E355F6H
2015 % 6 A

Vol.35 No.6
Jun. 2015

% 2 & % iR S

Electric Power Automation Equipment

AR BRRLHLRSE 25 S
BRI I T

BEH,T Bxowm & FRAE
(TR HEMIRSFRE THAEHREEERREELRE 5 FM 213022)

WE, 4T R GAE RAEE BAVAE R BT — AP AR R AR AR R 6 A B AR R R A8 T IR
WRhEER ML LM FEM T AR AR AL Fam oA T AR TR LR AR R RS TAE
R el TARR ARy AR L AR R AR B B R AR A2 A B PWM 45 ] Ok R IR
B EAR b THAELRNG T A AR R, AT OHRARLBESTERSHHCRMET “G-R "KL
FRARG ARG RELE D EBF AT T7 A & RAVE T 3 - 450 8 B35 ) 69 20 48 & 5
FER WA E R RAR RAFRS MR R 09 2) A4 B A Mk b R 2 f S0 B SR A A

FHAH B E R R A G RARERE

KRR, AR, ROMLBEL L, BER, AL

FESES, TM31 X ERERIRAS . A

0 35l

M 20 4 90 AFACEE AL L T. A, Lipo #2
HXUN R AL (DSM) VE S NN 2 & K G54
X AN ) i bl 7 35 W B A R B DSML BEAT T L R R
P23 e v 5 L gl o A5 5 T IE Y O A HAE
MRS KB R G A EK ST KT K
ARG SEGUAF RN EA R # 7 2K DSM
H1 T H s G FR 5 Tl G DSM A7 il G 5 21, il e v,
DLV 5 AR S AR R AL, XL
TR R G Jois 1 A ML AL E AR S 2
ta S =RH R A AT B A i B R R RN e i
T /INEI AR A IRl i 9 s VAT Dl i P A A v S B
HL R e, L2 H AL 2 s s | R O PAD il 1A
i 1Y T ZR T 5 h e S BN A H ALY KRG

AT UM AR FE, ZR 8 HE R Dl R Y s R R
Bl R TR R A R O REAL A L PLARAS R AR 3h
APERE, J5ok A o2 R e B R T S A5 4 A Y
Lty 359000 fal s FEL 3 R 05 A A PR Y (TRTFR A VEECF
R ) Xof it R R AT AR | TR A H Dl R AL
(DSEG ) 1 XU 4% 18 45 il i A FLBL 1) (DSHEG ) HL T
P RGP UG TR RROR  GE T A LM RE
SR I, TR [ 11 Jab 42 Hh T 7E B Y H TR e 15t B
Wt HEE.2014-04-18;1&8E HH.2015-01-01
HEETEB .BRARAFEALFTIRAB (51207043) ;54 A R
& T 3 B (BK2012150) ;81 7 £ 41 #7148 52 B (XZX/
13B002-04) ; 7T i K F &1 #r A A % F- 8 R B
Project supported by the National Natural Science Foundation
of China(51207043),the Natural Science Foundation of Jiangsu
Province (BK2012150) ,the Innovation Project of Graduate Stu-

dents(XZX/13B002-04) and the Outstanding Innovative Talents
Plan of Hohai University

il

WA, EARES - EH R

DOI: 10.16081/j.issn.1006-6047.2015.06.020

R o I Sy = = e K i B N = T 719
LCFC #4il) , DAL A 8 AR & LR B A R 2 v A i
RS I, STk [12] X AE LCFC 45 il i 2 4
LSl AT HEL MR PT TR, eless T &k ALK 3))
ArERe, B, A SHERE T iR B
il f FL S EL R A > L R A7 R R U A R Y 22 B B PR
B2 A4 o TR 2R 8 030 AR 36 Tl 47 1 S W BE AT A%
o LAY shASPERE | (R 45 o S 5000 1k Bt
(CL b=

VL AFR AR LR 45 i BRIE A K b A HF T % B AL 4
Tl SR Y e S AR IR T B AR S A ] R T EAA R
EREE PR N K KA ) IR BT 8 N 1 A I A T B
T HEL AL S D SN H BIL USRS & HLAILOST Ak
s 1) 25 HLATL L7180 K T O iy L FEL AL L7 4 45 ] AR R 25 0
Mgs2wrh 152 7 )z W, A SCEET DSEG &
g0 4TI E T O A R AR A S 2 T AR (NTSM)
5 i Dl 0 R P g | ST DAl R O A PR R YT
TR EER SN, SCH R DSEG B
MR R ZEHER b R R M R S T R AR 1Y T ¢
TR R RNV T T AR R IR T
5L 22 50 3 BB D D) A R A R SE B vk B 2
FTHRICOP . T A B RGN -5 B A HARL
AL HEAT T ONTSM R 4 i T i A2 2 F0 o A M RE 0y
H Y0E T B 4B Y LA R e AT

1 DSEGRAEEHZRES

1 Fi7s DSEG A& & 8t th DSEG . = H 3 i
BRI 1 R 05 2% =30 oy el i . Hovb =B RS
DSEG =G4 A2 W A H ML AC AT L HE 38 i L UL



%6

BTy R UM R Ll R A AL AR A T S 4 i A S 8% ) 0 @

FE 5 Tl G VR T AR A, Vi, AV, S MOSFET 2% IGBT
HFRERIRSBMN, EFESLT ,Vy T8,V XH
PWM 2 il LA 55 Jah i H 3t DT S8 30 & H 9

o

[ DSE(; ZSVI)SZSVIBZSVI]II CD# Lll RI
r b (L_h L(.\.L
N o= |
SR
‘LZLVI)ZZL VI)( Zl VI)4
—————1WWﬂw$im

T Vou B "
<> Ut == C, UK 5l 7l Bu,
- Vo Tl L

B 1 DSEG BE &%
Fig.1 Voltage regulation system of DSEG

1.1 DSEG
Bl 1 FrRs 12/8 B DSEG W2 i 35 i il 45
M AR AR S B R R R T S
20, H AR 90° ML A i % 58 21 AH B AR 1A Bl —
T LIRS o, AL ab.c —AHZEL I
B S, BIR < R G LR A - AR b
RERL LI . A AL SRS EN T 2 1
ANZE R 172 mm, 7 T8 H 1109 mm, E FNE R
111.4 mm, % FWAER 40 mm, E THEH 10.7 mm,
HFHiE N 162 mm, & T % &N 19.6 mm, ¥ 75
=0 19.25 mm, & TN 150, ¥ F # 9Kh 159,
E TR R E A 1722, ALK R 60 mm, Fi
R RS 28.5 V, #E BB HL I A 200 A Til#G
L BRI RN 60x 4, BEAHZEAL P IR IMECH 2x 4,
2 DSEG HHEZEA A B it i a b e S HHZE4H
Ffh G Ge dl v 4 7= AR A AT R
=[] (1)
HL LA S8 4L TP O B 5 R MLES P B RN ZR 4
AN I I B A o VA | E2 a2 S W e ek P I |
WEEE k2 R A AR PR A A B s B TR R R
pl MMl o
RS N I < T A e ) N S R e
Sk HUAILAG T T R S 1 T rL B B (R H )
I F F P A A 5 | A AR A P i H Bl 3
& B HLAS S8 £ ity L 1 T AR A
u=e-RI (3)
Hp o= [ea,eb,ec,e[-]T,ﬂﬂ a.b.c 75 HH ¢ 41 Fl Jih #G
LM MR T = [y, i, ], & L HL A 58 40 A
Eﬁ,fﬁ;uz[ua,ub,uc,ur]'r,ﬁﬁ%m%%gﬂfﬁ%%}f;L:

L. Ly L. Ly R, 0 0 0

B Lol gt 0RO i G
La Ly L. Ls 0 0 R O

Ly Ly L. L 0 0 0 R;

F B2l (1) 1 TR RN F I ) B 1) i SRR I R A L AL A% A
LS v B A B i FeL BHL R B

12 HBEATLS

Jit R P R R YT Dl A e 45 R 4 o A K
B 1 Frs G AR e di i 2 AT RIS R 2 A2
T, Hop DR v, fEIEE TAER TS
WORAS YR Vo, B PWM 06, 24 & AL B
Wl S BOR H AL A R SR AR I [R] B G A 1) R A
Vo 5 Voo, AT 5l 8 L3 SR T B8 AT (3 & FRL AL 52
UK W, L b o 2 AT Ok B s o T Oy AR AL 4
il o R PB4 ) s ] T e R 7 A AR ) T R A
K55 | SRR A 1 8 45 i) S ek

2 NTSM #=#l T1ERIE

O T X NTSM 2 1 16 i i J B 47 ) 3k 9 152
WAL A T AN R B . DSEG T AR A & A
2, H IV, F1 Ve 2 T SR A P 1 TR
U 14 PR 2, PR AR 22 BB, T ETR R

x=U,-Bu, (4)

wmii=-pGe == L= B li- | (5)

Hp U, WS H W ju, R B B g o i
R L R B0, et a AHGEE A HLIR i, MR
ZRUE UL A BRI R, T 2k F BHBH A,

ARG A 1 i o B AR Z20met v B B, DU
ArAan R 5 AR

= di, _; di,
U,=e,— L dt L,J) dt (6)
u,=e,— Ll) (;lil} Ll)a (31; (7)
Uy=U,— Uy, (8)
h=h )
H(6)—(9),IHFHIE Ly=Ly, "1
Uy=€,— (L +Lb ZLJ)?;LL (10)

Horh o) MR HHL a b AHGELL A] 2R HEL 34
X (10) FEAT RS ATAS HL U 4,

P CabT U
h_JLa+Lb—2Lw de (11)
R ADHRARK(S), 7775

__B [ _ewu, ‘

T, | JL +ih oL, RL ) (12)

*(4) L (12) 5 IRk 5, T



L/ KRR {7RET

£35%

xlz_ﬁ%:xz (13)
o= ( e~ U, _ 1 i ) (14)
=7¢, \L+L,-2Ly CR.
M (13) . (14), AT AR T R4
; 0 1 N 0 0
.' = -1 -1 Ll —Bey, lu+ U, |(15)
% C.L CR, |'™™ C.L C.L
;H\:EP,LZLH+L1,—2LHL;U ﬁﬁgﬁﬁmﬁﬁ%% VTQE/‘J
P,
% A E IRt S A2 FRAER,
B=2 (16)
H=f(x)+g(x)+b(x)u

H x=[x,2] b (x) #0;g(x) 10T A8 & M KA
i 7
AVET IR NTSM T

WO MTUEL, HERBK>0, 2G5t HE
T 2R R O R R e I S B R AR E
X (15)5 (16), 115,

S(x)==x,/(C,L)=x,/(C,R,) (23)
g(x)=U./(C,L) (24)
b(x)=—Bey/(C,L) (25)

B (23)— (250 AL (18) 7, BRI AT #5381 il 4t

C.L [ x x U n_K
{COL +COR|A C.L axe sen(S)

uz_Beab
(26)

Hop W EE R R R K >0,
3 REFEEESER

S AIE b AR VR s S 20 B Y TE A Al A
2 fIi7/R DSEG A BRIC/ AT B R etk - 3 o 3 i &
ML T Ty SR i % R R T R R A L A 4 o 2 A
B E#SL UK 3 s ) DSEG & HLRE R R gL« -

S=x,+a(e"-1) (17)
Horp o R, — M a>0, TR Oy BB
KA NTSM i 7T 1 F e FIERTIR R M ARSH (LI L=50 pH, 15
w=—b"(0) [ f(x) +g(x) +ame +Ksen($)]  (18) HLZF C,=40 mF, R a=1000, 8 =0.067 ,e,,=
Hrp sen(S)=]S]| /8. 2.5
HRGRE M KR e A A .
limSS<0 (19) =
$>0 Q\Q 1.5
X (17)T#4 SR
S=iry+aie=f(x)+g(x)+b(X)u+ax,e’  (20)
X 18) A (20) 1, AT LATHF > 40000 80000
— §=-Ksgn(S) 21 <a>TJ/z(2Aﬁzzr;t)aﬂzﬁ (b) #IRIEH 4
) 2 DSEG BRTIER
SS=-K|S| (22) Fig.2 Finite element model of DSEG
" B
" ) B R Jl .
c:in m GAIN6
in ot | v 1O R[]
Vol Vs Ve
i Wi N |GAINS GAIN2 R,
_,_ 1 Y N N/ |
) -
V2K Mol exp |50 {GANT| >®— - }T
+ B '—|

Vi
) 4% V'I‘Z ZX VDIZ

GAIN3

B 3 T NISM =585 B & (F E 8

Fig.3 Field-circuit co-simulation system based on NTSM
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Design and simulation of nonsingular terminal sliding mode controller
for doubly salient electromagnetic generator system
DAl Weili,DING Jun,TIAN Hao,FEI Juntao
(Jiangsu Key Laboratory of Power Transmission and Distribution Equipment Technology,

College of 10T Engineering, Hohai University ,Changzhou 213022, China)
Abstract: A strategy of nonsingular terminal sliding mode control is proposed for the voltage regulation
system of DSEG (Doubly Salient Electromagnetic Generator). The structure of DSEG is described and its
mathematical model is established,based on which,the operating principle of voltage regulator based on
proposed control strategy is analyzed in detail and the corresponding sliding mode surface equation and
sliding mode law are given. The control law parameters are calculated according to the constraint conditions
of Lyapunov stability equation and the carrier wave intersection with fixed PWM control. A field-circuit co-
simulation model is built based on the electromagnetic finite element analysis technique and the control
circuit. The results of steady-state and dynamic simulations for DSEG show that,the voltage regulation
system of DSEG based on the nonsingular terminal sliding mode control has excellent steady-state and
dynamic performances,with small voltage ripple,short recovery time and little dynamic output voltage
variation.
Key words: electric generators; doubly salient electromagnetic generator; voltage regulator; nonsingular

terminal sliding mode control; sliding mode control; field-circuit co-simulation
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