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Abstract With low-lifting capability taken into account, a robust guidance law for Mars entry

vehicles with low lift-to-drag ratios, such as Mars Science Laboratory (MSL), is presented.

Consider the nonlinear term in the drag dynamic equation and bounded disturbances as a lumped

disturbance, and design a linear disturbance observer (DOB) to estimate it. With the consideration

of the control input saturation, an innovative sliding surface and a virtual system are introduced to

design the guidance law. Analyses of disturbance observer performance and Lyapunov-based tran-

sient performance are also presented. It is shown that the drag tracking error can be adjustable by

explicit choices of design parameters. Simulation results confirm the effectiveness of the proposed

guidance law.
ª 2015 The Authors. Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

On 5 August 2012, Mars Science Laboratory (MSL) success-

fully landed inside Gale Crater and became the seventh U.S.
vehicle landing successfully on Mars. With the application of
a hypersonic guidance, MSL successfully carried out a more

accurate landing than previous spacecraft to Mars, such as
Vikings I and II, MER Spirit and Opportunity, Pathfinder
and Phoenix. The MSL mission finally delivered a nearly
900 kg rover to a final position approximately 2 km from

the 4.5965 � S and 137.4019 � E target within an expected
touchdown ellipse of 19.1 km · 6.9 km.1 Also, MSL entry vehi-
cle is the first Mars entry vehicle to perform a guided entry.

MSL entry guidance is divided into three distinct phases

according to the order that they occur2: pre-bank, range con-
trol and heading alignment. Once the filtered drag acceleration
magnitude exceeds 1.96 m/s2 (0.2 Earth g), the MSL entry

guidance ceases the pre-bank and begins the range control.
During this phase, MSL entry vehicle adopts the entry termi-
nal point controller (ETPC) which is derived from the

Apollo final entry phase guidance algorithm2–5 and modulates
the bank angle to control the range flown. A three-segment
bank profile is used to meet the parachute deployment con-

straints and generate a reference trajectory.2 The time-
varying controller gains of the ETPC are generated using influ-
ence coefficients with respect to errors about the reference tra-
jectory stored by range-to-go, drag acceleration and altitude

rate as a function of relative velocity.6–9 Similar to the
Apollo entry guidance, a bank-reversal logic is used to deter-
mine the sign of the bank angle. Whenever the cross range
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to the target exceeds the dead band,2 which is described as a
quadratic function of velocity, the sign of the bank angle is
changed to the opposite. Due to larger atmospheric density

variations and shorter flight times, a tighter cross range corri-
dor is added for the first bank reversal,2,8 which improves the
performance and reduces the cross range overshoot.

AMars entry guidance task is to safely and accurately deliver
an entry module from its initial conditions to a designated para-
chute deployment target at the end of the entry phase. To date,

quite a few researchers have considered theproblemofMars entry
guidance law design. It is universally acknowledged that Mars
entry guidance can be divided into two categories10: predictive
path-planning methods and reference-path tracking methods.

Predictive path-planning methods rely on onboard computation
for a real-time path planning and guidance solution, such as the
predictive drag-based guidance law,11 the numerical predictive-

corrector guidance law12,13 and analytical predictor–corrector
guidance algorithms.14,15 Reference-path tracking methods
require not only a reference trajectory which is preplanned using

nominal initial entry states and nominal dynamicmodels, but also
a trajectory tracking control law. To address the problem of tra-
jectory tracking control law design, some advanced control meth-

ods like the linear quadratic regulator method,16,17 the feedback
linearization method,18,19 the state-dependent Riccati equation
method,20 the model reference adaptive control method,21 active
disturbance rejection control22 and neural networks-based sliding

mode variable structure control23 etc., have been applied to the
trajectory tracking control law design.

However, most studies mentioned above rarely take the

low-lifting capability of a Mars entry module into account
and assume the control input to work perfectly. It should be
pointed out that lift-to-drag ratios are quite low and typically

about 0.3 or even lower for Mars entry vehicles such as the
MSL entry vehicle. These vehicles have a low-level control
authority and limited maneuverability.10,24 The control input

is often subjected to saturation. Control input saturation often
severely limits system performance, giving rise to undesirable
inaccuracy or leading to instability.25 Therefore, the design
of a trajectory tracking controller with the consideration of

control input saturation is an important issue and needs to
be handled carefully. Another problem for the trajectory track-
ing controller design is the handling of large dispersions,

mainly due to uncertainties of Martian atmosphere.
This paper develops a robust disturbance observer-based

trajectory tracking controller for Mars entry vehicles with

the control input saturation and the robustness problem taken
into account. The nonlinear term and bounded disturbances in
drag dynamics are regarded as a lumped disturbance. A linear
disturbance observer, derived by the disturbance observer

technology,26–29 is employed to estimate the lumped distur-
bance. The estimate value is used as a feed-forward compensa-
tion to restrain the effects of the lumped disturbance on the

trajectory tracking performance. With the difference between
the control input and the saturated input as the input, a virtual
system is constructed to compensate the effect of saturation.

By introducing a novel sliding surface which relies on the drag
tracking error and the virtual state, the disturbance observer-
based trajectory tracking controller is finally obtained. It is

shown that this controller is robust against the unknown
bounded time-varying disturbance. Transient performance,
which can be adjusted by tuning certain design parameters,
is also analyzed in this paper.
2. Entry guidance problem formulation

For an unpowered atmospheric flight over the nonrotating,
windless, spherical Mars and the longitudinal translational

motion of the entry vehicle can be described by the downrange
R, the radial distance form center of Mars r, the relative veloc-
ity V and the flight path angle c as follows:11

_r ¼ V sin c ð1Þ

_V ¼ �D� g sin c ð2Þ

_c ¼ ½L cos r� ðg� V2=rÞ cos c�=V ð3Þ

_R ¼ V cos c ð4Þ

where r is the bank angle, defined as the angle about the veloc-
ity vector from the local vertical plane to the lift vector; the
gravitational acceleration g, the aerodynamic drag acceleration

D and the lift acceleration L are given by

D ¼ 0:5qV2SrefCD=m ð5Þ

L ¼ 0:5qV2SrefCL=m ð6Þ

g ¼ l=r2 ð7Þ

wherel is the gravitational parameter;Sref is the vehicle reference
surface area; CD and CL are the aerodynamic drag and lift coef-
ficients; q is the Mars atmospheric density; m is the mass of the
vehicle. Assume an exponential atmospheric density model as

q ¼ q0 expððrs � rÞ=hsÞ ð8Þ

where q0 is the density at the reference radius; rs is the refer-
ence radius; hs is the constant scale height.

Energy is used in place of time as the independent variable

with the consideration that time is not critical in the entry
flight. Define the energy as13,21,22

E ¼ V2

2
� l

r
ð9Þ

The derivative of E with respect to time is given by

_E ¼ �DV < 0 ð10Þ

Therefore, the energy is a monotonically decreasing vari-

able. Considering Eqs. (4) and (10), we obtain the derivate of
downrange with respect to energy as

dR

dE
¼ � cos c

D
ð11Þ

Let’s assume that the flight path angle is small in the entry
flight. Then the downrange flown from the current energy E0

to the final energy Ef can be approximated by Eq.(12):10,11

R ¼ �
Z Ef

E0

dE

D
ð12Þ

It is clear that the downrange, as a function of the energy,
depends mainly on the drag profile. The drag of an entry vehi-
cle, in turn, can be controlled through the bank angle. If the
drag profile is specified by a so-called reference drag profile

Dr in advance and a drag tracking guidance law for bank angle
magnitude modulation is employed to follow the reference
drag profile ideally, then the downrange at the point where

E ¼ Ef is also determined. In the guidance scheme of the range
control phase, the outer loop predicts the downrange flown
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using Eq. (12) and adjusts the reference drag profile Dr so that
the predicted downrange flown equals the desired downrange.
The inner loop modulates the bank angle so that the drag

tracks the reference drag profile and that the vehicle achieves
the desired downrange.

3. Drag-based trajectory tracking design for range control

In this section, the goal is to develop a novel guidance law, in
the presence of control input saturation and disturbances, for

the reference drag profile tracking and controlling the down-
range. With the control input saturation taken into account,
we firstly present the drag dynamic equations in an appropri-

ate form that benefits the controller design and analysis.
Then we develop the disturbance observer-base controller
design method and discuss the transient performance analysis

of the drag tracking error.

3.1. Drag dynamic equations with control input saturation

Considering Eqs. (1)–(3), we obtain the drag dynamic with

time as an independent variable11

€D ¼ aðD; _D; r; c;VÞ þ bðD; _D; r; c;VÞu ð13Þ

where

aðD; _D; r; c;VÞ

¼ �
_DV sin c
hs

þDðDþ g sin cÞ sin c
hs

þD cos2 cðg� V2=rÞ
hs

þ 2 _DðDþ g sin cÞ
V2

�2DðDþ g sin cÞ2

V2
� 2

D _D

V
þ 4

Dg

r
sin2 c

þ2Dg cos2 cðg� V2=rÞ
V2

bðD; _D; r; c;VÞ ¼ �D2ð2g
V2
þ 1

hs
Þ L
D

cos c

8>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>:
u ¼ cos r is the control input.

The first derivative of drag with respect to time is

_D ¼ �DV sin c
hs

� 2DðDþ g sin cÞ
V

ð14Þ

Due to the cosine of the bank angle, the control input u

should subject to saturation described by

kuk 6 1 ð15Þ

where ||�|| is the 2-norm of a vector or scalar.
For the development of the guidance law with the consider-

ation of the control input saturation, let’s define a saturation
function as

satðvÞ ¼
1 v P 1

v �1 < v < 1

�1 v 6 �1

8><
>: ð16Þ

If we treat the nonlinear term aðD; _D; r; c;VÞ and distur-
bances caused by parameter perturbation as a lumped distur-
bance d, then the actual drag dynamic equation with the

control input saturation can be represented by the system

€D ¼ dþ bnsatðvÞ ð17Þ

where bn is the nominal value of bðD; _D; r; c;VÞ.
Observe that the control input satðvÞ 2 ½�1; 1�, as a func-
tion of v, depends only on the new control input v. The drag
tracking problem turns to find such a guidance law v(t) that

the vehicle drag follows the reference drag profile provided
by the outer loop of the entry guidance scheme. By using this
modeling approach, we transform the control input u which is

limited between –1 and 1 to an unconstrained control input v.
As shown later, this control input transformation simplifies the
design of a controller and the analysis of drag tracking

performance.

3.2. Disturbance observer-based controller design

Following Ref.25, we define the difference between the control
input v and the saturated input satðvÞ as
d ¼ satðvÞ � v ð18Þ

To compensate the effect of the saturation nonlinearity, we
construct a virtual system as

_f ¼ �c0fþ bnd ð19Þ

with the initial condition that fð0Þ ¼ 0. In the constructed sys-
tem, f is a virtual state and c0 is a positive constant.The drag

tracking error is defined as

e ¼ D�Dr ð20Þ
where Dr is the reference drag profile. Choose a three-segment
bank profile2 to determine a trajectory via open-loop simula-

tion using nominal models. The drag profile for this trajectory
is taken as the reference drag profile.

The derivatives of the drag tracking error along the dynam-

ics Eqs. (13) and (14) are

_e ¼ _D� _Dr ð21Þ

€e ¼ dþ bnsatðvÞ � €Dr ð22Þ

Design an innovative sliding surface

sðe; _e; fÞ ¼ _eþ kee� f ð23Þ

where ke is a positive constant. It can be seen that the sliding
surface not only relies on the drag tracking error but also

the virtual state. The virtual state in the sliding surface here
is expected to compensate the effect of the saturation nonlin-
earity. Differentiating the sliding surface with respect to time
along the dynamics Eqs. (18), (21) and (22) yields

_s ¼ d� €Dr þ ke _eþ bnvþ c0f ð24Þ

To design a linear disturbance observer for the lumped dis-
turbance, we firstly transform the nonlinear system Eq. (24) to
a linear system using a feedback linearization controller with
the dynamic inverse technique:

v ¼ ð €Dr � ke _e� c0fþ vfbÞ=bn ð25Þ

where vfb is a control that will be designed later. Substituting
Eq. (25) into Eq. (24), we obtain a linear system with a persis-
tent disturbance

_s ¼ dþ vfb ð26Þ

Neglecting the lumped disturbance d in system Eq. (26), one
has the nominal transfer function of the system Eq. (26) as
GnðpÞ ¼ 1=p, with p ¼ dð�Þ=dt denoting the differential
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operator in this paper. Using the disturbance observer technol-
ogy, we design the control vfb as shown in Eq. (27) and the lin-
ear disturbance observer (DOB) for the lumped disturbance d

as shown in Fig. 1.

vfb ¼ �d̂� kss� 2ĝs=ðksk þ csÞ ð27Þ

where d̂ is the estimate value for d;cs and ks are both positive

constants; ĝ is an adaptive parameter with the dynamic:

_̂g ¼ lksk ð28Þ

where l is a positive constant.
In Fig. 1, the Q-filter and n are respectively given by

QðpÞ ¼ 1=ðspþ 1Þ and n ¼ �kss� 2ĝs=ðksk þ csÞ, with s the

time constant of the Q-filter. According to the disturbance
observer technology, a small enough time constant s is
required to estimate the lumped disturbance with a sufficient

precision. The time constant of the Q-filter in the linear
DOB is generally selected as a compromised value to satisfy
the dynamics and stability of the closed-loop control system.
The general form and selection of binomial filters for the

Q-filter have been suggested in Ref.30.
Finally, we get the control law

v ¼ ½ €Dr � ke _e� c0f� d̂� kss� 2ĝs=ðksk þ csÞ�=bn ð29Þ

With this controller and the saturation function defined in
Eq. (16), we can calculate the disturbance observer-based

control law u for reference drag profile tracking now.

4. Tracking performance of reference drag

In this section, we analyze the disturbance observer’s perfor-
mance and the transient performance of the drag tracking
error. As shown later, if the lumped disturbance d is bounded

and the time constant of the Q-filter is tuned to ensure that the
steady-state gain of QðpÞ is 1, then the lumped disturbance can
be asymptotically followed by the output of the linear DOB.
From the transient performance analysis of the drag tracking

error, we know that even the lumped disturbance can’t be effi-
ciently estimated by the linear DOB, and the steady drag track-
ing performance can be ensured and improved by tuning

certain design parameters.

4.1. Disturbance observer performance analysis

From the block diagram of the system with the disturbance
observer shown in Fig. 1, we obtain the transfer function of
the estimation as

d̂ðpÞ ¼ Gnd̂ðpÞnðpÞ þ Gdd̂ðpÞdðpÞ ð30Þ
Fig. 1 Block diagram of system with disturbance observer.
where Gnd̂ðpÞ ¼ d̂ðpÞ=nðpÞ ¼ 0 and Gdd̂ðpÞ ¼ d̂ðpÞ=dðpÞ ¼ QðpÞ.
We define the estimation error for the lumped disturbance as

edðpÞ ¼ dðpÞ � d̂ðpÞ ð31Þ

Substituting Eq. (30) into Eq. (31) yields

edðpÞ ¼ ð1�QðpÞÞdðpÞ ð32Þ

It can be seen from Eq. (32) that the design of the DOB
mainly depends on the design of the Q-filter. The Q-filter is
usually designed to be a low-pass filter with a steady-state gain
of 1 so that the estimate of the lumped disturbance approxi-

mately equals to the lumped disturbance and QðpÞ approaches
to 1 in the domain of low-frequency. According to the final-
value theorem, it can be further obtained that

edð1Þ ¼ lim
p!0
ð1�QðpÞÞlim

p!0
pdðpÞ

¼ dð1Þlim
p!0
ð1�QðpÞÞ ð33Þ

As shown in Fig. 1, the Q-filter of the linear DOB is selected

as a first-order low-pass filter QðpÞ ¼ 1=ðspþ 1Þ with a steady-
state gain of 1. We can tune the time constant of the Q-filter to
achieve fine performance. As the lumped disturbance is
bounded, we have edð1Þ ¼ 0. This implies that the lumped dis-

turbance can be asymptotically followed by the output of the
linear DOB. Note that the lumped disturbance includes the
disturbances caused by parameter perturbations and the non-

linear term aðD; _D; r; c;VÞ. They are both estimated by the lin-

ear DOB and feed-forward compensated by the output of the
linear DOB. For the case when the steady-state gain of QðpÞ is
not strictly 1, the DOB may not efficiently estimate the lumped

disturbance. The estimation error may not be able to asymp-
totically reach the origin. Therefore, we need to consider the
case when the linear DOB is only designed to ensure that the

estimation error converges to a residual set defined as

K1 ¼ fed : kedk 6 geg ð34Þ

where ge is an unknown positive constant.

4.2. Convergence performance of drag tracking error

We firstly demonstrate that the boundary layer K2 of Eq. (36)
is an attractive invariant set for the sliding surface sðe; _e; fÞ and
that sðe; _e; fÞ can be driven to arbitrarily small.

K2 ¼ fs : ksk 6 csg ð35Þ

Let’s define an estimate error for the unknown positive con-
stant ge in Eq. (34) as ~g ¼ ge � ĝ, where ĝ is the estimation of
ge. Taking the derivative of ~g and using Eq. (28), one obtains

_~g ¼ �lksk ð36Þ

The candidate of the Lyapunov function is chosen as

Vs ¼ 0:5s2 þ 0:5~g2

l
ð37Þ

Substituting Eq. (27) into Eq. (26), we have

_s ¼ ed � kss�
2ĝs
ksk þ cs

ð38Þ

For the case that ksk > cs, the derivative of Vs along the
dynamics Eqs. (36) and (38) is
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_Vs ¼ sed � kss
2 � 2ĝs2

ksk þ cs
�

_̂g~g
l

6 kedkksk � kss
2 � ĝksk � ~gksk

6 �kss2 � ĝksk þ geksk � ~gksk
6 �kss

2

ð39Þ

Thus, the Lyapunov functionVs and s are both bounded uni-
formly. The value of the Lyapunov functionVs keeps decreasing

until ksk is smaller than cs. This indicates thatK2 is an attractive
invariant set for s although the estimation error of the lumped
disturbance is only able to converge to a residual set. By tuning

parameter cs, we can decrease s to a small value arbitrarily.
Let’s consider the convergence performance of the drag

tracking error. Define a positive Lyapunov function as

Ve ¼ 0:5e2 þ 0:5f2 ð40Þ

The derivative of Ve along Eqs. (19) and (23) is

_Ve ¼ es� kee
2 þ efþ fð�c0fþ bndÞ

6 �ðke � 2Þe2 þ f2=2þ c2s=2

�c0f2 þ bnfd

6 �ðke � 2Þe2 þ f2=2þ c2s=2

�ðc0 � b2n=4Þf
2 þ d2

ð41Þ

If the parameters are chosen as

c0 ¼
�c0
2
þ b2n

4

ke ¼ 2þ �ke

8<
: ð42Þ

where �c0 and �ke are both positive constants. Then, we have

_Ve 6 ��kee
2 þ f2

2
þ c2s

2
� 0:5�c0f

2 þ d2 ð43Þ

Integrating both sides of Eq. (43), one obtains

Veð1Þ � Veð0Þ 6 ��ke
R1
0
kek2dtþ 0:5

R1
0
kcsk2dt

þ0:5ð1� �c0Þ
R1
0
kfk2dtþ

R1
0
kdk2dt

ð44Þ

Thus

kek22¼
R1
0
kek2dt

6
1
�ke
�Veð1ÞþVeð0Þþ0:5

R1
0
kcsk2dt

h
þ0:5ð1� �c0Þ

R1
0
kfk2dtþ

R1
0
kdk2dt

i
6

Veð0Þ
�ke
þ 1

�ke
0:5
R1
0
kcsk2dt

h
þ0:5ð1� �c0Þ

R1
0
kfk2dtþ

R1
0
kdk2dt

i
ð45Þ

where k � k2 is the L2-norm of a vector or scalar.

Construct a positive Lyapunov function Vf ¼ 0:5f2. The

derivative of Vf along Eq. (19) is

_Vf ¼ fð�c0fþ bndÞ ¼ �c0f2 þ bnfd

6 �ðc0 � b2n
4
Þf2 þ d2

6 �0:5�c0f
2 þ d2

ð46Þ

Integrating both sides of Eq. (46), one obtains

Vfð1Þ � Vfð0Þ 6 �0:5�c0

Z 1

0

kfk2dtþ
Z 1

0

kdk2dt ð47Þ

Considering the initial condition that fð0Þ ¼ 0, we have
Vfð0Þ ¼ 0 and

kfk22 ¼
Z 1

0

kfk2dt 6 2kdk22=�c0 ð48Þ
Substituting Eq. (48) into Eq. (45), we get

kek22 6
Veð0Þ

�ke
þ kcsk

2
2

2�ke
þ kdk

2
2

�ke�c0
ð49Þ

If the parameter satisfies �c0 P 2, that is, c0 P 1þ b2n=4,

then

kek22 6
Veð0Þ

�ke
þ kcsk

2
2 þ kdk

2
2

2�ke
ð50Þ

Considering �ke ¼ ðke � 2Þ, we have

kek22 6 Veð0Þ þ
kcsk22 þ kdk

2
2

2

 !,
ðke � 2Þ ð51Þ

Thus, the drag tracking transient performance depends on
parameters ke and cs as well as the initial drag tracking error

eð0Þ with the consideration that Veð0Þ ¼ 0:5e2ð0Þ. The smaller
the initial drag tracking error is, the better the transient perfor-
mance is. We can decrease the effects of the initial drag track-

ing error on the transient performance by increasing parameter
ke. Eq. (51) also shows that the transient performance can be
improved by decreasing parameter cs. The bound of kek2
depends on the bound of d, the effects of which on the tran-
sient performance can be decreased by increasing parameter

ke. If d! 0 as t!1, then we have f! 0 and e! 0.

5. Simulation and results

To illustrate the effectiveness of the proposed guidance law, a
flight dynamics scenario simulating an MSL-class vehicle
entering the Martian atmosphere is carried out in the

MATLAB/Simulink environment. The guidance task is to deli-
ver the vehicle to a terminal point where the velocity is 400 m/s
and the altitude is not less than 7 km. After the vehicle reaches
the entry interface, the bank angle is forced to be a constant

pre-bank angle of 80�. If not, the initial cross-range may not
be reduced efficiently and the dynamic pressure is also too
low for the aerodynamic control to be effective. Once the drag

acceleration magnitude exceeds 0.2 Earth g, the entry guidance
ceases the pre-bank and begins the range control using the
guidance law developed in this paper.

A three-segment bank profile2 is used to generate the refer-
ence trajectory and the reference drag profile. During the range
control phase, the magnitude of the commanded bank angle is
not allowed to output a value greater than 90� or smaller than

30� in order to prevent a reduction of the cross-range control
capability. When the velocity drops below 1100 m/s, the vehi-
cle begins the heading alignment. The heading alignment logic

is given as2

r ¼ K arctanðRc=RgoÞ ð52Þ

where K ¼ 2 is the controller gain, Rc the cross-range and Rgo

the downrange to the target. To prevent the substantial loss of

the parachute deploy altitude in this phase, the magnitude of
the commanded bank angle is limited to 30� in the heading
alignment phase. The schematic of the guidance architecture

for this simulation is presented in Fig. 2.
A 500-run Monte Carlo simulation is carried out in this

section to evaluate the effectiveness of the proposed guidance
law. Detailed parameters of the entry vehicle come largely

from the MSL-class mission data. They are given by:



Table 1 Initial state dispersions.

Parameter Initial value Error (3r)

r (km) 3522.02 0

h (�) 0 0.1

u (�) 0 0.01

V (m/s) 6000 5

c (�) �15 0.01

w (�) 0 0.01

Fig. 3 Variation curves of absolute bank angle and drag

acceleration.

850 Y. Zheng, H. Cui
l¼ 4:283�1013 m3/s2, Sref¼ 15:9 m2, m ¼ 3300 kg, CD ¼ 1:45,

CL ¼ 0:348, rs ¼ 3394:5 km, q0 ¼ 0:0158 kg/m3 and hs ¼
9354 km. The entry states and the corresponding errors are
modeled as random Gaussian distributions at the entry
interface that are listed in Table 1, where h and / are the

longitude and latitude respectively of the position of the
vehicle in spherical coordinates, and w is the heading angle
of the velocity of the vehicle. The maximum density dispersion

is specified as 20% in the Monte Carlo simulation, which
is also modeled as a random Gaussian distribution. The
parameters for the reference drag tracking guidance law

developed in this paper are chosen as: s ¼ 0:1, cs ¼ 0:1,

l ¼ 0:01, ks ¼ 0:1, ke ¼ 2:1 and c0 ¼ 2þ b2n=4. The simulation

results are presented in Figs. 3–6.
Fig. 3 presents the reference bank angle and the reference

drag profile obtained from the planning of the reference trajec-

tory, as well as the actual drag and the absolute commanded
bank angle computed from one of the Monte Carlo simula-
tion. It can be seen from the absolute commanded bank angle

shown in Fig. 3 that the range control nearly begins at 42 s and
ends at 136 s. Although the actual bank angle magnitude is sig-
nificantly different from the reference bank angle at the early
range control phase, it remains mostly close to the reference

value in this phase.
The drag tracking error and the sliding surface during the

entry flight are shown in Fig. 4. The drag acceleration con-

trolled by the proposed guidance law in this paper tracks the
reference drag profile perfectly. The peak value of the drag
tracking error is only smaller than 0.2 m/s2. As expected, the

peak value of the sliding surface is about 0.05, which is less
than cs ¼ 0:1. This simulation result verifies that the boundary
layer K2 defined in Eq. (35) is an attractive invariant set for
sðe; _e; fÞ with parameter cs ¼ 0:1. The three curves of the

lumped disturbance, the disturbance estimate and the virtual
state are presented in Fig. 5. The linear DOB is able to effi-
ciently estimate the lumped disturbance during the drag track-

ing. The virtual state goes away from zero at 42 s and
converges to the origin at about 75 s, which indicates that
the control input saturation occurs at the early range control

phase.
Fig. 6 presents the target miss distance for the 500-run

Monte Carlo simulation at the parachute deployment, in

which dc is the cross range error. Each small circle in Fig. 6
Fig. 2 Schematic of guidance architecture for Mars entry.

Fig. 4 Variation curves of drag tracking error and sliding

surface.
represents a single entry simulation. In this 500-run Monte
Carlo simulation, 396 (or 79.2%) of the distances are within
3 km of the target and 98.2% are within 5 km of the target.
The root mean square (RMS) of all the target miss distances



Fig. 5 Variation curves of disturbance and virtual state.

Fig. 6 Targeting errors and terminal altitude.

Disturbance observer-based robust guidance for Mars atmospheric entry with input saturation 851
is 2.47 km. Fig. 6 also presents the histogram of the terminal
altitude hf at the parachute deployment. It can be seen that a
majority of terminal altitudes are in the range between
9.7 km and 9.8 km.

6. Conclusions

In this paper, a linear disturbance observe-based guidance law

for reference trajectory tracking has been developed for Mars
atmospheric entry vehicles using a combination of the distur-
bance observer technique and sliding-model control.

Disturbance observer performance analysis shows that the
lumped disturbance can be asymptotically followed by the out-

put of the linear DOB d̂. With Lyapunov stability analysis and
L2 Gain-based stability analysis, the drag tracking transient

performance is established and analyzed. It’s shown that the
transient performance can be improved with explicit tuning
of design parameters.
The main contributions of this paper are as follows:

(1) A linear DOB is employed to estimate the lumped dis-

turbance and is expected to restrain the effects of the
lumped disturbance on the trajectory tracking
performance.

(2) The linear DOB is only required to estimate the lumped
disturbance with a bounded error, which helps reduce
the difficulty of the DOB design.

(3) The guidance law developed in this paper is of robust-
ness and continuity.

(4) The sliding surface in this paper not only relies on the
drag tracking error but also the virtual state. This special

design of the sliding surface allows us to design a guid-
ance law with the control input saturation taken into
account.
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