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1. Introduction: problem definition

This article presents:
* A methodology for controlling the continuous part of the transient phases of
Liquid-Propellant Rocket Engines (LPRE):

« LPRE are complex thermodynamic systems - nonlinear model-
based approach based on fluid mechanics.

Control goal in this paper:
 End-state tracking in main engine variables.
«  Verification of operational constraints during transient.

« Controller:
 Nonlinear preprocessor for reference generation.
 Linear MPC with robustness considerations.

*  Progress within the research trend of improving the control performance
and robustness of these devices.

Desired Measured System System

state _error —— input output
—_— Controller System
N
Sensor
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1. Introduction: context

Global trend for affordable access to space
->Reusable launchers+ rocket engines

 Reusability race after semi-reusable Space Shuttle
o Demanding control robustness requirements: multi-restart and
thrust-modulation features. [1]
o Classical steady-state multivariable and linear control - reduced
throttling envelope (70%-120% thrust)->too narrow for
reusable engines [1] (30% expected in Prometheus).

Blue Origin PLD Space Airbus DS Adeline
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1. Introduction: state of the art

« Most common approaches in literature—=2linearised models about
operating points, for synthesising steady-state controllers:

— PID based [11]. MIMO are decoupled into dominant SISO
subsystems.

— Off-line optimisation: [4].
— Incorporation of:
* Nonlinear technigques [6]
» Hybrid techniques [10].
* Robust techniques [15].
* Reconfiguration control [10].

 No publications considering steady-state and transients, reviewed
in [13].
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1. Introduction: objectives

Enhance Liquid-Propellant
Rocket Engines (LPRE) control.

Fuel pump Turbine Oxidizer pump
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Main target - control strategy
during their transient phases,
currently carried out as
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1. Introduction: objectives

— Goals:

» Final-reference tracking at the end of start-up transient, via tuning of
continuous controls (valves).

— Main variables to track: combustion-chamber pressure (pCC) and oxidiser-to-fuel mixture ratios
(MR).

« Constraints verification (on states and control).

 Robustness to parameters and initial-conditions variations and to
perturbations.

« Constrained enough to consider trajectory tracking unnecessary.

a) Chamber pressures b) Mixture ratios
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2. M

Integrated variables
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odelling

« T-RETM library: Vulcain simulator.

1st steps: development of simulator and state-spceﬁr/‘?fodels (in [12])

Derivatives
Mo > (D)

Flogidy s
ey
etz B

wot_VGO)
=

[Pume_H_Tarqi.

Pump_D_Torg

urbine_O_Torque] >

" [F_tpo]

G
fail_vectar

Tl o]
a3

1!

inh

'_

L ]
universite

PARIS-SACLAY

Sciences et technologies
de l'information
et de la communication (STIC)

Spliter_GG

Irtegratoe_LTH

Tmdct_vel
T —

ol LTH]

Tmoot_veH]

ot Var]

rudal_PF_total

[EREE]

:

EEERES e

C :
IrS€ECIll ONERA
CNeS apnanecroup —

CENTRE NATIONAL
D'ETUDES SPATIALES

THE FRENCH AEROSPACE LAB



2. Modelling

572

« Engine case study: retired Vulcain 1 (AG 1996-2009) with biased parameters
— Gas-generator cycle (GG), LOX/LH2, bi-turbopump.

— Actuators: 5 continuously-controllable valves (VCH, VCO, VGH, VGO and VGC), 1
binary igniter (i) and 1 binary starter (i5g).

Moyx

— Valve angles a varied to control chamber pressure p.. and mixture ratio MR =

Alimentation
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2. Modelling

Translation into a state-space model

Simulator Global state-space model
T = fc(xa Ue, ud)§
( Ayvcon \
Wi2x1] W[2x1] Avan ;
Puxi | = fe | | Puxy | s [Aveo |, L-CC] ;
M6x1] M6x1] Avao Ga
| \ Avao }
! 12 states | 5 2 discrete
: continuous | inputs
All equations joined inputs

via Maple

. . . . . . T
X =|wyg wo pcc Peec PLTH Pvee MLTH Mycog Myco MyeH Mveo Myaco)

. . . . T Greater trackin
x; =[pcc MveE Mveco TVGH TMVGO| e— J
relevance

u=[Avcy Avco Aver Aveo Aveac]'
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2. Modelling

Complex
« Full complexity nonlin?ar state-
space f,

« 12 states
» Cumbersome equations

4 stages of

modelling:
- non-dimensional
- all need At=10°s

b= Lig w. g i ) a’VGH
[12] e Wiax 1] Wax1] QyGH
Bty AL Puxa) | = A | puxay | + Be [aveo
e Simplified i : :
MUSIE | inearised model

nonlinear state-
space f,

e 12 states

* More tractable and
linearisable é

 After sequential
events

e About end state
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3. Controller design

Model-Predictive Control (M PC) ¢ terminal region constraint z(t + Tp) € £

« 25T A _ FUTURE e terminal penalty term E(z(t +T},))

~ min J(x(t), u) 1
—=— Reference Trajectory U z(t)
Predicted Output _ t+Tp _ N ] o \
+  Measured Output J{'_}=/ Flz(r),u(r))dr+E(z(t +T5)) z(t +Tp)
Predicted Control Input Ji Nf + Tp)
Past Control Input . o . X <\,
subject to: & = f(z,u), system dynamics (— -
T x(t) given “state feedback” \J
M. Behrendt CC BY-SA 3.0 u(t) €U input constraints
. z(r) € X state constraints . E .
I | | | | | | . | »- (t + T,)e € terminal constraint [3], Allgower and Miller

< >
Sample Time

Prediction Horizon
n >

kK k+1 k+2 k+p

» Quasi-infinite horizon: with
terminal-set constraint [3] Chen
and Allgower. The MPC controller

» Constraints can be well defined
and respected with this family of

approaches. drives the system to an end set,
» Robustness can also be where a simple fictitious

handled. controller ensures stability and
» Drawback: computational time, reachability.

due to online computation of
control law.
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. Controller design
Discrete
inputs:

simulator at

Exogenous icc, ice
sequence T At=10°s
influence '

control action at

At=102s

Pcc

MRe | | IReference e
MPC Area to L
generator angle H > Actuators
(full state and Controller conversion '
'
]
[}

control)
\

Feedback p~._ _

_—
y = X

MRcc

Actuator
inputs
Ay

Computed
control
(Av)

MReg

Reference generator: reconstruction of whole state from input configuration (4 data)
* Least squares with complex NLSS f, at equilibrium (Isgnonlin MATLAB).

+  MPC:
Optimisation NL under constraints with IPOPT [16]

= At =10"%s, Np = 10A¢, Nu = 5At
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3. Controller design

Discrete
inputs:

Exogenous

sequence
. influence
Ug
MR: | | |Reference| P I
generator | " L] “angle I-> Actuators
(full state and Controller [l Frrsmesrs :
MRce control) A ‘ '
= ' H
]
MRac Computed
Feedback . control
~...h (AV)

Reference generator: reconstruction of whole state from input command from launcher (4 data).

Least squares with complex NLSS f. at equilibrium (Isgnonlin MATLAB).
«  Forced by the unavailability of analytic solution.
«  Verification of static mixture ratios.

% = fe(xru) =0\ (ec = 0)

mycotmveo _ MR
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3. Controller design

« Standard MPC (with integrator term): |[|:> Robust MPC:
— Quadratic cost function, with terminal-cost term: — Minimax problem: worst-case scenario for given
perturbation w [9]:  11in max J(x,u)
u W

st. xe X VYweW"

uel YweW"

—  Minimax optimisation too costly ->rewriting as min of
scalar y € R* for given perturbation cases
(equivalent epigraph formulation) [5]

— Smooth convex NLP (nonlinear programme).

Np Ny Np
_ T T T T
J(x,u,z) = (Z x;, QXj + Z u;, Ruy, + Z Z, Szk) At +xy, 1 PXN, 41

k=1 k=1 k=1

Q, R optimised via black-box Kriging [8]

min ¥
X, W24,
st J(x,u,z) <y Viel = Constraints:
x, €X, uelU Viel € = State and control bounds [7]
. —=  Linear MR+ actuators (it,,4x)

, : T 1. : Vi max
Aineq|Xi T} S Dineq Vi€ €= inequalities.
Aeglxi u]t =b;., Viel € —=  Linear dynamics.
XZNP+1PXi,Np+1 <ap Viec € = Nonlinear for terminal region [3].

—=  |ntegrator dynamics [14]

Zi k+1 = Zj |+ AtKIXZ73'7k Viel ke [O,Np] 2

Xi = [Xi 1o Xy oy XiNy+1] Ty G €T Matrices A, B at refe_rence gnd point,
i = Aaxig + Baug + Wi, k€0, N, + 1], to converge to x,=0 in the linear
1‘ case.

w; . Selected according to eigenvectors of A, [2,17]
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4. Analysis of results

 Results of robust MPC for a set perturbed cases.

1Csombustion-chamber pressure tracking %ixture-ratios tracking and constraints
- I I l T T
_pCQnom
________________________________ FrC(Lmin — 8 i MRCC,méx _MRCC,nom
% 1 -------------------------------- CC.max E A T R A A A A IVIRGG,nUm
5 _“pCCmef‘nom E MRp| nom
I e e/ /4 e o
o = ==Pce ref, min 5 = ==MRcc et
0 05¢ ===Pcc refmax | = === MR GG ref
= MR
COMYK = =MRp o
o
0 ' ' Ozara——a—a—a—,s—a—&—&ﬂa—l—arﬂ—ﬁa—g—ﬁ
1.5 2 2.5 3 MR i
Ti 'Eracking results in pgc for 1.5 2 _ 2.3 3
me [s] " pee, = 1 (nominal) Time [s]
*  Pec,=0.7 (minimum) = MR constraints relaxed at beginning, due to
. pCC’r = 1.2 (maximum) initial conditions outside feasible area.
Indicator Pcc tracking error (%) MR tracking errors (CC, GG, PI) Overshoot (% in pee)
(%)
Operating point OL CL oL CL
70% 2,8 0,26 2,58;1,31;2,84 1,38;0,69;0,85 15,1 11,46
100% 0,25 0,26 0,17;1,39 1,43 0,01; 0,05; 0,3 6,31 5,04
120% 0,34 0,67 3,18;1,23; 3,41 1,37;0,59;1,64 3,34 4,04
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4. Analysis of results

 PID and LQR achieve tracking, but MPC also ensures
constraints verification :
Shaft rotatlonal speeds

1.5 ==\

Rotational speed [-]

Time [s]

- COLE DOCTORALE
o Sciences et technologies
universite  de information

PARIS-SACLAY et de la communication (STIC)

¢ /@ irseem | ONERA

Cnes arlaneGrour

NNNNNNNNNNNNNN

17



18

5. Conclusion

« Evolving operating requirements of pump-fed rocket engines, currently
related to reusability scenarios - force the improvement of their
control algorithm, in OL during transients.

« Control of continuous phase of LPRE transients:
— Full-state reference generation via complex nonlinear state-space model.

— Linear MPC with integral action: end-state tracking while verifying constraints.
* Robustness considerations for a given set of perturbation scenarios.

 Perspectives:
— Investigation of other ways of posing robustness globally.
— Trajectory generation and tracking.
— Extensive validation and sensitivity study.
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Thank you for your attention.
Any questions or suggestions?
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Backup slides: State-space model

State-space model
X ==f(x, U, ud);

T
Oip O Pec P Prrme Pyger M Mverr Mvco Mver MvGor mVGC] 5

P NG e P P — ’:---'-J F:--"" . - . ~— . — . — T
X =1 O O Pee Poe P Pvae ™o Myverr Mveo Mverr Mvcor mVGC] ;
D e L

u_= | AVCH, AVCO, AVGH, AVGO, AVGC | ; #equivalent to
e . . T.
Ug= ["C(:f IGG] ’

~_ S~ Pge ';“-‘_pLTH _;“*-—*_pVGC‘
H >0 roc ’ B "FLTH PyGe ’
m”eq Heq pCCeq pCCeq pCCeq pC’Ceq
T My T Myoy T My T My T Myoo T Myge
M= Myen = Myco ™ My~ Myco™ Myee ™ m ’
GHeg FCHegq VCHegq VGHeq VGHegq VGHeq
i o=1:__=1:t ==1:
cC GG eq
State constraints
®, € (0, 40] krpm; o € (0, 15] krpm;
m m
MR =Y <103,7];MR _=—"92 <103,14];
CC m G m
VCH VGH
p... <40 bar
GG
Control constraints
i €{0,1}; A [O,A ]";A, <A
i i max i i, max
W
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Backup slides: Vulcain NL model
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