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Abstract: The optical navigation errors of Mars probe in the cap-
ture stage depend closely on which targets are selected to be
observed in the Mars system. As for this problem, an integrated
navigation scheme is proposed wherein the optical observation
is aided by one-way Doppler measurements. The errors are then
analyzed respectively for the optical observation and one-way
Doppler measurements. The real-time calculating scheme which
exploits the extended Kalman filter (EKF) framework is designed
for the integrated navigation. The simulation tests demonstrate
that the errors of optical navigation, which select the Mars moon
as the observation target, are relatively smaller than those in the
Mars-orientation optical navigation case. On one hand, the inte-
grated navigation errors do not depend on the selecting pattern
of optical observation targets. On the other hand, the integrated
navigation errors are significantly reduced as compared with those
in the optical-alone autonomous navigation mode.

Keywords: Mars probe, autonomous navigation, one-way Doppler
measurement, optical observation, capture stage.

DOI: 10.23919/JSEE.2020.000036

1. Introduction

In Mars exploration missions, several problems should be
considered, including very faraway distance, long travel
interval, low data transmission rate and unknown environ-
ment in deep space. Simultaneously, the TT & C system,
namely tracking, telemetry and command, on the Earth
has the limited capacity in the aspects of real-time navi-
gation and emergency handing. Therefore, from the 1960s,
researchers have been focusing on the autonomous navi-
gation methods, and abundant theory studies have been
carried on [1—12]. Since 1990s, 16 launching missions of
Mars probe have been implemented. Among them, six mis-
sions failed and five of them were due to navigation prob-
lems. In 1996 and 2011 respectively, Russian Mars 96 and
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Phobos-Grunt missions failed as the result of the interrup-
tion of the radio navigation in the earth-escaping stage. In
1992, American Mars Observer impacted into the Mars in
the capture stage and similarly, the failure was caused by
missing the radio navigation. In 1998, American Mars Cli-
mate Orbiter cracked up in the Earth-to-Mars transferring
stage because of the failure on the integrated navigation.
In 1999, Japan Hope Mars Probe failed to pass the Mars in
the capture stage because of the low precision of the radio
navigation. Therefore, the autonomous navigation in deep
space is vital to guarantee the success of Mars exploration
missions. At present, the autonomous navigation and orbit
control based on optical measurement technologies have
been widely utilized in lots of missions [13—-19]. In May
1971, the Mars probe of American Mariner 9 firstly began
to verify the optical autonomous navigation. On 24th Oct.
1998, American Deep Space 1 implemented this techno-
logy for the first time in the cruise phase. In 2003, Ameri-
can Mars Exploration Rover successfully applied the opti-
cal autonomous navigation in the Mars landing mission for
the first time. In the capture stage, the probe travels into
the Mars’ gravitation range. Most of the failed missions
occurred in this stage, which is mainly caused by the fact
that the capture procedure lasts only 50 min. During such
a short time span, the communication interruption cannot
be accepted in any way. However, the delay of two-way ra-
dio communication between the ground stations and Mars
probe is as long as 24.4 min. Consequently, the precision,
reliability and real-time performance of the autonomous
navigation become critical to the capture stage. In order to
achieve the maneuver capture in this stage, the maximum
position errors of the optical autonomous navigation need
to be less than 120 km. At present, the autonomous optical
navigation errors of most Mars probes in the cruise phase
are about the magnitude of dozens of kilometers. And in
the capture stage, it is no more than 10 km [20—-22].

The optical navigation in deep space exploration mis-
sions focuses on utilizing the optical sensors to image the
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target body and then makes use of some image process-
ing algorithms to obtain its position information. Thus,
the optical sensors can provide high-precision orientation
parameters. However, the optical-alone autonomous navi-
gation is usually hard to satisfy for harsh engineering ap-
plications. First, the navigation accuracy is closely re-
lated to high-precision optical sensors which may bring
tremendous costs into the design scheme. Second, some
unknown faults may occur on the optical sensors of the
Mars probe during the long-journey flight. Thus the multi-
sensor fusing navigation has become the main solution to
attacking the high-precision and reliability problems. For
these considerations, the autonomous navigation filter of-
ten exploits the above orientation parameters and some
aided measurements from other sensors to estimate the
position and velocity of the Mars probe. The aided mea-
surement sources usually include X-ray pulsars [23—-25],
Einstein shift [26,27], and starlight refraction measure-
ments [28 —32]. Liu [33] proposed an integrated navigation
method based on observing the X-ray pulsars and plane-
toids by turns. The results indicated that multiple observa-
tions could achieve higher navigation precision than that
in the single observation case. Liu [34] also proposed an
integrated navigation method based on utilizing the Ein-
stein shift and optical measurements. Based on the opti-
cal observation of the Mars and the Phobos, Ming [35]
utilized the angles between the Sun and stars as measure-
ments and implemented the autonomous navigation in the
capture stage. However, the autonomous navigation meth-
ods above are mainly based on the observation of three tar-
gets in the Mars system and other observations are astro-
nomical navigation sources. These observation sources are
themselves unstable, and even their relating sensor mea-
surement technology is not reliable in the present period.
Besides, observing multiple targets simultaneously always
makes the optical sensors inconvenient in the navigation
implementation. Generally, different sensors must be in-
stalled on each side of the Mars probe in order to fulfill
the multi-target observation tasks at the same time. Even
for the single optical sensor on the Mars probe, continu-
ous attitude maneuvering has also to be implemented to
enlarge its field of view for the same end. In the cruise
phase of the Mars probe, Zhang [36] concluded that the
navigation errors depend closely on selecting which plan-
etoids to be observed and determining the optimal imag-
ing sequence of planetoids. The above results adequately
show that the selective strategy of optical observation tar-
gets is vital to navigation errors. By the same considera-
tion, this paper focuses on the relationship between navi-
gation errors and the selecting pattern of three optical ob-
servation targets, namely Mars, Phobos and Deimos, but in
the capture stage. Another significant issue affecting the in-
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tegrated navigation errors of the Mars probe is the external
measurements other than the optical observation. Recently,
the range and its rate measurements at the line of sight be-
tween the Earth observation site and the Mars probe, which
can be obtained by the well-known Doppler effects, have
been extensively proved to be continuous and stable for
the navigation purpose. Wu [37] combined both the opti-
cal observation in the cruise stage transmitted by the Mars
probe and Doppler measurements provided by the Earth
observation site to implement the orbit determination and
propagation, which is also the primary task of the TT & C
system. However, the two-way Doppler measurements
above cannot be accepted by the autonomous navigation
of the Mars probe for its too large time delay. Fortunately,
the one-way Doppler measurements with no delays, only
being transmitted from the Earth observation site to the
Mars probe, can be well utilized to aid the optical observa-
tion to implement the autonomous navigation task. As for
the one-way Doppler measurements, Zheng [38] proposed
a passive measurement means with no a priori orbit para-
meters, by which the measurement errors are no more than
0.2 mm/s in the space tests. This space tests demonstrate
promising prospects of one-way Doppler measurements in
the autonomous navigation of the Mars probe in the cap-
ture stage.

This paper designs an integrated navigation scheme
in the capture stage which comprises both the one-way
Doppler measurements and optical observation for three
targets in the Mars system.

2. Orbit dynamical models

After traveling into the capture stage, the probe is mainly
affected by the force of the Mars’ gravitation, the Sun’s
gravitation and the Mars’ nonspherical perturbation. Be-
cause the time interval of this stage is relatively short, some
smaller effects including the solar-radiation pressure, the
Mars moon’s gravitation and the higher-order nonspheri-
cal perturbation other than the .J, items can be ignored.

The Mars’ central gravitation is the main force in the
capture stage. The dynamical formula is usually con-
structed in Mars-centered inertial system. Select J2000.0’s
Earth-equator plane as the coordinate system’s X-Y plane.
The dynamical formula is described as follows:

.. T
7':——37“+MS 3 3 + ans + a; (l)

r r re
where w1 denotes the gravitation constant of the Mars, g
denotes the gravitation constant of the Sun, » denotes the
probe’s position vector in the Mars-centered inertial sys-
tem and r denotes the magnitude of the vector r. The first
part on the right side of (1) denotes the Mars’ central gra-
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vitation. The second part denotes the third-body gravita-
tion from the Sun. The third part a,s denotes the Mars’
nonspherical perturbation. The fourth part a. denotes
some other smaller perturbation. In the Mars-centered
J2000.0 mean Mars-equator system, the Mars’ nonspher-
ical perturbation [39] is shown as follows:

uMJQ% <7.5 (;)2 - 1.5>
uMJQ% <7.5 (;)2 - 1.5>

uMJQT% <7.5 (;)2 - 4.5>
()

In the navigation computation, a, s needs to be trans-
formed into the Mars-centered J2000.0 mean Earth-
equator system.

3. Autonomous navigation
measurement models

3.1 Measurement models of optical sensors

Theoretically, measurement models [40] of optical sensors
can be regarded as pinhole imaging as Fig. 1 shows.
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Fig.1 Measurement model of optical navigation sensors

The imaging center coordinate of the target body is
(2;,y;). The point of intersection between the main op-
tical axis and the imaging plane is (xg, yo). The focus of
the optical sensor is f. If the other imaging aberrance is
not considered, the measurement vector of the target body
in the sensor coordinate system is

(Ti —x0 Yi—Yo 2i— ZO)T
V(@i —x0)2 + (yi —y0)> + f?

Suppose the rotation matrix from the sensor coordinate
system to the probe body coordinate system is C?. This

3)

We =

matrix is mainly determined by the installation parameters
of optical sensors on the probe. The rotation matrix from
the probe body coordinate system to the probe-centered
inertial coordinate system is Cy. This rotation matrix is
calculated by the attitude control system on board. Thus
the insight orientation of the target body in the probe-
centered inertial coordinate system is

rr—r

“)
where 77 (z7,yr, 2r) denotes the position vector of the
observation target and 7(x, y, z) denotes the position vec-
tor of the Mars probe. They are both expressed in the Mars-
centered J2000.0 mean Earth-equator system.

The partial derivation of observations with respect to the
states of r and 7 is

8wi _3
= —R 2
or T
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where Ry = (z7 — 2)? + (yr — y)? + (21 — 2)%

The sight vector of w; from the Mars probe to the target
body in the inertial system is the most significant measure-
ment of optical sensors. The navigation filter selects this
sight vector as the basic measurement. And the measure-
ment errors of w; are mainly determined by the position
errors of the target’s centroid in the image.

3.2 One-way Doppler measurement models

In the capture stage, the probe needs to be monitored
in real-time by the Earth observation sites. Although the
large delay which is consumed by the radio transmission is
necessary, the continuous and stable radio signal can also
be transmitted from some deep space observation station
on the Earth. The Mars probe carries some specified clocks
with high stability. After the Mars probe receives the radio
signal from the Earth, the signal is then processed based
on the known radar frequency and the one-way Doppler
measurements. These measurements can be transformed
into relative velocity between the Mars probe and the deep
space observation station on the Earth.

The position of the deep space observation station in the
Earth-centered fixed coordinate system is already known.
It can be readily transformed into the Earth-centered
J2000.0 mean Earth-equator system, and then into the
Mars-centered J2000.0 mean Earth-equator system.
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As the transmitting time is not given accurately, the time
and the distance from the deep space observation station
to the Mars probe at the corresponding instant should be
calculated by some iterative scheme. Suppose the receive
instant of the radio signal is ¢, the transmitting instant is
t — At but At is unknown, and the distance between the
Mars probe and the deep observation station is . The ite-
rative calculating procedure is shown in Fig. 2.

( Calculate probe’s position vector R, at ¢ )

ty=t, calculate the deep space station’s
positon vector R, at

Calculate initial relative distance R between probe
and deep space station

to=t-At=t= R

c
Calculate the deep space station’s
position vector R at 7,

¢

Caluculate relative distance R between probe and
deep space station

Calculate the propagated interval At = % of signals

Iterating twice |AR| < €?

Output the position and velocity vectors R, and RS at the
time of sending signal ~At

Fig. 2 Calculating iteratively the emitting instant of radio signals
from the ground station

In the Mars-centered J2000.0 mean Earth-equator sys-
tem, 7(x,y, z) denotes the position vector when the Mars
probe receives the radio signal, rg(x, y, z) denotes the po-
sition vector when the deep space observation station sends
the radio signal. Then the one-way Doppler measurement
model is expressed as

V(@ —2p)?+ Yy —yp)?+ (z — 25)?
(7

The partial derivations of observations with respect to
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4. Integrated navigation scheme combining
optical and one-way Doppler
measurements

In the capture stage, the target bodies include Mars, Phobos
and Deimos. The designed autonomous navigation scheme
which combines both the optical and the one-way Doppler
measurements is shown in Fig. 3.

In the optical observation, Mars is treated as the plane
target but Phobos and Deimos are treated as point targets.
After obtaining the central pixels of Mars, Phobos and
Deimos by some plane and point processing algorithms re-
spectively, the high-precision sight orientation in the frame
of optical sensors will be obtained hereby. According to the
attitude parameters from the guidance, navigation and con-
trol (GNC) system on-board, the sight orientation is trans-
formed from the sensor coordinate system into the probe-
centered inertial coordinate system. The one-way Doppler
measurements are continuous and stable which can be used
in the navigation filter directly. Then the extended Kalman
filter (EKF) algorithm can be conventionally used to cal-
culate the position and velocity of the Mars probe. Addi-
tionally, the EKF calculation procedure in the autonomous
navigation scheme is briefly described as follows [14].

The state and measurement equations are given as

{i(r(t)ﬂ'“(t)) = f@(rt), 7)) +wlt)
Y(t) = h(z(r(t),7(t))) + n(t)
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Fig. 3 Integrated navigation scheme utilizing both optical observation and one-way Doppler measurements

where f(-) denotes the state equation and h(-) denotes
the measurement equation, x(r(t), (t)) denotes the probe
position and velocity, y(t) refers to the measurements in-
cluding the optical observation of w; and one-way Doppler
observation of 7(¢), and w(¢) and n(t) denote the proce-
dure noise and measurement noise respectively.

The discretization equations can be described as fol-

lows:
{Cck+1 = P(tpyr, ti)Tk + Wi a1
Yet1 = Hpp1Tpq1 + vpg1
where wy, and v 1 denote the discretized procedure noise
respectively, Hy41 denotes the discretized observation
matrix, @ (tx41,tr) denotes the state transition matrix and
can be approximately calculated by

D(trt1,tk) = Toxo + Frg1 k(tot1 — te)+
1
§Fk2+1,k(fk+1 — ty)?

where Fj. 1 and H}, are respectively denoted by

_ of(=(t) _ o(r, )

041,k
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033 I3
or or ,
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(13)
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or or
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ar  or
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According to the above dynamical and measurement equa-
tions, the basic EKF can be implemented as the following
procedure.

Step1 The predicted state of €1 1 is propagated from
% to ti4+1 by some numerical integration method.

Step 2 The predicted covariance matrix of Pjq j is
propagated by

Pk+1,k = Sp(tk_;,_l,tk)Pk QT(tk+1,tk) + wg. (15)
Step 3 The Kalman gain matrix is calculated by

Kit1 = Popr p Hi | (Hys1 Pogpr o HiS L +V) T (16)

where V' denotes the covariance matrix of measurement
noises.
Step 4 The state is updated by

Tit1 = Tht1,k + K1 (Y1 — Her1xr41.6). (A7)
Step 5 The covariance matrix is updated by
Pii1 = — Kyy1Hi11)Pryi k- (18)

5. Simulation test
5.1 Parameters setup

When the Mars probe is nearly into the capture stage, the
initial epoch is set as 2020-01-01 12:00:0.000 (UTCG).
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The true orbit of the Mars probe can be generated by
the satellite tool kit (STK) software in the Mars-centered
J2000.0 mean Earth-equator system. The flight procedure
is set as three days wherein the capture stage is already in-
cluded. The initial parameters are listed in Table 1. The true
orbit of the Mars probe in the 3-day time span is described
in Fig. 4 and Fig. 5.

Table 1 Initial state of the Mars probe

Direction Position/m Velocity/(m/s)
X 787 428 868.181 —2902.862 031
Y 173 430 495.575 —657.767 255
Z 175 327 556.844 —624.561 085
x10°
2.0
1.5
g
Nl 0
0.5
0
2

}7/‘121 0

2
0 X

-1 -2
—e— : Starting position; ——— : Flight path;
—e— : Ending position.
Fig. 4 Orbital position of the Mars probe in the whole flight proce-
dure
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Fig. 5 Orbital velocity of the Mars probe in the whole flight proce-
dure

According to Table 1, the initial position errors in X, Y,
Z directions are given as 1 000 km and the initial covari-
ance is given as 2 000 km respectively. The initial velocity
errors in X, Y, Z directions are set as 5 m/s and the initial
covariance is set as 10 m/s respectively.

In the Mars probe application, the general errors brought
by the GNC system and image processing are usually at the
magnitude of several tens of arc-seconds. Therefore, the bi-
ases and random errors of the optical observation are set as
10 and 100 arc-seconds respectively. The simulation step
is set as 1 min. The target bodies include Mars, Phobos and
Deimos.

In order to aid the Mars probe’s optical observation, the
deep space station on the Earth is given at 46.49° (latitude)
and 130.78° (longitude). The one-way Doppler measure-
ment period from the deep space station to the Mars probe
is set as 10 s. The biases and random errors are both given
as 0.005 m/s.

5.2 Optical measurement errors with 10 arc-seconds

(1) Selecting Phobos as the optical observing target

When the one-way Doppler measurements aid the opti-
cal observation, the position and velocity errors in the au-
tonomous navigation are shown in Fig. 6.

0 0.5 1.0 1.5 2.0 2.5 3.0
Time/d
(a) Position error

0 0.5 1.0 1.5 2.0 2.5 3.0
Time/d
(b) Velocity error
—— :Phobos; = = : Phobos+Doppler.

Fig. 6 Autonomous navigation errors in the Phobos-orientation op-
tical observation mode (10 arc-seconds)

(ii) Selecting Deimos as the observing target

As the one-way Doppler measurements aid the optical
observation, the position and velocity errors in the au-
tonomous navigation is shown in Fig. 7.

Position error/km

0 0.5 1.0 1.5 2.0 2.5 3.0
Time/d
(a) Position error
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Fig. 7 Autonomous navigation errors in the Deimos-orientation op-
tical observation mode (10 arc-seconds)

(iii) Selecting Mars as the observing target

As the one-way Doppler measurements aid the optical
observation, the position and velocity errors in the au-
tonomous navigation are shown in Fig. 8.
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Time/d
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(b) Velocity error

Fig. 8 Autonomous navigation errors in the Mars-orientation opti-
cal observation mode (10 arc-seconds)

5.3 Optical measurement errors with 100 arc-seconds

(i) Selecting Phobos as the observing target

As the one-way Doppler measurements aid the optical
observation, the position and velocity errors in the au-
tonomous navigation are shown in Fig. 9.
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—— :Phobos; = = : Phobos+Doppler.
(b) Velocity error

Fig. 9 Autonomous navigation errors in the Phobos-orientation op-
tical observation mode (100 arc-seconds)

(ii) Selecting Deimos as the optical observing target

As the one-way Doppler measurements aid the optical
observation, the position and velocity errors in the au-
tonomous navigation are shown in Fig. 10.
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Fig. 10 Autonomous navigation errors in the Deimos-orientation
optical observation mode (100 arc-seconds)

(iii) Selecting Mars as the optical observing target

As the one-way Doppler measurements aid the optical
observation, the position and velocity errors in autonomous
navigation are shown in Fig. 11.

e

2.0 25 3.0

% 05 1.0 5

Time/d
(a) Position error




ZHANG Zhibin et al.: Autonomous optical navigation of Mars probe aided by one-way Doppler measurements in capture stage 609
z 15 5.4 Analysis of navigation errors
510
5 Select the measurement interval from the 2.5th day to the
=
§ > 3rd day. Calculate the steady errors of the position and ve-
2 locity according to the two cases of optical observation er-

rors above. The navigation results are listed in Table 2 and
Table 3.

—— : Mars;

: Mars+Doppler.

(b) Velocity error
Fig. 11 Autonomous navigation errors in the Mars-orientation op-
tical observation mode (100 arc-seconds)

According to Figs. 6—11 and Tables 2 —3, some conclu-
sions are drawn as follows.

Table 2 Autonomous navigation errors of Mars probe (the optical observation errors are set as 10 arc-seconds)

Observing Position error/km Velocity error/(m/s)
target Radial Tangential Normal Total Radial Tangential Normal Total
Phobos 5.958 7.289 0.361 9.422 0.206 0.207 0.016 0.293
Phobos+Doppler 6.788 6.977 0.375 9.741 0.061 0.206 0.015 0.216
Deimos 4.369 7.819 1.171 9.033 0.201 0.195 0.009 0.281
Deimos+Doppler 6.683 7.359 0.863 9.978 0.061 0.211 0.007 0.219
Mars 175.992 7.193 0.434 176.139 3.876 0.651 0.017 3.931
Mars+Doppler 12.446 7.472 0.226 14.518 0.063 0.212 0.014 0.222

Table 3 Autonomous navigation errors of Mars probe (the optical observation errors are set as 100 arc-seconds)

Observing Position error/km Velocity error/(m/s)
target Radial Tangential Normal Total Radial Tangential Normal Total
Phobos 53.074 72.416 3.864 89.865 1.448 2.102 0.144 2.557
Phobos+Doppler 22.104 70.888 3.504 74.337 0.665 2.073 0.181 2.184
Deimos 48.842 77.765 11.773 92.583 1.838 1.962 0.089 2.689
Deimos+Doppler 14.871 77.413 7.074 79.145 0.659 2.098 0.093 2.201
Mars 354.891 71.489 4.584 362.048 4.589 2.737 0.154 5.346
Mars+Doppler 27.948 74.137 2915 79.284 0.663 2.097 0.124 2.203

(i) As the optical observation errors are given, the navi-
gation errors are almost equivalent no matter whether Pho-
bos or Deimos is selected as the optical observation. How-
ever, they are both better than Mars for the optical-alone
navigation. This navigation superiority is due to the more
rapid varying geometric relationship between the probe
and Phobos or Deimos than that by choosing Mars as the
optical observation.

(ii) The position errors of the integrated navigation,
which both utilizes Phobos or Deimos optical observation
and one-way Doppler measurements, are almost equiva-
lent with that in the optical-alone navigation. However, the
velocity errors, especially the radial components, in the
whole-time span are obviously decreased in the integrated
navigation.

(iii) The position and velocity errors of the integrated
navigation with Mars optical observation and one-way
Doppler measurements have been greatly reduced at a
magnitude of dozens of times as compared with that in the
optical-alone navigation.

(iv) In the framework of the integrated navigation

wherein the optical observation is aided by one-way
Doppler measurements, the position and velocity errors are
almost comparative no matter which target is selected as
the optical observation. In this sense, the integrated navi-
gation errors do not depend on selecting the pattern of dif-
ferent optical observation targets.

6. Conclusions

Aimed at the high-precision and real-time requirements of
the autonomous navigation in the capture stage, this pa-
per proposes an integrated navigation scheme of the Mars
probe. This scheme is mainly benefited from combing the
one-target optical observation and one-way Doppler mea-
surements from the observation site on Earth to the Mars
probe. The simulation results show that observing the Mars
moon has overwhelming superiority than Mars itself for
the optical-alone navigation. Meanwhile, more precise ve-
locity parameters can be obtained by the integrated navi-
gation than that in the optical-alone observation case. Be-
sides, the position errors can be greatly reduced in the inte-
grated navigation as Mars is selected as the optical obser-
vation target. As is expected, the navigation errors are al-
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most equivalent in three cases of the integrated navigation.
In this regard, the designed integrated navigation scheme
nearly eliminates the constraint that the navigation errors
are subject to the selecting pattern of different targets in the
optical-alone navigation case. From the numerical view-
point, the position and velocity errors of the integrated na-
vigation are less than 10 km and 0.3 m/s respectively, con-
sidering the 10 arc-seconds optical observation errors and
several milimeter-per-second one-way Doppler measure-
ment errors. As the optical observation errors are enlarged
to 100 arc-seconds, the integrated navigation can also pro-
vide the position and velocity parameters which are still
less than 100 km and 3.0 m/s respectively. Consequently,
the proposed integrated navigation scheme can be abun-
dantly utilized by the Mars probe in the capture stage.

However, some efforts are still needed to make to veri-
fy the advantage of the proposed integrated navigation
scheme. On the one hand, the numerical observability is
needed to be calculated to theoretically prove the simula-
tion results. On the other hand, the integrated navigation
scheme will be utilized and analyzed in the practical Mars
probe flight experiments.
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