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Gross power generation* in Germany 2013 (overall
631 TWh! = 631 - 10°kW h, aus [2])
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Quelle: Arbeitsgemenschalt Energicbilanzen (AGEB)

(* net power generation = gross power generation — energy consumption of power plant)
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nstalled nominal wind power in Germany 1990-2013
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(based on Fig. 4 in [3])
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Prognosis of installed nominal wind power in Germany
2030
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(Fig. based on p. 6 in [4])
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Percentage of installations after generator topology
in Germany 1990-2013 (from [3])
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Electricity production costs in Germany 2013
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(based on Fig. 1 in [5] and Tab. 4.12 (> 500 kW) in [6]).
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Core components (electrical point of view)

Turbine Gear  Generator Back-to-Back Converter Filter PCC Trafo Grid

Bref W ref Udc,ref HQPCC HPpCC
Operation management |
IU“’ Qpcc,ref T Ppcc,refT
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Availability (from a study with 1500 WT, [7])

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
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(based on Fig. 2in [7])
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Failure rate and downtimes
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Average down time (over 20 years): (based on Fig. 2iin [8])

= electrical system: 18,9 days
= control: 16,7 days
= gear: 13,6 days
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Outline
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m Example: Wind turbine systems with direct drive
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Example: Wind turbine systems with direct drive

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

http://www.siemens.com/press/de/pressebilder; http://www.siemens.com/press/de/pressebilder;
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Modeling

m Electrical network of wind turbine system (overview)
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Electrical network of wind turbine system (overview)
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Outline

Modeling

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

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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Space vector theory: Flux orientation
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Space vector theory (animation)
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Modeling

m Voltage source inverter (VSI)

14.01.2015 “Modeling and control of electrical components in wind turbine systems”, C. Hackl 19/45



"2 Munich School of Engineering Technische Universitat Miinchen WU I

VSI model: Electrical network

2-level inverter (ideal)
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VSI model: Voltage hexagon
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Pulse width modulation (PWM): Symmetrical PWM
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Symmetrical PWM
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VSI model: Dynamics (approximation)
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Outline

Modeling

m Grid-side dynamics (filter, grid voltage)
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Electrical network on grid side
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= Grid-side dynamics in voltage orientation (using rotating (d, ¢)-CoSy)
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Grid voltage: Model in voltage orientation
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Modeling

m Summary: Electrical models in (d, ¢)-CoSy

14.01.2015 “Modeling and control of electrical components in wind turbine systems”, C. Hackl 26/45



= Munich School of Engineering

Technische Universitat Miinchen \HU’H

Summary: Electrical models in (d, q)-CoSy
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Outline

Control
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Outline

Control
m Control of machine/grid-side currents
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Electrical model of wind turbine system
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Delayed voltage generation
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Generator current closed-loop system
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Current controller design (ideal disturbance
compensation)
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Approximation of current closed-loop system
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Grid-side current controller design
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Outline

Control

m Control of turbine speed
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Power coefficient and turbine speed
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Turbine speed controller
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Outline

Control

m Control of the DC-link voltage
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Overall system for DC-link voltage control
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“Structurally varying” system dynamics
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Root loci (depending on equilibrium)
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Outline

Operation management and power flow

14.01.2015 “Modeling and control of electrical components in wind turbine systems”, C. Hackl 39/45



= Munich School of Engineering Technische Universitat Miinchen L‘Huiﬂ

Outline

Operation management and power flow
m Operation regimes
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Operation regimes for different wind speeds

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 < pt < pnom (Goal: Maximum power point tracking).

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

14.01.2015 “Modeling and control of electrical components in wind turbine systems”, C. Hackl 40/45



= Munich School of Engineering Technische Universitat Miinchen Wuiﬂ

Outline

Operation management and power flow

m Regime Il: Speed control loop
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Regime Il: Speed control loop

1 my e Vw
o o —|(TOR)|= =0
1 T a3 — 1
controller 2 pPpm 1 appls 2p¢pm )
0 Mem,ref ZZ ref 7’sq [ Mm + Wm
»T» (CON) ’ V i
. w 0 m
turbine torque:  m¢(vy, 0, W) = co%wfn where )\ = Za; (TOR)
generator torque: M, ref = —kjwa, ~ m, Where ky = COCP((;‘*)’P
(CON)
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Outline

Operation management and power flow

m Regime lll: Speed control loop with pitch control
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Regime lll: Speed control loop with pitch control

3
' 3 pdom 1 Tapp 5PYpm
q

= 4
Zs,rcf : [ t | Mm

My, nom = Mim ref

Vw = Vw,nom

1
! 9r E]
wm,nom Bref B me + Wm
—l 2 ,/V: >[ (TORs) |—> > i >

controller ]

turbine torque:  my(vy, B, W) = COM%{L where )\ = ¥m
A3 GrUy
(TORg)
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Outline

Operation management and power flow

m Power flow
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Power flow (part 1)
Quelle: Windleistung |[pw|
Speicher '\/‘ Verluste
Turbine
pr|
Prverse = (1 — cp(A, 3)) [pw |
Getriebe
el
_— PG Verlust ¥
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Power flow (part 2)

Technische Universitat Miinchen H ”H

1 1
Elektrische
Maschine
[par]
Parverust = 3R, |85
Umrichter
[pwl
(A7)
PN Verlust = 0
Filter & Trafo
PrceNes = 3R ||
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