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Abstract

(Variable-Speed Variable-Pitch) wind power generation with big random disturbance , multi-state operation

A control model based on hybrid automata is proposed for the complex system of VSVP

and time-varying structure,which takes the output power,rotor speed and pitch angle as the main study
objects. With fully consideration of the coupling relationship between variable-speed control and variable-
pitch control ,the control process is divided into four stages and the control algorithm combined with the
estimation control is given for the controller of each stage. The simulation model of a 1300 kW VSVP
wind power generation system is established with MATLAB/Simulink toolbox and the simulative results

show that,with the proposed control model,higher wind power utilization efficiency and better power

quality are achieved.
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0 Introduction

VSVP(Variable-Speed Variable-Pitch) generation
system will be the direction of large wind genera-
tor’s development in the high volume wind power
generation system. But adding VSVP devices to the
system will complicate the control system,and tra-
ditional control models have been unable to get the
ideal control effectiveness. In recent years,many
scholars have done a lot of research to improve the
control method such as variable structure control'’,
adaptive control®,predictive control®®' fuzzy control”’
and so on. In the cases of multiple loading condi-
tions operation, heavy random disturbance,hided un-
certain factors and time-varying structure,adopting
above control structures and methods can make
better control effectiveness,but it will cause serious
fluctuation of the output power.

VSVP wind power generation system has the
typical hybrid system’s structure. In a certain work
model,it’s a continuous dynamic system driven by
the time;while changing between diversified work
models,it can be regarded as the event driven dis-
crete dynamic system. This paper focuses on the
division of the state space in hybrid system,a hy-
brid automata control structure applied to VSVP
wind power generation system is set up. As estima-

tion with certain information foundation is a useful
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way to overcome large inertia delay of the wind
power generator,estimation control of chain system

3681 is used to realize the system’s control

theory
algorithm,which is the innovation from other con-
trol. Section 1 presents the analysis and model of
the control structure. Section 2 realizes estimation
control algorithm. Simulation results are given in
section 3 to verify the proposed control strategy.

Section 4 is conclusion.

1 Analysis and Model of VSVP Wind
Power Generation System

The structure of the VSVP wind power genera-
tion is very complex,through mechanism analysis,
the model of the control structure is set up.

1.1 Structure of VSVP Wind Power Generation
System

VSVP wind power generation system consists of
three main parts:generator,transmission and wind
rotor.

The discussed generator in this paper is three-
phase wound rotor induction generator. According to
reference [ 9 ], without thinking the change of wind

direction,the electromagnetic anti-torque is given in

the d-q reference frame rotating at synchronous
speed as follows:
L
Te: anin.][&] (2N ( 1 )
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Where n, is the number of poles,L, is the in-
ductor of the rotor,L, is the mutual inducor be-
tween rotor and stator,o, is the total rotor flux
vector,and 1, is the g-axis current component.

Ignoring the stator copper loss,generator’s output
power(P,) is equal to electromagnetic power(P,).

P=P.=T.w, (2)

Without thinking of transmission damping of
the wind rotor and the generator,the rotor rotation
equation can be deduced as follows:

o1 1= | (T=nT)ds 3)

In the above equation,/, is the rotational inertia,
n is the gear transmission ratio,and T, is the out-
put torque.

From equations(1)—(3),we know that the elec-
tromagnetic  anti-torque of the generator can be
controlled by the ¢-axis current component,so that
the rotor speed can be regulated.

According to empirical formula"™ the mechanical

power of the wind turbine extracted from the wind is:
P.= pﬂCp(/\ Bv? 4)

Where v is wind speed; C, is the power coeffi-
cient of the wind turbine,which is a function of
the tip speed ratio A and the blade pitch angle 8.
An empirical formula'"' is introduced to describe

C, as shown in equation(5).

_ _ oo T(A=3)
C,=(0.44-0.01678)sin 15034
0.00184(A-3)8 (5)
A is defined as:
A=k (6)

B can be reduced as a first-order inertia link"?;

B
Bls)= Tys /Kyt 1 (7

Where S, is inferred to as input pitch angle, T}
is inferred to as time constant,Kp is scale factor.

From the above analysis,the structure diagram
of VSVP wind power generation system can be
obtained as shown in fig.1.

In fig.1,U is the control signal of pitch change
and 1,

can see that the processes of pitch change and

is the control signal of speed change. We

speed change are intercoupling,so the traditional
control structure is difficult to achieve the desired

control effect.

— c—V _p
E) variable-pitch i|Cl,()\ B) }—I>|wind rotor

control

q
—>| generator

Fig.1 Structure of VSVP wind power
generation system

1.2 Model of Hybrid Automata

The basic control strategy can be determined
by the performance evaluation of the VSVP wind
power generation control system as follows:when
below the rated wind speed,in order to obtain
maximum wind energy,the wind turbine adjusts the
rotor speed to maintain optimum tip speed ratio;
when above the rated wind speed,it changes the
blade pitch angle and limits collection of the wind
energy to keep a rated output power .

The control schematic is shown in fig.2. Where
w, is the rotor reference rotate speed,and P, is the

generator reference power.

‘discrele monitor system|

|_interface part

r>| multi-mode
P controller |i U
A

variable-pitch

v setting values

control process

Fig.2 Control of VSVP wind power generation system

The control system consists of discrete monitoring
system , interface part,setting values of the control
loop and multi-mode controller as shown in fig.2.
Discrete monitoring constantly adjusts the setting
values of the control loop along with the wind
speed change. Using control signals,multi-mode
controller makes the processes of pitch change and
speed change to follow the setting values.
1.2.1 Discrete Monitoring System

With  the of hybrid

theory ,the equation of mathematical model of the

combination automata

discrete monitoring system is built as follows:

H=(Q,L,V.i.fi(q).f(q)) (8)
Q=,P,0,,6,,85,04) 9)
L=C(s1,52,53,54) (10)

V= (vo,Py,6,=1,6,=0,6,=0,6,=0) (11)

Si(@)=(fi(s1) f1(s2) fi(s3) fi(s4)) (12)
F(q)=(f1(81) .f2(82) .f5(85) .fa(84) ) (13)

In the above equations,() and L are finite set
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of discrete states and finite set of continuous state
respectively, Vi; is a set of the initial values of
variables and initial state space,fi(q) represents
continuous state evolution rule for each discrete
state g € Q,f2(q) specifies an enable set for each
state,P is output power of the wind turbine,§;
represents discrete state variables in different work
modes,s; is referred to state space for different
wind speeds,and i=1,2,3,4.
1.2.2 Interface Part

Mutual transformation between discrete vari-
ables and continuous variables is the main task of
the interface part. The mapping between the set of
continuous states and the set of discrete events are

described as follows:

61:1 V<V,
5= |27 vaSv<on PusPi<hy (14)
83=1 UN$U<UnulaPN‘:P\J<P§
54:1 1}21}0“[
S|:1 8]=1
32=1 82=1
- 15
il N (15)
54:1 5421

Where v;,,0y and v,, are start wind speed,rated
wind speed and cut off wind speed of the wind
turbine respectively, Py is the rated power.

Combining equations (14) and (15),the mutual
transformation between discrete events and conti-
nuous state space can be achieved. Through these
mappings,the dynamic behavior of the controlled
process can be controlled by the decisions of the
discrete monitoring system.

1.2.3  Setting Values of Control Loop

P.; and w, are the setting values of the control
loop. Control loop can adjust the values according
to the operational status of the wind power genera-
tion system.

The references of power and rotor speed are

given as follows:

O 81:1
Pmax 62:1
Py= 16
= p 8=l (16)
O 54:1
wnhj 62:1
w,.= W\ 63:1 (17)
0 otherwise

To ensure the optimum tip speed ratio and

maximum wind energy utilization efficiency,the optimal

P, is determined by the following equation'*'.

Pr=K (@-04) +K. | (-0, di+K,AL=00) (15

Where K,,K; and K, are proportional coefficient,
integral coefficient and differential coefficient respec-
tively. The objective speed of the wind rotor w,; is:

W= (WAy) /R (19)

Where A, represents optimum tip speed ratio.
1.2.4  Controller

The blade pitch angle and rotor speed are the
actual control objects of VSVP control process. Ac-
cording to the decisions 6;=1 of the discrete moni-
toring system,the control process of VSVP power
generation system is divided into several stages and
different control rules will be taken in different
stages so as to meet the requirements of multiple
states control.

In this part,the initial values of each state and
the state transition conditions are given by equation
(8) to equation(19). On the basis of the control
objectives of the VSVP wind turbines,the state
space of the system is divided into four parts and
finally the hybrid automata model is set up as

shown in fig.3.

V=0,
ven, [ Pu=0 250 Jpop
8;=1 [rotor stop v<v, W, =Wy
=1 v<UN|V = vy
V<V 6,=1[6:=1
P=0]- %=1 [p.=P
cut-off [T =7 T w.=wy
8,=1

Fig.3 Model of hybrid automata

2 Estimation Control Algorithm

Through the analysis of the previous section,
we know that the control of the wind generation
system is divided into four parts,and the corres-
ponding control rules can be concluded as follows.

a. If 6, =1,then the state space will be s,.
From the equations(16) and (19),we have w,=0 and
P,=0. In this case,both control variables U and [,
are equal to zero.

b. When in the circumstances of 8,=1,we can
see that the VSVP wind generation system is in
state space s, and the reference values are w, =
A0/ R, Py=P,, based on the equations(14) to (19).
The output control variable of the pitch change
process can be obtained as U=0 and fig.4 shows

the structure of rotor speed control.
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Fig.4 Structure of rotor speed control

The above system’s behavior can be described

as a difference equation:
w(k+1)=aw.(k)+aw(k-1)+bI,(k)+cv(k) (20)

Where a;,a0,b and ¢ are the parameters to be
estimated. Assuming that the system’s output value
and the desired value have the following relation-
shipm;

(I=pz)y(k+1)=(1-p)y (k+1) (21)

Where p is the design parameter of estimation
algorithm.

Combining equations (18), (19) and (21),we can
get:

(I-pz Yo (k+1)=1-plo;(k+1) (22)

Where w,(k+1) is the desired output rotor speed
at the moment of k+1.

Then substituting equation(22) to equation(20),
we can get the control variable of the rotor speed
change process as follows:

L(k) = (p=anw,(k) + (1-p)wi(k+1) -

aw.(k-1)=cv(k)]/b (23)

¢. When 0;=1,the VSVP wind generation sys-

tem is in state space s;. By equations(14) and (17),
we can get w,=wy and P,=Py. In order to keep
the rotor speed and power of the wind turbine to
be a constant value,the control variable of the rotor
speed I, is a constant C,i.e. I,=C. The structure

of pitch angle control is shown in fig.5.

o
C,r— P.
£>| variable-pitch control }E)|C,()l B) ‘*'>| wind rotor

A

Fig.5 Structure of pitch angle control
In such case,the behavior of the VSVP wind
generation system can be described as a second-
order difference equation:
Pk+1)=aiP.(k)+a(P.(k=1)+b'U(k)+c'v(k) (24)
Based on equation (19),equation (25) is given
as;
(1=p = )Pk +1)=(1=p"Pi(k+1)  (25)
Then substituting equation(25) to equation(24),

the control variable of the pitch change process can

be deduced as:

Uk)=[(p"-a)P(k)+(1-p" )P(k+1)~

avy(k=1)=c"v(k)]/b’ (26)

d. When 68,=1,the system is in state space s,.
Reference values of the system @,=0 and P,=0
can be got from equations(14) and (17). In this con-
dition,both control variables of the pitch change
process and the rotor speed change process are equal
to zero:U=0,1,=0.

3 Simulation Results

In order to verify the reasonability of the mode-
ling and control strategy of the hybrid automata,the
space-time wind speed model ™! used in the simu-
lation has four components:

V=040, +0,+0, (27)

Where v, is the basic wind speed,v, is the
gust speed,v, is the regular wind speed,and v, is
the noise wind speed. Assuming that v,=14.5 m/s,

the model of input wind speed is shown in fig.6.

v/ (m-s™)

0 ZIO 4IO 6I0 8I0 160
t/s
Fig.6 Model of natural wind speed curve

Hybrid automata based 1300 kW VSVP wind
turbine system is simulated in MATLAB/Simulink.
The parameters of the system are shown as follows:
turbine’s blade radius is 31 m,cut-wind speed is 3.5
m/s,rated wind speed is 14.5~20 m/s,optimum tip
speed ratio is 7.5,transmission ratio is 1: 80,and
inertia is 2 460 106 kg/m?;generator’s pole pair is
8 ,rated power is 1300 kW ,rotational speed range is
1600~2 100 r/min, synchronous speed is 15001/min,
rotor flux linkage vector is 3.48 Wb,stator inductor
is 1.580 mH,rotor inductor is 1.690 mH,inertia is
52 kg/m’.

The control algorithm relies on accurate system
parameters ,but in the actual operation,the parame-
ters of the system drift along with the change of
the environment as well as the change of the time.
In order to realize the real-time control of the sys-
tem,recursive algorithm of the least square method
for online identification is used to determine the

real-time value of the system parameters in equa-

tions (20)— (24). To verify the validity of the pro-
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posed control algorithm,the parameter values'' are
given as follows:a;=1.501,4=1.002,6=-0.46,¢=0.409,
a/=2.403,a0=1.801,b"=1.682,¢'=0.249,p=p'=0.5.

We use a conventional control model for com-
parison,in this model the variable-speed control and
the variable-pitch control is separated. The variable-
speed control uses a traditional PI controller,while
the variable-pitch control uses a traditional PID
controller. The simulation results of the output
power of the conventional control model and the
proposed control model are shown in fig.7,and the
wind power utilization efficiency of the two models

are shown in fig.8.

Lar conventional control model
1.2 r WY
=
1.0
S a4l
s
1.2 hybrid automata control model
1.0 . . . . :
0 20 40 60 30 100

t/s

Fig.7 Output power of wind turbine

061 conventional control model
03 F
S 0 oF
WWM%MBI
03
0

20 40 60 80 100
t/s
Fig.8 Utilization efficiency of wind power

Based on fig.7,we can conclude that the

hybrid automata control strategy with estimation
control algorithms can obtain a more stable and
smooth output power compared with the conventional
control strategy. From fig.8,we can see that the
proposed control method has higher wind power
utilization efficiency.

The rotor speed curve and the blade pitch an-
gle curve of the hybrid automata based VSVP wind
turbines are shown in fig.9 and fig.10.

The speed curve shows that the rotor speed
doesn’t fluctuate seriously along with the change of
the automata state and the wind speed,but always
rated speed range;compared with the

blade
shows that the pitch angel can adjust to follow the

stay in the

traditional  control , the pitch angle curve

20 40 60 80 100
t/s
Fig.9 Rotor speed

conventional control model

10 -

hybrid automata control model

20 40 60 80 100
t/s

Fig.10 Curves of pitch angle change

wind speed change much faster and has smaller
fluctuation,which can reduce the mechanical wear
and lengthen using life.

From the above figures,we can conclude that
when the wind speed fluctuates around the rated
speed,the hybrid automata can regulate the switch
between variable-pitch control and variable-speed
control to keep the output power of the wind tur-
bine around the rated power. The simulation results
show that the proposed control strategy can increase
the wind energy utilization efficiency as well as

improve the output power quality.
4 Conclusion

This paper focuses on the output power,rotor
speed and blade pitch angle of the wind turbine,a
hybrid automata based control model of VSVP wind
power generation system is set up,and the estima-
tion control algorithm of the controller is given by
the full consideration of the coupled relation be-
tween variable speed process and variable pitch
process. Modeling and simulation of the VSVP wind
turbines with 1300 kW rated power are carried out,
the simulation results show that compared with the
traditional control method,it has better output power
quality and improves the stability and reliability of

the wind turbines in bad environment.

Reference :

(1] FLIGHT, b8, IR L ZH BB 8 5 e 422 ) 8 B3t S5 0
[J]. " ERHLT RS, 2008,28(14) :136-141.
KONG Yigang, WANG Zhixin. Design and simulation of fuzzy



%28

CHEN Tiejun,et al:Hybrid control of variable-speed variable-pitch system in wind power generation @

sliding-mode robust controller for large wind generating unit[J].

Proceedings of the CSEE,2008,28(14):136-141.
(2] 3K 57 . KD A v HILZE A 722 38 38l 1 3 I AR P2 1 [T ). 4%
il T2 ,2003,10(4) :342-345.
ZHANG Xinfang,XU Daping. Adaptive fuzzy control based on
variable universe for variable speed variable pitch wind turbine
[J]. Basic Automation,2003,10(4):342-345.
WRER S, BSAH B B B IR IF 2R 50 01 TRUAG R B R I 7). s il
5N, 1989,6(1):95-100.
CHEN Tiejun,QIU Zulian. The predictive control of the cascade
time-delay systems and its application[]]. Control Theory &
Applications, 1989,6(1) :95-100.
BRERZE WAL B, — 2RI W e R G TG (7], A sk,
1989,15(6) :487-492.
CHEN Tiejun,QIU Zulian. A predictor for a class of systems
with large time-delay[J]. Acta Automatica Sinica,1989,15(6):
487-492.
MR 7L BRATL . 25k o3 WO B e U T (7). A sh k4R 1992,
18(3) :655-663.
CHEN Tiejun,QIU Zulian. A structurally decentralized model
and its application[J]. Acta Automatica Sinica,1992,18(3):
655-663.
[6] BRERA ERHLAR. #2047 S LN I [1]. A3kt 1994,20
(3):379-381.
CHEN Tiejun,QIU Zulian. Chain controller and its applications
[J]. Acta Automatica Sinica,1994,20(3):379-381.
BB AR AU MR A BE AR S RN A R Bl 2 1 A K K
)25 KTy e v ALy 5 3 il () ], R PL T R~ 4, 2009, 29
(18):71-77.
LIAO Yong,HE Jinbo,YAO Jun,et al. Power smoothing control

strategy of direct-driven permanent magnet synchronous generator

—
(98]
[

—
A~
s

—
W
—

[7

[

for wind turbine with pitch angle control and torque dynamic
control[J ]. Proceedings of the CSEE,2009,29(18):71-77.

[8] BRERAS BRAETDT. Mgl LR TR 55 R e b il R w9 [T .
T A sk ,2010,37(4) :26-28.
CHEN Tiejun,CHEN Huafang. Research on coke ratio and tem-
perature control algorithm in puddling based on chain system
[J]. Control and Instruments in Chemical Industry,2010,37(4):
26-28.

(9] B, =5 L Pl EEEREEN REN TS (D] R
DB TR, 2010.
ZHONG Chao. The design and implementation of three-phase
asynchronous induction motor direct torque control system [D].
Wuhan : Wuhan University of Technology,2010.

[10] LU Yuegang,XI Peiyu,Ll Nailu,et al. Research of VSCF wind

power generation training system based on Matlab/LabVIEW
cl/ Proceedings of the IEEE International Conference on
Automation and Logistics (ICAL). Shenyang,China:IEEE,2009:
1592-1597.
IV TR R L KU R T R R Bt S R (], B
RGOSR ,2009,37(12):80-102.
SUN Yong, WANG Yufeng,HAO Fei. Design and application of
energy-saving technology in wind power generation[J]. Power
System Protection and Control,2009,37(12):80-102.
JAUCH C,ISLAM S M,NSEN P S et al. Design of a wind
turbine pitch angle controller for power system stabilization
[J]. Renewable Energy,2007,32(14):234-249.
[13] E&H, ke, Ko R AR 5 R EHRRT T (T]. A3
LA ,2008,29(11) : 2-4.
WANG  Zhixin,ZHANG Huaqgiang. Research on wind energy
generation technology and power control strategy [J]. Process
Automation Instrumentation,2008,29(11).2-4.
[14] faf £ X AE A=, S /A% ol /8 2200 R ) K mi AL 2 4 o 50 i
)], ARG 5HH,2011,39(12) :55-60.
HE Yulin,LIU Jun,LI Jun,et al. Variable-speed variable-pitch
wind turbine control strategy optimization[]J]. Power System Pro-

tection and Control,2011,39(12):55-60.

[11

[

[12

[}

[15] Zugg =, KOPLl sl R m iR R gl (1] LS
8 F,2008(3) :30-31.
RONG Xuwei,WANG Zhizhong. The control of pitch servo
drive system in wind turbine [J]. Machinery & Electronics,
2008(3):30-31.

[16] Emil. K KLzl b i SRR (D] SIL. ST
A K, 2009.
WANG Hongshan. Technology of parameters identification for
wind-driven generator control [ D ]. Hefei: Hefei University of
Technology,2009.

Biographies :

CHEN Tiejun(1954-) ,male,born in Xinyang,Henan pro-
vince,China. Professor,Ph.D. Supervisor,Ph.D. His research
area is complex system control and theory (E-mail:tchen@zzu.
edu.cn) ;

NING Meifeng (1986 -) ,female ,born in Zhaoyang, Hunan
province ,China. M.S. Her research area is complex system
modeling and control (E-mail : 860128nmg@163.com) ;

WANG Zhaocai (1986 -) ,male ,born in Jining, Shandong
province ,China. M.S. His research area is complex system
modeling and control (E-mail : wangzhaocail 10@163.com).

W3k FLAE AR R SR e TR AR

sk E T

£ R ERY

(M KXFE SR TRFER Md #M 450001)

BE. A TR TERALLARALEEMMNLI K S T NEF LA T AL RREH A, DALY &b
SE N %:afw RIEA AR EZ RET —FHATREAGING TR TREHER fﬁ/\%lﬁii' Ao T ik
FeE AR PHBELE B EFAIEIRLIAANANR, Z0TAMGERNLE T ENRERNBOE X, AR

MATLAB/Simulink *F % 3152 25 & % 1300 kW #9 T ik T R R A pusnit v i fets L AR AN 54 %é; )

RS T ERERR AL E R L0 KA

AR R Rz AR Tk R ET R AR B R 2
KEIWE., Kb, BELazshh, TikTREEH, &I
FESES . TM614;TP 29 EAARINAD . A

DOI: 10.3969/j.issn.1006-6047.2013.02.003



