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MSE Research group
“Control of renewable energy systems (CRES)”

F

C. Dirscherl, M.Sc. C. Hackl, Dr.-Ing. K. Schechner, M.Sc.

Contact and further reading

= phone: (+49) (0)89 289 16688 / email: christoph.hackli@tum.de

= WWW: http://www.cres.mse.tum.de

= teaching materials (dropbox): https://www.dropbox.com/sh/
1s9jvpt0zg71111/AABRSUwkgcwEwW2_PnUmN9Tdia?d1=0

= most content from: C. Dirscherl, C. Hackl, K. Schechner, “Modellierung und
Regelung von modernen Windkraftanlagen: Eine Einfihrung”, Chapter 24 in
D. Schréder, “Elektrische Antriebe — Regelung von Antriebssystemen’,
Springer-Verlag, Berlin, 2014 (see [1])
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http://www.cres.mse.tum.de
https://www.dropbox.com/sh/1s9jvpt0zq7ll11/AABRSUwkqcwEw2_PnUmN9Tdia?dl=0
https://www.dropbox.com/sh/1s9jvpt0zq7ll11/AABRSUwkqcwEw2_PnUmN9Tdia?dl=0
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CRES Research foci
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Energy research = interdisciplinary

politics / fluid

energy economics areodynamics
sociology mechanics

power
architecture multibody physics
electronics

geography / fault detection/
lightweight structures electrical machines
remote sensing condition monit.

chemistry / control theory /
system identification
material science engineering
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Outcome of Part | — Renewable Energy Systems

After this day you should be able to:

= to understand, analyze and implement basic models of (electrical)
components and actuators of renewable energy systems

= to understand, design and implement standard control methods for
generator- and grid-side

= to understand the basic operation management of renewable energy
systems

Required prior knowledge:
» Linear algebra (norms, vectors, matrices, Eigenvalues, ...)

= Linear control theory (ODEs, transfer functions, poles/zeros, Hurwitz
analysis, . ..)

= Basic circuit theory (Kirchhof”'s laws, Ohm’s law, voltage & current
dynamics for capacitance or inductance, ... )
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Schedule:
Part | — Renewable Energy Systems

Date Time Content

03.02.2015 | 08:30-10:00 | 7t Lecture: Introduction and modeling (part 1)
10:00-10:30 | Coffee break
10:30-12:00 | 274 Lecture: Modeling (part 2) and controller design (part 1)
12:00-13:30 | Lunch
13:30-15:00 | Session | (presentations): Renewable Energy Systems
15:00-15:30 | Coffee break
15:30-17:00 | 3¢ Lecture: Controller design (part 2) and operation management
17:00-17:30 | Coffee break
17:30-19:00 | Tutorial (exercise sheet): Renewable energy systems
19:00-20:30 | Dinner
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Outline

Introduction

H

Preliminaries

B N

Modeling (part 1): Turbine, aerodynamics & power coefficient

>

Modeling (part 2): Electrical components

&

Control (part 1): Generator side

Control (part 2): Grid side

|

Operation management and outlook

03.02.2015 45t MSE Winter School: Part | — Renewable Energy Systems”, C. Hackl 7/138



"2 Munich School of Engineering Technische Universitat Miinchen WU I

Outline

Introduction

m Background information
= Facts and figures
= Evolution of wind power systems
= Wind power in Germany

m Modern wind turbine systems
= Core components
= Configurations of wind turbine systems (WTS)
= Component topologies
= Operating regimes
= Availability and failures
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Outline

Introduction
m Background information
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Outline

Introduction
m Background information
= Facts and figures
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Use of primary energy worldwide 2012
(overall 13371 Mtoe* = 1,555 - 10 kW h, from [2])

oil

_coal
-

“new” renewable energy systems

hydropower .

_—
——

biomass and waste

nuclear energy
gas

* Mtoe = Million tonne of oil equivalent (TOE).
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Use of primary energy worldwide
— Use of fossil energy is increasing!
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Trend of CO, concentration in the atmosphere
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Quelle: www lehrbuch-photovoltaik de
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Greenhouse effect = Global warming

COg

Quelle: www lehrbuch-photovoltaik de
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Scarcity of resources

coal | I 140

gas | I )
I 33 prognosis from 2001 (no economic growth)

prognosis from 2008 (no economic growth)

oil -| = ;01 prognosis from 2008 (2, 2% economic growth)

| | | | | | | | | |

| | |
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Availability in years

(Fig. based on [3, Tab. 1.3]; without shale gas)
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Gross power generation* in Germany 2013 (overall
631 TWh' = 631 - 10°kW h, aus [4])

Erdgas
10,6 %

Steinkohle

194 % Mineraldl
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N ad Windkraft
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241%
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08%
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1 Vortaufig
2 Regenesativer Anteil

Quelle: Arbeitsgemenschalt Energiobilanzen |AGEB]

(* net power generation = gross power generation — energy consumption of power plant)

03.02.2015 15t MSE Winter School: Part | — Renewable Energy Systems”, C. Hackl

13/138



= Munich School of Engineering

Technische Universitat Miinchen THHH H\

Exemplary electricity production with black coal

Bsp.:

=60 %
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aus Kraftwerk
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Quelle: www lehrbuch-photovoltaik de
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“Primary energy” for renewable energy systems

Radioactivity
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Outline

Introduction
m Background information

= Evolution of wind power systems
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History of wind power systems

use of

first use use of lift turbines

of wind mills drag turbines for grinding invention of
in Mesopotamia in Persia in Europe steam machine

1800, B.C. . A.D. \ 1000 /|\400 170(2/ 2000

1700 0 200 700 / 1200 ’/500 1900

use of further developments re-strengthening
drag turbines of lift turbines of wind power
in China for watering
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Modern wind turbines (for power production)

(http://www.siemens.com/) (http://www.ge.com/) (http://www.enercon.de/)

Properties
= three rotor blades
= lift turbine
= windward (luv) rotor with horizontal axis
= typical generator topologies:
o synchronous generator (SM) without gear (“direct drive”)
o double-fed induction generator (DFIG) with gear
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Evolution of wind turbine size

rotor diameter [m]

15m

|

8587 89 91 9395979901 0305 10 *? first yea'r of operatior
005 03 05 13162 45 5 7 8-10? nominal power [MW]

(based on p. 17 in [5])
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Outline

Introduction
m Background information

= Wind power in Germany
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Installed nominal wind power in Germany 1990-2013
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(based on Fig. 4 in [6])
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Prognosis of installed nominal wind power in Germany
2030
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(Fig. based on p. 6 in [7])
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Percentage of installations after generator topology
in Germany 1990-2013 (from [6])
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Percentage of installations after power size in
Germany 1990-2013 (from [6])
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Electricity production costs in Germany 2013
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(based on Fig. 1in [8] and Tab. 4.12 (> 500 kW) in [9]).
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Outline

Introduction

m Modern wind turbine systems
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Outline

Introduction

m Modern wind turbine systems
= Core components
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Core components: Inside a wind turbine

(http://www.youtube.com/watch?v=NG1uGt6qUfM; duration: 7:16 min)
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Outline

Introduction

m Modern wind turbine systems

= Configurations of wind turbine systems (WTS)
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WTS with doubly-fed induction generator

Turbine Gear Generator Power electronics Filter PCC Trafo Grid
e}
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Y
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A
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WTS with permanent-magnet synchronous generator

Turbine Gear Generator Power electronics Filter PCC Trafo Grid
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WTS with electrically-excited synchronous generator
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Outline

Introduction

m Modern wind turbine systems

= Component topologies
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Generator topologies

doubly-fed electrically-excited permanent-magnet
induction generator synchronous generator  synchronous generator
(DFIG, e.g. ABB) (EESG, e.g. Enercon) (PMSG, e.g. Siemens)
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Gear topologies

multi-stage gear single-stage gear direct drive
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Parallel connection of back-to-back converters

Back-to-back converters

AC T DC
DC AC
—g *——
1| AC T DC '
DC AC
i:,bc ifabc
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= Munich School of Engineering

Converter topologies: Two-level voltage source
inverter (2L-VSI)

2L-VSI
Tin
> . . .
>
. s¢ s° s U
y tdc |
b
, u®
>
ude | == Cic i » Yy uce
it wbe

|

b i v
a s 3¢ Y4
v

31/138

03.02.2015 15t MSE Winter School: Part | — Renewable Energy Systems”, C. Hackl



= Munich School of Engineering Technische Universitat Miinchen L‘HH H

Three-level neutral-point-clamped voltage source
inverter (3L-NPC-VSI)

) 3L-NPC-VSI
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Filter topologies
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Outline

Introduction

m Modern wind turbine systems

= Operating regimes
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Operating regimes for different wind speeds

A

PN -

pe [W]

Vcut—in UN Vcut—out Vw [%]

Regime [: Stand still. No power output, i.e. p; = 0.

Regime II: Sub-nominal operation. Variable output power, i.e. 0 < p; < p,
(Goal: Maximum power point tracking).

= Regime IIl: Nominal operation. Output of nominal power, i.e. p; = py.
Regime IV: Stand still (safety shut down), i.e. p; = 0.

03.02.2015 45t MSE Winter School: Part | — Renewable Energy Systems”, C. Hackl 34/138



= Munich School of Engineering Technische Universitat Miinchen L‘HH H

Outline

Introduction

m Modern wind turbine systems

= Availability and failures
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Availability (from a study with 1500 WT, [10])

availability

failure

Average life span is 20 years (=7 400 days):
= Availability: 7154 days
= Failure: 146 days (no production)
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Share of failures of subsystems

sensors

electrical system

control

generator rotor blades

gear
drive train P

rotor hub
\
/ \ structure

hydraulics yaw system

brake

(based on Fig. 2 in [10])
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Failure rate and downtimes

gear |
drive train -
generator -|
structure |

rotor hub -|

brake |

yaw system -
rotor blades |
control -

electrical system |
sensors -|

hydraulics |

N G, 21

falure rate [ s | "
- v

downtime [days] L

Average down time (over 20 years):
= electrical system: 18,9 days

= control: 16,7 days
= gear: 13,6 days

(based on Fig. 2in [11])
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Seldom failure: Fire

NDR //AKTUELL

(http://www.youtube.com/watch?v=0Chtr76jJyA; duration: 1:03 min)
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Outline

Preliminaries
m Alternating current (AC) systems
= One-phase systems
m Three-phase systems
= Interconnection of three-phase systems
= Wiring of three-phase systems
» Symmetrical three-phase systems
= Examples: Symmetrical voltages and currents
m AC machines & space vector theory
= AC machines: Examples
m Space vector theory
m Clarke transformation
= Park transformation
m Power definitions
= Classical power theory (sinusoidal signals)
= Instantaneous power theory
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Outline

Preliminaries
m Alternating current (AC) systems
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Outline

Preliminaries
m Alternating current (AC) systems
= One-phase systems
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Signals in one-phase systems
Definition 1 (Phase signal (z € {u,i}))
z: Ry = R, t— a(t) :=2(¢t) cos(dz(t))

with amplitude i(-) € L*(Rxo;R) and phase angle ¢, (-) € C?**(R>o; R)
(differentiable a.e.).

Definition 2 (Moving average, average rectified value, root mean

square [sinusoidal signals with z,7 > 0 and ¢, = 2T’ft])

t

= Moving average: Vi>T>0: X(t):=+% § a(r)dr [=0]
t—T
t ~
= Average rectified value: YVt =T >0: Xq.(t) := 7 § |z(7)|dr [= 2]
t—T
t ~
= Root mean square: VE=T >0 Xoms(t) i=4 |7 § a(r)?dr [= %]
t—T

W

03.02.2015 15t MSE Winter School: Part | — Renewable Energy Systems”, C. Hack!

39/138



= Munich School of Engineering Technische Universitat Miinchen L‘HH H

Outline

Preliminaries
m Alternating current (AC) systems

m Three-phase systems
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Signals in three-phase systems

Definition 3 (Phase signals in vector notation (z € {u, 1,1, ...}))
(z“(t)) (i"“(t) COS(¢§(t)))
x®: Rog — R3, tws zob(t) := | 2b(¢) | := | 2°(t) cos(¢’(t))
¢ (t) () cos(¢5(t))

with amplitudes (), 2°(-), #¢(-) € L*(Rxo; R) and phase angles
#2(+), #5(+), #S(+) € C**(R=; R) (differentiable a.e.).

Fact (Line-to-line signals)
z(t) z(t) — 2°(t) 1 -1 0
Vt>=0: (xbc(t)> 0= (a;b(t) — ¢ t)) _ [ 0 1 _1] wabc(t)
z*(t) z(t) — z(t) -1 0 1
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Outline

Preliminaries
m Alternating current (AC) systems

= Interconnection of three-phase systems

03.02.2015 45t MSE Winter School: Part | — Renewable Energy Systems”, C. Hack! 40/138



= Munich School of Engineering Technische Universitat Miinchen WU H

Interconnection of three-phase systems

ubc

Fact (star / v connection) Fact (delta / A connection)
lia+ib+ic=0 .iab+ibc+ica:0
.uab+ubc+uca:0 .ua+ub+uc:0
o (u® +ub +ut #£0) w (i +i% +i° #0)
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Outline

Preliminaries
m Alternating current (AC) systems

= Wiring of three-phase systems
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Wiring of three-phase systems (connector panel)

star connection (symbol v)

delta connection (symbol A)

U \Y% W U v W
T Ul T V1 T Wl
Ul V1 W1l
ua za ub Zb ’U,C ze
uL‘L za 'LLb Zb uC ze
L(I 7{) i(:
7a ib 7'('
U2 V2 w2
U2 v2 w2
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Outline

Preliminaries
m Alternating current (AC) systems

» Symmetrical three-phase systems
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9 g

Symmetrical three-phase systems

z%(t) 2%(t) cos(¢3(1))
z: Rog —» R3, > 2(t) i= [ ab(t) | := | &%(t) cos(¢b(t))

“(t) &9(t) cos(¢L(t))
Assumption 1 (Identical phase amplitudes)
Vt>0: 2(t) := 2°(t) = 2°(¢) = £°(¢)

Assumption 2 (Phase shift by 27, identical phase angle & offset)

Vi 00 @u(t) = ¢%(t) = g5 (t) + 21 = ¢S (t) + A

with phase angle ¢.(-) € C?**(R=o; R).

Fact (Zero sequence vanishes for symmetrical systems)

VE>0:  a0(t) = 2o(t) + 2b(t) + o) P o
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Outline

Preliminaries
m Alternating current (AC) systems

= Examples: Symmetrical voltages and currents
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Examples: Symmetrical voltages and currents

Examples 1
Symmetrical phase voltages:

u® () cos(du(t))
Vi=0: uw®(t):= [ut) | =a(t) | cos quu(t) - %7‘(‘;
u’(t) cos (¢ (t) — 57

3

Symmetrical phase currents:

Definition 4 (Phase shift)
Vt=0: o(t) == du(t) — ¢i(t)

V.
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Outline

Preliminaries

m AC machines & space vector theory
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Outline

Preliminaries

m AC machines & space vector theory
= AC machines: Examples
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AC machines: Examples

Induction machine (IM) Synchronous machine (SM)

http://www.automation.siemens.com/bilddb; http://www.automation.siemens.com/bilddb,
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Induction machine (cutaway view)

www.siemens.com
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Outline

Preliminaries

m AC machines & space vector theory

= Space vector theory
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Space vector theory
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Space vector theory (animation)

S

——

SR

oo

0.015

ooz

— '

= 0.005 o 0015
= 5 -
il ke 9 l—.*
o - { i
i L J
] 0005 001
thme ¢ o)
= 55 g =
3| = ~
a e = P
| ~ 2 i .
L . St
i 0.005 oo 0015
time ¢ [n]

Asosdinste

#mordizate
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Outline

Preliminaries

m AC machines & space vector theory

m Clarke transformation
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Clarke transformation (a, b, c) — (a, 3,0)

Definition 5 (Clarke transformation with & € {2/3, 1/2/3}))

1 1
¢ i I -3 —3 24
fz«: R3 — RS’ 2l | 28] .= fo(mabc) = El o @ 7? b
z° a° 11 z°
V22 2
—.pabe —pS,% ~~
- * =:THeR3X3, Vk#0: det(Ty5)#0
2 V2
s Y
(Tc*)il -7 _% o= ? , hence 2o = (f*c)*l(wsv*) = (Tc*)flms,*.
k V3 B
1 1 2
-3 & ¥

Remark 1 (Choice of k)

k=2 — amplitude-correct transformation, i.e. |z®| = |z|.

k= \/g = power-correct transformation, i.e. (u*°) T3¢ = (u*)T4

Tes

v
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Simplified Clarke transformation (a, b, ¢) — («a, )

For symmetrical systems, i.e. | z%(t) + 2°(t) + 2°(t) = 0| forall t > 0

x _1 1 z®
.f RS R2 Q?b x f (mabc) k 1 2 2
: — — = =
¢ ’ x¢ z’ 0 % %
~~——— N _
=S e R2x3
—:gabc ::Tce X
where
2 0
1 1 1 —
()" :==—-|-35 5 |, hence o = (Tp)""
1 1
3 3
03.02.2015
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Outline

Preliminaries

m AC machines & space vector theory

= Park transformation
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Park transformation («, 3) — (d, q)

Definition 6 (Park transformation (simplified))
fp: R xR — R,
o d —sin @
()0 (5) = toteo = |Guie) "m0 (47)
—— 4

——

—pS

=:zk =:Tp ($p)eR2%2,V ¢peR: det(Tp)#0

Properties

» Vo, 02 € R: Tp(o1 + ¢2) = Tp(p1) + Tp(p2)
s VpeR: Tp(d)~! = [—C(s)lsr(l@) 22;((?)] =Tp(—¢) =Tp(4)"
o J = Tp(%) = [(1) _01] and V¢ e R: JTp(¢) = Tp(¢)J

= V() € CP*(Rxg;R): w() = o) A §Tp(6(1) = w(t)JTp((t))

v
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Outline

Preliminaries

m Power definitions
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Outline

Preliminaries

m Power definitions
= Classical power theory (sinusoidal signals)
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Classical power theory (sinusoidal signals)

PCC
i(l
U
’ib
> - u®
. by
> &

y =
g

Definition 7 (Active power [ for T', 4,7, > 0])

Vi>T:=20: Py (t):= L L u(r) i (r)dr [= 3dicos(p)]

Definition 8 (Reactive power [ for T', 4,7, > 0])

Vi>T:=200  Quu(t):= 4§ _,ut(r)Ti"(r — T)dr [= 3aisin(p)]
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Outline

Preliminaries

m Power definitions

= Instantaneous power theory
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Instantaneous power theory

PCC 3

.

Y

.
<

u?, [’ =@

N
I~}

Y

s . u
u
C

i, 7] =
«

Definition 9 (Instantaneous active power)

VE> 00 pao(t) = Sus(t)Tat () [ = uabe(t)Ta (t) = 2a(t)i(t) cos(ip(t)) |

v

Definition 10 (Instantaneous reactive power)
Vi = 0: g3~ (t) == Jus(t) " Ji*(t) [ = a(t)i(t) sin(p(1)) ]

v
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Outline

Modeling (part 1): Turbine, aerodynamics & power coefficient
m Example: Wind turbine systems with synchronous generator
m Power flow (simplified)
m Aerodynamics and power coefficient
= Tip speed ratio and power coefficient
= Power coefficient (without pitch system)
m Power coefficient (with pitch system)
= Aerodynamic torque (turbine torque)
m Dynamics of the mechanical system (simplified)
m Résumé: Modeling (part 1)
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Outline

Modeling (part 1): Turbine, aerodynamics & power coefficient
m Example: Wind turbine systems with synchronous generator
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Example: Wind turbine systems with direct drive

Wind turbine SWT-2.3-113 permanent-magnet
synchronous generator (PMSG)

http://www.siemens.com/press/de/pressebilder; http://www.siemens.com/press/de/pressebilder;
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Wind turbine systems with PMSG — core components

Turbine Gear Generator Power electronics Filter PCC Trafo Grid

VSI DC-link VSI

ac /T L /T
- (=) pcl_{ T ACl

B
O 00
.

B Win ,,-'Sabc S(:nbc Ude Szbc iabc ugbc
Y Y Y Y Y
Control
A
f W, ref Udc,ref Ppcc dpcc
Bref
: Y v

Operation management

Vw Ppcc,ref Qdpcc,ref
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Outline

Modeling (part 1): Turbine, aerodynamics & power coefficient

m Power flow (simplified)
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Power flow (part 1)

source: wind power

storages Pw = 30TV}, losses
turbine
Pt
Prioss = (1= (V) pw
gear box
Pg

Pg,loss
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Power flow (part 2)

=— machine
Pm
3 |2
Prmjloss = 3 Rs Hls H
= converter
Pn
Pnloss
=—— filter & trafo
Ppee
3 |2
Ppecioss 1= 5 B ||if |

sink: point of common coupling (PCC)
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Outline

Modeling (part 1): Turbine, aerodynamics & power coefficient

m Aerodynamics and power coefficient
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Wind power, turbine power and Betz limit
As

2
At =Ty

Ay

m

1
pu(t) = emifvw(t)® = pilt) = (- )pw(t) < Gppets Pult) (1)
—
=16/27~0,59
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Outline

Modeling (part 1): Turbine, aerodynamics & power coefficient

m Aerodynamics and power coefficient
= Tip speed ratio and power coefficient
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Tip speed ratio and power coefficient

TWe

Vw®

wt( Tip speed ratio
A= MW, Uy) = [tm 1], wm=grw:. (2)

9rUw

Power coefficient

Cp:§—>R>0, (B,)\)'—)Cp(ﬂy)\) =

c1lea F(B,A) = cafB — caB* — sl S BN
where D := { (B8,\) e R>g x R>g | cp(B3,A) >0} (3)
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Outline

Modeling (part 1): Turbine, aerodynamics & power coefficient

m Aerodynamics and power coefficient

= Power coefficient (without pitch system)

03.02.2015 45t MSE Winter School: Part | — Renewable Energy Systems”, C. Hackl 59/138



= Munich School of Engineering Technische Universitat Miinchen WU H

Power coefficient (without pitch system)

—cpal’)
0.6

........................................................................................ Cp,Betz

0.4+

0.2 +

power coefficient ¢, [1]

0 2 4 6 8 1‘0 1‘2 14 1‘6 1‘8 2‘0
tip speed ratio A [1]
Turbine power (power capture)

1 1
Pt = cp1(Npw(t) = cpi(N) imrfvw(t)?’ < Cp Bets §Q7rrfvw(t)3 (4)
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Outline

Modeling (part 1): Turbine, aerodynamics & power coefficient

m Aerodynamics and power coefficient

m Power coefficient (with pitch system)
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Power coefficient (with pitch system)

T i
— ¢pa() \\r\

00 i QCP,Q(', 3

0.4

0.2
20 =

5 0 60 51

A1l
Turbine power (power capture)

1 1
pe(t) = Cp,2 (A, B)pw(t) = Cp,2<>‘a B) 59777%2“111 (t>3 < Cp,Betz 597”?2”711 (t)g ()
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Outline

Modeling (part 1): Turbine, aerodynamics & power coefficient

m Aerodynamics and power coefficient

= Aerodynamic torque (turbine torque)
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Aerodynamic torque (turbine torque)

... discussion on whiteboard ...
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Outline

Modeling (part 1): Turbine, aerodynamics & power coefficient

m Dynamics of the mechanical system (simplified)
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Core components (recap.)

Turbine Gear Generator

Back-to-back converter

Filter PCC Trafo Grid
Wt Wm
me  gr My VSI DC-link VSI
a1 [ DO
o (o) pcl | T | |/ acla] 111 Lo ||
B S ,l-'sabc Sgnl?c Ude Szbc iabc ugbc
Y Y Y Y Y
Control
Udc,ref Ppcc dpcc
Bef
.
Y
Operation management
A
Vw Ppcc,ref Qdpcc,ref
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Effect of the gear ratio

me we

Mm Wm o grwi My Wm

2 Om

Gear ratio

gri=—=> 1 (for wind turbine systems)
t

Energy and power balance

Vt>0: %(@twt(t)z + Omwm (t)?)? = const. A my(t)wi(t) = M (H)wm ()
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Dynamics of the mechanical system (stiff coupling)

... discussion on whiteboard ...
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Outline

Modeling (part 1): Turbine, aerodynamics & power coefficient

m Résumé: Modeling (part 1)
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Résumé: Modeling (part 1)

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

DC-link VS|

Facts (Wind power, turbine torque and mechanical system)

Wind power puw(vw) = 2omrivd >0

Tip speed ratio A= Mwy, Uy) i= %, Wi = grwy

Power coefficient  ¢,(8,\) ~ ci[e2 f(B,A) — 38 — caB* — c5|e e F(BA)
Turbine power Pt (B, v, wi) = ¢p(B, Vuw, Wi ) Prw (Vi)

Turbine torque me(B, v, we) = ”’(B+t“’) >0, VYVw >0

Mech. dynamics 4w, = %(W 4 mm(?)>7 ©:=0m+ 5% >0

v
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Outline

Modeling (part 2): Electrical components
m Electrical network of wind turbine system (overview)
m Generator dynamics (permanent-magnet synchronous generator)
m Grid-side dynamics (filter, grid voltage)
m Voltage source inverter (VSI)
= Electrical network and output voltages
= “Output space”: Voltage hexagon
= Pulse width modulation (PWM)
DC-link dynamics
m Résumé: Modeling (part 2)
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Outline

Modeling (part 2): Electrical components
m Electrical network of wind turbine system (overview)
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Electrical network of wind turbine system (overview)

a
uS
-—
e a .
«—— R LS U Z‘g’ Pm

= Dynamics on machine and grid side (in («, 8)-CoSy) and of DC-link?

I)H
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Outline

Modeling (part 2): Electrical components

m Generator dynamics (permanent-magnet synchronous generator)
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Electrical network on machine side

a
uS
44—
6? Lo o)
«—— R; s Ul%s
e

e .
—— R; Lg W ZSC
<

Odc

= Generator dynamics in stationary reference frame (i.e. («, 5)-CoSy) ?

03.02.2015

“15t MSE Winter School: Part | — Renewable Energy Systems”, C. Hackl

68/138



CE Munich School of Engineering Technische Universitat Miinchen THUHH‘

Generator dynamics in («, 5)-CoSy

... discussion on whiteboard ...
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Outline

Modeling (part 2): Electrical components

m Grid-side dynamics (filter, grid voltage)
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Electrical network on grid side

uf

B ———

u(l

+ Flo Ly B
-

. b

e " ifly Ly Ry 0,

Udc Cac ~| > On

UC

— Ylw Lr Br 2%
.

Odc

= Grid-side dynamics in stationary reference frame (i.e. («, 5)-CoSy) ?
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Grid side dynamics in («, 3)-CoSy

... discussion on whiteboard ...
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Outline

Modeling (part 2): Electrical components

m Voltage source inverter (VSI)
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Outline

Modeling (part 2): Electrical components

m Voltage source inverter (VSI)
= Electrical network and output voltages
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Electrical network

2L-VSI (ideal)

+
*—O0—p—
in
Y idc s st \7 s¢ \’
Z‘Ll
Ude | —— >
it >
ic
3@ gb 5¢
[ 2 \ 4 . 4 g
Odc T
Sabc: (Sa7 b’ gC)T

= Output voltages u¢ = (u®, ub uce) T

?

= f(s" uqc) ?
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Output voltages u{% = (u® u® u)" = f(8% uq.)

... discussion on whiteboard ...

03.02.2015 15t MSE Winter School: Part | — Renewable Energy Systems”, C. Hackl 73/138



"2 Munich School of Engineering

Technische Universitat Miinchen \H H I H

Outline

Modeling (part 2): Electrical components

m Voltage source inverter (VSI)

= “Output space”: Voltage hexagon
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“Output space”: Voltage hexagon

Udc

2
Wor0\ 3 "de

3Wde
w011 [f3/3%de
— 5 T
Udc —5udc — 3 Udc de
—1
dc
u 2 u
001/ — 2y, 101
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Outline

Modeling (part 2): Electrical components

m Voltage source inverter (VSI)

= Pulse width modulation (PWM)
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Pulse width modulation (PWM):

Symmetrical PWM

100
300 B
200 R EPE L S i
L1l ~
o 100 L Y
=3 iig ~
g 0 F B (i 4]
E ~ 14
S —100 T4 Blg b
—200 |- R AT B
~300 g
—400 g
500 i i i i i i
1 T T T T T T
= LT
= 05 =T < i
AT L
E [ “1\, P 7
z \1 2
B AN 2T
05 F e 3) 1
TR L=
-1 F ol a
-—- e (sampled) Jeareier ()
L L T — T T T T L L
0.02 0.022  0.024 0026 0028  0.03 0032 0034 0036 0038  0.04
time ¢ [s]

— dead time Tiead = f(prm)?
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Pulse width modulation (PWM): Symmetrical PWM

st 1] s (1] carrier [1]

s 1]

0.5

I | | 1 |
0.00025 0.0005 0.00075 0.001 0.00125

time ¢ [s]

|
0.0015

|
0.00175

0.

02

03.02.2015
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Outline

Modeling (part 2): Electrical components

m DC-link dynamics
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Electrical network of DC-link

U 0—— —oOo U
V O 0o V
;C
'
w o— —Oo W
abc _ (.a b .C TT T abc _ (qa b c\T
Sm = (‘Smﬂ m) '5m) Sp = (‘Sn'f Sno ‘Sn)

— DC-link dynamics $ug. = f(sab,40", sabe,if") ?

dt m s 19 n Y
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DC-link dynamics %Udc = f(sabc7 iabc) S%bc, ,i}sz)

m S

... discussion on whiteboard ...
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Outline

Modeling (part 2): Electrical components

m Résumé: Modeling (part 2)
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Résumé: Modeling (part 2) — Generator

Turbine Gear (Generator Power electronics Filter PCC Trafo Grid

Facts (Generator dynamics (in («, 3)-CoSy))
o +S d s
stator: u; = R + g Y
LY o]. ¥
. k _ s k pm
flux: P, = [O qu]zs+<0)
— —
=:LFeR2x2 =:¢§m
torque: mn(i5,95) = 5o (i) T T
mechanics: 4w & (% + mm(iiiﬂss))
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Résumé: Modeling (part 2) — Back-to-back converter

Filter PCC Trafo Grid

Turbine Gear Generator Power electronics

DC-link VS|

R RS WA

Facts (Back-to-back converter/VSI & DC-link (in (a, b, ¢)-CoSy))

DC-link dynamics:  $ruac(t) = &= ( — sobe(p)T4be(4) — s,“lbc(t)Ti}lbc(t)>
1 —1 0
output voltage(s):  ulff,(t) = uac(t) [_01 ! gl]Sf,ffn(t)
u®+ul+ut=0 _— Ude 2 -1 1] e
i ORI | R EAC
dead time: Tiead € Tpwm

v
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Résumé: Modeling (part 2) — Filter, power & grid

Facts (Filter dynamics, power & grid voltage (in («, 5)-CoSy))

filter: wi(t) = Rpaf(t) + Ly a3 (t) + ud ()
active power:  ppec(t) = Suf(t) i (t)
reactive power: gpec(t) = Sud(t)’ Jif(t)

grid voltage: ug(t) = o (COS(%(?))

Turbine Gear Generator Power electronics Filter PCC Trafo

DC-link VS|

( e = ARE AN

i savefigbe

sin(¢o(t))

03.02.2015
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Outline

Control (part 1): Generator side
m Overview
m Field orientation (FOC)
= Basic idea
= Generator dynamics in field orientation
VSI dynamics (approximation)
Current control (torque generation)
= Current control loop
= Current controller design
= Approximation of current control loop
Speed control
= Operation regimes for different wind speeds
= Control objective in regime Il
= Speed control loop
Simulation results
m Résumé: Control (part 1)
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Outline

Control (part 1): Generator side

m Overview
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Generator side control: Relevant components

( A
Turbine Gear | Generator Power electronics Filter PCC Trafo Grid

VSl DC-link VSI

AC /I _L [ pC /== ]
o« ' @ ool | T | | /acl] i @:

jin)
ﬂ W ,':Sabc S(:nl?c Ude Szbc ,,:Fbc ugbc
Y Y Y Y Y
| Control ‘
Brot W, ref Udc,ref Ppce Adpcc
ro
v Y Y
| Operation management ‘
Iy
Vw Ppcc,ref dpcc,ref
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Overall control system on the generator side

speed current Parl Clarke
controller controllers (PI)  transformation  transformation PWM vsI generator
el
i
s
(0) 5 s, ref “sk,ref dq s rot[@B L;l;gf 57‘11{’0 e “’sabc
ap abc 1)
uac |
isdref com- Pk com- | Wwm
' pen- Wi put-
sation ation
) Ypm
. ab
dq i [aB /]id7¢
ap abc
wm
implementation in (d, q)-CoSy (field oriented control (FOC)) approximation

1 Tapp

K ke
*s,ref [ : g
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Outline

Control (part 1): Generator side

m Field orientation (FOC)
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Outline

Control (part 1): Generator side

m Field orientation (FOC)
= Basic idea
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Field orientation: Basic idea (for p = 1)

¢r = §wi dT +70
«
a
C
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Outline

Control (part 1): Generator side
m Field orientation (FOC)

= Generator dynamics in field orientation
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Generator dynamics (recap.)

uy

Facts (Generator dynamics (in («, 5)-CoSy))

o S S d S
stator: u; = R+ s
d
i Kk _ Ls 0 -k wpm
ﬂUX. 1/’5 = [0 Lg] (3 + ( 0 )
— —
=L eR2x2 =;¢§m
torque: mu (5, 95) = 3p(i) I
mechanics: Sum = & (W + M (35, %S))

== Generator dynamics in (d, ¢)-CoSy,
Le. il = Fi0.¢0) and me, = f(i5, ) ?
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Generator dynamics in field orientation/(d, ¢)-CoSy

... discussion on whiteboard ...
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Outline

Control (part 1): Generator side

m VSI dynamics (approximation)
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“Output space”: Voltage hexagon (recap.)

U100

3 Udc tde
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Delayed (average) voltage generation

T T

ua
4,0 —
\HHIIIIIIHH .
2,0 AAUTHAORON
B H“pl |||||H‘
% 0 ¥ 1\” 5
i
—2,0 ‘!l|||||| : -i||||
)
—4,0
0 0, 005 0, o1 0,615 0,02
time ¢ [s]
Vt = Thead : w®™(t) ~ () = uE (t — Taead)

03.02.2015 43t MSE Winter School: Part | — Renewable Energy Systems”, C. Hackl 88/138



Technische Universitat Miinchen \HU’H

"2 Munich School of Engineering

VSI dynamics (approximation)

PWM VSI
abc sabc T T T uabc

abc ) abe [T171 b
u M T, s \T%% u® ref \%:\E
> ——

SVM VSI

ref

g A

Fact (Delay depends on PWM (or space vector modulation))

u°(s) 1
Taead o T, — Fue(s) = 28 _ —sTueaa o T
o o VSI( ) U?gfc(s) 1+ sT4ead
89/138
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Outline

Control (part 1): Generator side

m Current control (torque generation)
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Current control (torque generation)

Model-based controller design (in field orientation)

d . 1 . .

I zsd = ﬁ(usd - Rszsd + kasqzsq)

iiq = i(uq — Ryid — wi LY — wyap )

dt s qu s 5% s “s pm
3

My = ip(zszmz'g + (L4 — L2)id49)

d p .d -

—wp, = ————=— (M (i, 17) +

" e, + %( (&)

Next steps:
= Block diagram
= Disturbance compensation (feed forward)
= Controller design
= Approximation of torque dynamics

mt(/\, 6))
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Outline

Control (part 1): Generator side

m Current control (torque generation)
= Current control loop
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Current control loop (generator side)

1 d
J ~ Viydly, i 4 1 Tdcadd Y ,d
b ref j u&ref [ U t 1
— 2, d
U dist
‘disturbance’ qu
d
us7comp v
D
Wi —¢
d)pm Ld
ud BF—(‘%—_ |
s,comp
1
.q VRVLS,ZWTL i q 1 Tdead “q ] R. sq .
Zs,rcf l i us,rcf [ usq s,dist I 1
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Outline

Control (part 1): Generator side

m Current control (torque generation)

= Current controller design
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Current controller design (¢g-component)

q 4
us,comp | “,S.dist
FK (S
VR,zf Tn,lg 1 Tdead Ry 7;(1
-q

— q
Zs7ref ~ U’s,ref
S

;4
»ls

PI controller design (Magnitude Optimum) = fast set-point tracking

1+ 8T, ;0 T4 Ly

F q(S) = V -q i T 5 1/p . .
R,id ( ) Ry STn,isq e 2- 1/Rs . Tdcad e
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Outline

Control (part 1): Generator side

m Current control (torque generation)

= Approximation of current control loop
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Approximation of current control loop

... discussion on whiteboard ...
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Outline

Control (part 1): Generator side

m Speed control
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Overall control system on generator side (regime II)

speed current Parl Clarke
controller controllers (PI)  transformation  transformation PWM vsI generator
el
i
s
(0) 5 s, ref “sk,ref dq s rot[@B L;l;gf 57‘11{’0 e “’sabc
ap abc 1)
uac |
isdref com- Pk com- | Wwm
' pen- Wi put-
sation ation
) Ypm
. ab
dq i [aB /]id7¢
ap abc
wm
implementation in (d, q)-CoSy (field oriented control (FOC)) approximation

1 Tapp

K ke
*s,ref [ : s
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Outline

Control (part 1): Generator side

m Speed control
= Operation regimes for different wind speeds
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Operation regimes for different wind speeds

A

PN -

pe [W]

Vcut—in UN Vcut—out Vw [%]

Regime [: Stand still. No power output, i.e. p; = 0.

Regime II: Sub-nominal operation. Variable output power, i.e. 0 < p; < p,
(Goal: Maximum power point tracking).

= Regime IIl: Nominal operation. Output of nominal power, i.e. p; = py.
Regime IV: Stand still (safety shut down), i.e. p; = 0.
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Outline

Control (part 1): Generator side

m Speed control

= Control objective in regime Il
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Control objective in regime |l

0.6 Cp 1()‘*) = C; , i
0.5 —7
0.4
RN
0.3
0.2
0.1 / ™
L1 prl(')
0 2 4 6 8\* 10 12 14 16 18 20 A
d 1 cp1(N) rom (C)
p,1 2 ory t
— Wy, = = | co=ws +m co = >0 A ©:=0,, +—
dt m o) 0 )\3 m m,ref | 0 29? m g?
=ms/gr

== Control objective: A — \* (or w,,, — w;;,) for constant wind v,, > 0.
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Outline

Control (part 1): Generator side

m Speed control

= Speed control loop
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Speed control loop

1 my 4_1)11)
~1 9 —(TOR) |« 5 =0
controller %Pﬁ 1 Tappisq %pwpm é
0 Mm,ref ZZ ref Zg | Mm + Wm
T (CON) - S/
i cp1(A) o 1 Wm
turbine torque  m¢(A,wm) = ¢o ’)\3 w-, where \= = (TOR)

. * * ¢ 71(>\*)
generator torque: M vet = —kjwp, ~ my,,  Where k= COW (CON)
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Analysis of speed control loop

cpa (A7) =i ¢,

0.6 P /
0.5 —7 T
4
O \
0.3
0.2
0.1 / ™
L p1 (")
0 2 4 6 8\* 10 12 14 16 18 20 A
d 1 Cp’1(>\) 2 *, 2 * CPJ()‘*)
E Wm = 6 0 23 Wi —kpwm where kP = COW
| —
=mt/gr =Mm,,ref

= A\ = \* (Or w,, — wy,) for all A € (A\in, Amax) @and v, > 0 (const.) ?
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Analysis of speed control loop

... discussion on whiteboard ...
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Outline

Control (part 1): Generator side

m Simulation results
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Simulation results: Generator side control (1)

10 =
vu:
v [m/s] 5 MMWWWW
0 L L L L L
15 T T T T T
Al 10 W,WMWWMWWW
5 L L L L L
0.6 T T T T T
¢ 1] 0.55 g
Cp,Betz Cp
0 A5 | | | |
1
Prec [MW] 0.5
0 100 200 300 100 500 600
time ¢ [s]
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Simulation results: Generator side control (2)

1

Ppec [MW] 0.5

Gpee [Mvar] 0

time ¢ [s]

—Y499 12092 T49.04 14906 149.908 150 150.02 150.04 150.06 150.08 150.1

time ¢ [s]
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Outline

Control (part 1): Generator side

m Résumé: Control (part 1)
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Résumé: Control (part 1) — Overall control system

speed current Parl Clarke
controller controllers (PI)  transformation  transformation PWM vsI generator
el
i
s
(0) 5 s, ref “sk,ref dq s rot[@B L;l;gf 57‘11{’0 e “’sabc
ap abc 1)
uac |
isdref com- Pk com- | Wwm
' pen- Wi put-
sation ation
) Ypm
. ab
dq i [aB /]id7¢
ap abc
wm
implementation in (d, q)-CoSy (field oriented control (FOC)) approximation

1 Tapp

K ke
*s,ref [ : s
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Résumé: Control (part 1) — Generator side

Turbine  Gear [Generator Power electronics. Fitr PCC Trafo  Grid

DClink VS

Facts (Generator side control (for L, :== L9 = [ — T, := L=
S S Rs
uk s 1+5Tn,ik

current con.: 'l,f(s)if(z’)“(s) = Vi 1ot Vis = e AT, o =T,

. _ s quq

¥ (s

current dyn.: = (f ()s) ~ 7 +81Tapp, T = 2Tdead «1

torque gen.: M~ Moty (0 o = ort Al ¢ = 0)
speed con.: M ref = —k; o= A > XN (ifvy, >0A N> A\pin)
103/138
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Outline
B Control (part 2): Grid side

m Overview
m Voltage orientation (VOC)
= Basic idea
= Grid side dynamics in voltage orientation
= Grid synchronization
m VSI dynamics (approximation, recap.)
m Current control (power control)
m Current control loop
= Current controller design
= Approximation of current control loop
m DC-link voltage control (power balance)
= DC-link dynamics
m Linearization around equilibrium
m “Structurally varying” system dynamics
Root loci of linearized system
Stability analysis (Hurwitz polynomial)
= Simulation results
m Résumé: Control (part 2)
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Outline
B Control (part 2): Grid side

m Overview
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Grid side control: Relevant components

Turbine Gear Generator Powgr electronics Filter PCC Trafo Grid )
VSI DC-link VSl
e AC /T _L [ |pC ::F: ]
o ol Ll T [ /aci] 111 @_
5 W isabc Sf,fm Ude Szbc ifabc ugbc
Y Y Y Y Y
| Control ‘
A
Bro W ref Udc,ref Ppec dpcc
o Y Y J
| Operation management
A
Vw Ppcc,ref dpcc,ref
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Overall control system on the grid side

dc,ref

—

DC-link
control

Udc

.d
*f ref

il
'f ref

implementation in (d, q)-CoSy (voltage oriented control (VOC))

K
¥ ref

approximation

current Park Clarke .
controllers (Pl)  transformation  transformation PWM Vsl fiter  PCC . grid
k s b b
uf vet[da 14 ret[aB AJuf rer W sqbe uf [
e =il BN
4 B abe AL it =
”dcT Ipn
com- 0 u8 be
pen- wo PLL Pm DC-link
sation 2 « (capacitance)
7y 0 T —
if aq ii [ap /] ifbe
af abe
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Outline
B Control (part 2): Grid side

m Voltage orientation (VOC)
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Outline
B Control (part 2): Grid side

m Voltage orientation (VOC)
= Basic idea
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Voltage orientation: Basic idea (for symmetrical grid)

ﬂ WE = Wo
ughe E d
a ¢k: = ¢O
[ Ug ug

v
t

ug ¢0:SdeT +a%[

a

0
= determination of ¢y (and of «g, implicitely) via phase-locked loop

. uf - <u) = Tp ()i = To (o)~ Toug™
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Outline
B Control (part 2): Grid side

m Voltage orientation (VOC)

= Grid side dynamics in voltage orientation
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Grid side dynamics (recap.)

i#ly Ly Ry 4

a
uf

<
=

J

e L R 0,

Facts (Filter dynamics, power & grid voltage (in («, 5)-CoSy))

filter: up(t) =
active power:  ppec(t)

reactive power:  gpcc(t)

grid voltage: ui(t) =

Ryip (t) + Ly 7 () + g (t)
Jud(t) 17 (1)
Ju(t)T T (1)

- (cos(o(t))
o (ﬂn(%(t)))

= Grid side dynamics in (d, ¢)-CoSy,
d sk

-k ¢ sk v
i.e. Ty = f(ZjUS) and ppcc&Qch = f(Zj,’U,(};) ?

03.02.2015
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Grid side dynamics in voltage orientation/(d, ¢)-CoSy

... discussion on whiteboard ...
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Outline
B Control (part 2): Grid side

m Voltage orientation (VOC)

m Grid synchronization
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Grid synchronization (phase-locked loop)
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Phase-locked loop (PLL): Block diagram

wo
V!‘,pll Tn,pll -
~ To
S

~k ~
udbe T ug BN S I b0
T; “rud U, ~k
© T Ol |
bo S
Goal:
lim ul(t) =0 — lim (¢o(t) — go(t)) =0
Jim g (t) Jim (o (t) — do(t))
Use:
oo & &y for voltage orientation and disturbance compensation
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Phase-locked loop (PLL): Analysis and design

... discussion on whiteboard ...
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Outline
B Control (part 2): Grid side

m VSI dynamics (approximation, recap.)
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Delayed (average) voltage generation

T T ua
40 F E—
[y :
20t _.IIIH [l o !
= T
%
20 [ ~'~=|||||||||- il
Il
—4,0 +
0 0, 605 0, 61 07615 0,02
time ¢ [s]
Fact (Delay depends on PWM (or space vector modulation))
o uabc(s) Taens 1
Tacad € Towm = FVSI(S) = m =g fldead m
03.02.2015
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Outline
B Control (part 2): Grid side

m Current control (power control)
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Current control (power control)

Model-based controller design (in voltage orientation)

d .d 1 d .d . N
a = L_f(uf — Ryif + ngfz]? — 1)
d 1

q _ q q d
a = L—f(uf — Rf’Lf — WOLf’Lf)

3. 3. .
Ppec = 5“077‘ & Gpcc = _§UOZ}1

Next steps:
= Block diagram
= Disturbance compensation (feed forward)
= Controller design
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Outline
B Control (part 2): Grid side

m Current control (power control)
= Current control loop
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Current control loop (grid side)

1
VR,ing,ig 1 Tiead = Iy y
ié - l i ud ] : ud L : v
foref X f,ref f o~ f
J
— d
T“/’.dist
woLf
uf,comp Uo — .
L
—woLf
q <
u
f,comp ‘disturbance’
. VR,@? n,if . 1 Tdeadq ul By T; »
Zf,ref ~ j uf,rcf Z uf ) Jodid Z Zf
A J
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Outline
B Control (part 2): Grid side

m Current control (power control)

= Current controller design
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Current controller design (recap.)

k k
u Ur dis
'f,comp | f,dist
FK (S
. 1
. VR,'L;“ Tn,zk 1 Thead "y Ty
. — K -k
Zf,ref ~ : uf,ref i ufk i zf
S S
T .
1 ot

PI controller design (Magnitude Optimum) = fast set-point tracking

14 5T, ;» T, L
Fp. S VAP e A 7, E— T =T =L
R,if (s) R,if STn,if » VR,if 9. 1/Rf Thead A n,if f Ry
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Outline
B Control (part 2): Grid side

m Current control (power control)

= Approximation of current control loop
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Approximation of current control loop (recap.)

For (ideal ‘disturbance’ compensation)

_ 1+ sTgead wolL il —q
k 1 f 0 k
Ut comp = L { - ! ~ U gist

1+ sh ~woLyif
we have
-k
i (s) !
F ik S) = =
ok (s) if rep(s) 1+ 82Tacaa + s22T5,,4
1
N~ - where Tapp := 21
— STapp app dead
1 Tapp

J; J;
7 l : ()
foref i
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Outline
B Control (part 2): Grid side

m DC-link voltage control (power balance)

03.02.2015 45t MSE Winter School: Part | — Renewable Energy Systems”, C. Hack! 116/138



=
= Munich School of Engineering

Technische Universitat Miinchen L‘HH I H

Overall system for DC-link voltage control

dc,ref

—

DC-link
control

Udc

.d
*f ref

il
f ref

implementation in (d, q)-CoSy (voltage oriented control (VOC))

approximation

ik
*f ref l :

current Park Clarke .
controllers (Pl)  transformation  transformation PWM Vsl fiter  PCC . grid
k s b b
uf vet[da 14 ret[aB AJuf rer W sqbe uf [
e =il BN
4 B abe AL it =
”dcT Ipn
com- 0 u8 be
pen- wo PLL Pm DC-link
sation 2 « (capacitance)
7y 0 T —
if aq ii [ap /] ifbe
af abe
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Outline
B Control (part 2): Grid side

m DC-link voltage control (power balance)
= DC-link dynamics
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DC-link dynamics

Pm + + Pn
Oo—e—0»—
o Ay, ™
Ude | =—= Clac —I
Pdc
L 0—e—0—
Odc
. d 1
" Ddc = 'U/chdca Udc = —Pm — Pn - E Udc = m( — Pm — pn)
3 2 3 . d 3d Tk k
B Pm = + = p(Ypmid + (L — L3)id Dwm + = — (i YTLEFq
2 2 dt
Pm,loss Pmech=MmWm PLSk
] = *Rf H i H - Lf(Zf) ’Lf + 3UUZf
2 dt 2
ﬁz—’ —_—
Ppcc,loss po Ppcc
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Outline
B Control (part 2): Grid side

m DC-link voltage control (power balance)

m Linearization around equilibrium
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Linearization around equilibrium

... discussion on whiteboard ...
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Linearization around equilibrium (summary)

2 d 2\ k- a
+ Ly Frca I + Uots

d . 1 - 3/(/. ) vd x4 g
—. @ Ude = ficdcugc [ m 5 <<uo + 2szf )zf + szf I iy

A
dt dC_Cdcudc pm 2 F

3 g% .d, % d ~,
+3 <2Rf’L}1 if + Lyig & 1}1) ]

1
Cvdcuv,:(lc

~ ~ 3 /(. dx e
O—® sligc(s) = [pm(s) + 3 ((uo + 2sz}i’ ) + stz}-i’ ) z}i(s)
3 -q,%7q
+3 (2Ry + sLy)if"1f(s)

transfer function of linearized system:

d,* ~ d,x
Ude 1+ T, Lysi 3 Uo + 2Ryiy
u’?di(s) — _Vsﬁ where TV = Afif.d*7 VS = ,#
Z;l(s) 8 Uo + ZRfZ/‘ 2 Cacul,
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Outline
B Control (part 2): Grid side

m DC-link voltage control (power balance)

m “Structurally varying” system dynamics
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“Structurally varying” system dynamics

current linearized
closed-loop system Fg
1 Tapp
~d ~d ~
ﬂ, i i »| _ Vs(1+sTv) _Udc>
e v
(S1) i =0 = Ty =0 — < () _ S (IT1)

Z}{ref(s) S<1 + STapp)
U, 1
(S2) i}i’* >0 = Ty >0 = tgc(s)  Vs(1+sTy)

Z'Jg,ref(s) - S<1 + STEPP)
(IT; + PD, minimum phase)

(Ss) if" <0 = Ty <0 = Nudc( s) _ Vs(1—s|Tv])

Zf ref(s) S(]_ + STapp)

(ITy + PD, non-minimum phase)
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Outline
B Control (part 2): Grid side

m DC-link voltage control (power balance)

= Root loci of linearized system
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Root loci of linearized system

gain Pl controller  current linearized
(increasing) (normalized) closed-loop system Fg
—Vr 1 T, 1 Tapp

~

™

Udc,ref

— i b
N : foxef, : f o] Vs(4sTv)
S

Open loop of linearized system

Uacls) _ VaVs(l+sT)(1 +sTy) | oo Tn >0 Vs = 0

e(s) 2T, (1 + sTapp) ’

Vr — o0 increasing gain

Ty € R (depends on equilibrium!)
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Root loci (depending on equilibrium)

6000

081 068 05 03 Ty =0
R L B g —Ty >0

4000
E~ 2000109
] .

3 0

g

<

£

&

£ —2000f

—-4000

081 068 05 03

—6000

Real axis o [24] x 10*
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Outline
B Control (part 2): Grid side

m DC-link voltage control (power balance)

= Stability analysis (Hurwitz polynomial)
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Stability analysis (Hurwitz polynomial)

... discussion on whiteboard ...
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Outline
B Control (part 2): Grid side

m DC-link voltage control (power balance)

= Simulation results
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Simulation results (1): Grid-side control

600 F B
pm W] 500

400 i | I I I ]

590 T T T T T
uge [Vl 580

570 L L L L L

0 T T T T T i
Lf ref

i} [A] -5 | u v ! i

—10 I I I I

100
Gpcc [Var] 0

0.05 0.1 0.15 0.2 0.25 0.3
time ¢ [s]
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Simulation results (2): Grid-side control
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Udce [V]

i [A]
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Outline
B Control (part 2): Grid side

m Résumé: Control (part 2)

03.02.2015 45t MSE Winter School: Part | — Renewable Energy Systems”, C. Hack! 126/138



=
= Munich School of Engineering

Technische Universitat Miinchen L‘HH I H

Résumé: Control (part 2) — Overall control system

dc,ref

—

DC-link
control

Udc

.d
*f ref

il
'f ref

implementation in (d, q)-CoSy (voltage oriented control (VOC))

approximation

K
¥ ref l :

current Park Clarke .
controllers (Pl)  transformation  transformation PWM Vsl fiter  PCC . grid
k s b b
uf vet[da 14 ret[aB AJuf rer W sqbe uf [
e =il BN
4 B abe AL it =
”dcT Ipn
com- 0 u8 be
pen- wo PLL Pm DC-link
sation 2 « (capacitance)
7y 0 T —
if aq ii [ap /] ifbe
af abe
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Résumé: Control (part 2) — Grid side

wo
Vept Thnpn N
Wo
S

i € \4 ®o

b s
ug’e wl—— Jaug b, [ai] @
TC T (60) ™ " ug Ug |ﬁ(’;||

B

Facts (Phase-locked loop (PLL))

wo (8)=Wo(s) 14T pu

PLL controller: e = Vr,pil T
Small signal:  sin(¢o — ¢o) =: &~ o — o, (for ¢o — o < 1)

. _ bo(s) _ 1+sTh,p
Control loop: Forpu(s) = 52 = Vel T Tt ot T
P
Tuning: Xdesired () = s*T7 + 52T}, + 1 (e.g. pole placement)
2 1 2
e VR,pll = Tip A T’n7p11 = 2Tp, Tp < To = wi(:
128/138
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Résumé: Control (part 2) — Grid side
\ o \
B N
‘ Operation mana gement W W ‘
Facts (Grid side current/power control (for 7' := L¢/Ry))
. uf o (5) LTy o T:R
Current con.: W = R,’i;“ W, VR,’Lfk = 27{ieafd AN Tn,’l,fk = Tf
a5
. ) & 1 f 148 Tyen woLygiz — g
Dist. comp.: U omp = L7 {%} < —wofoi}l )
) ifs) 1
current dyn.: i}ifref & N TETo Tapp = 2T deaa < 1
active pow.: Ppec = 3ioif (ppec controlled via DC-link control)
react. pow.: Opec = —%aoi}’ (for gpec control set: z'J‘Zﬁref = —%ﬁ;"‘)
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Résumé: Control (part 2) — Grid side

Facts (DC-link control (linearization, local results))

~ .d,x
. . . 1+ Tys . Lfi_;."* _glo + 2Rf’1/-
= Closed-loop system with Pl controller Vi +£5l=
Fon(s) = uge(s) VeVs(1 + sTapp) (1 + sTy)
or Udc,ref(s) 53 TnTapp +52 Tn(1 + TVVSVR) +s (TV + Tn)VsVR + VrVs
~—— —
=:a3 =:ag =:a1 =:iag
Sufficient conditions for local stability
(By) 0 < Vg < ﬁ s admissible region
Tapp
(B2) Th > =821 + 1TV >0 =
R

= qag, a1, as,a3 > 0 and asa; — azag > 0.
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Outline

Operation management and outlook
m Operation management
= Operation regimes (recap.)
= Power coefficient without pitch system (recap.)
= Regime II: Speed control loop
= Regime IlI: Speed control loop with pitch control
m Power flow (recap.)
m Outlook: Future challenges

03.02.2015 45t MSE Winter School: Part | — Renewable Energy Systems”, C. Hackl 130/138



= Munich School of Engineering Technische Universitat Miinchen L‘HH H

Outline

Operation management and outlook
m Operation management
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Outline

Operation management and outlook
m Operation management
= Operation regimes (recap.)
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Operation regimes for different wind speeds (recap.)

A

PN -

pe [W]

Vcut—in UN Vcut—out Vw [%]

= Regime I: Stand still. No power output, i.e. p; = 0.

= Regime II: Sub-nominal operation. Variable output power,
i.e. 0 < p¢ < Puom (Goal: Maximum power point tracking).

= Regime IIl: Nominal operation. Output of nominal power, i.e. p; = Pnom.
= Regime IV: Stand still (safety shut down), i.e. p; = 0.
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Outline

Operation management and outlook
m Operation management

= Power coefficient without pitch system (recap.)
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Power coefficient without pitch system (recap.)

T i
— ¢pa() \\r\

0.6 :/ Q CP’Q(.’ )
0.4
0.2F T
-
20 =

5 0 60 51

turbine power

1 1
pe(t) = Cp,2 (A, B)pw(t) = Cp,2<>‘a B) 59777%2“111 (t>3 < Cp,Betz 597”?2”711 (t)g (6)
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Outline

Operation management and outlook
m Operation management

= Regime II: Speed control loop
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Regime Il: Speed control loop

~1 o= ——|(TOR)|= 5 =0
controller %p%p 1 Tappid Sptom T L
0 Mo, ref il o id O W,
T (CON) ’ r — [ \ i
i w; 0 .
turbine torque:  my(vy, 0, wr,) = Co%w?ﬂ where )\ = Zu; (TOR)
TYw
- * 2 * CP()\*,O)
generator torque: My, ret = —kyw;, ~ m,, where k; = COW
(CON)
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Outline

Operation management and outlook
m Operation management

= Regime IlI: Speed control loop with pitch control
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Regime lll: Speed control loop with pitch control

~ 1

| 2 pYom 1 Tapp §p1/)pm

My nom = M, ref Z';:I,ref L qu M

Vyw > Uw,nom
: n

Wm,nom ﬁref B my | Wm
— f() \/ (TORg) — > / >

©Q
Q=

A

controller ]
. . CP(Uwy/B) 2 TtWm
turbine torque:  my(vy, B, wm) = co——=—>w;, Where X =
A3 GrUw
(TORg)
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Outline

Operation management and outlook

m Power flow (recap.)
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Power flow (part 1)

source: wind power

storages Pw = 30TV}, losses
turbine
Pt
Prioss = (1= (V) pw
gear box
Pg

Pg,loss

03.02.2015 15t MSE Winter School: Part | — Renewable Energy Systems”, C. Hackl 135/138



NE Munich School of Engineering Technische Universitat Miinchen H HH

Power flow (part 2)

=— machine
Pm
3 |2
Prmjloss = 3 Rs Hls H
= converter
Pn
Pnloss
=—— filter & trafo
Ppee
3 |2
Ppecioss 1= 5 B ||if |

sink: point of common coupling (PCC)
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Outline

Operation management and outlook

m Outlook: Future challenges
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Fut

ure challenges (see also [12])

Reduction of levelized cost of energy (LCOE)
= economical feasibility of the “Energiewende”?!
Increase in reliability (in particular, of control system and power
electronics)
o Robustness
o System analysis and simulation
o Reduction of maintenance (condition monitoring / fault detection)
Reliable grid integration
o Plant safety,
o Grid code requirements (e.g. LVRT, frequency/voltage support)
o Decentralized generation (e.g. islanding mode/micro grid operation, etc.)
o Wind farms (grid integration, wake effects, ...)
New technologies/configurations
o New generator topologies
o New converter topologies (multi-level converters)
New gear topologies (“single-stage”)
Configurations without or smaller transformer
New semiconductors (SiC Mosfet, IGBT/IGCT press-pack, etc.)

o o o
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