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Abstract

The navigation system of a satellite launcher is of paramount importance. On a small launcher target-
ing low orbit, the navigation system may be a signi�cant part of the total mission cost. A trend which is
gaining interest is exploiting a model of the vehicle dynamics into the navigation system. Navigation with
vehicle dynamics was evaluated on ground vehicles, aircrafts and unmanned helicopters/quadricopters.
However, to the knowledge of the authors, navigation aided by the model of the dynamics has not been
tested for satellite launchers.

Adding the vehicle dynamics knowledge into the navigation system can be as simple as adding non-
holonomicity constraints or it may need a complete model of the vehicle dynamics. In this paper, a
simple stochastic model that represents the angular velocity and acceleration as random walks with
known driving noise variances, which are based on the vehicle dynamics, is exploited. The estimated
values are then updated with the gyroscope and accelerometer measurements.

The results show that the attitude, velocity and position estimates are barely improved. However, the
angular velocity and acceleration estimation errors are reduced signi�cantly. Also, the proposed solution
does not require special maneuvers to ensure the observability of the navigation model. To illustrate the
advantage of the proposed approach, the improved angular velocity estimates are exploited in the control
function instead of the raw gyroscope measurements to signi�cantly reduce thrust nozzle movements.

Notation

Latines letters

0i i× i zero matrix

A state matrix

ae acceleration estimation

aB
e acceleration estimation

am acceleration measurement

aB
m acceleretion measurement

ba accelerometer bias

bBa accelerometer bias

bBg gyroscope bias

Bm measurement input matrix

bEp GPS position bias
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Bs stochastic value input matrix

ca accelerometer bias Markov process time constant

cg gyroscope bias Markov process time constant

cp GPS position bias Markov process time constant

Ii i× i identity matrix

k time step

Q state covariance matrix

Q1 state covariance matrix

Qs stochastic value covariance matrix

R observation covariance matrix

R1 observation covariance matrix

st sampling time

TE
B rotation matrix from the body frame to the Earth frame

um measurement input vector

us stochastic value input vector

x state vector

Greek letters

[αcψ]
B
IB commanded yaw angular acceleration

[αcθ]
B
IB commanded pitch angular acceleration

[αe]BIB angular acceleration estimation

[αeφ]
B
IB modelled roll angular acceleration amplitude

[αeψ]
B
IB modelled yaw angular acceleration amplitude

[αeθ]
B
IB modelled pitch angular acceleration amplitude

∆ae jerk estimation

∆aB
e jerk estimation

∆ae
B
x modelled x-axis jerk amplitude

∆ae
B
y modelled y-axis jerk amplitude

∆ae
B
z modelled z-axis jerk amplitude

∆am acceleration measurement noise (random walk)

∆aB
m accelerometer measurement noise (random walk)

∆ba accelerometer bias Markov process driving noise

∆bBa accelerometer bias Markov process driving noise

∆bBg gyroscope bias Markov process driving noise

∆bEp GPS position bias Markov process driving noise

[∆ωm]BIB gyroscope measurement noise (random walk)

δΨE
e attitude estimation error

∆ΨE
m attitude measurement noise

δΨE
m attitude estimation error measurement

δrEe position estimation error
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∆rEm position measurement noise

δrEm position estimation error measurement

δve velocity estimation error

δvEe velocity estimation error

∆vm velocity measurement noise

δvm velocity estimation error measurement

∆vEm velocity measurement noise

δvEm velocity estimation error measurement

∆ξBcψ variations of the commanded thrust nozzle angle to correct the yaw of the launcher

∆ξBcθ variations of the commanded thrust nozzle angle to correct the pitch of the launcher

[ωe]BIB angular velocity estimation

ωE
IE angular velocity of the Earth rotation

[ωm]BIB angular velocity measurement

Subscripts and superscripts

{·}B variable represented in the body frame

{·}E variable represented in the Earth frame

1 Introduction

For a satellite launcher, the navigation is of paramount importance. On a small launcher targeting low
orbit, the cost of the navigation system may take signi�cant proportions [1]. Therefore, the best uses of the
available information must be done. A trend which is gaining interest is exploiting the knowledge of the
vehicle dynamics. But, to the knowledge of the authors, this approach has never been studied for a satellite
launchers. The Ariane 5 navigation system employs a ballistic trajectory during its coast phase, where the
sensor measurements are not used, and the boost phases rely solely on sensor data [2]. In this paper, a
stochastic launcher model is combined with sensor measurements to improve navigation performances.

The use of the vehicle dynamics is suggested by Koifman and Bar-Itzhack [3] in a feasibility analysis for an
aircraft. The results show that the position and roll estimation errors are greatly reduced and that a constant
wind speed can be estimated. However, some maneuvers are needed to ensure observability. Without those
maneuvers, the �lter diverges and the inclusion of the aircraft dynamics becomes useless [3, 4, 5]. Motions,
such as Dutch roll, are critical to excite the coupling of errors in the �ight vehicle model [6]. For e�ciency
reasons, the trajectory of a satellite launcher is smooth and doing those maneuvers would be a waste of
energy.

Unlike the previous approaches where the IMU is used as the prime navigation sensor aided by the
vehicle model, Khaghani and Skaloud [7] suggest to employ the vehicle dynamics model to propagate the
navigation states and correct estimates with sensor data. This architecture is less sensitive to sensor failures
since it can stop using defective sensors. But the model is complex in a simulation context for a UAV and the
implementation in a real scenario is expected to be challenging due to unmodelled dynamics and disturbances
[7].

The vehicle dynamics aided navigation was also tested on a small scale helicopter to reduce the impact of
sensor failures [8]. But, despite a complex model, the velocity and position errors grow rapidly during GPS
outages [9]. Also, the observability of the model is not guaranteed unless some maneuvers are performed [9].
For a quadricopter, the drag force introduces a stabilizing term which is an essential source for the increased
performance (i.e. the speed of the quadricopter cannot be in�nite) [9]. However, for a satellite launcher, the
drag force becomes almost null during the exoatmospheric phase.
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On ground vehicles, non-holonomic constraints can be exploited [4, 10, 11, 12]. Based on the fact that
the lateral and vertical velocities are almost null, virtual velocity observations are added to the navigation
model as soft constrains [13]. The use of constraints solely does not provide full observability [4] and, as with
aerial vehicles, some maneuvers are needed to ensure a complete observability [4, 11]. The exploitation of
constraints reduces the error growth between GPS measurements, which increase the GPS denied navigation
capabilities [4]. When combined with an axial velocity encoder, the a priori knowledge of the vehicle dynamics
can drastically improve the navigation performances [4, 11]. But this approach is not purely based on the
vehicle dynamics and part of the gain should be attributed to the additional sensor. Unlike ground vehicles,
satellite launchers are holonomic (i.e launchers can move in all directions). However, they are under actuated
which prevents fast angular rate and lateral acceleration maneuvers [14].

A simple heuristic model of the dynamics was tested on a gun launched projectile and demonstrated good
improvement on the position estimation [15]. However, the dynamics of a launcher is complex and vary a lot
during a mission, which prevents the use of a simple model.

A complex vehicle model may lead to model errors, over-parameterization of the model and poor observ-
ability, which may degrade the performance of the navigation �lter [10, 16]. In some cases, the unobservability
problem can be compensated with the use of weak constraints [16]. On the other side, simple stochastic mod-
els are already exploited with success to model sensor imperfections [17, 18, 19]. The stochastic model of the
sensor errors can be further improved by taking into account the dynamics of the vehicle [20]. The modelling
of the angular velocity as a random walk, updated with gyroscope measurements, has already been done
[21]. However, it was exploited as a means of combining gyroscopes in an array and not as a way to include
the vehicle dynamics knowledge into the navigation system.

For a satellite launcher, the angular velocity and acceleration vary slowly for most of the time during the
mission. The exceptions are stage changes and turn maneuvers which are predictable since commanded. The
�rst contribution of this paper is to demonstrate that this knowledge can be exploited in a simple stochastic
model, added to a baseline navigation system, to improve the angular velocity and acceleration estimates
(section 2). Furthermore, this approach does not introduce unobservability problems as many aforementioned
solutions. The second contribution of this paper is to show that the improved angular velocity estimation
can be exploited to re�ne the control function of the launcher and thus reduce the movement of the thrust
nozzle (section 3).

2 Navigation with vehicle dynamics

In order to include the knowledge of the launcher dynamics, the loosely coupled GPS/INS aided by a
reference attitude sensor (e.g. magnetometer) is augmented to include the angular velocity and acceleration
estimates. The angular velocity and acceleration are modelled as random walks with known driving noise
variances, which are based on the knowledge of the angular acceleration and jerk that can be undergone by
the launcher. Then, the angular velocity and acceleration estimates are updated using the gyroscope and
accelerometer measurements. Section 2.1 shows how the acceleration estimation can be implemented in a
simpli�ed, one dimension, error state model. In section 2.2, the principle is applied to the complete error
state model to include the angular velocity and acceleration. The models, exploited to adjust the navigation
�lter angular acceleration and jerk variances according to the launcher dynamics, are presented in section
2.3. The navigation performances are analyzed in section 2.4.

2.1 Acceleration estimation

This section shows how the acceleration estimation can be integrated in a simpli�ed, one dimension model,
which includes only the accelerometer bias and velocity estimation error. For this model, the only measure-
ments available are the acceleration and velocity.

The acceleration estimation ae from time step k to time step k + 1 is:

ae(k+1) = ae(k) + st∆ae(k) (1)

where ∆ae is the estimated jerk and st is the sampling time. The acceleration measurement am is the
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acceleration estimation plus the accelerometer bias ba and random walk noise ∆am:

am(k) = ae(k) + ba(k) + ∆am(k) (2)

The time evolution of the velocity estimation error δve is:

δve(k+1) = δve(k) + st
(
am(k) − ae(k)

)
(3)

and the time evolution of the estimated bias is:

ba(k+1) = ba(k) + st∆ba(k) (4)

where ∆ba is the variation of the accelerometer bias estimation. The measured velocity estimation error
δvm(k) is the velocity estimation error plus the velocity measurement noise ∆vm:

δvm(k) = δve(k) + ∆vm(k) (5)

Grouping (1), (2), (3), (4) and (5) into a matrix form gives the following state representation: ae(k+1)

ba(k+1)

δve(k+1)

 =

I3 + st

 0 0 0
0 0 0
−1 0 0

 ae(k)ba(k)
δve(k)

+ st

 0
0

am(k)

+ st

∆ae(k)
∆ba(k)

0


[
am(k)

δvm(k)

]
=

[
1 1 0
0 0 1

] ae(k)ba(k)
δve(k)

+

[
∆am(k)

∆vm(k)

]
where Ii is a i× i identity matrix. The corresponding state covariance matrix Q1 and observation covariance
matrix R1 are:

Q1(k) =


E
[
∆ae(k)∆ae

T
(k)

]
0 0

0 E
[
∆ba(k)∆ba

T
(k)

]
0

0 0 0



R1(k) =

E [∆am(k)∆am
T
(k)

]
0

0 E
[
∆vm(k)∆vm

T
(k)

]
where E [·] is the mathematical expectation.

If the jerk of the launcher is completely unknown (i.e. E
[
∆ae∆ae

T
]

= ∞), the acceleration estimation
relies almost solely on the accelerometer measurements, as it will be shown in section 2.4.2. The same
mathematical developpement can be done for the augular velocity by replacing the acceleration, velocity,
etc. by their equivalents in rotational dynamics.

2.2 Implementation into the complete error state model

The baseline navigation system is a loosely coupled GPS/INS with attitude reference sensors, where the error
state model includes the attitude δΨE

e , velocity δv
E
e and position δrEe estimation errors. The estimations of

the gyroscope bBg , accelerometer bBa and GPS position bEp biases are represented by Markov processes with

corresponding time constants (cg, ca, cp) and driving noises (∆bBg , ∆bBa , ∆bEp ). The measured estimation

errors of the attitude δΨE
m, velocity δvEm and position δrEm are a�ected by corresponding measurement

noises (∆ΨE
m, ∆vEm, ∆rEm).
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Adding the angular velocity [ωe]BIB and acceleration aB
e estimations to the baseline navigation system

gives the following model:

[ωe]BIB(k+1)

aB
e (k+1)

δΨE
e (k+1)

δvE
e (k+1)

δrEe (k+1)

bBg (k+1)

bBa (k+1)

bEp (k+1)


=


I24 + st



03 03 03 03 03 03 03 03
03 03 03 03 03 03 03 03

TE
B(k) 03 −ωE

IE× 03 03 03 03 03

03 −TE
B(k)

(
TE

B(k)a
B
m(k)

)
× −2ωE

IE× 03 03 03 03

03 03 03 I3 03 03 03 03
03 03 03 03 03 − 1

cg
I3 03 03

03 03 03 03 03 03 − 1
ca
I3 03

03 03 03 03 03 03 03 − 1
cp
I3







[ωe]BIB(k)

aB
e (k)

δΨE
e (k)

δvE
e (k)

δrEe (k)

bBg (k)

bBa (k)

bEp (k)



+ st



03 03
03 03

−TE
B(k) 03

03 TE
B(k)

03 03

03 03

03 03

03 03



[
[ωm]BIB(k)

aB
m(k)

]

︸ ︷︷ ︸
measurements

+ st



I3 03 03 03 03
03 I3 03 03 03
03 03 03 03 03

03 03 03 03 03

03 03 03 03 03

03 03
√

2
cgst

I3 03 03

03 03 03
√

2
cast

I3 03

03 03 03 03
√

2
cpst

I3





[αe]BIB(k)

∆aB
e (k)

∆bBg (k)

∆bBa (k)

∆bEp (k)



︸ ︷︷ ︸
stochastic

(6)



[ωm]BIB(k)

aB
m(k)

δΨE
m(k)

δvE
m(k)

δrEm(k)

 =


I3 03 03 03 03 I3 03 03
03 I3 03 03 03 03 I3 03
03 03 I3 03 03 03 03 03
03 03 03 I3 03 03 03 03
03 03 03 03 I3 03 03 I3





[ωe]BIB(k)

aB
e (k)

δΨE
e (k)

δvE
e (k)

δrEe (k)

bBg (k)

bBa (k)

bEp (k)


+



[∆ωm]BIB(k)

∆aB
m(k)

∆ΨE
m(k)

∆vE
m(k)

∆rEm(k)



where 0i is a i × i zero matrix. The vectors [αe]BIB and ∆aB
e represent the angular acceleration and jerk

estimations. The measurements of the gyroscope [ωm]BIB and accelerometer aB
m are a�ected by the corre-

sponding noises ([∆ωm]BIB, ∆aB
m). The rotation matrix from the body to the navigation frame is TE

B and

the Earth rate is ωE
IE . The superscripts {·}

E
and {·}B indicate that the variable is represented in the Earth

frame and the body frame, respectively.
Using the compact version of equation (6):

x(k+1) = Akx(k) +Bm(k)
um(k)

+Bs(k)us(k)

the state covariance matrix Q is:

Q(k) = Bs(k)Qs(k)Bs
T
(k)

where:

Qs(k) =



E
[
[αe]BIB(k)[αe]BIB

T

(k)

]
03 03 03 03

03 E
[
∆aB

e (k)∆a
B
e

T

(k)

]
03 03 03

03 03 E
[
∆bBg (k)

∆bBg
T

(k)

]
03 03

03 03 03 E
[
∆bBa (k)∆b

B
a

T

(k)

]
03

03 03 03 03 E
[
∆bEp (k)

∆bEp
T

(k)

]
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and the observation covariance matrix R is:

R(k) =



E
[
[∆ωm]BIB(k)[∆ωm]BIB

T

(k)

]
03 03 03 03

03 E
[
∆aB

m(k)∆a
B
m

T

(k)

]
03 03 03

03 03 E
[
∆ΨE

m(k)∆ΨE
m

T

(k)

]
03 03

03 03 03 E
[
∆vE

m(k)∆v
E
m

T

(k)

]
03

03 03 03 03 E
[
∆rEm(k)∆r

E
m

T

(k)

]



2.3 Angular acceleration and jerk variances modelling

In order to include the launcher dynamics knowledge, E
[
[αe]BIB(k)

[αe]BIB
T

(k)

]
and E

[
∆aB

e (k)
∆aB

e

T

(k)

]
must

be adjusted throughout the mission. The goal is to approximate an envelope of the angular acceleration and
jerk amplitudes. Base on a priori knowledge of the forces acting on the launcher, heuristic models of the jerk
and angular acceleration standard deviations are developed.

The trajectory of a satellite launcher is mostly directed toward one direction. Therefore, the variations
of the angular velocity and acceleration are slow and can be considered almost null all through the mission.
The only exceptions are during stage separations and direction changes (e.g. kick turn maneuver); however
these are known events. An important unknown is the e�ect of the wind. During the coast phase, lateral
thrusters are used to maintain the desired launcher attitude, which could slightly a�ect the angular velocity
and acceleration of the launcher. However, no attitude changes are commanded during the coast phase.
Therefore, the lateral thruster e�ects are not signi�cant and are considered as unknown.

2.3.1 Angular acceleration variance modelling

The attitude of the launcher in the body roll axis is maintained constant during the whole mission and is
barely perturbed by external forces. Therefore, the angular acceleration in the roll axis [αeφ]

B
IB is considered

as being a�ected only by unknown forces and its standard deviation model is:

std
(

[αeφ]
B
IB(k)

)
rad/s2 = 0.002

The standard deviation models for the pitch [αeθ]
B
IB and yaw [αeψ]

B
IB angular accelerations are:

std
(

[αeθ]
B
IB(k)

)
rad/s2 =

∣∣∣∣ 5

2s+ 1

(
[αcθ]

B
IB(k)

)∣∣∣∣+

{
0.002, if coast phase

0.02, if boost phase
(7)

std
(

[αeψ]
B
IB(k)

)
rad/s2 =

∣∣∣∣ 5

2s+ 1

(
[αcψ]

B
IB(k)

)∣∣∣∣+

{
0.002, if coast phase

0.02, if boost phase
(8)

where [αcθ]
B
IB and [αcψ]

B
IB are respectively the commanded angular accelerations in the body pitch and yaw

axes. These are calculated using the second derivative (approximated by �nite di�erence) of the commanded
attitude. The choice of exploiting the guidance algorithm commands instead of the thrust nozzle orientations
is motivated by the fact that the latter is highly a�ected by the angular velocity estimation error. Therefore,
relying on the nozzle orientations makes the modelled angular acceleration standard deviation to grow rapidly
to a point where the angular dynamics is considered as completely unknown. The time constant of the �lter is
based on the time required for the launcher to complete a turn maneuver and the gain is chosen to represent
the maximum angular acceleration amplitude. The second term on the right end side of equations (7) and
(8) represents the unknown forces. During the coast phase, the pitch and yaw are maintained constant and
external forces have little e�ect of the launcher. However, during boost phases the attitude can be a�ected
by the wind or by thrust nozzle movements.
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2.3.2 Jerk variance modelling

The x-axis acceleration varies slowly during boost phases, is almost constant during the coast phase and
changes rapidly during motor �ring and separation events. Turn maneuvers have little impact on the x-axis
jerk ∆ae

B
x . Therefore, the x-axis jerk standard deviation is modelled as follows:

std
(

∆ae
B
x (k)

)
m/s3 =


10, if coast phase

15, if boost phase

15000, if phase is changing

Engine startup time can range from a few milliseconds to a few seconds and the power may decrease during
the later portion of the motor tail-o� [22, 23]. In the simulator exploited for this research, motors are modelled
as perfect (instantaneous �ring and no loss of power during tail-o�) and stage separations do not a�ect the
trajectory of the launcher. However, to get a more realistic mission scenario, the navigation function considers
the stage separations and motor �ring sequences as lasting three seconds, one second before they occur and
two seconds afterwards.

Unlike the angular velocity, which is used by the launcher control function, the acceleration is not directly
exploited by the guidance and control functions of the launcher. Therefore, the acceleration estimation error
does not have a direct impact on the thrust nozzle orientation. However, the movement of the thrust nozzle
is directly impacting the lateral acceleration. Therefore, the models used to capture jerks with greater
amplitude during maneuvers are based on the commanded thrust nozzle orientation and dynamics. The
standard deviation models for the y-axis ∆ae

B
y and z-axis ∆ae

B
z lateral jerks are:

std
(

∆ae
B
y (k)

)
m/s3 =

∣∣∣∣ 30

0.035s+ 1

(
∆ξBcψ(k)

)∣∣∣∣+ 10 (9)

std
(

∆ae
B
z (k)

)
m/s3 =

∣∣∣∣ 30

0.035s+ 1

(
∆ξBcθ(k)

)∣∣∣∣+ 10 (10)

where ∆ξcψ and ∆ξcθ are the variations of the commanded thrust nozzle angles (in rad/s) to correct
respectively the yaw and pitch of the launcher. The variations of the thrust nozzle angles are obtained using
the derivative of the commanded nozzle angles (approximated by �nite di�erence). The time constant of the
�lter corresponds to the dynamics of the thrust nozzle movement and the gain of the �lter represents the
proportionality ratio between the lateral acceleration and the nozzle orientation change. The second term on
the right end side of equations (9) and (10) capture the e�ects of the unknown forces (wind, lateral thruster,
etc.)

2.4 Navigtation performance analysis

This section analyzes the performances of the navigation solution with a simpli�ed stochastic model of the
launcher knowledge. Many navigation solutions presented in the introduction (section 1) su�er from observ-
ability problems unless some maneuvers are done. If those maneuvers are not possible, as with a satellite
launcher, the navigation solution may diverge. To ensure navigation stability, the observability of the new
navigation model is veri�ed using the observability matrix. Then, the proper evaluation of the angular accel-
eration and jerk standard deviations by the corresponding heuristic model is validated. The next test veri�es
that considering the dynamics of the launcher as unknown does not degrade the performances in compari-
son to the baseline navigation solution. Finally, the navigation with the launcher dynamics is compared to
the baseline navigation system and the theoretical results are con�rmed by Monte-Carlo simulations. The
time evolution of the estimate standard deviations are used as comparisons basis. Section 2.4.1 presents the
simulation parameters and section 2.4.2 analyzes the results.

2.4.1 Simulation parameters

The simulated mission is intended to put a satellite on a circular sun-synchronous orbit at an altitude of 500
km. The launch is performed from Churchill, Manitoba in Canada. The endoatmospheric phase guidance is
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done in open loop (i.e. the attitude set points, computed before launch, are not updated in �ight) and the
exoatmospheric phase guidance is done using the Schuller estimation [14, 24]. The exoatmospheric phase
begins when the thermal �ux falls below a predetermined tolerance threshold which allows dropping the
thermal protection fairing [14]. Three motors are used, two are �red before the coast phase and one is �red
during the �nal phase. Figure 1 summarizes the mission phase timeline. The sampling rate of the simulation
is 200 Hz and each Monte-Carlo simulation includes 20 launches.

110 159 219 555 663

Motor 1 boost

Motor 2 boost

Coast

Motor 3 boost

Endoatmospheric

Exoatmospheric

Time [s]
110 159 219 555 663

Motor 1 boost

Motor 2 boost

Coast

Motor 3 boost

Endoatmospheric

Exoatmospheric

Time [s]

Figure 1: Mission phase timeline.

The sensor speci�cations are given in table 1. The INS speci�cations are inspired by the IMU-KVH1750
unit from Novatelr. The sampling rate is 1Hz for the GPS and attitude reference sensors and 200Hz for the
accelerometers and gyroscopes.

Table 1: Sensors speci�cations
GPS receiver C/A code with wide correlator

Gyroscope radom walk 0.72◦/h/
√
Hz

Gyroscope bias stability 0.05◦/h

Accelerometer radom walk 117µg/
√
Hz

Accelerometer bias stability 7500µg
Attitude reference sensor noise standard deviation 1◦

2.4.2 Results analysis

The observability is veri�ed by evaluating the rank of the observability matrix at each time step of the
simulation. The rank of the observability matrix is 24 during the whole mission, which means that the
proposed navigation solution does not introduce unobservable subspace to the baseline model [25]. This
result was predictable since the six added states are directly observable with the gyroscope and accelerometer
measurements.

To ensure the proper operation of the navigation �lter, the angular acceleration and jerk must be within
the standard deviations computed by the models presented in section 2.3. Figures 2 and 3 show the real
angular acceleration in the pitch axis, the jerk in the z-axis and the corresponding computed standard
deviations during the �rst 100 seconds of the mission. The e�ects of the kick turn maneuver and wind are
identi�ed and are within the modelled standard deviations.
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Figure 2: Real pitch angular acceleration versus modelled standard deviation.
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Figure 3: Real z-axis jerk versus modelled standard deviation.

As stated in section 2.2, if the jerk and angular acceleration are completely unknown and the corre-
sponding variances set accordingly, the acceleration and angular velocity estimates rely almost completely
on accelerometer and gyroscope measurements. The GPS and attitude reference sensors contribute to the
acceleration and angular velocity estimation, but in a much lower proportion. Figure 4 shows the x-axis
accelerometer measurements and the corresponding �ltered values after �ring the �rst engine. During the
�rst 2 seconds, where the jerk is considered unknown, the �ltered values match exactly the accelerometer
measurements. This shows that considering the dynamics as unknown is equivalent to use the raw gyroscope
and accelerometer measurements as in the baseline navigation system.
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Figure 4: Raw x-axis accelerometer measurements versus �ltered values after �ring the �rst engine.

The inclusion of the angular velocity and acceleration into the navigation �lter has an obvious impact
on these estimates as shown in �gures 5 and 6, where the estimation error standard deviations of the
raw measurements and �ltered values are compared. The real standard deviations from the Monte-Carlo
simulation con�rm the estimated standard deviations of the model which includes the angular velocity and
acceleration estimations. The worst improvements are seen during the fast maneuvers. However, the estimates
standard deviations do not exceed the results obtained with the baseline model. During the exoatmospheric
boost phases, the trajectory of the launcher is updated by the guidance function, which generates many
attitude correction maneuvers, thus limiting the potential angular velocity estimation gain in pitch and yaw
axes. Obviously, the best improvements are obtained when the acceleration and angular velocity change
slowly (table 2).
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Figure 5: Comparison of the angular velocity estimation error standard deviations obtained with the raw
gyroscope measurements and �ltered values: real standard deviations from Monte-Carlo simulation and
standard deviations estimated by the navigation �lter.
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Figure 6: Comparison of the acceleration estimation error standard deviations obtained with the raw ac-
celerometer measurements and �ltered values: real standard deviations from Monte-Carlo simulations and
standard deviations estimated by the navigation �lter.

Table 2: Estimation improvements when the acceleration and angular velocity change slowly
Boost phases Coast phase

Angular velocity

Roll 88% 88%
Pitch 64% 88%
Yaw 64% 88%

Acceleration

x-axis 50% 58%
y-axis 58% 58%
z-axis 58% 58%

The other estimates are barely improved by the launcher dynamics knowledge, as it can be seen in �gure
7 where the standard deviation of the roll estimation error is only reduced during the �rst seconds of the
mission.
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Figure 7: Comparison of the roll estimation error standard deviations with and without the stochastic model
of the launcher

3 Control with �ltered angular rate

The better angular velocity and acceleration estimation can be exploited, among other things, to improve
fault detection and to re�ne the control function of the launcher. In the simulator used for this research,
the control of the thrust nozzle orientation is done using the attitude and angular velocity. To illustrate the
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advantage of the proposed approach, the �ltered angular velocity is employed to reduce the amount of thrust
nozzle movements. Less thrust nozzle movements reduces the on board total energy needed to operate them
throughout the mission.

Two missions are simulated, one where the raw gyroscope measurements are used by the control function,
and the other where the �ltered angular velocity is employed. The two missions are done in the exact same
conditions (i.e. wind, sensor noises, etc.). The total nozzle de�ections to control the pitch and yaw, during
the whole mission, are the comparison bases. These are obtained by the integrals of the nozzle movement
absolute values in the corresponding axes.

Figure 8 shows an obvious reduction of the total nozzle movement when �ltered angular velocity is
used. The reduction at the end of the mission is 68% in the pitch axis and 70% in the yaw axis. The main
improvements are during the �rst two boost phases, where the launcher trajectory is mainly a�ected by the
wind and where the attitude change commands are limited. During the coast phase, the launcher attitude is
controlled by lateral thrusters. Therefore, the thrust nozzle is not moved. During the last boost phase, the
thrust nozzle movements are mostly due to commanded attitude changes which limit the gains.
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Figure 8: Comparison of the total thrust nozzle movements when the control function uses the raw gyroscope
measurements versus the �ltered angular velocities.

4 Conclusion

This paper proposed to use a simpli�ed stochastic launcher model to improve the navigation performance.
The model adds only six states to the navigation model, three for the angular velocity estimation and three
for the acceleration estimation. The angular velocity and acceleration are modelled by random walks with
known driving noise variances based on a priori knowledge of the launcher dynamics. The estimated values
are then updated with the help of the gyroscope and accelerometer measurements.

The time evolution of the estimated standard deviations shows that the attitude, velocity and position
estimates are barely improved. However, the angular velocity and acceleration estimation improvements are
obvious. During fast attitude maneuvers, where the stochastic model is less e�ective, the performances are
not degraded in comparison to the baseline navigation system. The rank of the observability matrix during
the whole simulation con�rms the observability of the proposed solution, even during the coast phase where
the attitude maneuvers are limited.

The improved angular velocity estimation is then exploited by the control function. The results show
that relying on the �ltered angular velocity instead of the raw gyroscope measurements reduces the thrust
nozzle movements signi�cantly.

The application of the proposed solution is not limited to the angular velocity and acceleration estimates
of a satellite launcher. This approach can be considered on any vehicles or processes where an estimated
value varies slowly or when the estimated value change rate is within the estimation uncertainty.
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