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Abstract This article introduced the on-ground test of a novel IMU/GNSS
integrated navigation system for atmospheric re-entry applications. Dynamic
and kinetic model of re-entry vehicle are introduced with proper coordinates,
dynamic & kinematic equations for angular motion are also provided by using
Eulers Law and quaternions. The principle of SINS mechanization is illustrat-
ed, which can be easily inserted into re-entry vehicle GNC closed loop. On-
ground and underground vehicle test results are provided which demonstrated
the promising performance of this IMU/GNSS receiver for future atmospheric
re-entry applications.
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1 Introduction

The atmospheric re-entry spacecraft like X-38 crew return vehicle (CRV) is a
key part for the manned international space station (ISS). It is a spacecraft
attached to the ISS, which will serve as a life boat for the astronauts on-board
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to come back to Earth, in case of illness and disability of astronauts or other
emergencies. It will depart from its docking port, glide from orbit unpowered,
re-entry into the Earth atmosphere, and reach a particular landing site by
using a steerable parafoil parachute for the final descent to landing[1]-[3].

For atmospheric re-entry vehicle navigation, conventional techniques which
used in IMU/GNSS integration for general applications, may not be suitable
for this specific case. Because during the blackout phase which covers large
part of the re-entry flight, the GPS receiver will have no signal available for
the navigation system. So, the IMU will therefore be the only navigation sys-
tem on-board, and sensor calibration with GNSS data can only be performed
during the exo-atmospheric and de-orbiting phases.

Shanghai Jiaotong University and Academy of Space Electronic Informa-
tion Technology (ASEIT) is currently developing a novel compact spaceborne
IMU/GNSS integrated navigation receiver ”HiSGR-High Sensitive GNSS Re-
ceiver” for future space applications, under the supporting of National Nature
Science Fundation, as shown in figure 1. HISGR is a multi-functional receiver
that can be applied in many platforms, depending on the different versions of
software burned in, which has been strictly tested both indoor and outdoor[4].

This article concerns the on-ground test of such IMU/GNSS integrated
navigation system for atmospheric re-entry applications. Dynamic and kinet-
ic model of re-entry vehicle are introduced with proper coordinates, dynamic
& kinematic modelling for angular motion are also provided by using Eulers
Law and quaternions. The principle of SINS mechanization is given, that can
easily be inserted into re-entry vehicle GNC closed loop. On-ground and un-
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derground vehicle test results are provided which demonstrated the promising
performance of this IMU/GNSS receiver for atmospheric re-entry applications.

2 The Dynamic Modelling and IMU/GNSS Integrated System
Design

The dynamic of a re-entry vehicle is of 6 Degree of Freedom-DOF motion,
consisting of 3 DOF translational dynamics representing the point-mass tra-
jectory movements, and 3 DOF angular motion dynamics representing the rigid
body attitude maneuvers. Both dynamic and kinematic movements should be
modelled by equations to get a full dynamic description.

The vehicle can be considered as a mass point in the space. Thus, the
Newtons Second Law could be used for the modelling, with reference to the
rotating R-frame (see APPENDIX). The position and velocity vectors can
be expressed in both Cartesian and spherical coordinates, or their mixtures,
resulting in different equations of motion. For convenience of the navigation
computation, a mixture of the spherical position variables (R, 7,d) and the
Cartesian velocity variables (ground speed) defined in the vertical frame (see
APPENDIX) are used to describe the dynamic equations[5][6].

The dynamic equations for angular motion are obtained from the Eulers
Law(7][8]. The kinematic equation is dependent on the method of defining
the rotation of the body, which can be performed using quaternions, Euler
angles or aerodynamic angles. In this paper, the quaternions are used, which
is justified by the absence of singularities in the rotations[7][9]. The equations
mentioned above set up a complete 6 DOF dynamic model for the atmospheric
re-entry vehicle flight, where 13 state variables are employed. The interested
readers could be referred to[1], that are not shown here for concise.

As shown in figure 1, the IMU/GNSS receiver is fixed on the top of moving
vehicle. It is basically a Strapdown Inertial Navigation System-SINS. By us-
ing the information from gyroscope output, a virtual mathematical platform is
established. Then, the attitude transformation matrix is obtained, finally, the
measurements from accelerometer can be projected to navigation coordinate.
There are some methods for SINS attitude update equation as quaternions,
Euler angles or aerodynamic angles. Here we choose quaternions due to the
simplicity of computation, which comply with the rotational modelling men-
tioned above. Considering the output of gyroscope is angle increment, a fixed
time increment sampling algorithm is used for quaternion computation.

Moreover, due to the reasons that the position and velocity input informa-
tion of re-entry vehicle control system are spherical position variables (R, 7, )
and the Cartesian velocity variables (vs, vr, v, )(ground speed), here we choose
geographical frame as the navigation coordinate for SINS velocity update,
which can be easily rotated from ground speed by Ty () T, (7/2). The prin-
ciple of SINS mechanization is given in figure 2.
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Fig. 2 The principle of SINS mechanization

3 SINS error propagation equations

The traditional gyroscope error models are[10]:

Ex
gy | =€ =60+ ew + K wh + [6Gx]wf
€z

1
€20 + Exw + 5Kgmw§’bx —6Gwh + 6Gywb (1)

by ibz

_ b b b
= | €yo + Eyw + 5Kgywéby + 5szibm — 5waébz
€20 + €2w + 0K gowyy, — 0Gywy,, + 5eriby

where £y denotes gyroscope constant drift, €,, denotes gyroscope random drift,
0K, is scale factor error, 0G is installation angle error.
Similarly, the accelerometer error model:

Va
Vy | =V =Vo+ Vy + 0Kaf? + [0AX] £
V.
\V/ b b b (2)
z0 + vmu + 6Kal’fm - 5Azf + 5Ayfz
= VyO+Vyw+5Kayfb+5Azf§*5Azfg
Voo 4 Vew + 6Kao f2 — 04y o+ 0 A, f2

where V( denotes accelerometer constant drift, V,, denotes random drift, 6K,
is scale factor error, JA is installation angle error.

3.1 Attitude error equations

In inertial navigation systems, suppose the computed attitude matrix is ég,
the real attitude matrix is Cj', the transformation between the two is:

Ch = BCy 3)
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where B is transformation matrix from real N frame to computed N frame,
i.e., the initial alignment attitude error of inertial systems. Usually, the mis-
alignment angles are small that B can be represented as:

B =[] (4)

where ¥ is the skew symmetric matrix of three axis misalignment angles
da, 03, 07:

0 —o0vdp
=144y 0 Jda (5)
—08 da 0

Then the attitude computation equation is :
w=1-CpcpT (6)
The attitude error propagation equation can be obtained by differential as:
. in ~ .
v =-C,CyT - CpCyt (7)

With some formula derivations, the error propagation equations in matrix
form is:

b=~ [1 - 9] Cp |2 - 2] i «
+ Q0 [T —wcpepT — (1 —w)cpepT o,

where 2% denotes the measured angular rate matrix of vehicle, 27, denotes
the computed angular rate matrix in N frame.

Let 662, = 2, — 2;,, 682, = 2, — 2,,, omitting some small quantity,
the matrix form of attitude error propagation equation is:

B~ W, — O+ 52, — Cpa,CpT (9)
With simplify, equation above can be rewritten as:
U —wlt X W+ oWl — Crb (10)

where ¥ = [504 03 5’y]T, wix = 20

wm?

Swlt x = 502" Swh x = 52Y,.

wm?

3.2 Velocity error equations

The idea SINS velocity error equation is:
V=Cpf’ — 20 +wl ] x V+g (11)

en

where g; is the local gravity vector, and

8l =8 — W X [wie X I‘] (12)
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So, the computed velocity error is
V=Cpft — 200 +an ] x V+§ (13)

Differential of equation (12) and (13), we get the propagation of velocity
error equation:

OV = — wCMb + CROfY — [20] + W ] x 6V

(14)
— [20w] 4+ 6wl X Og
Omitting the coriolis error and gravity vector error, we get:
6V = [f" x| ¥ + Cpot® (15)

Conventional nonlinear Extended Kalman filter is adopted for this IMU/GNSS
Integrated System. The states variables including the inertial error of position,
velocity, the bias of gyroscope and accelerometer. Vast literatures introduced
the filter design that not provided here for concise[10].

4 On ground test of IMU/GNSS receiver

The HiSGR receiver can process the received signal measurements to compute
the navigation solutions. The core of navigation algorithm is achieved by Real-
Time Precise Orbit Determination software (RTPODs), which is from collab-
oration project with Shanghai Astronomical Observatory, Chinese Academy
of Sciences[11]-[13]. RTPODs is a compact and portable software package op-
timized for real-time processing and is designed for use on embedded DSP
systems. It makes use of a nonlinear filter as well as precise dynamic models
for orbiting applications. The models used in RTPODs include a full EGM-96
70 by 70 gravity field, the DTM 94 atmospheric drag model [14], a solar radi-
ation pressure model, Earth orientation and polar motion models as well as a
relativity model. In addition, RTPODs has the capability to utilize the reduced
dynamic technique in which empirical accelerations are estimated in order to
account for any dynamics left unmodeled [15]. Finally, the Position, Velocity,
and Timing (PVT) point solution will be provided when four or more satel-
lites are being tracked, via a single-shot nonlinear least-squares solver, and also
provides onboard orbit determination capabilities under sparse observe condi-
tions. When RTPODs operate in dual frequency mode, more observations are
used to compute the ionospheric delay and ionosphere-free pseudoranges for
each satellite in view.

The RTPODs mainly operate in GNSS stand-alone navigation mode, and
can also be switched to integrated navigation mode that incorporate inertial
measurements and on-line processed using ultra-tight coupled GPS/inertial
Kalman Filter for predicted orbit position, velocity and attitude, which is used
to remove the Doppler effects to allow weak signal tracking in some scenarios.

The availability of the source code allows customization of RTPODs for
space applications in difference altitude, and the whole software onboard can
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Table 1 Some RTPODs Versions

RTPODs versions Applications
RTPODs-LEO Low earth orbit
RTPODs-R Reflected signal receiving
RTPODs-HEO High Eccentric orbit
RTPODs-GEO Geostationary orbit
RTPODs-LUNAR*  Cislunar/orbiting moon
RTPODs-L2* Helo Lagrange L2
RTPODs-T Test for ground vehicle

*Under development.

be totally reconfigured by using commanding and telemetry interface. So far,
several modifications have been made for RTPODs, and table 1 listed some
verified software versions for future use.

Some of the RTPODs versions for orbiting applications, as low & high
earth orbit, have been demonstrated on previous publications [4]. RTPODs-
T is a special version that is used for on ground vehicle test of IMU/GNSS
function, which is suitable for atmospheric re-entry navigation. Detail design
of RTPODs-T (IMU/GNSS integrated SINS algorithm) has been introduced
in above sections, here we provided some open field on ground/under ground
test results.

The test is conducted in ASEIT working area from 14:15:00 to 15:15:00
08/Apr/2019. Figure 1 demonstrated the assembling of HiSGR in platform
with NovAtels SPANQ integrated navigation system, which is used for the
comparison and evaluation of final solutions, the definition of run car coordi-
nation and base station during running test are also provided.

Figure 3 demonstrated the reference trajectory from NovAtels SPAN sys-
tem, by using WAYPOINT software. The black lines and green dots showed
the running route both in open ground and underground. Clearly the SPAN
system provided the smooth and precise positioning solution for commercial
use. Figure 4&5 illustrated the post processing trajectory from both NovAtel
SPAN and HiSGR receiver. The bolded purple lines and green lines in figure
5 demonstrated the SPAN system output, both on open field running and un-
derground test, while the green squares and small black dots shown the same
output from HiSGR.

The running trajectory underground is intentional selected as the simula-
tion of re-entry vehicle during blackout period, as in figure 6, and surely the
receiver achieved quick signal reacquisition when out of underground garage,
and HiSGR perform stable during the running test on open field. Position and
velocity error is less than 5m and 0.01m/s during on ground test and achieved
less than 15m and 0.02m/s during underground. Attitude angle of vehicle and
its rate achieved 0.2deg and 0.05deg/s on-ground, and roughly 0.5deg and
0.1deg/s underground.
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Fig. 3 Moving trajectory from NovAtel SPAN system
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Fig. 4 Processed trajectory from NovAtel SPAN system
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Fig. 6 Moving vehicle underground

5 Conclusions

This article introduced the on ground test of a novel IMU/GNSS integrated
navigation system for atmospheric re-entry applications. Dynamic and kinetic
model of re-entry vehicle are introduced with proper coordinates, equations
for angular motion are also provided by using Eulers Law and quaternions.
The principle of SINS mechanization is given, which can easily be inserted
into re-entry vehicle GNC closed loop. On ground and underground vehicle
test results are provided that demonstrated the promising performance of this
IMU/GNSS receiver for atmospheric re-entry applications.

6 APPENDIX

R-frame : Earth Centered Earth Fixed frame (index R), the center is in the
center of the Earth, Zg is pointing North, Xy is pointing to the Greenwich
meridian, and Yi completes the right-handed system.

V-frame : Vertical Reference frame (index V), the center is in the center of
gravity of the body, Zy is pointing down collinear with the gravity vector, Xy
is pointing North and Yy is pointing East.

N-frame : Geographical frame / Navigation frame (index N), the center is in
the center of mass of the vehicle, Zy is pointing up collinear with the negative
gravity vector, Xy is pointing Fast and Yy is pointing North.
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