ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Advances in Space Research 46 (2010) 557-570

ADVANCES IN
SPACE

RESEARCH
(a COSPAR publication)

www.elsevier.com/locate/asr

MCAV/IMU integrated navigation for the powered descent phase
of Mars EDL

Li Shuang**, Peng Yuming®, Lu Yuping?, Zhang Liu®, Liu Yufei®

& College of Astronautics, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China
® Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Sciences, Changchun 130033, China
€P.0. Box 5142-109, China Academy of Space Technology, Beijing 100094, China

Received 22 December 2009; received in revised form 20 April 2010; accepted 21 April 2010

Abstract

Pin-point landing is considered as a key technology for future manned Mars landing and Mars base missions. The traditional inertial
navigation system (INS) based guidance, navigation and control (GNC) mode used in the Mars entry, descent and landing (EDL) phase
has no ability to achieve the precise and safe Mars landing, so novel EDL GNC methodologies should be investigated to meet this goal.
This paper proposes the MCAV/IMU integrated navigation scheme for the powered descent phase of Mars EDL. The Miniature Coher-
ent Altimeter and Velocimeter (MCAV) is adopted to correct the inertial bias and drift and improve the performance of integrated nav-
igation. Altitude and velocity information derived from MCAYV and the lander’s state information sensed by inertial measurement unit
(IMU) are integrated in extended Kalman filter algorithm. The validity of the proposed navigation scheme is confirmed by computer

simulation.

© 2010 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

All Mars landers to date continue to rely on the entry,
descent and landing (EDL) technologies developed for
the Viking missions in the mid-seventies of the last century.
At the same time, almost all Mars landers, except for 2008
Phoenix lander, perform the same EDL operations with the
following sequence: entering the atmosphere on a ballistic
trajectory, deploying a parachute while traveling at super-
sonic speeds and using airbags to survive the impact on the
surface of the planet. Viking-like landers adopt inertial
measurement unit (IMU) based navigation mode and
unguided ballistic trajectory entry without life control,
which lead to larger landing error ellipse and lower altitude
landing site restriction (Wolf et al., 2005; Brand et al., 2004;
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Korzun et al., 2009; Li and Zhang, 2009; Burkhart et al.,
2001; Benjamin et al., 1997; Cheng and Developme, 2006;
Braun and Manning, 2007). With the lapse of time and
the advances of technologies, estimated Mars landing accu-
racy to date has gradually improved from ~150 km of
Mars pathfinder to ~35 km for the Mars exploration rov-
ers to 10 km for 2011 Mars Science Laboratory (MSL)
(Wolf et al., 2005; Korzun et al., 2009; Way et al., 2007).
It is believed that MSL is challenging the capabilities of
Viking-heritage EDL technologies, defining an upper
bound on the performance of the first generation EDL sys-
tems and GNC mode (Way et al., 2007; Striepe et al., 2006;
Steltzner et al., 2006).

Future Mars missions, such as Mars sample return,
manned Mars landing and Mars base, need to achieve
the pin-point Mars landing (safe landing within tens of
meters to 100 m of a preselected target site) (Brand et al.,
2004; Singh, 2007). The meanings of pin-point landing
are two-fold. First, the landing accuracy is no larger than
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100 m. Second, the landers should have the ability to auto-
matically avoid the potential obstacles near the selected
landing site (Li and Zhang, 2009). Since, the current
EDL system and GNC methods cannot satisfy the require-
ments for future pin-point Mars landing missions, the next
generation of EDL system and GNC methodologies are
required in order to deliver the largest and most capable
lander/rover to date to the surface of Mars. NASA has
sought for the advanced entry, descent and landing
(EDL) technologies to achieve pin-point landing, which
includes hypersonic guided entry, high-precision EDL rela-
tive navigation technology, Mars Guided Parachute, sky
crane terminal descent and autonomous hazard detection
and avoidance (Wolf et al., 2005; Brand et al., 2004; Kor-
zun et al., 2009; Burkhart et al., 2001; Benjamin et al.,
1997; Cheng and Developme, 2006; Braun and Manning,
2007; Way et al.,, 2007; Striepe et al., 2006; Steltzner
et al., 2006; Singh, 2007). European Space Agency (ESA)
fastens much attention on developing the advanced EDL
navigation guidance and control technology as well. In
the frame of Aurora exploration program, the high fidelity
end-to-end entry, descent and landing simulator (EAGLE)
and the Precision Landing GNC Test Facility (PLGTF)
have been set up to validate and verify the autonomous
safe precision landing GNC technologies, both vision and
LIDAR based, in a realistic environment (Guizzo et al.,
2007; Alain, 2008; Parreira et al., 2007; Rogata et al.,
2007). China has already initiated the technical preparation
for post-“YH-17 era Mars landing and sample return
exploration missions (Li, 2009; Li et al., 2007).

With the support of National Natural Science Founda-
tion of China (NSFC) and China Academy of Space Tech-
nology (CAST), we have been working to develop the
innovative EDL GNC scheme and detailed navigation
and guidance algorithms for every phases of Mars EDL.
In this paper, we propose and implement MCAV/IMU
integrated navigation for the powered descent phase of
Mars EDL. MCAY is adopted to correct the inertial bias
and drift and improve the performance of navigation algo-
rithm. Altitude and velocity information derived from
MCAYV and the lander state information sensed by IMU
are integrated in extended Kalman filter algorithm to
obtain the optimal state estimation. At the same time, data
from other GNC sensors, such as lidar or radar, can be
easily included in the filter to improve the lander state
estimation (Parkes and Silva, 2001).

This paper is structured as follows. Section 2 briefly
describes the representative Mars entry, descent, and
landing (EDL) scenario. Section 3 defines the necessary
coordinate system and coordinate transformation matrix
used in the MCAV/IMU integrated navigation. Section 4
introduces the new-style navigation sensor MCAV. IMU
model and Mars landing dynamic equations are defined
in Section 5. MCAV/IMU integrated navigation algorithm
is designed at length in Section 6. In Section 7, simulation
system compositions are described and results are discussed
as well. Finally, Section 8 contains conclusion.

2. Mars EDL sequence overview

Mars entry, descent and landing (EDL) phase is the
most critical portion of the Mars landing exploration mis-
sion and whether it successes or not directly determines the
success or failure of the entire Mars exploration mission.
The entry vehicle separates from the cruise stage tens of
minutes before the start-up of the final entry, descent and
landing (EDL). The EDL sequence begins at Mars atmo-
sphere interface (defined as a radius of 3522 km from the
center of Mars) and ends with a safe touchdown, which
includes hypersonic entry phase, parachute descent phase
and powered descent phase (Burkhart et al., 2001; Li,
2009). Fig. 1 shows the sequence of events for the future
representative Mars EDL baseline scenario.

The hypersonic entry phase will start, when the entry
vehicle arrives at Mars atmosphere interface. In order to
achieve the smaller error ellipse and landing spacecraft at
higher latitude region, the closed-loop GNC system is used
guide the entry vehicle through the hypersonic phase to the
supersonic flight phase. The future Mars lander will adopt
the lifting entry body configuration (achieved via center of
gravity offset from center of pressure) and control the ori-
entation of the lift vector by bank angle modulation. This
is very different from the Viking-era landers, which all have
performed zero-life ballistic entry, descent and landing and
led to larger landing errors.

Once specified threshold (such as Mach number and alti-
tude) are met after the hypersonic entry phase, the super-
sonic parachute is deployed. The parachute phase begins
at the moment when the supersonic parachute is deployed.
Additional criteria are also defined to release the supersonic
parachute and deploy the subsonic parachute. Once the
subsonic parachute deployment conditions are achieved,
the backshell is released to allow the subsonic parachute
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Fig. 1. Representative entry, descent, and landing (EDL) scenario.
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to be deployed. Almost at the same time, the heat shield
automatically separates from the lander and landing sen-
sors and actuators are exposed.

The subsonic parachute deployment marks the begin-
ning of the powered descent phase. Since both navigation
sensors (radar or LIDAR) and actuators (thrusters) begin
to work in this phase, the lander has the capability of high
precision relative navigation and autonomous obstacle
detection and avoidance. The main objectives of the
powered descent phase have two aspects, one goal is
lowering down the lander’s velocity so as to achieve the
soft landing, another is selecting suitable landing site
and avoiding the potential obstacles in the course of
landing.

3. Coordinate systems and transformation matrix

As relative geometrical relationship and coordinate
transformation matrix between the navigation sensor
MCAYV and the surface of Mars play an essential role in
designing the MCAV/IMU integrated navigation algo-
rithm, the coordinate system and coordinate transformation
matrix are defined firstly. Relative geometrical relationship
and coordinate system are illustrated in Fig. 2.

3.1. Landing site-fixed coordinate system ( )

The Landing site-fixed coordinate system o; — x;y,z; is a
local inertial frame with its origin centered at the predeter-
mined landing site. The z,axis is aligned with the connec-
tion direction from the Mars geometrical center to the
preselected landing site. The x,-axis is orthogonal to z;-axis
and along the velocity direction of lander. The y;-axis com-
pletes the right-handed orthogonal coordinate system. The
lander’s position, velocity and attitude parameters are all
described in the landing site-fixed coordinate system.

3.2. Body-fixed coordinate system ()

The origin of body-fixed coordinate system o, — x;,y,2,
lies in the lander’s mass center, three body axis of symme-
try are defined as three coordinate axes x,, YV, Zp,
respectively.

Fig. 2. Relative geometrical relationship and coordinate system.

3.3. MCAV-fixed coordinate system (X")

The origin of MCAYV coordinate system o,,, — X,,,,,.Z, lies
in the MCAV’s geometric center, three body axis of symme-
try are defined as three coordinate axes X,,, V,, Zn, respec-
tively. The navigation measurement information (altitude
and velocity) from MCAV is described in this coordinate
system.

3.4. Installation matrix T

The navigation sensor installation matrix T} is defined
to describe the orientation of MCAV in the body-fixed
coordinate system. For simplify, the installation matrix
T} is assumed to be an identity matrix I5.s.

3.5. Coordinate transformation matrix T}

According to coordinate systems defined before, the
coordinate transformation matrix T, from the landing
site-fixed coordinate system X’ to the body-fixed coordinate
system X’ can be obtained as follows:

B! 0 0 cosf) 0 —sinf cosy siny 0
T)=|0 cosp sing 0 1 o0 —siny cosy 0
|10 —sing cose | [sinf 0 cos@ 0 0 1
[ cosfcosy cosOsiny —sin0
= | —cos@siny +singsinfcosyy cosgcosy +singsindsiny  singcosl |,
| singsiny+cos@sinfcosy —singcosy +cossinfsiny cos@cosl

(1)

where 1, 0, ¢ are the triaxial attitude angle, that is euler an-
gle, and the rotation sequence 3(y)— 2(0) — I(¢) is
adopted here.

3.6. Coordinate transformation matrix T}

According to the definitions aforementioned, the coordi-
nate transformation matrix T} from the landing site-fixed
coordinate system X’ to the MCAV-fixed coordinate sys-
tem X can be obtained as follows:

T = T)'T). (2)

4. Miniature Coherent Altimeter and Velocimeter (MCAYV)

The MCAV is a significant advance over currently avail-
able alternatives, such as RADAR, image-correlation, and
scanning direct-detection LIDAR, none of which fully
addresses the needs of future Mars landers (Li, 2009;
Chu et al., 2005). It features in one package:

(1) Low resource footprint (<1 Kg, <5 W per axis).

(2) Direct availability of three-axis rate vector and
altitude.

(3) Velocity resolution to better than 10 cm/s.
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(4) Small (<10 cm) beam footprint for terrain variation
robustness.

(5) Small (<1°) and flexible fields of view (FOV) for ease
of mechanical integration.

(6) High measurement-update rate (100 Hz).

(7) Non-scanning, physically robust package.

MCAV captures the inherent advantages of Doppler
LIDAR (small beam footprint, small FOV and aperture,
direct rate measurement) in a sensor with better perfor-
mance, mass/power and robustness characteristics than
previously possible. These advantages are primarily a small
beam footprint, a small field of view and aperture, and
direct, fast measurement of lander rate with respect to
the ground. The key photonic component technology lever-
aged is the ultra-narrow linewidth, high power fiber laser.

The MCAV outputs can be easily reconstructed as
follows:

c= , 3)

where £ is the altitude measurement information and
[v, v, v.]"is the triaxial velocity measurement informa-
tion. Subscript letter m stands for the MCAV-fixed coordi-
nate system X"

5. Dynamic equations for Mars descent phase

Since dynamic equations are necessary to predict the
states of Mars lander, the applicability of extended Kalman
filter to combine the MCAYV and IMU measurements rests
on the availability of sufficiently accurate dynamic equa-
tions for Mars descent phase.

5.1. IMU model

The IMU of six degree-of-freedom measurement systems
is designed to measure linear acceleration along three
orthogonal axes and rotation rates around three orthogonal
axes using three accelerometers and three axis gyros to make
a complete six degree-of-freedom measurement of the
dynamics. The acceleration and angular rate measured by
the accelerometers and gyro, respectively, is represented as
follows:

ﬁ:a"—ba"_ém
G)Zw+bw+§(m

(4)
where a is the linear accelerometer output along body axes,
a is true linear acceleration, b, is the acceleration bias, &, is
the white Gaussian acceleration output noise, @ is the gyro
output angular rate around body axes, @ is the true angular
rate, b,, is the angular rate bias, and &, is the white Gauss-
ian angular rate output noise.

5.2. Mars landing dynamics equations

In theory, the time development of the spacecraft posi-
tion and attitude can be determined using detail dynamic
models. However, dynamical modeling for Mars EDL
includes many difficulties in establishing valid aerodynamic
force and torque models, which lead to inaccurate dynamic
models. In practice, autonomous spacecraft can directly
use inertial reference units as dynamic models replacement.
In the present implementation the linear acceleration and
the angular velocity of the spacecraft are provided by accel-
erometer and gyro output data, respectively. The evolution
of the spacecraft position and attitude state in time are
obtained from the kinematics equations. The accelerometer
and gyro biases are state variables and the accelerometer
and gyro data are not considered as observations, there-
fore, the accelerometer and gyro noises are considered as
state noise rather than as observation noise.

The landing dynamic equations are represented in land-
ing site-fixed coordinate system as follows (Li et al., 2007):

r=yv,

V=T, (a-b,— &) +g,

e=K(@®—-b,—-¢&)), (5)
b, = ¢,

b, =L,

where r =[ry, 2, 1317, v =[v1, v2, v3]°, e =[¢, 0, Y]” are the
position vector, velocity vector and triaxial euler angle
vector. T! = (T")"' is the coordinate transformation
matrix from the MCAV-fixed coordinate system to the
landing site-fixed coordinate system. g is the Mars gravity
acceleration. w = [w; 603]T is the triaxial angle
velocity described in the body-fixed coordinate system.
Coefficient matrix K(0, ¢) is defined in the following Eq.
(6). £, 1s white Gaussian noise of accelerometer first-order
Markov process error and {,, is white Gaussian noise of
gyro first-order Markov process error.

cosf sinfOsing  sinfcos @
K= 0 - i :
osd cos Qcos @ —cosOsing (6)
0 sin @ cos @

6. MCAV/IMU integrated navigation

In order to correct IMU constant bias, drift variation,
scale factor errors, the velocity and altitude information
from MCAYV is combined with IMU measurement by use
of extended Kalman filter.

6.1. Navigation measurement model

Recall the navigation measurement outputs from
MCAYV in Eq. (3). The inherent sensor properties produce
the measurement noise. When measurement noise is pres-
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ent, the navigation measurements are assumed to be mod-
eled by

y=c¢(x) +o, (7)

where

=[],

where x denotes the state variables of lander and is defined
in the following Eq. (8). r3=r(3) and v = [0y, va, v3]" are
the third component of the position vector and the velocity
vector, respectively, defined in the landing site-fixed coordi-
nate system. The sensor noise v is modeled as zero mean
white Gaussian process with covariance matrix of measure-
ment errors R.

6.2. Navigation filter design

In order to suppress navigation measurement noise and
better estimate the state variables of lander, navigation fil-
ter is designed using extended Kalman filter.

Define state variables as follows:

x =17, v e’ b bl (8)

' Va) Vo

where the lander’s relative position vector r and relative
velocity vector v, the attitude angle e are all defined with re-
spect to the landing site-fixed coordinate system. At the
same time, both acceleration bias b, and angular rate bias
b,,, defined with respect to the body frame, are also consid-
ered as state variable.

Then, the Mars landing system dynamic equations can
be rewritten as follows:

_ . -
T! (a - E)+eg
x=f(x)=| K@-b,—-¢,) : 9)
&
L Cw 4 15x1

The navigation filter can be designed using extended Kal-
man filter as follows:
Process equations:

Xk = f(xk—lawk—l)- (10)
Measurement equations:
y(t) = (k) + vy, (11)

where the random variables w; and v, represent the state
noise and measurement noise, respectively. They are as-
sumed to be independent of each other, white noise and
with normal probability distributions.

p(w) ~N(0,Q),
p(v) ~ N(0,R),

Cov|w,v;] = E[wkvﬂ =0. (13)

(12)

Define state transfer matrix @/ _;:

@ =1+ Frpo - A, (14)
d

E(D(L T) = F(t)(b(t, T)v (15)
®(1,1) =1, (16)

where F is the Jacobian matrix of partial derivatives of f
with respect to state variable x, that is

of (x, k)
Fijior =

ox X=xp_ |

[0 Is.s 0 0 0 7

T} (3—b,—&,)
0 0 —rr—e _Tfn 0
=lo o0 Xehu) o g . (1)

0 O 0 0 0

[0 0 0 0 0 155

The specific expression of m’]"(égeb"_'f") and “)K(d':;’e‘”_‘s‘”) are
rather complex and cumbersome, the detailed results can
be found in the Appendix.

Define sensitivity matrix Hy

or(3)
de(x) :[ﬁjv] , (18)
N 1l
X=Xk ox Jaxis

0x
According to vector differential calculus principle, the
two differential components in Eq. (18) can be rewritten
as more simple form

H, =

or(3) [or(3) or(3) Or(3) or(3) Or(3)
ox [ o7 T ovT T 9e” T ob! 6b£]
Br( )

= a T 701><3;01><?701><%01><3:| 9 (19)
1x15

8T7‘v_ [OT)'v OT}'v OT)v OT}v OT}v
ox | OrT 7 ovT 7 QeT 8b£ ’ 8b£

[ 0T}y
= 1053, T, Bel 703><3703><3:| ) (20)
I 3x15
where
on(3)
2 =0 0 1)

Because the installation matrix T}, is constant matrix,

the expression of OEV can be further simplified as follows:

aTiv _ 9Ty Tyv _ oTov
de’  QOel b gel
The specific expression of

the Appendix.
Initialization: For k =0, set

X0 = E[xq], (22)
Py, = E[(xo — E[x¢])(x0 — E[xo])q. (23)

(21)

e ' can be also given out in
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EKF time update

)A.(k/kfl = f(k7 ﬁk*l), (24)
Pij = (Dk/kflpk—ld);{/k,l + Q. (25)

EKF measurement update

K, = Pk/k—lHkT [HkPk/k—lHkT + Rk]fl, (26)
Xik = Xpsiot + Ke [y(t) — e(Xipnr)] (27)
P, = (- K;H)Py ). (28)

7. Simulation results

In order to confirm the validity of MCAV/IMU inte-
grated navigation algorithm proposed in this paper, simula-
tion in MATLAB/Simulink environment has been carried
out. Fig. 3 shows the simulation blocks built in MATLAB/
Simulink environment. Dynamic model block, including
accuracy landing dynamic model and tracking guidance
law, provides the referenced state variables for MCAV
navigation measurement construction and navigation error
analysis. Navigation measurement block outputs the
altitude and triaxial velocity information according to the
inputted referenced state variables and the Eq. (7). Naviga-
tion filter block is set up based on filter iterative computa-

State > Measurement

Dynamic Model Navigation Measurement

+ State

Navigation Errors Integrated Navigation Filter

Fig. 3. Simulink block diagram (Matlab/Simulink blocks).

Table 1

Specifications of Crossbow IMU-300CB.

Update rate (Hz) >100 (Hz)
Triaxial Gyro

Range (°/s) +100
Bias (°/s) +2.0
Scale factor accuracy (%) <1
Non-linearity (%FS) <0.3
Resolution (°/s) <0.05
Random walk (°/min) <0.85
Triaxial accelerometer

Range (g) +2
Bias (mg) <430
Scale factor accuracy (%) <1
Non-linearity (%FS) <1
Resolution (mg) <1.0
Random walk (m/s/min) <0.15

tion, which performs MCAV and IMU integrated
navigation algorithm. MCAV/IMU integrated navigation
errors and IMU based Dead Reckoning navigation errors
are analyzed contrastively in the navigation error block.
The bias and standard deviation of noise of accelerom-
eter and gyro applying to the measurement simulation
are selected based on the specification of Crossbow IMU-
300CB in Table 1 (Crossbow Technology Inc., 1999). For
implementation of the MCAV/IMU integrated EKF, it
was assumed that the IMU performance was as shown in
Table 2. The initial state parameters of lander are described
in Table 3 and navigation filter parameters are defined in
Table 4. To demonstrate the good convergence property
of MCAV/IMU integrated EKF algorithm, the values of
state error covariance matrix are deliberately set relatively

Table 2

Acceleration and gyro error specifications for IMU used in the simulation.
Bias White noise (Std.) Bias noise (Std.)

Acceleration error ( mls®)

x-axis 0.3 cos(#/100) 1.0 x 1073 1.0x 1078

y-axis 0.3 cos(/200) 1.0x 1073 1.0x 1078

z-axis 0.3 sin(#/100) 1.0 x 1073 1.0 x 1078

Gyro error (°ls)

x-axis 2 sin(#/100) 1.0 x 1073 1.0x 1078

y-axis 2 sin(#/200) 1.0 x 1073 1.0 x 107*

z-axis 2 cos(#/100) 1.0x 1073 1.0x 1078

Table 3

Initial state parameters X.

Initial state parameters

Iy Iy I [—80 —1000 5000] (m)
Ux Uy 1221 [0 20 —150] (m/s)
o0y [0 0 0.5286] (rad)
o [0 0 —0.003776] (rad/s)
b, [0.3 0.3 0] (m/s?)

o [0 0 0.0349] (rad/s)
Table 4

MCAV/IMU integrated Navigation filter parameters.

Error covariance matrix

Po  [4x10';5.;
4 x 10%I3,3
2.7 x 1073 5,3
10—]6[3)(3
107 53 ] 15,15

Measurement noise covariance matrix
—2
Ry 10 2y

Covariance matrix of process
0 03,3
107013, 3
107%13,3
1071615, 5
1071613% 15%15
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MCAV/IMU integrated navigation - triaxial position errors
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g. 4. Triaxial position errors of MCAV/IMU integrated navigation.

MCAV/IMU integrated navigation - triaxial position errors

PN

Triaxial position errors(m)

Fig. 5. Triaxial position errors of MCAV/IMU integrated navigation between 120 and 140 s.

large in the simulation. The planned landing span is sup- tion sample period/step is set to one second and four-order
posed to be 140s and the Mars gravity acceleration is  Runge—Kutta is selected as numerical solver of integral Eq.
assumed to be a constant g =[0, 0, —3.69]"m/s>. Simula- (10).
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MCAV/IMU integrated navigation - total position errors
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Fig. 6. Total position errors of MCAV/IMU integrated navigation.

MCAV/IMU integrated navigation - triaxial velocity errors
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Fig. 7. Triaxial velocity errors of MCAV/IMU integrated navigation.

The difference between the referenced state variables of
lander and estimated state variables, that is navigation
errors, are plotted in Figs. 4-15. Triaxial position errors
and total position errors from MCAV/IMU integrated

navigation are shown in Figs. 4 and 6 and triaxial velocity
errors and total velocity errors from MCAV/IMU
integrated navigation are also plotted in Figs. 7 and 9.
Figs. 5 and 8 depicted the partially amplified figures of
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MCAV/IMU integrated navigation - triaxial velocity errors
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Triaxial velocity errors(m/s)
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Time(s)

Fig. 8. Triaxial velocity errors of MCAV/IMU integrated navigation between 120 and 140 s.

MCAV/IMU integrated navigation - total velocity errors
80 T T T T T T

Velocity errors(m/s)

Fig. 9. Total velocity errors of MCAV/IMU integrated navigation.

the triaxial position errors and velocity errors form  navigation accuracy is fairly high with position errors less
MCAV/IMU integrated navigation between 120 and than 10 m and velocity errors less than 5 m/s, which can
140 s, respectively. Based on the simulation results showed  meet the need of pin-point Mars landing missions. At the
in Figs. 4-9, it is concluded that the filter convergence of  same time, it also should be noticed that the z-axis position
MCAV/IMU integrated navigation is quite good and the  error and velocity error converge faster to a relatively small
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x 10° IMU based Dead Reckoning - triaxial position errors
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Fig. 10. Triaxial position errors of IMU based Dead Reckoning.
X 105 IMU based Dead Reckoning - triaxial position errors
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Fig. 11. Triaxial position errors of IMU based Dead Reckoning between 120 and 140 s.

magnitude than the other two axial errors. The reason why When Kalman filter gain matrix is set to zero (K, =0),
z-axis errors have better convergence than the others liesin ~ MCAV/IMU integrated navigation is degraded to IMU
navigation sensor MCAYV only provides the range informa-  based Dead Reckoning navigation. Triaxial position errors

tion (attitude) along the z-axis. and total position errors from IMU based Dead Reckoning
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Fig. 12. Total position errors of IMU based Dead Reckoning.
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Fig. 13. Triaxial velocity errors of IMU based Dead Reckoning.

navigation are plotted in Figs. 10 and 12 and triaxial veloc- 11 and 14 depicted the partially amplified figures of the
ity errors and total velocity errors from IMU based Dead  triaxial position errors and velocity errors form IMU
Reckoning navigation are shown in Figs. 13 and 15. Figs. based Dead Reckoning navigation between 120 and 140 s,
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Triaxial velocity errors(m/s)
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Fig. 14. Triaxial velocity errors of IMU based Dead Reckoning between 120 and 140 s.
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Fig. 15. Total velocity errors of IMU based Dead Reckoning.

respectively. It is easily concluded from the above simula-  magnitude of several hundred kilometers under the current
tion results shown in Figs. 10-15 that the navigation out-  simulation assumptions. Because the bias terms of IMU
puts from IMU based Dead Reckoning navigation  have been corrected by use of the altitude and velocity
gradually diverge and the final position errors reach the  information from MCAYV, the accuracy of MCAV/IMU
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integrated navigation has been greatly improved compared
to IMU based Dead Reckoning navigation.

8. Conclusion

This paper proposes and implements the MCAV/IMU
integrated navigation for the descent phase of Mars
EDL. The altitude and velocity information from naviga-
tion sensor MCAV is used to correct the bias and drift of
inertial measurement unit by extended Kalman filter tech-
nique. Simulation results imply the accuracy of MCAV/
IMU integrated navigation has been greatly improved
compared to IMU based Dead Reckoning navigation
and satisfies the need of future pin-point Mars landing mis-
sions. In current work, we assume that guidance control
produces no errors in order to analyze the navigation
errors clearly. The landing position and velocity errors,
including both the navigation errors and guidance control
errors, will be analyzed in the farther study.
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Appendix A

I. In the context, the installation matrix T’ is assumed
to be an identity matrix I5,3, then we can easily obtain
Tl (a—b,—&,) _ OTh(a—b.—¢,)

Oe - e .
Define a;, i = 1, 2, 3 is the ith element of the true linear

acceleration vector a=(a—b, —¢&,), then the detail

can be obtained as follows:

- oT, (a—b,—&,)
expression of —=— ==

Cll CIZ Cl3

Cy Cxn Cxn )
Cai Cin Cizlig

8Tfn(5 - ba - ga) _ 8Ti[;({l - ba - éa) A
Oe oe

where

Cy1 = (sin ¢ sin  + cos ¢ sin 0 cos )a, + (cos ¢ sin i -
sin ¢ sin 6 cos ¥)a;

Cy, = —sin 6 cos Ya; + sin ¢ cos 0 cos Ya, + cos ¢ cos 0

cos Ya

Cy3 = cos 0 sin Ya; + (—cos ¢ cos iy — sin ¢ sin 0 cos )
a, + (sin @ sin Yy — cos ¢ sin 0 sin ¥)a

Cy1 = (—sin ¢ cos i + cos ¢ sin 8 sin )a, + (—cos ¢ cos
Y — sin ¢ sin 0 sin ¥)a;

Cyp = —sin 6 sin Ya; + sin ¢ cos 0 sin Ya, + cos ¢ cos 0
sin Yas

Cy3 = cos 0 cos Ya; + (—cos ¢ sin  + sin ¢ sin 0 cos )
a» + (sin @ sin Y + cos ¢ sin 0 cos Y)as

Cs3; = cos ¢ cos Ha, — sin ¢ cos Oa;

Cs, = —cos Oa; — sin ¢ sin Oa, — cos ¢ sin Oaz

(D33 - 0

II. Define w;, i=1, 2, 3 is the ith element of the true
angular rate vector @ = (@ — b, — £,), then the detail

expression of W can be obtained as follows:
Qi Qi Qi
OK(® —b, — &,
( a A)é Qa Qn O )
e
@3] @32 @33 3%3
where Q; = (cos pw, — sin gws) sin O/cos 0

@y, = (sin @w, + cos pws)/(cos 0)*

Q=0
@, = —sin pw, — oS Pm3
Qy =0

@31 = (cos pw, — sin pws3)/cos O
Qs = (sin @, + cos @w3) sin 8/(cos H)*
Q33 =0.

II1. Define v;, i = 1, 2, 3 is the ith element of the velocity
b.
vector v, then the detail expression of % can be obtained

as follows:
8T§’vé Eu En EIS
ael | 2 R ;
Ry Ry Riz i,
where R;; =0
Ry, = —sin 0 cos Yv; — sin 6 sin Yv, — cos Hv;
Ri3 = —cos 0 sin Yv; + cos 0 cos Yv,

Ry = (—sin ¢ cos ¥ + cos ¢ sin 0 sin y)v, + cos ¢ cos Ov;
R, = sin ¢ cos 0 cos vy + sin ¢ cos 0 sin Yv, — sin @
sin Ov;

Ry3 = —(cos ¢ cos Y + sin ¢ sin 0 sin Y )v; + (—cos ¢
sin  + sin ¢ sin 6 cos Y )v,

R3; = (cos ¢ sin y — sin ¢ sin 0 cos Y)v; + (—cos ¢ cos
W — sin ¢ sin 0 sin y)v, — sin ¢ cos Ovz

Rz, = cos ¢ cos 0 cos Yv; + cos ¢ cos 0 sin Yyv, — cos ¢
sin Ov;

R33 = (sin ¢ cos Y — cos ¢ sin 0 sin y)v; + (sin @ sin  +
cos ¢ sin 0 cos Y)vy.
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