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Fig. 1. Schematic diagram of the permanent magnet synchronous generator (PMSG) for wind turbine system.
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Fig. 2. (color online) The changes in global character of the permanent magnet synchronous generator with the

variations of the stochastic intensity k, when the parameters are set as Usd = =75, Usq = —15, T = —50 (the

attractor A(1) is marked as red area, its attraction basin B(1) is marked as gray area, the saddle S(1) is marked as
blue area): (a) k = 0; (b) k =0.11; (c) k = 0.12; (d) k = 0.13; (e) k = 0.14; (f) k = 0.15.
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Table 1. The changes in the number of the attractor and saddle with the variations of the stochastic intensity k.
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Fig. 3. (color online) The changes in global character of the permanent magnet synchronous generator for wind

turbine with the variations of the stochastic intensity k, when the parameters are Usd =10, f]sq = —50, Tm = —55
(the attractor A(1) and A(2) is marked as red area, the attraction basin B(1) of A(1) is marked as white area, the
attraction basin B(2) of A(2) is marked as gray area, the boundary of the attraction basin B(1, 2) is marked as
green area, the saddle S(1) is marked as blue area): (a) k = 0; (b) k = 0.0025; (c) k = 0.0033; (d) k£ = 0.0034.

F2  BEEFEHUREE k1A, TS| ORI 5] Bl S A H AR A B
Table 2. The changes in the number of the attractor, saddle and boundary of the attraction basin with the

variations of the stochastic intensity k.

S8k 5T A1) BIR% WEIT A(2) IHEE WEIHIA A B(1, 2) K%k ¥ 5(1) Mgk
0 1 1 427 0
0.0025 44 1 934 0
0.0033 223 2 1062 0
0.0034 0 3 0 144
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Fig. 4. The stochastic responses of the rotor speed of the permanent magnet synchronous generator for wind turbine

when the system is stable, with the parameters Usd = -

75, Usq = —15, Tm = —50: (a) The histogram at ¢ = 50 s

over 2000 trajectories; (b) the mean and the first-third quartile quartiles over 2000 trajectories; (c) the waveform of

one sample trajectory.

190501-7


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 66, No. 19 (2017) 190501

RHVRIEBLR L2 T RENL 5] 15 H IR 513
T BB AT 2 A A i i 5 BT % S BE LR 51 5
U] 22 TR AR SR K8 T SRS .

4.2 FENLBD R HE

RN Sy Mo, & T HIE Uy MU, YA
o WL B 46 T, 16 BUAE 55 3.4 75 41 1R, 47 2 i

450
00 @)

[
(=]
o

—20 —10 0 10 20 30

s Ve
R em—

40 50

t

30
20

10

—10

—20f (e) -

0 10 20 30 40 50
t

5 B Uyg = —75, Usqg = —15, Tm = —50, K
A BRI 8 5 KL IR 20 A0 e R LG T I BE LI, (a)
t = 50 s H7E 2000 % % 1% 144045 B 7 & (b) 7E 2000
FB AR RS R AR A (Mean) #2555 — DU 4 i L
(Qu) M =DA% (Qs) MZk; (c) F—FENLEEA IR
e

Fig. 5. The stochastic responses of the rotor speed of
the permanent magnet synchronous generator for wind
turbine after the stochastic bifurcation happens, with
the parameters 0sd = —75, ﬁsq = —15, Tm = —50:
(a) The histogram at ¢ = 50 s over 2000 trajectories;
(b) the mean and the first-third quartile quartiles over
2000 trajectories; (c) the waveform of one sample tra-

jectory.
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Fig. 6. The stochastic responses of the rotor speed
of the permanent magnet synchronous generator
for wind turbine when the system is stable, with
the parameters Usd = 10, [7sq = —50, Tm = —55:
(a) The histogram at t = 50 s over 10000 trajec-
tories; (b) the mean and the first-third quartile
quartiles over 10000 trajectories; (c) the waveform

of one sample trajectory.
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Fig. 7. The stochastic responses of the rotor speed of
the permanent magnet synchronous generator for wind
turbine after the stochastic bifurcation happens, with
the parameters Usd = —75, Usq = —15, T = —50:
(a) The histogram at ¢t = 50 s over 10000 trajectories;
(b) the mean and the first-third quartile quartiles over
10000 trajectories; (c) the waveform of one sample tra-

jectory.
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Abstract

The permanent magnet synchronous generator (PMSG) for wind turbine system operating under inevitable stochas-
tic disturbance from wind power is a nonlinear stochastic dynamical system. With the random interaction and nonlin-
earity, the intense nonlinear stochastic oscillation is likely to happen in such a system, causing the system to be unstable
or even collapse. However, the PMSG is usually considered as a deterministic system when analyzing its nonlinear
dynamic behaviors in the past researches. Such a simplification can lead to wrong predictions for the system stability
and reliability. This paper aims to discuss the effect of the stochastic disturbance on the nonlinear dynamic behavior
of the PMSG. Based on the derived PMSG model considering the stochastic disturbance from the input mechanical
torque, the evolution of the system global structure with the stochastic intensity is investigated using the generalized
cell mapping digraph method. Meanwhile, the occurrence process and development process of the stochastic bifurcation
are illustrated. Based on this global analysis, the intrinsic mechanism for the effect of the stochastic disturbance on
the operating performances of the PMSG is revealed. Finally, the numerical simulations based on the Euler-Maruyama
algorithm are carried out to validate the results of the theoretical analysis. The results present that as the intensity of
the stochastic disturbance increases, two kinds of stochastic bifurcations can be observed in the PMSG system according
to the definition of a sudden change in characteristic of the stochastic attractor. One is the stochastic interior crisis that
occurs when a stochastic attractor collides with a stochastic saddle in its attraction basin interior, leading to the abrupt
increase of the attractor and the disappearance of the saddle. This kind of bifurcation results in the intense stochastic
oscillation and instability of the PMSG system. Another stochastic bifurcation is the stochastic boundary crisis which
occurs when a stochastic attractor collides with the boundary of its attraction basin and results in the disappearance
of the attractor. This sudden change of the number of stochastic attractors induces the stable solution set to vanish
and thus the PMSG system to collapse. In a word, even the stochastic disturbance with small intensity may lead to the
complete destruction of the stable structure of the PMSG, inducing the system to suffer a strong disordered oscillation
or the operation to collapse. The results of this paper can provide significant theoretic reference for both practically

operating and designing the PMSG for wind turbine systems.
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