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Abstract

LaSer is a CNES tool initially aimed at analyzinguinch Vehicles low frequency dynamic environment. |
couples a Launch Vehicle FEM and a TVC actuatordehdt has been validated w.r.t. hardware test&l T
has been derived to allow stability and performarzealyses of small loop control. Methodology hasrb
applied to P80 Solid Rocket Motor as first staga tfpical Launch Vehicle. Results in nominal andttered
cases have shown efficiency of the methodologyyTdieo have increased confidence in the robustokess
P80 small loop control, demonstrating significardrgins despite presence of bending modes and actuat
non-linearties.

1. Introduction

A 80-ton-loaded solid rocket motor, called P80, haen developed by EUROPROPULSION as Prime cooiract
under the responsibility of CNES Launchers Direater Its qualification review has been successhulgl in 2010.

Not only designed as the first stage for a Launehitle, it has been developed as a demonstratoa foture
evolution of ARIANE 5 booster. As such it implememsieveral technological breakthroughs [1]: oneheftt is the
use of high power Electro-Mechanical Actuators (ElMAssociated to low torque motor nozzle flexilang, to
allow Thrust Vector Control (TVC).

P80 so-called’VC small loop contrdhas been classified as a critical function, due to:
- requested high performances and robustness fot dliach Vehicle control during atmospheric phase
flight;
- complex interactions with Launch Vehicle dynamics.

Criticality of coupling with Launch Vehicle bendimgodes is detailed in [2]: it leads to a potentéaluction of small
loop stability margins and justifies the developmehdedicated methods and tools to assess thestridss of a
small loop controller w.r.t. such phenomena.

To better characterize the interactions existingvben TVC small loop control and Launch Vehicldsnsler body
dynamics, CNES has developed a dedicated softvia®er tool is initially aimed at analyzing low frgsncy
dynamics at various Launch Vehicle locations, wtiés latter is submitted to exciting loads (windsguleflection
spikes, etc.). It couples a Launch Vehicle dynamadel, a simplified Payload model, and a small laspiators
model. This latter has been developed by EUROPRCBPON and its subcontractor SABCA, and validatech@si
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of H/W qualification tests results. It is represgive of actuators dynamic behaviour, and in paldic of its non-
linearities.

Figure 1.1: P80 Thrust Vector Control lay-out

LaSer tool general features are first presente8l i Its dynamics prediction capacity is demonsttaising P80
firing test results.

After recalling general principles of small loopntml function for Launch Vehicles (§ 3), adaptasmf LaSer tool
for analyses of small loop stability are preser(&®d). Results for the studied case of P80 as dtegge of a typical
Launch Vehicle are illustrated (§ 5): robustnes$80 controller tuning w.r.t. Launch Vehicle berglimodes is
confirmed. LaSer tool capability in terms of seinty analyses to LV and small loop parameterdse &videnced.

2. Presentation of LaSer Tool

“LaSer” is an acronym standing for “couplage LAnc & SERvogouvernes” (coupling between Launchet an
Actuators)”. LaSer software has been developedinvithMatlab/Simulink environment (figure 2.1 illustes the
global architecture of the software).
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Figure 2.2: Typical parametric study results
Figure 2.1: Laser Software overall architecture
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2.1 General presentation of the tool

LaSer tool is fully dedicated to perform parametiymamic studies covering a wide range of satatliaracteristics:
satellites models can be refined (Craig and Bamf@omulation [6] — matrix representation using mast#ffness
and damping matrices) or simplified (effective méssnulation for each degrees of freedom). In theosd case,
the software includes a module to produce automistithe payloads models covering a specified damdser can
define a domain for the payload total mass, tataitia, center of mass location, characteristiqfencies, etc.

The launcher model is transmitted to LaSer in aiimé&trmat (Craig and Bampton formulation). Thelne tsoftware
couples other models (payloads, actuators) ustegfates nodes.

User can excite the global system with localizextly condensed loads or even with deflection cordmtrat drive
the actuators.

The numerical system can be solved in time or feeqy domain. The results treated by the post-psiegsnodule
are usually accelerations and forces at payloadsfates, but user can define specific outputsherlauncher or on
the actuators. For example, in figure 2.2 is ptbttee evolution of lateral QSL (quasi static loafla payload as a
function of its mass and lateral frequency. Seveaditlation loops have been done on ARIANE 5 la@ncihey
have enabled to define rules in terms of junctimdeiling and modal bases size, leading at the erahtincreased
confidence in the tool reliability.

2.2 Application to P80 firing test prediction
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Figure 2.3: Dynamics responses of P80 to TVC aictaaiduring firing test
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As an example of LaSer tool application, one catugoon the prediction of the dynamic response & ©8TVC
deflection commands during Solid Rocket Motor (SRiMiplification firing test. This firing test hasrdirmed an
expected coupling between TVC deflection commaratjdfency and the pendulum mode of the nozzle. This
technical issue has been solved through the sow@ll design and tuning (see § 3.3).

For this LaSer simulation, specific dynamic mod&ishe P80 and of the test bench have been dewtlopE€NES.
Actuators models have been developed by the indwgithin a Simulink environment (see § 1). The digp
between the two is achieved by LaSer. For this adatjon, only the loads induced by the actuatotaiions are
taken into account (thrust is not modelled). Figr@ presents a summary of test and numericaltsedtigure on
the left presents the P80 stage in test bench gumafiion (only bench nose and rear attachment dsvare
represented).

The two actuators (named EMA-A and EMA-B) are agtin perpendicular directions. The main deflectangle
was imposed on EMA-B. In a time frame of 0.6 sespite deflection command was increased up to 8f Ovid°
steps. From test and simulation results, one carrgb a coupling between the actuators deflecéspanse and the
pendulum mode of the nozzle. LaSer computationsedatively close to the measurements.

A good correlation can be observed on several dtwations (see for instance the Forward Flanged) daring all
the firing test duration. It nevertheless remaimperfect for some locations, mainly due to the abseof other
phenomena in the model (thrust, acoustics, prapelburning, etc.). For low frequency dynamic sintiola
involving TVC activations, the model is considegedivalid.

3. Launch Vehicles small loop control principles
3.1 Generalities about small loop function

Small loop function of a Launch Vehicle propulsistage aims at achieving the required angular defleof a

nozzle. Command is sent by the On-Board ComputBQ)X®mn a communication digital bus. Small loop fime is

generally realized by a so-called Thrust Vectoruatibn System, encompassing power supply, contetrenics
and actuators [2] & [3]. Two actuators are locgtedoendicularly to allow a 2-dof rotation of thezale (see figure
2.3).

Up to the end of the 90’s, the need of large paaetnators for European Launch Vehicles’ first stalgas led to the
choice of hydraulic power sources associated totreleydraulic actuators. On ARIANE 5 for instanteosters’
nozzles are actuated using such technology [4].

Development of high power Electro-Mechanical Actuat{EMA) has nowadays permitted to use such eqgspon
large scale boosters, allowing gains in terms et emd maintenance. P80 implements EMA with moaa thOkW
input power [3]. Each of these actuators consif& lorushless permanent magnet synchronous maibdtives a
roller screw through a gearbox. This way the rotal motion of the motor is transformed into a inenotion.

3.2 Small loop control structure

A typical and generic architecture of small loomiroller can be represented, independently ofébbriclogy of the
actuator (electro-hydraulic or electro-mechanic@lassical approach for the design of small looptie foresees
multiple nested loops (cascade, [5]). Figure 3reakter illustrates such structure.

The inner current loop is generally associated mough larger bandwidth than the other loops. fidsdiscussed in
this paper.

Technical constraints impose to have a feedbackctumator position rather than nozzle position ftéghich is the
controlled parameter). LVDT sensor is generallydusemeasure the length variation of the actuator.EMA, the
motor angular position is measured using a resamdrderived to obtain a velocity feedback.

Tuning of the position and velocity feedback colérs allow to fix the main characteristics of thmall loop
dynamics [2]. Proportional Integral controller oosgtion feedback is chosen to limit the static ethat may be due
to LVDT measurement. Velocity feedback allows toréase damping of the reference input tracking.
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Figure 3.1: Classical structure of small loop colhér
3.3 For ce feedback

Limitation of the loads induced by the referencefl@ttion) input tracking can be achieved by a hioig of the
input signal around the pendulum frequency. Pemduhlequency is the frequency of the eigen-modetetehy the
nozzle and the chain of stiffness constituted leyabtuator and its attachments.

Such a notch filtering is not efficient to deal kviéxternal perturbations. Moreover, an increasthefdamping of
pendulum mode can be required.

Differential Pressure Feedback (DPF) was initiaityoduced on ARIANE 5 electro-hydraulic actuattrdimit the
vibrations induced at Payload level [5], and toueesa good perturbation rejection when nozzle wdmsnitted to
external aerodynamic perturbations. Such DPF ctngisa measurement of the difference of pressateden the
two chambers of an hydraulic actuator.

For electro-mechanical actuators, such as P80 amesest of force feedback can be evidenced wioiowiing
condition is verified [2] & [3].

M
N° L7
Where:
I is the motor inertia (kg.fn
Mioag IS the equivalent mass of the nozzle, when syssemoidelled as the equivalent linear translation of
a mass (kg)
N is the reduction ratio of the actuator (rad/m)
n is the screw efficiency (-)

(1) characterizes the condition where the mobilg pé&the actuator participates to the nozzle tesdins with
relatively low amplitude, i.e. when actuator equevd inertia is high w.r.t. the load (the nozzl&)force feedback is
then useful to measure the load oscillations, &énthtroduction allows to manage their damping wheaded. For
P80, (1) is verified with a ratio much higher tfabetween the two parts of inequality.

A load cell consisting of strain gauges has betgnated in the actuator [3]. It thus allows mea®uthe axial force
transmitted by the actuator to the launcher strectand helps providing damping to the pendulumenod
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High pass filtering on force feedback allows toafbie the damping effect in the position loop bantilwand thus to
maintain good tracking performances.

3.4 Small loop performances

Performances and robustness of a small loop calivizked in 3 categories:

- performances for (position) reference input tragkiemd compromise with stability margins;
- perturbation rejection;
- load limitation capabilities.

Stability margins can be characterized through dpep frequency analyses. Time domain performaacesisually
characterized using a non linear model, while §tgbmhargins are evaluated with a linearized model.

In the following paragraphs, LaSer tool which impknts a full non-linear model of both actuatoraused to
characterize stability margins. Such an approaohwal

- to use the same model for all performance evalostid the system without simplifications;

- to account for the possible coupling between aotsaixes in the analyses;

- to determine the linearity limits for the variougreals of small loop, and evaluate the distortioduiced by
non-linearities above these limits.

LaSer tool also permits to couple the actuator madth a full FEM of a Launch Vehicle (using P80 fast stage)
and to quantify the impact of bending modes on klmap performances and robustness.

Later-on in this paper, specific focus is madehmndtability margins in open loop, but LaSer toairpits as well to
characterize closed loop performances for referenuma tracking.

4. Adaptations of LaSer tool for small loop control analysesin frequency domain

4.1 Development of LV dynamic model using P80 asfirst stage

A typical 4-stages Launch Vehicle FEM model hasbéeveloped, with P80 a$' stage. This model is associated to
flight configuration at the most critical time féow frequency dynamics of LV. It has been integdate LaSer
software tool and coupled with the actuators mdmbeh industry (see § 2).

4.2 Open loop Transfer Function analysis

Global stability of the small loop can be suffidignrassessed by looking at the inner loop opengtieacommand
sent to the motor. Nevertheless, looking at eaclthef control loops opened individually can provigdevant
information for assessment of robustness.

In the rest of this paper, current loop is consideais part of the plant, but its details are atelyranodelled in the
TVC actuators model integrated in LaSer.

Transfer function of the open loop is assessedny omain simulations. Sine trains are sent intirgd the chosen
open loop for each frequency: amplitude and defajh® signal in output is then evaluated to idgntife transfer
function.

Due to non linearities present in the actuator maeme specific features have been implemented:

- quasi-linearity domain of each open-loop signal Ib@sn first assessed, in terms of input signal dnadg.
Stability margins presented hereafter have beefuateal inside this domain (but studies outside this
domain can be performed as well, with various atugé of the signal, to assess non-linearities impac

- amplitude and phase of the output signal is onhsiered for transfer function computation onceécady
state response obtained. A few tenth of periodsi@cessary to achieve such a stabilized answerdgr to
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reach this steady state faster, specific amplituindeease profile is implemented to limit the tramdi
perturbations (see figure 4.1);
- to limit the effect of distortion, phase (i.e. dglés computed at zero-crossing of each signal.
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Figure 4.1: Typical input signal at low frequency fransfer function evaluation

LaSer permits to select the modes to be simulatetie dynamic model coupled with the actuator, ugfotheir
effective mass w.r.t. a given node. In the reghisf paper, two models are used:

- first model (M50) includes only the 3 most sigréfit modes w.r.t. the rear part of the LV. It issha
relatively light model, allowing preliminary anabs

- second model (M1) includes all the modes havingfective mass higher than 1% of the whole Launch
Vehicle mass, at one of the nodes at the reargfatie LV. This model includes more than 60 flegibl
modes.

LaSer also permits to vary some of the charactepstrameters of the system. For instance:
- large variations of actuator attachment stiffnesmgehbeen tested in order to assess robustnessatiflsap
stability margins towards variations of pendulumdadrequency;
- large variations of Payload mass, centring, inextid lateral frequencies have been tested in dodessess
robustness of small loop stability margins overaaihch Vehicle mission domain.

In all cases, small loop is open for one of theuaitirs controller only, while the second actuasomiaintained in
closed loop. Thus, coupling between axes is aceduntthe presented results.

5. Reaults

5.1 Stability margins obtained in nominal case

Figure 5.1 presents the Black locus obtained ukafger, for M1 model, opening the loop between thved and
velocity feedbacks (see figure 3.1).

One can observe that, despite some limieise due to numerical accuracy of the method, resulés quite
consistent with expected linear ones. For instaone,can compare figure 5.1 to global open loogalirBlack loci
plotted in [4] for ARIANE 5 EAP.
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Figure 5.1: Nominal open loop Black locus of pasit& force loop — M1 model

Results can also be compared to experimental sgstdsented in [4] and obtained on representataekmp: LaSer
has the advantage of authorizing a much more mrdsjuency discretization, while being as mucltresgntative
as a model can be from real hardware (and incluii@xiple modes).

Significant stability margins are also evidencedigure 5.1. When comparing these margins (andoties using
M50 model) to those obtained by EUROPROPULSION SA8CA, using a linearized model of the small lodp,
can be concluded that neither the non-linearities,the coupling between axes, and nor the benaiodes of the
LV, induce critical stability margin losses on thtedied case. Same conclusion can be drawn foofhe locations
chosen to open the loop.

One can finally observe well damped flexible modethe Launch Vehicle, around the pendulum freqyeanargin.

Same positive impact on the modes damping tharotiee observed in [4], when using a DPF on an hydraul
actuator, can be observed.

5.2 Sensitivity analysesto pendulum mode and Payload characteristics

Open-Loop Gain (dB)

-160
Open-Loop Phase (deg)

Figure 5.2: Black loci of position & force loop -eiSsitivity to actuators attachment stiffness
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Figure 5.3: Black loci of force feedback loop — Siéwity to actuators attachment stiffness

LaSer allows to vary input parameters of both actsaand LV models.

Figures 5.2 and 5.3 illustrate the sensitivity gsisl performed to the pendulum mode frequency. #ons
attachment stiffness has been varied of -30/+40%rdfer to assess the impact on stability margiresuRs are
presented for the same open loop as figure 5.Xaritie force feedback open loop. They demonstfaestability
margins remain large despite such variations.

Same kind of sensitivity analyses have been peddrnvarying Payload model parameters (see § 4)gelar
variations of these parameters have a very limitegact on the small loop stability margins, evidegchigh
robustness of the controller w.r.t. LV characté&gsvariations.

6. Conclusion

In this paper has been presented an approach pegnitie re-use of a tool (LaSer), initially aimatistudying low
frequency dynamics of a Launch Vehicle, for stap#inalyses of its TVC control loop (so-callemall loop).

Such an approach allows to account for phenomemallyseglected (non linearities) in robustnesesassents, or
leading to high complexity of models (bending mgodeaipling between axes).

A study case of P80 (associated to a typical L¥light) has been used to demonstrate the capactitiyeomethod.
Nominal and scattered Black loci can be computedlififlerent open loops, while coupling the TVC mbudéth LV
FEM of a chosen complexity. High flexibility of hitool is thus evident. Same approach can easixtended to
other small loop performances than stability masgtime domain performances, etc.).

This study has also consolidated the confidencéhénrobustness of the P80 TVC control loop, denmatiay
significant margins despite large variations of patameters.
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