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Abstract

This article presents a methodological synthesis framework based on the structured H∞ approach for the

design of atmospheric launcher TVC systems, using the VEGA launcher as the application case. The

main advantage of this framework is that the TVC design can be recast into a formal multi-objective

optimisation problem in which robust stabilisation, disturbance rejection and performance minimisation

are managed in a simultaneous fashion. This article illustrates how the proposed framework can be

guided to favour a specific trade-off performance objective via proper choice of the design weighting

functions. The capabilities to manage different control strategies are demonstrated via several structured

H∞ designs which are tailored to maximise specific performance metrics (i.e. loads, drift, attitude errors).

These controllers are analysed and compared through high-fidelity, nonlinear time-domain Monte Carlo

simulations of the VEGA atmospheric flight.

1. Introduction

This paper addresses the design of the atmospheric ascent-flight control system of the VEGA launcher Thrust Vector

Control (TVC) system. In this phase, the launch vehicle is heavily impacted by loads coming from high dynamic

pressure during the flight as well as strong, dynamic control deflections and changes in the angle of attack. In

addition, the launch vehicle exhibits a flexible behaviour characterised by several resonant modes that can generate

large oscillations and lead to instability. Despite all these difficulties, the control system must ensure stability to

guidance commands while satisfying very demanding and tight performance requirements in the presence of

parameter dispersions and external disturbances.

Based on the above, the atmospheric ascent-flight of a launch vehicle represents a very challenging control

problem, which is traditionally addressed using a classical design approach. In this article, this rich heritage from

classical control is used to recast the TVC control design problem into a systematic robust control synthesis framework

based on the structuredH∞ approach.1, 2 This synthesis technique allows to manage classical control architectures in

a robust fashion by means of performing an H∞ optimisation while enforcing a specific controller structure and/or

state order. The capability of defining the controller structure for design is very advantageous for many industrial

applications, and as detailed in the works of Ganet-Schoeller et al8 and Simplício et al,17 it is particularly well suited

for launcher TVC design of already existing and future expendable and reusable launch vehicles.

The proposed framework is oriented to simultaneously handle multiple performance requirements, and as

demonstrated in the work of Navarro-Tapia et al,14 it has the capability to enhance wind disturbance rejection

properties and to explicitly include system parametric uncertainties in the design. In addition, unlike the

state-of-practice, the proposed formulation allows to optimise the rigid-body controller and bending filter in one

single procedure (as demonstrated in the work of Navarro-Tapia et al13). Thus, this design scheme can significantly

simplify the state-of-practice for TVC design and reduce tuning effort across launch missions while keeping, and

indeed simplifying, the classical VEGA TVC architecture.
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The main aim of this article is to reconcile all the aforementioned aspects and show how this robust control

synthesis framework can be formulated to steer the design for different competing trade-off performance objectives

(e.g. structural loads, drift, attitude error) while achieving stability robustness throughout the atmospheric flight. The

management of launcher design trade-offs is traditionally performed, as exemplified in the works of Suzuki18 and Wie

et al,19 using classical control principles (also known as Hoelker’s conditions9). In this paper, this is illustrated via

several structuredH∞ design examples which are performed to favour a specific requirement. These designs are then

compared and analysed using high-fidelity, nonlinear time-domain simulations.

This paper is organised as follows. Section 2 describes the VEGA launcher, its atmospheric phase GNC

architecture and the uncertain vehicle model used for design. Subsequently, in Section 3, the atmospheric VEGA

TVC system design is formulated as a structured H∞ control problem and three different designs are performed for

distinct, and competing, control objectives. Section 4 analyses the resulting structured H∞ controllers via nonlinear

Monte Carlo simulations. And finally, Section 5 provides the conclusions of this paper.

2. VEGA launcher

This section introduces first the VEGA launch vehicle and its atmospheric phase GNC architecture (sub-section 2.1). In

addition, the uncertain Linear Fractional Transformation (LFT) vehicle model employed for design is briefly described

in sub-section 2.2.

2.1 VEGA launcher vehicle and atmospheric flight

VEGA (Vettore Europeo di Generazione Avanzata) is the smallest European launcher with approximately 30 m in

height and a diameter of 3 m. This launch vehicle has been developed under the responsibility of the European Space

Agency (ESA) and AVIO SpA as prime contractor. VEGA addresses the small and mini-satellites market (payloads

from 300 kg to 2500 kg), and performs a wide range of missions for Earth observation satellites and many specific

purposes using mainly Sun-synchronous and low Earth orbits. The launcher has successfully performed fourteen

launches since its maiden flight on 13th February 2012 (all of them from the VEGA launch site located in Guiana

Space Centre – Kourou, France).

VEGA is a single-body launcher that follows a four-stage approach (see Figure 1). The three first stages are

formed by three solid propellant motors (P80, Zefiro 23 and Zefiro 9), whereas the 4th stage, also known as Attitude

and Vernier Upper Module (AVUM), is composed of a bi-propellant liquid engine that provides fine attitude control

capability and accurate payload orbital insertion. The liquid motor of the AVUM stage can be re-ignited to perform

several boosts providing the capability to place multiple payloads into orbit as well as a de-orbiting boost.

INS GNC

Navigation

Guidance

Control

RACS TVC

TVC actuators

(EMAs)

RACS actuators

(RCTs)

1st stage

P-80

2nd stage

Zefiro-23

3rd stage

Zefiro-9

4th stage

AVUM

Figure 1: VEGA launcher description and GNC architecture

Figure 1 also illustrates the Guidance, Navigation and Control (GNC) scheme of the VEGA launcher. The control

architecture is composed of a TVC system and a Roll Attitude Control System (RACS). The former provides pitch

and yaw attitude control for all stages by generating the necessary nozzle deflections using two orthogonal Electro-

Mechanical Actuators (EMAs) (termed as lane A and B), while the latter performs roll attitude control using six on/off

Reaction Control Thrusters (RCTs) located at the AVUM.
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The focus of this article is on the ascent-atmospheric flight (1st stage) of the mission. It is important to mention

that during the first stage the guidance function is performed in open-loop following a pre-programmed trajectory

based on attitude tables versus a scheduling variable (i.e. time or velocity). The reason is that a closed-loop guidance

configuration could potentially lead to critical angles of attack resulting in unacceptable aerodynamic loads due to

the effect of wind disturbance. Thus, with the guidance following an open-loop configuration, the GNC system must

perform a pseudo-guidance role by keeping the launcher close to its reference trajectory while also limiting structural

loads. This control task is particularly challenging because of the competing nature of the multiple objectives required

to achieve during the atmospheric flight. Subsequently, any final resulting deviations from the nominal reference

trajectory are corrected during the upper stages using closed-loop guidance.

Another special feature of the first stage is that the roll rate is only limited, which means that the RACS will

only act if the roll rate is over a certain threshold. The main reason is that the RCTs are not strong enough to set the

roll rate to zero due to the high moment of inertia that the launch vehicle exhibits during the atmospheric flight and the

high dynamic pressure of the environment. In fact, telemetry from real flights show that there are typically no RCT

activations during the first stage.5

It is noted that all the simulations and designs in this article are performed using the actual VEGA 5th flight

mission (VV05) data.3 The payload of this mission was the Sentinel-2A satellite.

2.2 Launch vehicle model

The motion of a launch vehicle is described by the standard 6 Degrees of Freedom (DoF) equations of motion, which

represent the translational and rotational dynamics of the vehicle. The VEGA launcher presents axial symmetry about

the roll axis, and thus, considering a negligible roll rate, the pitch and yaw axes can be considered decoupled and more

importantly identical. This is a standard assumption in launch vehicle TVC synthesis that allows to perform the design

and analysis in a single plane (pitch or yaw axis). In particular, this article focuses on the yaw axis.

All relevant dynamics are typically expressed with the state-space representation shown in Equation 1, where the

contributions of the rigid- and flexible-body dynamics are denoted separately by subscripts R and F respectively. The

reader is referred to the work of Navarro-Tapia et al14 for further details on the derivation of the equations of motion

and the definition of the state-space matrices in Equation 1.

The launch vehicle model GLVRF
(s) given in Equation 1 contains the main rigid-body rotational and translational

dynamics due to thrust and aerodynamics and the nozzle dynamics also known as Tail-Wags-Dog (TWD) effect. The

elastic behaviour of the launch vehicle is characterised by several bending modes represented by a 2nd order model

with low damping. In addition, other contributions such as sensors characterization and wind disturbance dynamics

are also considered. GLVRF
(s) uses four rigid-body states given by the drift z, yaw attitude angle ψ and their derivatives

(

xR =
[

z ż ψ ψ̇
]T )

; two flexible-body states accounting for the first bending mode
(

xF =
[

q1 q̇1

]T )

; five outputs
(

yLV =
[

Qα ψINS ψ̇INS zINS żINS

]T )
, which include the load performance indicator Qα (with Q the dynamic pressure

and α the angle of attack) and the measurements at INS node location for the four rigid-body states; and three inputs
(

uLV =
[

βψ β̈ψ vw

]T )
, with βψ the nozzle deflection angle and vw the wind velocity.

[

ẋR

ẋF

]

=

[

AR ARF

AFR AF

] [

xR

xF

]

+

[

BR

BF

]

uLV (1)

yLV =
[

CR CF

]
[

xR

xF

]

+ DR uLV

︸                                                                      ︷︷                                                                      ︸

GLVRF
(s)

For design and analysis purposes, the launch vehicle state-space model of Equation 1 can be used to derive

nominal Linear Time Invariant (LTI) models at different operating points along the atmospheric phase considering that

the parameters are frozen in time. Unfortunately, the launch vehicle system is inherently uncertain. In particular, vehicle

mass, centre of gravity position and inertia, as well as bending mode frequencies and structural modal parameters are

very difficult to estimate, and thus, an expected variability on those parameters must be accounted for in the synthesis.

This can be addressed by using LFT theory6 which allows to capture the uncertain behaviour of a system.

The LFT model of the VEGA launcher is derived by augmenting the LTI nominal models obtained from

Equation 1 with additive parametric uncertainties using MATLAB’s Robust Control Toolbox.4 The reader is referred

to references Marcos et al11 and Navarro-Tapia et al14 for further details on the LFT modelling approach used and on

the list of uncertain parameters employed. The VEGA LFT model can be represented, see Figure 2a, as the upper LFT

interconnection of the nominal model GLVRF
(s) subject to a set of rigid- and flexible-body uncertainties ∆LVRF

. The

effect of the considered uncertainties on the launch vehicle model is illustrated in Figure 2b, which shows the

frequency response of the nominal VEGA attitude channel at the flight instant t=50 s (in red) and 1000 random
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scattered responses. This plot allows visualizing the range of uncertainty defined for the launch vehicle model for the

rigid (inset of the left-side in same plot) and flexible (right-side part of Figure 2b) components.

∆LVRF

uLV yLV
GLVRF

(s)

(a) VEGA LFT representation
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Figure 2: Uncertain launch vehicle model

Furthermore, the delays originated by the on-board computer and the TVC actuator dynamics are also modelled

as LFT representations (see Figure 3). Again, reference Navarro-Tapia et al14 provides further details on the delay

model while the work of Simplício et al16 on the TVC LFT model.
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Figure 3: Uncertain actuation chain models
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3. Robust structured TVC synthesis

This section is dedicated to illustrate how the atmospheric VEGA TVC system design can be tailored for different

competing trade-off performance objectives (e.g. attitude error, lateral deviations or structural loads) using a robust

control synthesis framework based on the structuredH∞ technique.1, 2

First, the different atmospheric trade-off design objectives are presented in sub-section 3.1. Then, in sub-section

3.2, the atmospheric VEGA TVC system design is formulated as a robust control problem using the structured H∞
synthesis technique. Sub-section 3.3 describes how the different design strategies can be expressed in suitable

frequency-domain weighting functions, and finally, three structured H∞ TVC designs are presented and analysed in

sub-section 3.4.

3.1 TVC design objectives for the atmospheric flight

The design of the atmospheric TVC system for a launch vehicle is typically performed at different linear design points

along the atmospheric flight in order to cope with the large dynamical system variations (for example, the VEGA

launcher uses 12 linear design sets at approximately every 10 s except at lift- and tail-off phases). These linear designs

are then discretised and linearly scheduled versus the non-gravitational velocity.

The design of each of the linear controllers must fulfil simultaneously a set of different conflicting trade-off

objectives. These linear designs are traditionally performed to favour one performance metric over the others depending

on the flight phase (e.g. a load-relief control mode is generally employed around the maximum dynamic pressure

region). These competing objectives can broadly be divided into the following three design strategies:

• Tracking: the control system will minimise the attitude deviations from the guidance commands at the exchange

of presenting higher lateral deviations. In addition to the allowed lateral deviations, this strategy could potentially

lead to high wind-induced structural loads.

• Drift: this design scheme aims at minimising the lateral deviations of the vehicle. In this case, the control system

will attempt to generate an attitude response so that the normal forces are cancelled out. The drawbacks of this

approach are attitude deviations and, as in the previous case, potentially high structural loads.

• Structural loads: the main objective of this approach is to minimise the wind-induced structural loads. The

structural load performance metric Qα is given as follows (where V is the vehicle’s velocity):

Qα = Q
(

ψ +
ż

V
−

vw

V

)

(2)

This design strategy will turn the vehicle into the wind to reduce the angle of attack. By looking at Equation 2,

this can be done by minimising the wind contribution on the attitude and drift-rate channels.

This performance trade-off problem is generally oriented towards minimising the performance degradation due

to the wind disturbance. In fact, the main traditional launcher control strategies9 considered in the literature aim to

cancel out the steady-state values of each of the previous three performance metrics from the wind disturbance input.

Unfortunately, as shown in the work of Navarro-Tapia et al,14 only the steady-state value of the drift-wind channel can

be minimised using the current TVC architecture of the VEGA launcher. Despite this control architecture limitation,

it is possible to improve the wind disturbance rejection performance of VEGA by focusing on the transient response

and more importantly, it can be steered to prioritise one performance metric over the others as it will be shown in this

section.

3.2 Synthesis interconnection

The control design problem is formulated as the closed-loop interconnection shown in Figure 4. This diagram has

a set of inputs formed by commands, wind disturbance and sensor noise inputs, and a set of outputs formed by the

attitude error ψe, the commanded actuator deflection βψc, the load performance metric Qα, and the INS measurements

for attitude ψINS , drift zINS and drift-rate żINS . Note that the input-output channels are scaled by frequency-domain

weighting functions (represented by gray-shaded blocks) to specify the control design objectives. The selection of

these weighting functions will be discussed later in sub-section 3.3.

In addition to the weighting functions, this closed-loop diagram contains the three LFT models presented in sub-

section 2.2 (i.e. launch vehicle model, delay and TVC actuator), a turbulence wind model Gw(s) that will be described

in sub-section 3.2.1, and finally the tunable controller KRF(s) (highlighted with a blue box) that will be presented in

sub-section 3.2.2.

5
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Figure 4: Closed-loop diagram for the joint design of VEGA’s rigid-body controller and bending filter

3.2.1 Wind generator Gw(s)

The effect of wind disturbance is a critical factor for any launcher atmospheric phase.12 It generally produces a

significant degradation in the global performance of the mission and it induces structural loads that can cause loss of

vehicle. Although this is critically important, especially for launchers, only a few instances in the aerospace domain

can be found where this is directly employed in the launcher design process.

To overcome this problem, a wind turbulence model Gw(s) is placed at the wind disturbance input of the launch

vehicle model (see Figure 4). The main aim with this addition is to provide the structured H∞ optimiser with

information about the statistical wind levels that the launch vehicle will encounter along the atmospheric flight.

Indeed, in reference Navarro-Tapia et al,14 it is shown that the use of strong wind turbulence levels for design

significantly contributes to improve the wind disturbance rejection performance of the system.

Gw(s) is based on the Dryden filter given in Equation 3, which defines the wind disturbance velocity vw from an

unitary white noise input nw. This wind model configuration has been obtained following the criteria from the work of

Johnson10 and the model description given in Simplício et al.16

Gw(s) =
vw(s)

nw(s)
=

√

2
π

V−vwp (h)

Lh
σ2

h

s+
V−vwp (h)

Lh

(3)

in the above model Lh and σh are the turbulence length scale and the standard deviation of the wind turbulence. The

values for these parameters can be found in tabular-form for light, moderate and severe turbulence levels versus altitude

h in reference.10 On the other hand, vwp(h) defines the vertical profile of wind velocity.

3.2.2 Tunable controller KRF(s)

The architecture of the tunable controller KRF(s) is shown in Figure 5. The controller receives as inputs the yaw

attitude error ψe and its rate ψ̇e, and the lateral deviations (both in position ze and velocity że) with respect to the

reference trajectory and calculates the required yaw nozzle deflection βψc to follow the guidance commands.

The structure of KRF(s) is based on the actual VEGA TVC control system architecture.15 It is composed of

a rigid-body controller and a bending filter H3(s). As it will be discussed later, these two parts of KRF(s) are first

parametrised as a function of tunable parameters for design and then optimised simultaneously using the structured

H∞ framework.

Tunable rigid-body controller

The rigid-body control law is based on a classical structure formed by a Proportional-Derivative (PD) controller on

attitude
(

Kψp,Kψd

)

to stabilise and control the rigid-body launch vehicle, and a lateral control feedback composed of a

PD controller on drift
(

Kz,Kż

)

to limit the lateral deviations of the vehicle and minimise the angle of attack for loads

alleviation.

In preparation for the subsequent structured H∞ optimisation, these four rigid-body gains are configured as

tunable parameters with no constraints on their allowable values.
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H3(s)
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ψe
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Rigid-body controller
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Figure 5: Tunable controller KRF(s)

Tunable bending filter

The TVC system must also ensure that the bending modes (BMs) related to the flexible structure of the launch

vehicle are not excited. This is traditionally performed using a set of filters, also known as bending filters, that provide

stabilisation against the flexible modes. In this work, the bending filter H3(s) (see Figure 5) uses the same structure as

that of reference Navarro-Tapia et at,13 which is briefly described next.

The bending filter H3(s) is parametrised as in Equation 4. The proposed factorisation was obtained based on

system physical knowledge (such as the use of notch filters to phase stabilise the first bending mode) to yield a general

bending filter configuration. In particular, H3(s) is factorised into four 2nd-order notch filters and one 6th-order low-pass

filter. The first notch filter is centred at ωq1
, which is the minimum expected dispersed frequency of the 1st bending

mode due to uncertainties. Following this notation, the other notch filters are centred at the nominal and maximum

frequencies of the 1st bending mode (ωq1
and ωq1

) and at ωq2
, which is the minimum expected frequency for the 2nd

bending mode. Finally, the low-pass filter provides attenuation for the upper modes.

H3(s) =

4∏

i=1

s2 + ηi s + (ω′
i
)2

s2 + ηi/ǫis + (ω′
i
)2

︸                        ︷︷                        ︸

Notch filters

ω1 = ωq1

[

min 1stBM
]

ω2 = ωq1

[

nom1stBM
]

ω3 = ωq1

[

max 1stBM
]

ω4 = ωq2

[

min 2ndBM
]

·

(
ǫLP s2 + ηLP s + (0.6ωq2

′)2

s2 + ηLP s + (0.6ωq2
′)2

)3

︸                                ︷︷                                ︸

Low-pass filter

[

Upper BMs attenuation
]

(4)

It is important to remark here that all the frequency parameters in Equation 4 are pre-warped before design

to minimise the distortion caused by the discretisation process.13 The following bilinear Tustin transformation is

employed here:

ω′ =
ωp

tan(ωpT s/2)
tan(ωT s/2) (5)

with the nominal 1st bending mode frequency as warping frequency (ωp = ωq1
) and T s the sampling rate.

The proposed configuration in Equation 4 results in 10 tunable parameters for H3(s). In order to reduce the

tunable parameters and also simplify the control optimisation, the structured H∞ approach allows to define a priori

which parameters are to be tuned and which ones can be fixed for the optimisation. In addition, it is also possible to

constraint the optimisation by defining minimum and maximum allowable values for each tunable coefficient. In this

sense, the design configuration used here is shown in Table 1. It can be seen that the parameters related to the low-pass

filter and the width of the notch filters (ηi) are fixed, whereas the attenuation at the center frequency of the notch filters

(ǫi) are defined as tunable parameters. This configuration results in four tunable parameters.
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Table 1: StructuredH∞ configuration for the tunable bending filter H3(s)

Fixed parameters Tunable parameters

Filter Parameter Value Parameter min max

Notch filter 1 η1 2 ǫ1 -25 dB -10 dB

Notch filter 2 η2 5 ǫ2 -10 dB -4 dB

Notch filter 3 η3 2 ǫ3 -25 dB -10 dB

Notch filter 4 η4 12 ǫ4 -20 dB -15 dB

Low-pass filter
ηLP 40

ǫLP -25/3 dB

3.3 Weighting function selection

In this subsection, the selection of the weighting functions for three different control strategies (i.e. attitude, load and

drift) is discussed.

The three designs use the same input weighting functions given in Equation 6. It is remarked that these values

are the same employed in reference.13 Note that all the input weights are constant functions and that the weights

corresponding to the wind disturbance and the sensor noise inputs (Ww and Wn) are kept fixed for all the linear design

points throughout the atmospheric flight. This choice is made to consider an unitary white noise input nw with 3

standard deviation and the same sensor noise for all the linear points.

Wc = diag
( π

180
, [1 − 2.6]

π

180
, [5 − 30], 1

)

(6)

Ww = 3

Wn = diag
(

0.02
π

180
, 0.1

π

180
, 0.01, 0.001

)

As for the output weighting functions, the three designs use the same weight configuration but with different

values for each design. This setup is described in Equation 7.

Wψ(s) = 180
π

(
hψ s+ωψ

s+ωψ/lψ

)−1

; Wz =
(

zmax

)−1
; WQα = 180

π

(

αmaxQ
)−1

;

Wψe
= 180

π

(

lψ
)−1

; Wż =
(

żmax

)−1
; Wβc

(s) = 180
π

(

luH3(s)
)−1

(7)

Briefly, the inverse of Wψ(s) is chosen as a low-pass filter to limit the complementary sensitivity function of the

attitude channel, with lψ and hψ as the low- and high-frequency asymptotes and ωψ as the filter bandwidth. ωψ is fixed

to 10 rad/s and hψ to −40 dB for each of the three control strategies and for all the linear design points. Differently, lψ
is varied as shown in Table 2 to address each specific requirement (i.e. attitude, drift and load). On the other hand, the

attitude sensitivity function is weighted by W−1
ψe

, which is defined here as a constant weighting function depending on

the aforementioned lψ.

The lateral control requirements are specified by Wz and Wż, whose inverses refer to the maximum drift zmax and

drift-rate żmax expected values. In addition, W−1
Qα

enforces a maximum angle of attack αmax. The range of values taken

by zmax, żmax and αmax are given in Table 2 for each of the control design strategies.

Finally, the weighting function Wβc(s) is expressed as a function of a constant parameter lu and the bending filter

factorisation H3(s) given in Equation 4. This formulation allows to impose the desired frequency response for the

bending filter design. For ease of simplicity, the same weight values of Wβc(s) employed in reference13 are used here

for the three different control strategies.

Table 2: Trade-off tuning for the output weighting functions

Attitude controller Drift controller Load controller

lψ (dB) 5 15 5

zmax (m) [3000-5000] [10-100] [30-200]

żmax (m/s) [15-100] [10-15] [2-3]

αmax (deg) 10 10 [1.5-3]
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Table 2 quantifies the rationale for each of the designs. For example, the main rationale behind the attitude

controller is to let the vehicle drift with respect to the reference trajectory (see high values for zmax and żmax) and to

impose a low value for lψ to limit the wind contribution in the attitude channel. Note also that, this control strategy

does not penalise the structural load performance (see the high value for αmax). A different approach is followed to

design the drift controller. In this case, the control effort is made to reduce the drift of the vehicle (by imposing low

values for zmax and żmax) at the exchange of worsening the tracking performance (by setting a higher value for the

low-frequency asymptote lψ). Similarly as for the attitude scheme, the structural load performance is not penalised

here (αmax = 10 deg). And finally, for the load strategy the proposed design formulation allows to address this scheme

in a twofold manner. The most explicit one is by setting a low maximum angle of attack (i.e. αmax = [1.5−3]deg). The

second one is based on the dependency of the structural load metric Qα on attitude tracking and drift-rate (see Equation

2). This dual dependency is tackled by enforcing low values for the low-frequency asymptote lψ and for the maximum

drift-rate żmax. In this instance, the maximum drift zmax takes higher values with respect to the drift controller case to

favour the attitude tracking performance.

It is important to remark here that the level of performance of the three atmospheric designs is limited by the

classic trade-off between stability robustness and performance. This means that the selection of the above weighting

functions was performed not only in trying to favour the specific design requirement but also considering the

aforementioned underlying limitation to guarantee satisfactory stability margins under dispersed conditions (i.e. 3 dB

low- and high-frequency gain margins and 40 ms delay margin).

3.4 Robust structured control synthesis

For each of the previous three control design strategies, 8 linear controllers are synthesised at every 10 seconds between

the flight instants t=20 s and t=90 s using the structuredH∞ technique. All these linear controllers are constrained by

the structural limitations defined in sub-section 3.2.2. The structuredH∞ optimisation is formulated with the weighting

functions described in sub-section 3.3 using Matlab’s Robust Control Toolbox hinfstruct function.7 It is important to

remark here that the control problem is set to perform multiple optimisations from a set of 5 random initialisations to

mitigate the local-minima nature of the structuredH∞ approach.

To evaluate the performance of the three different control strategies (i.e. attitude, drift and load), the frequency

responses of the attitude, drift and Qα channels from the wind disturbance input nw are shown in Figure 6 for the linear

design point obtained at t=50 s (i.e. around maximum dynamic pressure). The figure shows 500 dispersed random LFT

samples (the same samples are used for the three controllers).

By looking at Figure 6a, it is noted that the attitude controller (in green) provides better wind disturbance rejection

(i.e. lower values) for the attitude channel than the other two controllers. This feature is easily seen at low frequencies

between 0.001 and 0.1 rad/s. As expected, the drift controller (in red) is the one providing worst tracking performance

with respect to wind featuring very high amplitudes around 0.4 rad/s.

Figure 6b clearly illustrates the trade-off between tracking and lateral deviation. Note that the trend here is the

opposite with respect to Figure 6a. It is very noticeable that the drift controller (in red) is the one that exhibits lower

values, whereas the attitude controller (in green) presents very high values at low frequencies. This means that the drift

controller will provide better wind rejection performance for the drift channel, as expected. Note also that as shown in

reference,14 the steady-state value of the drift-wind channel can be controlled using the current control architecture of

the VEGA launcher.
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Figure 6: Bode plot comparison of attitude, drift and Qα channels from wind disturbance at t=50 s
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Finally, Figure 6c shows the frequency responses of the Qα-wind channel. In this case, the analysis has to be

performed considering frequency ranges since none of the controllers provide best performance across all frequencies.

By looking at very low frequencies (between 0.001 and 0.02 rad/s), it is observed that the wind-induced structural

loads are further rejected by the attitude controller (in green). However, although the wind disturbance has essentially

a low frequency nature, the launch vehicle will also encounter mid- and high-frequency wind gusts. In this regard, it

is very clear that the attitude controller will provide a very poor Qα wind disturbance rejection performance for the

aforementioned wind gusts. Following on this discussion, for frequencies higher than 0.02 rad/s, the load controller

(in blue) is the one providing overall the lowest values, as expected. In this case, the drift controller (in red) further

improves the Qα-wind performance of the load controller for a small range between 0.1 and 0.3 rad/s, but at the expense

of worsening the performance for mid-frequency
(

[0.02-0.1] rad/s) and high-frequency ([0.3-2] rad/s) wind gusts. To

conclude this analysis, it is highlighted that the load controller was not optimised for a specific wind profile, but rather

for any wind configuration since it provides good Qα-wind rejection performance for low-, mid- and high-frequency

wind gusts.

As discussed in sub-section 3.3, in addition to the specific performance design objectives, the different linear

controllers are also synthesised to obtain adequate stability margins under dispersed conditions. The stability of the

three synthesised controllers is evaluated in Figure 7, which illustrates the Nichols chart at t=50 s of the nominal

system (in darker lines) and the same 500 dispersed random LFT samples as before. This plot shows that all designs

present satisfactory rigid- and flexible-body stability margins and satisfy all the atmospheric stability requirements (as

indicated in reference14).

Attitude controller Drift controller Load controller

Figure 7: Nichols charts at t=50 s (dispersed stability analysis)

4. Nonlinear trade-off analysis

In this section, the three design control strategies presented above are evaluated using a nonlinear, high-fidelity

simulator of the VEGA launcher. This nonlinear analysis is first performed using a Monte Carlo (MC) campaign and

a single wind profile (sub-section 4.1). Then, the MC campaign is further extended using 7 different wind profiles

(sub-section 4.2) in order to demonstrate that the approach is independent on the specific wind profile used.

4.1 Monte Carlo campaign with the VV05 wind profile

The performance of the attitude, drift and load controllers synthesised in Section 3 are evaluated and compared here

using a nonlinear, high-fidelity 6 DoF simulator of the VEGA launcher atmospheric phase. The implementation in

the nonlinear simulator is carried out as described in reference.13 Briefly, a first-order pseudo-derivative filter needs to

be added to the TVC architecture to compute the attitude rate error signal ψ̇e. Then, for each control design strategy,

all the synthesised linear structuredH∞ controllers are first discretised using the Tustin’s transformation (as discussed

in sub-section 3.2.2) with the first bending mode frequency as warping frequency and finally linearly gain-scheduled

using the non-gravitational velocity as scheduling parameter. It is noted that this implementation procedure is applied

to both pitch and yaw axes.
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This nonlinear analysis is based on a MC campaign of 500 runs using the estimated wind encountered in the

VEGA VV05 mission.3 For each run, the same nominal VEGA VV05 flight trajectory is used but more than 125

different system parameters are sampled randomly. The same 500 scattered values are used for the three scheduled

global controllers (i.e. attitude, drift and load) in order to perform a fair comparison. Note that theses 500 random

samples are different than the ones used in Figure 7 for the stability analysis.

Figure 8 compares the MC attitude error performance (i.e. tracking) for the three analysed controllers. Figure 8a

shows the MC responses for both planes, pitch and yaw. Note that the nominal responses are highlighted in darker lines

(although they are difficult to appreciate in Figure 8a due to the overlap). As expected, the global attitude controller

(in green) provides lower attitude errors than the other two tested controllers throughout the atmospheric flight. This is

also noticeable in Figure 8b, which shows for each controller the Gaussian distribution of the (pitch and yaw) attitude

error 2-norms computed for each MC run. Note that the 2-norm of each MC response is the square root of the energy,

and thus, the lowest 2-norm the better. By looking at Figure 8b, it is clearly seen that the attitude controller presents

the lowest attitude error energy (i.e. lowest 2-norm mean), and also the lowest standard deviation (see that it exhibits

larger values and thus the distribution is less spread out), which gives a good insight on the robustness of the attitude

controller with respect to the tracking performance.
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Figure 8: Monte Carlo tracking performance analysis using VV05 wind

The MC drift performance is analysed in Figure 9. By looking at Figure 9a, it is observed that the drift controller

(in red) achieves the best performance throughout the atmospheric flight. This observation is also confirmed in Figure

9b, where it is shown that the drift controller exhibits less mean and standard deviation than the other two controllers.
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Figure 9: Monte Carlo drift performance analysis using VV05 wind

Figures 8 and 9 clearly highlight the existing trade-off between tracking and lateral deviations. On the one hand,

the strategy to minimise the attitude errors is to let the vehicle drift. On the other hand, the drift of the vehicle can be

further improved with the consequence of considerably worsening the attitude error performance.
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Finally, the same analysis is performed for the structural load performance in Figure 10. The atmospheric-flight

TVC system must keep the Qα responses within a given safety envelope depicted in thick dashed-red line in Figure

10a. This plot shows that the three global controllers satisfy this load requirement for all the MC runs. Nevertheless,

it is straightforward to see that the attitude controller presents higher Qα peaks along the flight than the other two.

This observation is supported by the statistical analysis shown in Figure 10b (see green distribution with higher mean).

By comparing the MC responses of the drift and load controllers, it can be inferred that the latter achieves a further

reduction of Qα peaks (see Figure 10a between Mach 1.5 and 3) and is also more robust against parametric uncertainties

and wind disturbances (i.e. in Figure 10b the load controller exhibits a smaller standard deviation).
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Figure 10: Monte Carlo load performance analysis using VV05 wind

4.2 Monte Carlo campaign with 7 different wind profiles

The nonlinear analysis presented in the previous section is further extended here using 6 more wind profiles. In this

instance, 7 MC campaigns of 500 runs (3500 runs in total) are performed for each of the analysed controllers. Each

of these MC campaigns uses the same scattering flags employed in the MC campaign of sub-section 4.1 but using a

different wind profile. The 7 wind data used for this nonlinear analysis are illustrated in Figure 11, which shows the

north and east wind components versus altitude. Note that Wind A corresponds to the VV05 wind used in the previous

sub-section. The rest have been also obtained from real measurements taken at the VEGA launch site (French Guiana).
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This MC setup allows to analyse the controllers not only against parametric dispersions but also against moderate

and strong wind gusts at different altitudes, and also covering a wide range of wind frequency spectra. The outcomes of

this MC campaign are summarised in Figure 12 for four different performance metrics: structural loads, drift, tracking

and actuation. As before, the 3500 MC responses of each controller/metric are depicted on the left column, while the

2-norm Gaussian distributions are depicted on the right column.

Figures 12a-b present the MC structural loads performance. By looking at Figure 12a, the first aspect to highlight

is the high impact of the wind disturbance on the Qα responses. This plot displays several Qα peaks at different altitudes

(or Mach) corresponding to the different wind profiles shown in Figure 11. In this demanding scenario, as expected, the

load controller (in blue) attains the best Qα performance. Indeed, the load controller not only achieves lower Qα peaks

along the flight envelope in Figure 12a but also better Qα 2-norm statistical properties (i.e. lower mean and standard

deviation) as demonstrated in Figure 12b. In addition, it is worth noticing that multiple Qα requirement violations are

detected for the drift controller (around Mach 2.5) and for the attitude controller (around Mach 3).

From the drift performance plots (Figures 12c-d), the same conclusions drawn in the previous section are

confirmed here for this more challenging analysis setup. The drift controller results in smaller lateral deviations than

the other two controllers. Another important observation is that the attitude controller (in green) significantly violates

the atmospheric VEGA TVC lateral requirements. In particular, lateral requirement violations (in both position and

velocity) are detected in almost half of the 3500 MC runs for the attitude controller. It is noted that the atmospheric

VEGA TVC lateral requirements are defined in terms of drift (z < 500 m) and drift-rate (ż < 15 m/s).

As for the attitude error performance in Figures 12e-f, it is very noticeable that the attitude controller successfully

minimises the attitude errors with respect to the other two controllers. Similarly as for the analysis in the previous

sub-section (recall Figure 8), this feature is distinctly ascertained by looking at the normal distribution in Figure 12f

(again, smaller mean and standard deviation). Nevertheless, as discussed before, it is important to remark that this

improvement in tracking performance results in critical Qα and drift violations.

Finally, the TVC actuation performance is also analysed here. Figure 12g displays for each controller the 3500

MC TVC actuator deflections in both lanes (A and B). Although less noticeable than in the other analysed performance

metrics, it can be inferred that the load control strategy overall requires less TVC deflections and thus provides a

reduction on TVC consumption. This aspect is also demonstrated in Figure 12h. This observation is coherent with the

physics of the launcher dynamics, since it is reasonable that the other two control strategies require more actuation to

follow to reduce the attitude errors and the lateral deviations.

5. Conclusions

This article has illustrated the performance trade-off capabilities that can be achieved for the VEGA launcher TVC

design using the methodological approach proposed based on the structured H∞ control synthesis algorithm. In

particular, the main atmospheric performance requirements were examined: attitude errors, drift and structural loads.

It was shown that the proposed robust scheme can be effectively used to steer the design to favour one of the

aforementioned requirements while satisfactorily addressing the classic trade-off between performance and robustness.

The results clearly illustrate, via nonlinear, high-fidelity Monte Carlo simulations, the underlying performance trade-off

between attitude error and lateral deviations and the required compromise between tracking and drift-rate to minimise

the structural loads. These results are indeed achieved by means of a suitable design interconnection reflecting the

necessary system dynamics and architectural design, and secondly, of a right formulation of the design objectives via

a proper choice of mathematical weighting functions to scale the relative importance of the objectives. Finally, it is

highlighted that using the proposed formulation these control strategies can be combined throughout the atmospheric

flight to achieve a trade-off balance for the best global performance.
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