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Motivation
Beispiel: Windkraftanlage mit Direktantrieb

Windturbine SWT-2.3-113 Direktantrieb

(Permanentmagnet

Synchrongenerator (PMSG))

http://www.siemens.com/press/de/pressebilder/ http://www.siemens.com/press/de/pressebilder/
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Motivation
Blockdiagram einer Windkraftanlage mit Permanentmagnet-Synchrongenerator

Regelung
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Motivation
Leistungsfluss im elektrischen System
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ùñ Ziel: Modelle für Maschine, Umrichter mit Zwischenkreis und Netzseite
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Motivation
Netzfilter-Varianten
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Gliederung I

2 Modellierung
Netzseitiger Wechselrichter

Netzseitiger Wechselrichter (mit idealen Schaltern)

Netzanbindung über L-Filter
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Modellierung
Netzseitiger Wechselrichter (=dreiphasiger gepulster Stromrichter am Netz)
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Modellierung
Netzseitiger Wechselrichter (mit idealen Schaltern)
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Modellierung
Netzseitiger Wechselrichter: Spannungshexagon mit Referenzspannungsvektor
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Modellierung
Netzseitiger Wechselrichter: Ausgangsspannungen
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Modellierung
Netzanbindung über L-Filter
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Gliederung I

3 Netzsynchronisation
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Netzsynchronisation
Spannungsorientierung
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Netzsynchronisation
Netzsynchronisation (Phase-locked loop)
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Gliederung I

4 Regelung
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Regelung
Netzseitige Reglerstruktur [1]
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Netzseitige Reglerstruktur
Netzseitige Stromregelung
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Regelung
Simulationsergebnisse: Führungs- und Störverhalten
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Leistungselektronik
Frequenzumrichter: Symmetrische PWM und Schaltsignale
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Leistungselektronik
Vergleich der Halbleitertechnolgien [3]: Si-basierte Bauelemente

As a comparison, the same breakdown can be achieved in 
less than  

70  m.  

It is, therefore, a much easier task for SiC power devices  

to achieve extremely high breakdown voltage. 27-kV SiC 
IGBT [37] and 22-kV SiC GTO/ETO [20] have been reported 
in the literature. These blocking voltages are far higher than 

the 13-kV Si power devices ever reported [38]–[39].

device 

-

-

mum operation temperature. The motivation of device 

innovation is to increase the current density for a given 

-

state voltage–current relationship such as the MOSFET, the 

√       (1a)

such as a diode, thyristor or IGBT, it is expressed in

      (1b)

    is the specific thermal resistance from junction 
/W, and       is the specific 

. Both quantities are 

of the packaged device. In (1b),   
voltage drop of the device expressed in Volts. From (1a), it 
is clear that a 100 times reduction in the   

according to (1b). Higher current density  
   . Many 

  is fixed), increasing the chip area   

typically less than 1 cm

Fig. 5 for SiC and GaN power devices. Since the current 

[as suggested by (1a) or (1b)] as well as the total pack

using a bevel edge termination technology [34]–[36] and 

handling capability of 8 GW operating at 800 kV [41]. 
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Leistungselektronik
Vergleich der Halbleitertechnolgien [3]: SiC-basierte Bauelemente

As a comparison, the same breakdown can be achieved in 

70  

to achieve extremely high breakdown voltage. 27-kV SiC 
IGBT [37] and 22-kV SiC GTO/ETO [20] have been reported 

the 13-kV Si power devices ever reported [38]–[39].

state voltage–current relationship such as the MOSFET, the 

√       (1a)

such as a diode, thyristor or IGBT, it is expressed in

      (1b)

    is the specific thermal resistance from junction 
/W, and       is the specific 

. Both quantities are 

of the packaged device. In (1b),   
voltage drop of the device expressed in Volts. From (1a), it 
is clear that a 100 times reduction in the   
in tenfold improvement in the current density of the device. 

On the other hand, a reduction in the forward voltage drop   

density 

according to (1b). Higher current density   results in smaller 

   . Many 
device innovations that will be discussed below are related 

. For a given generation 

  is fixed), increasing the chip area   or 

parallel many devices in a module is needed in order to scale 

the current rating into thousands of amperes. Taking into 

account the manufacturing yield, the maximum chip size is 

typically less than 1 cm
One way to compare the state-of-the-art power device, 

 

 

 

Fig. 5 for SiC and GaN power devices. Since the current 

[as suggested by (1a) or (1b)] as well as the total pack

using a bevel edge termination technology [34]–[36] and 

handling capability of 8 GW operating at 800 kV [41]. 
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Leistungselektronik
Vergleich der Halbleitertechnolgien [3]: Spezifischer Leitwiderstand Ron

and turnoff, the IGBT, GTO, IGCT, as well as ETO have 

able for ultrahigh-power applications. The IGBT is typi

although there is an increasing interest in press-pak IGBT 
[42]–[45] due to the improved reliability in critical appli
cations such as VSC-based HVDC power stations [43]. 

typically uses IGBT as the switching device, has reached 
a power rating of 3 GW operating at 500 kV [41].

Although only introduced to the market in the last dec
ade, SiC and GaN power devices have also made significant 

rent ratings as shown in Fig. 5. Clearly, there is still a big 

Fig. 4. To fill this gap, hybrid devices formed by Si IGBT 
and SiC diode are being offered [46]–[47] as shown in Fig. 5 
for device at 1700- and 1200-V levels. High-power WBG 
devices above 1700 V have yet to be introduced to the mar

able at very high voltages. Compared with SiC, GaN power 
devices are only available at relatively low voltage (<650 V) 
and current levels (<100 A).

Another way to compare the devices is to compare the 
underlying device technology which can be represented 

by the specific 
 is independent of the chip area, 

it represents the intrinsic device capability or the figure-of-
merit (FOM) from the conduction loss point of view. Fig. 7 

devices   

 as a function of the breakdown voltage. For bipolar 

devices such as IGBT and GTO, its current–voltage relation
-state exhibits a nonlinear relationship, 

     

values for the corresponding devices. For example, the Si 

1-D, SiC 1-D, and GaN 1-D limits represent the theoretical   

expressed in [48]

3

The denominator of this equation is only determined by the 

that a large critical electric field   

SiC and GaN since there is more than one thousand times 
reduction potential for the SiC or GaN unipolar power 

tric field. Commercial and reported SiC and GaN devices 
shown in Fig. 7 have yet to reach this full potential due to 
the limitation in device structure [which is mostly 2-D or 
3-D, instead of the 1-D assumption in (2)], design, chan

-resistance   R on�sp    versus breakdown voltage 
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Leistungselektronik
Vergleich der Halbleitertechnolgien [3]: Schaltfrequenzen und Leistungsbereiche

-resistance of Si superjunction (SJ) MOSFET [8] 
also does not follow (2). For the SJ MOSFET, the theoretical 

    (3)

    is the cell pitch of the SJ device cell (discussed in 
detail later). The SJ MOSFET resistance is linearly depend

   . Therefore, SJ MOSFET resistance can be much 

SJ MOSFET have been commercially introduced, and the 
data shown in Fig. 7 clearly show the amazing achievement 
in commercial SJ MOSFET in breaking the Si 1-D limit. 
Currently, the SJ MSOFETs are produced in the range of 
500–900 V where they have the advantages of being low loss 

The bipolar Si IGBT also does not follow the Si 1-D limit 

IGBT, a theoretical prediction of the forward drop/
ance is conducted in [49] based on the assumption of an 
“ideal carrier profile.” It shows that even if comparing the 
Si IGBT with the new SiC MOSFET, the IGBT is still supe
rior in the voltage range above 1.5 kV from the conduction 
point of view. Today’s commercial IGBTs have not reached 

motivation behind many IGBT device innovations discussed 
in Section III. SiC IGBT, GTO, and PIN diode, due to the 

the SiC 1-D limit by an order of magnitude in terms of the 
differential resistance. At least another order of magnitude 
reduction is possible with improved carrier profile and life

Modern power converters require the power device to 
switch at high frequencies. Benefits of switching at higher 
frequencies include improved dynamic response capability 
and reduced passive component size and weight. Reducing 
passive component size is critical for high density power 

electronics. Therefore, the switching frequency is another 
important parameter that can be used to compare power 

devices. The upper limit of the switching frequency is lim-

ited by the device’s switching losses during turnon and 

turnoff. Hence, the switching frequency is not a theoretical 
limit of how fast the device can switch but a compromise 

between the conduction and switching loss. Sound design 

requires these two losses to be about the same, each equaling 

quency is determined by other considerations, such as the 
magnetic components performance at high frequency.

Generally speaking, unipolar power devices can switch 
at much higher frequencies since the switching losses are 

As more stored carriers are needed in high-voltage bipo

quency. Fig. 8 shows the switching frequency versus the 

require the device to switch at the line frequency (50 or 60 

called forced commutation. High-power GTO/IGCT/ETO/
IGBT all have the forced commutation capability, and they 

drives, 600–1700-V IGBTs are the dominant devices of 
choice and they typically switch from 10 to 20 kHz. Faster 
IGBTs with lower turnoff energy loss   

Each generation of IGBT typically has a constant   
curve [59]–[60], but different products can be tailored to 

    tradeoff curve, as shown in Fig. 9.
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Leistungselektronik
Vergleich der Halbleitertechnolgien [4, S. 2]: Schaltfrequenzen und Leistungsbereiche
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Windkraftanlagenkonzepte
Windkraftanlage mit Permanentmagnet-Synchrongenerator
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Windkraftanlagenkonzepte
Windkraftanlage mit doppelt-gespeister Asynchronmaschine
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Windkraftanlagenkonzepte
Windkraftanlage mit elektrisch-erregtem Synchrongenerator
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Wechsel-/Drehstromsysteme [2, Chapter 14]
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Wechsel-/Drehstromsysteme
Verschaltung von Drei-Phasen-Systemen
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Wechsel-/Drehstromsysteme
Verdrahtung von Drei-Phasen-Systemen (Klemmkasten)
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A2 B2 C2

A1 B1 C1

A B C

i
a

Z
a

u
a

i
b

Z
b

u
b

i
c

Z
c

u
c

C. Hackl — 19.06.2019 — Dreiphasiger gepulster Stromrichter am Netz 11/14



Gliederung

1 Anhang
Leistungselektronik

Windkraftanlagenkonzepte

Wechsel-/Drehstromsysteme [2, Chapter 14]

Raumzeigertheorie
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Raumzeigertheorie
Clarke-Transformation pa, b, cq Ñ pα, β, γq

Definition 1 (Clarke-Transformation mit κ P t2{3,
a

2{3u)

f
‹
c : R

3 Ñ R
3
,

¨

˝

x
a

x
b

x
c

˛

‚

loomoon

“:x
abc

ÞÑ

¨

˝

x
α

x
β

x
0

˛

‚

loomoon

“:x
αβγ

:“ f cpxabcq :“ κ

»

—

–

1 ´ 1
2

´ 1
2

0

?
3
2

´
?
3
2

1?
2

1?
2

1?
2

fi

ffi

fl

loooooooooooomoooooooooooon

“:T
‹
c PR3ˆ3

, @ κ‰0: detpT ‹
c q‰0

¨

˝

x
a

x
b

x
c

˛

‚

pT ‹
c q´1 “ 1

κ

»

—

—

–

2
3

0

?
2
3

´ 1
3

1?
3

?
2
3

´ 1
3

´ 1?
3

?
2
3

fi

ffi

ffi

fl

, somit x
abc “ pf‹

cq´1pxs,‹q “ pT ‹
c q´1

x
αβγ

.

Remark (Wahl von κ)

κ “ 2

3
ùñ amplituden-korrekte Transformation, d.h. |x

a
| “ |x

α
|.

κ “
b

2

3
ùñ leistungs-korrekte Transformation, d.h. pu

abc
q

J
i
abc

“ pu
αβ

q
J
i
αβ

.

C. Hackl — 19.06.2019 — Dreiphasiger gepulster Stromrichter am Netz 12/14



Raumzeigertheorie
Raumzeiger-Animation
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Raumzeigertheorie
Park-Transformation pα, βq Ñ pd, qq

Definition 2 (Park-Transformation (vereinfacht))

fp : R
2 ˆ R Ñ R

2
,

p

ˆ

x
α

x
β

˙

loomoon

“:x
αβ

, φq ÞÑ

ˆ

x
d

x
q

˙

loomoon

“:x
dq

:“ fppxαβ
, φq “

„

cospφq sinpφq
´ sinpφq cospφq



looooooooooomooooooooooon

“:Tppφq´1PR2ˆ2
,@ φPR : detpTpq‰0

ˆ

x
α

x
β

˙

Properties

‚ @φ1, φ2 P R : Tppφ1 ` φ2q “ Tppφ1q ¨ Tppφ2q

‚ @φ P R : Tppφq “

„

cospφq ´ sinpφq
sinpφq cospφq



“ Tpp´φq
´1

“ Tpp´φq
J

‚ J :“ Tppπ
2

q “

„

0 ´1

1 0



und @φ P R : JTppφq “ TppφqJ

‚ @φp¨q P C
abs

pRě0;Rq : ωp¨q :“ d

dt
φp¨q ^ d

dt
Tppφptqq “ ωptqJTppφptqq
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