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Technical University of Munich (TUM)

Students and staff

C. Hackl

Students & Programs

Students 35.979
men 24.078
women 11.901
International

students 7.203
1. China 1.057
2. Austria 585
3. Italy 421
4. India 415
5. Turkey 405
Programs 154
among these

Bachelor 42
Master 95
English-language

master and PhD 23
Programs at TUM

Asia in Singapore 5
Newly enrolled

students 11.673
Graduates 7.113
Data as of Dec. 1, 2013
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TUM Members

Professors
(including university
hospital)

Proportion of women

New appointments
2013

Other teaching staff
(including university
hospital)

Proportion of women
Non-teaching staff
(not-including
university hospital)

Proportion of women

501

33 %

3.232

58 %
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Technical University of Munich (TUM)

Main campuses

Departments Locations & Networks
154 programs - 13 departments - 3 locations mm TUM science network
Freisi
by 7 « Max Planck Institutes:
. Garching
Munich
unict Freising 13 Vet
* Architecture * TUM School of (00} Munich
*Civl,Geo and Environ-  _ite Sciences + Helmholtz Zentrum
mental Engineering felhenstephal 1 Miinchen

* iwb Anwenderzentrum

TI.ITI Augsburg
13

 Fraunhofer Institutes:

« Electrical, Electronic and
Computer Engineering

« TUM School of Medicine = jsarching Holzkirchen
* Sport and Health . Freising
Sciences 22
* TUM School of 13 L1l TUM locations
Education OV
* TUM School of [99] * Garching
Management Tlm * Freising
Munich * Iffeldorf
Garching (94 o Obermach
[ onemen et
* Informatics . .
* Singapore: TUM Asia
* Mathematics an * Beijing
* Mechanical [99] o anssels
Engineering : :\:Aal::bai
u
 Physics * Séo Paulo
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Technical University of Munich (TUM)

Organigram

C. Hackl

Corporate
Office of the President Board of Management University Boards AN m’l-::::::-:lrmy

Integrative Research Centers
* Institute for Advanced Study (IAS)
* hunich Schoal of Engineering (MSE}
= Murich Center for Technology in Society (MCTS)

Functional Units

Central Service
Institutions

Delegate Officers

and Representatives | TUM Graduate School

Associated |
Organizations
TUM Corporate Research
University Centers
Hospitals
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Munich School of Engineering (MSE)

Integrative research center (Organigram)

Munich School of Engineering

Lehre Forschung — TUM.Energy

Masterstudiengang
Industrielle Biotechnologie

Masterstudiengang
Human Factors Engineering

Regenerative Energien
Wissenschaftszentrum
Elektromobilitat
Zentrum fiir
nachhaltiges Bauen

MSE Graduste Center

Bachelorstudiengang
Ingenieurwissenschaften

Center for Power Generation

TUM Applied Technology Forum
MSE Junior Ressarch Groups

Projekt TUM.Energy Valley Bavaria
Orientierungsprogramm
studium MINT Projekt EEBatt
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Munich School of Engineering (MSE)

Recent research foci

C Center for Power Generation N Network for Renewable Energy
- flexible power plant technologies - carbon neutral energy generation

synthetic energy carriers - novel energy materials

technologies for energy storage - conversion of raw materials to energy sources

energy studies and concepts - - local energy storage
solarthermal power plants . ’

interdisciplinary development of electric vehicles
investigation of mobility behavior
development of new mobility concept

sustainable urban development
sustainable buildings

energy optimized building envelopes
energy efficient building technology

('/—\ E N P B Conter for
m— e Sustainable Building

Science Center for Electromobilitv
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nm
Group “Control of renewable energy systems (CRES)”

Team

it ) =l
H Eldeeb, M. Sc. C. Dirscherl, M.Sc. C. Hackl, Dr.-Ing. J. Kullick, M.Sc. K. Schechner, M.Sc. Z. Zhang, M.Sc.
(CRES,09/2015) (CRES,01/2014) (CRES,01/2014) (CRES,10/2015) (CRES,01/2014) (CRES/EAL,07/2015)
External PhD candidates ... and collaborations with EAL (Prof. Kennel)
S. Kriiner, M.Sc. A. Birda, M.Sc. F. Bauer, M.Sc. M Abdelrahem A Ayad,
(SINNPower,11/2015)  (BMW,04/2016) (EAL) M.Sc. (EAL) M.Sc. (EAL)
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mm

Group “Control of renewable energy systems (CRES)”

Research projects

(Classical wind turbine systems‘ (Airborne wind energy systems‘ (" Small-scale wind turbines

Focus: Efficiency and reliability Focus: Fault-tolerant control Focus: Use of RSMs (< 50 kW)

(Wave converters (SINN Power)‘ (" Geothermal power systems ) [ Electric vehicles (BMW)

Focus: Efficiency and reliability Focus: Fault-tolerant control Focus: Optimal control
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mm

Group “Control of renewable energy systems (CRES)”

Point of view and publications: Electrical components

Turbing Generator current control

e parameter-free [7]

ack-to-back converter

of e.g. large-scale wind turbine systems

Grid

Grid current control

e model-based [1, 8, 13] DC-link control [1, 1

« RL filter [1, 16, 17]
o LCL filter [20, 21]

6-19]

o MTPA, MTPV [14, 15] 7

Grid faults
[20, 21]

oF—

VSl DCAnk VSl
AC /|| ‘_]_ I~ |DC
ool | T || /ac . L_
Speed control Grid synchronization
o encoderless [6, 9] \ o PLL[1]
e parameter-free [10, ‘111] isbc i \{gnbc Uge sg e geberlos [22]
| k Machine topologies |y Online parameter Power control [1, 22]
¢ PMSG [1, 3, 4] estimation DFIG [5]
¢ DFIG [2, 5, 6] Converter topologies
¢ RSM [7 8] o Two-level converters [1]
Brot Win, ref ugc,| ® Three-level NPC <I:o‘nverters [22] Qpec

[Dynam|c powerflow [1, 2

/ Operatlon manage

A
[Modeling & control WTS (chapter) [1])

Further contributions
e Dynamic friction modeling (chapter) [23]
o Non-identifier based adaptive control
in mechatronics (monograph) [24]
o Airborne wind energy (chapters) [19, 25, 26]
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mm

Group “Control of renewable energy systems (CRES)”

Laboratory setup

Reluctance and Permanent-magnet SMs

.

Real-time system and VSls
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Outline

Nonlinear DC-link control in airborne wind energy systems
m Problem formulation
= Airborne wind energy systems during pumping mode
= Overview of grid-side control system
m Classical DC-link Pl controller
= Grid-side control structure in voltage orientation
= “Structurally varying” (linearized) system
= Root locus and local stability analysis
m Nonlinear DC-link PI controller
= Grid-side control structure in voltage orientation
= Simulation results
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Problem formulation

Airborne wind energy systems during pumping mode —> Bidirectional power flow

reel out phase

. =
wind vcctm‘“\' kite

reel in

energy dissipation phase

e machine: p,, >0
e net/grid: p,.. <0

energy “production”
e machine: p,, <0
e net/grid: pye. > 0

tether

- ground winch with electric drive
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Problem formulation

Overview of grid-side control system

Turbine Gear Generator Back-to-back converter Filter PCC Trafo Grid
Pm) Ps DPs p pc
# # Pdc #
VS| DC-iink 'S
@ AC /T | L [ |pC :ﬁ
© ool | T | | “acla] 11
Wi i;lbc sz‘bc Uge sgbc i?bc ugbc
| Control ‘
W, ref Udc,ref Ppce dpce
| Operation management ‘
Vw Ppcc,ref 9pce,ref
13/24
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Classical DC-link PI controller

Grid-side control structure in voltage orientation with constant Pl controller

DC-link current Park Clarke _
Pl-controller controllers (Pl) - transformation  transformation PWM Vsl fiter ~ PCC: grid
i E
de,ref foref ot ot @4 Tk rot| @B ?,k}(;f Sgbc T | o H
_ - ap abc ARA -
vd Py
L? ref com- d’g “gbc Cgk
’ pen- “g | PLL Ps DC-link
sation — - = ¥
a (capacitance)
[ S NS S —
if dg 7,? af i‘flbc
ap abe
Ude
implementation in (d, ¢)-CoSy (voltage oriented control) approximation
. P 1 Tapp
Pl controller with constant gains: o ik
,re : f
e(t) = udc,ref(t) %dc (t)
.d vV,
it ret(t) = Vie(t) + N Se(r)dr, V,,T,>0
0
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Classical DC-link PI controller

“Structurally varying” (linearized) system [1]

current linearized
closed-loop system Flg
1 Tapp
~d ~d ~
SUECN [ U, viaesty) | Ydg
S
Ugc(s Ve
(Casel) pr=0 = i =0 = Ty =0 — Ndc()_ s

i?,rcf(s) (1 + STapp)
* * Uge 1 T,
(Case2) pr>0 = % 50 — Tp >0 — Sac(s) _ Vs +5Ty)

i?,ref(s) (1 + STipp)

(minimum-phase)

* * Uge Va(l — s|Ty
(Case3) pr<0 — i <0 — Ty <0 — = (s) _ Vs(1—s|Tv])
Z.f,ref(s) (1 + STapp)

(nonminimum-phase)
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Classical DC-link PI controller

Root locus (T, = Ty, depends on equilibrium!)
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Classical DC-link PI controller

Local stability analysis: Hurwitz criterion

Transfer function of (linearized) closed-loop system

F (8) _ udc(s) _ VrVS (1 + STapp)(l + ST‘;)
oL Ugeret(5)  8° TyTapy +5° Tu(1 + TYVEVL) +5 (T4 + T)VEVi + ViVE
— ——

=:ag =:ay =:aq =:ag

Sufficient condition for local stability

P 0< Vi< i |Tv|Vs = stable region

T, *
L] T‘,]>%+|Tv|>o
1=V VsITy|
Vi

= Qgp,a1,09,03 > 0 and D2 = G9G71 — Q30 > 0.
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Nonlinear DC-link Pl controller

Control system in voltage orientation with nonlinear PI controller

nonlinear current Park Clarke )
Pl-controller controllers (Pl) - transformation  transformation PWM Vsl fiter ~ PCC: grid
i k E b be
de,ref foref it poi[ 30 Tt ref[ @B Tuf vos sg [T |ut " [ H
—>(O—> f—\}z\g -
_ - ap abc ARA -
vd P
if com- g w2%¢ - £
f,ref ) g —
pen- g | PLL Ps | _| | pcHink
sation ﬂg « T (capacitance)
[ S NS | —
if dq i [aB 7]ifbe
ap abc
Udce
implementation in (d, ¢)-CoSy (voltage oriented control) approximation
1 T,
. app
Nonlinear PI controller i or l ¥
6(t) = udc,ref(t) — Udc (t)
e
.d rrek (2¢ ,uqc)
Zf,ref(t) = r (;Ll“ y Udc ) e(t) + T T ¥ . ) S
(¢ yuge)
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Nonlinear Pl-control for DC-link voltage

Simulation results for 20 kW AWE system:

P kW]

uge [V]

uge [V]

Ude [V]
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Outline

Conclusion
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Conclusion and future work

To take home:
= DC-link voltage control

o nonlinear system dynamics with structurally varying nature
o nonminimum-phase behavior during reel-in phase
o very conservative classical Pl controller design necessary

= nonlinear Pl controller

o design based on pole placement and online parameter adjustment
o faster tracking and disturbance rejection
o smaller DC-link capacitance feasible (— cheaper)

Future work:
= Lyapunov-based stability analysis
= Measurement results (construction of test bench in progress)
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