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Abstract. The main objective of the paper is to implement controller design of large wind
turbines. Specific focus is optimal power for variable speed turbines below rated wind
speed. The paper adopts a simplified fuzzy-PID controller to realize for maximizing energy
capture and optimizing power of wind turbine. The simplified fuzzy-PID control system
reduces control rule and controls power of wind turbine efficiently. At the same time, it can
realize for maximizing wind energy capture and controlling of wind turbine better than PID
controller, and can make system more stable and reliable with comparison of PID controller.

1. Introduction

Wind energy is the fastest green energy. With the consumption of coal and petrolic, the gradual
exhaustion of fossil energy and environmental pollution are becoming more serious, so people
support to use clean energy to a higher degree. The use of wind energy has gained sizable
progress[1].

It results in being more difficult to maximize wind energy because of the effect of randomness
and the nonlinear of wind speed for wind turbine system, so maximizing wind energy has become
the one of hot issues for study of wind power generation.

The literature[2] is controlling the pitch of wind turbine,rotor speed and generator power by
using the method of increment PID that can adjust gain.So the method calculates increment only,if
error or precision that the calculation produces is more low,it can’t result in too large effect for
controlled quantity. But this algorithm has its weakness,for instance it desen’t have relevant
correcting algorithm and obtains its gain adjustment sheet with difficulty.The literature[3] adopts
synovial variable structure robust control for wind turbine system. It controls pitch angle and
calculates coefficient matrix of switched function by the design method of linear feedback. Seen
from simulation result,the approach has faster speed, smaller overshoot and better robust than PID



controller in variational wind speed. The literature[4] adopts three controllers,the first one tracks
generator speed,the second one controls generator magnetic flux to improve the efficiency of
generator rectifier system in low wind speed,the last one controls the robust of system by
controlling rotor speed.The literature[5] that is on the premise of known wind speed,adopts fuzzy
control strategy to realize for maximizing wind speed and make system stable for variable speed
and pitch wind turbine.Firstly when the literature [6] puts up variable speed and pitch wind turbine,
and uses variable universe and self-adaption fuzzy controlling strategy to control rotor speed and
pitch angle of generator.This strategy optimizes performance of wind turbine.The literature[7]
imports rotor speed and power values,gets corresponding reference speed by fuzzy logical
deduction system,controls electromagnetic torque by self-adaption optimal fuzzy control of nearest
neighbor cluster study method and gains optimum tip speed ratio and realizes for maximizing wind
speed.

The paper adopts a simplified fuzzy-PID controller to optimize and control 1.5MW-wind
turbine.Maximizing wind speed for variable wind turbine system(such as double-fed induction
machine and permanent magnet synchronous generator)gets more attention for realizing high
efficiency at wind energy transition system[8-10].

Control and simulation of the paper is based on permanent magnet synchronous generator model.
The PMSM is always used generally because of its simple structure,easy maintain,stable and
durable features.Nevertheless,all kinds of factors in generator have grievous coupling and nonlinear
feature,they can create difficulty for upper limit time and day-to-day control of generator.We don’t
need precise mathematical model based on fuzzy control system with nonlinear and artificial
intelligent characters[11-12].And fuzzy control system has better robust and adaptability than PID
control system.But accuracy of PID controller is higher than fuzzy controller.So the paper realizes
power control of wind turbine system by using a simplified fuzzy-PID controller.

The total scheme of this article: D-value of tip speed ratio is input as fuzzy-PID controller when
wind turbine operates under rated wind speed.And then we build wind turbine model by
MATLAB/Simulink.Finally,it can maximize wind speed,optimize and control power for wind
turbine.

2.  Wind Turbine System
2.1. The Strategy for Wind Turbine Control System

The paper adopts control scheme of wind turbine system in Fig.1,the sketch is as follows: firstly,
wind turbine produces rotor speed when wind speed inputs into wind turbine, then the D-value of
tip speed ratio A by calculation and reference tip speed ratio A*is input as controller, and then wind
turbine realizes for optimizing and controlling power by fuzzy-PID controller. Control system of
wind turbine simulator platform is as shown in Fig.1.
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Fig.1 The control system o f wind turbine simulator platform.



2.2. The Basic Theory of MPPT Method

MPPT method makes wind energy power that wind turbine absorbs and transforms reach
maximum value in any rated wind speed [13].

Mechanical power for the wind turbine can be written as:

P=2pmR2C, (A, B) V3 (1)

Where P is output power of wind turbine, p is air density, the value is 1.225kg/m’, R is the rotor
radius and 35.25m, C, is wind energy transform coefficient, V is wind speed.

Actually, the efficiency that wind turbine transforms wind energy into mechanical energy varies

with respect to C, and C, is function about tip speed ratio A and blade pitch angle B, they are as
follow:
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Where o, is turbine speed in rad/s, n is rotor speed in rpm/m. Therefore, wind turbine gains how
much power with respect to C,, only.

The paper discusses the second section where wind turbine operates in, blade pitch angle remains

unchanged in this phase. When B remains unchanged, the typical relation that is between C, and A is
shown as Fig.2.
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Fig.2 The C,-A relative curve.
3.  The Design of Fuzzy-PID Controller

3.1. The Fuzzy-PID Control System

The fuzzy-PID controller is named as self-tunning PID controller. It adopts fuzzy logical
inference method to adjust parameters of PID control algorithm. The result that is reasoned by fuzzy

inference isn’t as the output of system, and then the systematic output is decided according to PID
algorithm [14].
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Fig.3 The fuzzy-PID control system.

As shown in Fig.3,the fuzzy-PID control system includes 4 parts: feed-forward PID, error e,
error ratio ec and fuzzy part including K., K., fuzzy inference and proportion part of output control
variable quantity. When the error value is in a small range, the part of feed-forward PID is effective
and is easy to void the steady state error and improves the system sensitivity at the load disturbance.

3.2. The Simplified Fuzzy-PID Controller

3.2.1. The Derivation of Simplified Fuzzy-PID Controller

As shown in Fig.4, both of error e and error rate ec are input variation of simplified fuzzy-PID
controller, the output control variation is u.E € R, E c© R,U c R are theory of discrete domain of
e.,ec,u,the fuzzy set of ¢ and ec is Aj (i€l=[-m,..,—2,-1,0,1,2,..m]) and B; (jE€]=
[-n,..,—2,—1,0,1,2 ...n]) respectively. According to the literature [15],the fuzzy control rule is
as follows :

If e 1s A;j and ec is Bj then u 1s u;.
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Fig.4 The Schematic diagram of Simplified fuzzy-PID.

A; (e) and B; (ec) are the membership function, and they are triangle function. According to
reasoning method of product sum and the focus of the solution of fuzzy method, the true value of
forward fuzzy-PD controller can be calculated:

fijzAi (e) B] (ec) (el ]E]) (5)

The output of fuzzy-PD controller is as shown:

=Zi, j fijuij _ Yi, j (Aj (e) Bj (ec) ) uj (6)
i, jfij i, i (A; (e) B; (ec) )

Now, if it works at t time, the range of input variable of fuzzy controller is [ej,ei+1],the scope of
ec 1s [ecj,eci+1],the core of fuzzy subset of A; and A;:; are ¢; and e;+,but the core of fuzzy subset of
Bj and Bj: are ecj and ec;+1,it is as shown in Fig.5.
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Fig.5 The membership functions of A; and B;.

The membership functions of e and ec at some time are indicated respectively:

e—ej € —e e—ej
Ai@)=1—-—-=—"—A;(e) = -
€i+17€ €i+17€ €i+17€f
e-ej ec—ecj  eCjyi—ec ec—ec;
Ai(e) = B je=1-——-= Bj,q(ec) = ———
j+1—€Cj €Cj+1—€; €Cj+1—€Cj

As is known in Fig.5, the situation that the membershlp function of e and ec are unequal to zero
is only on two neighboring fuzzy subset, as follows:
Ag(e) =0 (k# (i, i+1) €1 Bj(ec)=0 (t=* (, j+1) €])
Therefore, the equation (6) can be simplified as:
Y=, j+1) (Ak(e)Bt(ec)) ujj

— t=(, j+1)
u= Y k=i, j+1) C(Ak (&) By (ec) ) )

t= G, j+1
When e € [e;ej;1], thereis Aj(e) +Aj4(e) =1,
When ec € [ecj, ecjyq]> thereis Bj(e) + Bji1(e) = 1,
So, the denominator of the equation (7) is
Sie=ti, +0(Ak(@)Be(e)) = Ai(e)B; (ec) + Aryy (€)Bj(ec) + Ai()B1 (ec) + Aryy ()By (ec) =
t=(, j+1)
(A(&) + Ais1(€)) (Bi(&) +Bia(e) =1 (8)
And then, the equation can be simplified further:
u =
Yi=Gi, j+1)(Ak()B(e))uy = Aj(e)Bj(ec)uy; + Apyq(e)Bj(e)ugirny + Ai()Bjys (€U +
t=(, j+1)
Aj11(e)Bjyq (€U G+1) =
€j+1—€ eC]'+1—eC e—ej eC]+1 ec €jt1—¢€ eC—eC]'
(ei+1—ei) (eC]'+1—eC]') u]] + (ei+1—ei) (eCH.l —ecCj ) u(1+1)] + (ei+1—ei) (eC]‘+1—eCj> UI(]+1) +

e—ej ec—ecC;

Uirng+n (9)

€i+1—€j €Cj+1—€Cj
Where e € [el, ei+1],€C € [ecj, ecjyq].
It is seen as in equation (9), the nonlinear function of e and ec are fuzzy controller output, its
definition is:
u=f (e, ec) (10)
For above a series of linear problems, they can be solved by small deviation linearization
technique, it is defined as:

0. = e—¢
8ec = €C — eg;
8u=u—uij

If 8., 8. and &, are enough small and (e; + S, ec; + 8ec) € ey, €141] X [ec]-,ec]-+1], the
equation (10) can be approximated according to following linear equation:
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(9) is as follows:
[ﬁ] _ UG+~ Yij
de (ejecy) €i+17€f

[ _ Ui+~ Yij (12)
decl(e; ec; D) €Cj+1—€Cj
So, there is

€i+1—€j eC]+1 eC
And then:
U(i+1 u Ui (i —Ujj U(i+1)j —Uij Uj(i+1) " Uij
u= (uij | ecj> $ - Doy I _Toc = A+ Pe+Dec  (14)
€i+1—€j eCJ+1_eC] €i+1—€j eC]'+1—eCi

In the equation:

Ugiary— U et
A=y — I de, — IB Tec =y, — Pe; — De
€i+1—€j eC]'+1—EC]'

pP= U(i+1)j —Uij D= Uj(j+1) ~Uij
€i4+1—€j ecj+1—ecj
As follows in the above, it can infer the output of simplified fuzzy-PID controller in Fig.4:
uc = au + B [ udt = a(A + Pkee + Dkgec) + B [ (A + Pkee + Dkgec)dt = aA + BAt +
(akeP + BkgD)e + BkP [ edt + akqDec  (15)
From (15), the relation between input and output in whole fuzzy controller is a simple and time-
varying relation of proportion-integral-differential, the proportionality coefficient is ak P + BkyD,
the integral coefficient is fk4D,the differential coefficient is ak,.P.

3.2.2. The Fuzzy Variation of Input and Output and Rule Function

The fuzzy controller has two inputs and one output. The input variable is difference value of tip
speed ratio e and variable rate ec, output variable is u. e, ec and u that changed into fuzzy variable
are E,EC and U.E, they include {Small, Middle Small, Small Small, Zero-, Zero+, Small Big,
Middle Big, Big }8 fuzzy subsets, all of language variable can be expressed as {S,MS,SS,Z-
,Z+,SB,MB,B} ,the range is [-30,30]. EE includes {Small, Middle Small, Small Small, Zero, Small
Big, Middle Big, Big}, 7 fuzzy subsets, the expression of language variable is
{S,MS,SS,Z,SB,MB,B} ,the range is [-6,6].U includes {Small, Middle Small, Small Small, Zero,
Small Big, Middle Big, Big} 7 fuzzy subsets, the expression of language variable is
{S,MS,SS,Z,SB,MB,B} ,the range is [O 1] The rule functlon is as follows in Flg 6.
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Fig.6 The Membership function distributing of input E,EC and output U.
3.2.3.Fuzzy control rule and strategy

The fuzzy control rules get from actual control experience. The rule that the paper adopts is:

R;: if E; and EE; then U;

The fuzzy inference adopts Mamdani method, defuzzy adopts the center area method. The whole
fuzzy control rules gain from rules, inference method and fuzzy variable of input and output. As
follows in Table 1.



Tablel Rules Table of Fuzzy Control.

ec e S MS SS Z- Z+ SB MB B
S S S MS SS zZ MB MB B

MS S S MS Ss z MB MB B

SS S S MS SS SB MB B B

z S S MS SS SB MB B B

SB S S MS Ss SB MB B B

MB S MS MS z SB MB B B

B S MS SsS z MS MB B B

4. The modelling and simulation of wind turbine

The wind turbine has three subsystems including aerodynamic model, transmission system
model and generator model.

1. The aerodynamic model

The power that the blades absorb is as shown in (1).

The equation of aerodynamic model is:
d

Jp=—r =T, =0Ty (16)

Where J; is Moment of inertia of rotor, o, is blade angle speed, T, is blade aerodynamic torque, n
is growth gearbox transmission ratio, Ty, is the axis of rotation to the rigid shaft torque.

The relation is between transmission ratio and power:

P _1 2 v
T, = o = S PTR*Cy, A B o (17)

2. The transmission system model

Because the connection between blade and gear box speeder is rigid, so this paper neglects
overall force of friction in drive system and relative displacement of output shaft.

3. The math model of generator

This paper adopts permanent magnet synchronous generator, the equation of the math model of
generator is:

pm1U12r2 ( 8)

- (wg—0r) (r,-C1r2@1

Te
2
:))11) +(x1+C1x2)?]

(l)g—

Where T, is the counter torque of generator, p is the generator number of polo-pairs,m; is the
stator voltage of generator,U; is network voltage,C; is correction factor, ®, is generator rotation
velocity,w; is synchronous speed of generator,r;,x; are resistance and leakage reactance of
statorwinding,r,,x, are corrected rotor winding and leakage reactance. The generator rotating

equation is:
dw
]gd_tg =Ty —Te (19



Where J, is rotational inertia of generator, T, is generator counter torque, Ty, 1s torque that axis
of rotation transmit to rigid gear.

5. Conclusions

The wind turbine model with simplified fuzzy-PID controller is as follows in Fig.7.
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Fig.7 The Simulation System of Wind Turbine with Simplified Fuzzy-PID Controller.

1. The comparison of the simplified fuzzy-PID control system and PID control system of wind
turbine under rated wind speed is as shown in Fig.8 —Fig.10.
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Fig8. The simulation of different rated wind speed.
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Fig9. The comparison diagram of rotor speed simulation below rated wind speed.
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Fig10. The comparison diagram of output power simulation.

2. The theoretical values of wind turbine system are gained by calculating, when wind speed is
6m/s. Respectively, C, is 0.44374, rotor speed is 1.702rad/s, output power is 229.058kw.The

comparison of simplified fuzzy-PID controller and PID controller with no controller about the error.
The results are as shown in Table2-Table4.

Table 2. The error comparison of power coefficient.

Power Coefficient C,

Theoretical error(%)

The simplified fuzzy-PID control 0.43415 2.161
PID control 0.41551 6.362

Table 3. The error comparison of rotor speed .

Rotor Speed w(rad/s) | Theoretical error(%)
The simplified fuzzy-PID control 1.695 0.425
PID control 1.617 5.000




Table 4. The error comparison of output power P.

Output Power P(kw) | Theoretical error(%)
The simplified fuzzy-PID control 232.573 1.535
PID control 214.480 6.364

3. The simplified fuzzy-PID control system that the paper adopts doesn’t simplify fuzzy control
rules but improves speed and accuracy of wind turbine efficiently. The paper analyses the control
situation of PID controller and simplified fuzzy-PID controller in different wind speed.
Simultaneously, the simulation in specific wind speed makes a comparison, the result indicates
fuzzy-PID control system can gain bigger power and has smaller oscillation, smaller steady-state
error and better steady-state performance than PID control system.
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