) (1)

D F
v=—"oxlv+g+ P —A"’;l;“"” )

Where @ represents the angular velocity vector in the
body coordinate system, J is the moment of inertia matrix,

and M, .M, . denote the disturbance and control

moments, respectively. v is the translational velocity, and

m refers to the lander’s mass. F, . is the control force
as well. The terrestrial constraint of the landing point is

modeled as a cone with a limited half angle.

3. ESTIMATION AND CONTROL
Sliding Mode Control (SMC) [10] has been exploited
here to regulate the state vector as follows,
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Actuator att

= [wX]Jw_JAatt@'_JK, Sign(Satt) (3)

=mloxly—mg—mA , i-mK sign(S,,) 4)

Actuator pos

Where @ is a vector standing for the Euler angles,

Su =@+A,0 and S, =v+A, r are sliding surfaces.

pos

Ay A, K., and K’ are gain matrices. To modify the
existing CK-SVSF [8], the measurement Jacobian matrix
(H) has been replaced as follows according to the statistical

linearization approach:
H= })k)\(;—lTl)kTI:—l_l Q)

Where By, and B}, are the prior cross-covariance
and state estimation error covariance matrices, respectively.
To cope with the dimensional difficulty of the algorithm,
the generalized matrix inversion lemma has been utilized to

calculate H ' in filter gain formulation,
H'=H"H)'H" 6)
4. NUMERICAL SIMULATION

The performance of the proposed robust variable structure
estimation and control algorithm is investigated through 100
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Fig. 2. Position vector and Euler angles estimation error in +3¢ bounds

Monte Carlo simulations. Aerodynamic force and moment
are ignored in the estimation and control process to insert a
high modeling error in simulations. The time history of the
controlled position and attitude is depicted in Fig. 1, where
a faster convergence rate of the proposed method than the
EKF-PID is demonstrated. The time history of the state
estimation errors in £3¢ bounds is also illustrated in Fig. 2.
This Figure confirms the stochastic stability and accuracy of
the estimation algorithm.

5. CONCLUSION

Integrated estimation and control of a Mars lander are
investigated in the presence of the various system, and
environmental uncertainties. In contrast to the existing
widespread model-based estimation and/or control methods,
the adopted variable structure approach has been founded
based on the stability criterion. The proposed algorithm is
a combination of a smooth variable structure filter modified
for addressing nonlinearities and dimension difficulties plus
the sliding mode control. Numerical simulations demonstrate
the superiority of the proposed algorithm with respect to the
extended Kalman filter-PID combination.
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Fig. 1. Position constraint of the landing point [13]

RVIRTI A N ICET BRSPS 751 NC IFCTNU SC TN TR 1y

RV WP CORCIR VPV R W SOk 251 KV IPCOOVIPIR Co T RCTN R PN

:)’\
x=f(xX)+U+w )
7=h(x)+v (YO)

255 5 9l g i 4V oW glaally Y Luly, o
wee R o5 0 slouil)lss 5 jho 5:Sile b g pSojlul
— 55 8 polie yilid lalins (nl sl 0B o )La1 a5 jshailes
55, hie ogde ooliiul ond ol lses e il
pas Ol & az g bl o5 col Ojse b 4wl Gl
Sl e Y Sy s )0 35250 slacialad
boond Con oy 5 0L 0nl Sloy B 2 50 s 09800
b3 el o dlone (e Sy slie 2 45 W &Y
cr 3l oolaial b peess Slajion Jos Wy, ST 0sb o
Lis 6lp Ojganl e 9 09b o0 plnl (oS (ellS 12 000
T Sberion lp oeeds (a8 1519 5l S sl 5 (mess 5l0k
Gl 3o 358 o0 ooliinl Jlgen piite U3l 2S00 o o
ol oo 08,91 ¥ ISy Ssles &y 4 ilid

Oike by Sl o lgen i LS b (oaSe (IS o 555l
VAL 5 el

Xy =%,s S5 =chol(B) %)

0+09

V=5

|:']71Ma'i.vt _Kz'zttsgn(satt )] (Y ")

5 48,5 05 Vb o ool s 4 alal) couly Bkl b >

ol 1 5 0ls 3 Jao 5l 2SS

IS, 1T M 11 =118, MK, 1< 0 )

att ist att att

Lol &5 ()1 Ol o sl & a5 es oo i VU ala

K, o Lo conl ons 4285 L s Juils alesdl lsie 4
QS e |y oot Ol Bl ali giie Wilgh co a5 515 g2
0aS S8 gyl o waleS ol s se eanS JuS W
Gilodae @ly ool Sl LB alie son]d b 5o Cundse
039de S D j90 4 Ceadge 0B 09,8 alads SLbI ol 5)lse
odd axd)S L 50 0w J S sy 99,8 akais SlLbI by e
ol el sad as gl ) SE o Sled & yge 4 a5 VY] el

r.z > rcos(¢) (Y)

209 Tror bl (JrS GlaSee gLl 08 (e

Slr S ogiss Vg JUl &S > 4 bgpe S35 slasss

3 Oeigye & Jlasl Slygo &S > 4y gy e J S slass s
RO R WIPVE Ny

Sl b (b VY
Ole a4 x=[0" r @ VT Tl (g9l s (Sl g
Yol I 09l oo a8 )T Jla5 10 o) oo a0 &b oy

D90 e 53l 25 Do 4 Bl e 1) pen Sl (LS

x:[ﬂ:{fk(x)}[ 0 } (YY)
xd .fd(x) Uzm

(V) 9 (V) OYolas conl) o g b Oile £ (x) ol e as
Gwazg bl (F) 5 (V) SV¥oleo cenly oo £,(x) I o el
s d gk Glo il sboe Jeld U, =[UT, U7 T
S (o0 0 )Ll (Saliys g (Sl Sl glaiite 4 S
@k O ey 5o el DI by eSS Gl
s S > SYolre LS j0 6805kl s SOy S

5 ksl cllss 45 coul oads o8 Alie ol o eried (Sesliys



BFA L O+O0 dxbo MY+ - JL» AR b)‘.o.w QY 0)93 ‘)....S)...a‘ L_gu.v&p @QW 4:)..“5

System Change ;
(i.e., Presence of a Fault) 3

. Upper Optimal Boundary Layer

Upper Limit for Boundary Layer

Estimated State Trajectory

Lower Limit for Boundary Layer

. Lower Optimal Boundary Layer

[28] Jlga yuiin ik Lo — opao oS 5l 3,515 i . ¥ JSC
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Fig. 3. Time history of position vector components and Euler angles- Triangle markers stand for the EKF-PID
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for various stochastic initial conditions
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Table 3. Accumulated error of the state estimation and control

s sl s U | P Ov S oY
GRlos pusb) (o (PID-EKF) ;o5 (CK-SVSF) (poss
s> s> sl
(Slos ) s (PID-EKF) s (CK-SVSF) J s
V/E-YYe-0 A+ 5Yfe-¥ AlRa - se-¢
YeY- AR ofe e \Y ¢(deg)
YIYVYOe-f ofeexY V/Aavoe-#
O(deg)
ofeef YN Y/f-\Ye-f
o/vatfe-# ofeet dIYOSYE-5 (deg)
e
Y £ - I¥OOY NERAY) yldeg
-/3-3v VYAV JJYE
x(m)
1. vf YY/EYAA <IYAYY
NENE YIEYAY JJVE (m)
m
YE/FAFA -/fray AT Y
V/e¥e- <100+ oYYy
z(m)
Ve vo¥o £0/5+ ¥ < IAAD
ooy YIVYY\e-f dIYYEYe-5
w_(deg/s
o] FY A VFEYe-0 . (degfs)
Y NERAN vissafe-5
w,(deg/s)
£IVOYie-f ooy VIVEYAE-0 7
NERATA /04 fe-f V/AFToe-0
o, (deg/s)
ofe 55 ofe e VY BIVAYFe-0
V/e-ay /6544 e e¥y
v_(m/s)
FAYYY YIYOVE AT x
- [FFAS SN oYY o[ FY
v, (m/s)
VAAYA VIR -+ - £ 4
<IYAVY YIFFAY <YV
v_(m/s)
YIOAAY oIf-\F NAELIN

" ) o e Cow p4 b -F
Nm“;,.S s Sloe Jloel jgliis M, ior =
eSS o3l
N.m. slazel ks M, M cannbge o ,
(oS D g
S 89959 v m/s ey o, 4
S oxe lp e K’ kem'
” BMm ool gles o Sbe J
218 558 15 el 0 W il ol s, g
sl CUL Hlo
S5 03Il s 95 IS Lo R N
ey 950 510 D
kmdgiol asan 15 7o 50 0 )l glas R, kg «iizo o o, m
m’ ‘U"’“‘""C")"o &= Cobuo A _
B - . Ns‘;]»a: 6L‘°)ij~°$ ‘;L“c‘ (59)‘“ Actuator

0+



DFAL OO0 dxbo NFe JL‘“ N D)Lo.w HY 0,93 ‘)A‘.{)ml &JKA u*“’"-*-e(" d..;).a.w

39 (2014) 403-413.

[5] B. D. Pollard, C. W. Chen, A radar terminal descent
sensor for the mars science laboratory mission, in: IEEE
Aerospace conference, Big Sky, MT, USA 2009.

[6] L. Shuang, Jiang, X. and Yufei, L., An innovative navigation
scheme of powered descent phase for Mars pinpoint
landing, Advances in Space Research, 54(9) (2014) 1888-
1900.

[7] Y. Wu, H. Fu, Q. Xiao, Y. Zhang, Extension of robust three-
stage Kalman filter for state estimation during Mars entry,
IET Radar, Sonar \& Navigation, 8(8) (2014) 598-609.

[8] J. L. Crassidis, J. L. Junkins, Sequential State Estimation,
in: Optimal estimation of dynamic systems, Chapman
and Hall/CRC, 2011, pp. 184-191.

[9] Q. Xiao, Y. Wu, H. Fu, Y. Zhang, Two-stage robust extended
Kalman filter in autonomous navigation for the powered
descent phase of Mars EDL, IET Signal Processing, 9(3)
(2015) 277-287.

[10] L. Cheng, Z. Wang, Y. Song, E Jiang, Real-time optimal
control for irregular asteroid landings using deep neural
networks, Acta Astronautica, 170 (2020) 66-79.

[11] B. Acikmese, S. R. Polen, Convex programming approach
to powered descent guidance for mars landing, Journal of
Guidance, Control, and Dynamics, 30(5) (2007) 1353-
1366.

[12] B. Chengchao, G. Jifeng, Z. Hongxing, Minimum-Fuel
Powered Descent Guidance for Mars Landing, in: 9th
International Conference on Mechanical and Aerospace
Engineering (ICMAE), 2018.

[13] U. Lee, M. Mesbahi, Constrained autonomous precision
landing via dual quaternions and model predictive
control, Journal of Guidance, Control, and Dynamics,
40(2) (2017) 292-308.

[14] T. Reynolds, M. Mesbahi, Small Body Precision Landing
via Convex Model Predictive Control, in: AIAA SPACE
and Astronautics Forum and Exposition, 2017.

[15] C. A. Pascucci, S. Bennani, A. Bemporad, Model
predictive control for powered descent guidance and
control, in: IEEE - European Control Conference (ECC),
2015.

o+1Y

deg « Jsko s37e Js> gl 425 @
deg (o250 sy o> sl agl; 0
deg (il j3e Js> sl 425 v
deg/s «slagl; ce s u

(L) o8 @95 N

o Ao o alps i Sle A
km' /5" o yo a3l 2l H

2970 A S (iiZy po b e a3 4yl

deg .58 ¢

ik alasl> el )by Y

LS bl 559 oy T

O™ R)

ol Cgmsg SYolae 4 Blaie )b att
oYU

Lol 00 03 L}M )JG-J S)90 WAS ('\)
&=l -V

[1] B.A. Steinfeldt, Grant, M. J., Matz, D. A. and Braun, R. D,
Guidance, navigation, and control system performance
trades for Mars pinpoint landing, Journal of Spacecraft
and Rockets, 47(1) (2010) 188-198.

[2] T. Brand, Fuhrman, L., Geller, D., Hattis, P., Paschall, S. and
Tao, Y. C, GN\&C technology needed to achieve pinpoint
landing accuracy at Mars, in: AIAA/AAS Astrodynamics
Specialist Conference and Exhibit, Rhode Island, 2004.

[3] L. Shuang, Yuming, P, Yuping, L., Liu, Z. and Yufei, L.,
MCAV/IMU integrated navigation for the powered
descent phase of Mars EDL, Advances in Space Research,
46(5) (2010) 557-570.

[4] L. Shuang, Jiang, X. and Yufei, L., Innovative Mars entry
integrated navigation using modified multiple model

adaptive estimation, Aerospace Science and Technology,



BFA L O+O0 dxbo MY+ - Jl.u) AR b)lo..u.' HY 0)93 ‘)Mf).m‘ L_gu_rlSw L;“’*\-‘-@(" 4:)..“.3

Learning, in: AAS/AIAA Astrodynamics Specialist
Conference, 2018, pp. 1-20.

[24] A. Mehta, B. Bandyopadhyay, Frequency-shaped and
observer-based discrete-time sliding mode control,
Springer, 2015.

[25] J. E. Slotine, W. Li, Sliding Control, in: Applied nonlinear
control, prentice hall Englewood Cliffs, NJ, 1991, pp. 276-
307.

[26] S. Gadsden, smooth variable structure filter: theory and
applications, Department of Mechanical Engineering,
McMaster University, PhD dissertation, 2011.

[27] S. A. Gadsden, D. Dunne, S. R. Habibi, T. Kirubarajan,
Comparison of extended and unscented Kalman, particle,
and smooth variable structure filters on a bearing-only
target tracking problem, in: Signal and Data Processing of
Small Targets, San Diego, California, United States, 2009,
pp. 74450B.

[28] S.A. Gadsden, M. Al-Shabi, I. Arasaratnam, S. R.
Habibi, Combined cubature Kalman and smooth variable
structure filtering: A robust nonlinear estimation strategy,
Signal Processing, 96 (2014) 290-299.

[29] H. D. Curtis, Orbital mechanics for engineering students,
Butterworth-Heinemann, 2013, pp. 10-16 and 656-660.
[30] B. Wie, Attitude Dynamics and Control, in: Space
Vehicle Dynamics and Control, Second ed., AIAA, 2008,

pp. 323-486.

[16] H. S. Ramirez, A variable structure control approach to
the problem of soft landing on a planet, Control Theory
Adv. Technology, 6(1) (1990) 53-73.

[17] J. Orr, Y. Shtessel, Lunar spacecraft powered descent
control using higher-order sliding mode techniques,
Journal of the Franklin Institute, 349(2) (2012) 476-492.

[18] Q. Lan, S. Li, J. Yang, L. Guo, Finite-time control for
soft landing on an asteroid based on line-of-sight angle,
Journal of the Franklin Institute, 351(1) (2014) 383-393.

[19] Y. Zhang, Y. Guo, G. Ma, G., B. Wie, Fixed-time pinpoint
mars landing using two sliding-surface autonomous
guidance, Acta Astronautica, 159 (2019) 547-563.

[20] J. Xu, X. Yu, J. Qiao, Hybrid Disturbance Observer-Based
Anti-Disturbance Composite Control With Applications
to Mars Landing Mission, IEEE Transactions on Systems,
Man, and Cybernetics: Systems, (2019) 1-9.

[21] S. You, C. Wan, R. Dai, P. Ly, J. R. Rea, Learning-based
Optimal Control for Planetary Entry, Powered Descent
and Landing Guidance, in: AIAA Scitech 2020 Forum,
2020.

[22] S. Swaminathan, R. UP, D. Ghose, Real Time Powered
Descent Guidance Algorithm for Mars Pinpoint Landing
with Inequality Constraints, in: AIAA Scitech 2020
Forum, 2020.

[23] B. Gaudet, R. Linares, R. Furfaro, Integrated Guidance and

Control for Pinpoint Mars Landing Using Reinforcement

DOI: 10.22060/mej.2021.19629.7074

M. Kiani, R. Ahmadvand, Modified Variable Structure Estimation and Control for
Constrained Landing on Mars , Amirkabir J. Mech Eng., 53(10) (2022) 5055-5068.

e gl Ao ol & &igSy

0+TA



