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Model-free fixed-time sliding mode control for MPPT of permanent
magnet direct-drive wind power system
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(College of Electrical Engineering and New Energy, China Three Gorges University, Yichang 443002, China)

Gao Yue Ran Huajun Li Linwei Wang Xinquan

Abstract: Aiming at the problem of tracking performance degradation of permanent magnet direct-drive wind turbine
system during maximum power tracking due to internal parameter changes and external disturbances, a model free fixed-
time integral sliding mode control (MFFTISMC) method is proposed. Firstly, a novel ultra-local model of permanent
magnet synchronous motor speed ring is constructed. Based on this model, a model free fixed-time integral sliding mode
controller is designed in combination with the fixed-time theory to ensure the convergence of the system state in fixed
time, and the convergence of the controller is proved using the Lyapunov function. Meanwhile, in order to improve the
anti-interference ability and tracking performance of the system, an extended disturbance observer (EDO) is designed to
estimate the uncertain disturbances in the novel ultra-local model online and compensate them to the controller by feed-
forward compensation. Finally, through simulation and comparison with other control strategies, it is verified that the
method is characterized by fast response speed and strong disturbance resistance, and is able to quickly realize the
maximum power tracking under the sudden change of wind speed.

Keywords: permanent magnet direct-drive wind power generation system; maximum power point tracking; ultra-local

model; fixed time sliding mode control

S, 5RO A L HLAR LE, K R TR AP K R AL

0
5l (PMSG) T A T 4 25 14 56 46 A1 R 25 P 3R 45 # L a2 1 4

il

AR B B H s, ARy — s T
FARR . E2ERIE SRR A R R ENIEM. R
FH 9K i R [ 2 &% B L (direct-driven permanent magnet
synchronous generators, D-PMSG) [ X fie¥5 1 R 4t , K FH
FIRER TG HE R R R G E L R N TR

175 B H#5 :2024-04-24

— 94 — [EABRTMELEAR

E7ak 7 0N NNl s S N WA e S 1B L S s S VO R (T
T3 K L AR GEAR AR 5 A7 TR N SRR B 2 R L OF HL
IR B AT BB AN T 5 2 R e (0 A5 XUBE A M) 28R
B TR R HE X R A3 . Dy e, BT 5 3 B 4 1]
R S O A58 A K Tl BB X FL L 2 AR 8 O B AR 0 R Bl A

Hh BB O T



2024 B B
$43% FBH

fiB 5 DT 12 /8 7 % L 9K XU AL AL 20 199 i K 2 3R R 2R (maxi-
mum power point tracking, MPPT) fE 77 B A5 & B & X,
Bl T R AR LA RFAE AL 58 P45 A7 72 25 Wi N7 3
1 BRGS0 A, TR R UE RS R AP Bh A AR .
[ N A1 27 5 f — S 5l i 2 ) B8 e i 3 R R HL
W, an g # (sliding mode control, SMO)'™ | [ 38 I
PR B A AR L TS S PTAS  BLA AR R
TR . SMC A H B 1 5 L o 17 3288 32 PR ) 6 o, 72 KL
RHURGEHER T T Z M, REET R T Rk
TR 2% i A A T SR G A A D T R SRR A B A W Bl
I EF ), B R T R SR RN R PR S R T —
Bl SMC 59 5K PR 25 WL 2§ Cextended disturbance observ-
ers EDO) MH45A 15k ARG & T RE ML T A
77 Pan %5758 5B TE— PR AL MR B0E T A
FERIAEAE M R IR IS . SR, LA b SMC #& s mg X
BEAT S50 AT XU HL 2R e I AR O S R 2 11 T RUHL R ¢
FYC ST ], X F XU HLAL R G & » P shad 2 o f e B
R IER S W E I R W R BE it . i TR b
A 0] R0, A 2 2 B I e T R R A AR, [ T
P ) % s B TV T LR B S B TR T R 3 e R 1Y
SHORBUEHIE . Huang 55 105 PMSG KALHLA 51 A
T S B ) A3 BB SMC ik ok T HL e R o L {HL T B A
T ) S 360 S AL, A B T S R R R o e 4R
LTl 3l [ A ) ¢ s A A o LR AR IR
I I TRDULI g e A S J A SR G A A AR
R A A B R 1N T E A ) AR E P 4 T
FR/
BRI RGN BA — 2 MP T 6
J3 A0 LR T B o R G ORI A [R)
Fliess™ " 7E 5 Go S R A9 F filt L 32 1 8 R 3R A TR, LU L Ofe
Tl /)N ST AN R 8 X 2R 8 3 I S 0 32 TR R 2 Dy TE A A
4] (model-free control, MFC) ., #% 8l # 251 % MFC 5
SMC AHZE G, 32 H— Bl JO R Y 3 B S ¢ o o B 48 1 O 1%
ZITERRR T AE 58 SMC 1E 28R A0 I D 46 4 75 B 2 1
R I, ) O £ B8 T A8 4 i o 7 R B R O R, AR
T 8 Jmy A AR 5 A Jt 2R e A B ) R TR 4 o B
B3 BT B B A BEAT AR T JE 00 0 o 0 S Rl A R
FERICR A SCHE Xl A 2 B AL T T Bl 0L 4 ok
SR 8 Jey A (3 A I . X LN SR AR T
Jre R L) 25 S AE Ze Al Tl R R A Y R A iR e T
REWIPLT P RE J7 ., FEAR T XS o el B A AR . R R
SR T — A [ I ()08 2 R A T B L oK 2 A
PRI Bl IG5 A T4 ) 2 L 4 R R G B A e
AN ) TR AR B e BT A R R A AL 4 — i
T 5 R 2 UL 5 FH S Al 3397 2 R TR A 1Y) o S 43
BT LR BT £ X D-PMSG % 46 78 e K D) 3 R B
N 4 | B N P i R e A L P B L DA 9

Safaeia

Hh [ Bk AZ 0 30

MRS HA

1 P RE AN AR R, AR SR T — B TR A ]
] AT S P4 B0 i A MIPPT #5087 SE AR 8% PMISG 7%
T A TR GOAR TR R TR R R TR o ] A (]
B 18 #5722 ] (fixed-time integral sliding mode control,
FTISMO) 45 & , ¥ 11 Jo AR B [ 5 fif 7] B 40 1 455 45 1 2%
Hk BT EDO 52 HE A 115 2 8 5 H5 8 7 v (19 3R 40
Yo zh I8 A i i AME I O AR R R . RS L 8
HL S X LA [R) 428 1) 5K W AE 25 B XU 19 MPPT B B
RO B UE T AR SCHE Y B4 B B SR 4R T M e .

1 k#EETROKRERGHFEER

1.1 KAHNEFZER
MG 25 K sl S22 BE , KU L4 H B BLA S R h .

1 2
P, = 7(07(R‘“U3C,,(/1 .8 @)

K. p WEREE; o AR R A PR C, LB
FIEEF H R AL, A hnhRLk, p ORI

A BIEEE RN

(,U,,,R

A w, RIS,

C, (AP FRFXT KUBE I R &%, R B R AT 3R
RA

C, (AR = 0.517 3(116A, — 0. 48 —5)e " +
0. 006 84 (3)

1 0. 035

Hfr 4, T A+0.088 g4+1°

C,Q,p MZmE 1R, HE 1A LUR B, 2
A2k /N B XURE I R 2R BSOR B 8 . BV AT R —
MR AT DB RELL A, fC,QA.p &K,
A (2D AT 50, T DL 3 78 O (R XU T 8 A A R 4
FOARAFAE AL, IS C, (X, 8) Bk, A5 X XUAE 1Y 3 K%
e, DR T 800 G DL 1) B O I R R B A% O
2 T P

051

A= (2)

04r

Bl XBER &R RO £

Curve of wind energy coefficient

Fig. 1

WL B e i T, 5 H A A B BLAE D) 3 2 X
4,

AN T EEAR  — 95 —



WRSHXR

Pw 1 5 2
T,,, - E - ﬁan w,,IC/,(/I sﬂ) (4)
1.2 PMSG Ry =45
B mALERERES T ET, HNBS 8RN &4 %

1 TS 3] PMSG 76 d — g [il5 ek bk 2 F 650y 4

IR .
di, R, L,. 1
o = 7L741d +n,0, IT,Z(' +Eud
(5)
di, R, L, n,, 1
F D A B SRt SR Y

e igd, WETHRd q 538 ugvu, NETHEL
Oyt ROHE TR L, L, AR g o3 n, Nk
WXt 8 &, FRRERRESE s w0, BT HLMA B . A
KXW AR LRI, L, =L, = L.
AL B RERE FETT LA IR N
T. = 1.5n,¢,, (6)
KW IR AL e LI 1 14 e AR L BT LA K e AL A B 5
WA B A W 0, =@, . W PMSG 4 BEAR 8 PRopR 25

TR .
dow L r 5w —Bw) %8
a7 Lom i, n®

A ] ONARREE BB s B, MR R AL
8RN Pris AT AL B A A R RE S B L R B
AHRETERSN R T AE R R R (D5 .

dw,, 3

:T: (7777/)(/][(]1'417B(‘wmifm>/]0 (8)
3 ,

fo :771,,A</1,i1,+ABw,,,+T,_+A]w 9)

KA BogyoJo N R KRR BERE s 3h B A bR
FRIE s AB . AG AT R HAXE R AR f, 3 T 3R
M4 BRI
1.3 PMSG # B FEp#E 5

8 Jr FASE L s ol (T AR AL 4R D BRI BE AR T X R G A
WA AR 8 R AR AR IR B X SIS R R R
PRV 4 AT R LAt 308 7 A s i %R

MR8 22 46 100 g A0 i S AR 2R 1k B JR R AR A Ry

= g(x) +au (10)

y =
K. w fy 43000 REWB AT .« € R WRGR
B4 Eg():R — R EaRIE& A R | w e
Lipschitz H R o HRGIRSHIZE.

G (8) 5 (10) # 57 D-PMSG % i 31 # 7 5 46 7
R

% =ai,+g an
P o RGVREWG R g NFEHEBL Q) MR LRAER T .

MG SCHRC 10T AT LLKE g 40 A -

g(x) =px+F a2

— 96 — MEARTMEHLAR

2024F B B
$43% FHBH

K. pOARFRIFIPIR SIS 25 F RR T 2 Lipschitz 7
PEFI Lebesgue RIPE A9 & H156 43, 70 B AT AR HRAE .
He XA ARAZA0) 37 0 B e A B

a =au+pxr+F

13
y =
R (8) 5 (13) # 7 D-PMSG % 3 35 357 %0 1 J5 36
R
dw,, ‘
F:aqurﬁw,,,JrF (14)

Ko g Bl Y &R0 A EIG RS F N RGR A
47 A F D-PMSG ¥ 1il & 58 8 il 8 S 8UR B L R A
FEHERAN R TR AER R W, o F1 5 B EAE AT LUGE i L
BROMADBE, a = —3n,4,0/2] 0.8 = —B,/J s, a
B B EUE AN S BRAE AT DAAEAE — 2 W 22, X8 0 22 2
ZAEET F o, i BB E R AT ERE B S5
T DL R G B A 4 ) 1 R L BRI R R i A A
ORAEI

2 [ElE R E X RB R o iF R 2R i it

ST SR T HLAEAS [ KU 50 1Y de RT3 R
ARG AR, FE T — B JO A [ w4
MY I SRS . F T D-PMSG 55 ¥ 45 il #8 19 5831, rix
TH B4 & AT DL B AR X 28 400G i A5 9 4K, ELPT (R 46
PR B 1R 2 7 [ B i) P W SR R 8 e iR AE 42 SMC I8
o 1] 52 R GE 00 i R 285 52 1Y) J= BR 1
2.1 EHREHMU,, Wit

R ER

e =w, —w, (15
K o, WEBIWSHHR,

S84 [ 5 st I B, S i A I O R

2

s=e +J<kmg-2y1’l<e> Fhysig (o) +hyedde

(16)
P sig(a) = x |“sign(x) by > 0.k, >0,k; >0.5,
0.5<<7,<1l,7,>1,
SIH 1 BA —IEL A ERWERAD,

Vo) <— yV(a)" — XV ()", V() =V, an
Koy >0,0>0,m>1,0<n<1, WX TFHEZHE
V(x(t,)),V(x) $HE— A b FEF ) Y i 803 S i s, HL
W Schst ] 2 20 (18)

1 1

<T,., =
T Tow }’(m*l)JrX(l*n) (18
EH 1 AR A B S 2 (16, T A S R B
IR e BAE—A E FHE] R o,
1 1
1 < max
Th<T a1<1—y1>+a2<y2—1> (a9

WERH .Y e BIAM AT T LIRS s =s = 0, X
(16) A 15 ;

Hh BB O T



2024 B B
$43% FBH

6= —kysig " (e) —kysig "t () — ke (20)
PEHANE (21) Fr 7R ) Lyapunov PREL,

1
V= e D)
XV, RS,
V,=eé (22)

HRCOMAX T,

Vl = e(*klxigzylil(e) *kzsigzyfl(e) —kie) <
kel =k, e | <—a, V] —a, V) (23)
A, =k 02" o, =k, « 27, ARIEDIH 1L IEB T ERE
R e W5 1E [E 5 B 1] N s 8] 0, HLSCBL R 1] i) b 5 .
B 1 1
e, (=7 a(y,— D)

XA 16K G IR E TR QO RA BB FL
EERBIU, R

1 A o2y, .
U, = —(k,sig (e) +kysig = (e) +kye +w, —
a

T, <T,. 21

pw, —F) (25)
2.2 PIERIR U, Bigit

WA IR U, e 7308035 I SRR 7 B0
ETTH

1 L 1
U,, = — [Dsign(s) +g]Sl’gH’v (s) +g2sig1 Y (s)]
a

(26)
FFL25) A 260 FTISMC it N .
U=U,+U., 27
EH 2 oo, HRQ@D I FTISMC il .
R PR EE IR 2 o B AFE DA N Y S B AT s = 0 I,
Hp .
1
a + alz
2y 2y
UER BB Lyapunov lRECH V, = 1/25%, XV, K7
[ECY
V, =55 =
s[e Jr/zlsigzyl ](e) Jr/egsigz72 ](e) + kel =
slah — (@ —Bw, —F +kysig " (&) +kysig * (&) +

(28)

1

o o
kie) ]+ s[— Dsign(s) — g sig > (s) —g,sig *(s)]+
sL— Pw., *F+k]sigzy'71(e) +kgsigzyfl(e) + kel =

L e . y T
—sDsign(s) — g, (") % —g,(s") P <—g, (") T —

1+

ZL‘“<O (29)
st g, =28 ga, = 20 oL ML TR
1. e A5 A Y B S5 F A5 2 s — 0 1 L sk
B ] <

N o
g.(s) 7 =—a,V, ¥ —a,V,

Hh B O T

MRS HA

Ty < Tow = — + - (30)
ar ay
2y 2y

R AR 10 2. o K6 b B I P8R .

1 1 1 1

T<T T, = —
<T.+T. a1(17y1)+a2<7271>+a71+a2
2y 2y
3D

2 (25) F(26) 15 3 ) FTISMC #5414k .
U=U,+U, =

klsigzylil(e) Jr/ezsigzyf] (e) +kye Jra'),x” +
a

a

Dsign(s) +g.sig ' () +gusig () fo, +F
a

a

(32)

FTISMC BB EMERmE 2 prs .,

Jd
"l
w* e
Q] 4@— FTISMC
wm
|
B
|

2 FTISMC 57 i
Fig. 2 Block diagram of FTISMC algorithm

3 F K SEAIg Tt
M 2032 AT LUA A B 9 % o 3R 2 1 o b L B
ol F, S sh T2 X & 50 00 k25 1 BR3 A 67 18152 1)
W F RSB RIR S AR d, BT T 7 R0 Sl 2% ok
T At 20 (32) o (8 A AR S o K T 5t A B2 4 FT-
ISMC. il 400 . 42 = R s Sk fE
LREL R 2 = o, il y = 0, HXADA1,
x, =ax, +bu-+F
.
EXRGHRELBE 2., il 2, = w, HFXR
G AT 115 BRI RS 25 (B) 5 AN
J;'rl =axr, +bu—+x,
T, = w (34)

(33)

Yy = X
DAL 1 22 4030 (34) B9 Sk e s A 484

Je =y —x
\-’1:'1:(11‘1+bu+1‘"z+%8 (35)
\; 7}2
X :je
(2

EAARFMEEAR — 97 —



WRSHXR

Koy >0, &0 HERHLEPRHEE o, BAGHE.
T RREEIRE F RS . SRS 3 0 28, n] 5
R T

HF EDO 1 FTISMC JF R ZERKNK 3 fin. B
JC o 25 100 S A IR [ R B () B S B T G AR Y

2>
sign(s) »

e
: . . |SVPWM
u Ug
T . }
A

2024F B B

$43% FBH meeeeas

R B BRSO T IS R I 3 X AR Ge Al
KBAFIZ W, B it EDO X3 F k47 7 2l it Jf
A F O TSR 9 07 RN 4y FTISMC, L 5¢
BAE RGE LA @, BES P FEE B BER Lo, « 52 KUAE
MHRE.,

HH

dg /]

! a
dq /le—{ ap fa g

A A A

off |&——{/ abc

RIHL
N -—
d/dr = 1ERRES -~
—

K 3 3T EDO Y FTISMC J5#
Fig. 3 Schematic diagram of FTISMC based on EDO

4 HELERESH

N T IR T B 4 o SR I B A0 B, 7E MATLAB/
Simulink H* £ @8 JE A7 0 BT 5T A FTISMC, P1L X
BRE17 042 09 B2 4 ¥ A 2 il 2% Cintegral sliding mode
controller, ISMC) 55 9E £k P£ §™ 5 R 2 W P #§ (non-linear
extended state observer, NLESO) 45 & 1) 2 #i 5 W& . 3C
TRC T8 T4 1 A =l 7 S PR e 24 i T A 12 33 422 1) (NF TSMIIC)
SREME AT X LEATF ST WL AE B XL A8 AL R XL 3 i XL
T MPPT #EHIBRERACR ., ROV EBREFENHTAS
Honk 1 iR,

*1 RBERZEIESH
Table 1 Parameters of wind power generation system
ZH H{H
WAL 242 6.5 m
FHe A R 6 m/s
FAEMRE L A, 8.1
EBRABEH R Cpoan 0.48
e, 0.4 kg/m®
WXL p 20
ETHIEL 0.01 H
ETHF R, 0.275 Q
FE T HEEE ¢ o 1.1 Wb
BRI B, 0.05 Nmes/rad
— 98 — RS TIEEA

BRI STk, =60.k,=38,k,=5,7,=0. 64,
7,=1.8,D=0.001,g,=0.001,g,=2,y=2,
4.1 ERHBEEST

e AU A1 R IR 2 8 e A IO )R, R A A Oy

|O»Z<tk,|

1 t—t,

L (1 cos(om - 200 ).
cos| 2w T,

v, =< 2
‘ g <t <t,+T,
0t >t,+T,
Kb, HEERWEFIEE] 2, + T, R EERGE R EE ;G ...
B R R Bl . S SBRENt, =25, T, =
45, G =7 m/s,

W IXUFE T 3 R gt Xt L il 286 0 XU B R 2R i 46
WE 4.5 iR,

FH & 4.5 AT, 2 RGEHCE R AR BB (2 s<<e<<6 ), A
SCRA FTISMC 5 EDO 45 & 0 %5 §il J7 ¥ Al e F PIL
ISMC+NLESO ,NFTSMIC X 3 iz il 8% , REfE ST B 75
o M0 40 (AN W 28 A0 B 1 10 T o8 4 BRI B R G 1 o
R o, . BEAA TP e R 53
4.2 HEXMHBEESH

AR IR A S IR AR A 2 18 0 R, LB AR R

0, t <tpst >t,+T,

v, = JV,"W . S s

(36)

Ly <t <t, 37
Ly — 1,
[V to<t.,+T,
rfE B A O B )



5 (rad-s)

,,,,, [0
- -PI
N | . , — - — ISMC+NLESO
,,,,,,,,, NETSMIC
0.1 0.2 03 FTISMC
L L : :
0 2 4 6 ’
B8] /s

PB4 P XU TR S e AL T BRI i 2%

Fig. 4 Generator speed tracking curve under gust wind

—— T
/
|
|
|
| , <o Pl
ol — - — ISMC+NLESO
rrrrrrrrr NFTSMIC
—— FTISMC
1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8
BT /s

Bls BT KUBE R 2 L

Fig. 5 Wind utilization coefficient curve under gust wind

i T, Rl KRR BRI IA) 5 2,0 o2, 43900 7 28 KUY IF
LRAZ R V., A8 KR BRI A {8, K % S
BMRENt,=2s, T, =2s,t,,=4 s V,mo =7 m/s.

AR KPR R B e R i L il £ XU E IR 2R B
LA 6.7 iR,

& 6.7 W, 24 R 2 T 1 KB (2 s<<e<<4 s), PI
sl 7% A1 ISMC + NLESO 2 il %5 77 76 /N U5 IR g iR 22,
NFTSMIC 1778 W &% B9 BHRE B4, FTISMC 2 il #5% g 9% 52
SRR D, B R X KRS 6 s RART
Raersd o e P 353 88 B VE R %o 2 S A B8 B 77 A2 2 R 1
WLOHTE 0.12 s AREIREE E R 3. 7 ISMC+
NLESO & il 4 09 V5 FH R, X 55 3 (0% BR g8 iy g Asf ] K 249 A
0.05 s, fE NFTSMIC £ il &5 E T, % 4% 3 1Y) B B3 A7 7E
/NIRRT LT E 0. 02 s AR EE B, 7 FTISMC
WA AE T, A R R L B R T I ] A, TT DL
0.01 s Py MR, XU REFI T 5 B0t iR R &2 2 AR S .
4.3 BHAXHBEESH

11 4R KUE: A0 5 IR o B AR b 1 4 L EL A AR O Y B AL
P AR SO AR A B XL 3 AR KR R AL XL 4 ol JRU S A 2
B B 0 SR B 1 AR R

Hh B O T

10 -
]
—
9 -
=6 /
E \
* 4} \ e
AP TP
\_ 7 PI
2 . ) | — - — ISMC+NLESO
--------- NFTSMIC
6.0 6.1 6.2 FTISMC
0 1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8
B TH)/s
(a) FERERERHN£%
(a) Generator speed tracking curve
82 r

#5538/ (rad-s™)

2.80 2.85 2.90 295 3.00 3.05
i H)/s
(b) BBk

(b) Partial enlargement of figure (a)
P 6 s KUPE TR & F AL A ol R e ot 2

Fig. 6 Generator speed tracking curve under gradient wind

4R XUAE T % 3 B ot b il 2 R XL A D T 2R
&E 8.9 B,

& 8.9 [ F 1, FTISMC+EDO #2 il #% 78 X3 A
FEHLAS fb 0915 B0 T - 475 e 48 R i R G0 TR 1 5 B MPPT AR
FON= P SRRy 2 U

P 8 J& 3~3.5 s (% i R ) HE ph 2% L M B BEXUE 2R

0.5
04F 05 —
' =
04 f
03F 03 F
S 02 h
021 o
. 1 1 ] - - - _Pl
01F 0.00 0.01 0.02 0.03 0.04 0.05 — - — [SMC+NLESO
--------- NFTSMIC
—— FTISMC
1 1 1 1 1 1 1 ]
0 1 2 3 4 5 6 7 8
BsFE)/s
() JRAEFI R B 2%

(a) Wind utilization coefficient curve

EAARFMEEAR — 99 —



0.49

048 ——
047 [

0.46 -

045

“
044 |

0.47 4 .
043 6.00 6.01

P
042 — - — ISMC+NLESO

--------- NFTSMIC
041 — FTISMC

0.40 : : : '
59 6.0 6.1 6.2 63

Bl /s
(b) () BERBOR
(b) Partial enlargement of figure (a)

F7 s KR T RURE T 22 8

Fig. 7 Wind utilization coefficient curve under gradient wind

B TE)/s
(a) ¥R ER R

(a) Generator speed tracking curve

10
9
70
£
S|
#

8

3.30 335 340 —FTISMC
7 1 1 1 1 1
3.0 3.1 32 33 34 35
NS
(b) Bl (a) RSOk Bl

(b) Partial enlargement of figure (a)

8 HIRRAET % v HLE i BR g ot 42

Fig. 8 Generator speed tracking curve under natural wind

GeN e B8 ETFE 9.3 m/s. 7E 9. 3 m/s K /NIE T %,
ZJE X ETBIEE 9.8 m/s. B A 0w T K. 2 -
Fr AR R . FE PLESHISR AE T SE PRG3R 3. 2,
3.3 5 3.4 s fFAERKEL BN, Al 0 R i R, T B K A

— 100 — HEAPERTFMELAR

2024F B B
$43% FHBH

05
I[]lll[l L '[II'”I|' rllw[[r’rlll ]l']
04t '
03
o
02
- - Pl
01k — - — ISMC+NLESO
--------- NETSMIC
FTISMC
1 1 1 1 1 1 1 ]
0 1 2 3 4 5 6 7 8
i)/s
(a) RAEFIFH Aot 2k
(a) Wind utilization coefficient curve
049
0.48 r /,, 7T T T
047 | / b ’ r
I\
046 !
045
o
0.44
0.43
. ----PI
042 / — - — ISMC+NLESO
»»»»»»»»» NFTSMIC
0.41 5.51 5.52 FTISMC
040 1 1 1 1 1 1 1 1 1
50 51 52 53 54 55 56 57 58 59 60
ia)/s
(b) El(a) BRI

(b) Partial enlargement of figure (a)

L9 AZRMAE T MABER ] & %L

Fig. 9 Wind utilization coefficient curve under natural wind

() A" 8 R B | % O0 36 3 78 ISMC -+ NLESO #5 i 28 i 4
AN SR AE 3.2.3.3 5 3.4 s B S MR AR LI5S
{H ISMC+ NLESO #$l ## £ 1E K2 0.1 rad/s BY IR B R
2537E NFTSMIC #= il g E T, SibrikMiTE 3.2.3.3 5
3.4 s FFAE/NIR IR, BEHR RN B 7 FTISMC
FEHIGROER T, TR A 3.2.3.3 5 3.4 s (ELsh B
LR THEBE  BE 05K ol D B e AN TR Ak i B
M, FTISMC+EDO # il #5 7 XF 0 % %5 8 il 2% 57 S Fe L i
o7 PR, XU RE R P AR B AR AR AE i R XURE R &R 4
b BRI R

5 4 i

ASCERXT D-PMSG 2 48 75 F oK ) 4 B B g o 3ok
1 P i BE R B ) AT I . 4R T — i TR A [
JE I [B) B 43 ¥ A5 4 o SR W . 1 0%, M D-PMISG %% L B
) 700 ) SRR AR, i G ] A A R BRI 1 T TO AR A [
TR AR Vi A o 8 . T B B A T R R i A
PR AR ST L PT AT 2R 5 R 0% 15 25 A 1 58 I () D Wi 8 3 R 05
T MR A% 55 SMC WS ) 32 3/ GE 400 Ui R 2 52 i 1 Jmy PR

Hh BB O T



2024 B B
$43% FBH

38 3o 2 U K oK BSIE T T I Dk A [ N (] A SRR
e, MBS T RS RGN T IRE ), Bt T
EDO XF AR R 3l 2 47 4 1 9 w52 b £ . (5 H A5 AR
K OB Y [ Ao [ B0 1 A8 42 i SR ek 1O T 21 D-PMISG 1
e LA B AR IXGE A A AR L XoF U T3 A 3 il 4 o SR s )
D7 BE SR BT RE R, AR T T R RS
1E MPPT [ BE i f i PR E L S 7 IXUBEFI AR .

& % x o

(1] A% &, JEF ACPT U1 & i R 48 MPPT #5

W] R R G R 5 5 . 2021,49(18) : 119-
127.
SU J, ZENG ZH ZH. ACPl-based MPPT control
method for wind power generation system[]]. Power
System Protection and Control, 2021, 49(18). 119-
127.

(2] W T ARBUY, A MU, S5 95 4 U8 Uk 1 B 8K K K

ML & S AR o e R LD ], i RGP S 4%
i .2020,48(22) : 142-150.
HUANG X N, NI SH F, YANG CH SH, et al.
Adaptive backstepping integral sliding mode control
of direct-drive permanent magnet wind turbines with
command filtering[ ] ]. Power System Protection and
Control, 2020,48(22) :142-150.

(3] SRIFWY, AR, 30, SR T 5L 3 7 48 1 /9 7K 4 )

RN KB RGE R R FERT]L B RELHA
kM 2019, 31(7):143-150.
ZHANG K M, SHI H J, GUO T. Maximum power
control of permanent magnet synchronous wind power
generation system using sliding mode adaptive
control[J].  Journal of Power Systems and
Automation, 2019, 31(7): 143-150.

(4] AL, EBEME, IR KR 2L Ky & 28 48 1 e R

T BRI AW o BB 4 0 LT ] B AX R Ja . 2024,
41(2) :230-239.
JIANG L J,WANG X Y,SU J. Fuzzy fractional order
control for maximum power tracking of permanent
magnet synchronous wind power systems[ J]. Modern
Electric Power,2024,41(2) :230-239.

[5] S5, TR ESO KK RE B IR K R 4 e

Lumi I B R N H A S, 2023,
35(1):129-135.
WU Y. GAO L. Fast terminal sliding mode control
of permanent magnet direct-drive wind power system
based on high-order ESO [J]. Journal of Power
Systems and Automation, 2023, 35(1): 129-135.

(6] BRfEME .M IE 5t . 4080 . 45, 6 T NLESO i K # E
9K g v doe R W 430 B A R LT ). I A H
wHAR,2023,42(8) :47-53.

Hh B O T

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

MRS HA

CHEN D H, LATI ZH G, L1 ZH Y, et al. NLESO-
based sliding mode control for maximum power
tracking of permanent magnet direct-drive wind
turbines [ ] ]. Foreign Electronic Measurement
Technology, 2023, 42(8): 47-53.

PAN L., SHAO C P. Wind energy conversion
systems analysis of PMSG on offshore wind turbine
using improved SMC and extended state observer[ ] ].
Renewable Energy, 2020, 161: 149-161.
POLYAKOV A. Nonlinear feedback design for fixed-
time stabilization of linear control systems[]]. IEEE
Transactions on Automatic Control, 2012, 57 (8):
2106-2110.

HUANG S H, WANG J. A fixed-time fractional-
order sliding mode control strategy for power quality
enhancement of PMSG wind turbine[ J |. International
Journal of Electrical Power and Energy Systems,
2022, 134: 107354.

TR 3 . T R AR 5 R 114 IR L 3R T e K ) R R A
LD K He L Toalk K2, 2021,

BO D D. Maximum power tracking control of wind
power system based on sliding mode variable
structure [ D ]. Tianjin: Hebei University of
Technology, 2021.

FLIESS M. Model-free control [ J]. International
Journal of Control, 2013, 86(12). 2228-2252.
AU, JRE AT, J B A AL RE TR A S WL
i (8 7 TR) 26 v LT B JE A R i A I (D . rh A
ML T2 4] ,2022,42(6) :2375-2386.

ZHAO K H, DAI W K, ZHOU R R, et al. Novel
model-free sliding mode control of permanent magnet
synchronous motor based on extended sliding mode
disturbance observer[ ] ]. Chinese Journal of Electrical
Engineering, 2022, 42(6): 2375-2386.

P 5 4k, X SC B LS. — oKk % [ 25 L JE A
Tl R DR % i ¥ A T 7 VA LT ). L R G AR
5,2023,51(22) :88-98.

ZHAO K H, YI]J] W, LIU W CH, et al. A model-
free super-twisting fast terminal sliding mode control
method for  permanent magnet synchronous
motor[J]. Power System Protection and Control,
2023, 51(22) . 88-98.

BRI B, 35 0 B, A WL PR 48 #8 R B 1 1) PMISM [
SE B 1] TG A 2R 3 AR o ) . H I S R 2 4R
2023,37(12) :156-165.

HOU L M, WEI ZH Q. CAO SH H. Sparrow
search algorithm for PMSM fixed-time model-free
sliding mode control [ J]. Journal of Electronic

Measurement and Instrumentation, 2023, 37 (12):

EAARFMEEAR — 101 —



Al

[16]

[17]

RS A K

156-165.

SAFAEIA A, MAHYUDDIN M. Adaptive model-
free control based on an ultra-local model with model-
free parameter estimations for a generic SISO
system[J]. IEEE Access, 2018,6: 4266-4275.
CHEN Q, WANG L, SUN Y. Adaptive integral
sliding mode MPPT control for wind turbines with
fixed-time convergence [J]. IET Renewable Power
Generation, 2024, 66(5): 1437-1446.

T m R RS E R A K K KRR
e Ky A B i ik BB M BRI [T, W ) R iR
5 ,2019,47(13) . 77-83.

FANG Y Y, ZENG ZH ZH, WANG K Y, et al
Improved integral sliding mode control for maximum
power tracking of permanent magnet direct-drive wind
turbine system [ J]. Power System Protection and

Control, 2019, 47(13): 77-83.

102 — MM BRI A

c0c4F 8 B
H435 FBH e

(18] 220 . WRAR . SCHUM 55 JE T ek 3F w7 S DR ¢ o
RS A A 10 XU ke R et R AR (T, i
L7 ,2023,43(5) :109-115.

LI SH Q, CHEN X, WEN Y X, et al. Maximum
power tracking of wind power system based on
improved non-singular fast terminal sliding mode
inversion control[ J]. Hunan Electric Power, 2023,

43(5): 109-115.

£ & @&

oA AR A, E B R T I B R
et .
E-mail:351229668(@qq. com

AR GREEED T B, FEHR 710 R
6 2C A AR (L B T R G S

E-mail: ranhuajun@ctgu. edu. cn

Hh BB O T



