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“Reality is frequently inaccurate.”

Douglas Adams, The Restaurant at the End of the Universe
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Adaptive and model-based control in laminar boundary-
layer flows

Nicolò Fabbiane

Linné FLOW Centre, KTH Mechanics, Royal Institute of Technology
SE-100 44 Stockholm, Sweden

Abstract

In boundary-layer flows it is possible to reduce the friction drag by breaking
the path from laminar to turbulent state. In low turbulence environments,
the laminar-to-turbulent transition is dominated by local flow instabilities –
Tollmien-Schlichting (TS) waves – that exponentially grows while being con-
vected by the flow and, eventually, lead to transition. Hence, by attenuating
these disturbances via localised forcing in the flow it is possible to delay farther
downstream the onset of turbulence and reduce the friction drag.

Reactive control techniques are widely investigated to this end. The aim of
this work is to compare model-based and adaptive control techniques and show
how the adaptivity is crucial to control TS-waves in real applications. The
control design consists in (i) choosing sensors and actuators and (ii) designing
the system responsible to process on-line the measurement signals in order to
compute an appropriate forcing by the actuators. This system, called compen-
sator, can be static or adaptive, depending on the possibility of self-adjusting its
response to unmodelled flow dynamics. A Linear Quadratic Gaussian (LQG)
regulator is chosen as representative of static controllers. Direct numerical
simulations of the flow are performed to provide a model for the compensator
design and test its performance. An adaptive Filtered-X Least-Mean-Squares
(FXLMS) compensator is also designed for the same flow case and its per-
formance is compared to the model-based compensator via simulations and
experiments. Although the LQG regulator behaves better at design conditions,
it lacks robustness to small flow variations. On the other hand, the FXLMS
compensator proved to be able to adapt its response to overcome the varied
conditions and perform an adequate control action.

It is thus found that an adaptive control technique is more suitable to delay
the laminar-to-turbulent transition in situations where an accurate model of the
flow is not available.

Descriptors: flow control, adaptive control, model-based control, optimal
control, flat-plate boundary layer, laminar-to-turbulent transition, plasma ac-
tuator.
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Adaptiv och modellbaserad styrning i laminära gränsskik-
tsflöden

Nicolò Fabbiane

Linné FLOW Centre, KTH Mekanik, Kungliga Tekniska Högskolan
SE-100 44 Stockholm, Sverige

Sammanfattning

I det tunna gränsskikt som uppst̊p̊a en yta, kan friktionen minskas genom att
förhindra omslag fr̊an ett laminärt till ett turbulent flöde. När turbulensniv̊an
är l̊ag i omgivningen, domineras till en början omslaget av lokala instabiliteter
(Tollmien-Schlichting (TS) v̊agor) som växer i en exponentiell takt samtidigt
som de propagerar nedströms. Därför, kan man förskjuta omslaget genom att
dämpa TS v̊agors tillväxt i ett gränsskikt och därmed minska friktionen.

Med detta mål i sikte, tillämpas och jämförs tv̊a reglertekniska metoder,
nämligen en adaptiv signalbaserad metod och en statiskt modellbaserad metod.
Vi visar att adaptivitet är av avgörande betydelse för att kunna dämpa TS v̊a-
gor i en verklig miljö. Den reglertekniska konstruktionen best̊ar av val av givare
och aktuatorer samt att bestämma det system som behandlar mätsignaler (on-
line) för beräkning av en lämplig signal till aktuatorer. Detta system, som
kallas för en kompensator, kan vara antigen statisk eller adaptiv, beroende p̊a
om det har möjlighet till att anpassa sig till omgivningen. En s̊a kallad linjär
regulator (LQG), som representerar den statiska kompensator, har tagits fram
med hjälp av numeriska simuleringar of strömningsfältet. Denna kompensator
jämförs med en adaptiv regulator som kallas för Filtered-X Least-Mean-Squares
(FXLMS) b̊ade experimentellt och numeriskt. Det visar sig att LQG regulatorn
har en bättre prestanda än FXLMS för de parametrar som den var framtagen
för, men brister i robusthet. FXLMS å andra sidan, anpassar sig till icke-
modellerade störningar och variationer, och kan därmed h̊alla en god och jämn
prestanda.

Man kan därmed dra slutsaten att adaptiva regulatorer är mer lämpliga
för att förhala omslaget fr̊an laminär till turbulent strömning i situationer d̊a
en exakt modell av fysiken saknas.

Descriptors: flödeskontroll, adaptiv styrning, modellbaserad styrning, op-
timal kontroll, platt-plattgränsskikt, laminärt till turbulent överg̊ang, plasma
ställdon.
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Preface

This thesis deals with adaptive and model-based control techniques aimed to
delay the TS-wave driven laminar-to-turbulent transition in boundary-layer
flows. A brief introduction on the basic concepts and methods is presented in
the first part. The second part contains three articles. The papers are adjusted
to comply with the present thesis format for consistency, but their contents
have not been altered as compared with their original counterparts.

Paper 1. N. Fabbiane, O. Semeraro, S. Bagheri & D. S. Henningson,
2014. Adaptive and Model-Based Control Theory Applied to Convectively Un-
stable Flows. Appl. Mech. Rev. 66 (6): 060801

Paper 2. N. Fabbiane, B. Simon, F. Fischer, S. Grundmann, S. Bagheri

& D. S. Henningson, 2014. On the role of adaptivity for robust laminar flow
control. To be submitted to J. Fluid Mech.

Paper 3. R. Dadfar, N. Fabbiane, S. Bagheri & D. S. Henningson,
2014. Centralised versus Decentralised Active Control of Boundary Layer In-
stabilities. Flow Turb. Comb. Published on-line.

October 2014, Stockholm

Nicolò Fabbiane
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CHAPTER 1

Introduction

The laminar boundary layer is characterised by lower friction than the turbu-
lent one. Hence,extending the laminar regime in a boundary-layer flow leads
to a friction drag reduction. This possibility is particularly attractive for the
transport industry: as most vehicles move through a fluid, a friction-drag reduc-
tion would permit a more energy-efficient design and lead to greener/cheaper
mobility.

In a low-turbulence environment, local instabilities of the boundary-layer
flow – Tollmien-Schlichting (TS) waves – have a lead role in the transition
scenario. These disturbances grow exponentially in the boundary-layer while
convected downstream by the flow (Schmid & Henningson 2001). Once a crit-
ical amplitude is reached, non-linear phenomena are triggered that lead to the
transition to turbulence (Saric et al. 2002). Hence the transition can be delayed
by attenuating the growth of TS-waves. The three major strategies to achieve
this goal are: (i) enhancing the stability of the flow via passive (Shahinfar et al.
2014) or active (Duchmann et al. 2013) manipulations of the mean-flow, (ii)
applying an aimed forcing of the flow in order to directly cancel the disturbance
(Bewley & Liu 1998; Lundell 2007; Goldin et al. 2013; Semeraro et al. 2013) or
(iii) a combination of them (Kurz et al. 2013).

1.1. The control problem

In this work the cancellation technique is pursued: sensors are placed in the flow
and used to detect the upcoming disturbances in order to design the cancellation
forcing in the flow. The choice and positioning of these devices is the zero-
step in the control design process, as it decides how the control algorithm will
interact with the system and deeply influence the design of the control itself
(Belson et al. 2013). In this work a reference sensor (y) is positioned upstream
the actuator u, in order to detect the upcoming disturbance, generated by a
disturbance source d. This information is then given to the compensator in
order to prescribe a proper forcing to the actuator u. Hence, the interaction
between the disturbance and the wave generated by the actuator lead to a
attenuation of the disturbance amplitude, detected by the error sensor z.

The compensator is the core of the control action, as it is the system respon-
sible to compute the control action based on the measurement signals. Two
antithetical compensator-design strategies emerged in literature. The first con-
sists in precomputing the compensator response based on an accurate model

3
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4 1. INTRODUCTION

d zuy

flow (plant)

compensator

Figure 1.1. Control scheme. A 2D zero-pressure-gradient
boundary layer flow is considered. The disturbance source d is
responsible to generate a train of TS-wave that is downtream
damped by the actuator u. The actuator action is based on
on-line measurements by the reference sensor y and, possibly,
the error sensor z.

of the flow: this procedure permits to use the traditional optimal control the-
ory with all its known stability and robustness results (Bagheri & Henning-
son 2011). Moreover, the affinity with the canonical stability theory enabled
these techniques to rapidly spread in the numerical community (e.g. Bewley &
Liu 1998; Barbagallo et al. 2009; Bagheri & Henningson 2011; Semeraro et al.
2013) until reaching the experimental level with Juillet et al. (2014). The sec-
ond strategy is based on an on-line identification of the compensator response
(Sturzebecher & Nitsche 2003): the measurement error sensor z is used to eval-
uate on-line the magnitude of the TS-wave after the control action and to adjust
the compensator response in order to reduce this amplitude measurement.

The aim of this work is to asses if the optimal performances guaranteed by
the model-based approach can hold against the on-line tailored response of the
adaptive techniques when it comes to real applications. In particular, we focus
on the robustness of the compensator to model inaccuracies that can typically
occur where the control problem is addressed in real flows.

This thesis is organised as follows. In §2 the equations that govern the time-
evolution of the flow – also called plant – are introduced and a design-model
for the compensator is derived. In §3 the compensator design is addressed via
model-based and adaptive control techniques. The closed-loop system – i.e the
interaction between plant and compensator – is investigated in §4: the perfor-
mances of the two investigated compensators are compared on and off their
design condition . Finally, the control of three-dimensional (3D) disturbances
is addressed in §5 via an extension of the adaptive algorithm presented in §3.
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CHAPTER 2

The plant

The plant is the system that we aim to control. In this work, we focus on
a two-dimensional (2D) zero-pressure-gradient boundary layer flow. In the
first instance, we will consider 2D disturbances only: this will allow us to
reduce the number of sensors in the flow and introduce in a simpler way the
control techniques that are discussed in this work. The three-dimensional (3D)
disturbance case will be later discussed in §5.

A model that describes the plant is needed: the Navier-Stokes equations
that govern this type of flow read

∂u

∂t
= − (u · ∇)u−∇p+

1

Re
∇2u+ λu, (2.1)

0 = ∇ · u, (2.2)

u(x, t)|∂Ω = ub(x), (2.3)

u(x, 0) = u0(x). (2.4)

The velocity and pressure at position x = (X,Y ) at time t are repre-
sented by u(x, t) and p(x, t) respectively. The Reynolds number is defined
as Re = U∞δ

∗
0/ν, where U∞ is the free-stream velocity, ν the viscosity and δ∗0

the displacement thickness in the beginning of the domain. On the boundaries
∂Ω of the computational domain Ω (see Figure 2.1), the conditions (2.3) are
imposed: no-slip condition at the wall and asymptotic velocity in the upper
boundary. A fringe technique is used to simulate inflow and outflow condi-
tion in the beginning and in the end of the domain (Nordström et al. 1999):
the flow is considered periodic along the stream-wise direction and a volume
forcing λ(x)u(x, t) in the last part of the domain enforces periodicity along the
stream-wise direction (grey region in Figure 2.1). More details on the numerical
procedure can be found in Chevalier et al. (2007), where the pseudo-spectral
DNS code used in this work is described.

2.1. A linear model of the flow

As we are interested in the dynamics of small disturbances, the following de-
composition is introduced:

u(x, t) = U(x) + ǫu′(x, t), (2.5)

p(x, t) = P (x) + ǫ p′(x, t). (2.6)

5
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Figure 2.1. Computational domain Ω.

{U(x), P (x)} is a steady solution of Navier-Stokes equation – i.e. the laminar
boundary-layer solution – and {u′(x), p′(x)} the perturbation. Applying this
decomposition into (2.1–2.4) and neglecting the terms of order ǫ2, the linear
set of equation is obtained:

∂u′

∂t
= − (U · ∇)u′ − (u′ · ∇)U−∇p′ +

1

Re
∇2u′ + λu′ + f , (2.7)

0 = ∇ · u′, (2.8)

u′|∂Ω = 0, (2.9)

u′(0) = 0. (2.10)

The term f(x, t) is used to model the forcing on the flow. Spatial and time
dependency are decoupled as follows:

f(x, t) = bd(x) d(t) + bu(x)u(t), (2.11)

where the disturbance and control signals d(t) and u(t) multiplies the respective
spatial support bd(x) and bu(x). The measures y(t) and z(t) are defined by
the integrals

y(t) =

∫

Ω

cy(x) · u
′(x, t) dΩ + n(t), (2.12)

z(t) =

∫

Ω

cz(x) · u
′(x, t) dΩ, (2.13)

where the kernels cy(x) and cz(x) define the sensors.

Let us introduce a general basis T(x) ∈ C1×N on which the perturbation
velocity u′(x, t) can be expanded as

u′(x, t) ≈ T(x)q(t), (2.14)

where q(t) ∈ C
N×1 is the vector of degrees of freedom. In this study, a Fourier-

Chebishev expansion overNX -NY terms is considered, resulting in N = NXNY

degrees of freedom. Via a Galerkin projection over T(x), it is possible to
transform the partial differential equation (PDE) (2.7) in a ordinary differential
equation (ODE) in time (Quarteroni 2009). The Linear Time-Invariant (LTI)
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2.1. A LINEAR MODEL OF THE FLOW 7

system that results reads

q̇(t) = A q(t) +Bd d(t) +Bu u(t), (2.15)

y(t) = Cy q(t) + n(t), (2.16)

z(t) = Cz q(t), (2.17)

where A ∈ CN×N is the linearised Navier-Stokes operator. The matrices
Bd,Bu ∈ C

N×1 allows the two inputs d(t) and u(t) to force the system and
the output matrices Cy,Cz ∈ C1×N filter the state q(t) in order to provide the
outputs signals y(t) and z(t). The stochastic signal n(t) represents the measure-
ment noise that affect the output and it is usually modelled by a white-noise
signal.

2.1.1. Reduced Order Model (ROM)

Some control techniques require the direct knowledge of the system matrices
A, B and C. An example is the linear quadratic Gaussian (LQG) regulator
that will be introduced in §3.1.1: this control technique requires the solution
of a Riccati equation, which computational cost is proportional N3. Because
of this, handling large system may lead to a very expensive design process and,
eventually, to the impossibility of computing the control gains. Hence, system-
reduction techniques applied to the Navier-Stokes linear operator are widely
used to obtain smaller – and more handleable – systems that can reproduce
the I/O behaviour of the flow(Rowley 2005; Ilak et al. 2010; Bagheri et al.
2009c).

In this study, the Eigensystem Realization Algorithm (ERA) is used to
provide a reduced-order model (ROM) (Juang & Pappa 1985). This algorithm
builds a realisation of an LTI system that mimics the original system defined by
{A,B,C} starting from its impulse responses from each input to each output.
The system obtained by the ERA reads

∂qr(t)

∂t
= Ar qr(t) +Br,d d(t) +Br,u u(t) (2.18)

y(t) = Cr,y qr(t) + n(t) (2.19)

z(t) = Cr,z qr(t) (2.20)

where Ar ∈ RNr×Nr is the ROM state matrix, qr(t) ∈ RNr×1 is the state
vector, Br,d,Br,u,C

T
r,y,C

T
r,z ∈ RNr×1 are the I/O matrices and Nr ≪ N . This

method is equivalent to a projection of the full system {A,B,C} on the set
of its Nr most energetic Balanced Proper-Orthogonal-Decomposition (BPOD)
modes (Moore 1981; Bagheri et al. 2009b).

The model-reduction procedure implies an information loss, that eventually
leads to an error: this algorithm allows to have a direct estimation of this error
as a function of the ROM size (Moore 1981). This estimation can be used to
chose the ROM size in order to bound the error to a given tolerance.
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8 2. THE PLANT

2.1.2. Finite Impulse Response (FIR) representation

In other control techniques the knowledge of the system is relaxed to its In-
put/Output (I/O) relations only. Consider the forced response of a LTI system
to a generic in put signal u(t) can be written as

z(t) = Cze
At q0 +

∫ t

0

Cze
AτBu u(t− τ)dτ. (2.21)

If the system is stable, for t large enough the first term goes to zero and the
system response is dependent only from the forcing u(t):

z(t) =

∫ t

0

Cze
AtBu u(t− τ)dτ =

∫ t

0

Pzu(τ)u(t− τ)dτ (2.22)

where Pzu is the convolution kernel. The kernel is able to describe completely
the Input/Output relation between the input u(t) and the output z(t) but
loosing all the information about the state q(t).

The time-discrete counterpart of (2.22) is of particular interest when it
comes to control techniques. The time-discrete output signal z(n) = z(n∆t)
is computed as a linear combination of the time-discrete history of the input
signal u(n) = u(n∆t):

z(n) =

n
∑

j=0

Pzu(i)u(n− i). (2.23)

Since the system is stable, the convolution kernel goes to zero as the shifting
index i grows: this permits us to truncate the sum at an appropriate time
Nzu∆t. Hence, the signal z(n) can be obtained by the finite sum

z(n) ≈
Nzu
∑

j=0

Pzu(i)u(n− i). (2.24)

The expression (2.24) is called Finite Impulse Response (FIR) filter.

Being so, the Input/Output relation u → z can be described by a finite
number of coefficients Pzu(i). These coefficients can be both computed form a
linear model of the flow as the one provided by (2.15–2.17) or identified from
experiments by dedicated algorithms, e.g. Least Mean Square (LMS). For more
information, we refer to Paper 1.
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CHAPTER 3

The compensator

The compensator is the system that interacts with the plant via its control
inputs and outputs in order to pilot it at the desired state. In this brief review,
we will focus on linear compensators, i.e. compensators that are ascribable
to a linear dynamical system (Figure 3.1). If the system that describe the
compensator is time-invariant, the compensator is called static: the control
law is pre-computed, usually based on a model of the system and then the
compensator is connected to the plant. If the response of the compensator,
instead, can be modified on-line, the compensator is called adaptive

In the following sections, we will introduce two types of compensator, ex-
amples of these two families. For a more detailed review we refer to Paper 1.

3.1. Model-based control

This family groups all those static compensators that are based on a model
of the plant that can be either numerical (Bewley & Liu 1998; Bagheri &
Henningson 2011; Semeraro et al. 2013, e.g.) or experimentally identified Juillet
et al. (2014). The model is then used to compute the response of the actuator:
typical examples are Model Predictive Control (MPC) and the linear Quadratic
Gaussian (LQG) regulator, discussed herein.

3.1.1. Linear Quadratic Gaussian (LQG) regulator

The LQG regulator design is bases on a complete model of the plant: it results
in a LTI system that mimics the plant in order to compute a proper control
signal u(t), given the measurement signal y(t) as an input. The compensator
reads

∂ q̂r(t)

∂t
= (Ar + LCr,y) q̂r(t) +Br,u u(t)− Ly(t) (3.1)

u(t) = Kq̂r(t) (3.2)

where q̂r(t) ∈ R
Nr×1 is the compensator state vector. The subscript r refers

to the Reduced Order Model (ROM) of the flow discussed in §2.1.1. The
compensator is composed by two parts: the observer (84) and the controller
(3.2). The former filters the measurement signal y(t) by the estimation gain
matrix L ∈ RNr×1 and reconstructs an estimation q̂r(t) of the state of the

9
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10 3. THE COMPENSATOR

d y u z

LQG

flow

(a) Static

d y u z

FXLMS

flow

(b) Adaptive

Figure 3.1. Compensator schemes for static (LQG) and
adaptive (FXLMS) strategies. An adaptive scheme may also
use the error signal z(t) to adapt to the current flow condi-
tions. The grey lines indicate the I/O relations required to be
modelled by each strategy.

controlled system qr(t). The latter computes the control signal filtering the
estimated state q̂r(t) and the control gain matrix K ∈ R1×Nr .

3.1.1.1. Observer: Kalman filter

The observer is designed to minimise the the covariance of the difference be-
tween the plant state qr and the estimated state q̂ when the system is excited
by an unknown white-noise signal d(t). To do this, the observer uses the mea-
surement y(t) affected by an error n(t), also modelled as white noise, and the
control signal u(t). The minimization procedure leads to

L = −YCH
r,yR

−1
n (3.3)

where Y ∈ RNr×Nr is the solution to the Riccati equation:

ArY +YAH
r −YCH

r,yR
−1
n Cr,y Y +Br,dRdB

H
r,d = 0 (3.4)

The parameters Rd and Rn are the expected variances of the disturbance signal
d(t) and measurement noise signal n(t).

3.1.1.2. Controller: Linear Quadratic Regulator (LQR)

LQR design relies on the knowledge of the state qr, or its estimation q̂r . The
procedure is based on the minimization of a quadratic cost-function based on
the error-sensor measurements z(t) and on the control signal u(t)

N =

∫ ∞

0

z(t)wz z(t) + u(t)wu u(t) dt. (3.5)

The ratio between the control-strength parameter wu and the performance
parameterwz allows to design a controller capable to attenuate the disturbances
in the system, while limiting the control effort. The minimisation procedure
leads to the control law in (3.2) where the control-gains matrix reads

K = −w−1
u BH

r,u X. (3.6)
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The matrix X ∈ R
Nr×Nr is the solution of the Riccati equation

AH
r X+XAr −XBr,uw

−1
u BH

r,u X+CH
r,zwzCr,z = 0 (3.7)

Note that the controller design is completely independent from the observer
design and vice-versa. This is commonly known as separation principle (Glad
& Ljung 2000).

3.2. Adaptive control

In an adaptive control method the compensator adjusts on-line its response in
order to optimise its performances: usually this is achieved by monitoring its
own performances and, based on those, compute the magnitude of the adjust-
ments. A typical example of this kind of compensator is the Filtered-X Least-
Mean-Square (FXLMS) algorithm, investigated by Sturzebecher & Nitsche
(2003) and Kurz et al. (2013) to attenuate 2D disturbances in a boundary-
layer flow.

3.2.1. Filtered-X Least-Mean-Square (FXLMS) algorithm

The FXLMS algorithm, like the LQG regulator, relies on a minimisation pro-
cedure that is however performed on-line. This allows the algorithm to use the
actual measurements from the flow, giving this method the adaptive qualities
that characterise it.

The compensator is again a linear system. As seen in §2.1.2 for the plant,
a linear system can be represented both in state-space form (like the LQG
regulator in the previous section) or by a Finite Impulse Response (FIR) filter.
This control technique uses the letter representation: hence, the control signal
is given by

u(n) =

NK
∑

i=1

K(i) y(n− i) (3.8)

where u(n) = u(n∆t) and y(n) = y(n∆t) are the time-discrete representations
of the time-continuous signals u(t) and y(t) and ∆t is the sampling time step.
The NK coefficients K(i) are the kernel of the filter and they are related to the
impulse response of the compensator. Those coefficients are updated at each
time step in order to satisfy the minimisation problem

min
K(i)

z2(n) (3.9)

via a steepest-descend algorithm is used. The updating law that results is

K(i|n+ 1) = K(i|n) + µ z(n)

Nzu
∑

j=1

Pzu(j) y(n− i− j). (3.10)

Note that the knowledge of the plant is limited to the time-discrete kernel
Pzu(i) that describes the I/O relation u→ z.
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CHAPTER 4

The closed-loop system

In the previous two chapters the plant and the compensator are introduced
separately. In this chapter the interaction between them is investigated: the
compensator is paired to the plant and its performance evaluated via DNS
simulations.

The simulated environment replicates the experimental conditions in Paper
2. The sensors y and z are modelled as surface mounted hot-wires – i.e. mea-
surements of the local friction fluctuations – and the actuator u is modelled as a
plasma actuator, using the experimental results by Kriegseis et al. (2013). The
computational domain Ω extends 700δ∗0 in the stream-wise direction and 30δ∗0
in the wall-normal direction. The fringe region extends for 150δ∗0 in the last
part of the domain. Fourier expansion over NX = 768 modes is used to approx-
imate the solution along the stream-wise direction, while Chebyshev expansion
is used in the wall-normal direction on NY = 101 Gauss-Lobatto collocation
points. The Reynods number Re at the inlet is set to 656. A second Reynods
number based on the X coordinate is also defined as

ReX =
U∞ (X −XLE)

ν
, (4.1)

where XLE is the leading-edge position.

The instantaneous stream-wise component of the velocity fluctuation is
reported in Figure 4.1. The disturbance source is excited by a white-noise signal
d(t) with variance Rd = 1/9, generating a train of random TS-wave is the flow
that is damped by the actuator u governed by the compensator. A white noise
signals with variance Rn = 1/9 · 10−2 is added to the measurement signals
y(t) and z(t) in order to model the experimental measurement noise. The color
maps show the controlled case when LQG (upper plot) and FXLMS (lower plot)
are used while the contours report the uncontrolled simulations data. Both the
compensator are able to reduce the amplitude of the disturbances in the flow:
however, the model-based control shows better performance than the adaptive
controller.

In order to better quantify the performance gap between the two control
strategies, a time-averaged measurement of the TS-wave amplitude based on
the perturbation energy at each stream-wise location is introduced

A2
e(X) =

1

LY T

∫ LY

0

∫ T

0

|u′(x, t)|
2
dt dY (4.2)

12
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Figure 4.1. Color maps report the instantaneous stream-wise
component of the velocity when LQG (upper) and FXLMS
(lower) compensators are employed. The contours report the
corresponding uncontrolled case.

Figure 4.2. TS amplitude Ae(X). The lines report the per-
formances of the two compensators at the design condition.
The shaded regions indicate the performance variation when
the asymtotic velocity is changed in a ±10% range with respect
to the design condition.



✐

✐

“lic” — 2014/9/29 — 12:01 — page 14 — #24
✐

✐

✐

✐

✐

✐

14 4. THE CLOSED-LOOP SYSTEM

The solid lines in Figure 4.2 show Ae at the design condition for an averag-

ing time T = 7000
δ∗0
U∞

. The performance difference between the two control
strategies is clear: the model-based compensator cancels almost completely the
disturbance downstream the actuator. The adaptive algorithm, instead, is able
only to attenuate the upcoming TS-wave that starts growing again downstream
the error sensor.

4.1. The importance of being adaptive

The pure performance at the design condition is not the only parameter that
should be taken into account when evaluating a control technique: the reliabil-
ity of the controller is also crucial. Unfortunately, the outstanding performance
of the LQG compensator degrades as the flow departs from the design condi-
tion. This event is typical of real flow experiments where a perfect match
between model and reality can be easily a difficult issue, as shown in Paper 2.

In fact, the perfect match between real flow and design model is conditional
to the guaranteed optimal performance of the LQG regulator (Doyle 1978).
The shaded areas in Figure 4.2 represent the performance variation of the two
algorithms when the free stream velocity is varied in a 10% range respect to the
design condition: LQG performance drastically decreases until being overtaken
by the FXLMS compensator. The adaptive algorithm, in fact, is able to adjust
its response to overcome the modelling errors and ensure an effective wave
cancellation (Paper 1,2). This result suggests that an adaptive controller is to
be preferred in those application where an accurate model of the flow is not
available.
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CHAPTER 5

The third dimension

In the previous chapters the hypothesis of a purely 2D flow has been made to
facilitate the study. This permitted to easily highlight advantages and draw-
backs of the investigated control techniques. However, in real environments
this hypothesis is far from reasonable. Hence, it is necessary to address the
control problem allowing a disturbance to develop in three dimensions.

The numerical and experimental work by Li & Gaster (2006) falls into
this framework: the control of three-dimensional (3D) disturbances via the
superposition of counter-phase waves is addressed by using a simple algebraic
model of the flow. Also the LQG approach has been tested in 3D disturbance
environment: we recall the pioneering work by Semeraro et al. (2013), where the
control of single wave-packets is addressed by localised sensors and actuators.
All the sensors and actuators were connected by each other by the compensator:
this would lead to a prohibitive increasing of the compensator complexity if a
large spanwise portion of the flow is meant to be controlled. In the more recent
work in Paper 3, the possibility to limit the number of interconnections between
sensor and actuators is investigated by dividing them in equal sets along the
span-wise direction, each commanded by one compensator. This structure,
called control units, is thus replicated along the span-wise direction in order to
fill the entire domain.

The study presented in this chapter is a further development of this idea.
However, the modularity of the control action is not based on an a-priori divi-
sion in control units but rather on considerations about the control kernel. A
similar set-up to Paper 3 is considered: a distributed 3D disturbance field is
generated using a span-wise row of independent random forcings d (Figure 1),
generating a complex 3D random pattern of disturbances. The control action
is performed by a row of localised, equispaced actuators forcing the flow in the
proximity of the wall. Similarly to the 2D case, their action ul(t) is computed
based on the measurements ym(t) by a row of sensors upstream the actuators:
for this set-up, the number of sensors is equal to the number of actuators and
they are positioned aligned with the flow direction (Figure 5.2).

5.1. A “three-dimensional” compensator

A linear control law is assumed

ul(n) =
∑

m

∑

i

Kml(i) ym(n− i) ∀l (5.1)

15
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16 5. THE THIRD DIMENSION

X

Y

Z y
u

z

d
U∞

Figure 5.1. 3D control set-up. Random 3D disturbances are
generated by a row of localised independent forcings d. The
measurements from the sensors y and z are used to compute
the actuation signal for the actuators u in order to reduce the
amplitude of the detected disturbances.

where Kml(i) ∈ RM×M is the convolution kernel of the compensator. As a
consequence, the number of transfer functions between the M sensors ym and
the M actuators ul is M2. This imposes a computational constraint when
M is large, which is the case when covering a large spanwise width with the
controller. However, since the flow is spanwise homogeneous, the same transfer
function Km from all the sensors ym+l to one arbitrary actuator ul is replicated
for each actuator um, as shown in Figure 5.2. This assumption reduces the
number of transfer functions to be designed from M2 to M . Hence, the Finite
Impulse Response (FIR) filter representation of the control law reads

ul(n) =
∑

m

∑

i

Km(i) ym+l(n− i) ∀l (5.2)

where one kernel dimension is suppressed and, as a consequence, Km(i) ∈
RM×1.

5.1.1. Multi-Input Multi-Output (MIMO) FXLMS

A Multi-Input Multi-Output (MIMO) version of the FXLMS algorithm intro-
duced in §3.2.1 is used to dynamically design the compensator. The algorithm
minimise the sum of the squared measurement signals zl(n):

min
Km

(

∑

l

z2l (n)

)

. (5.3)

Hence the kernel is updated via a steepest descend algorithm at each time step:

Km(i|n+ 1) = Km(i|n)− µλm(i|n). (5.4)
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ul

ym+l

Km
flow

X

Z

Figure 5.2. Compensator structure. The action of each actu-
ator ul is computed by filtering the signals from all the sensor
ym + l via a linear filter Km.

where the descend direction λm(j|n) is given by

λm(i|n) =
∂
(
∑

l z
2
l (n)

)

∂Km(i)
= 2

∑

l

zl(n)
∂zl(n)

∂Km(i)
. (5.5)

In order to compute the derivative in the previous equation, it is necessary to
explicit z(n) dependencies:

zl(n) =
∑

r

∑

j

Pzd,r(j) dr+l(n− j) +
∑

r

∑

j

Pzu,r(j) ur+l(n− j) =

= [· · · ] +
∑

r

∑

j

Pzu,r(j)
∑

m

∑

i

Km(i) ym+r+l(n− j − i) =

= [· · · ] +
∑

m

∑

i

Km(i)
∑

r

∑

j

Pzu,r(j) yr+m+l(n− j − i) =

= [· · · ] +
∑

m

∑

i

Km(i) fm+l(n− i), (5.6)

where the same span-wise homogeneity assumption has been made for the plant
kernels Pzd,r(j) and Pzu,r(j) that represent the transfer functions dr → zl and
ur → zl respectively. Hence the descend direction reads

λm(i|n) = 2
∑

l

zl(n)
∂zl(n)

∂Km(i)
= 2

∑

l

zl(n)fm+l(n− i). (5.7)

This expression – but the sum – is similar to the expression of λ(i|n) in the 2D
case in (3.10).

5.2. Preliminary results

In order to analyse the control algorithm, LES simulations are performed. The
flow is expanded over 1536 × 384 Fourier modes in the XZ plane and 101
Chebyshev’s polynomials in the wall-normal direction. The computational do-
main Ω extends for [0, 2000δ∗0)× [0, 30δ∗0 ]× [−125δ∗0, 125δ

∗
0) in the X , Y and Z

direction. The simulation Reynolds number is Re = U∞δ0
ν = 1000.
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Figure 5.3. Convolution kernel Km(i) computed by FXLMS
algorithm. The thicken line indicates the kernelK0(i) connect-
ing the actuator ul and the sensor yl at the same stream-wise
location.

Sensor and actuator shapes are modelled according to Semeraro et al.
(2013): 25 equispaced objects are considered for each row of sen-
sors/actuators/disturbances, resulting in a span-wise separation ∆Z = 10. The
disturbance inputs are fed by 25 independent white noise signals dm(t) with
variance 1/3 · 10−3 each.

The control kernel Km(i) computed by the FXLMS algorithm is shown in
Figure 5.3. Each line indicates the transfer function Km(i) between a generic
actuator ul and the sensor ym+l that is positioned at m∆Z with respect to
the actuator itself (Figure 5.2). The thick line in Figure 5.3 shows the transfer
function K0(i), i.e. the connection between the sensor and the actuator posi-
tioned at the same Z location. The time-delay that characterise this type of
flows can be detected also in the compensator response: if we consider K0(i) –
i.e. the connection between the sensor and the actuator positioned at the same
Z location – the maximum of the transfer function occurs at j∆t ≈ 250, which
corresponds to the time that takes a TS-wavepacket to travel from sensor to
actuator location (Schmid & Henningson 2001). Moreover, As the index m in-
creases the magnitude of the transfer functions decays and it becomes zero for
m = ±5: this means that the action of one actuator depends only on a limited
number of sensors, in this case the ones between Z = −50δ∗0 and Z = 50δ∗0
with respect to the actuator position. This will permit to reduce the number
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Figure 5.4. Transition delay. In (a) and (b) the skin fric-
tion fluctuations respect to the laminar solution are shown
at t = 4000 δ0

U . (c) reports the span-wise averaged fric-
tion along the stream-wise direction. The top axis reports

ReX = U∞ (X−XLE)
ν , where XLE is the leading-edge position.
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20 5. THE THIRD DIMENSION

of transfer functions that have to be calculated and, as a consequence, reduce
the compensator computational cost.

The transition delay performed by the compensator is shown in Figure 5.4.
The friction-traces of the TS-waves are visible in Figure 5.4(a-b), where the
instantaneous skin-friction fluctuations with respect to the laminar solution
are reported. The disturbances grow exponentially while travelling downstream
and lead to transition in the uncontrolled case. In Figure 5.4(b) it can be seen
that the compensator is able to attenuate the TS-waves and move the transition
point out of the computational domain. In the controlled case the disturbances
reach a minimum amplitude where the error sensors zl are positioned and again
without triggering the transition within the computational box. This can be
seen also in Figure 5.4(c) where the span-wise average of the stream-wise stress
is shown: the area between the controlled and uncontrolled friction curves gives
directly the drag-save per unit of span-wise length that is obtained by applying
the control.
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CHAPTER 6

Summary of the papers

Paper 1

Adaptive and Model-Based Control Theory Applied to Convectively Unstable
Flows

A review of the control methodologies aimed to delay the laminar-to-turbulent
transition in convectively unstable flows is presented. A simple one-dimensional
system – the Kuramoto-Sivashinsky (KS) equation – able to replicate the sta-
bility of this type of flows is introduced to illustrate the different techniques
via applied-control examples.

The compensator design is investigated as a coupling of a controller and an
estimator. The former is responsible to to compute the control signal assuming
a complete knowledge of the system state. Optimal control techniques are
reviewed: Linear Quadratic Regulator (LQR) and Model Predictive Control
(MPC) are examined, in particular when saturation constrains are applied to
the actuator. The estimator, instead, provides to the controller an estimation of
the system state based on limited measurements in the flow. The conventional
Kalman filter is introduced as system identification techniques borrowed from
signal-processing theory.

In the end, the complete compensator is analysed. The difference between
static (LQG) and adaptive (FXLMS) compensators is investigated, highlighting
a strong sensitivity of the static controller to inaccuracies of the model used in
the design process.

Scripts to generate all the presented data and figures are available in MAT-
LAB format at http://www.mech.kth.se/~nicolo/ks/.

Paper 2

On the role of adaptivity for robust laminar flow control

The control problem is addressed in an experimental set-up in order to inves-
tigate the necessity of adaptivity in real flow applications. A FXLMS adaptive
compensator is compared with a model-based LQG regulator in attenuating
2D TS-wave in a zero-pressure-gradient boundary layer flow.

21



✐

✐

“lic” — 2014/9/29 — 12:01 — page 22 — #32
✐

✐

✐

✐

✐

✐

22 6. SUMMARY OF THE PAPERS

The experiments are conducted in the open-circuit wind tunnel at TU
Darmstadt, Germany. A 2D disturbance is generated TS-wave by a distur-
bance source and downstream detected by a surface-mounted hot-wire sensor.
Based on these measurements, the compensator prescribe a suitable forcing to
a dielectric-barrier-discharge (DBD) plasma actuator to cancel the upcoming
wave. A second hot-wire sensor is placed farther downstream to monitor the
compensator performance. DNS simulations of the experimental set-up are
designed and, based on these, the LQG regulator is designed.

The model-based regulator is found to be less effective than the FXLMS
compensator because of unavoidable modelling inaccuracies. Moreover, the
performance of the LQG regulator degrades as the flow response depart from
the design model. In particular, free-stream velocity variation are investigated:
the static compensator shows not to be able to prescribe the correct phase
information to the actuator. Otherwise, the adaptive compensator is able to
autonomously adjust to the modified flow conditions and effectively perform
the control action for a broader interval of velocity variations.

Paper 3

Centralised versus Decentralised Active Control of Boundary Layer Instabilities

The control of 3D disturbances in a zero-pressure-gradient boundary-layer flow
is addressed via model-based optimal control. In particular, this work focuses
on the possibility to divide and replicate the control law along the homogeneous
span-wise direction in order to reduce the complexity of the controller.

DNS simulations are performed to investigate the control performance.
Evenly localised objects are distributed in the spanwise direction in the wall
region (18 disturbances sources, 18 actuators, 18 estimation sensors and 18
objective sensors) and span-wise subsets of these objects are identified by signal-
energy based techniques. LQG compensators are designed on these subset
and replicated along the span-wise direction to fill the computational domain.
Hence, the performance loss due to the missing connections are evaluated in
order to identify a “minimal” control unit, i.e. a minimal subset of sensors and
actuators able to perform an effective control action.
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CHAPTER 7

Conclusions and outlook

Adaptive vs. model-based control

The model-based approach reveals very sensitive to model inaccuracies: even if
the LQG regulator is capable of optimal performance at the design condition,
its performance quickly degrades as the actual plant departs from the design
model. On the other hand, the adaptive FXLMS compensator shows to be
able to maintain its performances even if unexpected changes occur in the
flow conditions. In particular, it is found that in the tested conditions the
FXLMS compensator is capable of a larger disturbance attenuation than the
LQG regulator when the free-stream velocity varies by ±10% with respect to
the design condition.

We can claim that the model-based approach is not suitable for those ap-
plications where an accurate model of the plant is not available. This is sup-
ported also by the experimental results reported in Paper 2: it is shown that in
a practical test a model-based control is unlikely able to perform better than
an adaptive controller, because of modelling errors that may easily occur in the
design process.

Control of three-dimensional disturbances

The control of 3D disturbances is addressed via a MIMO extension of the
FXLMS presented for the 2D case: the preliminary results show a real capabil-
ity of the algorithm to effectively delay transition in a simulated environment.

Moreover, it is found that a reference sensor commands only a limited
number of actuators. This phenomenon – that is physically ascribable to the
limited span-wise spreading of the detected wave-packet – may lead to a re-
duction of the computational cost of the algorithm and will be the subject of
further investigations.

These results take us a step forward towards the final aim of this project,
i.e. performing the control of 3D disturbances in a wing boundary-layer in real-
flight experiments. However, the hypothesis of an equal number of sensors and
actuators is unlike in real applications, if plasma actuators are considered. This
is due to the experimental unfeasibility of driving a large number of independent
plasma actuators (Simon 2014). That being said so, the next step that has to be
taken is to investigate the control problem when an uneven number of sensors
and actuators is considered.
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