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Abstract: The parachute deployment conditions during the terminal entry phase in Mars landing missions exhibit critical
impact on landing precision. In this article, aiming at the requirements of safe parachute deployment and accurate landing, a multi-
dimensional parachute deployment box for determining deployment condition during Mars landing was proposed. First, an extreme-
range optimization model was established, synthesizing the dynamics and constraints of both parachute descent and powered descent
phases. Then, on the basis of the two-dimensional altitude-velocity deployment box, a multi-dimensional parachute deployment box
characterized by altitude, velocity, flight-path angle, and extreme range was constructed through the integration of extreme range
information. Furthermore, an evaluation index for landing precision was formulated and a deployment control logic was proposed for
minimizing landing deviation. Finally, the proposed deployment box was simulated in a Mars landing mission. The results
demonstrate that the proposed box effectively satisfies safe deployment and landing precision demands, eliminating the range-to-go
error at the terminal of the entry phase.
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Highlights:

e A multi-dimensional box is developed for determining parachute deployment conditions during Mars landing.

e The multi-dimensional box is constructed on the basis of the extreme-range optimization model and the two-dimensional box.

e The parachute deployment logic based on the multi-dimensional box is capable of increasing the landing precision.
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Introduction

Mars exploration serves as a crucial approach for
humans to unravel the mysteries of the universe, inves-
tigate the origins of life, and pursue extraterrestrial sur-
vival'!. As engineering capabilities advance and scientific
research deepens, in-situ exploration and sample return
missions have emerged as focal points in Mars explora-
tion?). Precise landing on Mars surfaces is a pivotal
technology for both in-situ exploration and sample return
missions. It determines whether the lander can reach the

designated research areas on the Mars surface and forms
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the foundation for subsequent exploration activities™.
Mars landing typically consists of three phases: the
entry phase, the parachute descent phase, and the powered
descent phase. Since the parachute descent phase is
generally uncontrolled and the powered descent phase has
limited control authority!”, the parachute deployment
conditions at the terminal of the entry phase critically
determines whether the lander can reach the desired
landing site. Premature parachute deployment would
prevent the lander from achieving the required flight

range, causing early touchdown before reaching the target
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area. Conversely, delayed parachute deployment would
result in the lander overshooting the target area. In
addition to satisfying the range constraint, parachute
deployment must comply with Mach number and dynamic
pressure constraints to ensure safe ejection and inflation™,
as well as meet minimum altitude constraint to guarantee
sufficient altitude for completing both parachute descent
and powered descent phases”. Researchers commonly
refer to the set of parachute deployment states satisfying
these multiple constraints as the parachute deployment

box"”

, where violations of the box significantly increase
failure risks of the mission. Therefore, developing multi-
dimensional parachute deployment box is essential for
achieving safe parachute deployment and precise landing.
Research on parachute deployment control methods
for landers has been investigated in the past decades.
Methods include time sequence method, acceleration-
overload method, barometric altimetry method, radar
altimetry method, and two-dimensional altitude-velocity
box method"". Notably, time sequence method, acceler-
ation overload method, and barometric altimetry method
require the accurate planetary atmospheric model. These
methods have been predominantly applied to Earth re-
entry missions but face limitations in extraterrestrial
landing missions with unknown or uncertain atmospheric

[12

conditions"”. The radar altimetry method necessitates the
installation of a height radar near the lander’s heatshield,
imposing stringent requirements on both the structural
design and thermal protection capabilities of the heat
shield. To date, only the Viking mission has implemented
this method"”. The two-dimensional altitude-velocity box
method, which utilizes dynamic pressure, Mach number,
and altitude as control parameters, demonstrates strong
adaptability for planetary landing with uncertain environ-
ment. This method has been extensively employed in
multiple Mars landing missions'*"". Fundamentally, this
method evaluates whether the lander’s states fall within
the safe parachute deployment box. However, although
states within this box satisfy safety requirements, it
neglects the range-to-go information, thereby failing to
guarantee landing precision within the target area. The
Perseverance rover (Mars 2020) adopted a velocity-
constrained downrange trigger. This system initiates

velocity condition verification (permissible velocity

interval is 370-573 m/s) only after the lander reaches a
predetermined range-to-go threshold"”’. However, its
reliance on pre-calibrated range-to-go threshold disregards
real-time state dispersion during flight, resulting in
significant velocity uncertainty during parachute deploy-
ment””’. In summary, existing research on parachute
deployment focuses primarily on meeting safety require-
ments, while the impact of deployment control on landing
precision has received less attention. Therefore, an effec-
tive parachute deployment box must simultaneously prio-
ritize parachute deployment safety and landing accuracy,
moving beyond singular reliance on safety criteria to
minimize landing errors while ensuring lander security.

In this article, aiming at the dual requirements of safe
parachute deployment and precise landing in planetary
landing process, a parachute deployment box for Mars
landing is proposed. To ensure safe parachute deployment,
a two-dimensional altitude-velocity box is established
through dynamic pressure, Mach number, and altitude
constraints, which is subsequently extended to a multi-
dimensional parachute deployment box to guarantee all
deployment states remain within safe operational
boundaries. For landing precision enhancement, an
extreme-range optimization model is developed to
incorporate range information into the multi-dimensional
box. The proposed deployment box effectively enhances
landing accuracy while maintaining safe parachute

deployment.

1 Dynamics and Constraints

A planet-fixed coordinate system O-XYZ is established
as follows: the origin O is positioned at the planetary
center. The OX-axis is directed toward the intersection of
the equatorial plane and the prime meridian. The OZ-axis
aligns with the rotational axis pointing toward the North
Pole. The OY-axis completes the orthogonal triad
according to the right-hand rule. The dynamics presented
in this section are formulated within the planet-fixed
coordinate system.

Due to Mars’ slow rotation and the short landing
duration, planetary rotation has a negligible effect.
Considering the low initial altitude of the Mars lander at
the terminal of the entry phase, gravitational acceleration

remains effectively constant. Under the assumptions of
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where r is the distance from the center of the planet to the
lander, @ is the longitude, ¢ is the latitude, v is the velocity
magnitude, y is the flight-path angle, y is the velocity
heading angle, g is the gravitational acceleration on Mars,
and o is the bank angle. L and D are the lift and drag
acceleration before parachute deployment, respectively.
The lift and drag acceleration are mathematically

formulated as

[ = pV2S ACL
- 2m,
. (2)
D= pv°SACp
T 2m,

where m, is the mass of the lander at the terminal of the
entry phase, p is the atmospheric density, and Sy is the
reference area of the lander before parachute deployment.
Cy and Cp, are the lift and drag coefficient of the lander
before parachute deployment, respectively. The atmospheric
density adopts an exponential model, which is expressed

as

p=poe™ 3)
where p, is the atmospheric density on planet surface, % is
the altitude of the lander, and /4 is the nominal density
scale altitude.

The dynamic deployment process includes inflation,
pneumatic flutter, and offloading. The duration of this
process is very short™” so that the impact can be neglected.
Under the assumptions of planetary rotation negligence,
uniform gravitational acceleration, and negligible
disturbance (including inflation, pneumatic flutter, and
offloading), the dynamics of the lander during the

parachute descent phase is formulated as

where m, is the mass of the lander during the parachute
descent phase, and §, is the reference area after parachute
deployment. ¢, and ¢, are the lift and drag coefficient
after parachute deployment, respectively.

During the parachute descent phase, the lander
undergoes a sequence of discrete mass jettison events,
including the separation of the heatshield, parachute
compartment, and backshell. The jettison of the mass can
be modeled by

{mp(v > V) = m,(V < vy) +my ©)

Myr = Mo + my,

where my, is the mass of the heatshield, vy, is velocity
magnitude of the lander to separate the heatshield, m,; is
the mass of the lander during the terminal of the parachute
descent phase, mr is the mass of the lander at the initial
time of the powered descent phase, and my, is the total
mass of the parachute, parachute compartment, and
backshell.

Under the assumptions of planetary rotation
negligence, acrodynamic force negligence, and uniform
gravitational acceleration, the dynamics of the lander
during the powered descent phase is formulated as
veosysinyg . _veosycosy

iF=vsiny, 0= roosg ¢ = p
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v = — [sinycosn+ cosysinncos(y — )] — gsiny
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where my is the mass of the lander during the powered
descent phase, T is the thrust magnitude, # is the thrust
pitch angle, y is the thrust heading angle, [ is the specific
impulse of the thruster, and g, is the value of the gravity
acceleration at the Earth’s sea level.

The thrust constraint during the powered descent

phase is expressed as
Tmin < T < Tmax (8)

where T, and T, are the maximum and minimum thrust
magnitudes, respectively.
The mass constraint during the powered descent

phase is expressed as
Mg — Mt 2 Mipye) )

where m¢ is the mass of the lander after landing on the

planet surface, and mg, is the mass of the fuel.

2 Multi-dimensional Box for Parachute
Deployment

The multi-dimensional box for parachute deployment
control is designed, as shown in Fig. 1. The parachute
deployment stated within the multi-dimensional box
ensures precise landing of the lander at the target site. To
meet the requirements of safe parachute deployment and
precision landing, an extreme-range optimization model is
established. Extending from the classical two-dimensional
box, a multi-dimensional parachute deployment box
characterized by altitude, velocity, flight-path angle, and
extreme range is constructed. Furthermore, an evaluation
index for landing precision is formulated, and a control

logic for parachute deployment is developed.

’ Parachute |
descent

Powered |

El
‘ ntry descent

Fig. 1 Diagram of multi-dimensional parachute deployment box

2.1 Extreme-range Optimization Model

The extreme range is defined as the maximum and
minimum reachable ranges from parachute deployment to
touchdown. Generally, landers exhibit limited maneuver-
ability in the parachute descent phase but exhibit enhanced
maneuverability in the powered descent phase. Therefore,
the difference between maximum and minimum reachable
ranges after parachute deployment originates principally
from the powered descent phase. The extreme-range
optimization model solves thrust sequence to obtain the
lander’s maximum and minimum reachable ranges after
parachute deployment.

The transition condition from the parachute descent
phase to the powered descent phase is defined as follows:
When the lander’s altitude decreases to the threshold /4,
the parachute is jettisoned and the thrusters are ignited.
The lander transitions from parachute descent to powered
descent phase.

Incorporating the thrust constraint shown in Equation (8)
and the mass constraint shown in Equation (9), a
maximum-range optimization model is given by Equation (10),
and a minimum-range optimization model is given by
Equation (11):

maxJ;, =S
X=F,X), if t,<t<tr
X=FX), if tr<t<t;
h(ty) = hy, v(t,) =v,, Y(8) =7,
s.t.qh(ty) = hr
h(ts) =0, v(t) =0
Toin T < Ty

(10)

Mg — Mg 2 Mgyl

minJ, =S

X=F,X), if t,<t<tr

X=F;X), if tr <1<t

h(t,)) = hy, V(1) = vy, Y() =7, (11
S.t.{ h(tr) = hy

h(t) =0, v(t) =0

Toin < T < Thax

Mg — Mg 2 Miyel

where S is the range traversed by the lander from
parachute deployment to touchdown, and X = [r, 6, 4, v, 7,
w]" is the state of the lander. F,(-) and Fr(*) are the

dynamics of the lander during the parachute descent phase
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and the powered descent phase, respectively. £, tr, and ¢
are moment for parachute deployment, thrusters’ ignition,
and final touchdown, respectively. 4, v, and y, are the
altitude, velocity magnitude, and flight-path angle of the
lander at the initial moment of the parachute descent
phase, respectively.

The optimization problems formulated in Equations
(10) and (11) can be transformed into convex forms™,
thereby achieving enhanced computational efficiency. The
extreme-range optimization model can be solved by the

convex optimization algorithm.
2.2 Construction of the Multi-dimensional Box
The classical two-dimensional parachute deployment
box lacks range information, resulting in failure to
accommodate precision landing requirements. To address
this limitation, it is imperative to establish a multi-
dimensional parachute deployment box that incorporates
altitude, velocity, flight-path angle, and extreme range.
For safety reason, the deployment states for the
parachute are constrained by Mach number, dynamic
pressure, and altitude. The constraints are expressed as
M, < My, < Mg
Imin < Gp < Gimax (12)
Ny 2 A
where M,,;, and M ,, are the minimum and maximum
Mach number, respectively. ¢, and gy, are the minimum
and maximum dynamic pressure, respectively. A, is the
minimum altitude. M, g, and hp are the Mach number,
dynamic pressure, and altitude for parachute deployment,
respectively.
According to Equation (12), the classical two-

dimensional box can be derived as

h > hmin

,zq . . 2¢m:
max o N ChMmin <v<min e 5 chMmax
P 1Y

(13)

where ¢, is the velocity of sound at altitude #.
Uniform sampling is conducted across the two-

dimensional box, as demonstrated in Equation (14)
sample (1, vy;) € W)

t hpi = hmin + i(hmax _hmin) /nhs i= 07 152" c Ny (14)
S.t.
Vpj = Vmin + j(vmax _Vmin) /nv’ ] = O’ 1v25' L n,

where (4,

dimensional box. &;, and A, are the minimum and

v,y) is the sampling point, and W, is the two-

maximum altitude in the two-dimensional box, respectively.
Vimin and vy, are the minimum and maximum velocity in
the two-dimensional box, respectively. n;, and n, are
positive integers.

For the sampling points in the two-dimensional box,

different initial flight-path angles are taken by

Yok = Ymin + K(Ymax = Ymin) /1y, k=0,1,2,---n,  (15)
where y;, and 7.« are the minimum and maximum initial
flight-path angle, respectively. n, is a positive integer.

Based on Equation (14) and Equation (15), the state

set of parachute deployment can be expressed by

Bp = {(hpi,vpj’)’pk)} (16)

By taking elements from the parachute deployment
state set B, as the initial conditions for the parachute
descent phase, the maximum reachable range S,,,, and
minimum reachable range S,;, is computed by the

extreme-range optimization model

{Smax = QmaX (hpiv ij’ ka)
Smin = Qmin(hph ij’ ka)

where Q. and Q,,;, are the maximum-range and

amn

minimum-range optimization model, respectively.
The multi-dimensional parachute deployment box W,
incorporating altitude, velocity, flight-path angle, and

extreme range is constructed
W2 = {(hpi,ij37pkaSmax,Smi11)} (18)

2.3 Control logic for Parachute Deployment

A control logic for parachute deployment is developed
based on a multi-dimensional parachute deployment box
to balance the requirements of safe parachute deployment
and precise landing.

Based on the multi-dimensional parachute deploy-
ment box, the extreme-range interpolation functions f;(*)
and f5(-) are constructed to yield the maximum reachable
range Sy« and minimum reachable range S,,;, under
current states (%, v, y). Linear interpolation is adopted as
the interpolation methodology. The interpolation functions

are expressed as

{Smax :fi(h3v’7) (19)

Smin = ﬁ(h’ Vs)’)



634 PRI 2 (R3S

20254F

The evaluation index for landing precision is designed,
as shown in Equation (20)

Smax + Smin

J= |80

(20)

where Sy, is range-to-go, which is defined as the great-
circle distance from the lander’s current position to the

target landing site
S 5o = Ry arccos[cos ¢ cos ¢rcos(d — Op) + singsing] (21)

where R, is the radius of the Mars, 6 is the longitude of
the target landing site, and ¢ is the latitude of the target
landing site.

The evaluation index quantifies the proximity
between the range-to-go S,, and the midpoint of the
reachable range interval [ Sy, Smax]- A reduced J value
demonstrates improved convergence characteristics,
indicating that parachute deployment under such
conditions maximizes landing accuracy with less fuel
consumption.

Based on the foregoing analysis, the control logic for

parachute deployment is formulated as

£= {1, if J(Sy) = minJor(X, € W, and X,,, ¢ W,) 22)

0, otherwise

where ¢ denotes the parachute deployment parameter. &=
1 corresponds to parachute deployment and & =0
corresponds to no parachute deployment.

In conclusion, the parachute deployment process
based on the multi-dimensional box is demonstrated as
follows: At the terminal of the entry descent phase, upon
the lander’s states satisfy the classical two-dimensional
box, the maximum reachable range S,,,, and minimum
reachable range S,,;, are computed in real-time based on
the lander’s states and the extreme-range interpolation
function presented in Equation (19). Simultaneously, the
evaluation index of landing precision defined in Equation (20)
is computed online. The parachute deployment is triggered
under one of criteria given by Equation (22): 1) When the
evaluation index J is minimized (i.e., the index at the
subsequent time step is larger than that at the preceding
one), parachute deployment is triggered as the range-to-go
Seo
[Smin> Smaxl- 2) If the evaluation index J is still decreasing

is close to the midpoint of the reachable range interval

but the lander’s states are about to breach the multi-

dimensional box (i.e., exceed the edge of the constraint
envelope), parachute deployment is enforced to ensure
safety. Parachute deployment should not be triggered
under all other circumstances. The parachute deployment
triggering criteria are evaluated at each control cycle
throughout the terminal of the entry phase until the

parachute deployment is triggered.

3 Simulations

A landing mission of the Mars is considered to verify
the multi-dimensional parachute deployment box. For
simulation comprehensiveness, two distinct sets of initial
conditions were configured to facilitate subsequent
selection in simulation runs, as presented in Table 1. The
maximum and minimum thrust magnitude are 26 516 N
and 9 944 N, respectively. The gravitational acceleration
on Mars is 3.72 m/s’. The bank angle is assumed to be zero
at the terminal of the entry phase. Other parameters and

constraints are given by Table 2.

Table 1 Initial conditions of Mars lander at entry terminal

Parameter Case 1 Case 2
Longitude/(°) 0 0
Latitude/(°) 0 0
Altitude/km 12 8
Velocity/(m-s™) 500 500
Flight-path angle/(°) -10 -10
Range-to-go/km 15 18

Table 2 Parameters and constraints for Mars lander

Parameter Value
my/’kg 4100
my/kg 400
my/kg 400

mee/kg 500
Minax 22
Miin 1.4

Imax /P2 850

Gmin/Pa 300

Pin/km 6

w/(m-s") 140
hr/km 2

3.1 Results of Multi-dimensional Box

The multi-dimensional parachute deployment box is
constructed based on the extreme-range optimization
model. The initial conditions of the lander are set as Case 1.
The landing trajectories with the extreme range are given

in Fig. 2. The difference between two trajectories is
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originated from the powered descent phase because the
lander has no control authority during the parachute descent
phase. Under such parachute deployment states, the
extreme ranges of the lander are 4.82 km and 12.06 km. In
other words, the lander’s reachable range is constrained to
the interval [4.82 km, 12.06 km)].

12 - —— Minimum-range trajectory

= - - Maximum-range trajectory
¥ Parachute deployment point
©  Thruster ignition point

Altitude/km
(=)}

Range/km

Fig. 2 Landing trajectories with extreme range

The multi-dimensional parachute deployment box is
shown in Fig. 3. For the convenience of presentation, only
the flight-path angle and range dimensions at the velocity-
altitude coordinate of (400 m/s, 10 km) are presented. This
multi-dimensional box displays the lander’s reachable
range interval after parachute deployment under specified

deployment states (4, v, y).

20 ¢

| | |
w o =
S S o o

Flight-path angle/(°)

2 4 6 8 10 12 14
Range/km

Altitude/km

250 300 350 400 450 500
Velocity/(m-s™")

Fig.3 Multi-dimensional parachute deployment box

3.2 Landing Results in Nominal Case

To validate the effectiveness of the proposed multi-
dimensional box on parachute deployment control, sim-
ulations were conducted in two nominal cases presented in
Table 1.

Fig. 4 demonstrates the range-to-go profile at the
terminal of the entry phase in Case 1. Note that the
computation of extreme range and evaluation index is

initiated upon the lander’s entry into the two-dimensional

box, thus the recording of S,,,, and S,,;, commences solely
subsequent to =4 s. At ¢t = 4 s, the range-to-go is within
the extreme range and the deployment safety is guaran-
teed, yet the evaluation index had not reached its minimum
value. At t = 13 s, the evaluation index attained its
minimum value while the lander remained within the
multi-dimensional deployment box. Subsequently,
parachute deployment is triggered, initiating the lander’s
transition into the parachute descent phase. This is in
accord with the first criterion of the control logic for

parachute deployment.

Range-to-go/km

Time/s

Fig. 4 Range-to-go profile in Case 1

The altitude-velocity profile of the lander in Case 1 is
illustrated in Fig. 5. Initially, the lander’s state remains
outside the two-dimensional box, indicating an unsafe
condition for parachute deployment. Entering the two-
dimensional box at # = 4 s, parachute deployment is still
withheld due to the non-optimal evaluation index.
Parachute deployment is triggered at 10.68 km altitude and
438.27 m/s velocity (¢ = 13 s), within the validated safe

deployment boundaries.

20 ¢
Two-dimensional box
— Final entry phase
— — Parachute descent phase
[ Powered descent phase
g
% T
s =TT
= e
< ’
i
S5t i
1
!
o Le= . \ ) N ,
0 100 200 300 400 500

Velocity/(m-s™")
Fig. 5 Altitude-velocity profile in Case 1

Fig. 6 shows the range-to-go profile at the terminal of

the entry phase in Case 2. Initially, the lander’s state
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remains outside the two-dimensional box. At ¢ =2 s, the
lander enters the two-dimensional box but remains outside
the multi-dimensional box, as the range-to-go exceeds the
maximum reachable range. At # = 19 s, the lander enters
the multi-dimensional deployment box, while the evalu-
ation index J is continuously decreasing. At ¢ =22 s,
parachute deployment is triggered although the evaluation
index does not reach its minimum value. This can be
attributed to the fact that lander’s states are about to breach
the two-dimensional box, which is in accordance with
the second criterion of the control logic for parachute

deployment.

Range-to-go/km

Fig. 6 Range-to-go profile in Case 2

The altitude-velocity profile of the lander in Case 2 is
presented in Fig. 7. Initially, the lander’s states remain
outside the two-dimensional box. Computation of the
evaluation index is initiated subsequent to the lander’s
entry into the two-dimensional box. At ¢ =22 s, the lander’s
states are at the edge of the two-dimensional box. For

safety reason, the parachute deployment is triggered.

20
Two-dimensional box
— Final entry phase
— = Parachute descent phase
R Powered descent phase

Altitude/km
=

0 100 200 300 400 500
Velocity/(m's™)

Fig. 7 Altitude-velocity profile in Case 2

To verify the capability of controlling the range-to-

go, the multi-dimensional parachute deployment box is

compared with two existing parachute deployment methods.
Method 1 employs the classical two-dimensional box.
Once the lander enters this box, the parachute deployment
is triggered. Method 2 triggers the parachute deployment
when the lander’s velocity drops below 450 m/s or its
altitude drops below 7 km™?%. Method 3 utilizes the
proposed multi-dimensional box. Figs. 8-9 present landing
trajectories for various methods. In Case 1, all landers
achieve precise landing. The lander utilizing Method 1
triggers the parachute deployment earlier, leading to a
13.6% increase in fuel consumption during the powered
descent phase to eliminate the range-to-go error. The early
deployment is due to the absence of range information in
two-dimensional box. Similarly, Method 2 resulted in a
1.03% increase in fuel consumption. In Case 2, the range-
to-go at the terminal of the entry phase is larger than that
in Case 1. Both Method 1 and Method 2 fail to deliver the
lander to the target location. Conversely, the lander
utilizing Method 3 achieved precise landing at the target
position. Therefore, the proposed multi-dimensional box
exhibits remarkable range control capability, facilitating
significant conservation of fuel consumption during the

subsequent powered descent phase.

147
- = Method 1
12
10
g
D87
<
£
s 61
<
4t
2 -
0 = . . . ,
=5 0 5 10 15 20
Range-to-go/km
Fig. 8 Landing trajectories for various methods in Case 1

12
— — Method 1
"""" Method 2

10F =——Method 3

Altitude/km
o

-5 0 5 10 15 20
Range-to-go/km

Fig. 9 Landing trajectories for various methods in Case 2
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3.3 Landing Results in Dispersed Cases

To verify the capability of eliminating the range-to-
go error, three methods under disturbances are simulated
by Monte Carlo method with 500 runs. There exist
disturbances in the initial range-to-go of the lander,
following a zero-mean Gaussian distribution with the
three-standard deviation being 10 km. The landing
trajectories are given in Figs. 10—12. Both Method 1 and
Method 2 neglect range information, resulting in residual
range-to-go errors and poor landing accuracy. Precise
landing is achieved by only 54.2% and 73.4% of landers
employing Method 1 and Method 2, respectively. In
contrast, 96% of landers utilizing Method 3 successfully
reached the designated landing site, demonstrating robust
range control capability and high landing precision
compared with the other two methods. Therefore, the
multi-dimensional box effectively eliminates the range-to-

go error and exhibits range control capability.

151
= = Norminal trajectory
Perturbed trajectory
e 10
= n
3 i
2 iy
L i
> i
‘\‘ I
1
Il
0 V e 7 . ,
-10 0 10 20 30

Range-to-go/km

Fig. 10 Landing trajectories for Method 1 in dispersed cases
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Perturbed trajectory
£ 10
=<
3 i
2 1
= 1
< st /il
1 Il
i
L1
i
0 b L n L ,
-10 0 10 20 30

Range-to-go/km
Fig. 11 Landing trajectories for Method 2 in dispersed cases

The terminal range errors, defined as the distance
between the actual and designated landing sites, are
illustrated in Table 3. Both the mean and maximum
terminal landing errors for Methods 1 and 2 significantly

exceed those of Method 3. The reduced error is attribu-

table to the range-based parachute deployment logic.
Therefore, the multi-dimensional parachute deployment
box provides the lander with the superior range control
capability.
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Fig. 12 Landing trajectories for Method 3 in dispersed cases

Table 3 Terminal range errors of three methods

Parameter Method 1 Method 2 Method 3
Mean error/km 1.18 0.47 0.05
Maximum error/km 9.30 7.53 4.13

4 Conclusion

A multi-dimensional parachute deployment box for
Mars landing has been developed, aiming at both
parachute deployment safety and landing precision. The
proposed box is constructed on the basis of the extreme-
range optimization model and the two-dimensional box,
where the former introduced the range information and the
latter guaranteed the safety. An evaluation index of range
control capability is formulated, and the control logic for
parachute deployment is developed. The simulation results
demonstrate that the proposed multi-dimensional box
satisfies the requirements of safe parachute deployment
and accurate landing, exhibiting superior landing precision
compared to the classical two-dimensional box. Meanwhile,
the multi-dimensional box effectively eliminates the
range-to-go error at the terminal of the entry phase and
improves the range control authority, proving its applicability

for Mars landing missions.
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