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Research Background

¢ Reported statility issues of DFIG based wind farm

Gear

&

Series compensated network

XL R Xc

DFIG system connected to the series compensated weak network.

m Wind Farm
O Substation
@ Step-up Station
@ North China Grid
—— 220 kV Line
== 500 kV Line
) @ rsc

Wind farms and the series-compensated system [2].
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2012, North Chinal?, 6~8 Hz, DFIG wind farm.
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Stability analysis of DFIG-AC system

] ((( & WinGrid Mini-course | 2021.05.17 | SLIDE 4



Stability analysis of DFIG-AC system

¢ Overview of stability analysis methods

Stability
analysis
methods

((( . WinGrid

-+ EMT simulation

>

State space
model

Impedance
model

Cannot reflect the internal characteristics of the system;

Unable to provide basis for system design.

Widely used in current system stability analysis;

All the specific information are necessary in the system;

The entire system needs to be re-analyzed when the
system changes.

Only need the impedance characteristics of the
input/output of each link of the system;

It can be obtained through analytical models, simulation
or experiments, etc.
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Stability analysis of DFIG-AC system

¢ Impedance model of single DFIG

RSC
] i PCC,_Zq
Vdc J U I|—|
_| sabg
53 ' abc Grid
abc ePLL 0,
dg [ Sal lUSB

\_l PLL
I
rdq lePLL

0o — 0, [abc d |
, g-Current | Mrdgref
dg [*7| controller

Topology of DFIG connected to three phase AC grid.

Vsl /m— v
%qu(s) l sd(l >
L————
1
/ G, (5) DFIG Model L,

I sdq R5 LUS R" I rdg
U sdq L;n/ l//rdq U rdg
+ —
- Q Q =
J wl'//sdq J sl '/,rdq

Equivalent circuit of DFIG in the synchronous dq frame.

1 L,
’Gqu (S) = L_

1 S
oL s+R + jo,oL,

(s+joy)

Gyyq (8) "5t
1

G (S) =

|
' L
Inpu%@ ’ (S) IfdQ;i Isdq OUtpUt Isdq :Yoqusdq Lm Gpdq( )Urdq
pdgq L

Model of DFIG in synchronous dq frame.

1 L, )
odq _L_Gldq (S)+L_Gldq (S)Gqu (S)Gpdq (S) Yoaﬁ

S S

Q0 The single DFIG is a symmetrical plant, which shows the inductive-resistive

characteristic in the high frequency.
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Stability analysis of DFIG-AC system
¢ Impedance model of RSC+DFIG

RaC U r

! G, (5)]  DFIG Model

abc 10 — 6 (I L,
dq Uss »
0 0 b \—llrdq | "
PLL — “r ] abg dg-Current | ragref PLL
dg [*7| Controller
_ '_ _ _ _Rotor current control _ _t
Topology of DFIG connected to three phase AC grid. Model of RSC+DFIG in dq frame without considering PLL effect.
U r— -~ 1 kpis + kii —Tys
—11{G,, (5) P> G (8) == Gusq (8) =€
TR oremeel ref
ode _
: Gyq (5) 1L : Isdq _chqU |rcdq (S) Irdq
|
|
%G (s)ﬁ)i»@ — L, Gldq( )Gqu (S)Gpdq (S)
| pdg L, | chq = Gldq (S)/ |_S |_ 4G )G G
| 3 cdq( ) ddg (S) pdg (S)
Model of DFIG in synchronous dq frame. YCa,B :chq (5 - Ja)l)

U The RSC+DFIG is still a symmetrical plant, which can be analyzed as SISO system.
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Stability analysis of DFIG-AC system

¢ Impedance mode

| considering PLL effect

RQr
+| e % =(cosb,, — jsinG,, )
Vdc:l: USa
9PL|__‘9r
U 1 n
Irdq sp S
G =6 _[dg-Current]_lragret e
Controller
Topology of DFIG connected to three phase AC grid. Conventional SRF-PLL.
Control fram e‘jgPL Real frame
- us || cosby,  sindy, U,
Transformation formula: | % |7| . U
5q —Sin@,, €osby, || Ysp Scalar
D U AG, =H, (s
1 cos 6y, sinepLL'_i’ @ AUgq H .(s)—>l AHFE) PLL PLL( )
Uss ino 0 US& Ag |1 on P S ‘ H (S)
ofl-sing costn [, EPS@ o (5)= o

T

~s+U_oH, (s)

0 The small signal model of SRF-PLL is asymmetrical and the complex vector model

can not be applied
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Stability analysis of DFIG-AC system

¢ Impedance model considering PLL effect

R
+|
Vdc:l:
ePLL er
l Irdq
Opy — _[dg-Current | lragref ~ v-FLL
Controller

Topology of DFIG connected to three phase AC grid.

Effect on current Park transformation

c —(GpL—6r) -jAg,
Irdq =€ Iraﬁ (Irqu+A|rdq)e .

(Irqu +AI rdq )(1_ JAQ) = rqu +A|rdq - jlrquAePLL

Al;

rdq

chu(9)-[g L]

0 laoHey (S)

—jlaqoAO+ Al =—=Gh (S)AU,, +Al

e % =(cosbp, — jsinby, )
Us,

Conventional SRF-PLL.

Effect on voltage Inverse Park transformation

UC HPLL -6, )U

rdq

_ jag
raff (Urdqo + AU rdq )e .

(Urqu +AUrdq )(1+ jAePLL ) = Urqu +AUrdq + jUrquAHPLL
AU¢

rdg —

= jUgq0A0+AU =G5, (S)AU, +AU

G (- g ]

O UrdOHPLL( )

O The small signal model of SRF-PLL is asymmetrical and the complex vector model

can not be applied directly.
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Stability analysis of DFIG-AC system

¢ Impedance model considering PLL effect

R
+| PCC! Zg [T ——————~
Vie U, — | Gy (5)}«
— sal (‘ﬁ
——L abc ] Grid | PLL Effect :
O —0, op G
«— v | e | _____=  p——
-PWM _______
jlrdq | G (3)4>%_>
[
Op, _[dg-Current | lragret ~ v<PLL | Rotor current control
Controller e T _—_—_—_—_—_—_—_—d |

Topology of DFIG connected to three phase AC grid.

Y

cpdg

rdq o

sdq
=Gy (s)/ L+

I— Gpdq( )Gddq (s)(chq( )

Model of RSC+DFIG in dq frame considering PLL effect.

ref
I rdq

=Y,

cpdq

Usdq _Gircpdq ( )

Ly, Gpaq (5)Gouq (8)Cuaq (8)
LS 1+chq( ) ddq( ) pdq S)

(
5)BL (5)+65 (5))

pll pll

L

S

Model of RSC+DFIG in dq frame without considering PLL effect.

1+chq ( )Gddq (S)Gpdq (S)

Y — |:ch11 ch12 :|
i O ch22

0 The RSC+DFIG becomes asymmetrical plant due to the PLL effect, which should be

analyzed by MIMO method.
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Stability analysis of DFIG-AC system

¢ Relationship between different impedance models

ap sequence

dq scalar . dq sequence

»

Impedance Impedance

Impedance

o wm mmm m e e mm mmm e e mmm M M e Mmm Mmn M e Mmm Mmm Mmn e Mmm Mmm M e Mmm Mmm M e Gmm Mmm M e Mmm Mmm M e Mmm Mmm M e Gmm M M e Mmm M M e M M M e e e ey

[ dqg scalar impedance model ‘.
i {ud (s)} ) {zdd qu}{ld (s)} Uy (8) =V (5) 41U, (5) (5= e (s)
LU ()] e Zaa ]| 1o (5) g (8) =14 (s)+ il (5) ) o (8)
[ If the Impedance is symmetric af(phase) sequence impedance model |
E Z4(8) =24 — 124 —)  Z,(S) = Z4 (S Ja)l):i_a E
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Stability analysis of DFIG-AC system

¢ Relationship between different impedance models

If the impedance is asymmetric, how to transfer the dg scalar impedance to sequence impedance®

ﬁ————/

Yo I e o Y o e S e e

————————————————————————————————————————————————————————————

e R B P e e i B e

dq sequence impedance model \ /

Transformation from dqg sequence to phase sequence model

|:Up(s):|_|:zdd qu:||:|p(s):| w{uaﬂ :|:|:de(5_1'601) qu(s_ja)l):H:laﬂ ]
"z, 2 02, |7 2y (5- o) 2 (5-

Un(S) qd qq |n(S) |p=e_j9|aﬂ,|n:ej9|;ﬂ
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Stability analysis of DFIG-AC system

¢ Validation of impedance model

RSC ol
2] ' Isabc|_> H
r ' U i
+ : (A ) abe :
JENY ORGP
_| Irabc sabc'
— abc ] Grid®Y)
abc 16 — O ap
dq Usal lUs,b’ P
PWM]| ™ PLL
t11 1l

P —Or Jabc <_dq-Current Iragref lHPLL
dqg Controller

Topology of DFIG connected to three phase AC grid.

U
Frequency scan results Z, =—"m

Iha

Control parameters

Table Parameters of DFIG used in simulation

Parameter Symbol Value
Rated Voltage (U8 690 V
Rated Power P, 1.5 MW
Rtaed Frequency f, 50 Hz
Pole Pairs n, 2
Dc-link Voltage Ve 1150 vV
Stator Leakage Ly 0.060 mH
Rotor Leakage L, 0.083mH
Mutual Inductance Lo 2.95mH
Stator Resistance R 0.0024 Q
Rotor Resistance R, 0.0020 Q
Sampling Period T, 0.1ms
Turns Ratio K. 0.33
Base Inductance Liase 1mH

PLL parameters Current control parameters

Control delay

K.
Hpi(S):kpp -|-i ::I_-l—E Gc (S)Zkip+ﬁ:5+@ Gd (S):e—0.000153
S S S S
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Stability analysis of DFIG-AC system

¢ Validation of admittance model
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Model validation by frequency scan, the solid lines are calculated by the admittance matrix , the dotted lines are calculated by the
simplified admittance matrix, the points are obtained by simulation results. Red represents w,=40Hz, green represents o, =50Hz, red

represents e, =60Hz.
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Stability analysis of DFIG-AC system
¢ Generalized Nyquist Criterion (GNC)

— e —— e— —— — ——

| RSC+DFIG | _ ——————
Grid imped trix 2 [SLQ ° } | oz
rid impedance matrix = : l g

P L0 (s-i2ey)Ly | | |Gridside | |

| |
l Y D I pcc! 65 '
lrefl Torg | ! U '
. . Yoricir  Yoric s | 9 |

Yorc = ! !
DFIG impedance matrix Yorc =| v | , | .
DFIG21 DFIG22 | I | |
________ I |

Tall i ref 1
Current injected to grid | = ( 1 -Y, ..U )
’ 2 +YDFIG 'Zg

To guarantee the stability of the system, all the poles of the denominator should be on
the left half plan. In order to avoid the complicated process of solving the characteristic
equation, the GNC is used.

GNC  det(1+Yy-Z,)=0

The two eigenvalues of the matrix can be used for assessing the stability by checking
whether the eigenvalues will encircle (-1,0).
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Stability analysis of DFIG-AC system

¢ Generalized Nyquist Criterion (GNC)
L 0
Grid impedance matrix  Z, {Sog (s— j2a))L } GNC det(I+YDFIG Z, ) =0

¢ Control delay effect

8r 1 -

7 |-

6 -

0.5
5| o PM= 3°At 110Hz
x
<
o 4 >
x @«
< E 0r
> 3 2
£ £
S 2r PM=0<
= 1F 1 A, Without delay 05 At 104Hz
: —/12 Without delay|
or I ———— A, With delay
I I )
-lf === A, With delay
Enlarged view is shown in (b) -1 ‘ ‘ ‘ ‘ ‘
Real Axis

Full view of Nyquist diagram Enlarged view of Nyquist diagram

Nyquist diagram with or without control delay.

Remarks: The locus of eigenvalue A, is always located at the right side of eigenvalue A,, which cannot encircle the (-1,0) point.
Thus, the locus of eigenvalue A, will be omitted in order to make the Nyquist diagram more simple and clear in the next Nyquist
diagrams
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Stability analysis of DFIG-AC system
¢ Generalized Nyquist Criterion (GNC)

Il
o

- _ sL, 0
Grid impedance matrix Zg{o (S_qu)Lj GNC det(I+YDF,G-Zg)

¢ PLL parameters

1r

—— Kyp=0.8,k,i=8
—— kpp=1.01,k;=10.1
—— Kpp=1.1 k=11

. Imellginary Axis
o

0.2
0.4 or
e ————
-0.8" zk | QW) WW
s P 05 b 05 1 1 e
Real Axis i . . . . . . .
50 T T T T T T T
Nyquist diagram with different PLL parameters O ! o, (H2)
4 1
- - - 1 l 1 1 1 1 1 1 1
Remarks: High PLL bandwidth will cause s 1es 2 205 21 2 22 w29 2w 2
. - . S
instability of DFIG system under weak grid Simulation result of DFIG with ky =11 k,=11.
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Stability analysis of DFIG-AC system

¢ Generalized Nyquist Criterion (GNC)

L 0
Grid impedance matrix  Z, {Sog (s j2a,)L } GNC
1/ g

¢ Rotor speed

det(1+Ypes - Z,)

I
o

0.6 PM= 9°At 120Hz

Fundamental (50Hz) = 1770, THD= 9.52%
T T T T T T T

. Imaginary Axis
(=)

S o

Real Axis

Generalized nyquist diagram with different rotor speed. S —

103Hz

"

1 1 L 1 1 1
=15 1 05 0 05 1 . L_‘.L__.LA R T
0 20 40 60 80 101 120 140 160 180 200

o,(Hz)

Remarks: rotor speed also has effect on %2 24 25
the system stabilty
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Simulation result of DFIG with rotor speed variation.
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Stability analysis of DFIG-AC system

¢ Conclusion

O The conventional SRF-PLL will introduce a asymmetric matrix to the
Impedance, which will make DFIG system more complicated.

U The dg impedance and sequence impedance can be converted to
each other, which are essentially equivalent.

O The impedance results would be wrong without considering the PLL
effect, which might cause a wrong stability assessment.

U The Generalized Nyquist Criterion can be applied for accurate
stability analysis. However, it is only based on the figure and difficult
to guide the parameter design.
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Stability enhancement of DFIG-AC system
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Stability enhancement of DFIG-AC system

¢ Small signal of conventional SRF-PLL

e % =(cosb,, — jsinby, )

Characteristic of SRF-PLL

U The obtained orientation angle @is a real
number.

Uss

O Only control the g-axis voltage to be zero,
without controlling the d-axis voltage.

Conventlonal SRF-PLL.

)
l Control fram e PL</ Real frame

_ us cosé,, siné,, ||U
Transformation formula: S 5“
U sq —sIn QPLL cos ‘9PLL US/)’

Scalar

Usy us AG. =H (s)@/
> AU A PLL PLL

U COS“)PLL s IV Y, EE — Hm(s>+ Oy )

S S >

—>’3 —sin6G,, €06y, | éHpi(s)A ) PLL H. (s)

H = 2
1 Ysio (9) s+UoH i (s)

O The small signal model of SRF-PLL is asymmetrical and the complex vector model
can not be applied directly.
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Stability enhancement of DFIG-AC system

¢ Small signal of symmetrical PLL

Characteristic of symmetrical PLL

O The obtained orientation angle 8is a
complex number, which contains two terms
64 and 6,, 6= 6,46,

. GpH (5')

O Not only control the g-axis voltage to be
zero, but also control the d-axis voltage to a

rated value.
Structure of symmetrical PLL. o
Vi =ev,, = g Josricn), aﬂ
. Vg cosd, sing, ||V,
Transformation formula: | ¢ =e9‘[ ! d}{ }
vy —sing, coso, ||V,
‘ - A@ Vector
AV - AV > Gp||(S) —> 1/s > - > ‘ A= ] Gpu(s) g) _
_ s+V,G,, (9)
JVi |«

Q0 The small signal of angle @is related to small signal of voltage vector, which means
the small siganl model is symmetrical and the complex vector model can be applied.
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Stability enhancement of DFIG-AC system

¢ Small signal of symmetrical PLL
RSC

gr 7 e’jePLL =e9q ,e*jtgci .
+| PCCi__4g ¢ U -1 g
Vi JK} | @ 0. — U N ) > 1 . d>
_| rabo sal C" _
Tt abé: O — 0, abcaﬂ Grid
N
4 U] |Us
PWM llrdq Symmetrical U
l|rd PLﬁ9
Oou —0: | abe dq-Curre?ﬂ I rdgref PLL
dg [ Controller [
Control scheme of DFIG based on symmetrical PLL. Block diagram of symmetrical PLL.
S B Ul Voo
Gy ()}« iyl (S) N 3/, 1
L Gugg (S) = -
PLL Effect v | : v S+ jo, G, (s) H(s) 1,
Ggu (S) : I G2dq (S) DFIG Model Lrn . Pl S —I—UlH i (S)

e Gusg(8) =T (5+ o) o)
iTreT_ _____________ lUr I | s d _ Hpi S 'Url
| chq(s)»%—»Gddq(s) = Gy (5) 1 Gpll( )=
! I Gy ()= _ s+UH_ (s)
| Rotor current control e oL s+R + Jo,ol,

Complex transfer function of DFIG in dg frame considering PLL.

Y4 =GCiq (S)/LS+L G ()G (8)Gusa (8) _ Ly Goua (8 )Gddq(s)(chq( )G (5)+Gy ( -Y - Ja)l)

I— 1+chq ( )Gddq (S)Gpdq (S) Ls l+chq ( )Gddq (S)Gpdq ( )
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Stability enhancement of DFIG-AC system

¢ Validation of admittance model
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S -20 200 4, 20
b * % i}
-40 -40 % oo 40
6 60 %¥ *%%% _6096 ‘
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& .100 c_ogF KORE e kbRt 100 %3;38;%2* -10
20 y - 200 0 200
i 90 100 1000 10 100 1000 10 100 1000 10 100 1000
Frequency(Hz)
Fundamental (50 Hz) = 1776 A, THD= 5.68% Fundamental (50 Hz) = 1778 A, THD= 4.91%
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2| 54
=1 D S e
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WinGrid

(a) Adopting Conventional PLL

WinGrid Mini-course

(b) Adopting Symmetrical PLL
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Stability enhancement of DFIG-AC system

& Stability analysis of DFIG based on symmetrical PLL

Z11
~501 - - o [ U S S S S ———
g T | RSC+DFIG | ——————n
2 | | | N |
20 e | Z |
, .

g ¢_Effect on magnitude | | | | Grid side |
501 ! | | 1 | [] | |
10° 10! 10° 10° I @ | pcc! @ |
0 i - T N ref | | U |
& 100} . |°s I | g |
g I | [ I

Z o |
2 ; . I | I
E-lOO Negatlve re§|stance e - — — — _ 2
o +capacitor ] ‘ Equivalent impedance model of whole system.

20010 10t ? 10 Stator voltage (V)

A A A Llar an

The positive sequence nFrﬁqu”E’?a"%éS of DFIG with symmetrical N )(X HIV ")(A | “ i M)( WM HHN m(m M

PLL and without considering PLL. _500 D(X () m\! W KXHH MJHH X mm

v Vv Y VUV Vv VvV VT VWY
Yllzg
T

N
o

Stator current (A
Fundamental (50Hz) = 1169 , THD= 18.27% As AA AN

=
<

S, 100 - (119Hz,0.2dB)

o

Magnitude (dB)
o
-
—
=

/ 119Hz 1 »/‘

=)

“10° 10t 107 10°

N
S N

Mag (% of Fundamental)

S .
5 :
>§
3

| (119Hz,-1809 | ...umﬂiﬂmm | e power (W)

é 2‘0 4‘0 60 80 100 120 140 160 180‘ 200 \ '\ ,\ /\ /\ /\ A /\ A /‘ /\ A ,\

I
d
i(‘
ii
fa

Phase (degree)
o

of 2 | i . e VW WAVVVTVY
- . | RV AV AT AYAYAVAVAVAVAVAVAVAV/VAVAVAVAVAYAY AYAYAVATAVAVAVAVAVAVATAYATA
10° 10°
- Fre uenc (H 0 0.1 0.2 Ti ) 0.3 0.4 0.5
( The bode didgram PYHZ : Simulation results of DFII(rgeccs)nnected to weak grid.
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Stability enhancement of DFIG-AC system

¢ Impedance model analysis

_________ |- T T T T T T 777
U | spn
Gpm<@ S"”®=:> G, 1L
PLL Effect {2 1 v
Gy, :: G, | DFIG Model

rpn
pL

60 5"“ - |
— |
400" z, ,\ '
=) DFIG . ; e
% 20_ ....... c— —— /‘J"\;—(-/
= ~ )
= i L a0 o O 0 P »
% 0 “rn/n' ° ) e
= e
20+ ,.’,.« 1
Lo
10° 10 102 10°

Frequency/Hz

Amplitude-frequency characteristic curves of impedance subsystem

.

<
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spn

(©) Zpnu
Block diagram of DFIG subsystem impedance.

1
Lorc™ (1/20 +1/7 pnu +1/Z oni )
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Stability enhancement of DFIG-AC system

¢ Impedance model analysis

60_gpni b ' ' "””I
40 o Z(;nu I\ ]
%20 —_ZDFli__._’; \l‘t.——"'—'/_
S 7 :D—r//d
5 0 . et
o 7
= 20} —
L.
10° 10t 10° 10
Frequency/Hz
DFIG impedance model based on symmetrical PLL Amplitude-frequency characteristic curves of impedance subsystem
. . 00 —=————= ~
O From 50-200Hz, the impedance is 100 _ \
I 1 0 | — ni I
mainly detemined by Z, ... L S \ B
g 0 : T T
[a
Q z,;, will introduce a negative 100y
resistance in this frequency range, 2005 1ol 102 10°
which is the main reason that might Frequency/Hz

cause instability under weak grid. Phase-frequency characteristic curves of DFIG impedance subsystem
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Stability enhancement of DFIG-AC system

¢ Impedance reshaping control strategy

|
Ly
LS
(b) ani
. 1+GG, _1G}+G] K (5 )+ K,
ni ¥~ ' != ' ' 1/G,:Rr+ S—-wr o Gé: pe - 1c
' GpniGcG3 GpniGc 3 ( ] )Lr s—jo
. \2
Z i = % - (S__le) +1
G lgar | Kpp (= @) + Ky

I
U rpn pn L spn

i : . _ Block diagram of DFIG impedance based on the virtual impedance
Virtual impedance implemented in control frame
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Stability enhancement of DFIG-AC system

¢ Impedance reshaping control strategy

G

pni

________ Lm spn
G. L
| : . . .
Rotor current control Virtual impedance implemented in control frame
DFIG impedance model based on symmetrical PLL G =[1‘Usd1HPLL ) 0 }
pns
0 1-UgyHp (5)
20ll— After reshaping ' ; — S

———- Before reshaping
—— Grid impedance

$*+2w.5° + 2w, °s + o

Z\; ~ G;G;’)anc,/G;ms

(Kup(s—ien) + Ky )(Kin (5 —Jet) +Ke)
(s-jor) |

-20+

Magnitude /dB

— " Trdgl

-40

200

Ui} 'A‘z_1 (GprniGc/Gpns)Az

100L

c

ok rdq

Phase /°

ref ref
Irdq Urdq
100} 1 G
L~ ‘
U~ 1"
200 e e, Control diagram of the proposed impedance reshaping control
Frequency /Hz strategy in dg-domain

Impedance Bode diagram of DFIG system with virtual impedance
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Stability enhancement of DFIG-AC system

¢ Experimental validations

fy PLL€:80 Hz : fow pLL=140 HZ msfw C_O:::Zl I' Control *=irss ! .Ontr(;l !/C(I)I;]tmI: ! o - §»zaans,m..
3 & T AT RS 53] 'll\l'H'II'I'II'IIIIIII\"II\'-\II\"‘ P
S 2 6"’“"’“'"“'00'0'&’”3’“"’0"’"&""6’&’6"’0’&"’0‘%&"’0’&"’"&6’0""‘ ~ h'un'nuh‘l-ml.|||h~|4|ml‘uh'hnh'hw‘m»'ml'ml.\.»l'|ul-|uil.ml-ml-mJ|-|¢|J|-|||l-\|»l-\¢>M»l-m"'ml-|ul-|||1|-|||1|-|1||‘|.|||J|-|¢|Lml-uMl"-ml-mlml‘l-u|l-u|l-u|i-u|J|-|¢|J|-|n|l.\nsM"»ml_ml-mluﬂhm
h | 5 5 5 i o | SCR=21SCR=15 : 5 5 5
LS i e
=3 < i |
A3 5
ovar, ] " l | | |
Q:(l\-SI\}IW/diV): : : : | : Q:(%).GMWé/div)
Experimental results of DFIG system with proposed control strategy Experimental results of adaptability of the proposed control strategy for

resonance frequency shifts due to the SCR changes

O With the proposed impedance reshaping method, the negative resistance can
be counteracted and the stability can be improved.

O Frequency coupling and system stability are two seperate issues, eliminating
frequency coupling does not improve the system stability.
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Stability enhancement of DFIG-AC system

¢ Conclusion

O The frequency coupling phenomenon of DFIG system caused
PLL can be eliminated by using a symmetrical PLL.

O The sequence impedance model of DFIG system can easily be
obtained based on complex transfer function, since it is
simplified as a SISO system with the symmetrical PLL.

d SISO impedance reshaping method can be implemented to
enhance the stability of DFIG system under the weak grid
condition.
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Control of DFIG-DC system
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Research Background

¢ The significance of dc grid connection for renewable energy

€ Advantage of dc connection

1. Avoid additional DC/AC block

2. Reduce the system cost and complexity
3. Increase the system efficiency

DFIG

il R0
AC
AC Bus b 5
Single/Three Interface ! |
CONVerter ' :
( ¢
\. | | I
: : ; ; : | DC Bus (j (j
[oc_1: [ Motor | ' [Moder | et ; o : . ;
' DC Drive Ballast DC Motor | ! Modern | |
_Digital ;  { Drive ; | Light fletly  pmE [ Sl
= > r __Digital ; _ Drive i | Light
e 88 <47 - C
[l B 80 |
‘ | I |
Structure of ac microgrid Structure of dc microgrid
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Research Background

VsC _
Gear Transformer " Pros : Control strategy is the same
_6— JK} A with DFIG-AC system, can be easily
—v transplanted from existed DFIG-AC

system
Cons: complex and too much energy

converting block, the capacity of VSC
is limited like weak grid which will
DFIG connected to dc link based on additional cause some instability issue
voltage source converter (VSC)

* i .
Gear Gear = +
/\ +
_5 Vdc _5 \idc
DFIG-DC system Vs
JK}
DFIG connected to dc link based on
stator side converter (SSC)
Pros: cost effective and simpler control structure Pros: the topology is simplified and the
Cons : distorted stator voltage and distorted energy transition efficiency is improved
currents cause power and torque ripples Cons : the capacity of SSC is high
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Research Background

I
oA A A A
N 05k i . 'Vdﬁage" .
Gear V| Vea \;’
bo I L it A IR SR LR AERS IR SR Y At A
. | | | Ve e
05k I : S T i} \/SC
001 oozI 003 oo4| oos 1 A A
A|r gap 1 | Staton”
Equivalent circuit of DFIG-DC system Equivalent circuit from stator side
Working principle
Building rotor Building ____, Diodebridge___, Output power
exciting current stator voltage conducting to dc side
Jsd
_ . . . Usang [abg [~
d How to achieve the orientation control — > g Usq,“’ Ope,
and stator frequency control ? 1 >
Conventional PLL based on stator voltage
1 O How to suppress the harmonic currents? LTI
/|\‘.fl\/’\/]‘/\ \)\N) v\/‘\’\J \ A VAN \
Stator current
: o |
| O How to suppress the torque ripple? Torqx
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Research Background

C Key problems) ( Research content and program ) (Research objectlve>
ST T T T T T T T T T = s, - - - - - - - ——— — — (- - T T T = \
! } Im——Stator Stator flux magnitude ‘l | |
I| Orientation angle and ':} e | 1| Basic frequency and ||
Part1 | | i
: : : Stator flux angle A |
| I || I
| | | !
| | I Torque Resoant controller |1 | :
. | ) |
Part2 | Torque ripple ::> ripple Repetitive controller | 1| Reduce torque ripple ||
| | Lsuppression A |
| L Adaptive repetitive | |
| | controller ! : :
| | | |
! . I [ Harmonic Voltage feedforward |i : '
| Harmonic current |1 | Improve system ~ |!
Part 3 |i loss |ﬁ> current SoThlea al : efficiency :
| | - ouble-axis resonan
| : : suppression control : : :
' | |
| : | Povxier—currentI | : :
Part 4 : Robust control :E>| Coupling oup g come ' : LTS SR :
| *‘ |
ntrol . | robustness
: : | contro Unified power control |! | |
\ ) ;| |

Objectives: Build good performance. high efficiency. low cost DFIG-DC system
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Stator frequency control of DFIG-DC system
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Stator frequency control of DFIG-DC system

| a)* * l | * * l
| : » Pl —»‘9-»' & | | & » PI —»‘b—»' e |
I » [ [ I
| S | . % |
[ safly, - _ I | Y _ I
I Ysap _.[<U safs RS Isaﬂ) 08 I I ) Ysap _I(U saff Rs Isaﬂ) HS I
AN P, o T [ —> |
0 U s—arc an(l//sa/Wsﬂ) I 0 —>6’s=arctan(wsa/t//sﬂ) I
l _Saﬁ) e e | l * * |
. ssp¥ssa ~ CssaVssp | @ 0) 1| 6
[ |Saﬁ @, = - > s 5 | [ s o= Ys [
[ ) Vea T l//ssﬂ [ [ S [
Directly calculating stator fregeuncy [1] Directly calculating stator flux angle [2]

Existed problems

» Pure integral block is affected by dc offset
» Calculating stator frequency has a high parameter dependency

[1] lacchetti, M.F., G.D. Marques and R. Perini, Torque Ripple Reduction in a DFIG-DC System by Resonant Current Controllers. IEEE
Transactions on Power Electronics, 2015. 30(8): p. 4244-4254.

[2] Marques, G.D. and M.F. lacchetti, Stator Frequency Regulation in a Field-Oriented Controlled DFIG Connected to a DC Link. IEEE
Transactions on Industrial Electronics, 2014. 61(11): p. 5930-5939.
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Stator frequency control of DFIG-DC system

¢ Operation mode of diode bridge rectifier

Conduction mode : the magnitude ratio between ac voltage and dc voltage

A 2/0 modeg,

AN Grod
m \V \/ _2n

Fundamental \/Salzz\/dC { i
voltage T

S—

Key property: The product of stator frequency and flux is a constant value
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Stator frequency control of

DFIG-DC system

¢ Indirect stator frequency control based on stator flux magnitude

Stator flux magnitude control [1] — —

Pros

» Without calculating stator flux angle
» Without calculating stator frequency

I -
: Vs P HM |— Control stator frequency by controlling
| v, : stator flux linkage indirectly
- e |
T 7
sdq sd
I—> l//qu:LSIqu+LmIrdqW—> I___I_____l _____________ !
— o L s |
I b 5 I | Yslip dq | Irq ) -
: —»lsa < Orientation Anl 1 S o»l : + I o -l-l: 91 pI P s & >
rabc rientation Angie sdq I‘ | Il m |
) Estimator lgq ! ' —5 b e — - - :
. — ! O, Adq s
I = e e e ) ) ) ) ) ) ) ) - I 9" I
| : |

Indirectly stator flux orientation

WSC] :LSISQ—I_LmII’q :O

[1] Nian Heng, Wu Chao, Cheng Peng. Direct resonant control strategy for torque ripple mitigation of DFIG connected to DC
link through diode rectifier on stator[J]. IEEE Transactions on Power Electronics, 2017, 32(9): 6936-6945.
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Stator frequency control of DFIG-DC system

¢ Indirect stator frequency control based on stator flux magnitude
. RSC
I *

SVM

a_*
-
;?_
U |
C
B *
y \ 4
D
<
&
\ 4
Z
+
| %<

{ |
i Vs . P| Ird i
I & * I o
i Te P| ‘ ; Irq : <« Idt
|\ '|'e /I
Tl//sd TTe < 05 '/ :

T L (I | 1 | ) | | Orientation

¢ s T T Ji ., | angle estimator
l//sd = lesd + Lmlrd

Drawbacks:
1.Dependent on the ratio between stator and mutual inductance
2.Control accuracy of stator frequency is dependent on stator flux accuracy

Heng Nian, Chao Wu, Peng Cheng. Direct resonant control strategy for torque ripple mitigation of DFIG connected to DC link through
diode rectifier on stator[J]. IEEE Transactions on Power Electronics, 2017, 32(9): 6936-6945.
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Stator frequency control of DFIG-DC system

¢ Direct stator frequency control method

: Statar Stat@r

0 001 002 003 004 0.95 006 007 008 009 0.1
t/s
Waveforms of stator voltage and flux

—_——— e — — — — — — — — — ———q

|
0, | 6_’ abc | > B it — > — -
0| 2 dg | e »+]1 @, || 0 |
=1 lsq kils 1/s ——»
—25fabe T UL L = X |
|0 I _
e s, dg{‘e"*ci%r o " Loop filter ' veo |

Stator flux PLL
Obtaining stator frequency and staor flux angle simultaneously
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Stator frequency control of DFIG-DC system

¢ Direct stator frequency control method
. . RSC

Cons:
1.The accuracy is dependent on ratio between stator and mutual inductance

Chao Wu, Heng Nian. An improved repetitive control of DFIG-DC system for torque ripple suppression[J]. IEEE Transactions on Power
Electronics, 2018, 33(9): 7634-7644.
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Stator frequency control of DFIG-DC system

¢ Acquiring stator flux angle

| * 5 |
o |

| ] {-g’ rd |
| A PI—>D> |
U !
| s, V.= %y |
| e
| sq

| _‘L’eszarctan(wsa/wsﬂ) |
| . - |
| o, 1] 6 |
| S '

Acquiring stator flux angle based
on inertia link

| : :

| S0GI soclt @S

|U Usaﬁ ( )_32+k COS+COZ Usaﬂ(s) |
SOGI “Ys s |

: sabc abfc.:z Sog U SoE - 95, |

| 0, =arctan| —2_ |- = |
U 2

| sa |

.o |

05 | | | | | | | | | i

WinGrid Mini-course

0.9 0.81 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99 1

Angle error
0

0.9 0.81 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99 1

Time(s)

0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.89

Angle error

0.5 | | | | | | | | |

0.91 0.92 0.93 0.94 . 0.95 0.96 0.97 0.98 0.99
Time (s)
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Stator frequency control of DFIG-DC system

¢ Indirect stator frequency control based on stator flux angle

—— e =

e

RSC

all%-%) Lyl SVM (> JK}L

—_—— e ———

flux angle

Stator fundamental | U

e

¢ Isdq e—

>

Obtaining Stator flux angle based on SOGI can eliminate the bad effect of dc offset

3 (( &
v, ‘

2 D
o, o
o, *
®6 yniv®
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Stator frequency control

¢ Experimental setup

of DFIG-DC system

Parameters Value Parameters Value
Rated power 1.0 kW Rated voltage 110V
Rated frequency 50 Hz DC voltage 140V
DC capacitance 780 pF R, 1.01 Q
R, 0.88 Q L, 87.5 mH
L . 5.6 mH L, 5.6 mH

General

Squirrel-cage
g g L Inverter

motor

Diode rectifier

Connection DC

; Voltage
switch | T sourcge

.>|_
m

Sampling and

Signal processing Driver SKHI61

A

| DSP TMS320F28335 |

Schematic diagram of the experiment system

;g e
Induction - & - DSP

motor

Dc link

RSC
DFIG

Diode
Encod bridge

Experimental setup
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Stator frequency control of DFIG-DC system

& Experimental results of different frequency control methods

&
t (‘

% ‘ &
%, &
o, .
®6 yniv®

= T ... "
I < MmE:lnk B | B B << Hni.rq-ilﬂk > B B I
Before Before 1 1
~working+ - Stator vo-Itage : workrng e Stator volta je
R E— ‘ <—>
T e T o lmlmuwmrrrr

» Both stator flux magnitude control and

stator frequency control can control

Soiin frequency to reference value

i Stator power ‘: Cn

5000, tms

Stator frequency

rrrrw*rrur'r

Stopped

- 201666 .
Indrrect stator frequency control

stopped
4:12 | 2016/06/1

direct stator frequency control

=< Mnin:qnu 3

S

Stator voltage - Stator voltawa

.rrrrrrwrrrrwrrrrrwrrrrrrrrrrrrrrr-r rrrrrrrrwrrrrrrrrr

I rrrrrrrrrrrrr.

M« » Both the two methods are affected by dc offset

T "‘\ill"“" 'r'll‘l||l";Il "vlr"ll

Rotor samplmg CUrrent |n dsp

: FBI](O!Z) 42.61905Hz . Freq(CH3) 6.814316Hz : Feq(cHZJ 47.16981Hz Freq(CH3) ?7.276020Hz

Rotor sampling current indsp

wwuuwwwwsmmw MMIW\Mi\l\l\ﬂl\ﬂlwﬁ'u'

A

Edge £ EﬂH £3
N/ZB!.E 12,19 10: 30 28) Auto 0.000V 2015/12-19 10:31: O?N/ 2015 12-19 15: 56 00) 0.000V

WinGrid - Sampling with dc offsetyingrid Mini-course Eleminating the dc offset

2015-12-19 15:56:39
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Stator frequency control of DFIG-DC system

& Experimental results of different frequency control methods

— o 2kS/s 500MSA

. <Z11aK7 R : : #Z00M5iy

Stator volta e

Rotor- current

rwwwrwwwwrwwwwwwwmw

- 'Stator current

\\lrlrl|||\|'\|||H||I\l||||||||||‘||||H|\||I|\!|||||'\|||\'lll\lﬂlllﬂlll\l|||||1|||||||||||||HI||\I|II\||\I||H|II\|||||||\|1||*||||H|H|r||H v WU
||||||||||||||rr|t|r||r||r|r|r|||rr|||r|||r|||||rr||||||||||r|r|r|||rr||r|||r||r||r|||r||r||rr||r|r||r||r|||r|||rr|||r|||r“"‘"""'" R

- -e. erence torque

]I|\|l|'|||||I\IIHIIIIl\IIIIFI]\HIIIIIII\IrﬂllllllrlﬂlﬂllIIIIIIN\IIﬂIIINI\IIIIMIHIIIIIIIH\IIIIIII\IlI‘IIIﬂﬂllﬂlh ....a.e....,h
1|H|II|WIIIIIIH\IIIIIII\III\IIII!llllllllI HIIIILIIIHIlIIIHIIMIIHIlIlIlIH[MIIII\lIlIIIIIIlﬂrlllllIllrlllﬂllt"""'”"’"""‘ AT A S

R al t rque -
: : ; i : Stator froniiancyz
Stator frequency : :
ppppppp Z Edge CH1 & Stopped 2z Edge CH1 £
(- 2016,06,13 10:17:14) Auto 0 .600U 2016,06-13 10:18:45 (-} 2016./06-16 11:36:47) Auto 0.000U 20160616 11:37:05

Staor flux magnitude control with power variations  Direct stator frequency control with power varitaions

» Stator flux magnitude control is affected by power change;

» Stator frequency control is not affected by power change;
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Stator frequency control of DFIG-DC system

2 Experrmental results of drfferent frequency control methods

= el

Stator voltage

I\I\IW\IW\IWW\IW\I\\IW\IW\I .

Stator voltae

- Use SOGI block

Stator voltage Stator voltage

m\m\mm\rmrwwmm\rwww s

L Rotor current . Rotor current
i HmmHmHﬁmMIIllHIIHHH&HHMHMHIHHHHiHHMHMIHHIWHHIHHWIWHW e A PPN ToT——

i

‘ |I||m||ur||rr||nrllrulnmllrrrlurrlumll\rrllrrmmlnrmlrrlmrlrrmlru||umlmrIlmrlﬂ||||||\urr||m|||
|HJI\IIIIIII\\II\I\IIIIJI\II\IHII\I\IIIIII\IIhHIIHIIIIII\\I|\r\llllll\ll\|\\ll\rllllllHI|\|\IIIIII\IIhHI|\r\IIIIlIIII\I\IIHrIIIIII\IIH

» The SOGI performance is not affected by the power change

Rotor excrtrnq current reference . ROLOr exciting current reference
- I Torque T ..= T N Torque o o
: Stator power. Stator power 5
Hrgh power with SOGI block _ | | Dynamrc process with SOGI block

pppppppppppppp
nutu e.eeeu 4,11 16:36:05C, 2 nutu 0. eeeu 2018.04.11 16:37:22
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Stator frequency control of DFIG-DC system

¢ Performance comparison of different frequency control methods

_ Stator flux magnitude | Direct stator frequency Stator flux angle
control control control

Stator flux model

Integral block No No Yes
Ratio between stator y y ~
and mutual inductance €s €s o
Sampling offset effect Yes Yes No

Power effect Yes Yes No

» The sampling offset can be eliminated by SOGI based
stator flux angle control;

Current model Current model Voltage model

» Stator flux angle control is not dependent on the ratio
between stator and mutual inductance;
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Torque ripple suppression of DFIG-DC system
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Torque ripple suppression of DFIG-DC system

¢ Torque ripple analysis under slightly distorted stator voltage

| | Diode bridge
Stator voltage Uy =Ugg +Uge ™ +U e 2/3/2 mode

u. u U’

Stator flux y,=————¢e""+——e"
Jo, 150, I
S P R o S
Stator current | =1, ———e" +———e™
JoL oo JoL 7o
Torque T =Re(jy, 1. )=L(Z1.-11)

7 1

uil U |
Torque ripple T’ = Re{(Ul I’ —%)e’““ +ULI +%)e'w

sdqg  sdq

» Torque ripple manily consist of 6th order harmonic——resonant controller

% ((( & WinGrid Mini-course | 2021.05.17 | SLIDE 52



Torque ripple suppression of DFIG-DC system

¢ Direct resonant control under slightly distorted stator voltage

& Pros of direct resonant control Resonant controller Directly using
1. Avoid calculate rotor harmonic current ,/"""Zl‘(‘(;‘s ““““““ 'I: A torque error
2. Reduce algorithm complexity "= r% 2 e |
Ul 115°+20,5+(6w,) %T ,l
e v

~N e L e

~ Reduce torque ripple RSC

SVM > JK—}L ivd

Tl//sd T <«
T - Lm(lsqlrd iy Irq) Iqui Orientation

" | angle estimator
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Torque ripple suppression of DFIG-DC system

¢ Experimental results of direct resonant control method

S500kE-5  20nsflie
Narmal

Lok

N
T Poine 100K >3

Sabc(ZOOV/dlv)

€4 Maing V00K >3

Usae(200V/div)

o _____1T e(_10Nm/d|\g

A A AL AU AAS A AN IA AR AOAIA

b e, e e o o e o ot o o o o | g | o |, | | oy | o,

PS(1000W/d|\;/) f : § § § Ps(loo(;)W/div)
- . e . a
_s_t:;}:dh . 42 i 5 me i j_ s . 100, 000w 3:.;;.;;]? . zs . . uge . j_ . LDD. 000w
() 2015-12-22 09:48:26) Auto [N 20151222 09:48:29 (] 2015-12-22 089:47:40) Auto [T 20151222 09:47:46
Without using direct resonant control With using direct resonant control

» Direct resonant control can mitigate torque ripple effectively

Nian Heng, Wu Chao, Cheng Peng. Direct resonant control strategy for torque ripple mitigation of DFIG connected to DC link through diode
rectifier on stator[J]. IEEE Transactions on Power Electronics, 2017, 32(9): 6936-6945.
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Torque ripple suppression of DFIG-DC system

¢ Experimental results of direct resonant control method

— Lok ﬁkS/SIS(wnwiu 100k 50RS/$|200!M$-
<Z1ilk> : : i : T P50Nsis 0 « muxno >
: :Irabc(SA/dlv)
- &&* *mmmmm*
. | sabc5A/d|V A f )
U VRIS LT ﬁ W T Mt mu m'lum Il l"l' ﬂmnluum 'ntmrluum ; tmulm muumt* llmmnm"m o Illlll
B 'ﬂllnllnlihll!.ll!‘u‘ H‘ml'!lm ‘ mm e amlum bl o A3 ! WU s'ul i LMH' WKLY R
' i _T ‘ b : Ly '
' 3 ; _ _ _ : e(10Nm/d|v)
e(lONm/dIVE........5........5......5....... s e T PR s _ e SN e
_ ' P(1000W/div)
r : : : : —\SOHZ : -2000. 00ns : 0. 00ns
(3}251;2206/13 10:41:55) Eﬂgg CHl 9. éou 2016-06-13 11:92:13 (i‘gglx?}lw 16:5::%) 2?.: G.O{N 2015-,12,22 16:51:31
Step response of torque change Rotor speed change from 800rpm to 1200rpm

‘ » Direct resonant control can reduce torque ripple in the dynamic process I

Nian Heng, Wu Chao, Cheng Peng. Direct resonant control strategy for torque ripple mitigation of DFIG connected to DC link through diode
rectifier on stator[J]. IEEE Transactions on Power Electronics, 2017, 32(9): 6936-6945.
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Torque ripple suppression of DFIG-DC system

¢ Torque ripple analysis under highly distorted stator voltage

(sm(6n Doyt sin(6n +1)a)1tD

Stator voltage Usa(t)—2 dc(sma)ltJrZ

= on-1 on+1
o+ < (6n-1 j6ne; (6n+1)+ _ j6ng, )
U Usdq+ + nZ:;(Usdq(Gn -1)- e +Usdq 6n+1)+e DiOde b”dge
3/3 mode
(6n-1)— —j6éng (6n+1)+ ]6n91
Stator ﬂux Wsdq Wsdq+ + n=1 (Wsdq(6 n-1)— + Wsdq 6n+1)+ )
Stator current | =1 +>3(1°7 g™ + ] g™
sdq sdg+ n=1 sdq(6n—1)— sdq(6 n+1)+
Torque T Re( JWsdq sdq ) Lm ( Isq Ird B Isd Irq ) — TeO + nZ_;TeGn
(6n-1)— I + (6n+1)+
Torque ripple Teen — Re U + I(6n+1)+ _ sdg(6n-1)-  sdg+ e7j6n€1 + U + I(Bn—l)— + sdg(6n+1)+  sdg+ ejengl

sdg+  sdg(6n+1)+ 6n . l sdg+  sdg(6n-1)- 6n + 1

» Controller should have multi-resonant frequency——repetitive controller
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Torque ripple suppression of DFIG-DC system

¢ Design of improved repetitive controller

—Tos

Ke.€
Conventional repetitive controller (CRC) GCRC (S) = =&

4 TS
l-e™ Without
ok S bandwidth
RC Z

k k
Expand expression G (S) = ——=+ =+ >
T,s T, nag? +(na)0)
k Qe—TOS
. . . G s) = RC
Considering bandwidth erc (S) 1—Qe ™
kocQe ™™k k 2Koe & S+
Ggre () = rc) s - ) - 2
1-Qe 2 Ts+T, T, mis’ 4205+ +(”a)o)

K K 2K, = S+ w With
~——RC 4 RC___ 4 —Re» - ¢ > bandwidth
2 Ts+Tw, Ty n1s®+2w.5+(nawy, )
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Torque ripple suppression of DFIG-DC system

¢ Design of improved repetitive controller

k..Qz ™"
Discretization G 7)=-Re =" _ N=f/f
BRC( ) 1_QZ_N s/ 0
N is not integer? 77N — 7 Ni=F

How to deal with fractional delay?

2"~ éﬁ«kz_k,k =0,1,...,n A= lﬂ[ i __I

Bode Diagram

Magnitude (abs)
o o O o
o o ©

N

z® ~0.5556 +0.55562 " —0.11117*=F (z)

Ho i

Fractional repetitive controller with bandwidth
In the discrete domain

- ke Qz V' F(2)
GBRC (z)= 1_QZ—Ni = (Z)

Phase (deg)
5 o

©
o

-135
-18

i iiqiiiil
10 100
Frequency (Hz)

f‘ﬁ(zje diagram of Lagrange-interpolation-based FIR filter with n=1,2,3
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Torque ripple suppression of DFIG-DC system

¢ Design of improved repetitive controller

keeQZ " F(2)Gy, (2) _ 0.955z-0.955

Improved RC Gire(2) = — G, (2)
1-Qz 'F(z) z—-0.91
Bode Diagram Bode Diagram
60 T 50 T
=40 aor
s Sao0l
L
gzo ézo i Im%rgved
[y
g 1o}
0+
ol
_2 10 1 CRC 1 1 1 1 1 1
18 180F T T T T T T T
_ 90k = 90 |-
2 : 3
50 5 o
: i :
-9 -90\
.18 \\ j j U i i j i |
1810 - i 1 5 100 200 300 400 500 600 700 800 900 1000

10 10° 10°

Frequency (Hz) Frequency (Hz)

A\

Improved RC has bandwidth and can deal with fractional delay

Improved RC can deal with the dc offset, which can also be
applied in direct resonant control

A\
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Torque ripple suppression of DFIG-DC system

¢ Experimental results with improved repetitive controller

o DOKSSS  20nsAi 1o SOkS/S  2ONSAliv
Normal Normal

11 VY-V V.U N L AN -Q/ 11 VY-V V._\ U N L N\ P_W_ WX Wl ¥ Fy_W_ W NN L AN

U (200V7div) — ; 200V1div , 200V/di -~ Ug,c(200VT7div

RN

f : |rabc(10A/dIV)
ol e _ = "- .._, -

| | | w(10Hz/div) R _ o(10Hz/div) | | .
S:SIU’;';ES | 770 | : Edge C“:l ¥ - (3:5251;3505/3@ 11?3%:17) Eﬁgg o a.éfmu 2017,05,30 11:05:23
(|- 2817,65,30 16:21:32) Auto 9.008Y 2017,05-30 16:21:_._
Without applying improved repetitive controller Applying improved repetitive controller

‘ » Improved repetitive controller can suppress the torque ripples I

Wu Chao, Nian Heng. An improved repetitive control of DFIG-DC system for torque ripple suppression[J]. IEEE Transactions on Power
Electronics, 2018, 33(9): 7634-7644.
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Torque ripple suppression of DFIG-DC system

& Stator frequency variation for efficiency improvement

—_— :

—~ : L : : 1

§- 1-W|thoFL;tS :;olr;s;germ 97{

2 0.8 without considering = i |

S RSC loss 308 :

§ 0.6 \ - !

o> x 0.6 I

c = .

+§ 0.4 _ _ _ = Considering R$IC|()SS

) Considering RSC loss 504 |

= (95}

=) I

S 0.2 0 :Fie!d-A.leake. ing‘:

% 02 04 06 08 1 O 02 04 06 08 1

Rotor active current lgq(pu) Torque Te(pu)

Relationship between rotor current and stator flux with efficiency optimization[1]

» Field-weakening for efficiency optimization during low power,
stator frequency will increase

Frequency adaptive repetitive controller is necessary

[1] Marques G D, lacchetti M F. Field-weakening control for efficiency optimization in a DFIG connected to a DC-Link[J]. IEEE Transactions on
Ipdustrial Electronics, 2016. 63(6): 3409-34109.
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Torque ripple suppression of DFIG-DC system

¢ Design of adaptive repetitive controller Stator
fundamental
K — U voltage
Gsoal, (8) = 2khwés 2 Lt & _:\SOGI%; 5 b .
" s°+hw, A I U,
_),' E
» SOGlg )
U Gsoar. (S) R
A(s) = —2L = 1 —>SOGl,:
U,, 1+Zh:0,1,___Gsoelh (S) P w

(a) (b)

Bode di
50 _ Bode |a%ram —_—
8 0 // \\
i [ \
=2 Ugui N KOS V. Ug xVg
3 -50 U_..i @ :
= — 2 L K S+? |
2@100‘ | 1 1 v |
| A |
_1&(9 : spl T :
N A |
—_ |
g 0. <601: C()l I(iea)base <i :
2 % | 0, S |
<. = | ]
ase
& (50HZ,-909 : k R ,/
180- ~ : Acquiring stator frequenc
1 10 Frequency(Hz}OO 1000 k J b y
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Torque ripple suppression of DFIG-DC system

¢ Design of adaptive repetitive controller
2" $A2'Q(2)

1- z”izAZ‘kQ(z)G* (2)

k=0 K

Adaptitive repetitive controller (ARC) G, (2) =k

R S
A )] e 2
I
|

f ;
Va5l SOGIFLL |1, /f, = N +F |- Eq(3.28)

Implementation block of ARC

Output of ARC
P N2 e Rotor voltage reference
ARC . z- ; Akz Q(Z) o Pl ARC . L I
Urdq = =0 Gf (Z)(O_Te) Urdq_Urdq _Urdq + JO_ ra)sl rdq

1—z‘Nik§;Akz‘kQ(z)

Chao Wu, Heng Nian, Bo Pang, Peng Cheng. Adaptive repetitive control of DFIG-DC system considering stator frequency variation[J].
_|EEE Transactions on Power Electronics, 2019, 34(4): 3302-3312.
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Torque ripple suppression of DFIG-DC system

¢ Experimental results W|th adaptlve repetitive controller (ARC)

&
s (

% ‘ 3
’(. ( .,\:'
o, *
®6 yniv®

o

NNNNNN

(200V/div

»(200V/div

*\l\l\l\!\l\l\l\l\l\«

=\l\l\l\!\l\l\?.?\l\i

)

) . Py1000w/div .
_ ®x(10Hz/div)

| > ARC can suppress the torque ripple effectively

G

T 10Nm/d|v
- P(1000W/d|v) L

o, (10Hz/d|v)

MWMMWWWWWMWWMWWWWWM

i » ARC can suppress torque ripple even during

\lwuluu||rur||mr|||uﬁ|||w||w
VTN

(s stator frequency and rotor speed change 0N
S M .. — TN o
P, (1000w/d|v) | P,(1000w/div) :
T O, (10Hdiv) J | s P (1000w/d|v) " |
lSOH ; ; : 60Hz ~[800rpm+ - 1200rpry
: 5 E Sub-synchronous > su uper-synchro
(iwp g5 o e.ét;eu : W e.égeu
Wlﬂﬁr[ﬂ WinGrid Mini-course
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Efficiency optimization of DFIG-DC system
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Efficiency improvement of DFIG-DC system

Without considering loss
of harmonic currents

e tn D

_ 2 _ 2.2
I:)sh - shoa)sl//s ’ Pse - seOa)s WS Us f\)

2 2. 2
I:)rh = rhoa)ers ! Pre - reoa)srl//s
E|mOI =P, +P, +P_+P, Equivalent circuit of DFIG

¢ Existed efficiency improvement methods

1
= 1{Without considering
= Wit out‘con5| ering =0 \ 7
o RE>C\Ioss 279 V
S 06 / / 50 y,
> E 0.6
+§ 04 _ = Considering RSC loss
o Considering RSC loss g 0.4
S0z Y
o ' // 0.2r7
% 02 04 06 08 1 % 02 04 06 08 1
Rotor active current lgq(pu) Torque Te(pu)

Relationship between rotor current and stator flux with efficiency optimization
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Efficiency improvement of DFIG-DC system

4 Harmonic current analysis under distorted stator voltage

Diode bridge RSC
. R, L., R/slip
| |
= Power Excitin
i circuit L circuitg J
VdciJ_|: DC link
Open winding diagram of DFIG-DC system [-type equivalent circuit of DFIG
RS LT’G R:/Sllp v RS LT'O' R:/Sllp
R Y Y Y e —
L * L
U B UATNC I
Fundamental current circuit Harmonic current circuit

Equivalent circuit of fundamental and harmonic currents
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Efficiency improvement of DFIG-DC system

4 Harmonic current analysis under distorted stator voltage

R K, Rilsip oy Vg b
o b — oy, b
Harmonic current circuit Simplified harmonic current circuit

When rotor side without injecting harmonic voltage, stator and rotor harmonic current

U sh I I—m U sh

joLho, =" ] L joLhao

Whereo =1-1% /L.L, leakage coefficient, his harmonic order, w,=1001T rad/s is stator fundamental freqeuncy

sh —

N( B
Uy e 1 1 L V| | 1 1
Ishtot =< . Z 4 + 4 Irhtot = . Z 7T 4
JoLo \%=( (6n-1)" (6n+1) L, joLe \%=| (6n-1)" (6n+1)
N Total stator harmonic currents JAN Total rotor harmonic currents y
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Efficiency improvement of DFIG-DC system

4 Harmonic current analysis under distorted stator voltage

0.7 Stator harmonic currents 035 Rotorharmonic currents
T 0.6 2 0.3
3 3
3 o
0.25
% 0.5 >
o 0.4 2 0.2
§03 20.15
—+ o
S 0. S 01
§ | s | T
t OL : 1% OL L L L 1 1 1 i I T 3
0 01 02 03 04 05 06 07 08 09 1

1"“
& ((
» ~
L
A ( &
o, °
®6 yniv®

02 03 04 05 06 07 08 09 1

Stator power Stator power
Harmonic currents in stator and rotor without rotor harmonic voltages

» Both stator and rotor contain large harmonic currents;

» It is necessary to suppress the harmonic currents

WinGrid Mini-course
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Efficiency improvement of DFIG-DC system

& Stator sinusoidal current control strategy

Stator harmonic current can be eliminated with appropriate rotor harmonic voltage injection

Ish:0 Rs

|
L1

Irh

I— Esh

S

L, R/slip
Y Y YN

(U

L1

L+L s—jo )

slip

v xU  slip=
L ! P S
_s+jo—-jo L

rdgh

r

sdgh

S+ Jo, L, )

2
S"+ w,a,

S+ S+

sdh

.S

r

S +woS5+@

sdgh

.S

S"+as+a)

sgh

s’ +wo,

S +mS+@

rdgh

_S+oo,—-jos L
S0 L ™

Rotor harmonic
voltage generator

o
3 (( g
( “
i £
o, *
®6 yniv®
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Efficiency improvement of DFIG-DC system

& Stator sinusoidal current control strategy

(| Rotor harmonic [« dg <(;me /=] Eq (4.10) J«
<«voltage ge”eratorqtﬁﬂ abC i« 50Hz notch filter |

Chao Wu, Heng Nian. Sinusoidal current operation of DFIG-DC system without stator voltage sensors[J]. IEEE Transactions on
Industrial Electronics, 2018, 65(8): 6250-6258.
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Efficiency improvement of DFIG-DC system

¢ Experimental results of stator sinusoidal current control strategy

50k3/s  20nsfdiv
ormal

‘‘‘‘‘‘

o DOKB/S  ZOMEdiv
Normal

" AUUVI(]IV‘

Y NPI NN IOV N IYIN.CL.IY 'nAnAnQﬂhann; Ao : 5 5 5 - 5 5 5
;| » Stator voltage feedforward can achieve stator sinusoidal current operation |

o i i i - Te(LONm/div
. T(ONm/iv) SR .
Pacoowid) JESNIS SRS SUUE NUG < & 1 0L1LCUJNUE S N T |
-to0. 00ms : : | | S_'tl';]ol.]:';as : 31 : Edge CH:l E) : : : :
Stopped Edg CH1 _+— (| 2017-06-17 21:11:11) Auto 9. 000U 2017,06-17 21:11:14
(.l 2017/06-17 0170617 21:11:57 . . . . .
\Nlthout injecting rotor harmonic™Vv Tfages With injecting rotor harmonic voltages
5 7 11 13 17 19
Without  'w/ls  2287%  7.18%  586%  336%  0.98%  1.02%

compensator | /|, 14.95% 254%  3.40% 240% 051%  0.59%

With Ii/l,  4.38%  2.11%  2.84%  165% 0.79%  0.84%

compensator | ./, 1.40%  125%  1.40% 1.26% 047%  0.53%
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Efficiency improvement of DFIG-DC system

¢ Experimental results of stator sinusoidal current control strategy

Nnrmal CH1 ey div == Hormal

<<<<<< | uwwummm"uwwu"u“u'u“wnwn i “ i o S

NMWWWWWWMWWWWWWWWWWWWWWWMWWWMMWW

|l|| |1|\n\0| |1i|u|1||||1||' Iﬂl i |‘||NI l)l| IlHIIIlIII DA |l)|l |1l|| \l)ll M |l||| ||||| \llll |IHI ||||\ |l|\| I |l||| |l||| ||l|| ||H| |l||¥

b(5A/d|V)

Oy
T
Ay
o
L
s
Ry
e
=L
-h;nﬂ
=L
T
L
T
A
Tk
L
T
-I

|"|||||‘||'||||||‘|‘|||||"||||||"||'||||||"|||m|||||||l|'|||||‘|‘||||5||;||||| 1k ||\||'|'||\ |'|||'M||

T (10Nm/d|v)

Lot apuin o, el ¥ i, Ay i A o e e i oy

P (1000W/d|v) N

uto 134: 127t Auto a.
Step response W|th torque change Rotor speed change

‘ » Stator voltage feedforward works well during dynamic process I
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Efficiency improvement of DFIG-DC system

¢ Harmonic current analysis with direct torque resonant control

4 . N

Stator voltage is step wave, torque can be expressed as:

T = t (L. = 1w)= (L + 2 ) (v + 2w ) - (1 + 200 ) (v + 20, )

n=1
s

kSubscript 0 represents dc component, subscript 6n represents harmonic component )
(. )
Stator flux oriented in d-axis, stator g-axis fundamental flux ¥,,, equal to O
L, (TR T TR Ty e T P
Te - L ( é_l//_sc:)_ﬂo_) l//stZ‘I rqén rqozwsdGn Irdonziwsanj l(zwsdﬁn ) rqén o nzzlwsqﬁnnzz‘z Ird6n) i
° J
Average torque Torgue ripples at Small terms(ignore)
different frequencies
o L I
Torque rlpple : Teh — (—wsdoz_“ rqén _: Irqoz_;wsdm Irdoz_;wsqmi . .
y " ] L Operation point

Conclusion: torgue ripple is only determined by g-axis harmonic current
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Efficiency improvement of DFIG-DC system

¢ Double-axis direct resonant control strategy

Relationship between stator and rotor | ] 4y
harmonic current : : L ™ L

g-axis(active power axis)for suppressing U™ =G (S)(T* _T )
torque ripple : rq oo ‘ ‘

d-axis(reactive power axis)for suppressing _ G (S)( |- )
d-axis harmonic currents :

Rotor harmonic voltage reference :

=G, (s)(1, ~1.)+ G, (s)(T -T)

Total rotor voltage reference :

U =U"-U" + joLa I
rdq rdq rdq r sl rdq
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Efficiency improvement of DFIG-DC system

¢ Double-axis direct resonant control strategy

Repetitive | -1, — T double-axis
controller ; iInput
lvdc

Wu Chao, Nian Heng. Improved direct resonant control for suppressing torque ripple and reducing harmonic current losses of DFIG-DC
system[J]. IEEE Transactions on Power Electronics, accepted, 2018
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Efficiency improvement of DFIG-DC system

¢ Performance analysis of double-axis direct resonant control strategy
Usdqh W saqn

» G i\ S s :
Gphi (S) _ 1. ph ( )_’ M]_/LS G, (S) :im
S+ Jay G, (S) L, s+ Jo,
. - L /L —»é—»Re
I T m/_ s
e @_)Grpc(s)g»é_'cgp(s)m[ Sdh+JT
G 1 Ve[ Im
P (S) - R +olL.s _IRqOWsdh + IRdOquh=

:ReELm GrDC( )G (S) ( *

| .T*
L 1+Grpc(s) (S) sdh+J eh)+

Isdh
C :
| I—m pr ( ) (S) sdh + Re

T L 146y (5)G p(S)

VLG, (s)+ L, /LGy (5)G, (s)
Usdqh
1+G, ()G, (3)

X
(UhCa (/L Calile, ),

1+G,. (s)G, (s

» d-axis harmonic current has no relationship with torque ripple
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Efficiency improvement of DFIG-DC system

¢ Harmonic currents comparison between different direct resonant
control strategies

R L, R, /slip

Usdh@

@U :dh

(a)without addihg rotor harmonic voltage  ()adding rotor harmonicvolﬁ Stator ]

" =] = Uth Leakage ] —0. |’ = U, inductance
- sdh !

rdh ~ "sdh *
ha)l LrO'

inductance

" hol;

Stator harmonic voltage Stator harmonic flux

0

v, = Zicos(Ga)st) + &COS(&()})

U = —z( u,. |+ ‘us(enl)‘)sin (6wt) 7w 50
U, = Z( U,,..|- ‘us(enl)‘)cos(6a)st) \y/ = g%sin (6et)— SU—;Ssin (6wst)j
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Efficiency improvement of DFIG-DC system

¢ Harmonic currents comparison between different direct resonant
control strategies

1 T T T T T T T T T
Stator h 0.18 | | . ¢
0.15 T | ‘ JNIC currents
016 -+ ———— e e — .
: I |
Fa —_—
0.14r : : : a
[ : } g”g’ng rentional resonant contro
. | |
| (gt fROtO-f ha_fmor'c Cur;;]m loss C | Pslossc | - "6ved resonant control |
. of conVventional resonant contro ‘ Pslossi
| [ Stator harmonic chrent loss |
0.1 | of conventional resopant control
| |
0.08F : IR - Stator harmonic current foss | i
Rotor harmanic current loss of improved resonant control
0.05F  0.06- of improved resona*‘nt control J‘ _ g
| |
004 -t ‘L ********* J *************** .
|
| |
0.02f 12 b -
%0 300 | i 0 .
Harn 0 . . ! . | . | | | lic frequency/Hz
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Stator and rotor har Output power asonant control methods

» Double-axis direct resonant control can effectively reduce

harmonic currents;
WinGrrd
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Efficiency improvement of DFIG-DC system

¢ Comparison between different methods

torque ripple

Performance .
suppression

Method

Indirect resonant control [13] effective
Conventional direct resonant offective

control [14]-[16]
Predictive control [17] [20] effective
effective

Double-axis direct resonant control

parameter harmonic current
dependency mitigation
high no
low no
high no
low yes

» Double-axis direct resoant control can simultaneously suppress
torque ripple and reduce harmonic currents

Chao Wu, Heng Nian. Improved direct resonant control for suppressing torque ripple and reducing harmonic current losses of DFIG-DC
system[J]. IEEE Transactions on Power Electronics, vol. 34, no.9, pp. 8739-8748, Sep. 2019.
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Efficiency improvement of DFIG-DC system

¢ Experimental results of double-axis direct resonant control strategy

o OKkSss ZOnsiliv o, 2OKS/S  ZONSflie
CH1  1.066V-div Normal CH1  1.066V div Normal

usab AUUVIOIV - (200V/div o 200V/div

> Double-axis direct resoant control can simultaneously suppress <

torque ripple and reduce harmonic currents

gAY

100, 00ms  * : : : : : : : 100, 00ns 100, 00ms  * : : :
Stopped 92 Edge CH1 £ Stopped 26 Edge CH1i +

(|- 20186919 19:27:26) Auto 9.000U 2018-09-19 19:27:2'C.- 2018,09-19 19:26:26) Auto 9. 000U 20186919 19:26:29
Single-axis direct resonant control Double-axis direct resonant control
The THD of stator and rotor current and torque with different control methods
Without resonant Conventional direct Improved direct
THD
control resonant control resonant control
Stator current 24.23% 22.45% 8.44%
Rotor current 16.55% 15.32% 6.35%
Torque 5.86% 0.95% 0.94%
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Efficiency improvement of DFIG-DC system

¢ Experimental results of double-axis direct resonant control strategy

TR
: : : Nsanc(3A/diV) : : :

L |‘|||'If\||'|’|||'I'\||||‘|||"\ll'l'll A lI|||\Iillrllrllr\|'||mr|||'i' ||'\r|ﬁ||||rl\'|||'|'|||1r|||'|'|||'\I R ||'| Jil Irlulr" [l ||"|||\| i
I|L||l||r||1||u||l||||N||u|li|u|1||‘|II|||N||.|li|um|n1||||||||»||i||u'|1|4’|l||u|1|n||l||u|0u|i||;||l|||||l|||l||liltll||1|lll|lIlllulllll|l||<ni||||||0||1lll|um|||0|1h|4||ui|||n|ll||||lil|n||||n|0||||llium}hlli|I1|l|||u||i|l|i|||1|l|||||l|||||I|}h|l||‘.||iillhll

R R Y P e
800rpm . r( ~rpm S e S R R
Stopped ' 1 : Edge CH:1 IS
(| 2018-11-01 16:14:67) Autl 0.000U

» Double-axis direct resonant control method can simultaneously mitigate
the torque ripple and harmonic currents during dynamic process
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Robust control of DFIG-DC system
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Robust control of DFIG-DC system
¢ Recap of DFIG-DC system

> A A
Ly o Stator voI'gage(Usa) ‘ o _ Stator vpltage(Usa)
n ul | o Rated output power |
Gear vV P o4 Zero output;power 0. 1
box el T 0. ] 0.2
i 0 > >
. 07 ] 07
§ ' -0.4 1 -0.4
Constant ¢ [ ot
dc V0|tage 05 0.605 0.‘01 0.615 002 % 0.605 0101 0.615 0.02
Detailed configuration of DFIG-DC system Variation of stator voltage from zero to rated output power

How to deal with the diode bridge?

The potential advantages
1. Stator frequency as a degree of freedom
2. Stator fundamental voltage is constant

3. Stator current and stator voltage are in the

134 042 044 046 048 %/55 052 054 056 058 06 Ssame phase
~The relationship between stator voltage and current
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Robust control of DFIG-DC system

¢ Existing methods-Stator Flux Orientated Control

U

saf

saf

—

PI ﬂbﬂl rd

* *

1) o,

s -S>

l//sa/} :J.(U saf Rs I saff )
o,=arctan(y,, /v, )

95
—S

PI‘W

s L [CRELA

| —
s, 0 =arctan (v, v, )
U
=, _ eSSﬂWSSa ~ € l//ssﬁ (O
| s = 2 2 ’
_saf Vea T l//ss/)’

Stator flux angle control [1]

Stator frequency control [2]

l//s Pl > > Ird
l//sd

Isdq V/Sd >

I Weiqg = Lslagg + Lnlra

rdg Q — Ts'sdg T T irdg [y
— > >

I A

sabc - - HS

| abe Orientation Angle Isdq

2 Estimator |
v -,

a)s P > > Ird
a)s
2

S ~
Isabc 9
Irabc Isdq
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WinGrid Mini-course

Objectives
= Vector control

= Decoupling control of stator
frequency and output power

Drawbacks

= Dc sampling offset
= Parameter dependency

= Stator voltage and current
sensors
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for Torque Ripple Mitigation of DFIG Connected to DC Link through
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Robust control of DFIG-DC system

Why field orientated control? ::> Power-current ]
coupling control E

Aq-axis E Josls, 1
Us | — voltage phasor
— Vi — current phasor
| Is — d-gaxis
o |r»
aPaX|s
oA
Equivalent circuit of the DFIG-DC system Phasor diagram of DFIG

Stator power PS=Re(USIS)=|US||IS|:%|Us||lr|cos§

Unique characteristics Robust control methods

= The stator power is proportional with the = Stator power-rotor current magnitude
magnitude of rotor current :> control method

» The stator power can also be controlled = Stator power-rotor current angle
by the angle control method
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Robust control of DFIG-DC system

Power-magnitude control of DFIG-DC system without stator side sensors
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&»Idt s 95“ l‘al%abdq Irq DSP Step response of stator power change
Controller ; : : = oo
Power-magnitude control scheme of RSC . (5A/d|v) N

Control Methods

= Power-current magnitude control method | . . P (500 Widiv) B
= Stator frequency is flexibly given  Nygow
=  Without stator side sensors o { (10 Hz/div)
| S \
C. Wu, Y. Jiao, H. Nian, F. Blaabjerg, “A Simplified Stator Frequency and Power Control Method of 1 : =50-Hz 95 Hz
DFIG-DC System Without Stator Voltage and Current Sensors”, IEEE Trans. on Power Electron., vol. : : :
) 35, no. 6, pp. 5562-5566, Jun. 2020. rm—— T R T
( Step response of stator frequency change
(( 3 WinGrid Mini-course | 2021.05.17 | SLIDE 87

Q
o, *
®6 yniv®



Robust control of DFIG-DC system

Power-angle control of DFIG-DC system without stator side sensors
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Step response of stator power change
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Power-angle control scheme of RSC

Rotor Current (5 A/dIV)

Control Methods

= Power-current angle control method T tator power (500 Widiv)
= Acquirng stator frequency through power loop oW T o
= Without stator side sensors Stator frequeng (10 Hz/div)

C. Wu, P. Cheng, H. Nian and F. Blaabjerg, "Rotor Current Oriented Control | : > HZ § \50 Hz

Method of DFIG-DC System Without Stator Side Sensors," in IEEE Transactions
on Industrial Electronics, vol. 67, no. 11, pp. 9958-9962, Nov. 2020.
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( Step response of stator frequency change
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Robust control of DFIG-DC system

¢ Unified power control of DFIG-DC system

i _____sw/itch

% Two operation modes

Ay |

A

s
—
1|

I

1

ol lcad = Grid-connected mode
* Objective: MPPT control

N

= Stand-alone mode
Objective: DC voltage control

Battery

L
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rr?ldel Vdc_—‘US‘_—a)SLm‘Ir‘SIn5
ode 2 2
Steady-state equivalent circuit of the DFIG-DC system ﬁ P, ] P, .
- [Limiter rdy,
Unified power reference 7 Pl
k s+k
P —gP +P =g Y(V -V _)+P" ) o Power and dc
ssum dc s S ( dc dc) s - Vdc €l 5 voltage control
V. -V S
Coefficient related to  _ [Tdc ™ Vd . .
dc voItage error a = W The detailed block diagram of power and dc voltage control
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Robust control of DFIG-DC system

¢ Unified power control of DFIG-DC system

J\‘IW\IWW\J\I\N\N\I\I\IW\J\
b (5 Aldiv) B
Vf; Power and dc |y o
dey,f voltage control 'ﬂ> _ : . P
Pl Valln=Gf 200V j-EGPE’LW’d'V ;
:Statocr: g{ﬁggency—S» j A : /140 V.. ;VdC(?i\?g{{ng) ;
P, [Power N Grld connected “Standdlone
| cal ) je Experimental results of DFIG from grid connectgq_*tp standalone mode

Unified power control method of RSC

Control Methods

= Dc voltage and stator power can both be
controlled through the unified power.

= Stator frequency is flexibly given.

= Both in grid-connected and stand-alone mode .

e

T

C. Wu, P. Cheng, Y. Ye and F. Blaabjerg, "A Unified Power Control Method for ) Vdc(30 V/div) :
Standalone and Grid-Connected DFIG-DC System," in IEEE Transactions on < >ie >
Power Electronics, vol. 35, no. 12, pp. 12663-12667, Dec. 2020. Standalone i Grid ConneCted

Experimental results of DFIG from standalone to gr|d connected mode
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Robust control of DFIG-DC system

¢ Conclusion

U Due to the stator side diode bridge, the stator voltage and current
are almost in same phase, which indicates that there is naturally no
reactive power in the stator side of DFIG.

U The power-magnitude and power-angle control methods are simple
and effective, which can avoid the using of stator side sensors.

O This sensorless control method can improve the robustness and
reliability of DFIG-DC system.

O The unified power control strategy can make the DFIG-DC system
works well in both grid-connected mode and stand-alone mode.
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Thank you for your attention!
Questions & Comments ?

Chao Wu

Email: cwu@et.aau.dk
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