> 1,2 1,2
HAEERD EAED

S

HeT 28w R DAE |- RSB ] 25 Hupl

HE

Bl & s A 1144 d %
T AL DAE F 2 B R kK. K
LY BT EEBRTHREIFTRAGYES
YR ik PR T AL AR AL E
EHAE R ARG QAT NAE, AT
Wit — AN B EAe R4 I A %
iR feF M HEN RERATENEZ A,
F AR 7 kRt LA s 8 7
ARG H AL . B AT MAT-
IAB#ATTHE B ALERBIET KX
PR k0 Rk
KR

MIMO R4 & %, A & @,
TREA A28 B

RE SRS TP13
XEkFRERD A

i B HE 2019-06-10
RHmE EXKHRB IS (51575283) ; H
FH IR (2017YFD0701201-02)
EEE N

Mefh £, L, B, S286 0, #1558 5 10 S H
J1 R 55y B 5 ¥ chenbeiyu@ 126.com

1 MR TREKE A, B,
210044

2 VLA KRR SRR E AR DR O,
M 5T, 210044

A e et

0 5l

XFF SR R ARG, WX G (o) fEAE 2 s I R R G
A — AR 2R 1 1 4310 2L ( Differential-Algebraic Equations, DAE) T &
i, % FR ARG 7= A (0 SR AR B B R B A B A
HAYARLNE DAE TR G, 4 T2 MUR. SCHR [ 4 ] R ARt &
#4377 72 ( Ordinary Differential Equations, ODE) RSt Lyapunov J7 1
PR TAELME DAE R4, 4 th T AR DAE RGEHRE I 570 %
P8 SCHRL S 19 T 2 TAELME DAE T RS RIRGAR A i 1 RS
AL SCHRL 6 ] BT T — > 24 bR B AR MR I B Pt A, B o T &R
GERRRENE e 1 A UL R R A DR B SOk [ 7 1 s 1 2L
ARG T & STATCOM By DAE #7832 F H s 42 B R 57 12, Beit i
STATCOM -5 il % f4 73 IR 18] 42 i) 4 5 SCRR [ 8 ] W5 X A7 A B HL AL )
O, BIFFE T BERLYC S ] B 1] 25 S i ALl 4 ol o i, S B T
FRGERGSE s SCHR[ 9 ] RIS AR 254 7 12, e 1 [R) 20 & v ML il
Pt g 5 SCHR[ 10 ] WIRRs B2 28 A 3 R D7k i T ) 28 2 e MLl i 2 o
ST X RGEARMSB T PR R GERE.

SR, [ 20 K L SR W VT D 2 P il [ T, 40 2 th 278 B AR R
P DAE R GERRDR AR Y, H 2R G R AR it 22 ] LKA A i 2
] A AR LR PR 5 50 28 B O 52 2% | G4 af TRt - A 272 B 1 HE 1) ] 2
IR RE AR, T O T 1 4 ] 1R R A8 T 583 AN 22 UL SR [ 11 ] %
MIMO £t DAE R4, ¥ & TR ODE REEM M JLAT 5k,
feth T M E M RSSO T A ER T R g AR et 4R
Tl e SCHk[ 12 WHFZE T MIMO FEZ i DAE T RS0 R 58
2 A TR A S T R GRS S AR,

AR T AR B Uy Jr RE R G SO A O s BE9E T
ZARRARLNE DAE 7 RGBSR R R0 R LB G IR S 45
il P AL P S A R 9 1 A Y A7 A, IR 4T 3 s — ek TR
RSP, S B AR SR SRR AN S5 O e A 3 T R BE TS50 R Gt ,
FIR 2 (backstepping ) J7 ikt HAR E # il #) (A5 4 AT I R
Grlr iR E RS BT MATLAB #4775 5, 0 B4 R W T A S
PET5 B A R

i3



Wit T, 45 T 2 A0 AR DAE T R G RLAY [F) 42 A ML R0 1 2 5 4

516 CHEN Beiyu, et al.Excitation and valve control of synchronous generator based on multi-variable nonlinear differential-algebraic subsystem model.

1 RERHFER

[ A5 e F AL ) 23 4 il ik oA T 8 X
i AU R AR LM DAE T R GepA

® - w,
w, D
ﬁ{PH + Oy P, _;(w -—w,) - P,
0
x= _1 ! ! +
' I:Eq+ (xq _xd)ldJ
TdO
1
(_PH +CHPmO)
HY
0 0
0 0
1 |E,+] 0 |U, A
Tl |
0 Ty

f(x9z’l7) + zsi<x5zav>ui9
i=1
P, -P, +r(L+1D)

x 1 —rd,
6, — 8 + arccot ———

0=g(x,z,7)= E, —x,l, -, ,
I, -+
Q -EI + xq[j +x0
(1)
HA R x = (v, ,0,,0,,%,) " =(8,0,E ,P)",

8,w,E! Py oo A0 R LRI D fy | R L HILA
TR g RS FORR AR L S R G 35 AR
Bz = (z ,32’23»Z4>T = (PHeI]’]d’Iq)T’Pr’eU’
1,1, 7350 R AL Bk R L BRZR H A A FTRIL
LAY d Bl b g Bl RREDIRITIE P, = [EL +
(%, = ) 1,1, KB A S BRI v = (1,0,)",
1,0, 535120 K AILE - H Ui A A FAILTE B 5 42 il A
Au= (Ef,Un)T A (u, ,uz)T,E/,UC 5350 A il e L B
PHNATIFBE s HAR M RGE S Hil i 1k
Bl 5 & HL AL A

By vy VPO
y=h(')=(hzj=[5J= I . (2)
5
AT LABHIE , 76 & ALIE H s AT e B N RS (1)

AR PR S
PR RIEEC A R R g (+) RTHAR
B i 7 BOHE 58 LU RE P HAT H Rk

0
rank(gj =4, (3)
0z
O O]
0z, 0z,
0 . N " -
E$£= LR R 04 2 A
| 0z, 0z, |
KA

MR 2 R AR v R TE o B R
A AT ST U

TEREHLERBITIEE N, 1L, Q, KHLFEHrik
SR, Q, FRRAS HAT SR ).

ARSCHY B bR IE RS [ 20 A L 27 AR A DAE
TRG() M(2) BT BUE Ay , (115 M IS R GeHh

2 T 2L DAE FREH @ EHEITR
FHEBI S ML

2.1 kit DAE REMEEHEIH
st o) (%] gt s X

IVL
F(x,z,v)= (agjlag , (4)
0z x
K
x, 0x,
. - )
S L, o n S =
x, dx, |

X1 FRAEHIR (v, 7,) HT RS
(1) F(2) W ARXT B, 5% Y (x,2,v) LLRi,j=
Loomok = 0,0y, = 2 TR SRR

(L) Ly Ly h(x,z,9) =0, (5)
Hor
LY h, =h,,

L_ . Ly h; oLy h,
Ly he & Lp(Ly' b)) & | —— p. Ff, (6)

aLy" h; oLy, h, FL
ox 0z "

LFs/Lj'"}l h; = {

(D) HEr%
A(x,z,v) =



B AR 25 22 M ARBRERD ,2020,12(4) :515-520

Journal of Nanjing University of Information Science and Technology ( Natural Science Edition) ,2020,12(4) :515-520 517

LFSIL%/I'_I hl(x’z’f)) LRsmL}_‘/l'_] h1<x,z,l7)

Lﬁ‘s,LI{l hy(x,z,v) Lﬁ‘smLI{I h,(x,z,v)

L”mL{f’l h,(x,z,v)

(7)

LFleZ}fI hm('x’z’v)

R F1.

AR ARSCH mo= 2 AT AR, RGE(1) FI(2)
B 1] S AR X YA AE O (1,3) 2P 3RAE .

1) i (6) g,

1
1 P(P;+Q7)?
L Ly hy =——(-1 et Tz,

Tr]() q - clld) ]

le‘szL(;f h, = Lr‘szh1<x,z,f’) =0,
LFlegf h, = LFszL(;”f h, =0,
Ly Lyhy = Ly, Lih, =0,

le'lei‘th = (wOId[E;+ (xq -x) ]+

w()[qc?)]d(‘xq —ay) ~ wol,,<Hszo>
w,Cy
LFSZLfvf h, = HTHS. (8)
2) (7)) AT X L
I PP+ Q)"
(-1 -¢l1) —Q 0
T! q 14d I
A( ') — d0 t
2 w,Cy
LFleFf h, HT, s
(9)
ERBHLER B1TEFE N, A
w,C PP+ Q)2
det(A) =— (=1, = ¢,I,) PAPLFQD 2,
Ty LHT,
(10)

Zi b HE SO RTRIRSGE (1) F(2) 1Y [ 5 AH X
W FTE, H(1,3).
2.2 dEZtE DAE FRGERBWEMNEENL

EE1 AR AR A — A ROmi
ARG (1) F1(2) MM I IR,
51,1 =Ty,
52,1 = 52,2 +:82,1( ),

fz.z 252.3 +,32‘2('), (11)

Wy, =h, =&, i=1,2

WERE BEECAN T AR AR AR .
P+ Q]
&=V =—F7,
’ 2
52,1 =86 - 90,,

62,2 SwW T W,

w, D
fz,szﬁ Py +CMT.Pm0_aT<w _wo) -P,.

0

(12)
(1) (8) FI(12) AT 4.
51,1 = (le's]Lg'fhl)ul + Lrjfhl +:81,1( ),
52,1 =§2,2 +Bz,|< ),
‘fz,z zfz,s +Bz,z('), (13)
52,3 = (LFSJLAZVf hy)u, + (LF.VZL;'/’ hy)u, +
L?«"f hz + ﬁz%( ) ’
/\q:‘
oh,(9g\ "(og) . Oh,.
() (2
' dz \ 0z av ov
oh,(9g\ "'(og) . Oh,.
Bay == z(gj [gjv + 2y,
’ 0z \ 0z av ov
oL,..h -1 (14)
Ff 2(9gj [ng . aLthZL
B, =~ . —|\vt+t——,
’ dz \ 0z av av
oLy hy (90 (0g) . OL; h,.
By =~ 7 2[8’) (gjv + Ff, 217'-
” dz 0z av o

SRVEIBUR (547
W) (LeLighy Ly Ly )™
(uj =[LFSIL§_/.h2 Ly L2, hj '
r, Lyh, ()
()-()-Gc)) o
ARG (1) F(2) Mk
Eia =11,
&, =6, +B,,(0),
E,=6,5 +B,,(0),

52,3 =Ty,
Horfr ey A3 DR R A BT A4 i . IE HE.
HUEH 1, REE(1) M(2) B AT R GE,
Tt — Lt
3 HEREHFIET
EIE 2 AEMARG (1) U S5
ﬁz,,‘,( ) :Bz,i<§2,| s"'7‘f2,i, A "77‘%) , 1= 1’2’ (17)

(16)



Wit T, 45 T 2 A0 AR DAE T R G RLAY [F) 42 A ML R0 1 2 5 4

518 CHEN Beiyu, et al.Excitation and valve control of synchronous generator based on multi-variable nonlinear differential-algebraic subsystem model.

HBAZRGE(1) A 2) 52 AT AR E Y.

iERA
DX (1) P LAFRGEE, =r, BN
2
T r, == ¢, &, ..V, =§;‘,m%=

Vl :_01,15?,1, (18)
Hrre, | > 0 2ITHS4L
2) AR, BIEE 2 T RS

52,1 :52,2 +Bz,|( ),

52,2 =§2,3 +ﬁz,2(')’ (19)
52,3 =T,
) L 4
B iRELE
€51 zfz,l, €2 =§2,2 -0, (20)

Hr o, | AEFEITEISE 1A EREESIAE B2 (19)
52L(20) w15,

€4 :fz,l =ey, toy, +ﬁz,1( ).
2

e
B Lyapunov PRI Vy,, = %,%Hlaz,l = 766 T

(21)

Baa (€20 X, v,9) JUA
Vz,l == cZ,le;l tey i€,
Hoifte,, > 0 HIIFEH
552 P Ak s B EBIAR 3 A SR Ar
€3 = §2,3 -0y ,, (23)
Hrp Oy ) =€) TCyney,y ~ 0, _ﬁ2,2(§2,1 "fz,z X,V,

(22)

. da, , > da, |
V),ﬁﬁ a, | :876.2" + 2

(-1
€, e B T

e 2 MR IRZE T R G, P Lyapunov PRI

p,

3062
KV, = X SR
i=1

8
220 km

=1 ey,
‘I’_I»%%&’mu V2'3 XTJ‘H#I‘E—IJ 12 %ﬁ:
3
Vz == z cZ,iei.i‘ (25)
i=1
2, XA R ZE ARG Lyapunov PRECH

V= Vl + Vz- (26)
H=C(18) . (25) #1(26) AT 14
Vz_cl,lff,l - gcz’ie;i, (27)

AR AR R 22 AR G R W A E 1Y UEER.
4 ZBNBRNRFEHE

TR 1R AP X SR UL F) RS
15 BAFFE , Nk BLAL G1 gl xt 4.

RG21105 N VR RGN e Fa &2 1T,
0.5 s BF&k % 7—8 iy — &k k b (i EH £=0.1)
M =R G BR M R % S b H T
0.000 1 pu,0.65 s W FEVIFR, REKE 210 IH 817
RSN Gl RAA ST ®I 7, i S 50k
BH e, =10,¢,,=20,i=1,2,3.G1 A% i n &l
2 FilE 3 AR,

2 AR 3 AT LU R e 4 i 2 U
T R HIROR , BRUE T & AL A DL S L
Ui LR Y RSE P, G I R IS T R AR
AH.

5 %#ig

ASCE R & B HL 2 A AR LM DAE T &
G Gl R 2 AR AR M TR RS
L3565 L FES, S0l 7 RE RSN Ak,
TESLIERE is F AP i 7 ik it A e = 4%
(A5 BN P BF 22 G 0T 5 . 5 IR S £ 735 i AR i

3

Ty =7 €363 T €, T Oy, (24)

L Ay |2t ok

GS 25 km |10 km A
@ | @ | =
g ¥

2
G2 @
— g _
X1

Lol |
10 km| 25 km @
r—l |<}£> | —
C*l a

I, o

4
Ok
“

~
X352

1 PIXIRPYBLER ) 2R 5E

Fig. 1 Two-area four-machine power system



B AR 25 22 M ARBRERD ,2020,12(4) :515-520

Journal of Nanjing University of Information Science and Technology ( Natural Science Edition) ,2020,12(4) :515-520 519
110 5 RN ,2017,34(8) :1019-1027
100 LI Guangyuan, FENG Yong.Structural analysis of differ-
ential algebra system [ J ]. Control Theory and
90 Application,2017,34(8) :1019-1027
[5] Roy T K, Mahmud M A, Shen W X. Robust nonlinear
> 80 adaptive backstepping excitation controller design for re-
70 ) jecting external disturbances in multimachine power sys-
9 tems [ J ]. International Journal of Electrical Power and
60 Energy Systems,2017,84:76-86
“ , , , (6] A, R S BB )
"0 5 10 15 20 BHL 55 i 3R G 22 AR An AR PR R [ D] B T R G AR
s il ,2015,42(16) :1-7
B2 8.G1 1G4 XTIl LI Xiaocong, ZHENG Tao, LIANG Zhijian, et al.
Fig. 2 8:relative power angle between G1 and G4 lefe.rentlal algebraic mo.del .controls multljm(.]ex
nonlinear control of dynamic resistance and excitation
system|[ J |. Power System Protection and Control, 2015,
1.05 42(16) :1-7
Lo y [ 7] ZEW S WRIGE , % ZHLR S T STATCOM 5%
0.95 | : FLBLRD G A AR 2 1t 3 PR R 520 [0 ] R
2016,40(8) :2350-2356
0.90F LI Xiaocong, YUAN Hui, CHEN Mingyuan, et al. Design
=085 of nonlinear decentralized coordinated control of
0.80 F STATCOM and generator excitation in multi-machine sys-
0751 tem [ J ]. Power Grid Technology, 2016, 40 ( 8):
0.70 2350-2356 :
[ 8] o, w#hidysh, W, 4. HA BEHLYL 330 ) i e
065 s o 5 0 A S A ML 2 o B8 [0 ) 42 U B8 5 2, 2018, 35
tls (4) :438-446
3 V.Gl ML E PENG Yunjian, HAN Fangmo, CHEN Jionghong, et al.
Synchronous generator excitation controller with random
Fig. 3V, :load voltage of G1 disturbance rejection [ J ]. Control Theory and
Application,2018,35(4) .438-446
o . . o [97 BRa, sk, BT AR R K LR L i B R S
DAE SGHIRTH BEEALIT LA I A ST WIEBLERIBFIEL)]. DA 2017,38(10) 169
25 SRR BBt I HE A AR B A B Ak T R AL CHEN Jin,ZHANG Xiao, WANG Ping,et al.Research on
EHTHORES , ) Bt 38 T G Al 451 4 A 4 fl'Jzzy slidi.ng 'mode control of synchronous genc.srator non-
i )Jﬂ linear excitation system [ J].Process Automation Instru-
DAE ZR Gt [ 5. mentation, 2017,38(10) :6-9
[10]  Z=0iise, W SC R AL G 5 SVC RO A I
2% 3k IR )] 401 A3 kR 4, 2018,38(12)
References 73-78
LI Xiaocong, CHEN Dengyi.Improved adaptive backstep-
[ 1] #erh, skdli. E a1 R4 D& 54511k ping passive coordinated control of generator excitation
R T A E L TR 244, 2007 ,27(7) :7-12 and SVC [ J]. Electric Power Automation Equipment,
DAI Xianzhong, ZHANG Kaifeng. Interface concept and 2018,38(12) :73-78
structural model of complex power systems [ J ]. (117 ER,EE, R4E, % 2P0 DRSS 58 & N H
Proceedings of the CSEE,2007,27(7) :7-12 PSS 5 vk [T ] b B s HL T AR 244, 2002, 22
[ 2] sSeh, skEUEE  GR. L T A5 AT A L ) R SE 0T (5):59
AR £t oy wEs i O vk ()], b B R ML TR 2 WANG Jie, CHEN Chen, WU Hua, et al. Design theory
2008,28(22) :15-22 and method of parameter adaptive control for multi-ma-
DAI Xianzhong,ZHANG Kaifeng,ZANG Qiang.Nonlinear chine power system[ J ].Proceedings of the CSEE,2002,
decentralized control method of component of power sys- 22(5):5-9
tems based on structural model [ J]. Proceedings of the [12] sam, SO, B 6 45 i 1 R G oo AR et i or-1%

CSEE,2008,28(22) :15-22
[ 3] Hill DJ,Mareels I.Stability theory for differential/alge-
braic systems with application to power systems[ J |.IEEE
Trans on Circuits and Systems,1990,37(11) ;1416-1423
[ 4] Z2Otim, 55 MR L AL [ 1] 42 % 3

By RO RG] — Rl Sk ()] f el S
BRI AR (AR ,2017,9(5) :560-566

ZANG Qiang, HU Kai, CHEN Weifeng, et al. Inverse
system control of nonlinear differential-algebraic

subsystem model for power system components:a new al-



Wit T, 45 T 2 A0 AR DAE T R G RLAY [F) 42 A ML R0 1 2 5 4

520 CHEN Beiyu, et al.Excitation and valve control of synchronous generator based on multi-variable nonlinear differential-algebraic subsystem model.
gorithm[ J ]. Journal of Nanjing University of Information 1736-1741
Science and Technology ( Natural Science Edition ), ZANG Qiang, ZHANG Kaifeng, DAI Xianzhong. Back-
2017,9(5) :560-566 stepping control and application of nonlinear differential
[13] sk, sk, e AR A IR BT RE W IS algebra subsystem[ J ] .Systems Engineering and Electron-
P BN LT ] ARG TR 5 T 40R ,2013,35(8) ics,2013,35(8) : 1736-1741

Excitation and valve control of synchronous generator based on
multi-variable nonlinear differential-algebraic subsystem model

CHEN Beiyu'?  YUE Hua'? TU Zhuang'”
1 School of Automation,Nanjing University of Information Science & Technology, Nanjing 210044

2 Jiangsu Collaborative Innovation Center on Atmospheric Environment and Equipment Technology, Nanjing 210044

Abstract The excitation and valve control of synchronous generator is described by a multi-variable nonlinear dif-
ferential-algebraic subsystem model. A stabilization controller is designed based-on backstepping control method for
such systems.Firstly, if the vector relative degree exists, then the controlled systems can be decoupled and trans-
formed equivalently by a diffeomorphism and a feedback control. Then the backstepping method is adopted for the
equivalent system to design the stabilization controller, through which the whole closed-loop systems is made asymp-
totically stable.Finally the simulation is conducted based on MATLAB , and the results show the validity of the meth-
od proposed in this paper.

Key words MIMO differential algebraic system;synchronous generator;excitation and valve control ; backstepping



