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Abstract : This research is within the framewerk of the PERSEUS preject prepesed by the CNES (Centre
Natienal d’Etudes Spatiales). Its aim is te develep new cencepts feor the attitude centrel of space medules.
This article presents a first study as well as the results of a rebust LOG centrel system that allews stable
and satisfactery perfermance fer the attitude of a rigid launcher.
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1. INTRODUCTION

Automatic guidance eof airplanes, missiles and space

vehicles, satellite stability and rebet centrel censtitute a
privileged ficld eof applicatien fer advanced autematien
metheds. Fer future needs eof the CNES and within the
framewerk ef the PERSEUS preject, it will be useful te
develep apprepriate methedelegies feor pileting space vehicle
launchers. It is impertant te use a medel for a launcher whese
cemplexity is cempatible with the develepment ef pileting
rules. In erder te achieve this geal, a geed understanding ef
the system is needed including the lecatien ef its nen
linearities, the variatien range fer its in-flight parameters, and
the impertance of ceupling between the 3 axes of metion.

The launcher is a cemplex, nenlinear, unstable multivariable
system with parametric and dynamic uncertainties. It is alse a
high erder system due te its flexible medes.

The main ebjective for the develepment of a centrel law is te
cenfer te the system preperties it dees net naturally have er te
reinferce these preperties if they already exist.

Several centrel metheds have been prepesed in the literature.
Wang and Stengel, have develeped a rebust nenlinear centrel
system based en a medel in which the thrust is censtant and
independent frem the aeredynamic attitude [1]. Xu et
leanneu, have adapted their methed by including the
presence eof uncertainties [2]. In [3], the medel used is
clesely dependant en the launcher’s geemetry which makes
their methed difficult te generalize.

The medel used in [4] was used as a reference in the werk
described in this article. The werk presented here is abeut
the develepment ef a rebust centrel system that limits the
aeredynamic incidence eof a rigid launcher. Indeed, a strenger
incidence leads te strenger bending ferces that may

destabilize the launcher. Hewever, incidence is net
measurable. In this study, an LOG centreller allews
estimatien of the incidence and stabilizatien ef the launcher
abeut a zere incidence. This article is erganized in five
sectiens as fellews:

In the secend sectien, seme general cencepts as well as seme
characteristics (pileting leep and guidance) eof the launcher
are presented aleng with its medel. The third sectien presents
the develepment of a LOG centrel system is te previde
stability fer the launcher’s attitude abeut a zere incidence.
The results of a cemputer simulatien will be presented and
discussed in the feurth sectien ef this article. Finally, the
cenclusien ef this werk and future prespects are given in the
last sectien.

2. MODELLING THE LAUNCHER

Frem a cemplete medel, several simplified medels have been
develeped in the literature [1-3]. Besides the launcher’s
dynamics which are nenlinear, ether elements act en the
centrel chain: sensers, actuaters, and the cemputer. These
elements may induce nenlinearities in the medel. Fer
example, hydraulic, electric er hybrid actuaters have limited
range, velecity saturatien, er hysteresis effects.

Hewever, it is net necessary te use nenlinear medels in the
design phase of the pileting centrel system. Metiens ef the
launcher are sufficiently slew and angular variatiens are
sufficiently small te justify the use ef cenvenient linear
appreximatiens ef the dynamics. It is therefere necessary te
develep a dynamic medel that cembines realism and
simplicity.

The launcher is censidered te be a rigid structure. The
preblems asseciated with medelling the launcher’s flexible
medes will net be addressed. Hewever, the eftects of the
flexible medes are in general censidered as disturbances that
can be added te the measurements in the centrel system [6].



It is assumed that the metiens in each plane (pitch, rell and
yaw) are sufficiently deceupled te be censidered
independently. In ether werds, if the metien abeut all three
axes iS te be centrelled, three centrellers sheuld be
implemented, ene fer each axis. Due te the launcher’s
symmetry, metiens abeut the yaw and rell axes can be
centrelled using the same system. The 3-dimensienal medel
can then be replaced by a 2-dimensienal medel witheut any
less of generality. Therefere, this study cencentrates en
centrelling the pitch metien ef the launcher enly.

Figure 1 shews the metien ef the launcher and the ferces
applied en it.

PITCH

Fig. 1. Forces exerted on the launcher in the pitch plane.

Notations:
V. abselute velecity
- relative velecity
v, - wind velecity
z: drift velecity aleng the pitch axis
i : incidence ef the vehicle
p - deflection of the tailpipe
a : pitch angle (attitude)
o angle between V and Vr
c,: acredynamic drag ceefticient
c,: aeredynamic lift ceefficient
R, : drag ferce
R, lift ferce
Fy: engine thrust
M : instantaneeus mass ef the launcher
L dynamic pressure
§ : reference surface of the launcher
L: : arm of the acredynamic centrel lever
L

I

: arm centrel lever of the prepulsien ferce

In erder te ebtain a useful werking medel for pileting the
launcher, the fellewing assumptiens must be made
cencerning its dynamics, as well as the centrel parameters:

- The metien aleng the trajectery is assumed te be
straight and linear.

- Maetiens abeut the center of mass are small.

- The flexible medes are censidered as disturbance
inputs in the centrel system.

- The recking effect of the prepellant fuel is
neglected.

The dynamic equatiens ef the launcher allew us te determine

a state space medel that leads te the develepment ef an

apprepriate and mere rebust centrel system fer the launcher.

The fellewing inputs and eutputs will be censidered:

Inputs:

- deflectien reference angle 3

- wind disturbance (the wind velecity is 17, )

Qutputs:

- bearing angle 0 as measured by the inertial senser

- attitude angle variatien velecity ¢ as measured by the
gyrescepe.

With the definitiens,
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% =0

v, = Ai+ K

R | 1)

X :e_ % _i = }-‘" _ti

’ I |14 M *J V)
where:

y BSCily | _ELr g = P sy = F,-R, 2

I, ; " A M

®r, in matrix ferm, as:

2 ) ) ) ) p (3)
i=|d|=| 0 0 4 |Y+| K, o {}

il lle ;, _a| |_ & _1|

v, v, M*V, 7,

The launcher is a nen statienary system. Its physical
characteristics (pesitien, mass, inertia) and its acredynamic
parameters vary accerding te its flight. Typical curves
describing the variatien ef the ceefficients 4,, K, @, and a,
are shewn in figure 2 [4].

These ceetficient curves are these ef the Ariane 4 recket but
they have the same shapes and the same erders of magnitude
as these ebtained frem the Ariane 5 recket.
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Fig. 2. Variation curves for 4,, K, a, and qa,.

3. DESIGN OF THE LOG CONTROL

The state representatien (3) can take the ferm:
X=Ax+B,f+v
y=Cx+w

4)

where v=B,J, and @is the neise fer the senser
measurements. They will be censidered as white neise,

centered with variance v > 0 and o > 0.

The measurable variables are the pitch angle &, and the
pitch velecity ¢ ebtained with the help of an inertial senser
and a gyre. The eutput matrix can then be written as:

e-[s 1]

One difticulty enceuntered in the centrel ef the launcher is
that the incidence, a variable te be centrelled, is net
measurable. The selutien is te impreve the state medel using
a state estimater. The use of the LOG centrel methed is thus
necessary fer this applicatien.

It can be verified that:
rank|B, AB, A’B/|=rank[C C4 C4*]=3

Therefere, the system is centrellable and ebservable.

Reconstruction of the state vector
The estimate x is determined by a Kalman filter eptimized
by minimizing the quadratic nerm ef the estimatien errer. Its
state equatien is given by:

x=Ax+Bf+K(y-Cx) (5)

where the filter gain is determined by the fellewing
expressien:
K =PCTIr (6)

where the matrix P is ebtained by selving the Ricatti
equatien :

AP+ PA" +1 —=PC'"W'CP =0 0

By using the estimated state vecter X, it is pessible te find
the eptimal centreller that minimizes the quadratic criterien:

J = T(xTQx+uTRu)dl ®)

where O and R are diagenal weight matrices. The centrel
input is therefere given by: u = —Lx

The gain matrix L is cemputed by using the expressien:

L=R'B'P )
where Pis a symmetric definite pesitive matrix selutien ef
the Ricatti equatien :

AP +PA" +Q-PBR'B'P =0 (10)

4. SIMULATION RESULTS

Cemputer simulatiens are cenducted by using the values

A . and A4

6min 6 max
At first, the wind disturbance is net censidered. The results
for the simulatiens are given by the curves in Figure 3 fer

retrieved frem the curves of figure 2.

A, and the curves of Figure 4 for 4, .
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e

Fig. 3. State variable curves for Aﬁmin

g v

Fig. 4. State variable curves for Aﬁnm

It is impertant te nete that witheut censidering the
disturbance effects, the curves fer beth cases are similar fer
all three state variables (9’ 9’1‘). It is hewever werth neticing



that the time perfermance criteria (everflew and respense
time) are different. It has alse been ebserved that the system
behavier remains stable fer intermediate values of Ag but this
article dees net discuss this ebservatien fer lack ef space.
What is discussed here is that fer wvariatiens ef the
characteristic parameter Ag frem its minimal value te its
maximal value, the LOG centreller prevides stability ef the
launcher’s attitude. In a first study, this allews the
develepment eof a centrel system witheut censidering the nen
statienarity ef the launcher.

Disturbance Rejection

The system represented by equatien (2) is influenced by the
wind. This disturbance, the rate of change of the wind, can be
censidered te be a wind burst, as described by Figure 5.

28
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Fis. S. Wind disturbance.

Fer A

cmax » the disturbance appears at t = 15 s, when steady

state is reached. Fer 4 a similar disturbance is alse

6min

intreduced in steady state at t =45 s.

The simulatien results ebtained are shewn en Figures 6 and
7. The state variables of the system are affected by the wind
disturbance. Hewever, the disturbance effects are quickly
weakened in the twe cases described in beth figures. It is
shewn that the LOG centreller allews the attitude of the
launcher te be stable abeut a zere incidence while eliminating
the effect of a wind disturbance.

Fig. 6. State variables curves for A6min

Fig. 7. State variables curves for Agpy,y.

5. CONCLUSIONS

The results of the simulatien that we presented shew the LOG
system ability te centrel the attitude of a launcher while
rejecting the effect of a censtant disturbance due te the wind.
The nenstatienarity ef the system has been partly taken inte
acceunt by censidering values included between the
maximum and minimum values ef the characteristic
ceefficient A¢ ef the launcher.

The LOG centreller stabilise the launcher’s attitude by
maintaining its incidence angle clese te zere. Hewever, the
medel is censidered linear. Further studies are pursued te
develep a mere rebust guidance system, taking in
censideratien the system nen linearities, especially the
launcher parameters’ variatiens.
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