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 Launcher G&C particularly challenging because:

 Mission/aerothermal requirements
tend to compete against each other

 Strong couplings between trajectory,
propulsion and flexible structure
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1. Ascent Control: robust  LPV  adaptive

• VEGA launcher case

2. Descent Guidance: convex pinpoint landing optimization

• VEGA-like reusable launch vehicle case

3. Ascent Load Relief: wind disturbance observer + fins

• VEGA-like reusable launch vehicle case

Layout
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Ascent Control:
robust  LPV  Adaptive
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VEGA (Vettore Europeo di Generazione Avanzata)

is the new European Small Launch Vehicle

VEGA Soyuz Ariane 5 Saturn V

13 successful flights … 14th this month

VEGA challenges:
VEGA launcher

VEGACONTROL 
nonlinear, high-fidelity simulator for 

atmospheric phase

Over 120 uncertain parameters
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Four stages vehicle, 

all controlled by TVC

thrust vectoring system

Atmospheric phase challenges

 Launch vehicle:
• Unstable
• Flexible structure
• sloshing

 High variation of flight parameters

 Challenging environment:

• Wind disturbances
• Structural loads (Qalpha)

VEGA challenges:
Vehicle, mission and environment

VEGA Qalpha wind effectVEGA VV05 mission

sloshing
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VEGA State-of-Practice:
Control design process

Modelling

Launcher model linearised
at representative points

along trajectory 

For VEGA every 10 sec

1

2

Design

Rigid-body controller design

Bending filters design

Rigid- and flexible-body
joint tuning

3

Scheduling

Ad-hoc scheduling based 
on some parameter 

(time, VNG)

V&V

Intensive V&V process 
using high-fidelity 

nonlinear simulator

For VEGA
Monte Carlo & 

Vertex simulations

Using nominal models Using perturbed models

VEGA TVC architecture
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Pure Attitude Control Pure Load Relief Control Optimized Control

Vehicle turns into 
wind to relieve 
aerodynamic load

WindWind Wind

Vehicle tracks guidance 

VEGA State-of-Practice:
Control objectives & design rationale
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Ascent Control:
robust  LPV  Adaptive
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VEGA Structured synthesis:
Rigid-body robust design

Nominal 
rigid-body design

Structured
𝑯

Robust 
rigid-body design Rigid-body design can be augmented to account for statistical 

wind levels and parametric uncertainties (LFT modelling)

Wind generator

Wind model defined by a Dryden filter
for severe turbulence:

Rigid-body 
Launch vehicle model

Tunable controller

 Rigid-body controller

four parameters
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VEGA Structured synthesis:
Rigid-body robust nonlinear Monte Carlo analysis

Nominal 
rigid-body design

Structured
𝑯

Robust 
rigid-body design

In total, 9 linear structured 𝑯  controllers 

are synthesized along the atmospheric phase,

and are scheduled using VNG (as in VEGA)

Nonlinear Monte Carlo analysis

4 MC campaigns of 500 runs:

Each MC used same scattering flags

but a different wind profile

MC quantitative assessment

For each controller and each MC run,

get the ∞-norm and 2-norm

for different performance indicators.

Results normalised wrt baseline controller

Baseline controller Rigid-Body Structured 𝑯 controller
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VEGA Structured synthesis:
Flexible sequential bending filter design

Nominal 
rigid-body design

Structured
𝑯

Robust 
rigid-body design

Bending filter
design LFT launch vehicle model

Rigid-body and flexible dynamics

Tunable controller

 Rigid-body controller fixed as baseline controller

 Tunable bending filter (6 parameters)



14www.tasc-group.com COMET-SCA Robust Control Workshop – Toulouse (France), 12th-13th March 2019

VEGA Structured synthesis:
Flexible sequential linear analysis

Nominal 
rigid-body design

Structured
𝑯

Robust 
rigid-body design

Bending filter
design

Robust stability analysisClassical stability analysis

Potential for improvement 
with respect to baseline bending filter

Only 1 linear structured 𝑯  controllers 

is synthesized and analyzed
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VEGA Structured synthesis:
Rigid+Flexible integrated design

Nominal 
rigid-body design

Structured
𝑯

Robust 
rigid-body design

Bending filter
design

Robust joint design 
Rigid-body controller and bending filter

Tunable controller

Four tuneable 

flexible-body parameters

Four tuneable 

rigid-body parameters
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Rigid-body gains

In total, 9 linear integrated structured 𝑯  controllers synthesized along the atmospheric phase

Bending filter comparison at t=50s

VEGA Structured synthesis:
Rigid+Flexible integrated analysis

Nonlinear Monte Carlo analysis MC quantitative assessment

Baseline controller Integrated Structured 𝑯 controller
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Ascent Control:
robust  LPV  Adaptive
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VEGA LPV synthesis:
Design weighting functions

Actuation weighting function

LPV
synthesis

LPVTools1.0 toolbox from UMN  
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VEGA LPV synthesis:
Control design & linear analysis

LPV
synthesis

Control problem formulated as:

LPV synthesis using LPVTools1.0 toolbox from UMN  

Quadratic basis functions to constrain the rate variation of VNG:

Resultant controller (rigid-body and bending filter): 22 states

High computational complexity

V&V
Stability
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VEGA LPV synthesis:
Nonlinear MC analysis

Baseline Integrated RigFlex Structured 𝑯 LPV

4 gains 

15 states controller
Full-order controller: 22 states

4 gains 

23 states controller
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VEGA Structured +IM synthesis:
Additional controller structure

Structured H design improves robustness & performance for same controller structure

 better gain-tunings are possible (and in an easier and more methodological manner)

Non-Rate Bounded LPV design shows that there is room to improve robustness and performance

 better controller architectures can, and should, be used

Redesign the integrated structured 𝐻 controller including an identified internal model HIM(s)

Structured 𝑯 Structured 𝑯 with Internal ModelLPV

HIM(s)

1st-order high-pass TF 

with tuneable 

pole and zero parameters
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Ascent Control:
robust  LPV  Adaptive
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LPV versus Adaptive control:
NASA adaptive controllers description

Adaptive gain 𝒌𝒂 is given by 
a first order ODE equation:

J. Orr and T.S. VanZwieten
“Robust, Practical Adaptive Control for Launch Vehicles”, 
in AIAA Guidance, Navigation, and Control Conference, 2012

Adaptive augmentation is based on a multiplicative law:

ADAPTIVE CONTROL LAW – A (2012)

KTASC-
STRCT-
AUGM

Adaptive + integrated structured 𝑯

LPV

LPV controller achieves 

30% reduction of average 𝑸𝜶 peaks
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LPV versus Adaptive control:
Test case #5+ – performance

None of adaptive control laws 
can avoid the loss of vehicle 

under such extreme conditions

Test case #5+

• VV05 wind
• All VEGACONTROL flags to +1.70

Qalpha

Attitude errors

The rate-bounded LPV design 
still capable of completing mission

augmented
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The atmospheric phase VEGA launcher control design 

has been formulated as a robust control problem using

- Structured 𝑯 (incremental from robust rigid to rigid/flexible integrated design)

- LPV

- Adaptive

Conclusions Ascent Control

Clear benefits shown for each technique over traditional design 

Use of robust modeling and analysis (LFT & ) shown to be very advantageous

LPV shown to be best (for the presented case) in terms of:

- exploitation of robustness and performance domain

- methodological design approach

- ease of analysis (especially compared to adaptive) 
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Descent Guidance:
Reusable launcher model
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VEGA-like aerodynamics
based on ascent and
post-separation data*

*kindly provided by ELV/Avio

Descent Guidance:
Reusable launcher model
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MCI updated online 
based on LOX/RP-1
re-ignitable engine

Descent Guidance:
Reusable launcher model
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Downrange landing (DRL) Return to launch site (RTLS)

Need to shrink dispersions for pinpoint landing requires 

closed-loop guidance algorithms

Descent Guidance:
Mission profiles

Recovery: 5.5% of launch Recovery: 10.6% of launch
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 Constrained terminal velocity

 Closed-form solution of a                          

simplified fuel-optimal control problem

 Simple but unable to enforce path constraints

 Convex optimisation-based

 Recovery trajectory and thrust commands 

updated on-board

 Real-time reliable via convexification of
the constrained optimal control problem

 Novel algorithm developed to cope with
the extended flight envelope of RLVs

Descent Guidance:
Recovery guidance techniques
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Descending over Extended Envelopes using 

Successive Convexification-based Optimisation

 At each simulation instance, commands are 
interpolated from most recent guidance solution

 Solution updated once a SOCP is triggered and feasible

 SOCP 1 finds a discrete trajectory that
does not account for aerodynamic forces

 SOCP 2 applies successive convexification
to approximate these forces

Descent Guidance:
The DESCENDO algorithm
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Descending over Extended Envelopes using 

Successive Convexification-based Optimisation

 At each simulation instance, commands are 
interpolated from most recent guidance solution

 Solution updated once a SOCP is triggered and feasible

 SOCP 1 finds a discrete trajectory that
does not account for aerodynamic forces

 SOCP 2 applies successive convexification
to approximate these forces

Descent Guidance:
The DESCENDO algorithm
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Descent Guidance:
The DESCENDO algorithm – detailed DRL trajectory results
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Load minimisation
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Achievable performance
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Load minimisation

Er
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Robust control helps to stay 
close to the optimality front

Limits of performance
for a given control structure

Ascent Load Relief:
Achievable performance
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Load minimisation
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 Wind observer for active load relief

 Fins to compensate for TVC side-force

Limits of performance

Ascent Load Relief:
Achievable performance
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βFB
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4th order MIMO observer 
designed with standard ℋ

8 control gains tuned with 
structured ℋ

Ascent Load Relief:
Attitude control with WDO and fins - design

Only 1 linear design

is synthesized and analyzed

Wind disturbances, with 
frequency-colouring filter LTI model wrt. different points along trajectory
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SS indicators for Dryden step HF and LF gust responses

Ascent Load Relief:
Attitude control with WDO and fins - analysis

Notice that the Wind-Disturbance-Observer (WDO) results show a drastic reduction on:

[ss indicators] the load (o) and drift (m/s) & equivalently [gust response] the  (deg) and zdot (m/s)
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DESCENDO provides a trade-off between 

computational efficiency and trajectory optimality 

which makes it suitable to the extended flight envelope of RLVs

Conclusions Descent Guidance 
& Ascent Load Relief

Earliest application of robust wind disturbance observation (WDO) 

for improved launcher load relief

Shown that combined used of TVC/fins can further improve load relief


