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Abstract

This paper describes the detailed stability analpdithe RACS (Roll and Attitude Control System)y EGA

launcher vehicle (LV), in the frame of the devel@of an Alternative Flight Program Software (FBS#&he

analysis has been done with a tool that takesaotount a linearized version of the actuator madel of the Pulse
Width Modulation (PWM) command. The results haverbealidated by comparison with the practical ditgbi
margins obtained in 6DOF time domain simulationaclE RACS flight phase has a specific tuning that ba

analyzed with the linear stability tool. The longard most critical flight phases have been analymetis paper.
The linear and practical stability margin and thage specific Nichols plots are presented.

1. Introduction

The VEGA launcher is equipped with a RACS systeroharge of controlling the roll during propelledgske and of
controlling the 3 axes during ballistic phasesllidws performing the different slews and manoesitoeaccomplish
the mission. The system is composed of 6 thrugfergped into 2 clusters. The thrusters are comnthid©N /
OFF thanks to a PWM command. The basically nontim@enmand is approximated by a linear system inesom
conditions.

The propulsion system is a liquid chemical systempopropellant (hydrazine) and blow down (presssaraot
regulated but decreases in function of the consiomptThis is basically a nonlinear system (thrfigiction of
pressure and temperature, Minimum Impulse Bit...) chhtan be approximated by a linear system in some
conditions.

The control law of the proposed Quaternion Feedlsegulator (QFR) algorithm (see Ref. [1]) is basadeedback
of:
e error-quaternion (linear proportional action). ¢t the rotation that the LV shall perform to reable t
programmed quaternion,
» error angular rate feedback (linear derivativecati
« anonlinear body-rate term that compensates thesggpic coupling torque.

The desired linear dynamic behaviour is obtaineduning the proportional and derivative gains ascfion of
damping ratio and natural frequency of an equivtdlaear second order system.

Nonlinear elements are present in the law:
» thresholds on attitude error,
» thresholds on angular rate,
e minimum activation duration.

In the literature, several approaches are foursted with such system. Several are basically nealirflimit cycles
analysis), others use describing function methdd §6me authors propose analytical formula to tteat PWM
[6],[4]. In some articles ([2], [3], [5]) . a spactate approximated representation of the PWM apgsed we will
use.

The approach presented in this article is fundaatigriinear with two aspects: linearization of PWarid of RACS
actuator system.

Copyright0 2013 by Federico Sciuto and Irene Cruciani. Pubtishy the EUCASS association with permission.



Federico Sciuto, Irene Cruciani, Christophe Roux

The stability is analysed for each tuning computedeach flight phase. The tunings are made gettlaoks to a
scaling of the gains adapted to full inertia matifxthe launcher. The launcher inertia varies raisdd mission in
function of the payload characteristics.

The topics presented in this paper are:
 RACS model and its linearization description;

e Linear and practical stability results
* Results comparison.

2. Linearized RACS modd

2.1 RACS model

For each thruster, the mathematical model invothiesthrust leveF, the mass flow raten’, the temperature of the
chamberTc and the pressuigeed It is a differential system with two modes of €tioning (ON and OFF):

Opened Valve (ON mode):

Tc =G pfeed% (Tc,max _Tc)
CaTcli = Co Preed Tc2 -G F Tc%

D
N — G
m= C11 pfeed ’
— G
TC,max - C9 pfeed ’
Closed Valve (OFF mode):
TC = _Cls (TC - Tenvironment)
. C,z Q
F=-Fq 1 ; @)
|_1+ Q (t ~torr ~ Dlpgiay orr )J
m=0
2.2 RACSIinear continuous-time system
The complete linear continuous-time model usedHerstability analysis is reported hereafter.
—#  pade(delayALL,10) g £
2 Ca‘ss
N5 + 0BC _T fug 7k1s+k” Pl L ﬁ. ;, &
4 2om + o st 1+%5
anz3+alzz+agz+a3 a ) & X RCT OPENING TIME COMPLTATION FACS MODEL THETA COMPUTATIAN ams DISCRETIZATION
7 +J.‘:lzH +hyzth 2
OMEGA FILTER

FD CONTROLLER

Figure 1: RACS linear continuous-time model

From left to right, we first have the INS and OBGtem that in this linearization are considereg@®e delays. The
other delay of that model is that introduced byahwiators. The total delay is represented foe Space analysis by
a Padé approximation of order 10.

The next block is the PD control law:
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Cooe _ Ko
= =—30+K,w 3
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The gainsK, and K are the proportional and derivative (PD) gainpeetively. The signal out of the PD has

the dimension of a desired couple divided by thereged inertiaCdes/j :

The angular rat& is computed as the derivative of the andleby the means of the following discrete filter:

a,z’+a,z° +a,z+a,
3 2
2 +bz° +b,z+h,

The following gain block makes explicit the caldida of the commanded timd ,, ), according to the following
equation.

tCMD C

— _—des

2= 4)
TPWM F L

Where

Town is the modulation sampling time

Ifli is the estimated torque given by the RACS

|f is the estimated thrust given by the RACS

|

is the estimated torque arm

The RCT thrust estimation is a polynomial functadrthe residual mass estimatidn :

2 3
F=d,+d, m+d,m +d,m 5)

Equation(4) is derived from the equality between desired astomated impulse

A~

(K A
J(7P19+ KDa)j Moy = F L Oyp (6)

The following block represents the Reaction Confifaluster (RCT) model. This model is representedhieymeans
of a second order transfer function as explaineglis. The real torque is obtained from the thbysiultiplication
by the real lever arm L. The angular acceleratiotiedduced from the torque by division by the laenéhertia.

The sampling process ajoF 40 ms is simplified by the transfer function:

1
14+ 100
2 (7)
From this, we obtain the open-loop transfer furrctio
K J as+a, L 1
sys=pade(delafLL,10)* | —E 3+ K. |* Toyp, —=* o
ys=pade(dela )(2 Dj PN A P 4 28t P IS 1+hs
2

(8)
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In stability analysis, variations in the moment arane neglected, so that we hadve= L and our final equation is:

K J aS+a, 1 1
sys=pade(deldLL,10)* | P I +K w |[*Toyy =* 55— 2>—*—*
ys=p ( )[2 Dj PWM 2 S +2fus+af IS 1+hs
2

9)

This is the linear and continuous-time part of siggstem. The other element of the control loop ésRlulse Width
Modulation (PWM) which is essentially nonlinear. lihear representation of this PWM element is exp@diin
section §2.5.

2.3 RACSgenerictuning

The independence of the closed loop dynamic bebavfoom the LV inertia is guaranteed by a generic
characterization of the control gains, valid angdligable for all mission types. From equati@) the desired couple
is obtained through the LV inertia.

The desired closed loop behaviour is obtained hintuthe proportional and derivative gain as fumetdof damping
ratio and natural frequency of an equivalent liresrond order system. It is obtained as follows:

if A is a unit vector along the eigenaxis, the vectot pf the quaternion can be written @s= Sin@)A , whered

is the rotation angle. Assuming that the anguédoaity is about equal tH) , the characteristic equation of the
closed loop system becomes:

(19 +Ky 2 +K, sin(%)]j/l =0 (0
For gain tuning, it is approximated lain(:?/Z) by z9/2 .SoifJA # 0, we obtain a linear second-order equation:
19+KD19'+KP§:O (11)

where the damping ratig’ and the natural frequenay), , that are independent from the Inertia Matrix{iséa :

Ky =2{w,; Ko l2=af

24 RACSnNon linearity

The RACS non-linearity that has not be represetetie linearization is the dead-band, that is the- & band
within no command is requested by the algorithms Band depends on the PD controller gain andl,gq .

tyn IS @ tuning parameter, it is the minimu),, after that a Minimum Impulse Bit (MIB) is commante

From equatiorf6) changingt.,,, with t,,, the following formula is obtained:

o = F O,
- (12)
Kp B O pym
The Gu given by a MIB is:
@, _MPFOL _ F L0,
B ) J J (13)
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In order to avoid a non-linear effect (a high fregcy oscillation called chattering) caused whendéad-band is
narrower than the minimurf\ & given by a MIB it is mandatory to maintain the straint:

FOL,, F O,
Wy <24 > <2 =
B J Ko O Moy

So in nominal case where the estimation is equtilgaeality, the following relation is obtained:

(14)

KD < 2 tMIN

tMIB l_—-rPWM

2.5 General derivation of the PWM linear SISO model

The purpose here is to represent the linear bebawbthe compound system conformed by PWM andpiaet
downstream of it. Starting with the continuousdimepresentation of the plant, the input is modifes expected
from the PWM in order to justify an approximatidmat leads to the PWM-plant representation we aokithg for
(for a more detailed explanation see Ref. [2]).

Consider a generic “original” linear system, thep@nse of which can be written in the well-knowmfo

X(t) = " x(ty) + [ e*VBu(t)dr (15)

PWM means that over each successive interval af tiMengthT , the commandu(t) is converted in a pulse of
constant heightd and width7 such that the following applies:

to+T to+T to+T
jt u(t)dt' = jt Hdt'+ [~ odt'=Hr (16)

to+7

If u(t)is a force,(16) indicates that PWM is such that the total impulieece per time) given as an input is
unvaried.

We might explicitly expresg it as a function of discrete time instantsas 7(KT) . Actually in our real RACS,
T is not estimated as

[ ugeyar T
r(KT) = 47— butast(KT) = u(KT)-~-.

This implies thatu(t) is sampled at a periodl .
Inside an interval KT, (K +DT], Eq.(15) can therefore be rewritten as:
KT+T :
X(KT+T) =" x(KT) + | e TOBu(t)dt

AT KTHT _ AKT+T-t) (a7
=" x(KT) + jkT e BHdt

A(KT+T-t)

Now a fundamental approximation is made by congide€ constant and equal ©"" inside the interval

[KT,KT + 7] . This allows to write the response as:

X(KT +T) = e*™D +e*TBH7(KT) (18)
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This approximation is better for smallér and arguably applies for the RACS system objechisf document, for
which T = 200ms and the minimum possible impulse widthriss 20ms.

Putting A, =e*" and B,, =€""BHT we have:

X(kT+T) = A, x(kT)+B,,

7(kT)
T (19

which formally has the form of the state-spaceesentation of a discrete-time linear system.

7(KT)/T is universally known as duty cycle.

We call this last system the “PWM system”. For &AKCS system, the quantity17 represent an impulse bit,
abbreviated Ibit.

The eigenvalues of the original syster),, are the continuous-time equivalent of the eigkres of the PWM

system Z,, as they verify the sampling transformati@h = es’. However, the two systems have different input
matrices, which entails different Nichols plots dahdrefore different robustness properties.

2.6 RACSlinear transfer function derivation

In order to fit the non-linear RACS model preserite@2.1, a transfer function for each working citind has been
chosen.

As it is possible to see in equatifit) and(2) the RACS output depends strongly on the opening,titre operative
temperature and the operative pressure, so it wesssary to find a transfer function for each wagktondition.
For what concerns temperature only the boundarylitons have been taken into account. For the presfve
different conditions have been chosen. We havetseldhe opening time related to the minimum imgllsg (MIB),
that is the RACS impulse related to the minimum e@mded opening time.

In the following figures the example of the outpatiability with the operative conditions:

Yariability of RACS output force at 20ms of opening time 500 Variability of RACS autput force at max T and max P
T T T T T T T
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Figure 2: RACS force variability at 20ms opentinge Figure 3: RACS force variability witipening time

The RACS conditions selected are:
* opening times$.m¢ 20ms (MIB) and 30ms
» temperatures: 289K and 1223K
» pressures: 8bar, 12bar, 18bar, 24.7bar and 26bar
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In order to find an equivalent transfer functio{Tfor the RACS model, an optimization model hasrbesed:

B RACS_FORCE

RALCS FORCE

Opening time Forze - 1; = RACS_IMPULSE

Y

Integrator RACS IMPULSE
RACS MODEL

Opening time ——;

= DELTA_IMFPULSE

Yy
+

OPEHING TIME Add DELTA IMPULSE

Opening time Force e 1;

¥
¥

FOT_IMFULSE

Integratard TRAMSFER FUMCTION IMFPLULSE
TRANSFER FUNCTION

»| FOT_FORCE

TRANSFER FUNCTION FORCE

Figure 4: TF finder Simulink Model

In this paragraph the TF output are compared aghRACS model output in nominal and scattered d¢mmdi (Max
and Min Impulse). The TF found represent the ROTighand they are tuned in order to fit the impuwse the
centroid time of the RACS model.
The TF structure is:

kis+k,

% +2fas+ of

(20)

From equatior{9) the RACS model parameters affected by uncertairty a

tCMD that depends on the time delay in opening andngasctuators valves,

J that depends on the construction of the LV,
F thatis strictly linked to the RACS propellant red¥ that depends on the RACS tank loading process
The scattering considered are taken as the maxivalme specified in the Launcher avionics specifizat

The Max Impulse conditions for RACS model are aiediwith maxJ , min M and maxt -
The Min conditions for RACS model are obtained wittn J , max M and mint,; .

The scattering oti,,, and M can’t be represented in the TF, so these scaiteilhbe represented only with a

scattering percentage on the TF output tuned fcin @mrking condition.

The Max Impulse condition for TF for what conceths two previous scattering considered is obtaimill Force
scattering = +F_Max%;

The Min Impulse conditions for TF is obtained wibrce scattering = -F_Min%;

F_Max and F_Min are working condition dependant
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Hereafter a subset of the working condition congidare:

Opening time[msg]

Table 1: RACS working conditions description

Operative temperature [K]

Operative pressure [bar]

Casel 20 1223 26
Case?2 20 289 8
Case3 30 1223 26
Case 4 30 289 8
For each working condition, a different TF has b&emd:
Table 2: RACS working conditions TF definition
8y & @ '3 F Max[%] F_Min [%]
Casel 231200 16000 31.4159 1.63 53.9 51.1
Case? 87630 1400 31.4159 2.02 48.5 48.8
Case3 235440 17000 31.4159 1.61 325 30.4
Case4 83100 1600 31.4159 1.99 28.7 28.0
Following an example of TF (Case 1):
* t opening =20ms;
 Temperature = 1223K;
* Pressure = 26bar.
In this case the TF coefficients aag =231200 a, =16000 «=31.4159 ¢=163
The scattering on output found are:
F_Max = 53.9%;
F_Min = 51.1%;
FORCE [N]
L e S e e
—— Fdt Nominal
: — RACS model Nominal
: — Fdt Max
70 £ T S S S S T S —  RACE model Max
! Fdt Min
: RACE madel Min
1 R
L 1 ) S Rkl BORCEEE EEFCECEr FEFEEREEERES
1DD ....... P — JE....j. - [ I [Fpp——— Ji ....... ;. ...... [Ipp— 4
:
S0 f------ Linieiia 1."_[_ 'i """"" ToTmoms i i i’ """ roosoms 1
[ :
L .
0 | L I I

0 002 004 0065 008 01 012 014 016 0.18

Figure 5: RCT thrust comparison

nz
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IMPULSE [Ns]

— Fdt Naminal -1
— RACS model Nominal | @
— Ft Max
— RACS model Max
Ft Min
RACS rmodel Min

2 S O S|
ol | | | | | | ]
o 0.2 0.4 0.6 0.8 1 12 1.4
Figure 6: RCT impulse comparison
Table 3: Impulse and centroid time comparison
RACS model TF
M ax Nom Min M ax Nom Min

I mpulse 20/180 [Ng] 5.5786 2.9916 1.1554 5.5475 3.0038 1.1751
Centroid time 20/180 [mg] 77.8 82.9 88.5 84.2 84.2 84.2
I mpulse 20/1000 [Ns] 5.7975 3.1396 1.228 5.7971 3.139 1.228
Centroid time 20/1000 [mg] 91.2 99.4 108.9 94.8 94.8 94.8
I mpulse 20/10000 [Ns] 5.8431 3.1705 1.2432 5.7971 3.139 1.228
Centroid time 20/10000 [ms] 110.7 123.7 139.2 94.8 94.8 94.8

3. Stability results

In order to obtain the practical stability margi@dof simulations have been performed increasing RBeCS
commands delay for delay margins and increasindR®€s thrust for gain margin.

This results have been obtained with nominal sitmra with the following conditions:
* No noise
* No Sloshing

The sloshing model has been disabled in order v laabetter correspondence with the stability results that
doesn't include the sloshing model. For each plasereported the 6DOF result and the nominal, maxinand
minimum results of the tool. As maximum and minimuesults, the maximum and minimum margin obtaingd b
the full analysis are taken into account. The &ulhlysis considers all the transfer function ared ttaximum and
minimum impulse scattering. The nominal result éd&s only the nominal working condition of the Bzad phase
and it will be reported for each phase.
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The flight phase chosen is the 3-axis PL releabke.tlining in this phases is:

Table 4: Tuning of 3-axis PL release phase

KD KP

X-axis ylz-axis  x-axis ylz-axis

PL -axisrelease 2.0 2.0 3.0 3.0

3.1Linear stability results

The nominal working condition for this phase is tbllowing one:

e t opening =20ms;
e Temperature = 1223K;
e  Pressure = 18bar.

The relative TF is:
Table 5: RCT transfer function coefficient

8 4 2 '3

207800 12000 31.4159 1.58

The TF characteristics are:
Table 6: Impulse and centroid time comparison

RACS mode TF
M ax Nom Min M ax Nom Min
Impulse 20/180 [Ng] 4.8391 2.6366 1.0508 4.8236 2.6638 1.0804
Centroid time 20/180 [mg] 82.1 87.6 93.4 89.9 89.9 89.9
The boundary conditions are the following ones:
Max Delay & Gain Min Delay & Gain

* t opening =30ms; t_opening= 20ms;

* Temperature = 289K; Temperature 23K2

* Pressure = 24.7bar. Pressure = 12bar.

The relative TF are:
Table 7: RCT Max Delay and Gain transfer functioefficient
3 8, - ¢
108700 4750 31.4159 1.6

Table 8: RCT Min Delay and Gain transfer functiaefficient
G0 8 G 3
188240 9000 31.4159 1.61

10
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The TF characteristics are:

Table 9: Impulse and centroid time comparison okd&lay and Gain

RACS mode TF
M ax Nom Min M ax Nom Min
Impulse 30/170 [Ns] 3.6905 2.3098 1.2781 3.6985 47243 1.3202
Centroid time 30/170 [ms] 95.6 100.1 104.7 103.4 3.40 103.4

Table 10: Impulse and centroid time comparison of Dlelay and Gain

RACS mode TF
M ax Nom Min M ax Nom Min
Impulse 20/180 [Ns] 4.1965 2.3210 0.9450 41795 5493 0.9815
Centroid time 20/180 [ms] 87.2 93.2 99.5 96.7 96.7 96.7

The results are:

Table 11: Delay margins of linear stability anadysi

Nominal delay margin [ms] Maximum delay margin [ms] Minimum delay margin [ms]

PL release 3- x-axis 343.25 680.11 261.03
axis y/z-axis 343.25 680.11 261.03

Table 12: Gain margins of linear stability analysis

Nominal gain margin [dB] Maximum gain margin [dB] Minimum gain margin [dB]

PL release 3- x-axis 14.7967 21.276 12.1385
axis y/z-axis 14.7967 21.276 12.1385
Nichols plots:

PL releaze phases with 3-axiz PL mode x axiz RACS model + delays + P
T T

- PL releasze phases with 3-axis PL mode yiz axes RACS model + delays + PYWM
i T T

; UEEN mzsdb : ar P :
: - . T P pa. : - [ Worinaitzo 15,1225 |

e (g | MRS, 25 I A iF N H
. “:f:‘ - 4 “,‘ ST -rl :'-""'"r‘,"n-c‘/- \‘\ f'/ el _-”'\ T 'I

TR

Cpen-Loop Gain (dB)
w
T
Open-Loop Gain (dB)

1 'I i I' 1
=270 -223 -1&0 -135 -80
Open-Loop Phase (ded)

"G 8 a0 EES “an -0
Open-Loop Phase (deg)

Figure 7: RACS commands Figure 8: LV angular rates in body RF

11



Federico Sciuto, Irene Cruciani, Christophe Roux

3.2 Practical stability results

In order to find the practical stability marginsgddd simulations have been performed increasing RACS
commands delay for delay margins and increasindgR@@&s thrust for gain margin. The practical stépitinalysis
has been performed decoupling the delay and gtentef

From the following plots it is possible to see thatreasing the command delay till 0.7s the LV hédar remains
stable:

RCT commands [minor cycle] with delay of 0.7s

| | | Angular rates [deg/s] with delay of 0.7s
15
P A S - - - — - - -
| | |
| | |
4 ‘ 1
Il
35 ‘
3 0.5
25
0
2
15 -0.5
1
-1
0.5 | | | | |
| | | | |
| | | | |
0 | 15 1 1 1 1 1
4390 4420 4430 4440 4450 4390 4400 4410 4420 4430 4440 4450
Figure 9: RACS commands Figure 10: LV angutates in body RF

Instead increasing the command delay to 0.75gibs$sible to see that the LV starts to diverge:

RCT commands [minor cycle] with delay of 0.75s

Angular rates [deg/s] with delay of 0.75s

|
|
|
| L
| | | | |
| | | | |
| | | | |
Lo T -4 1 1 1 1 1
0 4440 4450 4390 4400 4410 4420 4430 4440 4450

Figure 11: RACS commands Figure 12: LV angutates in body RF

12
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From the following plots it is possible to see tiatreasing the thrust gain till 15.5dB the LV beloar remains
stable:

RCT commands [minor cycle] with gain of 15.5dB
5

Angular rates [deg/s] with gain of 15.5dB

I I
| | | 5 T T
45 — — —— L ——— L 1 | T [ | |
| | | | |
| | | L e il i Tl - [
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I | [
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| |
25 | |
0=l
2
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15 2 U
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05 4 1 HLHHY
| |
%0 4420 4430 4440 4450 Dm0 4400 w0 a0 s
Figure 13: RACS commands Figure 14: LV angutates in body RF

Instead increasing the thrust gain to 16dB it issilde to see that the LV starts to diverge:

RCT commands [minor cycle] with gain of 16dB Angular rates [deg/s] with gain of 16dB
8 T T T T 40 T T T T
I I I I I I I I I
| | | | | | | | |
| | | | | | | | I
[ e By B [ I E e e A [
| | | | | | | | |
| | | | | | | | |
6-—-—-—— L B T I-———- - 20F----- L e T |—— ==
| | | | | | | | |
| | | | | | | | |
5L ——_ Lol I 10--——— [ [
| | | | | | | | |
| | | | | | | | |
| | | | | | | | [
A === T TT7T™ 0 T T Saa neesdisdaia baRitALIASS
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3= [ 10 — — — — e = = — == ===
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| | | | | |
1----- Lty e Sl 30 ---- Lt e ——---
| | | | | | |
| | | | | | |
04% 1 I -40 1 1 1 1 1
4390 4400 4410 4420 4430 4440 4450 4390 4400 4410 4420 4430 4440 4450
Figure 15: RACS commands Figure 16: LV angutates in body RF

The results are:

Table 13: Delay margins of practical stability assis

Noiminal delay margin [mg]

. X-axis >700
PL release 3_aXISy/z-axis >700

Table 14: Gain margins of practical stability arségy

Noiminal gain margin [dB]

. x-axis >15.5
PL release 3'ax'sy/z-axis >15.5

13
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4. Conclusion

A method to analyse VEGA RACS control system basethe

» linearization of PWM system (approximated statecep@presentation)

« linearization of the actuator system (approximadtedransfer functions in different set points),
has been presented.

Classical methods based on SISO model are useddNiplots, poles...). The approach has been vatidaie
comparison with simulations on full 6DOF model. Thdvantage of the stability analysis is to be awafréhe
margins at the very beginning of the design phagkta not discover problems (instability or chdttg) at the
moment of the simulations campaigns based on MGatés.

The results obtained for the selected phase are:

Delay margin
Table 15: Delay margins comparison

Timedomain delay Frequency domain delay

margin [mg] margin [ms] at 18bar Delta[ms]
X-axis 700 343.25 356.75
y/z-axis 700 343.25 356.75

Gain margin
Table 16: Gain margins comparison
Time domain gain Frequency domain gain

margin [dB] margin [dB] at 18bar Delta [dB]
X-axis 15.5 14.7967 0.7033
y/z-axis 15.5 14.7967 0.7033

The big difference seen in delay margin is simpiplained by the big variability of the centroid g#nwith the RACS
condition that are not constant in time domain. ta opposite, the impulse bit has little variatisith the RACS

condition. In conclusion both delay and gain manfie frequency domain results are more conservéiae the

time domain ones. So it is possible to affirm tnet results obtained by the frequency domain aisaban be used
in order to verify the RACS stability requirement.
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