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Fig.4 Structure diagram of adaptive model predictive pitch

control for wind turbine based on LPV model
2.1 BERE MPC#EH %
2.1.1 TR
HAE I MPC ¥ 6l #4504 A A A DA - S7
() LPV ARZS 2 (AR | BURAERS (6] 8 T, {4 A
RS A T B ] A 2 B HL LPV AR

x(k+1)=A4(p)x(k)+By(p)u(k)+Bi(p)V (k)
y(k+1)=Ca(p)x(k)

(15)

V(k+i)=V(k),Vie[0,N~1]
x(k)=x(klk)
KA, By, By, Co ¥R B HUL I R G0HE 45

TEREAS RAE ] 5, LPV A5 AR X Ay i A
TR RSV (k+i)=V (k), Yiel0,
N,— 113 B 75 2 A F5000 Fsf 4ol Ay 78] 3 2 A R A
x(k)=x (klk ) F7R R GURZS i i 728 R 8 kil 2%
PR
2.1.2 Rt eR%L

H B MPC FEhil #5910 s 0Om] 2R

-1 2
J= 1S, eyl p+

(16)

U -1 2 -1 2 -1 2
D IS, ell g+ IS, eull g+ IS, Aull,)(17)

i=0

Kie,=x (k+N k)= HLGRIREIREE 0 NE



PG, % LT LPV-MPC % K ¥ UL o) -3 47 P 32 ) R ok

FN s e.=x(k+ilk ) —x, AR DRI AR ER
22 semu(b+ilk ) —un HEHIIRE  u HEFIES
FAl ; Au=u (k+ilk ) —u(k+i-11k) N H I x (k)=

[0(k),w.(k),0,(k),B(k),d(k),d (k)" N k i %]
FPARAS a1 12 5.S,,, S, 23 1 A PR AS AR £ AN il A8 1
I T 5 | % 1) o =CF)R(¥) Sy AT A I R A9
TEBGO, R, Ry, A3 BIIRZS R | s th 2 s o 34
BHORCTRE , FLI R TR | S e, || 2 R
oM IE B M PR LA 1, Bk A bR
B g JoFRIHE, PRIE T MPC P RS e PR,
213 RHEAKR

T RLAE S TALAG B P B RR ], 75 227
il 1e) R e 2 p XU ML AR S PAT B 2 o, ELA
AR A

Buin<B(k+1) <P, Vie[1,N,)] (18)
B(k+i)-B(k+i-1)1B,*T,, Vie[l,N~1]
U BB MRS A FOAF I H5/ IME IR K
(B 380, M A8 S AT RS B IR 18] P 4 5 R AR 2 A
JE,

TEREA PRI, [ & MPC 2825245 s 7
Py IR AR AR IR E N R A AR
2.1.4  RAbRif

FEREAPEHIEIRG , [ &R MPC 7EZ R i 20
RIS R) R

min J,
o (19)
s.t.(15),(16)and(18)

5 R R T X DA A s i [n) R 7 2R
fi# U=[u (kWk) u' (k411 ) - " (k+N,~ 11k ) " JE7E
N N, RS S di A1
22 WEFRZIELS

TERRA AT 2], AR SCR A LPV AR R 58
PRS2 AR BE 38 R A AR AL, R R 2 B A e 2
R IRB RS LKA EBRRES x, AR

B, ARSI 2L T 2255 M P, MK,
R T AR 2 A o 2 A A, A SR
I B8 RS AR SRR, MBS I,
E XN

L =AP, C,(CP, C,+R)" (20)

oL P Rk RS RS B 22
R Fy it TR by 2250
SRIG IR o (k) A RS
x(k+1)=Aw (k) +Bu(k)+B.V (k)+

LIy (h)~Cit (k)] (21)

TE R — b R s i — D HOH R 2=
D7 ZEH W P, HBN R R S0 15 R 25 Wy 25 6 B
R E IR H

P;—llk =AdP:Ik—1A:_AdP:Ik—1 C:LZT +0 (22)
A . Q il M By 25
3 HE&ERSSW

LA NREL 5 MW RUWBL S H LA, KHESEL

W1,

&1 NREL5MW XX ESH
Table 1 Key parameters of NREL 5 MW wind turbine

S HE
HiE D)% PIMW 5
YIARGE Vi /mes™! 3
BB RGE Vg /m = 57! 114
Y XGE V,u/m-s™ 25
SR plkgem™ 1.225
2P Rim 63
VAR L N, 97
e T kg m? 38 677 060
KRR J/ kg m? 534.116
fESIAER TG 2 EE K /N-m-rad”! 867 637 000
FESNEEHI SRR D/N-m- (rad/s)™ 6215 000
AT IRAT R 1) B B 7 /s 0.05
R HALE ) 58K 7, /s 0.02
TSR M, kg 4.84x10°
TR )E D/N-s+m™ 1.24x10°
TSR BE K /N -m™ 2.05x10°

KM 1,/% 94.4

1F OpenFAST F1 Matlab/Simulink EH kT
A0 BN, B03IE LPV B (0 32 A il s 1
AR O B R S KWLETA AT A R 45
ELIA B R 4 id B CPU i7-7700HQ,2.80 GHz
8 GB NAERYTTHE L,

PiELIA DGR RSB BN . eI Ffg
b il R IR AR R R — B g, A A
N E T EE M, RIE RS
AR R, RF AR AR R E O 1,
ARSCH BN F % BN S,=diag ([0.004 8 1.267

<41 -



T RERETR

2024,42(1)

122.910 30 0.4 1]),S,=1, ikl EHE P 184
A 220388 3 SR A T 240 SR e P o ) A ) R 4k
A3 RRASEO AR A L, AU MR 2k
D5 H AR TC B, 17 ¥ N Q=diag(]0.3 0.1
2 0 0 0.01]),R,=0 FIR,=0.05, FHFEmf[H] 5
OpenFAST 4k 7 (%) R FF B 0] O R — 2 T.=
0.012 5s, 7% & MPC 3K fif iy Fe e Ve et i
BB & N,=15,
3.1 LPV BRI BiE

¥ NREL 5 MW 58 23Rt XL Y 18 m/s
JRUTHE AL f o 35 £ AR AR FNAR SCHE HE Y LPV AR
PEATFRERIR B X HE, DLIRBRAIE LPV AR A il
P, RIABBRAR I XGE (12, 14,16, -+, 24 m/s)
A3 HEAS 3 MBI ) e AL SR RS i — B e
Bl RS IR R, X L2 AN E 5 R

25
20
°
15

10 2k

10 0
0 50 100 150 200 250 300 350
HifA]/s
(a) R IR

1500
P OpenFast AL
‘E 1400 | =1 - — = .LPV A
B i R LR P
=L 18 m/s SAEBAL
B i S —
S My
2 1100 T
&S

1000

0 50 100 150 200 250 300 350

i al/s
(b) e B T FR

0.5
OpenFast F57
0.4 - = = -LPV By

R 18 /s ZRPEAAY

I AL /m
o o
oW

S
=

0 50 100 150 200 250 300 350

A/
() BETHUFT /S 25 M4 I 2R
B 5 LPVERIIGHE

Fig.5 Validation of LPV model
& 5 A, AEIE B AR S O, 18 m/s JRif
AMERIA RGBS )W 5 NREL 5 MW AH 22 8¢
K, K2 T RALA IRt , B — iy Ze i AR
A BB 7E RS MR S AR L A A A 1Y
—Z T LPV AL AT AE JXUH A A2 AT 9K

.42 .

5 NREL 5 MW XML R ¥ 20 17 (il 2648 AR 47 1)
— Bk AT R R (R 2 SR FE 4%
g1 iR 2E (MAPE ) F8 5 R #4750, 455 R IR (18
m/s A 1Y Ry AR e VALY 5 NREL 5 MW 58 42
A 2 1 455 R0 1Y & v BIL A% T A R Y. MAPE 2Ry
6.81% ,3E T2 7 F2 1Y) MAPE & 6.52% , i 44 2=
PR AR SCHEST AR HLAL LPV Bi% 5 NREL
5 MW 52 4 AL MR AR i X5 7 48 45 2351 4 0.46%
1 5.47% , 2 AR SCHEST I KL HLAL LPV BERDRS
FEAT LLAR 42 [ iE N MPC 5 Hil g ry stk
32 AiEm MPC 324 245 A 547

KA KA BRI, 5 GS-PI il 133
MPC (18 m/s Bi—F 7 MPC ) #5515 W& 17 % [
XPASCHRE 3 LPV ALY FH & W MPC 4 il
5 (LPV-MPC) AT, i TECWind
AR A A A IR 15 R 4 ) 45 SR
& 6 iR,

HH I 6 AT, 7R 578 R BR R T, AR SCHE
BT LPV ALY [ 3E Y MPC 8 il 2% RE A% K st
PRI R AT AR B, BRI SSAR X A 25
U BNV AR RN 2 o W (L, 742 400 KGR, 3
MPC e B R G, AT R AR 280547, BE

20

10
50 100 150 200 250 300 350 400

K /m s

] /s
(a) K3
5600} ———-GS-PI
B ! ! —emem MPC
Z 5400/ 1 b LPV-MPC
Fowfoy bobo "
by h ! i
55000—‘]}{:,VJ\;_~JM; el
54800 LI S B
4y 4600/ AR
4400/ !
50 100 150 200 250 300 350 400
/s
(b) BHALTIZR
30 ‘
——==-GS-PI

50 100 150 200 250 300 350 400
st [ /s
()% A



PG, % LT LPV-MPC % K ¥ UL o) -3 47 P 32 ) R ok

[V 5 Sl S #FO\ L O N
"—-Tj?;:j
. ié
ssw ;
S
5
{

R — BTS2 AH/10° kKN - m

50 100 150 200 250 360 350 400
[l /s
(d) IR — B R E 24
Bl 6 GS-PI,MPC 5 LPV-MPC iz H88{EAExILE
Fig.6 Performances comparison between GS—PI controller
MPC controller and LPV-MPC controller

REARR T VA1 B (R AR R 2, SO T A TR A,
AR 1R P e A

AHEE T30 MPC (18 m/s B—HRI MPC)#5
il %% , LPV-MPC 7£ i XU RN S8 ST 45 KU DX [B] Fiof
R G ERE, RN RIR T IR
i E O SR R R S e O L] I 1 2 A=
TFUEE (R, Sk T (AT il HERE XS H BN BA &, SR -
BHE bR 2 g R T Ak, g5k 2
FR

F2 FHERBUSW

Table 2 Quantitative analysis of simulation results

2 PEREFEPRE  GS-PI MPC LPV-MPC
KL FHE 50075 4990.0 4996.5
B brife 115.90 73.18 73.51
ARAESH S 11.62 11.76 11.72
(°) brifE22 1.25 1.12 0.88
P SL AT FHIE 41651 41348 41273
kN-m FrifE2E 10760 11283 79332

HH 2 2 AJ 21, MPC 425 1 56 I (14 2 58734
(H 5 AR B 25t A, TR B o bl 2 A
K, HEEFE R B 18 m/s HUE TOLH, KL
A AR LR P AR R G e, S B i PE RE R
LPV-MPC #Z il &8 & IR hEAR, D574
{ESENHZT 5 MW, M T GS-PI 3l 4% , TR0
R T 36.57% , B I BRI T 26.27% ; A& 3%
FEHISHEDPR T HEE KT 0.68%, BSFEILT
29.6% ., XULIAASCRTIR TR T LPV ALY B
TGN MPC ¥ i 25 e % A0 KGR BB AR R, 7843
FIFH ML AR 55, b e AR 24 ol
Lok v 1 i e S e R = i 3 A o
4 g

BRI AU ATLZH Sy R — Ay Bp R P o, A

SCERH T —F3ET LPV X ALLRE T R A
T2 I PR T e ] S A LR S AR A 1 B
1, S0 T R AR 5 — 2 for D) AR 2 4 i

(DfE By OpenFAST #1 4, fifi FH2E 38l i ik
AT AT FAAS 5 RS 0 00 XL i 4, R
[i] Bt B S RE A8 A AU TE T KL Ry SR PR A (1Y)
VEHR, [EAEEAY LPV AR A A R 14 4>
KR 44>,

@Y NREL 5 MW JEZ M KL RLAH 1L, A%
SCHENT I LPV XUBTUAS 7Y ) 2 FiL AL 2 3 5 T 2
Hi1 A2 A% T BRI 97 () F- $47 406 b 7 40 He i 2243 R
0.46%F1 5.47%, 1% LPV FERIn] L J7 e A 7Y JXUE,
ML AEL A sh SRR, RERSIHE 2 Jedt s hil#e iy
WitFTKR,

QTERA PR T, 55 L PLE=H#55
&5 MPC IR M EL, HIEN MPC ¥ 5 %8 REAS
FERFAN SRAE Ao 22 BB XL A8 A, B FIOAS Y | 3
SRR B A e N 20 R LA R B R A, A
i MPC $5 6l 25 RE R A0 S A AR 22 7 il Zh AR | AR
T IR B R AT A, R TR Sk
T BRI Bhg | SePE T DRk far s il

SE k.

(1] BN, a2 ), S5 RA B b XU LA & e
BUR BOCHEEOR ] D R S8 A 314k, 2021,45(21) -
33-47.

2] ZEAR, ERIe, A, 458 TR AL O] 42 il ) X
FLHILZEL L 22 GE 57 AT WEFE (1), 3h 0 TR,
2022,42(8).745-752,768.

[3] J Jonkman,S Butterfield, W Musial, et al.Definition of a
5 -MW reference wind turbine for offshore systems
development [R].Golden:National Renewable Energy
Laboratory ,2009.

(4] FEoxWy, XUEEE WIBH , A5 2T P00 42 1l A4 I X
HLe THD R B RS ()] B MEAR,2020,44(7) .
2520-2528.

[S] S K El -Baklish,A A El -Badawy,G Frison,et al.
Nonlinear model predictive pitch control of aero—elastic
wind turbine blades [J].Renewable Energy,2020,161,
777-791.

[6] T, BIS7, AHFFAE LT Wiener HRAAG XS] A HL R SR
ARSI ()], RGO EAER,2022,34 (8):1741-
1749.

[7]1 1 Bernabé,F A Inthamoussou,D B Hernan.Wind turbine

<43 .



9l

B HREREJR 2024,42(1)

load analysis of a full range LPV controller [J].
Renewable Energy,2020, 145.2741-2753.

M A Abdelbaky,X Liu,D JiangDesign and implementation
of partial offline fuzzy model-predictive pitch controller
for large —scale wind —turbines [J].Renewable Energy,
2020,145:981-996.

T T Georgiou,M C Smith.Optimal robusiness in the gap
metric [J].IEEE Transactions on Automatic Control,

1990,35(6) : 673-686.

[10]

[11]

[12]

D Q Mayne,] B Rawlings,C V Rao,et al.Constrained
model predictive control ; Stability and optimality [J].
Automatica,2000,36(6),789-814.

T Nikolaos,R Pastorino, B Stojadinovié.Adaptive model
predictive control for actuation dynamics compensation
in real —time hybrid simula —tion [J].Mechanism and
Machine Theory,2022,172.104817.

M Buhl,J Jonkman. “TECWind” [EB/OL].https : //www.
nrel.gov/wind/nwte/iecwind.html,2012-09-14.

Coordinated power—load control strategy for wind turbine
based on LPV-MPC

Liang Dongyang, Song Ziqiu, Liu Yajuan

(School of Control and Computer Engineering, North China Electric Power University, Beijing 102206, China)

Abstract: Pitch control of large wind turbine is a complex nonlinear control task. How to achieve

power regulation and load reduction under system constraints and wind speed disturbance has become

a problem. For this problem, a control-oriented linear parameter varying (LPV) model is constructed

by using mechanism and parameter identification methods. The gap metric theory is introduced to

reduce the complexity of the model, which provides a more accurate linear model for control design.

Based on the obtained optimal states, an adaptive model prediction pitch controller (MPC)is proposed

with the change of real-time wind speed. The coordinated control of power—load for large wind turbine

can be realized under the conditions of system constraints. The simulation examples of OpenFAST

show the effectiveness of the proposed model and controller.

Keywords; wind turbine; pitch control; linear parameter —varying model; adaptive model

predictive control; power and load control
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