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Technische Universitat Miinchen
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Technische Universitat Minchen (TUM)

Students and staff

Students
men
women

International
students

1. China

2. Austria

3. ltaly

4. India

5. Turkey

Programs

among these
Bachelor

Master
English-language
master and PhD
Programs at TUM
Asia in Singapore

Newly enrolled
students

Graduates

Data as of Dec. 1, 2013

35.979
24.078
11.901

7.203
1.057
585
421
415
405

42
95

23

11.673

7113

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

16 %

29

6.168

33 %

3.232

58 %
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Technische Universitat Minchen (TUM)

Main campuses

154 programs - 13 departments - 3 locations

Tum

TUM science network

Frelsing * Max Planck Institutes:
N - Garching
Munich Freising 13 e
* Architecture * TUM School of (99 Munich
* Civil, Geo and Environ- \Iy\r/feihsie?cehs n * Helmholtz Zentrum
mental Engineering eihenstepna 1 Miinchen
* Electrical, Electronic and ° iAV‘IIJb sAg::enderzemrum
Computer Engineering 3 TuTI 9 9
- Garching  Fraunhofer Institutes:
* TUM School of Medicine an Holzkirchen
* Sport and Health Freising
Sciences Loo]
 TUM School of 13 7 TUM locations
Education
ueat * Munich
* TUM School of (99] * Garching
Management TI.ITI * Freising
Munich « Iffeldorf
Garching (94 ] * Obernach
« Chemistry  Straubing
* Wettzell
* Informatics . .
* Singapore: TUM Asia
* Mathematics a7 * Beijing
 Mechanical (99} : g::;sels
Engineerin;
g 9 * Mumbai
* Physics * Séo Paulo
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Munich School of Engineering (MSE)

Integrative Research Center: TUM'’s bundled expertise on “Energy Research”

C Center for Power Generation N L 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 ‘ g , - local energy storage
solarthermal power plants 1

TUM.Energy

interdisciplinary development of electric vehicles .
investigation of mobility behavior - sustainable urban development
development of new mobility concept - sustainable buildings

- energy optimized building envelopes
energy efficient building technology

/ﬁ; E N P B Center for
Science Center for Electromobilitv Sustainable Building
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Control of renewable energy systems (CRES)

Team and facts

= Team

. A 1i ifd
H. Eldeeb, M.Sc. C. Dirscherl, M.Sc. C. Hackl, Dr.-Ing.
(CRES/EAL,09/2015) (CRES,01/2014) (Head of CRES)

= Group founded January 2014

J. Kullick, M.Sc. K. Schechner, M.Sc. Z. Zhang, M.Sc.
(CRES,10/2015) (CRES,01/2014) (CRES/EAL,07/2015))

= Interdisciplinary approach (control theory & renewable energy systems)

= Contact
5 phone: (+49) (0)89 289 16688

o email: christoph.hackl@tum.de

o WWW: http://www.cres.mse.tum.de
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Control of renewable energy systems (CRES)

Research foci

Renewable Energy Systems
(e.g. classica ind energy)
and U
(e.g. robotics, electrical drives)
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Control of renewable energy systems (CRES)

(Energy-)Research = Interdisciplinarity

politics / fluid
energy economics areodynamics

sociology mechanics

architecture

fault detection/
lightweight structures

remote sensing condition monit.

geography /

chemistry /

material science
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Control of renewable energy systems (CRES)

Point of view: Electrical sub-system(s) of e.g. WTS with DFIG

Turbine Gear Generator Back-to-back converter Filter PCC Trafo Grid

o

VSI DC-link VSl

) -@"@ DF|G»M_ACDC: + :DCAcdh:éUE::F_
8 Wi i;lbc ,’::.bc s;lfc Ude s;;l,b i;bc ugabc

| Control ‘
Bret m,ref Ude,ref Ppee dpec

| Operation management ‘

Vw Ppcc,ref dpcc,ref
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Control of renewable energy systems (CRES)
Lab setup 1: Reluctance synchronous machine and permanent-magnet synchronous machine

Netz i3 = /32 230V ~ 563 V (verkettet)

67, U
Drossel (Netzfilter)

m—- Il

it
b =
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s @ @E‘i IsT,
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. 1x Drehmoment
ucHp2
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Control of renewable energy systems (CRES)

Lab setup 2: Electrically-excited synchronous machine and doubly-fed induction machine

Netz ™ = V3v2 230V & 563V (verkettet)

a
b
¢ pre
LCL i
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4
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Control of renewable energy systems (CRES)

Contributions this far ...

Renewable energy systems:
= Chapter on “Modeling and control of modern wind turbine systems” (German): [1]
= Model predictive control of PMSG and grid connection: [2-5], [6]"
= Sensorless control of PMSG and DFIG: [2, 7]
= Online estimation of DFIG parameters (Extended Kalman Filter): [8]
= State-feedback control with observer for LCL filters: [9]
= Sensorless control of grid connection (Virtual Flux): [10]
= DC-link control: [4, 11], [12]
= Model-free generator speed control of wind turbine systems: rigid [13], elastic [14]
= Model-based and model-free current control of RSM: [15] and [16]
= Non-ideal torque control in wind turbine systems: Causes and impacts [17]
= Dynamic power flow in WTS with DFIG [18]

Mechatronics:
= Chapter on dynamic friction modeling (German): [19]
= Model-free position and speed control of electrical drives and robots: [20-27]
= Monograph on non-identifier based adaptive control in mechatronics [28]
T submitted/under review/in preparation
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= International cooperation with the University of Stellenbosch, South Africa
= RSM: A viable alternative?
= Preparatory work
m Modeling and control of reluctance synchronous machine [15, 29]
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= Nonlinear Pl controller design
= Measurement results
= Maximum torque per Ampere (MTPA) [15, 29]
m Overall simulation
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Small-scale WTS with RSM

International cooperation with the University of Stellenbosch, South Africa (Prof. M. Kamper)
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Small-scale WTS with RSM

RSM: A viable alternative?

100%

== 'R Rotor
mm Other
I"R Stator
Traditional IE2 induction motor 1E4 SynRM motor Losses
http://www.abb.co
advantages [30-32]: disadvantages:
= (very) cheap = power factor
= high efficiency feasible (IE4) = highly nonlinear
= high power density and = inverter necessary
torque-per-volume ratio = (complex/nonlinear control
= sensorless control feasible necessary)

m
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Small-scale WTS with RSM

Preparatory work: Modeling, control and simulation of small-scale WTS with RSM [29]

Turbine Getriebe Generator Back-to-back Umrichter Filter PCC Transf. Netz

===

= current control (generator-side) = current control (grid-side)

= maximum torque per Ampere = DC-link voltage control
(MTPA) = reactive power (feedforward)

= speed control (maximum power control

point tracking (MPPT))
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m Modeling and control of reluctance synchronous machine [15, 29]
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Small-scale wind turbine systems (WTS) with reluctance
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m Modeling and control of reluctance synchronous machine [15, 29]
= Generic model of RSM
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Nonlinear Pl current control of RSM
Flux linkage in the rotor of the RSM
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Nonlinear Pl current control of RSM

Generic model with nonlinear flux linkage (without iron losses)
k -k d ik 0 =1  k/:k
U (t) = RSZS (t) + aws (7’5 (t>) + Wk(t) 1 0 ’l/)s (1’5 (t))’

mm(t) = SpF(aF () Tk )

52 27
S5
555

;I'I":ll,,l" ,";:'::' =52 é “§:§:§{\§§§§\\\\
54
- - 0 b) 5
-5 =5
-q . . d
il [A] i [A] il [A] i [A]
(a) d-flux linkage (b) g-flux linkage
= Nonlinear dynamical system!
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Nonlinear Pl current control of RSM

Nonlinear inductances L¢ :=

oy

oypd d oy
L5q = g qu =g =

2l

Asd Y
i

— 04

=S

- 0.2
0
5

T T
'g‘") Ng-'co
~ ~
i [A] i [A] it [A] it [A]
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Nonlinear Pl current control of RSM

Control loop (with inverter approximation) and PI controller design

where for the nonlinear case we have [15, 29]
= Ty = To(L8(i), LE9(a)), Le (), (i)
= Tdeadocfpwm-
= uf o = ub g (ideal decoupling)
Controller design according to Magnitude Optimum [33]:

T.(i")R,

S

[, AN
Gain:  Vg(i,)) = ST

S

[] A Timeconstant: T, (i") = Ty(i") [s]

S
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Nonlinear Pl current control of RSM

Measurement results for 1,1 kW RSM

7771'1{

3 s,ref
9 I
st-l [A] 1 |
0 |
_1 I Ih
4 F T T
9 L
i1 [A] 0 {

wy, rad/s] =50

— | | | Il
100 i 2 3 1

time ¢ [s]

ol
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Nonlinear Pl current control of RSM

Measurement results for 1,1 kW RSM (Zoom)

2
i [A] 1
0
1
3
2
if [A]
1
0
Mot [N]
W [rad/s]
710% . | . | | | . | | \‘ | | .
293 3.294 3.295 3.296 3.297 3.298 3.299 3.3 3.301 3.302 3.303

time ¢ [s]
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09.10.2015 “Nonlinear control and parameter estimation of renewable energy systems”, C. Hackl 21/43



(o _ -
= Munich School of Engineering Technische Universitat Miinchen THH ﬂ\

Maximum Torque per Ampere (MTPA)

Nonlinear machine torque

100

My, [Nm]

—100
40

mnt) = 3 pl (i0) T (@) = D p (R0 — v EEED) (1)
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Maximum Torque per Ampere (MTPA)

Torque (feedforward) control: Block diagram

= Goal: Current reference generation m, yef — is’fref
= Constraint: High efficiency

— minimize copper losses 2 R, i[> = 3R,[(i)? + (i¢)?]
= Strategy: Maximum Torque per Ampere (MTPA; numerical solution)

MTPA
1
. k
A ) -k
] ||7’s,ref|| iq . ’l’s,ref
s,re
M, ref > &‘ 5
S
P d
d
(1 ) Ls,ref
(a) Torque feedforward control (b) Current vector
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Overall simulation

Small-scale wind turbine system with reluctance synchronous machine (region )

PCC

turbine

gear

back-to-back converter

generator

filter

-
-
-

W Wi ‘:LbC sab s& i}mbc
b b
u:,rgf u}l,er
current control current control
(generator side) PWM l IPWM (grid side) Ty, wy
.k .d .
T s ref Zf,ref Z}Z’ref
Wm Mm,ref |fOrque Ude DC-link Qpcc
control control control control
[y
T)\* ' MTPA Udc,ref T Qpcc,ref T
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Overall simulation

Simulation results for overall small-scale wind turbine system (region II)

T
2,.3 —
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WTS with DFIG

m Overview and modeling depth

m Dynamic power flow [18]

m Control of WTS with DFIG

m Online estimation of DFIG parameters [8]
= Extended nonlinear model of DFIG
= Implementation
= Algorithm
= Simulation results
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m Overview and modeling depth
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WTS with DFIG

Overview and modeling depth

Turbine Gear Generator Back-to-back converter Filter PCC Trafo Grid
12
VSI DC-link VSl
s
) AC /T—| L [ ]pc == °
p— DFIG))*"— HE [*]
=« o] ocl | T | |/ acla] 1 :I_
5 wm ot | [4avq gabe  |ug. sobagpbe ug e
| Control ‘
Brot Wm,ref Udc,ref Ppce dpcc
| Operation management ‘
Vaw Ppcc,ref dpcc,ref
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Outline

WTS with DFIG

m Dynamic power flow [18]
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Dynamic power flow [18]
Part 1

source: wind power p,,

Priaoss = (1= ) pw

mechanical shaft

d
Po = wmnOFwm

Prmloss(= 0)

W Pm,s
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Dynamic power flow [18]
Part 2

w Pm,s

coupling inductance

stator inductance

pr. = 50 Lo it

rotor inductance

Bk T d sk
, ) Pln,s = 3(8) " L 537
pL, = 30 LGt ‘

PLor = 3(0) L i

Potoss = SRSl

Prioss = SRe|[8|?

DC-link

d
PCye = UdcCoc gy Ude

Poevoss (= 0) Dois

09.10.2015 “Nonlinear control and estimation of energy systems”, C. Hackl 28/43




NE Munich School of Engineering Technische Universitat Miinchen H HH

Dynamic power flow [18]
Part 3

filter inductance

Py = 36 Lydif

Prioss = 3Ry lif1*

Prec.loss(= 0)

sink: power p;,.. at PCC
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WTS with DFIG

m Control of WTS with DFIG
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Control of WTS with DFIG

Rotor side controller structure

grid
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Control of WTS with DFIG

Grid side controller structure
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Control of WTS with DFIG

Simulation results
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m Online estimation of DFIG parameters [8]
m Extended nonlinear model of DFIG
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WTS with DFIG

Generic model of DFIG (after Clarke transformation)

stator:  w(t) = Rail(t) + Lep2(1), P2 (0) = °
rotor:  wl(t) = Rydl(t) + S (1), 7 (0) =
flux linkage: (1) = ¢ (i2(), i5(t), dm (t))
(general) W (t) = P (4 (1), 4 (t), dm(t)) >
mechanics:  Lw,,(t) = & (mm(t) + el (3wm)(t)) , wmn(0) = wp,
%‘ém(t) = wm(t)v ¢m(0) = ¢O
torque:  mu,(t) = Spl(t)T T (t)
(DFIG)
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WTS with DFIG

Electrical circuit of DFIG (linear flux linkage)

wi Jp* (Wi —wr) Tk

stator: u}
rotor:

flux linkage:
(linear)
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Online estimation of DFIG parameters [8]

Extended nonlinear model of DFIG

Extended nonlinear model of DFIG including
= electrical parameters are additional system states
= uncertainties for model w and measurement v

—x(t) = g(z(t), ut)) + w(t), x(0) = 2o e R'? (3)

where

r = ((wsk)-r7 ( f)T7 wm7 R87 RT7 LS,O’? I’I‘,O’a -L/n)T € ]Rlo’
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Outline
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m Online estimation of DFIG parameters [8]

= Implementation
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Online estimation of DFIG parameters [8]
Implementation: Block diagram of DFIG and Extended Kalman Filter (EKF)

DFIG > i
u‘rk > > W,
> le—
o —>
&y = E{zo}—— EKF <
Q = F{lww '} —>
R:= E{vvT > <
]
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m Online estimation of DFIG parameters [8]

= Algorithm
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Online estimation of DFIG parameters [8]
Algorithm: Extended Kalman Filter (EKF)
Step I: Initialization for £ = 0:

#[0] = E{zo}, Po := P[0] = E{(wo — &[0])(z0 — 2[0]) T},
Ko := K[0] = P[o]c[o]T (c[o]P[o]C[0]” + R)™!

where, for k > 0, C[k] := Z&=)

& [k
Step II: Time update (“a priori prediction”) f[or k>=1:
(a) State prediction
& [k] = f(@[k — 1], u[k — 1])
(b) Error covariance matrix prediction
P [k] = A[K]P[k — 1]A[K]T + Q

where A[k] := %

&~ [k]
Step lll: Verification of (local) observability k& > 1:
no[k] := rank (S,[k]) with S, [k]
Step IV: Computation of Kalman gain for &£ > 1
K[k] = PT[k]C[K]T (C[K]P~[K]C[K]T + R)"!
Step V: Measurement update (“correction”) for & > 1:
(a) Estimation update with measurement
z[k] = &~ [k] + K[k](y[k] — h(2 [K]))
(b) Error covariance matrix update
Plk] = P~ [k] — K[k]C[k] P~ [k]
Step V: Go back to Step Il (use C[k]).
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m Online estimation of DFIG parameters [8]

= Simulation results
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Online estimation of DFIG parameters [8]

Simulation results: Parameter estimation of nominal values
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Online estimation of DFIG parameters [8]

Simulation results: Parameter estimation of resistance changes of +10%
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