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Abstract: The conventional PID pitch controller was usually used in direct-drive permanent magnet wind turbine in order
to maintain the output power unchanged above the rated wind speed. However, due to the complex structure of wind tur-
bine as well as high nonlinearity of wind speed, the effect of PID control method is often less than ideal. A new pitch con-
trol method combined with fuzzy adaptive PID and fuzzy feed forward controller is proposed in this paper. The fuzzy
adaptive PID controller is able to ensure the unit having a better control result than PID controller at various wind speeds.
The fuzzy feed forward controller has improved the responsiveness of pitch control system. With the simulation of a
1.5MW wind turbine, the responsiveness and stability of wind turbine can be effectively proved by the new pitch control
method above the rated wind speed, the system’s overshoot is also reduced, which satisfies the demand of power control.
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1. INTRODUCTION

At present, the pitch control method is usually adopted
above the rated wind speed by large wind turbines. The aer-
odynamic torque of wind turbine is changed by adjusting the
pitch angle to achieve constant power. The PID controller is
mostly used to achieve the pitch control in wind turbines.
However, due to the randomness of the wind speed varia-
tions and the strong nonlinearity of the wind turbines, PID
control cannot achieve satisfactory results. In recent years,
many researchers try to design pitch controllers by using
intelligent methods, such as reference [1], variable universe
adaptive fuzzy control strategy is used to control the pitch
angle above the rated power, which effectively reduces the
fluctuation effect of high frequency component of wind
speed data on power regulation. It shows that the system has
good dynamic performance. In reference [2], the control
strategy combining predictive control based on neural net-
works with feed-forward control is presented, which realized
the control of the wind turbine, but it is difficult to establish
the optimal reference model. In reference [3], the compound
pitch control strategy combining fuzzy feed-forward control-
ler with fuzzy PID controller is presented. The fuzzy PID
controller used the switching rule of the fuzzy controller and
the PID controller in different working condition. Although
to some extent, the controller improved the control effect,
but the PID control parameters could not be properly adjust-
ed with the working conditions. So when the wind speed
changes, its control effect may be worse. Based on the above
studies, the new compound pitch controller combining fuzzy
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adaptive PID controller with fuzzy feed-forward controller is
proposed. The PID control parameters are adaptive adjusted
according to the system error and the rate of error changes by
the fuzzy rules. Using fuzzy feed-forward control changes
the influence of inertial and delay of pitch-regulated system
on dynamic performance. Above rated wind speed, the input
pitch angle of wind turbine is gotten by combining the dif-
ferent output values of the fuzzy adaptive PID controller and
the feed-forward controller. The simulation results show that
the new method can effectively ensure the rapid response
and stability of wind turbine, reduce the overshoot of system,
and the effect of the control is better.

2. MODELING OF WIND TURBINES

The modeling of wind turbines consists of four sections
[4].
2.1. Wind Turbine Model

Let P be the mechanical power of wind turbine and let T,
be the input torque, then the relation between the two and
wind speed v is:

P=—C, (B DprRY: ey

T :%Cp(ﬁ,/l)an"’vzl/l @)

where P is output power (W); T, is torque of wind turbine
(Nm); p is air density (kg/m®); C, is wind power coefficient;
S is pitch angle (deg); 4 is blade top speed ratio; R is blade
radius of wind turbine (m).
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Wind power coefficient C, represents the wind turbine’s
capacity of absorbing power from wind, the functional rela-
tion among wind power coefficient C, and blade top speed
ratio A and pitch angle £ is expressed as follows [5]:

C,(Ap)= o.22(1ﬂ1i6—o.4ﬁ—5)e7 ?)
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2.2. Transmission System Model

Due to the gearbox of direct-drive permanent magnet
wind turbine is subtracted, the motion equation is [6]:
3997 1 (4)

dt
where J, is rotational inertia of wind turbine; o is rotational
speed of wind turbine; T, is the aerodynamic torque of wind
turbine; Ty, is the torque that transmission delivers to genera-
tor.

2.3. Permanent Magnet Generator Model

The mathematical model of permanent magnet synchro-
nous generator that this paper established in the dq synchro-
nous rotating reference orthogonal coordinate system is [7]:

di,  R. . L. .1
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where iq and iy are current of d axis and g axis of generator
respectively; Ly and L, are inductance of d axis and q axis of
generator respectively; R, is stator resistance; w, is electrical
angular frequency, we. = Nywy; Ny is number of pole pairs of
generator rotor; Aq is flux of permanent magnet; ug and u, are
d axis component and q axis component of u,. Define back
emf of q axis e, =wlg, back emf of d axis e4 = 0. Assume
the inductance of d axis and q axis of generator are equal,
that Ly = Ly = L, then formula (5) can be written as:

diy __Ri; +wi, +—u

dt L ¢ e ‘ (6)
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2.4. Pitch Control Actuator Model

At present, the actuator of large wind turbine mostly
adopts hydraulic drive system. The system equation of refer-
ence pitch angle and actual pitch angle is [8]:

dB_1 5 ™
& =5, P

Considering the delayed hydraulic system, pitch control
actuator can be replaced by a one order inertial link with
time delay, the transfer function is:
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where Ty is time constant; g, is reference pitch angle; 7 is
delay time.

3. DESIGN OF PITCH CONTROL SYSTEM

Power feedback control is adopted by the pitch control
system to maintain constant power. The given value of con-
trol signal is constant here, namely rated power. In order to
decrease the wind power that wind turbine absorbed and
ensure the generator is working under the rated power, the
pitch angle is increased when actual power exceeds the rated
power; conversely, the pitch angle is decreased to increase
the power that wind wheel absorbed. The wind turbine gen-
erator was kept to work under the rated power through pitch
control.

The wind turbine is a complex system which has the
qualities of nonlinearity, multi-variable and time variation,
so that traditional PID control can hardly accomplish the
control target with high performance. A group of PID pa-
rameters which have been already set may have a good con-
trol effect while the wind speed is near the rate speed, how-
ever, the control effect would become poor, if the wind
speed increased to the vicinity of cut-out wind speed [9, 10].
And for the pitch system, there is a certain inertia and delay,
so inevitably result in a large overshoot and a longer adjust-
ing time, the output power fluctuation is too large, resulting
in a greater impact to the grid. According to the above disad-
vantages of conventional methods of pitch control, consider-
ing also that the fuzzy control can be efficiently integrated
the experience and knowledge of experts, has a good dynam-
ic performance and robustness, the new compound pitch
controller combining fuzzy adaptive PID controller with
fuzzy feed-forward controller is proposed in this paper.
Structure of the pitch control system is shown in Fig. (1).

3.1. Design of Fuzzy Adaptive PID Controller

Fuzzy adaptive PID control is a process that calculating
the current systematic error e, rate of error e, studying on
the fuzzy reasoning with fuzzy rules, then adjusting the PID
parameters based on the fuzzy matrix table [11]. Fuzzy adap-
tive PID controller has two input variables, namely power
error and rate of error. Its output variables are parameter
increments of PID controller AK,, AK;, AKg.

In this paper, the rated power of wind turbine generator is
1.5MW. Assign the basic universe of power error as [-1.5,
1.5] and the basic universe of rate of error as [-6, 6].

After we determined the reasonable quantization factor
and scale factor of input variables and output variables,
fuzzy universe of controller’s input and output values are all
equal to:

: e.ec=1{-6,-4,-2,0,2,4,6}
: AK, ={-6,-4,-2,0,2,4,6

AK =1-0.3,-0.2,-0.1,0,0.1,0.2,0.3}
|AK, = {~0.06,-0.04,-0.02,0,0.02,0.04,0.06}
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Fig. (1). Structure of the pitch control system.
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Fig. (4). Membership function of AK .

Assign the fuzzy subset as: {NB, NM, NS, Z, PS, PM,
PB}. The Fig. (2) shows the membership function of error e.
Then the membership functions of e;, AK,, AK;, AKq4 can be
expressed in a similar way. They are shown in Fig. (3), Fig.
(4), Fig. (5), Fig. (6) respectively.

Determine the fuzzy control rules of power according to
the requirements of power adjustment. The rule base is com-

output variable "Kp

posed of a series of fuzzy conditional statements like “if E
and EC then U”, they are shown in Table 1, 2 and 3 below.

3.2. Design of Fuzzy Feed-Forward Controller

The objective of pitch control system is to ensure that
output power is constant at any time when the wind speed is
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Fig. (6). Membership function of AK,.
changing. In Fig. (1), the effect of fuzzy feed-forward con- Table 2. Fuzzy control rules of AK.
troller is providing the reasonable feed-forward value of
pitch angle fg;, then plus it with the output value of fuzzy PID .
controller B,. The result is the set value g, of the pitch control e i
system. When the wind speed increases, the output value of NB NM NS z PS PM PB
fuzzy feed_—forward co_ntroller is positive. Incre_ase the setting NB NB NB NM NM NS 5 S
value of pitch angle timely and reduce the wind power that
wind wheel absorbed. Conversely, the output value of fuzzy NM NB NS NM NS NS z z
feed-fc_;rward controller is negative, then increase the power NS NB NM NS NS 7 PS PS
that wind wheel absorbed to keep the power constant above
the rated wind speed. The rapid compensation of feed- z NM NM NS z PS PM PM
forward controller can efficiently overcome the disadvantage PS NS z PS PM PM PB PB
of accommodative lag that PID controller has [12, 13]. oM ps bs oM oM PB PB PB
PB PS PS PM PB PB PB PB
Table 1. Fuzzy control rules of AKp.
Table 3. Fuzzy control rules of AK .
€
e €c
NB NM NS z PS PM PB e
NB NM NS z PS PM PB
NB NB NB NM | NM NS z z
NB PS NS NB NB NB NM PS
NM NB NB NM NS NS z NS
NM PS NS NB NM | NM NS z
NS NM | NM | NM NS z PS PS NS . NS NM | NM NS NS 5
z NM | NM NS z PS PM PM 2 2 NS NS NS NS NS 2
PS PS PS PS PM PM PB PB PS 7 7 7 7 7 7 7
PM PS PS PM PB PB PB PB PM PB NS PS PS PS PS PB
PB PS PS PM PB PB PB PB PB PB PM PM PM PS PS PB
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Fig. (8). Membership function of wind speed variation.
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Fig. (9). Membership function of feed forward pitch.

Fuzzy feed-forward controller has two input variables.
One is wind speed last moment v(k-1), the other is the differ-
ence between wind speed this moment and last moment
Av = v(K) —v(k-1). The output variable is the feed-forward
pitch angle S;. When the same wind speed change Av is hap-
pening, the fuzzy feed-forward controller would output a
bigger p; if the value of v(k-1) is near the rated wind speed;
conversely, the controller would output a smaller pf if the
value of v(k-1) is near the cut-out wind speed.

The rated wind speed of wind turbine is 13m/s and the
cut-out wind speed is 25m/s in the research of this paper. For
fuzzy feed-forward controller, the basic universe of input
variable v(k-1) is [13m/s, 25m/s]. Assign the fuzzy universe
is {13, 16, 19, 22, 25}, respectively corresponding to the
fuzzy subset: little high, relatively high, high, very high, ex-

output variable "Beta

tremely high, which being abbreviated as {LH, RH, H, VH,
EH}.

The basic universe of input variable av, is [-3m/s, 3m/s],
corresponding to the fuzzy universe {-3, -2, -1, 0, 1, 2, 3}
and the fuzzy subset is {NB, NM, NS, Z, PS, PM, PB}.

The basic universe of output variable pf is [-4°, 4°]. As-
sign the fuzzy universe is [-4,4] and the fuzzy subset is{NB,
NM2, NM1, NS,Z, PS, PM1, PM2, PB }.

The membership functions of fuzzy feed-forward control-
ler all adopt triangular membership function as shown in Fig.
(7), Fig. (8) and Fig. (9). Defuzzification method is gravity
method. According to the research above, we get the relation
between feed-forward pitch angle and different wind speed,
then we get the concrete fuzzy rules as shown in Table 4.
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Fig. (11). Pitch response near the rated wind speed.

Table 4. Rules of fuzzy feed forward controller.

\'

Av

LH RH H VH EH
NB NB NB NM2 NML NS
NM NB NM2 NML NS NS
NS NML NS NS NS NS
z z z z z z
PS PM1 PM1 PS PS PS
PM PB PM2 PML PS PS
PB PB PB PM2 PML PS

4. SIMULATION

The parameters of wind turbine in the simulation of this
paper are: radius of wind wheel R = 38.5m, rated wind speed
Ve = 13m/s, cut-out wind speed Vo = 25m/s, air density
p = 1.225kg/m? time constant of pitch control system
Tz = 0.2, delay time r = 0.3s. Equivalent rotational inertia of
the wind turbine Je; = 6.12x10°kgem?, rated power of wind

W)

turbine is 1.5MW, number of role pairs of motor g = 39, in-
ductance Ly = Ly = 1.7mH, flux linkage of permanent magnet
o = 0.1167Wh, transmission viscosity coefficient By, = 0;

(2) In the vicinity of rated wind speed. According to the
Fig. (10), from 11s to 15s, wind speed gradually increased
from 10m/s to 14m/s; from 26s to 30s, it gradually increased
from 14m/s to 18m/s. Compare the traditional PID controller
and fuzzy adaptive PID pitch control strategy with the new
compound pitch controller combining fuzzy feed-forward
controller with fuzzy adaptive PID controller which is pro-
posed in this paper. The simulation results of pitch angle
changing and the value of output power are shown in Fig.
(11) and Fig. (12). According to the Fig. (11), after the sys-
tem experienced the initial state and reached the rated pow-
er(when the time is 15s), the current output value of feed-
forward pitch angle of fuzzy feed-forward controller is about
4°, that can ensure the wind turbine response rapidly to reach
the steady rated power. However, fuzzy adaptive PID con-
troller adjusted the PID parameters based on the feed-
forward pitch angle. The output power’s overshoot of wind
turbine reduced by 3% due to the pitch control system which
is combination of the two, and settling time shortened corre-
spondingly. When the wind speed increased to the vicinity of
18m/s, the output value of feed-forward pitch angle of fuzzy
feed-forward controller was about 2°, and the rapid response
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Fig. (12). Power response near the rated wind speed.
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Fig. (13). Wind speed profile.
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Fig. (14). Pitch response near the cutout wind speed.

of wind turbine maintain the rated power at the vicinity of
1.5MW.

(2) In the vicinity of cut-out wind speed. According to
the Fig. (13), from 10s to 15s, wind speed gradually in-
creased from 10m/s to 20m/s; from 25s to 30s, it gradually
increased from 20m/s to 23m/s. The simulation results of
pitch angle changing and the value of output power are

250 30.0 35.0

B 78] (=)

L E LIS

Minis

shown in Fig. (14) and Fig. (15). According to the Fig. (14),
the output value of pitch angle of fuzzy feed-forward con-
troller is about 1.5° at 20s; the output value of feed-forward
controller is about 1° in the vicinity of 32s. Based on the
research above, the new compound controller designed in
this paper has faster response equally to ensure the better
control effect of wind turbine.
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Fig. (15). Power response near the cutout wind speed.
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