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Table 1~ Objective function weight coefficient
A/ - 24 X3/

(m/s) (m/s) “ * * o
[6.,9) 7.5 1 0 1 1
[9,12) 10.5 2 0 2 0.01
[12,14) 13.0 1 5 2 0.001
[14,18) 15.0 0 5 2 0.001
[18,21) 19.5 0 5 2 0.001
[21,27) 24.0 0 5 2 0.001
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Fig. 7 Simulation results in low wind speed range
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Table 3 Comparison of results in low wind speed range

TR K BER 5 e L
iy
SERE/MW SERY RMSE MAE A RMSE MAE
oTC 1.212 0.453 0.019 0.013 7.786 0.897 0.79
WA HI+0TC 1.225 0.458 0.016 0.01 7.806 0.749 0.637
PINN-MPC 1.242 0.461 0.013 0.009 7.965 7.466 0.634
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Table 4 Comparison of results in rated wind speed range
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Table 5 Comparison of results in high wind speed range

FEHIIT izt PID PINN-MPC
RMSE 0.51 0.01
i34/ (r/min ) MAE 0.424 0.003
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RMSE 0.256 0.081
MAE 0.218 0.079
TIR/MW
STD 0.23 0.013
SEHE 2.807 2.811

—

[\

co
1

rrrrr o T —

PINN-MPC

—
NS}
~

—_
39
W

KWL/ (r/min)
o
N

—_
[\
NS

22.5 30.0 37.5 45.0
s [a)/s

K10 ZHCKRECG 50 IR

Fig. 10 Comparison of parameter mismatch scenarios

x6 SHAMFARERILE

Table 6 Comparison of results in parameter mismatch scenarios
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)

REIE 1.189 1.223

MR 22 BR A TE R FME IEAERLAY PINN-MPC 4 il - 15
YR 250 0.445, ¥ 07 AR 258 0.643, ¥ 1 TR A
& IEBE 11 58 MPC il %%%E?i&%ﬁ?#“ﬁwﬂ%ﬂ%m
Wil RGeS IR 2 AE BT WaE Bk AR e . g5
i&ii&'@,Xfrﬂ?%%%ﬂ’@%wéHé%ﬂ@mafwﬂﬁﬂﬂﬁ%%ﬂﬂ
07 25 AL Gt il O SR AT L, ARURE SR K AR A 7R L )
it e KA A ) S T A U o S BRLGRT  E  oR
ShaE R 2 ey RR A M B R B Y S 5
PEEE )T T VEATVEAL G5 R 11 FrR . Horh  ERRE S L
Yy 503 N T ER AR G A ) 5 SO AN BT i e e
it b, FE A% 4% 3004000 o bl 3 T AR R S 5 4 A I —
fhJE Xt e g SRR W bR T AR IR Ay S ol e 4 1 e
AR AV R B8 B (1 B 177 2 BE A1, T3R5 1 O s 1 F 1% 40
Py 2o b TR AL G AR AR R B 1 A&
IO Ja M L XA AR 7 R R AE R 1R G — W 4R T AR A E
N S B HLLL ] A SR BT R 22 S S B S RO 2%

NGRS
%ﬁ*% mzmm

—==PINN-MPC
——OTC

——PID / \ \
EZ2575 A \ P I

N
e

Wi TR ﬁ 11 fAT

BUE AR E
R RRNECS Ui WiRE= 2Ry A iy

Fig. 11  Comprehensive evaluation of various control methods

4 £ ®

N S B RAT Je LA A 4 X B A e K JRURE il 4
BRI T o] e T sk e o ) 207 A i o R R g i AT, Bl —
Fp LT PINN BRI MPC 45 1 5 W, 3 3 B i DLy ik &2

FeI P M2 5 MPC = TIREZRARSS &, BRAf % T S vk i
SRS I S fE 7, SR AR R T A v B R R e . MPC
Fas bl 1 5 T AL 5 45 ) H AU R i 22 170 I B o 45
WM YR T Z B R R . SCRss BRI, i
s ) SR W LA 8 o K B A 4 R R AR A A 4 XU B T
FSE R ARG RIS HR T OTC WG AR5 ) 55 PID 3 HE
19 1 B ] 52 B S5 KRR R FH 3 ol B oy s i 1 AR 4%
TP FE b , AR SRR BT 15 go s il =X

(&% 30k ]

IR, AR WU A KU B AL E T L
AGE R[], H EHB LT AR, 2012, 32(27): 1-

\j&

(1]



412

KX H

>

[Ny

i 476

(2]

(3]

(4]

[5]

(6]

(7]

(8]

[9]

15.

HE Y K, HU J B. Several hot-spot issues associated with
the grid-connected operations of wind-turbine driven
doubly fed induction generators [J]. Proceedings of the
CSEE, 2012, 32(27): 1-15.

YANG B, LIU B Q, ZHOU H'Y, et al. A critical survey of
technologies of large offshore wind farm integration:
summary, advances, and perspectives [J]. Protection and
control of modern power systems, 2022, 7(1): 1-32

I, BASOH , AT . SR S AP A ML B 7 ik
BFFELT]. D RGO 54, 2023, 51(18): 43-51.
WU X, ZHAO W B, ZHU R. A novel control method of a
squirrel cage asynchronous generator for a wind turbine
[J]. Power system protection and control, 2023, 51(18):
43-51.

WRBUR, B a AR, E50dr, % KO0 A R R I3 R
ER AR B By M [0, & iR 4R 2010, 36(5)
1322-1326.

CHEN Y D, YANG Y L, WANG L Q, et al. Maximum
power point tracking technology and simulation analysis for
wind power generation [J]. High voltage engineering,
2010, 36(5): 1322-1326.

ASGHAR A B, LIU X D. Adaptive neuro-fuzzy algorithm
to estimate effective wind speed and optimal rotor speed for
variable-speed wind turbine [1l. Neurocomputing, 2018,
272: 495-504.

2R, REIE, ZRAAL, BF L Al I L 1Y e K )R
AT ER I (], AL S F 244, 2015, 19(12) -
94-100, 106.

LI J, ZHANG K Z, LI S Q, et al. Maximum power point
tracking control with active disturbance rejection controller
based on the best tip speed ratio[ J ]. Electric machines and
control, 2015, 19(12): 94-100, 106.

SABZEVARI S, KARIMPOUR A, MONFARED M, et al.
MPPT control of wind turbines by direct adaptive fuzzy-Pl
controller and using ANN-PSO wind speed estimator [Jl.
Journal of renewable and sustainable energy, 2017, 9:
013302.

PR, ST, NI R, 55 R T B A K
WL B2 e R I R R B SR W ST (0], R PR AE 24 41,
2024, 45(10): 607-615.

LIJJ, LOUY L, YING J L, et al. Research on maximum
power point tracking strategy of wind turbine based on
direct speed control [J]. Acta energiae solaris sinica,
2024, 45(10): 607-615.

RIERL, M, TRBEIE, A5 BUE F IO K K

[10]

(11]

[12]

[13]

[14]

[15]

[16]

WG T 8 A St B 20 1 B AR il [0 ). K BHBEA 4K
2024, 45(4): 206-213.

ZHU L C, XIAO Y, SU X Y, et al. Sensorless back-
stepping direct power control of dual-stator brushless
doubly-fed wind power generator[ J]. Acta energiae solaris
sinica, 2024, 45(4): 206-213.

KHAN M J, MATHEW L. Comparative study of
optimization techniques for renewable energy system [J].
Archives of computational methods in engineering, 2020,
27(2): 351-360.

TR, it B, WIBH . SRR BEA T A9 e it R 58
TR i e R D) 28 B BRI AR [T ). g AL TR
4, 2015, 35(10) : 2367-2374.

LIU J Z, MENG H M, HU Y. Efficiency optimization of
optimum torque maximum power point tracking based on
gradient approximation for wind turbine generator system
[Jl. Proceedings of the CSEE, 2015, 35(10): 2367-2374.
MOUSA H H H, YOUSSEF A R, MOHAMED E E M.
State of the art perturb and observe MPPT algorithms based
wind energy conversion systems: a technology review [J].
International journal of electrical power & energy systems,
2021, 126: 106598.

UDDIN M N, AMIN I K. Adaptive step size based hill-
climb search algorithm for MPPT control of DFIG-WECS
with reduced power fluctuation and improved tracking
performance [ J]. Electric power components and systems,
2018, 46(19/20) : 2203-2214.

CORTES-VEGA D, ORNELAS-TELLEZ F, ANZUREZ-
MARIN J. Comparative analysis of MPPT techniques and
optimal control for a PMSG-based WECS [C]//2019 TEEE
4th Colombian Conference on Automatic Control (CCAC).
Medellin, Colombia, 2019: 1-6.

HR, TR, TRE. 217 S HUR A U KU AL Pk
G LB SR ERT FE ()], KBB4, 2024, 45(3) : 54-
64.

CAO N, SU Y N, YU Q. Study on oscillation mechanism
and features of doubly-fed wind turbines with operating
parameters changings [J]. Acta energiae solaris sinica,
2024, 45(3): 54-64.

REE, TN, BTAE, 55 AR E X & LA
BEREORZERLT]. A ARG ASL, 2010, 34(10) : 8-
17.

SONG Z Y, WANG X F, TENG Y F, et al. Overview of
control technologies for variable-speed constant-frequency
wind turbines [J]. Automation of electric power systems,

2010, 34(10): 8-17.



610 K B JE T 2 0 25 1 X BLZE 2 - o B ) s ) S s 413
(171 ®&Hr, BFE, TR, 4. XA ik sh o R85 control [J]. Acta energiae solaris sinica, 2023, 44 (6) :

[18]

[19]

[20]

(21]

[22]

(23]

FELT] B AL T R4, 2013, 33(13): 85-91.
ZHAO Y, ZHOU W, YU P, et al. Study on regulation and
control of active wind power fluctuations [1]. Proceedings
of the CSEE, 2013, 33(13): 85-91.

INRT, TR, T, 4. JETRREE I R AL A KU AL
YU T AR I BT (1], A B RE2EHE . 2023, 44(10) :
266-274.

SUN X Y, XIANG D, DING W, et al. Research on
individual pitch control of wind turbine based on sparrow
search algorithm [J]. Acta energiae solaris sinica, 2023,
44(10) : 266-274.

A, TRIRUE], A . TCR RS X T A H ALY A2
Wi KR IIABRER L] ). R REAHE, 2014, 35(11): 2279-
2286.

JIN S, ZHANG F G, ZHU L C. VSCF maximal power
tracking for brushless doubly fed wind power generator[J].
Acta energiae solaris sinica, 2014, 35(11): 2279-2286.
2R, SRAET, ER, 55 T O R i XU
I3 % F AL R S AR A B AR [T ] F I e AL T
i, 2012, 32(7): 32-39, 188.

LI H M, ZHANG X Y, WANG Y, et al. Virtual inertia
control of DFIG-based wind turbines based on the optimal
power tracking [J]. Proceedings of the CSEE, 2012, 32
(7): 32-39, 188.

AFSHARIAN S, KARIMPOUR A. Wind turbine power
tracking using multiple model predictive control [ C /2013
21st Iranian Conference on Electrical Engineering (ICEE).
Mashhad, Iran, 2013: 1-6.

AT, S BRI, 55 KB X ML O B A i
BRSO P2 1 O vk [0 . b R L T RE 244k, 2016, 36
(18): 5062-5069.

HAN B, ZHOU (L /X)W, CHEN H, et al. Approach to
model predictive control of large wind turbine using light
detection and ranging measurements [J]. Proceedings of
the CSEE, 2016, 36(18): 5062-5069.

FHPE, IR, R, 55 T 13 0 A A T 42 ]
A9 RIXHEALEL MPPT J5 35 [T . KRB, 2023, 44
(6): 501-508.

TIAN D, ZHOU C K, TANG S Z, et al. MPPT method for

large wind turbines based on adaptive model predictive

[24]

[25]

[26]

[27]

(28]

[29]

501-508.

JRIAL, (AT, FANCEE, 55 . AR T GRU FIEE AL
i BRI LI R AR RS I L) ] i RGP 545
i, 2021, 49(24): 141-149.

SU X J, SHAN Y H, ZHOU W X, et al. GRU and
attention mechanism-based condition monitoring of an
offshore wind turbine gearbox[J]. Power system protection
and control, 2021, 49(24): 141-149.

deds, T, ml, S W RRE BN 4 P AR I
AR L) ] AL T 254, 2024, 75(11) : 3835-3856.
ZHANG C, LI X, YE M, et al. Application of physics-
informed neural network in two-phase flow [J]. CIESC
journal, 2024, 75(11): 3835-3856.

KT, SR, mER AR, LR T W HE B W 4R
(PINN) J7 i Wy &5 ¥ g Sy B 3 #r [J/OL . TAE 157, 1-
12[2025-01-02 1. http: //hp.kns.cnki.net.shiep.vpn358.com/
kems/ detail/11.2595.03.20240822.1525.006.html.

DUK, QIJ, GAO J W, et al. Structural dynamic response
analysis based on physical information neural network
method [J/OL]. Engineering mechanics, 1-12 [2025-01-
02]. http: //hp.kns.cnki.net.shiep.vpn358.com/kems/ detail/
11.2595.03.20240822.1525.006.html.

mERE, TPE R, (L, BT RE B A2 AT
5L s B S A SBR[ ] TR
A, 2024, 39(15) : 4654-4667.
XIANG C Q, YIN X Y, WU X, et al. Parameter
identification of DC-link capacitor in traction converter
based on physical information neural network [Jl.
Transactions of China Electrotechnical Society, 2024, 39
(15): 4654-4667.

WILLIAMS G, WAGENER N, GOLDFAIN B, et al.
Information theoretic MPC for model-based reinforcement
learning [C]/2017 TEEE International Conference on
Robotics and Automation (ICRA). Singapore, 2017:
1714-1721.

SHI G Y, SHI X C, O’ CONNELL M, et al. Neural
lander: stable drone landing control using learned
dynamics [C]//2019 International Conference on Robotics
and Automation (ICRA). Montreal, QC, Canada, 2019:
9784-9790.



414 Kk Eird 47 %

mp
4l

COLLABORATIVE CONTROL STRATEGY OF TORQUE-PITCH ANGLE OF
WIND TURBINES BASED ON PHYSICS-INFORMED
NEURAL NETWORKS

Mi Yang', Yang Xi', Han Yunhao', Li Chunxu', Yuan Minghan®, Zheng Xiaoliang’
(1. School of Electrical Engineering , Shanghai University of Electric Power , Shanghai 200090, China;
2. State Grid Shanghai Municipal Electric Power Company , Shanghat 200122, China;
3. School of Electrical and Information Engineering , Anhui University of Science and Technology , Huainan 232001, China)

Abstract: Under low wind speed conditions, conventional maximum power point tracking (MPPT) control strategies fail to effectively
account for the dynamic influence of the pitch angle, leading to reduced wind energy utilization efficiency. Under medium and high wind
speed conditions, traditional Pl-based pitch angle controllers struggle to maintain stable power output. To address these challenges, this
paper proposes a collaborative optimization strategy that integrates Physics-Informed Neural Networks (PINNs) with Model Predictive
Control (MPC). The PINN model accurately captures the dynamic characteristics of wind turbines, while an online training mechanism
based on a stochastic weight adjustment algorithm enhances adaptability. A unified MPC strategy is developed, considering both torque
and pitch angle as control variables. By dynamically adjusting the cost function, the proposed approach achieves maximum power
tracking under low wind speed conditions and ensures stable power output under medium and high wind speed conditions. Experimental
results validate that the proposed method significantly improves the dynamic response of the wind turbines, enhances real-time control
performance, and increases wind energy utilization efficiency.

Keywords: wind turbines; model predictive control; maximum power point ttracking; neural networks; pitch angle control; wind

energy utilization coefficient



