USOORE43698E

as United States

a2 Reissued Patent 10) Patent Number: US RE43,698 E
Hudson 45) Date of Reissued Patent: Oct. 2,2012
(54) CONTROL SYSTEM FOR DOUBLY FED g%gg,égi 2 g;}gg; ISJlUW |
s B pee et al.
INDUCTION GENERATOR 6,072,302 A 6/2000 Underwood et al.
. 6,281,595 Bl 8/2001 Sinha et al.
(75) Inventor: Raymond M. Hudson, Livermore, CA 6,566,764 B2 5/2003 Rebsdorfet al.
(as) 6,700,214 B2 3/2004 Ulinski et al.
6,741,059 B2 5/2004 Gokhale et al.
: . : : : 6,784,634 B2 8/2004 Sweo
(73) Assignee: ISIfh{ljeslder Electric USA, Inc., Palatine, 6.847.128 B2 15005 Mikhail et al.
Us) 6,856,038 B2 2/2005 Rebsdorf et al.
6,856,039 B2 2/2005 Mikhail et al.
(21) Appl. No.: 12/855,168 6,856,040 B2 2/2005 Feddersen et al.
6,933,625 B2 8/2005 Feddersen et al.
(22) Filed: Aug. 12,2010 (Continued)
Related U.S. Patent D t:
, clate atent Documents FOREIGN PATENT DOCUMENTS
Reissue of:
(64) Patent No.: 7.411.309 WO WO 2004/098261 Al  11/2004
. o o .
Issued: Aug. 12,2008 (Continued)
Appl. No.: 10/554,891
PO Bilod: May 3. 2004 OTHER PUBLICATIONS
. b
PCT No.: PCT/PC2004/013561 Hofmann, W; Doubly-Fed Full-Controlled Introduction Wind Gen-
§ 371 (c)(1), eration for Optimal Power Utilisation, PEDS 01 Conference Pro-
(2), (4) Date:  Oct. 3, 2006 ceedings, Chemnitz, Germany.
PCT Pub. No.: W02004/098261

PCT Pub. Date: Nov. 18, 2004
U.S. Applications:

(60) Provisional application No. 60/467,328, filed on May
2,2003.

(51) Imt.ClL
HO2P 9/44 (2006.01)

(52) US.CL .ot 290/44; 290/55

(58) Field of Classification Search .................... 290/43,

290/44, 54, 55; 322/19, 37

See application file for complete search history.

(56) References Cited

U.S. PATENT DOCUMENTS

4,366,387 A 12/1982 Carter, Jr. et al.
4,982,147 A 1/1991 Lauw
4,994,684 A 2/1991 Lauw et al.
5,028,804 A 7/1991 Lauw

/M % Y 2
STATOR
o T
VOLTAGE | ravSroRMER| | CONTACTOR

i

IIJTET IROTOR ISTATOR VLINE VAR 1%
[#71}

ISTATOR

(Continued)

Primary Examiner — Nicholas Ponomarenko
(74) Attorney, Agent, or Firm — Nixon Peabody LLP

(57) ABSTRACT

A controller (28) for a doubly fed induction generator (12,20)
adjusts control signals to a rotor side converter (24) and line
side converter (22) to adjust rotor current when a voltage
transient on a utility grid (10) occurs, so that the doubly fed
induction generator can ride through the transient. The con-
troller can also turn off the transistors of the rotor side con-
verter (24) to reduce rotor current and/or activate a crowbar
(42) to reduce the voltage of the DC link (26) connecting the
converters (22, 24) when significant voltage transients occur
on the grid (10). This permits continued operation of the
DFIG system without disconnecting from the grid.

28 Claims, 10 Drawing Sheets

M

4 smiox
20 12
ROTOR CoupLING
ROTOR 7 GEAR
FILTER { BOX |
poupzy M6 B
FED




US RE43,698 E
Page 2

U.S. PATENT DOCUMENTS

7,095,131 B2 8/2006 Mikhail et al.

7,239,036 B2 7/2007 D’ Atre et al.

7,291,937 B2 11/2007 Willisch et al.

7,321,221 B2 1/2008 Bucker et al.

7411,309 B2* 8/2008 Hudson ..........cccoeveernas 290/44
7,948,102 B2* 5/2011 Schubert et al. ................ 290/44

2002/0014773 Al
2007/0132248 Al
2007/0182383 Al
2007/0278797 Al
2008/0001408 Al

FOREIGN PATENT DOCUMENTS
WO WO 2004/098261 A2 11/2004

2/2002 Stricker
6/2007 Weng et al.
8/2007 Park et al.
12/2007 Flannery et al.
1/2008 Liu et al.

OTHER PUBLICATIONS

Pena R. et al; “Doubly Fed Introduction Generation Using Back-to-
Back PWM Converters and its Application to Variable-Speed Wind-
Energy Generation,” IEE Proc.-Elecr. Power Appl. 143 (3): 231-241,
May 1996.

Poitiers, F., et al. “Control of a Doubly-Fed Induction Generator for
Wind Energy Conversion Systems,” International Journal of Renew-
able Energy Engineering vol. 3, No. 2, Aug. 2001.

Rostoen, H.O.; et al.. “Doubly Fed Induction Generator in a Wind
Turbine,” Norwegian University of Science and Technology, 2002
http://www.elkraft.ntnv.no/eno/Papers2002/Rostoen.pdf.

Hofmann, W; Doubly-Fed Full-Controlled Introduction Wind Gen-
eration for Optimal Power Utilisation, PEDS 01 Conference Pro-
ceedings, Chemnitz, Germany, 2001.

Hofmann, W., “Doubly-Fed Full-Controlled Induction Wind Genera-
tor for Optimal Power Utilisation,” PEDS 01 Conference Proceed-
ings, Chemnitz, Germany.

Pena, R., et al., “Doubly Fed Induction Generator Using Back-to-
Back PWM Converters and its Application to Variable-Speed Wind-
Energy Generation,” IEE Proc.-Electr. Power Appl. 143(3):231-241,
May 1996.

Poitiers, F., et al., “Control of a Doubly-Fed Induction Generator for
Wind Energy Conversion Systems,” International Journal of Renew-
able Energy Engineering vol. 3, No. 2, Aug. 2001.

Rostoen, H.O., et al., “Doubly Fed Induction Generator in a Wind
Turbine,” Norwegian University of Science and Technology, 2002
<http://www.elkraft. ntnv.no/eno/Papers2002/Rostoen.pdf>.

* cited by examiner



US RE43,698 E

Sheet 1 of 10

Oct. 2, 2012

U.S. Patent

anyy
AN

o1

[

4

a

44

i
1 J |
wanaaaoo| LEYUO8) | == \ygpeaanon
" woior W Jﬁ 2, a1}
] /]
| K A
b S u@@@@% lllll _
(
ps
Va4
JOLVYANTO
0z
|
J
zI N
JALITANOD WILYIANOD
q2as aud qa1s 40109
T
ova | T | oaov
( o7 (

74

X094 va9

0

(

74




US RE43,698 E

Sheet 2 of 10

Oct. 2, 2012

U.S. Patent

T T
v %N»\ O¥OL ¥VA ANTIA ¥OLVISI MOLOWI ANITI
: i
/r 87 IHOd
|||||||||||| S aovH oa
"l aNY 300401 sng fm w: A
o r—* TOHINOD HVINOTE | _ ) »ymmmig yorvis
| \| | DD (el |
—— >HOLIVINGD INTT
“ yorviangy | dVaHow - - YTTIONINGD N
r a1d S U — 43
61 gy \ A0 ( Loy | 8 9% | aNTTI
A V_ v_ | 4
AT £ . EIRIL
yoiou | A | [YALNHANGS| T (YAINZANOD|! NIt
NQ&Q# _ MQ.HOM MNUQA Eﬂ _ \
_ _ 8¢
L m@@&@le
v HOLOVINGD
oF y7 “mm | am
$I -
H0LVIST NTTA
% 18 HAFRIOASNV UL
H0LOVINOI |~ E%@ L%ﬁw_
JOIVIS m II\I
zs 0s 5¢ o1




US RE43,698 E

Sheet 3 of 10

Oct. 2, 2012

U.S. Patent

Ol
.m. ¢ and-4o an) -¥wrigd
AVAMOUD ONDIDOT HOIIMS
m:/./ ﬁ a
_ (ONTIALTI
JTI-DINITI hmﬁc%%\ww mﬁwﬁ HOTVNYV)
P - L
. : JOLVINOTY
ITI-GANITL | ONASANIT | QWO-INITHY e rsyitoasa | 204
IR-VaINIT 7 g
JTA -TIOLOUI » ﬁ a4
\ WRON-SA TVLOI-OVOL
AASNIS-TV.IOI-YVA 79
dTIDIOLOW | JTH-VIOLOMI aIsNIS-TVIOIL-d
an) auo
O¥yOoI dvA \I\E
£9
ﬁ _ s A10¥0L |
0d TVIOL INTTT
‘ v, ) - OdANIT  |«——g5rorer
40D ASVHL SHVA TV.IOL dWVI-OVS |DIAOLIVIS |«
ONTHELTIA aQwo-0d1| ___F0040L | SYADASNVIL
HHOASNVAL - | STOLY 10T XAV Mﬁm-mﬁ - (ONIZLTIH
JNIS JOL0H - SOTVNY)
439 YOIOA (SA-HL)¥3AOINI HOVL f_ TOINTIA
— t dWVH-DYVS
79 ﬂ WAON-SA | TTONV‘AAQLINOVA ¢
(LOY-HIL \|\ dW0) TSVH ONTYTLTIL
V.ILIELL SAS) 05 DNISSTD0dd AOV.LTOA INIT
YAAOINT HOVI,




US RE43,698 E

Sheet 4 of 10

Oct. 2, 2012

U.S. Patent

#GLy

L

/
[~ T e +-1
[ - _ = =
| Jre— W aasnas Tv.10L ¥vA
_ o || %
“ XV AT @il NI INT 8VA _ -

N/ N~— 7/ -
_ — I\ I ava [« X o amo A’
_ ) XTI | XTI A _ - 0N an) IvA'sis
\ DO THID YVA'SAS _
_ N.!N - _ %N
| DT dVA—+
Lty === J AWV DVS'SAS
, XV AT QiI : _ XYW XN qiI A EH@
- ¢ e S—r ¥ e, ot qrsass—— [ =0 | 9T \owavadasis
(XA QUT'sis N\ 7 N\ ~\d _ YYAd-sA
XVIU 30 QT P A XYW X @t 7 Q
94

Ao

o 0L



US RE43,698 E

Sheet 5 of 10

Oct. 2, 2012

U.S. Patent

»6

dAVI-OVS

IOV Xnd

XV OdI

£6
[

9 BLf

¥/

ZIRIT WAMOd

N—

\LDATT /1=

§6

~ © IDNIT dn

6

I6

| dALS WMOd
x e—" | Diovmu
/7 -\ — -
daLs w%m IOVILTOA DVS
06

awasodsﬁn
A1 xvi our

82 -~

L8

N

121

{ITY aur'sis

57 b
OX0Td qQuIsis _
W aasnas 4n0¥0.L

1T —\

XV T4LO 0oL  |[XVW INT O¥OL

-

L dNYY OVS'SAS

A

d7

dHVI-OVS
any 0401518

M and 0¥0LSAS

ano-0¥or



US RE43,698 E

Sheet 6 of 10

Oct. 2, 2012

U.S. Patent

Dand ™5 Arsis

wefpr——— 1

AT IHOI0UT
lan) v arsis

-~

ATy vI0LouT

DE<~D7

2 BU
QW) XA4rsas  Drlam) AX 4r's&S
— Zgoor % |+

-

>3

601

sor

1.0.0.0.€ (11114
<=0-a *JOLVIS)

NOILVIWHOASNVYL

@D @uTsIs

\\ E§u|§.5§,N E@%u&%ﬁ%

Hlanw) 0dr'sis

aor

201 DHlomy [AITTONY AQY'SAS
901
) M§

KX SA'SAS [laasASIS | [nsasas
(0 SA'SAS “|(anved Yorou< awvad YorvIs)| |NALT dT[° | L3 WAON ANTT'SAS
1o - Z DI<"DE | [y]g WION ANITSLS

X SASAINVIVERUIO-ISd | NOLLVIWHOASNV YL ALVYNITH00) |« Hoor « ‘E _ _

_ — _ ¥ AYON ANITSIS

( mixxsasis | B0 X SASAS X SASAS

S0I ot DUVIgHL SIS
Y204
—  |4ALTI dT
< = AQV T < - — — —— —
DITTONY AQV'SIS ((lndy NI aadds YOLOU'SAS - Wdd NI QAAdS INAS)




US RE43,698 E

Sheet 7 of 10

Oct. 2, 2012

U.S. Patent

2 WION ANITSAS

A)ATd 21 ANITSAS

!

PSS

X

A

g WHON ANITSIS

'

<

X

vV WAON ANITSLS

I
|
!
|
I
|
I
_
“ (WATd 41 ANITSIS
_
A
_
_
|
_
|

5oL

vYa X

clI

an ANITI

DA sa9Ia’sis

El
3
S
2
A

—/—\Gq

|
_
_
_
_ -
| T A3 SgOa SIS
| +
_
| 011

0L



US RE43,698 E

Sheet 8 of 10

Oct. 2, 2012

U.S. Patent

77 L7
(A0T() OL ADI(H) <= d-d A0D)
RI-010Y
-~ < _ 4dT |
4LVO VOLOY V/_ ASNES
0¢1
)&V
(4016 OL API(H) <= &-d A07)
TUL-ANIT
“— < _ AdT |
ALVY VANIT V/_ DASN06P
ol =

Ier

0cr

(v/A( 0005/9C +7)
60'C VOL0¥ 1
zer
SLro+ 28T
(444 (v7A( 000S/€ 7T +2))
ATY VOLOY I
(v74(000/1°0€ £2)
607 VANIT 1
709
SLr0+ 28T
r09 (v/A( 0008/1°05 +2))
AT VANIT I



U.S. Patent Oct. 2, 2012 Sheet 9 of 10 US RE43,698 E

¥ ROTOR OFF 1.0
SYS.DCBUS V(K] ) = s 0
~ AR O=1:TURN OFF MATRIX
V ROTORBACK R 14 FLIP-FLOP | 0. TURN BACK MATRIX
SYSDCBUS VIK] |, > R

V_CROWBAR ON ~ 142 1.0
— |0 I

SYS.DCBUS ¥, —— s —
N AT ° Q=I:TURN_ON CROWBAR
SYS.DCBUS VK] 1% ,, FLIP-FLOP UL
NN Q~0:TURN OFF CROWBAR
V_CROWBAR OFF|, 2 /=" R

Fig 12



U.S. Patent

Oct. 2,2012 Sheet 10 of 10

150

y
SYS.SAG_FLAG = FALSE |«

SYS.SAG_FLAG =TRUE

!

155

SYS.SAG_RECOVER_COUNT =
RERCOVER_TIME

156

VMAG >

RECOVER_LIMIT
?

NO

157

SYS.SAG_RECOVER_COUNT **

YS5.SAG_RECOVER COUNT
<+0

SYS.SAG_COUNT =
DIP_CONFIRM_NUMBER

Fre 13

US RE43,698 E



US RE43,698 E

1
CONTROL SYSTEM FOR DOUBLY FED
INDUCTION GENERATOR

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

CROSS-REFERENCE TO RELATED
APPLICATION

This application is a reissue application of prior U.S. Pat.
No. 7,411,309, issued on Aug. 12, 2008, which claims the
benefit of U.S. provisional Application No. 60/467,328, filed
on May 2, 2003.

FIELD OF THE INVENTION

The present invention relates to power electronics convert-
ers used in variable speed machine control, particularly those
used in wind turbines. More specifically, the present inven-
tion relates to a control system having power electronics
converters for doubly fed induction generators to allow a
variable speed turbine to continue to operate in the presence
of voltage transients that occur on a utility grid.

BACKGROUND OF THE INVENTION

Large scale (Megawatt class) wind turbines are becoming
increasingly used as a source of renewable energy for utilities
throughout the world. One approach to achieving efficient
conversion of the mechanical power from the blades of a wind
turbine into electrical energy supplied to a utility grid is the
use of a doubly fed induction generator (DFIG) combined
with a power electronics converter. The operation of such
systems has been described in a number of publications, of
which the following are representative:

Pena et al., “Doubly Fed Induction Generator Using Back-
to-Back PWM Converters and Its Application to Variable
Speed Wind-Energy Generation,” IEEE Proc.-Electr. Power
Appl. 143(3):231-241, May 1996.

Rostoen et al., “Doubly Fed Induction Generator in a Wind
Turbine,” Norwegian University of Science and Technology,
2002 (www.elkraft.ntnu.noleno/Papers2002/Rostoen.pdf).

Poitiers et al., “Control of a Doubly-Fed Induction Gen-
erator for Wind Energy Conversion Systems,” International
Journal of Renewable Energy Engineering Vol. 3, No. 2,
August 2001.

U.S. Pat. No. 4,994,684, Lauw et al., “Doubly Fed Gen-
erator Variable Speed Generation Control System,” Feb. 19,
1991.

The primary components of a representative DFIG system
are a stator connected to the utility grid, an associated rotor
connected to the wind turbine, rotor electrical connections
through slip rings, a rotor side converter, a line side converter,
a DC link connecting the two converters, and a controller for
the converters.

The doubly fed induction generator system is generally
quite well suited to variable speed wind turbine operation, but
grid voltage variations can present a problem. For example,
transient conditions on the utility grid may occur for short
periods of time, such as a few cycles, or for longer periods of
time. A common example is a sag or surge in the grid voltage.
Previous systems have contemplated reacting to these insta-
bilities by activating a command to drop the DFIG system off
the line, i.e., to disconnect the generator from the utility grid.
Thereafter, when the quality of the utility voltage is rein-
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2

stated, the generator is restarted and output power is condi-
tioned as necessary prior to reconnection to the grid.

SUMMARY OF THE INVENTION

The present invention provides a control system that allows
a doubly fed induction generator to “ride through” many
voltage transients on the utility grid, so that the generator need
not be disconnected and subsequently restarted. This is
accomplished by sensing the grid transients and, when pre-
determined significant variations are detected, automatically
adjusting the flux-producing rotor current corresponding to
the altered line voltage. The adjustment is made dynamically
by command signals from the controller to the rotor side
converter to regulate rotor current. In an embodiment of the
invention, both the flux producing (1, ;) and torque producing
(1,,) components of the rotor current are adjusted when a
significant utility voltage variant is detected. If the adjustment
is not sufficient to restore a desired balance, such as if the
transient is too great or continues for too long a period, the
transistors in the rotor side converter are turned off, having the
effect of reducing the rotor current to the minimum level. If
turning off the rotor side converter transistors is not sufficient
to maintain a desired balance (as detected by monitoring the
DC link voltage), an overvoltage crowbar protection circuit is
actuated to rapidly reduce the DC link voltage until an accept-
able level is obtained and control is returned. In many
instances, controlling the current in the rotor by means of the
rotor side converter and/or the activation of the crowbar is
sufficient to allow the turbine to ride through the transient,
and the system is automatically returned to normal operation
when the utility voltage returns to normal or close to normal
operating conditions.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing aspects and many of the attendant advan-
tages of this invention will become more readily appreciated
as the same become better understood by reference to the
following detailed description, when taken in conjunction
with the accompanying drawings, wherein:

FIG. 1 is a simplified diagram of a doubly fed induction
generator (DFIG) system.

FIG. 2 is a more detailed, but still general diagram of a
DFIG system in accordance with the present invention, and
FIG. 2A (on the drawing sheet with FIG. 1) is an enlarged
detail diagram showing one aspect of a modified DFIG sys-
tem in accordance with the present invention.

FIG. 3 is a block diagram of the control system for the
DFIG of FIG. 2.

FIG. 4 is a diagram of a first aspect of the control system.

FIG. 5 is a diagram of a second aspect of the control
system.

FIG. 6 is a diagram of a third aspect of the control system.

FIG. 7 is a diagram of a fourth aspect of the control system.

FIG. 8 is a diagram of a fifth aspect of the control system.

FIG. 9 is a diagram of a sixth aspect of the control system.

FIG. 10 is a diagram of a seventh aspect of the control
system.

FIG. 11 is a diagram of an eighth aspect of the control
system.

FIG. 12 is a diagram of a ninth aspect of the control system.

FIG. 13 is a flowchart of another aspect of the control
system.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

General Operation
A simplified diagram of a doubly fed induction generator
system is shown in FIG. 1. A utility grid 10 energizes the
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windings of the generator stator 12 (represented as the outer
circle). Typically the grid supplies three phase alternating
current. Supplied line voltage can be designated as VLine or
V; and supplied line current designated as ILine or I,. The
three phase parameters can be designated as: V; .., V70 Vica
for phase to phase voltages; I, ,, I,;,, I, for phase currents.
The stator voltage can be designated V , stator current I, and
three phase parameters: V,,. V., V., for phase to phase
voltages; I, I, 1, for phase currents.

Atthe rotor side, the wind-driven blade assembly 14 drives
the rotor shaft 16, such as through a gear box 18. This gener-
ates the mechanical force to turn the DFIG rotor 20 (repre-
sented as the inner circle). The rotor electrical connections are
through slip rings. Rotor voltage can be represented as V,, and
rotor current as I; with the three phase parameters designated
as: Vrab’ Vrbc’ Vrca; Ira’ Irb’ Irc'

In addition to exciting the stator windings, the three phase
power from the utility grid is connected to an AC/DC grid side
converter 22. A circuit breaker 21 can be provided between
the grid and the connections to the stator 12 and grid or line
side converter 22. At the other side of the drawing, alternating
current from the rotor windings is supplied to an AC/DC rotor
side converter 24. The two power converters 22 and 24 are
connected by a DC bus 26.

To allow for efficient operation of the wind turbine, the
rotor shaft rotates at a varying frequency. In conventional
systems, the rotor side converter includes switching transis-
tors that, under normal operating conditions, adjust the rotor
current, and thereby generator torque, through the variable
frequency range. The reactive power at the generator termi-
nals may also be controlled by the rotor current. Serious
instabilities in the utility power may be dealt with by activa-
tion of the circuit breaker 21 to disconnect the DFIG from the
grid. This requires a restart procedure before the DFIG is
reconnected.

FIG. 2 shows a more detailed, but still general, diagram of
a doubly fed induction generator (DFIG) system in accor-
dance with the present invention. Referring to the upper left of
FIG. 2, the utility voltage from the grid 10 is supplied to the
system through a transformer 28 and, a circuit breaker 30. The
voltage and current components of the power are supplied
directly to the stator through a conventional contactor 32.

Utility power is supplied to the power stages 34 (consisting
of grid or line side converter 22 and rotor converter 24)
through a conventional line contactor 36 and line filter 38.
The line and rotor converters 22 and 24 are connected by a
common DC bus 26.

The wind-driven blade assembly 14 drives the rotor shaft
16, such as through a gearbox 18 and a coupling 19. The rotor
converter is connected with the generator rotor electrical cir-
cuit by aslip ring assembly. By using a wound rotor generator,
the rotor converter does not have to process the fall power of
the system, which reduces the size and thereby cost of the
converter and improves the system efficiency. A tachometer
encoder, represented by broken line 41, is used to measure the
position and frequency of the DFIG rotor.

In the illustrated embodiment each of the converters 22 and
24 uses insulated gate bipolar transistors (IGBT’s), but other
switching devices can be used in other implementations, such
as SCR’s or MOSFET’s. In the illustrated embodiment, three
phase power is provided. In each converter six transistors
(two each for phases A, B, C) are controlled by on/off gating
signals (A+, A—; B+, B—; and C+, C-). Current through the
rotor windings passes through a rotor filter 40. A crowbar 42
utilizes switching devices that connect the three phase rotor
power conductors together through an impedance which may
be an inductance and/or resistance. The crowbar can be con-
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4

nected at the location shown in FIG. 2 but alternatively can be
connected across the DC1ink 26 as represented in FIG. 2A (on
the drawing sheet with FIG. 1).

A controller 28 monitors signals of many of the system
variables and controls operation of the line and rotor convert-
ers 22 and 24, and the crowbar circuit 42. As represented in
FIG. 2, these variables include:

voltage on the DC bus 26 (V,);

the utility line current for each of the three phases (ILine,

thatis, I, I;,, 1, );

utility line voltage (VLine, that is, V; ., Vipes Viea)s

stator current (IStator: I, 1., 1.);

rotor currents (IRotor: 1,,, 1., L.);

tachometer encoder signal (from which can be derived

speed, direction, and position of the rotor-represented by
line 41);
reference values for desired reactive power (VAR CMD)
and torque (TORQ_CMD) as determined convention-
ally (typically from an overall wind turbine controller).
Based on the monitored variables, the controller 28 imple-
ments the line and rotor control algorithms to control opera-
tion of the converters 22 and 24 by supplying the IGBT
switching signals by a current regulator (such signals are
represented by line 46 for the stator converter 22 and line 48
for the rotor converter 24). The controller also generates
control signals for operation of the crowbar circuit 42 (as
represented by line 50), line contactor 36 (as represented by
line 52), and the stator contactor 32 (as represented by line
54).

Two of the most important aspects of megawatt class wind
turbines employing doubly fed induction generators are the
ability to accurately control the torque on the rotor and to
provide high power quality to the utility grid. Both features
are implemented by the command/switching signals to the
rotor and line side converters. At rotor speeds below the
synchronous speed of the generator, power flows into the DC
link and into the rotor. Above synchronous speed, the power
flow is out of the rotor and out of the DC link to the utility grid.
In known systems, rotor current is set to achieve the desired
level of rotor torque (TORQ CMD) and reactive power (VAR
CMD) to or from the grid.

The rotor current control signals in the controller algo-
rithms can be designated IRD_CMD (command signal for
flux-producing component of rotor current) and IRQ_CMD
(command signal for torque-producing component of rotor
current). In one aspect of the present invention, it is these
command signals that are adjusted to permit ride through
during utility voltage transients. A ride through algorithm is
performed to step up or ramp down the IRD and IRQ com-
mand signals and thereby control the rotor current based on
the transient on the grid. For example, in one implementation
of the present invention a comparator determines whether or
not the actual utility line voltage has fallen below a predeter-
mined value, such as 70% of nominal. Ifso, a “sag_protect” or
“sag_ramp” value is used to adjust the IRD and IRQ com-
mand signals. Thus, if the utility line voltage is between 70%
and 100% of nominal, no adjustment is made, whereas an
adjustment begins as soon as a value of less than 70% of
nominal is detected.

The IRD_CMD and IRQ_CMD ride through adjustments
result in a corresponding adjustment of the rotor current, and
occur only during the transient. If the size of the transient is
too great, or the period too long, the adjustment may not be
sufficient to bring the system into balance, and the DC link
voltage will climb. In accordance with the present invention,
if the DC link voltage reaches a predetermined amount above
nominal, such as 10%, the transistors in the rotor converter are
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turned off to minimize rotor current, and if the DC link volt-
age rises significantly more, such as to 20% above nominal,
the crowbar circuit is actuated. When the DC link voltage
returns to very close to nominal, the rotor control converter is
reenabled and the crowbar circuit is turned off, and the system
returns to normal operation.

The line converter current magnitude is adjusted to cause
the proper amount of power to flow into or out of the DC link
between the line side and rotor side converters, to keep the
voltage level of the DC link regulated within predetermined
limits.

System Implementation for 1.5 Megawatt Wind Turbine Grid

FIGS. 3 to 13 and the following discussion describe an
implementation of the present invention for a 1.5 Megawatt
wind turbine employing a DFIG system, with 575 VLINE
connection. This implementation was designed to respond to
disturbances on the utility grid to which the DFIG system is
connected. Such disturbances include both balanced and
unbalanced faults, where the grid voltage will be significantly
distorted during the transient. To achieve these objectives, the
implementation features dynamic response from faster than
the millisecond time frame to several seconds. FIG. 3 illus-
trates an overview of the control functions with inputs the
VLine, IStator, ILine, V., the tachometer encoder signal,
VAR_CMD and TORQ_CMD. As described below, FIGS. 4
to 13 provide additional detail. Of particular interest in the
present invention are the sag_ramp adjustments which result
in altering the flux and torque producing rotor current com-
mand signals (IRD_CMD and IRQ_CMD), as well as the
command signals which, if necessary, turn off the switches of
the rotor side converter (“switchblocking” or
“BLKR_CMD”) and activate the crowbar (CB_CMD).

Referring to box 60 of FIG. 3, for AC line (grid) input
processing, a single first-order low-pass filter is used ahead of
the A/D converter on all phases of line voltage. There is no
significant analog filtering on the AC current feedbacks. Line
voltage processing by the controller software consists of the
following steps:

1. convert Vab,Vbc,Vca to d,q on stationary reference

frame (this d,q is ac, with q leading d);

2. low-pass filter (2nd order) the d,q voltages to df,qf fil-
tered signals;

3. determine magnitude of the alpha, beta components—
magnitude in volts peak line-to-neutral—and phase
compensate to get alpha, beta components, so that these
line up with actual ac voltages ahead of analog filtering;

4. calculate AC voltage magnitude; and

5. compute normalized ac voltages that are in phase with
actual ac voltage and have unity crest magnitude.

These processing steps are defined via the algorithms of Table
1.

TABLE 1

1. Transformation from stator stationary 3 phase frame to 2 phase frame:

sys.vd = sys.vs_ab — 0.5 * (sys.vs_bc + sys.vs_ca); (V)

sys.vq = sqrt(3) * 0.5 * (sys.vs_bc — sys.vs_ca); (V)

NOTE: sys.vd is in phase with line-to-line voltage vs_ab, and sys.vq is 90

degrees leading sys.vd. Both sys.vd and sys.vq are of 1.5 times the

amplitude of line-to-line voltage.

2. 2nd order digital LP filter (update rate = 4800 Hz):

B0 =0.0081512319/0.9; Bl =0.016302464/0.9;

Al =1.6388633; A2 =-0.67146823;

sys.vdf=B0 * (sys.vd + sys.vdnm1) + Bl * sys.vdn + Al * sys.vdfn +
A2 * gys.vdfnml;

sys.vqf = B0 * (sys.vq + sys.vquml) + Bl * sys.vqn + Al * sys.vqfn +
A2 * gys.vqfnml;

B0 =0.0081512319/0.9; B1 = 0.016302464/0.9;

Al =1.6388633; A2 = -0.67146823;
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TABLE 1-continued

sys.vdnml = sys.vdn; sys.vdn = sys.vd;

sys.vdfml = sys.vdfn; sys.vdfn = sys.vdf;

sys.vquml = sys.vqn; sys.vqi = sys.vq;

sys.vqfiml = sys.vqfn; sys.vqfn = sys.vqf;

3. alpha, beta magnitude and phase compensation (-23 degrees):
v_alpha = sys.vdf * cos(sys.theta_comp) + sys.vqf * sin(sys.theta_comp);
v_beta = sys.vdf * sin(sys.theta_comp) + sys.vqf * cos(sys.theta_comp);
sys.theta_comp = —(23/180 * x);

NOTE: in this implementation the (-23 degrees) compensates angle changes
introduced by hardware filter and the digital filter as well as the transfor-
mation from line-line into line-neutral; v_alpha has been rotated to be in
phase with the line-to-neutral voltage van, v-beta is 90 degrees leading
v_alpha (their amplitudes are kept to 1.5 times the line-to-line voltage).

4. AC voltage magnitude:

sys.v_peak = 2.0/3.0 * sqrt(v_alpha * v_alpha + v_beta * v_beta);

NOTE: sys.v_peak is the amplitude of the line-to-line voltage; this is
shown as VS-PEAK in FIG. 3.

5. normalized voltages:

sys.line_norm_a = (2.0/3.0) * v_alpha/sys.v_peak;

sys.line_norm_c = ((-1.0/3.0) * v_alpha —(sqrt(3)/3) * v_beta)/sys.v_peak;
sys.line_norm_b = —[sys.line_norm_a] — [sys.line_norm_c]

NOTE: sys.line_norm_a is in phase with phase line to neutral voltage Van;
sys.line_norm_c is in phase with phase voltage Ven; sys.line_norm_b is in
phase with phase voltage Vbn; all have unity amplitude; this is shown as
VS-NORM in FIG. 3.

As represented by box 61 of FIG. 3, the AC line voltage
(VLINE), the measured stator current (ISTATOR) and the
measured line current (ILINE) are used to calculate real and
reactive power. In the DFIG system implementation, line
currents and stator currents are transformed to a stationary
D,Q reference frame using the angle from the line voltage
processing. These are used with the line voltage sensed prior
to digital filtering to compute real and reactive power. Trans-
formations of stator and line inverter currents and voltages
from stationary three phase frame into two phase frame are
given in Table 2.

TABLE 2

is_alpha = (3.0/2.0) * sys.is_a;

is_beta = sqrt(3)/2 * (sys.is_b —sys.is_c);

line_i_alpha = (3.0/2.0) * sys.line_ia;

line_i_beta = sqrt(3)/2 * (sys.line_ib - sys.line_ic);

vs_X = sys.vs_ab + (1.0/2.0) * sys.vs_bc;

vs_y = sqrt(3)/2.0 * sys.vs_bc;

vmag = sqri(vs_x * vs_X + vs_y * vs_y);

psi = atan(vs_y, vs_x);

here all the sensed values used are prior to digital filter; and vs_x is in
phase with phase voltage van, and vs_y is 90 degrees leading vs_x, the
magnitude of all vs_x, vs_y and vimag are of 1.5 times of phase voltage;
note that i_alpha and i_beta are of 1.5 times the magnitude of the
phase current;

isd = cos(psi + sys.vs_filter) * is_alpha + sin(psi + sys.vs_filter) * is_beta;

isq = —sin(psi + sys.vs_filter) * is_alpha + cos(psi + sys.vs_filter) *

is_beta;

where sys.vs_{filter is the phase compensation for the voltage sense
analog filter;

s_kw = isd * vmag * (2.0/3.0) * 0.001;

s_kvar=-1.0 * isq * vimag * (2.0/3.0) * 0.001;

where isd is the real power current component and isq is the reactive power
current component in the frame rotating with the magnetic field; and
s_kw is the stator real power in kW, and s_kvar is the stator reactive
power in kVar.

Referring to line 62 of FIG. 3 from box 61, total sensed
power (P-TOTAL-SENSED); and total sensed reactive
power (VAR-TOTAL-SENSED) are calculated convention-
ally from the sum of the line and stator current, which is the
total current, and the measured line voltage.

In accordance with the present invention, for closed torque
control, the feedback is calculated from the sensed instanta-
neous stator real power rather than from the rms current and
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voltage values. Torque is estimated from measured stator
power, assuming line frequency is nominal (i.e., 60 Hz). See
Table 3.

TABLE 3

sys.torq_sensed (referred to as TORQ - TOTAL in FIG. 3) =

1000.0 * s_kw * (POLE_PAIRS/(2.0 * pi *

LINE_FREQUENCY)); where

POLE_PAIRS = 3.0 (for a six pole generator), LINE_FREQUENCY =
60.0 for US and 50.0 for EUROPE; units of torque sensed are in Newton-
meters, and units for s_kw are stator kilowatts.

With reference to box 63 of FIG. 3, FIGS. 4 and 5 illustrate
the algorithms for the primary rotor regulators, FIG. 4 apply-
ing to the VAR control by control of the flux producing
component of rotor current (IRD_CMD), and FIG. 5 applying
to torque control by IRQ_CMD. In these figures, “VS-
PEAK” or “sys.v_peak” is the amplitude of the sensed line-
to-line voltage (volts), “sys.ird_flux” is in amperes, and
“flux_mag” is in volt-sec or Weber. Table 4 applies to FI1G. 4
and Table 5 applies to FIG. 5.

TABLE 4

K_IRD =0.4919, IRD_FLUX_MAX = 500(A), IRD_FLUX_MIN =
275(A),
IRD_REF_MAX =920 A,
IRD_REF_MIN =-350 A, VAR_KFF =0.01 * 0.0,
Var_ki = 0.00001 *
100.0, Var__kp = 0.001 * 200.0,
VAR_INT MAX =725 A, VAR_INT_MIN =-325 A, VAR CTRL =
920A,
VAR_CTRL_MIN =-350 A,
Sys.var_cmd_fin (kvar), var_total_sensed in (kvar)
0.1 Hz LP filter:
sys.v_peak_{[k]=Y_TENTH_HZ * sys.v_peak f[k-1]+ (1.0 -
Y_TENTH_HZ) * sys.v_peak[k];
Y_TENTH_HZ = 0.999869108, Sampling frequency = 4800 Hz.

TABLE §

sys.torq_cmd_1[k]=Y_200 Hz * sys.torq_cmd_fTk-1] +

(1.0 = Y_200 HZ) * sys.torq_cmd[k];
Y_200 HZ = 0.769665412, Sampling frequency = 4800 Hz
TORQ_ki = 0.00001 * 100.0, TORQ_kp = 0.001 * 150.0,

Torq INT_MAX = 1000(N-M),
Torq INT_MIN = -1000(N-M), Torq CTRL_MAX = 1000(N-M),
Torq CTRL_MIN = -1000(N-M),
K_IRQ =0.152327, IRQ_MAX = 1500(A), IRQ_MIN = -1500(A),
MUTUAL_IND = MAIN_IND * RATIO = 0.00456872(H)
Sys.torq_cmd in (N-M), torque_sensed in (N-M), sys.ird_flux in (A)

The general flow of FIG. 4 is as follows: VS-PEAK is
passed through a digital low pass filter (box 70) and multi-
plied by a constant (box 71). The product is limited between
predetermined maximum and minimum values at 72 and this
value, sys.ird_flux, is multiplied (box 73) by the adjusting
SAG-RAMP value as determined below. The adjusted value
is summed (74) with the value determined from the algorithm
represented toward the bottom of FIG. 4. The desired reactive
power VAR CMD adjusted by the SAG-RAMP value (box
75) is compared to the actual sensed reactive power (summa-
tion block 76) and the difference applied to a proportional and
integral controller with feed forward 77. The value from this
processing is summed at 74, and then limited between prede-
termined values at 78 and multiplied by the SAG-RAMP
adjustment (79).

The process for calculating IRQ_CMD (command signal
for torque producing component of rotor current—sys.ird_
cmd) is represented in FIG. 5 and TABLE 5. The
TORQ_CMD signal is applied to a digital filter 80 and mul-
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tiplied by the SAG-RAMP value (box 81). As represented
toward the bottom of FIG. 5, calculated actual torque is
applied to a proportional and integral controller 82 and
summed (83) with the adjusted TORQ_CMD value discussed
above. At box 84 a quotient is determined using the value
from the proportional and integral controller (multiplied by a
constant based on generator parameters—box 85) as the
numerator and the value from point A of FIG. 4 multiplied by
a constant (box 86). The quotient (from 84) is limited at 87
and multiplied at 88 by the SAG-RAM adjustment value to
obtain the IRQ_CMD value.

FIG. 6is of particular interest in the illustrated embodiment
because it pertains to the gain function (“sag_ramp” or “sag_
gain”) which is created and applied to the IRD_CMD and
IRQ_CMD signals during undervoltage transient events. This
gain is used in the primary regulators to reduce current com-
mands during the utility grid transient. Table 6 sets forth the
parameters for FIG. 6.

TABLE 6

SAG_VOLTAGE = 0.7 * PEAK NORMAL_LINE-
to_LINE_VOLTAGE = 0.70 * 575 * sqrt(2)

BACK_STEP= 1.00145

DOWN_STEP = 0.9

DOWN_LIMIT = 0.001

UP_LIMIT =1.1

The general operation is to determine whether or not the
magnitude of the AC line (grid) voltage (represented by
VMAG) has dipped below areference voltage (“SAG_VOLT-
AGE”). If so, the adjustment multiplier (SAG-RAMP) is
decreased and continues to decrease to a minimum limit as
long as the variation exists. If the variation is brought back
into balance, the SAG-RAMP value ramps back to unity so
that no adjustment is made.

More specifically, as represented at 90, the reference volt-
age (70% of nominal in a representative embodiment) is
compared to the actual AC line voltage (vmag—see Table 2).
The difference is limited as indicated at 91. At 92, this value
is multiplied by a number between upper and lower limits at
adigital cycle frequency represented at 93 which can be 4800
Hz. The values are selected such that if the actual line voltage
remains within the selected percentage of nominal, the result
at 94 (following the division at 95) is unity (“1”), such that no
adjustment is made. The described implementation reduces
both the flux producing and torque producing components of
rotor current equally. In alternative embodiments, the adjust-
ment for one of the components could be different to meet
requirements of the utility grid. For example, during ride
through it may be desirable for the flux producing component
of rotor current to be increased to provide reactive power to
the utility grid.

With reference to box 63 of FIG. 3, rotor current reference
values are determined as shown in FIG. 7 to which Table 7
applies.

TABLE 7

Y_1000 HZ = 0.270090838, Sampling frequency = 4800 Hz

(1) sys.vs_x =-1.5 * sys.line_norm_a;

(2) sys.vs_y =sqrt(3) * (0.5 * sys.line_a + sys.line_norm_c);

(3) sys.vs_xx = sys.vs_x_{ * cos(sys.theta) + sys.vs_y_f * sin(sys.theta);

(4) sys.vs_yy = —sys.vs_x_{ * sin(sys.theta) + sys.vs_y_f * cos(sys.theta);

(5) sys.ir_xx_cmd = cos(tho) * sys.ird_cmd - sin(rho) * sys.irq_cmd;

(6) sys.ir_yy_cmd = sin(rho) * sys.ird_cmd + cos(rho) * sys.irq_cmd;

(7) sys.ir_a_cmd = —(2.0/3.0) * sys.ir_xx_cmd_{;

(8) sys.ir_c_cmd = (1.0/3.0) * sys.ir_xx_cmd_f+ (sqrt(3)/3.0) *
sys.ir_yy_cmd_f;

Starting at the upper left of FIG. 7, SYS. THETA is the rotor
position calculation from the tachometer encoder. The SYS-
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.LINE_NORM values are from step 5 of Table 1 above.
Three-phase to two-phase conversion (box 100) corresponds
to lines (1) and (2) of Table 7. The results (sys.vx_x, for
example) are passed through a low-pass filter 102. Coordinate
transformation (104) is given in lines (3) and (4) of Table 7;
with the result being acted on in accordance with the equation
of'box 105. The result provides one input to a summer at 106.
The other input to the summer (SYS.ADV_ANGLE) is deter-
mined in accordance with FIG. 8 and Table 8, providing a
digital value that corresponds to the difference between the
actual rotor frequency and the synchronous speed multiplied
by a constant (K_ADV) to compensate for the response of the
rotor current regulator.

TABLE 8

SYNC_SPEED_IN_RPM = 1200; K_ADV = 0.0005(radian);
Y_60 HZ = 0.924465250, Sampling frequency = 4800 Hz

Continuing from 106 of FIG. 7 the summed value (RHO) is
used with the IRQ_CMD and IRD_CMD in the transforma-
tionrepresented at box 107 which corresponds to lines (5) and
(6) of Table 7. After filtering (box 108), there is a 2-phase to
3-phase conversion (box 109) described at lines (7) and (8) of
Table 7. This shows the IROTORA-REF and IROTORC-
REF values. IROTORB-REF is determined as follows:

IROTORB-REF=-[IROTORA-REF]-[IROTORC—
REF]

With reference to box 65 and box 66 of FIG. 3, the sensed
DC voltage (link voltage between the line side and rotor side
converters) is filtered on the analog side prior to A/D conver-
sion. FIG. 9 and Table 9 show the algorithms for both DC
voltage regulation (box 65) and determination of the line
current references at 66 (ILINEA-REF, etc.). Greater detail is
given in FIG. 9 and Table 9.

TABLE 9

sys.debus_ref = 1050 V; DCBUS_kp = 4.0(A/V); DCBUS_ki =
1200(A/V/SEC); update rate = 4800 Hz;

CAP_DCBUS = 8 * 8200/3 = 21867 (uF); LINE_MAX_CURRENT =
sqrt(2) * 566.0 (A);

K_DA =2 * BURDEN_RESISTOR/5000(V/A); BURDEN_RESISTOR
of Line-side inverter = 30.1 ohms

Starting at the left of FIG. 9, the nominal voltage of the DC
bus between the rotor side and line side converters is com-
pared at 110 with the actual sensed bus voltage. The result is
processed by a digital proportional and integral control loop
111 to determine the ILINE_CMD signal. This provides the
required magnitude of current from each phase to maintain
the desired bus voltage. These values are scaled at 112 for
digital to analog conversion. The scaled values are multiplied
by the normalized voltages obtained as described above with
reference to step 5 of Table 1. The results are the ILINE-REF
values represented at 113 in FIG. 3.

Concerning converter current regulators, the line converter
is modulated with a 3.06 kHz carrier (LINE-TRI in FIG. 10)
triangle wave that is used to set the duty cycle. The gating
logic is determined by the transfer function shown in FIG. 10.
I_LINDA_RETF is determined as noted above with reference
to FIG. 9, and I_LINEA is the actual sensed value. The
comparison is made at 120, filtered at 121, and applied to
comparator 122 to obtain the gating signal. For the rotor
converter, FIG. 11, modulation is with a 2.04 kHz carrier
(ROTO-TRI to 130 in FIG. 11) triangle wave that is used to
set the duty cycle. | ROTOA_REEF is determined as given
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10
above with reference to FIG. 7, and I_ROTOA is the actual
sensed value. FIGS. 10 and 11 show the transfer functions for
one phase (A), but the same functions are used for each of the
other two phases.

FIG. 12 illustrates the algorithm for control of the rotor side
converter switching devices during a significant transient, and
crowbar actuation for a possibly greater transient. In general,
gating at the rotor side converter will be stopped when the link
voltage, the V- (also called SYS.DCBUS_V), rises above a
predetermined limit, such as about 10% above nominal. If the
DC link voltage reaches an even higher limit, such as about
20% above nominal, the crowbar is activated. Values for FIG.
12 are given in Table 12.

TABLE 12

V_CROWBAR ON=1250V;
V_CROWBAR_OFF = 1055 V;
V_ROTOR_OFF = 1150 V;
V_ROTOR_BACK = 1055V;
NORMAL_V_DCBUS = 1050V

The operation of comparator 140 in FIG. 12 is to apply a
“high” signal to turn off the rotor converter transistors when
the sensed bus voltage (SYS.DCBUS V) is above a predeter-
mined limit (1150 volts in the representative embodiment);
and by comparator 141 to restart normal operation if system
correction is sufficient to bring the DC bus voltage back to a
predetermined lower level (V_ROTOR_BACK=1055V) in
the representative embodiment. Similarly, comparator 142
controls activation of the crowbar if the DC bus voltage
increases above a reference value
(V_CROWBAR_ON=1250V) in the representative embodi-
ment; and by comparator 143 to turn the crowbar off if the
system corrects to a sufficiently low voltage
(V_CROWBAR_OFF=1055V)in the representative embodi-
ment.

The different rotor and crowbar on and off voltages provide
a desired amount of hysterisis. In addition, as represented in
FIG. 13, the system logic can provide for predetermined
delays before activating corrective measures. Table 13 applies
to FIG. 13.

TABLE 13

DIP_LIMIT = 0.7 * 575 * squt(2) = 375 (V);
RECOVER_TIME = 40/4 = 10;
RECOVER_LIMIT = 500 (V);
DIP_CONFIRM_NUMBER = 3;

operated at a rate of 4800 Hz.

Starting at the top of FIG. 13, a “SYS.SAG” flag is set at
“false” during normal operation, indicating that no significant
under voltage event is occurring in the utility grid. At box 151,
a decision is reached as to whether or not grid voltage has
sagged below the predetermined limit, such as 70% of nomi-
nal. If not, no action is taken and the logic recycles to the
initial box 150. If the measured value of the magnitude of the
AC grid voltage is below the DIP_LIMIT value, a down
counter 152 is triggered, and at box 153 an evaluation is made
as to whether or not the counter has reached zero. In the
representative embodiment, counter 152 starts at 3 and counts
downward to O (i.e., three, then two, then one, then zero),
provided that the VMAG value has continued to be below the
reference value. The recycling frequency is 4800 Hz, so this
would correspond to a voltage dip or sag in excess of 3 divided
by 4,800 or Yie00 second.
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Atthat point, the SYS.SAG flag is set at true (box 154) and
the system evaluates whether or not the VMAG value has
recovered for a predetermined number of cycles, similar to
the procedure described above. In the case of recovery, the
count starts at 10 and decreases for each cycle that the recov-
ery limit has been met (boxes 155, 156, 157, 158), ultimately
resulting in resetting the SYS.SAG flag to false if the recovery
voltage has been exceeded for ten 4800 Hz decision cycles.

The logic for an over voltage event (grid surge) is some-
what different. With reference to FIG. 4, some moderate
increase in rotor current is achieved when a high voltage is
measured, but there is no “ramping” of the type described
with reference to the SAG adjustment. However, the logic of
FIG. 12 concerning monitoring of the DC bus voltage still
applies. Thus, if the surge is sufficient to raise the DC link
voltage, corrective measures are taken at the same voltages
for an over voltage event as for an under voltage event, and
recovery also is achieved at the same voltages.

While the preferred embodiment of the invention has been
illustrated and described, it will be appreciated that various
changes can be made therein without departing from the spirit
and scope of the invention.

The embodiments of the invention in which an exclusive
property or privilege is claimed are defined as follows:

1. A method of controlling a doubly fed induction genera-
tor (DFIG) system, such DFIG system having a generator
with a stator energized by a grid having a voltage with a
nominal value, a driven rotor coupled with the stator, a grid
side converter electrically connected to the grid, a rotor side
converter electrically connected to the rotor, a DC link con-
necting the converters, a controller supplying control signals
to the converters for control of the torque and reactive power
from the DFIG system, which method comprises:

providing rotor current command signals from the control-

ler;

monitoring the voltage of the grid for transients from nomi-

nal; and

if a transient greater than a first predetermined transient

occurs, adjusting the rotor current command signals to
permit continued operation of the DFIG system without
disconnecting the DFIG from the grid.

2. The method defined in claim 1, including, if a grid
transient greater than a second predetermined transient (dif-
ferent from the first predetermined transient) occurs, auto-
matically reducing the rotor current to a minimum value.

3. The method defined in claim 2, in which the rotor side
converter has switching transistors, and including turning off
the switching transistors to reduce rotor current to a minimum
level if a transient greater than the second predetermined
transient occurs.

4. The method defined in claim 2 or claim 3, including, if a
grid transient greater than a third predetermined transient
(different from both of the first and second predetermined
transients) occurs, activating a crowbar to reduce the voltage
of the DC link.

5. The method defined in claim 1, including monitoring the
voltage of the grid for a voltage sag from nominal, and if a
voltage sag greater than a first predetermined sag occurs,
adjusting the rotor current command signals to reduce rotor
torque and reactive power, whereby the DFIG system rides
through the transient.

6. The method defined in claim 1 or claim 5, in which the
torque producing component of the rotor current is adjusted.

7. The method defined in claim 1 or claim 5, in which the
flux producing component of the rotor current is adjusted.
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8. The method defined in claim 1 or claim 5, in which both
the torque producing and flux producing components of the
rotor current are adjusted.

9. The method defined in claim 1 or claim 5, in which the
rotor current is reduced progressively during the transient.

10. The method defined in claim 9 in which the rotor
current is increased progressively following the transient.

11. The method defined in claim 1, including, if a grid
transient greater than a second predetermined transient (dif-
ferent from the first predetermined transient) occurs, auto-
matically activating a crowbar to reduce the voltage of the DC
link.

12. The method defined in claim 11, including monitoring
the voltage of the grid for transients greater than the second
predetermined transient by monitoring the voltage of the DC
link.

13. A method of controlling a doubly fed induction gen-
erator (DFIG) system, such DFIG system having a generator
with a stator energized by a grid having a voltage with a
nominal value, a driven rotor coupled with the stator, a grid
side converter electrically connected to the grid, a rotor side
converter electrically connected to the rotor, a DC link con-
necting the converters, a controller supplying control signals
to the converters for control of the torque and reactive power
from the DFIG system, which method comprises:

monitoring the voltage of the grid for transients from nomi-

nal; and

if a grid transient greater than a predetermined transient

occurs, activating a crowbar to reduce the voltage of the
DC link connecting the converters, without disconnect-
ing the DFIG system from the grid.

14. The method defined in claim 13, including monitoring
the voltage of the grid for transients greater than the prede-
termined transient by monitoring the voltage of the DC link,
and activating the crowbar if the DC link voltage increases
above a predetermined voltage, without disconnecting the
DFIG system from the grid.

15. A method of controlling a DFIG system, such DFIG
system having a generator with a stator energized by an AC
utility grid having a voltage with a nominal value, a variable
speed wind driven rotor coupled with the stator, a grid side
AC-DC converter electrically connected to the grid at the AC
side, a rotor side AC-DC converter electrically connected to
the rotor at the AC side, a DC link connecting the DC sides of
the converters, a controller supplying control signals to the
converters for controlling operation of switching transistors
thereof, which method comprises:

calculating rotor current command signals to control the

converter switching transistors to maintain a desired
rotor current;

monitoring the voltage of the utility grid for transients from

nominal; and

if a grid transient greater than a first predetermined tran-

sient occurs, adjusting the rotor current command sig-
nals to reduce rotor current and thereby reduce rotor
torque and reactive power to permit continued rotation
of the rotor without disconnecting the DFIG system
from the grid, whereby the DFIG system rides through
the transient; and

following the transient, returning the rotor current com-

mand signals to operate as before occurrence of the grid
transient.

16. The method defined in claim 15, including reducing the
rotor current progressively during the transient.
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17. The method defined in claim 15 including, if a grid
transient greater than the first predetermined transient occurs,
automatically turning off the rotor side converter to reduce
rotor current to minimum.

18. The method defined in claim 17 including, if a grid
transient greater than a second predetermined transient (dif-
ferent from the first predetermined transient) occurs, auto-
matically activating a crowbar to reduce the voltage of the DC
link.

19. The method defined in claim 18, including monitoring
the voltage of the utility grid for transients greater than the
second predetermined transient by monitoring the voltage of
the DC link.

20. A controller for a doubly fed induction generator
(DFIG) system, such DFIG system having a generator with a
stator energized by a grid having a voltage with a nominal
value, a driven rotor coupled with the stator, a grid side
converter electrically connected to the grid, a rotor side con-
verter electrically connected to the rotor, a DC link connect-
ing the converters, said controller comprising means for sup-
plying control signals to the converters for control of the
torque and reactive power from the DFIG system, said con-
troller further comprising:

means for providing rotor current command signals from

the controller;

means for monitoring the voltage of the grid for transients

from nominal; and

means for adjusting the rotor current command signals to

permit continued operation of the DFIG system without
disconnecting the DFIG system from the grid if a tran-
sient greater than a first predetermined transient occurs.

21. A controller for a doubly fed induction generator
(DFIG) system, such DFIG system having a generator with
stator energized by a grid having a voltage with a nominal
value, a driven rotor coupled with the stator, a grid side
converter electrically connected to the grid, a rotor side con-
verter electrically connected to the rotor, a DC link connect-
ing the converters, said controller comprising means for sup-
plying control signals to the converters for control of the
torque and reactive power from the DFIG system, said con-
troller further comprising:

means for monitoring the voltage of the grid for transients

from nominal; and

means for activating a crowbar to reduce the voltage of the

DC link connecting the converters if a grid transient
greater than a predetermined transient occurs, without
disconnecting the DFIG system from the grid.

22. A controller for a DFIG system, such DFIG system
having a generator with a stator energized by an AC utility
grid having a voltage with a nominal value, a variable speed
wind driven rotor coupled with the stator, a grid side AC-DC
converter electrically connected to the grid at the AC side, a
rotor side AC-DC converter electrically connected to the rotor
at the AC side, a DC link connecting the DC sides of the
converters, said controller comprising means for supplying
control signals to the converters for controlling operation of
switching transistors thereof, said controller further compris-
ing:

means for calculating rotor current command signals to

control the converter switching transistors to maintain a
desired rotor current;

means for monitoring the voltage of the utility grid for

transients from nominal; and

means for adjusting the rotor current command signals to

reduce rotor current and thereby reduce rotor torque and
reactive power to permit continued rotation of the rotor
without disconnecting the DFIG system from the grid if
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a grid transient greater than a first predetermined tran-
sient occurs, whereby the DFIG system rides through the
transient; and

means for returning the rotor current command signals to
operate as before occurrence of the grid transient fol-
lowing the transient.

23. A doubly fed induction generator (DFIG) system com-

prising:

a generator with a stator energized by a grid having a
voltage with a nominal value;

a driven rotor coupled with the stator;

a grid side converter electrically connected to the grid;

a rotor side converter electrically connected to the rotor;

a DC link connecting the converters; and

a controller supplying control signals to the converters for
control of the torque and reactive power from the DFIG
system,

means for providing rotor current command signals from
the controller;

means for monitoring the voltage of the grid for transients
from nominal; and

means for adjusting the rotor current command signals to
permit continued operation of the DFIG system without
disconnecting the DFIG system from the grid if a tran-
sient greater than a first predetermined transient occurs.

24. A doubly fed induction generator (DFIG) system com-

prising:

a generator with a stator energized by a grid having a
voltage with a nominal value;

a driven rotor coupled with the stator,

a grid side converter electrically connected to the grid;

a rotor side converter electrically connected to the rotor;

a DC link connecting the converters;

a controller supplying control signals to the converters for
control of the torque and reactive power from the DFIG
system,

means for monitoring the voltage of the grid for transients
from nominal;

a crowbar constructed and arranged to reduce the voltage
of the DC link; and

means for activating a crowbar to reduce the voltage of the
DC link connecting the converters if a grid transient
greater than a predetermined transient occurs.

25. A DFIG system comprising:

a generator with a stator energized by an AC utility grid
having a voltage with a nominal value;

a variable speed wind driven rotor coupled with the stator;

a grid side AC-DC converter electrically connected to the
grid at the AC side;

a rotor side AC-DC converter electrically connected to the
rotor at the AC side;

a DC link connecting the DC sides of the converters;

a controller supplying control signals to the converters for
controlling operation of switching transistors thereof;
means for calculating rotor current command signals to
control the converter switching transistors to maintain a

desired rotor current;

means for monitoring the voltage of the utility grid for
transients from nominal; and

means for adjusting the rotor current command signals to
reduce rotor current and thereby reduce rotor torque and
reactive power to permit continued rotation of the rotor
without disconnecting the DFIG system from the grid if
a grid transient greater than a first predetermined tran-
sient occurs, whereby the DFIG system rides through the
transient; and
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means for returning the rotor current command signals to
operate as before occurrence of the grid transient fol-
lowing the transient.

26. A doubly fed induction generator (DFIG) system com-

prising

a generator with a stator energized by a grid having a
voltage with a nominal value,

a driven rotor coupled with the stator,

a grid side converter electrically connected to the grid,

a rotor side converter electrically connected to the rotor,

a DC link connecting the converters,

a controller monitoring the voltage of the grid for tran-
sients from nominal and supplying control signals to
said converters for control of torque and reactive power
from the DFIG system, said controller being pro-
grammed to provide rotor current command signals and
to adjust said rotor current command signals to permit
continued operation of the DFIG system without discon-
necting the DFIG system from the grid if a transient
greater than a first predetermined transient occurs.

27. A doubly fed induction generator (DFIG) system com-

prising

a generator with stator energized by a grid having a volt-
age with a nominal value,

a driven rotor coupled with the stator,

a grid side converter electrically connected to the grid,

a rotor side converter electrically connected to the rotor,

a DC link connecting the converters,

a crowbar constructed and arranged to reduce the voltage
of the DC link, and

a controller monitoring the voltage of the grid for tran-
sients from nominal and supplying control signals to
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said converters for control of the torque and reactive
power from the DFIG system, said controller being pro-
grammed to activate a crowbar to reduce the voltage of
the DC link connecting the converters if a grid transient
greater than a predetermined transient occurs, without
disconnecting the DFIG system from the grid.

28. A doubly fed induction generator (DFIG) system com-

prising

a generator with a stator energized by an AC utility grid
having a voltage with a nominal value,

a variable speed wind driven rotor coupled with the stator,

a grid side AC-DC converter electrically connected to the
grid at the AC side,

a rotor side AC-DC converter electrically connected to the
rotor at the AC side,

a DC link connecting the DC sides of the converters, and

a controller monitoring the voltage of the grid for tran-
sients from nominal and supplying control signals to
said converters for controlling operation of switching
transistors in the DFIG system, said controller being
programmed to calculate rotor current command sig-
nals to control the converter switching transistors to
maintain a desired rotor current, to adjust said rotor
current command signals to reduce rotor current and
thereby reduce rotor torque and reactive power to permit
continued rotation of the rotor without disconnecting the
DFIG system from the grid if a grid transient greater
than a first predetermined transient occurs, whereby the
DFIG system rides through the transient, and to return
said rotor current command signals to operate as before
occurrence of the grid transient following the transient.
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