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Wind Energy — A Fast Growing Energy Source in Texas
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The Wind Turbine
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Inside the Wind Turbine
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Fixed and Variable Speed Induction Generator
Wind Turbines

» Fixed-speed IG wind turbines

— Relatively simple and robust
‘ — Low energy yield
— Large mechanical loads
Benerafor Grid — Lack of control possibilities of both

| Pt - - active and reactive power.

(_‘_ (1ear Do 1 i *JIE ;l J[ IIi'. ) — Large fluctuations in output power
‘wt.‘!‘.;f .~ ¢ Variable-speed DFIG wind

f turbines

‘ slip Comerter

— A higher energy yield.

\ — Reduction of mechanical loads.

'-L )
{f active and reactive power.

|
Rotor-side | — Easier comply with the
converter | 1:1:‘NTRGL| requirements of grid companies.
— Less fluctuations in output power.

— Extensive controllability of both
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Integration of Wind Turbines into
Transmission Grid

e A cluster of wind turbines ©

 Turbine distribution
transformer

* The point of common
coupling (PCC).

e PCC transmission
transformer

Transmission line +— i -l
rge
4 — Z grid
* (Grnd transformer ::::gi%@y@

 The grid A —F
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Issues for Grid Integration of DFIG Wind
Turbines

* What are the DFIG characteristics compared to those of
fixed-speed 1Gs?

« How DFIG characteristics and controls are affected as
more turbines are added online?

* Will a parallel compensation improve DFIG controls and
characteristics?

 How about a series compensation?

« What are the differences between a wind farm using
variable-speed DFIGs and fixed-speed 1Gs?

* What are the integrative characteristics for both situations?
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Induction Machine Transient Model in d-q Frame

» d-qrepresentation (three equations):

. Ved isd d ﬂ“sd 0 -1 )]’sq

Stator voltage equation: =R |." [+— +a,,
Vg l, ) dtl A 1 0 )\ Ay
. Vrd ird d st 0 -1 ;]“sd

Rotor voltage equation: =R |." |#— + o
Vig by ) dt\ A 10 )\ Aq

;Lsd Ls 0 Lm 0 isd

il 1o 0 ]

Flux linkage equation: = S b !

ﬂ“sd Lm 0 Lr 0 Ird

ﬂ“rq 0 Lm 0 Lr irq

« Space vector representation: (\7

« 4g =Vig T IV, — Injected rotor (control) Voltage)

— —

Stator voltage equation: V, ,, = RsE_dq +als_dq + oA g

— —

Rotor voltage equation: V, ; = Rri:iOIq +a/1rdq + Jog A o
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From Transient to Steady-State Model

» Steady-state space vector voltage equations:

Stator voltage equation: V , = Rsi:_O|O| +}< + ] syn: dq

Rotor voltage equation: V, 4, = err i }{ + o Liip : _dg

* Replace flux linkage using stator/rotor currents:

= Rsls _dq i Ja)sLlsls_dq + Ja)sLm(Is_dq + Ir_dq)
R L

—_

Stator steady-state voltage equation:

I »
|

r - = -
Rotor steady- g S — 1l gLl 4+l Lm( s gt dq)
« Steady-state d-q equivalent circuit:
Is dq g Lis Ir_dq LIr Rr Rr(1-s)/s Rotor
; 1 ~~v1r 2 - E 1 ~~v1r2
Stator ™ * " + e POVl
ator

i Vr_dq <|I:|

power Lm 3 Ems dg

<z Vs dq N
. 2 . Vr_dq(1-s)/:
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Transmission System Models in d-g Frame

« Three-phase voltage balance equation:

Vag Ia d Ia Vaf
_ch | | Ic | B Ic | _ch |
[—— —

Grid voltage PCC voltage

« d-q voltage balance equation:

Vv [ dll — Vv
1 =R|f |+L—| A+alh |+ |
ng Iq dt Iq 1 qu
(S — [ —)
Grid dq voltage PCC dq voltage

* Space vector equation:

Vg o =R+ L}t@ +joL i+,

« Steady-state d-q equation:

>

Vi, o =Rl +jal-1,+Vy, ( =(R+ jal)- lg i Vi
) g =l S~
Zg turbine current
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Integrated Wind Farm and Grid Steady-State
Equivalent Circuit in d-q Frame

Rr Rr(1-s)/s
| 1 ~~vy1\2 AN AN

Vr_dg @

Vr_dq(1-s)/s @

A very
large

grid E

* VA HERSOATSHIR TSR AhUSBIthssiRc T8 1BARGiRagBAGHECS
" CUFESh PSSO RN RO SR O {OFirat k'R figfhines have

the same operating condition.
Sum of generator current representing the total current for all the wind
. tu}[ﬁli%éigae impedance between each turbine and the PCC is neglected.
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Simulation Mechanism for Characteristic Study

« Based upon the DFIG steady-state model and equivalent
circuit

* Grid voltage: constant voltage at 1p.u. for all simulation

—

case (Vi 4 =1+ ]0)

« Rotor injected voltage: control voltage from rotor-side

converter — variable for each simulation case study

(Vig + =Vig + 1V )

dg r

» Characteristics: versus slip obtained for each rotor voltage
control condition
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Typical Characteristics of Fixed-Speed I1G

V,=0.96, 0.83, 0.71, and 0.58p.u

2
J

Motoring

Torgue (n.u)

Generating

[J&]

=0+ j0) Slip
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DFIG Torque Characteristics under d-gq Control

(Vig « =Vig + iViq)

dg_r
(rRHISEaNtEQIEMY (FASG0NQIENY
Vd:-0.08p,u>)(§<\/d:0 p.u.
T — _4,/0 e Va=0p.
{2 012
Vd=0.28p.u. a0
0\
80 40
Slip Slip
V,;=-0.08 to 0.28 p.u., AV ,=0.04 p.u., qu =0 qu =-0.08 t0 0.28 p.u., Aqu =0.04p.u., V,=0

(V4 — d-axis component of rotor voltage; V - g-axis component of rotor voltage)
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DFIG Stator Real Power Characteristics

LS (LIS N EN)

P
F [N
)

Stator RealPower (p.u.)
Stator Power(n.u.)

20
v

i Sip
V.¢=0.1p.u.t0o 0.1 pu., AV =0.01 p.u., vV, =0 V,=0.08t00.28 p.u., AV, =0.04 p.u., V=0

(V4 — d-axis component of rotor voltage; V - g-axis component of rotor voltage)
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DFIG Stator Reactive Power Characteristics

(axScantgallden (Faxigcantolden
60 -
Vd=.08p... 50
; ’:‘ Vq:0.28p.\
éo 0.5 §

v
o

15
Vd=0.28p.u.
Slip Slip
V,;=-0.08 to 0.28 p.u., AV ,=0.04 p.u., qu =0 qu =-0.08 t0 0.28 p.u., Aqu =0.04p.u., V,=0

(V4 — d-axis of the rotor voltage; V, - g-axis component of the rotor voltage)




T&D 2008

General Properties of DFIG Wind Turbine

pz Jlorgue characteristics:

— generating mode: from over-synchronous to sub-synchronous speed region

— pushover torque increases; improve DFIG stability.

pz Stator real power characteristics:

— similar to the torque characteristics.

— d-axis voltage is more stable for torque and real power control;

= Reactive power:

— d or q control alone result in excessive reactive power, requiring q or d
control to compensate the reactive power.

— g-axis voltage is more stable for reactive power control.

=z Control coordination between d and g is important:

— keep the pushover torque smaller than the generator driving torque

— maintain stator and rotor power within the rated power limitations.
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Wind farm Model with Multiple Wind Turbines

(uncompensated)
R L Is g pg Lis Irdg Rr Rr(l-s)ls
AMAN—L N 2 PCC — MN—LETY 2 N a'a'g g wAmwyyy A
H_J + + ! +
& Vr_dq @
@ Vdq_g Vdq f Vs dq Lm < Ems dq
- _ f _ Vr_dq(1-s)/s @
* VVoltage balance equation:
One turbine only: V. ( =Vy, =y, - Z,
n turbines: Vy, =V, —(qu1 -+ qun)-ZS
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Wind Farm using Fixed-Speed 1Gs
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Properties of Fixed-Speed IG Wind Farm

(as number of turbines added to the wind farm increases)
» Generator terminal voltage drops.

« Torque characteristics of a wind turbine shrink (also true

for output power-speed characteristics).

* Both terminal voltage drop and equivalent line impedance

changes cause the torque characteristics to shrink.

 Stability of a fixed-speed wind turbine 1s reduced.
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Wind Farm using variable-Speed DFIGs

(V¢=02p.u,V,=0p.u,)

ammynnllnEa vi’ar - .
completeuew close look
051
| N
E =
8 S
S < -15 4
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— Ptutires —50 turbines
—o—10tutires 25 ——100 turbines
— 130tuhires ——150 turbines
deip 0slip
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Properties of Variable-Speed DFIG Wind Farm

(as number of turbines added to the wind farm increases)

 Around the synchronous slip:

— more reactive power generation
— higher generator terminal voltage

— pushover torque increases rather than decreases (also true for stator real
power characteristics)

— DFIG becomes more stable.

 Away from the synchronous speed:

— voltage boost effect drops quickly.
— the effectiveness of the speed control 1s reduced.
— a larger voltage control signal is needed for the same speed control effect

— the rotor-side converter is more fragile to get into the converter nonlinear
modulation mode.
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Wind farm Model with Multiple Wind Turbines

(parallel compensated)

R L Isdg po g Irdg Rr Rr(L-s)ls
AMA—LYYN 2 PCC . - MV—— N2 < A2 A\, A
-+ + +
~ : Vr_dg @
@ Ve g Vdq f Cp Vs dq Lm 2 Ems dgq
- i Vr_dq(L-s)/s @

e Voltage balance equation:

One turbine only:

— — — —

qu_f :qu_g _(qul + qu_cpl)'zs; qu_cpl = chp °qu_f
n turbines:

—

qu_f :qu_g _(qul + dq_cpl)’(nzs); qu_cpl - chp °qu_f
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Wind Farm using Fixed-Speed 1Gs
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Properties of Parallel Compensated Fixed-Speed 1G
Wind Farm

(as number of turbines added to the wind farm increases)

A properly selected parallel capacitor:

— generator terminal voltage is boosted
— pushover torque is improved

— at the price of a high over-voltage

« To avoid a high over-voltage:

— Either a thyristor controlled parallel compensation or a smaller parallel

capacitor

— A smaller parallel capacitor — torque characteristics of a fixed-speed IG

still shrink considerably
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Wind Farm using variable-Speed DFIGs
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Properties of Parallel Compensated Variable-Speed
DFIG Wind Farm

(as number of turbines added to the wind farm increases)

 Around the synchronous slip:

— more reactive power generation
— higher generator terminal voltage

— pushover torque increases rather than decreases (also true for stator real
power characteristics)

— DFIG becomes more stable.

 Away from the synchronous speed:

— voltage boost effect drops quickly.
— the effectiveness of the speed control 1s reduced.
— a larger voltage control signal is needed for the same speed control effect

— the rotor-side converter is more fragile to get into the converter nonlinear
modulation mode.
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Wind farm Model with Multiple Wind Turbines

(series compensated)

Is dq Rs Lls Ir dg LIr Rr Rr(1-s)/s
PCC 2tz S iz gy,
+ +
i Vr_dg @
Vs dg Lm % Ems dg
‘2 Vr_dq(l-s)/s@

e Voltage balance equation:

One turbine only:

—

qu_f :\7dq_g B I_>dq1 (Zs _ XCs)

n turbines:
qu_f :qu_g - qu1 'n(zs - XCS)
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Wind Farm using Fixed-Speed 1Gs

ugreamngnsation
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Properties of Series Compensated Fixed-Speed 1G

Wind Farm

(as number of turbines added to the wind farm increases)

A properly selected series capacitor:

— voltage regulation is greatly reduced

generator torque characteristics and stability are improved

usually requires a large capacitor

« Qver compensation:

A low series capacitance
a high generator terminal voltage
significant drop of generator torque characteristics

affect proper and/or stable operation of fixed-speed wind turbines.
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Wind Farm using variable-Speed DFIGs

|7 T X G SnE g -" v X
Berfeeteompensation [
E—lturbine E’ =1 turbine
—10 turbines —10 turbines
—50 turbines —50 turbines L0
——100 turbines ——100 turbines
——150 turbines ——150 turbines 130y
150
slip

(V¢=02p.u,V,=0p.u,)
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Properties of Series Compensated Variable-Speed
DFIG Wind Farm

(as number of turbines added to the wind farm increases)

A properly selected series capacitor:

— Equivalent line impendence is much smaller.
— Total reactive power generation increases at low speed.
— Torque characteristics expand

— Voltage control signal is smaller than that without a series compensation
for the same speed control effect

— Converter has larger margin toward its nonlinear modulation mode.

« QOver compensation:

— high generator terminal voltage
— considerable distortion of DFIG characteristics

— affect operation, efficiency and effective control of DFIG wind turbines

on the wind farm.
ALABAMA
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Integrated Simulation Environment

« d-q control of the rotor-side controller affect machine operating
data simultaneously:

— Torque & speed
— Stator real and reactive power
— Rotor real and reactive power

— Stator/rotor d and q currents.

« Integrative study:

— examine input/output power, torque, and other parametric data
concurrently

— evaluate various practical constraints
 rated power of the stator and rotor windings
 acceptable slip
 converter linear modulation requirement.
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n:=1

Integrated Steady-State Study Using MathCAD

Zg :=2Zgo + Zgt+n-Zyg

Zm'Zs Zm
Zith:=——— V; =V, —————
th-= 7 & Zg ihn_ckg g daz — 7
- Injected rotor v oltage
Vid :=V3-99V Viq :=\V3-7.15V Vr dq:= Vrd +J-Viq
- Find operating slip and rotor speed
V. Vrﬁdq V. Vrﬁdq
Given T (=57, Veag(i—sy) | Va5
Re | Re- + — - = Pdrive+ Prot
(I—Sl) S1 s1 (I—Sl)
Zith+ Zy + Rp-———— Zith+ Zy + Rp-——m—
S1 S1
sslip:= Find(s1) Sslip= 0.235673 ®m = ®syn(1 — ssiip ®m= 120.06 Hz
i Pdrive
- Input driv e torque Tip:= ——— Tin= —4997.5N-m
®Om
- Conv ertered power Pconv:=Prot+ Pdrive Pconv= —595kW
- Air gap power Vi dq
(1 — ss1ip Sslip ==
Zit :=Zth+ Zy + Rpy-———— It dq:=
Sslip Zrt
(1 - Ssli}:) Vr dq —_—
Ems :=—Ir dq| Zr + Re- : + : T Re(Ems-—Iridq) Pair = —778.463 kW
Sslip Sslip
- Generator terminal v oltage
En’]s
s @@ 3= - Is dq:=Lms _dq— Ir _dq Vs dq:=Ems + Is_dqZso | Vs _ad = 694.715V
m
- Stator real and reactiv e power
Pstator:= Re(vs_dq'Is_dq) Pstator= —777.126 kW Qstator: = Im(Vs_dq'Is_do) Qstator= —162.483 kW
- Rotor real and reactiv e power
Protor:= Re( Vi aqle aq) Protor = 186.303 kKW Qrotor:=Im(Vy aqle dq) Qrotor = 196.889 kW
- Efficiency
Pstator
n(py) := |22 irp, =0
Pin— Py
N (Protor) = 98.833%
l:’statorf 1)r .
if Pr< O
Pin

THE UNIVERSITY OF

ALABAMA
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Integrative power generation and control study

(Turbine drive power: 600kW; Turbine rotational speed: 120rad/s)

N Uncompensated Parallel Series

1 150 1 150 1 150

Stator line voltage (V) 694.7 707.5 732.7 715.8 692.9 700
Stator real power (kW) -777.1 777.5 777 761 7774 || <7772
Resultant reactive power (kVar) | -162.5 -101.7 -2650.9 -174.3 -54.6 64.2
Rotor real power (kW) 186.3 186.4 185.1 197.2 186.2 185.7
Rotor reactive power (kVar) 196.9 185.9 313 426.7 168 139.9
Vi control (V) 171.5 171.5 171.5 1334 169.7 169.7

V4 control (V) 12.4 314 11.38 31.35 12.6 13.3
Generator Efficiency (%) 98.8 98.9 99 95.5 98.9 98.9
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Integrated Transient Study Using
SimPowerSystems

# of turhines Tutbine driving torque

DFI3 :@

2 i Ea0 v
n m dq-» ahe Gain d

Busl Rutorltage )
ae—slh aj—sfs a A i alih Gaint
afle
|

bp——sp=—p b2 . . altb Vabo f—v abe” g
|| B |lo——safls—=|H
— o — g — g —fit
L jp—sfs—|C 1Y Lo ’ : f theta jif—
' ' v
The grid brid Buz T Tuttine 15 Bus r ]
— transform
Sm& Imu /
— Farallel —
Z 3] sapasitor ’l ] L bl
/ J hank b et
" j — g m J_ L 3—
|‘u’abc_1 i Ot Stator Wil ‘VEhG_R Wil Ot Rotor Vil M—}Wsyn
Soope UJ Suope
j 1 Bynchronous  Subsystem
Continuous [ labe 15—t nm«L’E = | labe: R o 2 um“*E spead
e Bubsystem? Subsystem?
Stator P& Rotor Pié
Scope Scope
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DFIG transient simulation under constant
turbine driving torque

IEF .

Rotor speed (rad/s)
= =
N N
N ~
| |
TT T T T T T T T TT

120 I I —
2 3 4 5 /(6) 7 8 9 10
t (s
0
. -200
s
<
5 -400
I » ¢
= -600
e
s
@ -800
1000
400
JI Realpower
- 300 - reactive power
2
=
5 200 J .
¢) 3 ’
o
= 100
8 rimnanananaa
o
4
0 T T T T f f f
2 3 4 5 / 6 7 8 9 10
t (s)

When stable, transient results match steady-state results perfectly.
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Conclusions

As the number of turbines online increases

« Uncompensated wind park:

— Fixed-speed WECS: torque characteristics shrinks obviously.
— Variable-speed DFIG WECS:

* DFIG stability increases as more turbines are connected online

* A higher voltage control signal may be needed to get the same speed control effect
« Parallel compensated wind park:
— Fixed-speed WECS:

* Enhances the generator torque characteristics

* Over-voltage may become a critical problem.

— Variable-speed DFIG WECS:
* DFIG stability is reinforced

* A higher voltage control signal may still be needed to achieve the same speed control
effect.

» Series compensated wind park:

— Properly designed series compensation improves the generator profiles for both
fixed and variable speed induction generators.

— A high overcompensation may derogate fixed-speed wind turbine characteristics

and distort the DFIG characteristics significantly.
THE UNIVERSITY OF
ALABAMA
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