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Research topics

• Modeling, dynamics, and control of distributed systems

? theory and applications

? methods for uncertainty propagation, analysis, and design

networks of dynamic systems fluid flows
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Timeline
• September 1998

? arrived at UCSB (along with 6 others from former Yugoslavia)

• June 2004

? graduation

• September - December 2004

? KTH, Stockholm, Sweden

• December 2004 - present

? Univ. of Minnesota, Twin Cities
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Timeline
• September 1998

? arrived at UCSB (along with 6 others from former Yugoslavia)

• June 2004

? graduation

• September - December 2004

? KTH, Stockholm, Sweden

• December 2004 - present

? Univ. of Minnesota, Twin Cities

with Yugoslav gang; Oct. 2001
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First couple of years at UCSB
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The most important decision in grad school

• Choice of the advisor

? influences the rest of your career

? better find somebody you enjoy interacting with
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The most important decision in grad school

• Choice of the advisor

? influences the rest of your career

? better find somebody you enjoy interacting with

intellectual breadth

quality of interactions

exciting research
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Bassam and shark-skin

BASSAM’S IDEA: use system’s theory to design drag-reducing surfaces
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Mentorship ;-)

Halloween 2000 (at Brad Paden’s)
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Summer 2001: Internship at Raytheon

• Japanese Advanced Meteorological Imager

? temperature across telescope influences optical performance

? passive design fails to meet requirements

? necessity for feedback control

image credit: Raytheon
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Summer 2001: Internship at Raytheon

• Japanese Advanced Meteorological Imager

? temperature across telescope influences optical performance

? passive design fails to meet requirements

? necessity for feedback control

image credit: Raytheon

• Configuration

? three heaters (actuators)

? three temperature sensors

• Contributions

? control-oriented modeling

? control design

? validation and verification



D
ra

ft

8

• Lessons learned

? non-empty bank account makes Santa Barbara way more enjoyable ;-)

? UCSB classes are actually useful ;-)
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• Lessons learned

? non-empty bank account makes Santa Barbara way more enjoyable ;-)

? UCSB classes are actually useful ;-)

? witnessed value of research
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Transition to turbulence

• Experimental onset of turbulence

? much before instability

? depends on experimental conditions
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Part 2: Fluids

DYNAMICS AND CONTROL OF SHEAR FLOWS

• The early stages of transition

? initiated by high flow sensitivity

• Controlling the onset of turbulence

? simulation-free design for reducing sensitivity


Key issue:

high flow sensitivity
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Part 2: Fluids

DYNAMICS AND CONTROL OF SHEAR FLOWS

• The early stages of transition

? initiated by high flow sensitivity

• Controlling the onset of turbulence

? simulation-free design for reducing sensitivity


Key issue:

high flow sensitivity

J. Fluid Mech. (2005), vol. 534, pp. 145–183. c© 2005 Cambridge University Press

doi:10.1017/S0022112005004295 Printed in the United Kingdom
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Componentwise energy amplification
in channel flows

By MIHAILO R. JOVANOVI Ć1 AND BASSAM BAMIEH2

1Department of Electrical and Computer Engineering, University of Minnesota,
Minneapolis, MN 55455, USA

2Department of Mechanical Engineering, University of California, Santa Barbara,
CA 93106-5070, USA

(Received 21 February 2004 and in revised form 28 November 2004)

We study the linearized Navier–Stokes (LNS) equations in channel flows from an
input–output point of view by analysing their spatio-temporal frequency responses.
Spatially distributed and temporally varying body force fields are considered as
inputs, and components of the resulting velocity fields are considered as outputs
into these equations. We show how the roles of Tollmien–Schlichting (TS) waves,
oblique waves, and streamwise vortices and streaks in subcritical transition can be
explained as input–output resonances of the spatio-temporal frequency responses. On
the one hand, we demonstrate the effectiveness of input field components, and on
the other, the energy content of velocity perturbation components. We establish that
wall-normal and spanwise forces have much stronger influence on the velocity field
than streamwise force, and that the impact of these forces is most powerful on the
streamwise velocity component. We show this using the relative scaling of the different
input–output system components with the Reynolds number. We further demonstrate
that for the streamwise constant perturbations, the spanwise force localized near the
lower wall has, by far, the strongest effect on the evolution of the velocity field.

1. Introduction
In this paper, we analyse the dynamical properties of the Navier–Stokes (NS)

equations with spatially distributed and temporally varying body force fields. These
fields are considered as inputs, and different combinations of the resulting velocity
fields are considered as outputs. This input–output analysis can in principle be done
in any geometry and for the full nonlinear NS equations. In such generality, however,
it is difficult to obtain useful results. We therefore concentrate on the geometry of
channel flows, and the input–output dynamics of the linearized Navier–Stokes (LNS)
equations.

The terminology here might be a little confusing. While we are concerned with
the dynamical behaviour of the linearized NS equations, input–output analysis of the
LNS is related, but not equivalent, to linear hydrodynamic stability analysis. In the
latter, the objective is to characterize exponentially growing (that is, unstable) normal
modes. As we will illustrate, input–output analysis reveals unstable normal modes,
as well as transient growth, disturbance amplification, and so-called pseudospectral
modes. This analysis has very close mathematical connections with the work on
transient energy growth (also known as non-normal growth) (Gustavsson 1991;
Butler & Farrell 1992; Reddy & Henningson 1993), pseudospectral analysis (Trefethen
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SENSOR-FREE FLOW CONTROL
J. Fluid Mech. (2010), vol. 663, pp. 70–99. c© Cambridge University Press 2010

doi:10.1017/S0022112010003393

Controlling the onset of turbulence
by streamwise travelling waves.
Part 1. Receptivity analysis

RASHAD MOARREF AND MIHAILO R. JOVANOVI Ć†
Department of Electrical and Computer Engineering, University of Minnesota,

Minneapolis, MN 55455, USA

(Received 29 October 2009; revised 22 June 2010; accepted 23 June 2010;

first published online 8 September 2010)

We examine the efficacy of streamwise travelling waves generated by a zero-net-
mass-flux surface blowing and suction for controlling the onset of turbulence in a
channel flow. For small-amplitude actuation, we utilize a weakly nonlinear analysis
to determine base-flow modifications and assess the resulting net power balance.
Receptivity analysis of the velocity fluctuations around this base flow is then employed
to design the travelling waves. Our simulation-free approach reveals that, relative to
the flow with no control, the downstream travelling waves with properly designed
speed and frequency can significantly reduce receptivity, which makes them well
suited for controlling the onset of turbulence. In contrast, the velocity fluctuations
around the upstream travelling waves exhibit larger receptivity to disturbances. Our
theoretical predictions, obtained by perturbation analysis (in the wave amplitude)
of the linearized Navier–Stokes equations with spatially periodic coefficients, are
verified using full-scale simulations of the nonlinear flow dynamics in the companion
paper (Lieu et al., J. Fluid Mech., 2010, doi:10.1017/S002211201000340X).

Key words: boundary-layer receptivity, flow control, transition to turbulence

1. Introduction
The problem of turbulence suppression in a channel flow using feedback control

with wall-mounted arrays of sensors and actuators has recently received significant
attention. This problem is viewed as a benchmark for turbulence suppression in
a variety of geometries, including boundary layers. Also, there has been mounting
evidence that the linearized Navier–Stokes (N–S) equations represent a good
control-oriented model for the dynamics of transition. Recent research suggests that,
in wall-bounded shear flows, one must account for modelling imperfections in the
linearized N–S equations since they are exceedingly sensitive to external excitations
and unmodelled dynamics (see, for example, Farrell & Ioannou 1993, Trefethen
et al. 1993, Jovanović & Bamieh 2005 and Schmid 2007). This has motivated several
research groups to use the linearized N–S equations for model-based design of
estimators and controllers in a channel flow (Bewley & Liu 1998; Lee et al. 2001;
Kim 2003; Högberg, Bewley & Henningson 2003a ,b; Hœpffner et al. 2005; Chevalier
et al. 2006; Kim & Bewley 2007; Vazquez & Krstic 2007a ,b; Cochran & Krstic 2009).

† Email address for correspondence: mihailo@umn.edu

J. Fluid Mech. (2010), vol. 663, pp. 100–119. c© Cambridge University Press 2010

doi:10.1017/S002211201000340X

Controlling the onset of turbulence
by streamwise travelling waves.

Part 2. Direct numerical simulation

BINH K. LIEU, RASHAD MOARREF
AND MIHAILO R. JOVANOVI Ć†

Department of Electrical and Computer Engineering, University of Minnesota,
Minneapolis, MN 55455, USA

(Received 29 October 2009; revised 22 June 2010; accepted 23 June 2010;

first published online 8 September 2010)

This study builds on and confirms the theoretical findings of Part 1 of this paper
(Moarref & Jovanović, J. Fluid Mech., 2010, doi:10.1017/S0022112010003393). We
use direct numerical simulation of the Navier–Stokes equations to assess the efficacy
of blowing and suction in the form of streamwise travelling waves for controlling
the onset of turbulence in a channel flow. We highlight the effects of the modified
base flow on the dynamics of velocity fluctuations and net power balance. Our
simulations verify the theoretical predictions of Part 1 that the upstream travelling
waves promote turbulence even when the uncontrolled flow stays laminar. On the
other hand, the downstream travelling waves with parameters selected in Part 1 are
capable of reducing the fluctuations’ kinetic energy, thereby maintaining the laminar
flow. In flows driven by a fixed pressure gradient, a positive net efficiency as large
as 25 % relative to the uncontrolled turbulent flow can be achieved with downstream
waves. Furthermore, we show that these waves can also relaminarize fully developed
turbulent flows at low Reynolds numbers. We conclude that the theory developed in
Part 1 for the linearized flow equations with uncertainty has considerable ability to
predict full-scale phenomena.

Key words: flow control, transition to turbulence, turbulence control

1. Introduction
The problem of controlling channel flows using strategies that do not require

measurement of the flow quantities and disturbances has recently received significant
attention. Examples of these sensorless approaches to flow control include wall-
geometry deformation such as riblets, transverse wall oscillations and control of
conductive fluids using the Lorentz force, to name only a few. Min et al. (2006) used
direct numerical simulation (DNS) to show that surface blowing and suction in the
form of an upstream travelling wave (UTW) leads to a sustained sub-laminar drag in
a fully developed turbulent channel flow. This motivated Marusic, Joseph & Mahesh
(2007) to derive a criterion for achieving sub-laminar drag and to compare laminar
and turbulent channel flows with and without control. Furthermore, Hœpffner &
Fukagata (2009) characterized the mechanism behind UTWs as a pumping rather

† Email address for correspondence: mihailo@umn.edu
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All good things must come to an end ...

with Bassam & Aleksandra; Commencement, June 2004
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From SB to Minneapolis via Stockholm ...

• UCSB connections

Makan Fardad Florian Dörfler Murat Arcak Bassam
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Collaboration with Makan

• Fellow “Santa Barbarian”

? Bassam’s graduate student

? PhD thesis on spatially-periodic systems

? spent two years in Minneapolis, 2006 - 2008

? faculty at Syracuse University, 2008 - present

• Joint work

? input-output norms of PDEs with periodic coefficients (at UCSB)

? structured feedback synthesis

? sparsity-promoting optimal control

joint NSF grant; 8 journal and 21 conference papers
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Collaborations with Florian and Murat

• WIDE-AREA CONTROL OF POWER NETWORKS

? remedy against inter-area oscillations

Dörfler, Jovanović, Chertkov, Bullo, ACC ’13

Dörfler, Jovanović, Chertkov, Bullo, IEEE TPWRS ’14

Wu, Dörfler, Jovanović, MTNS ’14

• OSCILLATIONS IN BIO-CHEMICAL REACTION NETWORKS

? conditions for existence of oscillations

M. JOVANOVIĆ, U OF M 2

Cyclic biochemical networks with inhibitory feedback
CELLULAR SIGNALING
Kholodenko ’00; Shvartsman et al. ’01

Cyclic Biochemical Networks with Inhibitory Feedback

Gene Regulation:  Jacob & Monod (‘61), Goodwin (‘65), Elowitz & Leibler (2000)

:  DNA          :  mRNA         :  enzyme         :  endproduct

Cellular Signaling:  Kholodenko (2000), Shvartsman et al. (2001), and others
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Metabolic Pathways:  Morales and McKay (‘67), Stephanopoulos       et al. (‘98)

GENE REGULATION
Jacob & Monod ’61; Goodwin ’65; Elowitz & Leibler ’00

Cyclic Biochemical Networks with Inhibitory Feedback

Gene Regulation:  Jacob & Monod (‘61), Goodwin (‘65), Elowitz & Leibler (2000)

:  DNA          :  mRNA         :  enzyme         :  endproduct

Cellular Signaling:  Kholodenko (2000), Shvartsman et al. (2001), and others

Kinase
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P

Phosphatase
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Phosphatase
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M1

Phosphatase

M1P
P

Metabolic Pathways:  Morales and McKay (‘67), Stephanopoulos       et al. (‘98)METABOLIC PATHWAYS
Morales & McKay ’67; Stephanopoulos et al. ’98

Jovanović, Arcak, Sontag, IEEE TAC ’08

Shafi, Arcak, Jovanović, Packard, Automatica ’13
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Collaboration with Bassam

LARGE DYNAMIC NETWORKS

• Fundamental performance limitations

? can local feedback provide robustness to external disturbances?

local feedback

+

relative measurements

 ⇒ non-robust

traffic networks

2013 George S. Axelby Outstanding Paper Award
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Parting thoughts
• What makes UCSB great?

? genuine care about interdisciplinary research

? porous inter-departmental boundaries

? outstanding people
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? genuine care about interdisciplinary research

? porous inter-departmental boundaries

? outstanding people

? location, location, location

? laid-back atmosphere
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Parting thoughts
• What makes UCSB great?

? genuine care about interdisciplinary research

? porous inter-departmental boundaries

? outstanding people

? location, location, location

? laid-back atmosphere

with control gang; Maui, Dec. 2003
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Parting thoughts
• What makes UCSB great?

? genuine care about interdisciplinary research

? porous inter-departmental boundaries

? outstanding people

? location, location, location

? laid-back atmosphere

with control gang; Maui, Dec. 2003 with PK; Alaska, May 2002
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ME’s Best Product

Hana El-Samad Maria Napoli Sophie Loire Jayati Ghosh
UCSF UCSB UCSB & AIMdyn Agilent

Vasu Salapaka Umesh Vaidya Makan Fardad Symeon Grivopoulos
UIUC Iowa State Syracuse U. New South Wales
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ME’s Best Product

Niklas Karlsson Aruna Ranaweera Greg Hagen David Betz
VP of R&D

AOL
Assoc. Director

Stryker
Manager

Pratt & Whitney
Systems Engineer

Boeing

Thomas John George Mathew
Portfolio Manager

BlackRock
Staff Scientist

UTRC
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ME’s Best Product

Domenico D’Alessandro Murti Salapaka
Professor

Iowa State University
Professor

University of Minnesota

PhD students of the late Mohammed Dahleh
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