wgd%xfamwg

o, S
o one Department of Automation, Tsinghua Uni
Trrrssss™

Tiiee e ons T RIS ER Hl

{553
BREXFEIER

xhe@tsinghua.edu.cn
2025F11H22H



BAEHE: H4E1EK

- BHOHEFHHRA

P__|Pree/| B

évsa

& v %
—>| Dreop > ve 7l e ™ 4.

Power-—loaseJ sync. ( Droep. NS&) ’—>GT—M

VS,
Vottoge—bosed Syne. C pLLy = GFL

Sl R
== =
Power electronics people

(From cqntrol block view)
© 2025 {a]F55&. All rights reserved.

- BORRAIRA

o
v
4D 28
% Zt
-

| nYn é

Power systems people
(From functionality view)

- I /

- fEHIERICRIR A

[A V(STJ _[ Gww Gwt) ] [A P(s)]
Aﬂs) G  Grew LeRl
- A—_—-\

£G(s) 4

>CL)
%w
~

Control systems people
(From response view)



BAEEE: BREHLEER?

- BHOHEFHHRA - BAORFESUAINAE - fEHIERICRIR A
- REX/N - TREX/N ~ /J\?}I‘:EJJZ)%'TEHSHI‘DJF\_\Z
- TERHY - FEEE m. B (EE)
- FERIERIRE - EEERE - H:"I
~ REFARBHL — AN - PEfELE
~ BESRET
~ PRiARR - FHESHEN — KIiEnAELe IR R
- BSRER - JifigeN - ESiEa
- BEEER

- TiRTEFERE

© 2025 {a]F55&. All rights reserved.



BAEEE: Bk, IRR (BE. 138ik)

BE (BEESES)

Wi (RS

=

ZNES

SEND

F PR IE

—»| forming
control

i | Voltage- [ ‘i‘ }

Z !
—e0 —_

T, EEZEH. VOCE

R EAIRERIS

F it AR AR (SRS

=R METERRIA

— ||
v | Current- —
» forming

control |,/ i

E. MHBERZHF

R [EFa EFIE(ERAE

it A AR (EAE

B EIBRiREES

© 2025 {a]F55&. All rights reserved.



B &S IS T I3 it e AT Tl RERR

- WIHAIPRITE?
- WfIESRBEY (ESIRE) ?
- WENRHSTIE?

v L
J%}-ﬁ‘“fm—:’-’“ T
i
B BIE |ol|
mk Rymiscont Aeal
o i3
IR 28 At R

© 2025 {a]F55&. All rights reserved.



%IJ_

—. TSRS

=. tfERRRIESRE

Y, EHSiEEE

h. ¥ EAESNFES

© 2025 {a]F55&. All rights reserved.



1.1 f3RIi=EdlERS

IEAeSE R NRIHIZY
- SEREREMMES
~ FBIERERIAKAPI

© 2025 {a]F55&. All rights reserved.

_l’dq qu _qu

: : P ; , + i
(2P Ve £ lf _l”dq ;_ _f/fl,q =+ _?’dq L)dq qu =+ Ljdq » _Z’odckl
LT P s
. > 1‘ Ct ) «{Voltage
T Ve £ ;i ot H ,
de dcl e IR forming
o i P
|DC voltage|| [ 7l Current| Jaq | /7Dn | Lo | Voltage Ug =
control € control N control b =
q
_e_jg](_Current La B < [Neg.-seq. Virtual i
’ control curr. ref.| A g~ imp. 1
q
A current K f
aq limiter



1.1 f3RIi=EdlERS

AL SER RIS

- BEMES

NESERE

— BBEEERAIREAPR

D

C voltage
control

© 2025 {a]F55&. All rights reserved.

7454 _D>
ﬁ+

Voltage [, ~= |Voltage
_ control ;_ forming

L €« ~y

control I JE {8 LY
Current - Neg.-seq. Virtual

limiter curr. ref.| A7l 1mp.




1.2 =S

- TEET - dVOC (ETEE=S)
=& =wy+my(p* —p) é:m:um+n({f_g)7
0 = 0" +my(q¢" —q) v v

A~ 2 ~9
v 7 q vt — 0
_ = T = —_ - ! QJ—‘
e (U*Q i}Z) R

=i | o oo
V=3 i\,_,w i\"l’/ P —J9 i\’—ZjL —|—'(,}’U — v -f!
- ERZN 0= jwod +jn | — 50— iq na——g—0
0=
b ~ * ° D ila * I
0=v"+mq(q¢" —q) :
0=w= Wo + ?’np(p* _ p) + TT?de('UdC — Uéc)

© 2025 {a]F55&. All rights reserved.



1.3 EBER RS

- BUESERT PRIEEG

2wy S

:+ (kv 4 kY

’\: k,C kC
€ ( T 82 + 2weSs + wi

- NERESERT Pl iZH
iy = (k" + kY 1) (Oaq — Udq)

A ¢ el = .
qu — (kp + ki g) (ldq o qu)

© 2025 {a]F55&. All rights reserved.

! 2+2wcs—|—w0) (2

e ) (i—1i)

- EUSHES (SEHlEF)

At 1 N 1
i = (0—v") ori = .
rv +lvs v + JTy
T He—2
<« — |e— .
25 —je— I.PF |l— v

10



%IJ_

© 2025 {a]F55&. All rights reserved.

_\

L3

ISy

%

™
N\

N

L| I

I

XX

i

11



ES51517 FREZEMLM AR

- fHEBiRPRYE

- E[FP

 IEFfSmIsZIE
- BEECY): RHETETRINER
— 1B REMEEIIER
— 5 ms % 30 ms NNEASTHY

- fAREH
- AFER? RNE
- FEANER, BRETZES

— TaFEEIBST, RKCINER, =

BBEFEE
(BRTITIL)

- Hftt (EmBEES. gFER. 1%

© 2025 {a]F55&. All rights reserved.

el

i

3T 47 line
|J’\. r T

> hsh
&_I/ 1Trans. line

Current limiting

Grid-forming source
in the phase domain

~g

rrl
L

Short-

clrcult

faults

Grid imp.

Grid

v,
voltage ¢

&

o

(b)

12



%IJ_

© 2025 {a]F55&. All rights reserved.

=. tiPEE

yals)

o

13



3.1 BiEMERIEfn (EEREIEEHT)

?:dC'J_ ?’:w. M\:k I_[:Jr’—'_ i;i U= {l_j+ —l_ ?_)7 ) ;j’;_‘)k
0, 2| < Iy CdCT]‘l ] y—s n » )
Ty = A f(_)
fvi (|8 = Ten)y 2] > Ton 5 T i+ ;
Te Ve . ~ | Voltage | ~g |Voltage
Ty = Oyil'y L control | & |forming
DC voltage Current| <« T
0 < lillry + ol = limi/oB 1l Tal T eontrol” control [€ — LY
< Dim#ivi\/ o + 1 (i — Iin) Current |L |Neg.-seq. Virtual [, +
Sk > 2] ' limiter curr. ref. 1mp. :
T Ilim \V 031 +1 (Ilim - Ith)
ST
- SHEERT K
A" 2, Ky, A — ‘ : | «T— "
T EFT R RE E % le— Vi LPF 2
Ly
- WA SZEIPREAPRT , T =
EEIRIE=SFA

© 2025 {a]F55&. All rights reserved.

14



3.2 EUS + [RIERS

[RIE:
T e il > Dim
4+ (6 — ot
B ry + S -
SISk

+ SLCIEE, BERS
+ A RSFELR

© 2025 {a]F55&. All rights reserved.

. i=14 +1i v=v" 4+uv i
_rw'n_r\_' ”J_ w7 > 0
v’
Cy -+ — fa
. I - | Voltage Voltage| |,
r control forming[~™ -
]
DC voltage urrent| — <« o
5 C «— AR
control control <« R
1 Current Neg.-seq.
(6 —v™) limiter curr. ref.
v +Jry T T
T ~
1] HHe—2
<« — |
Zs —j¢—— LPF [«— U

15



3.3 {EHIEiRES

[RIE:

- EETERRES

- BESERBETEM
B & it

« ARERAEREE

Sl
+ Ao FIRITREE
- WREHIIT®R, WAOEESZR

id:J_ 7’:&
chT ]_| J

Z(lc ,Udcl

{DC voltage
control

- KREWEREND (AR ERRES? )

© 2025 {a]F55&. All rights reserved.

|y

T
e+

|~

Current
control

1
U =
H\sz e IPF
s+

lfault

T v=u +u 4,
A 0
,U+
Cf ’.‘+ h— A
L Voltage v Voltage <_| i+
_ control forming[™ =
2 < R
«—— -+ — +
‘ N
Current [ Neg._se .
limiter curr. ref.
+e— 0

16



%IJ_

)L S Egljulq\ IL‘J\ZI_‘EJ:?E%U

© 2025 {a]F55&. All rights reserved.



1 ESXRRSHRE

FHESHEMIEX (FBiRikmR)

- RBBAENEEEMnET
2y =Ty +]$v - (1 +,jo'v'1)ffvi (‘l‘ - Ith)
(1 _I_JO-VI)KVlIth <[| | )

th

Voltage-| o v
forming ;*® #I l I Grid
control Zx Cs
I pPCC
b—v=1(r —I—jaz):ﬂ(r + jay) i :
= = =\ v L M v/= Adaptive virtual impedance | Current limiter w/ virtual admittance
g 3
|Z| : Z - (]‘ _'_ jg‘])h\ll [ | | ] é\' — (?q'\' _'_ ij') —
o (TV + jajV) L, " th lim
!1im y
pe

© 2025 {@7553&. All rights reserved. 18



1 ESXRRSHRE

FHNRAXE

BoXiRER:
- BBERESEUIAHSESE

. . VgtV 54
pva = Re (2 - conj (7)) = /g n sin o - BELHREER
x x s X e p 4t .
o/ . HESHTTE, ), SSROREA, BAHE
;.\ 1V —_— pr»e—faull. -] \'r()ltﬂjge_ Q v I ]
: — || [ O G
~— B ] ; =V - f aTe
5 0.75 | I PCC
§ 0.5 [ - Y
o P 04— — —— - N\ ] Adaptive virtual impedance | Current limiter w/ virtual admittance
£ on| A N i ;
é:') b Zx ™ (]‘ + jU\l)h’n th [ } Ly — (T\' + j"If‘) —
0 : th lim
O 50 5% 5max ™

© 2025 {a]F55&. All rights reserved.

19



4.2 EBLIES]

- EFHEGIESHENIBNKRIE | - BEFHEESHENBIIRIR I
~ e/ Ug ' @ . A .y
pvep = Re (y - conj(g)) = sin o pcr = Re (2 conj(i,))
x L+ Ty .
Y § (0,140 — vy L0,
= Re<{ v£6 conj : :
JTy + JTg
Vg - U .
o = —= _ sind.
R L BRI Ty T T EHESMEIE LR
_ i ) 6—i. EHIETIRE | S —
' 1 ) RS (RIS
p Ret confi)} f & 15
ILL/‘O —
p’ Droop/VSM ,é w » 1 [ 6 i % 1 |
control s ) a¥
> )
g M, |t A 0 ). % 0.5 %__\\ 0
q v < 0 . i i > -
o 7.‘-
Im{v conj(,)} &

Rotor Angle (rad)
© 2025 {a]F55&. All rights reserved.

20



4.3 3Z Xtz

- MREXREFIPAMEE (IBENEVEREERFESIREST) | BBAMIEITER?

Contsatuated | 0 L | 2y U Baualent gid
(] = 1,.) D (in steady state)
21— +*lim/) g A /
Intersections Stable
Ju o fet U g
I |g| radius
or USRS ARIRE. BRI o
o FEEHIRRBEBAN, BHBRNRAE B

© 2025 {a]F55&. All rights reserved. 21



4.3 3Z Xtz

- bEDN "EHIE" RIR o LM

(satuia,ted) Ilim

DoS (balanced): = =

il

v dcl

|DC voltage £ |Current } ey [—
control control T e
<
Current
KD = 2 i+v limiter
< -
— \( é\' L — ]hml_’ l_}
—_— Cf Grid.

© 2025 {a]F55&. All rights reserved.

¢i+¢'ﬁ v'

|==.

Neg.-seq.

curr. rer.

Voltage| |. +
forming|™ =

LPF

LPF

22



4.3 3Z Xtz

- bEIN “EHIE" RiRer 3EER

(satuiated) Ilim

DoS (balanced): = = —,

Forming

Voltage angle 0 Voltage magnitude

(a) Voltage-forming mode

Forming )
Current angle ) Current magnitude

© 2025 {a]F55&. All rights reserved.

Grid

(b) Current-forming mode

Voltage angle 'ﬁ::'*’;*
-rl 5
{"f.:"n-
3

Current magnitude

(¢) Proposed croszs-forming mode

23



%IJ_

© 2025 {a]F55&. All rights reserved.

f. ¥

= 1

- R

24



5.1 QAR

¢ ﬁ:‘:\’.l :F@JEEMJ *J

- &R BTSRRI

- &3 T =S8z E

- S8R JRA-NINES

HESUERA 22 3@ 1]

© 2025 {a]F55&. All rights reserved.

IN.)
|

IS.)
|

ISR

|

conj(u™)

25



5.1 SFAfES]

. ERIV: AREEER (FRED) ;

Grid code Pk —>

v, =

(]

1 =—gk v _»Q
— ; -

Sequence [ U
Uy =¥ component
v, —| extraction |» v ™"

Pos.-seq. .

;L}

=X

control output L

“conj(v7)

.

conj(2”) t>p (a)

0 1
1 » X

© 2025 {a]F55&. All rights reserved.

Pose — 0 . =0 Qosc — 0

(a) A set of flexible
modes [-III

(b) Neg.-seq voltage
mitigation mode IV

26



5.2 ZHHAFEEHRARIERS

- FRLESERTIRIERR

- ¥EHIR
3
’I \E\\L
] \‘
« | L,
1\ : 2%
N ’
\ 7 A
\ 2]

4—]‘

© 2025 {a]F55&. All rights reserved.

— JEHE TR

S T P

]{:_'_1 (

max /[ =

= \/|z 24 i
Illm

- _3
1= g
T Tm T Ly
ax{Im " Im

\,U

242 Re{fz‘ej%}

A

maX{Im b s Lo } < Ihma

max{fgl, > im-



5.2 ZtHAFHRRAIRIERS

- hEEESE R TIRESS

- &I
q
g N2,
’ <
1 \
i ——E—»T‘_L
I\\ ;,
\ / .
\\\‘__—‘-’,’ |—{'11|

rm
I =

© 2025 {a]F55&. All rights reserved.

- AFHETR

!
|
|
\

q
’,’ \\ -
d | ——d l
!/ S

2’ LA
-7 Z-'1-:;.

-
-
s’
4
/

q

-

-

11

\
A\ —lq

\
—HdT
!

max [ _:-

\

A+
Ldq
f{n T

ldq
IL[

s+ n— At oa—
VI 12+ i 2 + 2 Re{in i e/}

max{ /5", [;", I2"} < Diim.,

],DMQQ&@ym}>mm

28



BEIELESR

- RXRARGEE | JERITREERTE | RFERAAREG TR

I et

R

current limits

T- balanced |

-

g

=}

jaF

=

2 -1l

=

. 1F—

E |

sz O |

=

N= = | S—
1

Sequence

o
= o =

current [pu] voltage [pu] current [pu] voltage [pu]

Sequence

Power [pu]
o

o (
w 9o =

Phase angle
=
—_

(0 — %2 [rad]

3

© 2025 {a755&. All rights reserved.

Time [s]

WWMWWWNNWH¢mwmmWMHMMw
| 1JWMHMMMMWMMWMM

|I Ml -i||- i
| .M'””"I“”!”“1”“”"'"“" li ||||'.*||||l|||||:|||
NN

SIS, 1 YU ko
=) !||II| ||||-|||||;-.|||.um-

B 11 L P A
i -'m:"||||r'|||||;|||||:;|||||||||'u|=u'u.-

_1-
— —
\ }Iﬁ |
I | 1] '
0 ' =

:H: p non—oscill:a.t-ion 03 :Il'[: q‘non—oscill:a.tion
3 35 VI3 35
Time [g] Time [g]

0 |I|II ; - I.'I'Illll'r'l|lllll|l::|I|I|I|I:1I|II||I|:L:|II||I|I| |||III|I|:I|I|I|I|I|"||III|I|
1k
1 T
27|
05 -
e
TV: voltage imbalance
1t mitigation

(T

[

R
L

Time [g

29



IEMEERR

____________

Inveltel current
Ca - (phase A)==---7

i, AT St S, VA=)

By
[1.0rad s "/div]

| ~ GFM frequency

Eﬁ().? rad/div] ==

.\ Phase angle

Imperix
B-Box RCP

A pair of
inverters

EJ | Inverter I (GFM)
Inverter IT (grid)

_______

(phase A)

'n|'

i
[1.0p.u./ di"‘L

Inverter neg.-seq.

[0.5p.u./div]

Volta,

g | I[O.-‘B p.u./div]

rl, A YA

(phase C)

_—_—A-—_—_—-—_ e T, o,

2 AR B ARRA T LI \'IT‘

f[1.0p.u. /g

___________________

anert er neg.—seq

0.25/div] .

[1.0p.u./div]

1.0 pu/div]

0.2s/div <t
e EXSFRERE
0 25 il ot il e ot st Rt Rl Sttt Sty G -—---- - i ¢
IHItH T . GFNM frequency
E ' VAR Inverter current: [] Orad-s™'/ dl‘ | e ?
L[jl.Op.u./dii-']' Grid voltage: 1.0 p.u. /div] . (phage A)| B\ e :

-

El

[1.0p.u./div]

~Inverter pos.-seq.

0.2s/div]

g, S0

[ Active power
: H :

voltage

ective power

© 2025 {a755&. All rights reserved.

30



&

1. MERRIRE. ESESREE. EM3ZE

ETMIP R BT SIE T FRI=KIEH BiR

2. FHETRT, IEERFERIRSE, UFEHIREAIE
3. EHISMIZE + PRIESRUT L BENEUETZSEESA (7 ) |, EREEHESEER

e

N

HRRISF U E S PE:

4. BEEE. AUHE<STER. HZERSHA
DIfghze, BIPREAEIESRAESRERE

5. AEIY A tamifEhsCI EERIFRPE

© 2025 {a]F55&. All rights reserved.

—

T

N B oAtV RRE, AEdEIUETIRIRRET

31



SE 3R

[1]

[2]

[3]

[4]

[5]

[6]

He, Xiugiang, et al. "Cross-forming control and fault current limiting for grid-forming inverters." IEEE Transactions
on Power Electronics (2024).

Desai, Maitraya Avadhut, He, Xiugiang®*, Huang, Linbin, et al. "Saturation-informed current-limiting control for grid-
forming converters." Electric Power Systems Research 234 (2024): 110746.

Desai, Maitraya Avadhut, Ramona, Stoll, He, Xiuqgiang, et al. "Comparison of Current-Limiting Strategies for Grid-
Forming Converters Under Grid Faults." 2025 IEEE Kiel PowerTech. IEEE, 2025.

He, Xiuqiang, Desai Maitraya, Huang Linbin, Dorfler Florian. “Method and a controller for controlling a grid forming
converter.” PCT/EP2025/059412[P], 2025-04-07. (Efx PCT &H))

Kkuni, Kanakesh Vatta, and Guangya Yang. "Effects of current limit for grid forming converters on transient stability:
analysis and solution." International Journal of Electrical Power & Energy Systems 158 (2024): 109919.

Wu, Heng, and Xiongfei Wang. "Small-signal modeling and controller parameters tuning of grid-forming VSCs with
adaptive virtual impedance-based current limitation." IEEE Transactions on Power Electronics 37.6 (2021): 7185-
7199.

© 2025 {@7553&. All rights reserved. 32



3L

Florian Dorfler Verena Haberle Irina Subotic LN

ETH #0% ETH 14 ABB RlZFz IS

This project has received funding from the European | | | | I |pOS\‘JT\‘JF

Union’s Horizon 2020 research and innovation programme
under grant agreement No 883985

https://posytyf-h2020.eu/

© 2025 {@7553&. All rights reserved.

Maitraya Desai

ETH &4

@

AATHES

33


https://posytyf-h2020.eu/

POWER IS NOTHING WITHOUT CONTROL

"/fr ,
BrEe S £ eg ‘

VY e




	构网型变流器暂态运行及稳定控制
	基本概念：什么是构网？
	基本概念：构网有哪些指标？ 
	基本概念：构网、跟网（构压、构流）
	电网故障下构网变流器的控制难题
	目录
	1.1  构网控制架构
	1.1  构网控制架构
	1.2  构网控制器
	1.3  电压电流控制
	目录
	暂态运行下的主要构网目标
	目录
	3.1  自适应虚拟阻抗（阈值虚拟阻抗）
	3.2  虚拟导纳 + 限幅器
	3.3  饱和构流控制
	目录
	4.1  暂态失稳概念和原因
	4.1  暂态失稳概念和原因
	4.2  虚拟有功控制
	4.3  交叉构网控制
	4.3  交叉构网控制
	4.3  交叉构网控制
	目录
	5.1  负序电流控制
	5.1  负序电流控制
	5.2  三相不平衡电流的限幅器
	5.2  三相不平衡电流的限幅器
	验证结果
	验证结果
	总结
	参考文献
	致谢
	幻灯片编号 34

