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Outline

1. State-of-art of wind turbine system
« Configuration evolution
« Grid codes requirement
« General control structure

2. Modeling and control of wind turbine system
« Topology of DFIG and PMSG
« Modeling and control of grid-side converter
* Modelling of control of machine-side converter (DFIG and PMSG)

3. Abnormal operation of wind turbine system
« Classification of grid faults
« DFIG operation under symmetrical/asymmetrical grid faults
« PMSG operation under symmetrical/asymmetrical grid faults
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1. State-of-art of wind turbine system
« Configuration evolution
« Grid codes requirement
« General control structure
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Squirrel-cage
induction generator

Gear

Configuration Evolution

Bypass switch

>
»

Soft starter

Type | — Fixed speed wind turbine

Wound-rotor
induction generator

Rotor
resistor

Bypass switch

V3
x*

Soft starter

Transformer
Grid
_Capacitor
bank
Transformer
Grid
[ Capacitor
bank

Type Il — Partial variable speed wind turbine with rotor resistor
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Popular in 1980s

Equipped with SCIG & soft starter
Electrical power pulsations

Cap. bank to compensate excited Q

Emerge in mid-1990s

Equipped with WRIG & soft starter
Limited variable speed

Resistor power dissipation
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Configuration Evolution (Cont.)

Doubly-fed
induction generator

u 77

Transformer

X3

%

Equipped with DFIG
Around 30% rated power converter

X3

%

Grid

X3

%

Fragile slip rings

X3

%

Crowbar for grid ride-through
Partial-scale power converter

Type lll — Variable speed wind turbine with partial-scale converter

Asynchronous/
synchronous generator

% Synchronous/asynchronous generator

% Elimination of slip rings

Grid % Possible gear-less

U Gear/Gearless Transformer N _ _
Full-scale power converter % Full controllability during grid faults

Type IV — Variable speed wind turbine with full-scale converter
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Normal operation

Voltage disturbances

Grid Codes Requirements

A P
(in % of Py)
100% % Deadband
%
80% %
-~ Without
60% f reduction
With
40% reduction é
7
20% %
49.85250.15 f(Hz)
48 7 49 50 51 %1% 5
Ug (%) High voltage
120 : ride-through
100 -==-i
804{ !
604
404
] ' Low voltage
20 - E ride-through
] Fault:occ urs Time (s)
0 01 015 15 t 15
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P A
(in % of Py)
' 100%
r 80%
Under-excited | 60% Over-excited
I 40%
L 20%
Q (in % of Py)
30% -40%
A 1/ Iy (%)
100
Deadband /
501
10 // Ug (pu)
0.5 0.95%‘-~ 05 1.2
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Turbine

General Control Structure

@

DFIG

Gearbox

©

Generator-side Grid-side
rt converter
P, Q, converter . PyQy PQ
—_— AC _T_ 5 DC — H \ —_—
Q.
ot n3 T2 K3 D ons
DC — O AC
Transformer
PWM U‘“" PWM
ig
Voltage/Current Grid
control synchronization
Level | - Power converter control strategy
A A A
Ps* Udc* Qg*
@
Qgen »| | Power maximization | { Fault ride through
Power limitation Grid support
0
\_ Level Il - Wind turbine control strategy
[} A
P Q
{ fo",Ug
Inertia i Frequency Voltage
emulation regulation regulation
TSO
Level lll - Grid integration control strategy commands
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Outline

2. Modeling and control of wind turbine system
« Topology of DFIG and PMSG
« Modeling and control of grid-side converter
* Modelling of control of machine-side converter (DFIG and PMSG)
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Configurations of DFIG and PMSG Systems

Transformer

DFIG

DC chopper

Partial-scale Power Converter

Grid
PCC

Crowbar

Grid

Transformer
Full-scale Power Converter

% DFIG system % PMSG system
o Economical power converter o Gearless
o Crowbar o Full controllability
o slip rings o Expensive power electronics
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Control Targets of DFIG Power Converter

“ PsQs

/1
1
I\
Lo
I

Cp DFIG - = e Grid
Cq ,
Gearbox RSC ’ GSC Filter Transformer
Wy Vel is iy A Vy A ig |Vg
Blade * vy PMW, v | PMwg
P s
MPPT ———— Rotor-side Converter Grid-side Converter [ Vg
Qs —» RSC Control GSC Control -« Q'
% Rotor-side Converter (RSC): % Grid-side Converter (GSC):
« Control stator active power following MPPT + Keep DC-link voltage constant
« Supply stator reactive power as needed * Provide reactive power as required
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Control Targets of PMSG Power Converter

onyn

Grid

MPPT |——— | Machine-side converter Grid-side converter  [*— Vg
Qg ----p MSC Control GSC Control -« Q,
% Machine-side Converter (MSC): % Grid-side Converter (GSC):
« Control stator active power following MPPT + Keep DC-link voltage constant
« Zero reactive power for min. loss dissipation * Provide reactive power as required
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Modeling of GSC

Mathematical modeling under abc reference frame
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_®uﬁ~|$%_,'ga_ Uga Vee
Qg pl ey =
L Lyl — Hue C

> iIo;

According to KVL in the ac-side and KCL in the dc-side:

-

"

| [
_ | e g
9 dt

Y T g

dv,,

C it = Saiga + Sbigb + ScigC — 1,
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Modeling of GSC

Mathematical modeling under abc reference frame (Cont.)

ad

{}-.é}-.é} - +)ﬁ

In a symmetrical three-phase system: Ug, +Ug, +U, =0 | i, +iy, +i,. =0

_S _Sa+Sb+SC_
i : 3
ga ga
: S, +S,+ S,
ugb = Lg a !gb + Sb _+ Vdc
u C I C .
g g S, —i?,“sc <+ Complicated and coupled
) : ) «»» Discontinuous and nonlinear
d A % Not compatible with classical
Cavdc = [Sa Sb Sc] Igb ~ lioad p .
i controller design
gc
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Modeling of GSC

State-average modeling under abc reference frame

To ensure a continuous modelling, state-average approach is applied
1 t+T,
(x)TS :_I_—L X(z)dz
S

The switching function is substituted by duty cycle,

_ _ -1 g Cd,+d, +d; |

<Uga >TS <Iga >TS ) 3

<u9b>Ts B Lg% <i9b>Ts i Olb_OlaJr(]lsbdec (Vs

<ugC>T <igc>-|- J d _da+db+dc

< ° - - ) i ¢ 3 |

<iga>-|-s < Continuous and linear

C%(%JTS =[d, d, d] <i9b>Ts ~(iing >TS % Neglected switching ripple
_<i9C>T ]
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Modeling of GSC

Coordinate transformation

. .
< Clarke transformation (3s->2s) % Park transformation (2s->2r)
L
b . X a A1 dq reference frame
3
Xp X
Xq ww
Xq 5. S a Xq d
0 .
X, > a

ap reference frame

1 11 : | coswt sinwt coswt —sinwt
CSZ—g 2 Cy = 1oV Czs’zr:{—sina}t coswt} CZ”ZS:Lincot coswt}
3|, V3 8 2 2
2 2 1 3
2 2
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Modeling of GSC

Space vector

In a three-phase system, electrical values under abc frame can be expressed:
X, = X cos(wt); x, = Xcos(wt—27/3); X, = X cos(wt+27/3)

To express three scalars in terms of one vector, the space vector is introduced:

X=X, +ryX,+ 7/2XC where y= eXp(j%ﬂ)
Clark transformation: Xa
X =C,| X, |= XC-Os(a)t) X = X, + jxﬂ = X exp(jawrt)
X y Xsin(awt)

Park transformation:

X/

% Three-phase system is simplified to two-phase system

X/

+» AC values become DC values
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Modeling of GSC

Large-signal modeling under dq reference frame

D)
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u
Coupling components is introduced ﬁu >
Continuous and simplified modeling

WinGrid

o d,+dy+d, ]

d,+d,+d,
S .
~d,+d,+d,

> : - <iload >Ts

3

3
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Modeling of GSC

Small-signal modeling under dg reference frame

By adding the disturbance around the static operation point

(x)Ts =X +X
« Equation at static operation point: « Equation for disturbance:
r di,,
U = —COL ng + DdVdc ugd — Ly dt aq + Dd Vi +Vdcdd
<U oLl  +DV dig,
9r9d T e gy = Ly = ol + DV, +Vo
lioad = (Ddl + Dyl ) d 3, . . .
L e Cavdc:E(Ddlgd+Igddd+Dq|gq+|quq)_lload

J/

% Linear characteristics are suitable for classical control theory

J/

+» Transfer function can be obtained
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Control of GSC (PI)

Overall control structure of GSC
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—« 9 ®
IrRsc

= GSC
T

PWM
Udc . 7'y T

Y
Dc-link »  Current |e

+
Udc L

Uge —> .
dc ™ controller|Qqy —>{ controller |«

% Inner current loop
% Outer dc-link voltage loop

WinGrid Mini-course
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Control of GSC (PI)

Plant of grid current and decoupling control

D, :1

T
L0

11

((( £ WinGric WinGrid Mini-course | MAY 31, 2021 | sLIDE 20



Control of GSC (PI)

PWM delay
< > «—> *
Tsa Tsa
Counter Counter
> » e >
) ) Td_tr | :rd_tr 3 I T N O U
Duty T T Duty T - >
cycle cycle
> >
Inductor ¢ N Inductor ‘\ &
current \/ /\/\@ current /\ \//\9
i Sample point
Sample point > - : ; -
‘ Tsw=Tsa ] Td: L. 25TSW Tsw=2Tsa Td:O ' 75TSW
Symmetrical PWM Asymmetrical PWM
. . o 1
Delay unit can roughly be considered as inertia unit: Gpuu (S) = T s+l
d
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Control of GSC (PI)

Block diagram of current loop control

] S |
=k 4 — ¢+ ; ucd ; Igd
Igd X > GPI_ig (S) 4’@? > Gpyn (5) >
Lx - u:q
ng+<8 > GPI _ig (S) " o GPWM (S) ; | >
- i i e %
T Current controller . PWM &delay i Plant of grid filter
Gy () =K . +—=8 Gy () 1 G (S)—i
1= = -
Pl _ig p_ig S PWM Td s+1 pl_ig LgS
— K K' 19 1 g ; i
Ig_err . pig T 1 T+l *r-—> Ls —» g
{ Current controller Modulation & delay | i L Filter plant

% Open-loop transfer function of grid current:

Gol_ig (S) - GPI_ig (S)GPWM (S)Gpl_ig (S)
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Control of GSC (PI)

System parameters and design of Pl controller

| 2mMw ]| 75kw
563 311

1050 650

0.5 18

2 10

2 5

625 250

0.3 40

15 120

s Design criteria of Pl controller:
= Bandwidth: 1/20~1/10 switching frequency
» Phase margin: higher than 45°
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Magnitude (dB)

80
60
40
20

0

Control
Bode plots of 2 MW system

100

72000

— Controller

— Open loop

ce=- 2*Lg
|

\/
000

J
000

\/
000

10 1(;0
f (Hz)

100 10

of GSC (PI)
45 60 . 1100 12000
I i
0 B :
— / —— Plant
o 45 . i| = Controller
Ch | | = Open loop
(¢} ! cees Dk
& | L
g "V /‘K
_135/ \
180 180 T~
10 100 10 10
f (Hz)

Bandwidth (100 Hz) vs. switching freq. (2 kHz)
Phase margin: 60.2° (>45° )
Robustness check with varied inductance

WinGrid Mini-course
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Control of GSC (PI)
Bode plots of 7.5 kW system

%0 300{ | 5000 4 300] | 5000}
60
) i i 0 ; ;
= 40\\ i i
@ = — Plant
g X 5 5 ﬁ -45 — Controller
= i ; = Open loop
c Qe @ p
o 2 90 ’ ’
S -20 o
— Plant E i : i
'40 ! ) '
— Controller § i -135 §§ ;
-60| | — Open loop § ;
i | IS 1180 ” —M
801 10 100 10° 10° 1 10 100 0’ 10°
f (Hz) f(Hz)

s Bandwidth (300 Hz) vs. switching freq. (5 kHz)
% Phase margin: 60.4° (>45° )
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Control of GSC (PI)

Plant of dc-link capacitor
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o 2 i

IIoad

d 3

—V,, =—|d

dt 2c[ d
Vg, >

Igd 3 igd Vdc(s) . 3Dd
dq:||:|gq:|+z|:Dd DQ][i ] » i, (S) "~ 92Cs

>Gpy v (S) Léi

Voltage controller

d
% Gep_ig (S) : i

IIoad
U, i 1
2Vdc *

Cs

: Current closed loop !

WinGrid

WinGrid Mini-course

> Vdc
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Block diagram

Control of GSC (PI)

((( . WinGrid

> Gol_lg (S) i i 3LJ g VdC 1 i V
—:'—> —l_,.> ]
1+Gy 4(s) f 2V,.Cs Tst1|| " Vde
Closed current loop dc capacitor plant Filter :

GoI_ig (S)
1 + GoI_ig (S)

Gcl_ig (S) =

WinGrid Mini-course
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Control of GSC (PI)

System parameters

e | s

s Design criteria of Pl controller:
» Bandwidth: 1/50~1/10 of inner current loop
» Phase margin: higher than 45°
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Control of GSC (PI)
Bode plot (2 MW)

40 5 100 45 5 100
20 : 0 g
. -20 -45
(af]
-40 > -90
o (@))
e .
S -80 el i
)
.E _100 g '180 '180
% -120 —— Plant o 295
= 140 —— Controller
160 — Open |00p -270 — Plant
B 315 — Controller
-180 ) = Open loop
-200 -360 i T
1 10 100 10° 10 1 10 100 10° 10*
f (Hz) f (Hz)

¢ Outer loop bandwidth (5 Hz) vs. Inner loop bandwidth (100 Hz)
% Phase margin: 80.2° (>45° )
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Control of GSC (PI)
Bode plot (7.5 kW)

60 10 7300 45 10 300
2 o
0 5 -45
% _20 § _90\
o 2 135
z B o | margin g fL W LU
2 g : < -180 180
2 -100 O o5
= _120| | = Plant § I
_140| | — Controller | 20 El(gjlrrl]:roller
-160| L—— Openloop | -315| | = Open loop
-180 HIL , -360 ! )
1 10 100 10 10 1 10 100 10° 10
f (Hz) f (Hz)

% Outer loop bandwidth (10 Hz) vs. Inner loop bandwidth (300 Hz)
% Phase margin: 53.2° (>45° )

*
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Control of GSC (PI)

Control Scheme

Py ——

*

Power/voltage
controller

Power [

+ _ :
: calculation
: Qye—— ]
Qs 5

Vi Qg

jé%_ .EiEffi..

Converter

to generator

S

SVM

PLL

Ugop

igaﬂ

abc

WinGrid Mini-course

3

Ugabc

|gabc

Grid
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Control of GSC (PI)

Simulation results at 2 MW system

! ! 1000 ; ;
(It D e (] e i b e et e e
0 i D D el § 0 ""\M\.HH\H”HUHIW1iMH”HWHWM”HHH\HIW\’H’HUHuwuH”HHUHHWMH’HHHl\HHwHHm"H|"""‘|\‘H"‘H"”""""l"""‘H"""'”"”H”HHH““””‘IHH
~-1000 i i
0.5 1 15 2
500 ; '
< :
3 0 o
[ :
~ 500 i -
0.5 1 15 2
200 ! !
< ; ;
= 0 -.«vw g ety i e
= u 500—————
_200 i 4 m:s §
0.5 1 ol 2
/ [ -

lgq (A)
lgq (A)

500 ' ol H . ;
0.5 1 ~ | |2 1 1.5 2
.4 i i — T
- 1400 _____ 1 %15. 1.25 1.35 .
< 1200p— L L Y - S o
3 I < 1200
= —— o : :
1000 S — > 1000 i i
0.5 1 1.5 2 0.5 1 1.5 2
Step response of inner loop and outer loop Step response with 2*grid filter
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Control of GSC (PI)

Experimental configuration

DFIG |

—>
6) ———— ) —)
J RSC GSC Transformer Grid

Prime drive

. iy
- motor Iy <—
<« 4%3 — ~%3 AN o—
Ug

C dSPACE 1006)
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Control of GSC (PI)

Experimental validation
foy -1 =0.35

r

Switching frequency m

Bandwidth 300 Hz
e Inner loop o
Grid-tied converter Expected rise time 1.17 ms
Bandwidth 10 Hz
Outer loop o
Expected rise time 35 ms

Tek prety ngg Filter Uff Tek mevy Nmse Filter 0

Step response of dc voltage
Dcvotagelefelence[lBO\Hdlv] : NN

& AR
: : : : : : f : B & D00k ...
i 0 FITT P S SEN S I i
; 200 20y \[4unms l[ﬂ ﬂaw I]Hz] @ Y 200 |[2[I[Ims @ assy =:1EIH1]
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Control of GSC (PR)

Introduction of PR controller

* Ideal Proportional-Resonant (PR) controller:

(5) =k, + ki_ N ki- —k, + 22kis2
S—jo S+ jo S +w

CPR_

ideal

+» Practical PR controller:

K.@.S
2

C(s)=k_ +
i P St ws+af

K, — proportional gain

K, — resonant gain

W, — grid frequency

W, — resonant bandwidth
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Control of GSC (PR)

Open-loop transfer function

PR controller

V Q,
g + 1" control plant
o |  kas 1 % delay ] *% |
9ap @ + o = 9af
r--c G G S
4’%_>| $2+ .5+ o > o) >
K .S
Cer(s) =k, + —
=(8) =k, s* + @5+ f G,(s)=e""™ G,(s)=1/sL,

K/

< Open-loop transfer function: G, (s) =C, ()G, (s)GID (s)
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Control of GSC (PR)

Theoretical design

60 60
S 407 g 407
3 S
= 20¢ 2 20} Case 1 *
c =
& ~ > Case 2 =
g Or Case 2 T g O 4 ‘;N-?rj:;}:

-20" ' ' — 20 : : —
o 45 Case 1\ Case 2 o 45 P
2 -90 > .90 AL |
[<5] <5 ™~
2 135} — 8 135} L
@ 7| Case 1: PM_R = 45°, k, = 52.3, k, = 262 \ o 7| Case 1:PM_P =457k, = 52.3, k=262, 1 T

_1goLCase 2: PMR = 60°, k=523, k=106, gl EPM PRE0n b E 349 k215 | 1IN

10° 10 10° 10° 10° 10 10° 10°
Frequency(Hz) Frequency(Hz)
Cut-off freq.: PM_P =45° Resonant freq.: PM_R =45°

*» Sufficient phase margin at cut-off frequency
 Sufficient phase margin at resonant frequency
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Control of GSC (PR)

Simulation validation

00 : 8r T T E— T T T
R ;00 VAT TAY AT A YA YAV AT AYAYAYAYAY: TaVAYAYAYAYAYAYAYATAYAVA TAYAY o Output current lga,e FFT analysis
£, AARAAAAANA AR A AR AN ¥ M %12 (@ Output active power Py =10 kW)
~ 200 JV\JV\/ J\/y\/ JV\JVU Jyvv\/ Jyvyv uyvy\/ JW Jyvy\/ vavv JV\/V\/ §12 5" harmanic components
43%)3 P,=5kW e PR — z (1)2
g X NMYVYYYYYYYYYYYY S0l
P MAAAAAAAAAAAA = |
20 VY VYV VY VYV VVVY g 04
20 AMAAANAAAAAA] 02l
-30 01 0.2 0
0 time (s) 0 500 Frequeln%(glo(Hz) 1500 2000
PM_P =PM_R =45° kp = 52.3, kr = 262
o AN ol " OUtpUL cUrrent lpu FFT analysis |
S A A A }\ A A A A A A A /\ A A A — (@ Output active power Py = 8.4 KW)
g 0 S
5 G 4t ! .
g '200JYUY\/ Jv\/y\/ JY\/V\J JY\/YU JVUY\/ JY\/V\/ JY\/YU yvy\/ Jy\/yu Jy\/yv 5 5" harmonic components
‘43000 P,=33KW ' P, = 8.4 KW z 3
[ > | 5
2 NV VAV g2
s 1 MNAAAAANARAARA =
RN VY YYY VYV VYV VY g,
20 VWANAAAAAAANAN
0% i m%-%s) 0.2 05 500 1000 1500 2000

Frequency (Hz)

PM_P=PM_R =60° kp = 34.9, kr = 70.7
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Modeling of DFIG Machine-side Converter

DFIG model under dg reference frame

RS lesq L|S Llr a)sl//rql RI’ RS a)ll//Sd L|S L|I’ a)sl//rd Rr
+ LYY Y Y'Y YN +
Isd Irg Isq Irg
Usg Ysd ng l//rdl urd'J \Usq Vsa Ln% l//rql Urql
Voltage equation: Flux equation:

rl//sd = Lsisd + I—mi;d
Wy = Ly + Ly,

m'rq

. d
Uy = Rslsd +aWsd _a)ll)Vsq

] d
Uy = Rslsq + _qu + Wy g

) . dt l//rd — Lmisd + Lrird
u;d = Rrill’d +%l//r —a)swqu \l//rq = I—mlsq + Lrqu

urq = errq + al/qu + O
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Modeling of DFIG Machine-side Converter

DFIG model under dqg reference frame (Cont.)

% According to stator Voltage Oriented Control (VOC),
usd = Us
u, =0

s During steady-state, neglecting stator resistance,

lr//sd :O

s Stator current can be expressed in terms of rotor current,

| - i |
sd I—s rd
<
_ Us I—m :
- a)l Ls Ls K

((‘ & WinGrid Mini-course

| MAY 31, 2021 | sSLIDE 40



Modeling of DFIG Machine-side Converter

DFIG model under dqg reference frame (Cont.)

o

% Rotor flux can be expressed by rotor current,

Vg = 0Ly
: U.L "
=——T 4oLl
qu a)ll—s r'rq

o

* Relationship between rotor voltage and rotor current,

: L
u,=Ri,+ol, —i, +s L’“ U —achosqu

J S

u'rquri;q+c7L d | +ol
dt ™

r~’s'rd

\/
0.0

Moreover, the stator-side active power and reactive power can be expressed by,

Ps :Eusisd = _E LmUs Ird
2 2 L,
J
3 . 3 U2 LU..
:—— = m sl
Q. 2 sl 2(a)1L L rq)
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Modeling of DFIG Machine-side Converter
Plant model of DFIG

S sk, Rotor current i Power plant

plant
1

oLs+R

Irdii

% Equivalent model is simplified with dg-reference frame model
% Variables under d-axis and g-axis are coupled with each other
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Vector Control of DFIG Machine-side Converter

Control block diagram

—_— Tm ----- » DFIG mOdel I:)S, QS
To _1 "I:} i N
GSC 7T

—+ RSC

AT

PWM

1T J
<« _ .| Rotor speed

" | controller |

Current

controller - : I
Irg | Reactive power

*
controller ¢ Q,

s Dual-loop control: Inner rotor current loop; Outer speed/power loop
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Control of DFIG Machine-side Converter
Decouple control of inner rotor current

< DFIG is model with stator variables referred to stator-side, |, :iu
r r
kSl‘
II’ = ksrlr
oL U
l > .
-k + I
I >0 Gpi_ir(S) S
> 1/k*| > 50l
—>{1/ks 5ol
e + u:q urq U;,q
Irq4®4> Gpi ir(S) — Gpwm(S) Ksr K>z : > K i
i T q L | T
T Current controller . PWM model i DFIG model referred to rotor-side
2
Ki ir G S) = —ksr
GPI_ir(S’) = Kp_ir + S_ pl—lr( ) Rr + GLrS
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Control of DFIG Machine-side Converter

Transfer function of open-loop rotor current

] 1 8 % 5
| —p K4t LY St : > |
r_err p_ir S b T,s+1 P R +ol,s ; r

]

Magnetizing inductance L (mH)

Sampling fregency f_, (kHz)
Switching freqency f. (kHz)
Delay time introduced by PWM T, (us)

Leakage coefficient ¢
Winding ratio between stator and rotor k

Proportional coeffcient of current controller K ;
Integral coefficient of current controller K, .
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Control of DFIG Machine-side Converter
Bode plot of open-loop rotor current (2 MW)

.....................................................................................................

1 k2
| — . Ir L i g NN s : > |
r_err Kp_ir + S b T,s+1 b R, +oL.s i "
......... Current controller i : ~ PWMmodel DFIG model
60 100 2000 45 100 2000
— 40\
m 0
2 20 \ S [ — Plant
@ — Controller
© 0 <]
2 0P \\ S 45 — Open loop
c ™~ o ceee (O
g \\\ g 90 — o
= a
40| | = Plant \ \
— Controller 135 {
-60| | — Open loop H
7" 0.5%m L1180 T
-80 ‘ : 5 . -180 " -
1 10 100 10 10 1 10 100 10 10
f (Hz2) f (Hz)

s Bandwidth (100 Hz) vs. switching freq. (2 kHz)
s Phase margin: 64.8° (>45° )
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Control of DFIG Machine-side Converter
Bode plot of open-loop rotor current (7.5 kW)

60 . .
3507 | 5000; 45 350 | 5000
~ 0
% i :Plant
g i 10 S _45/\ — Controller
133 5 S, \ = Open loop
= E [«}) H
- : n —
% \ . ccu -90
= 40 \ : o
— Plant ; : B
—60| | = Controller 135
= Open loop : ) \
-80 | | = 1 180 L =180 T
1 10 100  10° 10 1 10 100  10° 10°
f (Hz) f (H2)

% Bandwidth (350 Hz) vs. switching freq. (5 kHz)
% Phase margin: 58.4° (>45° )
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Control of DFIG Machine-side Converter

Control block diagram of power outer loop

U, 1§ Closed i U,
oLk, icurrentloop i w,lL,
i v s
* : i L, |+
QS%(—F g>—> GPl_Q(S)? : Gcl_ir(S) —H—>I 1/Ke; 4>| L — % )—»i q -1.5U, : > QS
a rq i a i o i
‘Ti_ _____ Power controller & i . Plantof reactive power

Gy i (S) g LY.L
1+ Gol_ir (S) - ksrLs

K.
GPI_Q (S) = Kp_Q +%Q GcI_ir (S) -
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Magnitude (dB)

» ( -
v (‘ &
® &
o, Al
ACETINA

Control of DFIG Machine-side Converter
Blot plot of power outer loop (2 MW)

K; G ir(s) 15LJ L :
Qs_err = Kp_Q+;Q - ~ > — 4’Q
S ; 1+Gy (s) , |(Sr L, ; S
Power controller i Closed current loop Plant of reactive power?
5 100 45 5 100
— Plant 0
— Controller
— Open loop S — Plant
g -45 — Controller
0 ~ — Open loop
< -9 33
o H
N 135
I N \\
-180 -180 7]
10 100 10° 10 10 100 10° 10*
f (Hz) f (Hz)

WinGrid Mini-course

s Q Bandwidth (5 Hz) vs. inner loop (100 Hz)
s Phase margin: 99.1° (>45° )
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Control of DFIG Machine-side Converter
Blot plot of power outer loop (7.5 kW)

(0]
o
o
()]

10 :350 10 350
60
— Plant 0
m 40 — Controller
S 20 — Open loop >
@ . o 45
R g =
(b
ok _40 [l — Plant
= \ 5 — Controller
—60 ~—~—— : -135 || = Open loop
—80 19E
-100 -180 \ . -180 _
1 10 100 10°  10° 1 10 100 10° 10*
f (Hz) f (Hz)

s Q Bandwidth (5 Hz) vs. inner loop (100 Hz)
s Phase margin: 111.3° (>45° )
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Control of DFIG Machine-side Converter

Control Scheme
To GSC

> _ ul’a/)’*
eJ(91 0;) —p RSC

: i,
| o (-0 |2
i rdg
0,<— [ dt
0, «—]
PLL
0] —]
P : ]
* %4; 5 P < Power |2 i «7
H . H - l -
H i i,
4 Qs E Qs calculation sdq e saff
Py Q- Grid

i Power controller
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Control of DFIG Machine-side Converter
Simulation validation at 2 MW DFIG

1000 '

S
=i ;
2 i
£ :
<
i ,
5(; (o] SRRRRREREREES if
- ' ™\41000] . :
1000L——+ ; ;|“H1
2 25 0\..: ..... : ho 4
R 1000—3__1000 . i3ms
< : 2.49 25 2.51
= ok e Y
1000 i i i
2.5 3 35 4
= 1 T -
3 : .
g 0 » : - “. ..............
& -1 - - / """ = ! Step response of inner
g W0 loop and outer loop
o . 70'ms .
£ 1800 — g | .....
= g7 2 L
2 25 3.15 3.25 3.35 |
€ ok ' §
=z
2 L]
= 0k | b ]
2 2.5 3 35 4
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Control of DFIG Machine-side Converter
Experimental verification at 7.5 kW DFIG

gsc Transformer Grid

Lol Floh—=
aliniiin i

( dSPACE 1006 )

Prime drive
- motor

Tek prevy Nmse Filter fo Tek stop Nmse Filter (ff
. H ! H . B

1. | I Reactive power feedback ]

- (600 \/AR/di\;/]

B o 5 j
& S S0y Jfanoms @ v < @ 10y 100V |fms ][_ Tl =:1EIHz]
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Control of DFIG Machine-side Converter
RSC mathematical modeling adopting Direct Power Control (DPC)

Qs LrU S Qs LrU S
U rddpc =Vrddpc + Erddpc = power (P - P, ) - ( - . _CPI (P —P, ) - - :

kU, Lo kU, Lo
P, P.
Urqdpc :qudpc + Erqdpc = power (Q -Q,) o, —— k U, =C,, (Q -Q,) — o, ngsd
RSC
* * V M U +
—P Q + rdadpc ™~ rdqdpc - L ,C
s ¢S D] _;%_} e—j(Hl—Hr)_> SVM > _@_ EVdC
— + I
_PS QS Ert:iqdpc (0) 9
<« d/dt O
¢ Ps ‘U SJ:jq
Q Power |+
. +
<<= Calculation |, _sdg Isdq
@ 0, U;q Power
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Control of DFIG Machine-side Converter
GSC mathematical modeling adopting DPC

X 2 oL . 2 oL
Ucddpc :ngdpc + Egddpc = _GPQ (S)(Pg - Pg)__?Qg + ugd = _CPI (S)(Pg - Pg )_g ul ? Qg + ugd
gd gd
" 2oLy " 2 oL
chdpc :ngdpc + qudpc = GPQ (S)(Qg - Qg ) - g Pg = CPI (S)(Qg - Qg )_ g Pg
ugd gd
GSC N
T Doy, LI
C .
Vie £ ~[€1LSYM e ] 1 CaT:lYIVairion 9
T " > —>
cdqdpc + Eg+dqdpc
+ .
L Pl ngqdpc
g *
Vdc +
o, 0 —>?—> PI

—»| PLL —» -
VdC *
—> P,

Power grid
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Control of DFIG Machine-side Converter

Simulation results T T
12

15

Proportional coefficient of power controller K ... 2.0

15

12

75

A 10

Usabc (pU)

Isabc (pU)

rabc (pU)

0.05
time (s)

((‘ 4 WinGrid WinGrid Mini-course

0.10
GSC
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Modeling of PMSG Machine-side Converter

PMSG system with back-to-back power converter

nm

Grid

MPPT L» Machine-side converter
Qs i MSC Control

Grid-side converter
GSC Control

< Vdc*

<+ Q

B ((‘ £ WinGrid Mini-course

| MAY 31, 2021 | SLIDE 57



Modeling of PMSG Machine-side Converter

Steady-state equivalent circuit

Voltage equation under dq frame: u, =R, +L, di,, —wLi

e s sq
- disq -
Uy, = RSISq + L, —dt +o,L 1, + oy,

lsg Rs Ls . .
° COe'—s'sq - lsg
Usq
d-axis circuit
|
B Rs Ls el slsg ]
> |
S
O q
L WeYm
g-axis circuit [ i @y FloLplant -
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Control of PMSG Machine-side Converter

Control scheme

(1] -

To GSC

—H

. Uses
ej‘ge 5 SVM —P-'{;I— MSC
T
%
-6, isa/} abc Isabc )
ap
O — jdt «—O-.
We

B ((‘ £ WinGrid Mini-course

| MAY 31, 2021 | SLIDE 59



Control of PMSG Machine-side Converter

Parameters of 2 MW PMSG

MSC specification

Rated wind speed v,, ... [m/s] n

Rated turbine speed n,, o [rpm]
Number of pole pairs p

Rated shaft speed n, [rpm]
Magnetizing inductance L., [mH]
Rated fundamental frequency f, [Hz]
Rated output voltage [V,]

Rated current [A

rms]

Proportional coefficient of speed controller K ,

Integral coefficient of speed controller K;

Proportional coefficient of current controller K, ;

Integral coefficient of current controller K;

‘@ . Wingrid

L/ ~
@, e
° &
26 yuiv®

19
102
19
0.276
32.3
554
2085
50
1000

0.5

50

WinGrid Mini-course

GSC specification

DC-link voltage U, [V4] m

Switching frequency f, [kHz]
Filter inductance [mH]

Rated output voltage [V

rms]

Rated current [A ]

Proportional coefficient of voltage controller K, 4

Integral coefficient of voltage controller K; ;.
Proportional coefficient of current controller K, .

Integral coefficient of current controller K; ,,

0.15

704

1641

50

1500

0.3

30
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Control of PMSG Machine-side Converter

Simulation validation

Ug (pu) is (pu)
ig (pu) We (pu)
1.0 ‘
: 0.8 :
Ve (pu) 1 Ps Qs (pu)
114 . J\MNMMW\AM"MMMNVW«MWVWMMMAMAMWMMMNWWWMWV\MNW
1.0 ‘
0.9+ : = A s
0.8 — —
i iga (pu) 02 isd (pU)
_1 O_W‘Nmﬂ"mﬂm AR ot I ; 5 W ey W v .'.‘,l‘v.. Ll 0'0 W|||ww-rflrll{1lfp*f ‘rlv?ﬁj'ﬁ wvnlnjrjw r]‘ﬁ‘u’ﬁvv vv””wuwww“v P'v‘l”l”'(\‘
15 02 .
5k igq (PU) 08 isq (PU)
: 09
0.0 st b cathht b A T TTTTNTTTTVT I VYT TITIN
AT AT AT A
-0.5 i :
0.96 0.98 1.00 0.96 0.98 1.00
GSC steady-state MSC steady-state
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Summary

% Control targets of DFIG and PMSG back-to-back power converters

% Grid-side converter:
= Modeling and control of inner grid-current and outer dc-link voltage
= Pl controller under dq frame
= PR controller under of8 frame

% Machine-side converter:
= DFIG system:
= Pl controller design of inner rotor-current and outer stator power
= Modeling and controller design of Direct Power Control (DPC)
= PMSG system:
= Control and simulation validation of machine-side converter
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Outline

3. Abnormal operation of wind turbine system
« Classification of grid faults
« DFIG operation under symmetrical/asymmetrical grid faults
« PMSG operation under symmetrical/asymmetrical grid faults
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Classification of Grid Faults

Definition of grid fault

33/0.69 kv

@_é,_ 150/33 kV _@.7_%
-

o, 5 OIS
?L:n— >
Fault

PCC Busl T1 WT,,

* Y/D transformer: transmission-level (PCC) and collector grid (Busl)

< Dip level Py, ) Z,
dip —

Z. +Z

S
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C Zs

Grid

éélf
Fault

PCC

Classification of Grid Faults

Propagation of grid faults

150/33 kv

an

T2

33/0.69 kV

o
—@R—

Busl T1

% Symmetrical fault: 3®-g
% Asymmetrical faults: ®-g; 29; 2P-g

n

_% Vb"
WT ‘

Vew Type A| V.
= Vcﬁdip
WT VAV,
a_dip a
1 Vo_dip,/
Vp
Vc\‘
Vc_dip
Vb_dip
V4 Vb_dip 134

Fault types 05 | 0¢ | 20 | 20g

Dip level

PCC

Busl

((( Wingrid

A B
o LS
ACETINA

Classification

Pos., neg. and zero

components

Classification

Pos., neg. and zero

components

Paip Paip
A B
1- Pip; 1- pgip/3;
0; 'pdip/3;
A C
1- Pyips 1- pdip/3}
0; pdip/3;
0 0

WinGrid Mini-course

pdip
c
1- pdip/z;
pdip/z;
0
D

1_ pd|p/2;
'pdip/Z}
0

pdip
E
1-2 pg/3;
pdip/s;
F
1- 2 py/3;

'pdip/3;
0
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Classification of Grid Faults
Grid codes requirement on Low-Voltage Ride-Through

VIV [%] Al,, Al, [%]
100 .: 100_
4 -...-.---""'m
80 _! l' £ -II____-—‘.‘_.‘F’ ........................... 50._
L T as®
roiiy o

8 ’ i

60 a8 [ AV AV 9]
’ ’
,I /, 20 40
40 H 7 I"
A e
’," = = =VDE-AR-N 4120 Three-phase fault
20 H ‘,.5,‘5"'/' = = =VDE-AR-N 4120 Two-phase fault | |
o P R R VDE-AR-N 4110 Three-phase fault
: ,’I """"" VDE-AR-N 4110 Two-phase fault
0 'R L’ | L L
0 1 2 3 4 5
Time [s]
(a) (b)

*» Various withstand periods with different types of grid faults

*» Reactive current to support voltage recovery

WinGrid

WinGrid Mini-course
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DFIG Operation under Grid Faults

Existing challenges during grid fault

""""""
T3d by
. -~

........
'''''

» ( "
v (‘ &
@, o
o, Al
ACETINA

dc-link

AY

< | - || Grid

Filter Transformer

GSC

Stator flux cannot be changed abruptly

Rotor voltage is related to stator flux and rotor current:

u' = +R+aL—|
i deos ( i

Stator flux under rotor reference frame:

;Sr:$ej(w—wr)t
jo
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DFIG Operation under Grid Faults
Dynamic DFIG models during grid fault

|s+ .&. L|5 _NI;IL’.\ - J(;)_r\(pr+ .ﬁ. 4_I‘-ﬁ-
—_ u —_J
Ou., l@— L3 ‘P”J 0. O
Positive machine
b, mo L b TJo@e m by R L L TR0 R o
O \@ L3 EJ 0, O lcpsn o3 cpml NG
S_
Negative machine Natural machine

of = Jw )
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DFIG Operation under Grid Faults

Max. and min. natural flux under various grid faults

1.5 T T T T T
-
1t 9 -
0.5F s
=
e =
s Or 7 g
S S
_05} . s
| Max. o,
15 I I I I I
15 -1 05 0 05 1 15

@sa (PU)

15

2

Max. gs,

-1 05

0 0.5
¢sa (PU)

15

15 T T T T
1L 2d-g .
05k —
2
~ 0 L -
&
S
-05+ i
-1k m
Max. @sn
_1_5 | | | |
-15 -1 -0.5 0 0.5
Psq (PU)

Max. natural flux (pu)

Min. natural flux (pu)

a Wingrid

pdip

pdip

WinGrid Mini-course

0

pdip

pdip
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DFIG Operation under Grid Faults

State-of-art solutions

o
i ™M i DVR
Y 7
b
—l:l}—j
‘L Grid
— §|_]|:|§ = | | (M
RSC |-e T GSC Filter

it Crowbar

% Hardware solutions:
= DVR: maintain a constant stator voltage during grid faults
= Crowbar & dc-chopper: acceleration of natural flux damping

% Software solutions:
= Demagnetizing control
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DFIG Operation under Grid Faults

Concept of demagnetizing control

------------------------------

» ( -
v (‘ &
® &
o, Al
ACETINA

f=
.----'/-_-;;----u
/
|
|

®
(o

------------------------------

% Rotor current is controlled in opposite of the natural flux

% Most effective way to overcome transient natural flux
% Counteraction of rotor emf

WinGrid Mini-course
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DFIG Operation under Grid Faults

Safe Operation Area (SOA) during symmetrical faults

6 T T T T 6 T T T T 6 T T T T
1050 rpm 1500 rpm 1800 rpm
_Ar . 4 =0, 1 4
. ~— . S -
é =0 .~ E& o / & i=0 ,‘-5"\
35 |25 e < .25 .l 5 ].25 e _
2 e 1 2 1 2t I=2.0
’ \ \\ '''''' =20 \\
..... 1=2.0 >
I. ----- I r 1 SOA 0|- """ I L |SOA I 0 "." L I ! !
00 02 04 06 08 1 0 02 04 06 08 |1 0 02 04 06 08
Dip level p Dip level p Dip level p

R/

s Maximum of 2 pu demagnetizing current can be provided

J/

% Higher rotor speed causes higher rotor emf

X/

% A higher amount of demagnetizing current facilitates a higher ride-through capability
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DFIG Operation under Grid Faults

Control scheme during symmetrical faults

Stator

Is_Q torotor | j

1. Demagnetizing natural flux

@Psndg— -k ®

Ir_dem

Fault occurrence

1. Demagnetizing natural flux

i dom | +
Panag—= * O
P
2. MPPT tracking '
Ps — power e
Q. —> control [~ bt=tg

Fault clearance

+ Udgg [ Uras
P rdd eiG-6) ra8
i ) i
rdg o 1(6-0) |
w,-— —
91 -—
@sndq k W PLL
Flux observer |qosa— Usap
& . e 16 .
Isdg Isap
Demag. coeff. [* ]

WinGrid Mini-course

ToGSC

DC chopper Fﬂ
Vdc

Grid
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DFIG Operation under Grid Faults

Symmetrical faults at 1800 rpm

. e AT e
Décl) I';M“}lh‘lJIIH]]”I'MN‘ux»’nl'.-hllM‘lfrhl\!'h.c!‘!Ixmwl'hlcw‘[xwl'llhll‘ux»’nl'llhld|};]"J'l’|}j”1“lK]M!h‘“‘ll"M'l’mh‘l{}’]{‘L{J!’}JN’]"J'lllll‘”l{I Dé " Mlll'mmw}"u"M'Wl'm"M'WlmA.l'bb[lm”‘]l]lll:l““]‘]lll[l:l““|]|]|M|:|l”|]|]|M|[|l””"]'llh[llm

~
— S
> =%
o =
- o
4 S
S

Irapc (PU)
|rabc (pu)

—
= 3
a £
2 =
o
# §
3 i

=
) =3

<
o
~ O
4 o
[a I

Vdc (pu)
Ve (pu)

0.5
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DFIG Operation under Grid Faults
Capability at various asymmetrical faults

—1 P |
S0y Rs Lis Lir J(KD& ¢, Re ot
| IS— ) u | IS
O ool o 0O
S_
6 T T T T 6 T T T T
5r ¢-g _ 5
_ 24_
24 1800 rpm E
oy / o 3 1050 rpm
w= 31 1050 rpm - £ -
; | / 55 °, 1500 Tpm 55
oL 5
1500 rpm 1 i
! ] |
| 04;4 | | 0 Ol30 | | |
% 02 04 06 08 1 0 02 04 ) 06 08 1
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DFIG Operation under Grid Faults

Control objectives during asymmetrical faults

+ ¢s—
l. E,. U, i U,
q----€———>r-aaszccccccccc-e- > '
—> T - >
4 /
/?U RL+ U, E.
U,, : r+ U '
: -
v
Ds
Positive component Negative component

+* Normal condition: rotor current is almost in reverse with stator current
s Asymmetrical fault: rotor current is in the opposite of negative stator flux
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DFIG Operation under Grid Faults

Improved capability using demagnetizing rotor current

T T T T
®-g
2.5
L 1050 rpm /
= 1800 rpm .
| 1!|500 rom:i 0.80
0 0.2 0.4 0 0.6 0.8

20

1500 rpm

2.5
~ 1050 rpm .
N 800 rpr 7]
0.54
| | |
0 0.2 0.4 0.6 0.8

T T T T
20-g
1800 rpm
/ 25
" 1050 rpm ]
1500 rpm
0.61
| | |
0 0.2 0.4 0 0.6 0.8

®-g fault: withstand up to 0.80 dip level, compared to 0.44 dip level of traditional control
2®-g fault: withstand dip level from 0.29 to 0.54
20 fault: withstand dip level from 0.30 to 0.61

WinGrid

WinGrid Mini-course
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DFIG Operation under Grid Faults

Control scheme during asymmetrical faults
To GSC

DC chopperl:r’il

I N >~Q—>| PI - 0i(6-6)
* H |rd 1+ : A *
Psl* > Power --.—: 9 E —\gu;aﬂ' SVM ‘4‘%_’?;
Qq —* control |3 Q E * ' >

*
Ps — Power
Q * | control
S

+
Urdg +

+ u '_ -
i support — Q= P| rdq APNICECY T
Lececccccccncas A RSC
§ i rd q--* é i rd q++ -+
° 5 SN peyTrere
' P v Notch Irap [\abc|  lrabc )
- I+ 'rdgl- H . ; P N °
psdg -—> K [T E g | filter | lg ej(91+er): w®
i During
v fault ¢
Usg + isd + .
+ - -
Psdq + Psdq -+t -« +q e_J‘gl P
Ugg * U . Notch Psdq \ -«
sdq_+ Fsdg -= | filter | Uggq g [ ~
H + - - sdq |sdq »
Isdq + Iqu- - - — ejel 4_/ -
Psdq Psap
Flux
observer =
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DFIG Operation under Grid Faults

Simulation results at ®-g fault

SR 1 i 'H!\M' I 'Hir\H'H\ I '
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i

Usabc (PU)

i

S

T
L - ird i
= s — Ird- d
2 29 N I
= = L Irg-
4 1
2 — T
e
— = [ ,‘M"’"
2 29 e A lnm
i = Irg+ g+
- 2 1
2 T 2
g 0 Psd Dsd- 3 0 Dsd+ Psd- N
~ Psq- & _fpSCI’
i Psq 1 (p5q+
2 -2
5
= =)
g g
o o
8 £

. Isabc (pU)
Isabc (PU)

5 1 1 1 1 1 _5 1 1 1 1 1
0.8 1 12 1.4 1.6 18 2 0.8 1 1.2 1.4 1.6 1.8 2

Traditional vector control Proposed demagnetizing control
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PMSG Operation under Grid Faults
PMSG system subjects to grid fault

Braking LCL-filter
Chopper ch
AC J_ ) DC
PMSG M
DC -‘- E‘[I AC —— — _
_L Step-up
MSC DC-link  GSC B f -ﬁ: transformer

X/

% Full-scale power converter fully decouples generator and power grid
% Grid-side converter is responsible for grid faults
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PMSG Operation under Grid Faults

Control structure during symmetrical fault

CH

L @)i VgE=Cy,

«» Transfer function of SRF-PLL:

QPCC (S) — T (S) VPCC K pS +VPCC I‘<i

i i =2 '
Current controller 0{[)} * 9p|_|_ (S) 1+T (S) S +VPCC K pS +VPCC Ki
Vpcc ap
| z
q

o . A A , o4

V; i g X
C v . . q
Gedc —Pd I( urrent Limiter | Ves [af vy 5
le-link controller i < F)l - ey N
de dc-link conltroltier I'q ;

A

\ Ny A
\| /-5 OpLL

Ppee LVRT Opus

(@) (b)
i (S) $% + o’ .
% Control plant: G, (s) = — =<, % Current open-loop function:
Vinv (S) V, =0 ch S(S + oy )
-T45s
K.s Gol,c (S) = GPR (S)e ’ Gif (S),
% PR controller: Gpr =K, + el
0
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PMSG Operation under Grid Faults
7.5 kW PMSG system parameters

Symbol

Description

Physical Value

Sy
V.
In
Vie
Qz:ct
"YdC.
L.s
Lgf
Cy
fsw
[s
ZL
Zg
SCR
Ilim
Ky ic
Ky ic

Rated power

Nominal grid voltage
Nominal frequency
dc-link voltage reference
External reactive power reference
dc-link capacitance
Converter-side inductor
Grid-side inductor

Filter capacitor
Switching frequency
Sampling frequency
Line reactance

Grid impedance
Short-circuit ratio

Maximum temporary converter current

Proportional gain PR controller
Resonant gain of PR controller

7.5 kVA
400 V
50 Hz
730 V

0

0.5 mF
0.071 pu
0.043 pu
0.068 pu
10 kHz
10 kHz
0.1 pu
0.1 pu

5

1.2 pu
12

2000
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PMSG Operation under Grid Faults

Simulation results

S
S S
) § é M&’X‘%ﬁc%ooxmmmmwﬂ%?(&%ﬂ&’xﬂ\m(jm
M\

-0.05 0 0.05 0.1 0.15 0.2 0.25 0.3
Time [s]
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PMSG Operation under Grid Faults

Zero-voltage ride-through capability

e D
Phase-Locked Loop Freezing Method
HPLL
Vpccap , v
P X vaﬁ' (;‘ﬁ ﬂ} Wy
Adaptive Normalized —p P dq Vq [ 1 |6,
: X ] Pl —
—>|vpccll™ > 7 5
f not | \
! Vir X — Nullifies PLL error during ZI'RT
: g N |
N Freeze Mode
\ y

% Adaptive voltage normalization for independent voltage amplitude
% During fault: keeping pre-fault frequency and phase-angle
% Fault clearance: PLL is switched back to normal operation
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PMSG Operation under Grid Faults

Simulation results at zero-voltage fault

AR
. L

Tz’i.ne /s] | Time [s]

& A, =

. 2 T T T T 2 T T T
o &)
|} )
o L
5 S i
_2. 1 1 1 1 1 1 _2 1 1 I
E"‘ T T T T T \N‘_‘ . T T
= S0 W 50.1 ¢
=, =, 50 p
AT K499
!
(
-]
7

Adaptive PLL without freezing method Adaptive PLL with freezing method
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PMSG Operation under Grid Faults

Grid Synchronization during asymmetrical faults

Ry1(s) Vap Wef v,aﬁ
v s —jwo T
Vap Wef fﬁ
S —ng b
Rp (s)
(a) (b)

v v+ i % E Ko E : i
ap e ap L o | @B v_d>i ' Aw | OpLL
agP 7712881« s W EY NEE 7 WY B
S — JWo, ! | S s ! s !
% 1

wcf
s + jwg

(c)
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PMSG Operation under Grid Faults

Current-reference generation method

Vpcc—yp|ADE

ofs

WinGrid

&
&
% ((( &
“
LA £
o,

+
v ap g
Sequence [—®»| Reference ap. PR
extracror —y| Generator Controller
v
1 -
abc
it
B
b ~ Negative Sequence
\ LT TS \(.“m'rem
\ D VY SR
fo=- . ::\ \

Resulting

Elliptical "

Current

.
.~ Positive Sequence
Current
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PMSG Operation under Grid Faults

Control scheme during asymmetrical fault

Grrid-Connected VSO

g b LCL-filter B
PCC ,
AT 7, 7, (rrid

\. y, i Up
S g
Vr Yo abﬁ‘ SVYM ﬁ“éﬁ o Upgc
de N\ Vdey e i
0 Control Vpe
ext
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PMSG Operation under Grid Faults

Simulation results

1
s ()4
I+
il
~05F
. I(JC)G : 0.83 I l I
1 ' —— ' =
S oINAAAARAAANAAARAARAAN NS m;t.mwn il
2o AR A A
i i i 1.13 : ¥ 0.96' 5 ‘ : '
b ; | [V WAL
(€ 2 0.5 NS VT =053 e (e
o Il il i e W
' LOST | | o.ossl | | | 1
0 S p ‘)\W\MNVWWWWWWWWW
G 0 0.1 0.2 03 0.'4 05
Time [s]
( (h)
Single line-to-ground fault Line-to-line fault
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Summary

% Investigation of various grid fault types in power system and their propagation
through Y/D transformer

% Type Il wind turbine:

= Newly introduced natural and negative stator flux may lead to rotor-side converter
out-of-control

= Demagnetizing control can be applied to overcome symmetrical/asymmetrical faults

“ Type IV wind turbine:
=  Symmetrical faults: advanced PLL to achieve zero-voltage ride-through

= Asymmetrical faults: novel current reference generation method with dual-sequence
current provision
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Thank you for your attention!
Questions & Comments ?

Dao Zhou

Email: zda@et.aau.dk
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