Modelling and Control of aWind Turbine
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Abstract. A mathematical model of the system consisting of wind
turbine, gear box and asynchronous generator is presented. The
oscillation of tower tip is modeling. The behavior of the system for
two different wind speeds was studied. One controller, which
provides a mode of frequency stabilization in over-nominal wind
speed, is developed. Then other controller, which provides a mode
of maximum power generation in under-nominal wind speed, is
developed. Provided is switching between two controllers without
adverse transients responds.

1. Introduction

The cost of electricity from wind turbines (WT) de-
pends essentially on the initial investment and very expen-
sive maintenance. Therefore keeping the operating mode
and reducing dynamic loads leading to accidents is essen-
tial to reduce the price of produced electricity.

Wind turbines control is accomplished through chang-
ing the electrical characteristics of the generator and chang-
ing the pitch angle. Also wind turbines are equipped with
systems for regulating the orientation angles of the axis of
the turbine against the wind and against the skyline.

Control systems based on the PID controllers are
applied for power control to severa large WT [12].

LQR controllers and a state space observer to control
wind turbine power are used, by changing the angle of
attack of blades [7,13].

The dynamic model of the WT has significant nonlin-
ear characteristics, usually associated with aerodynamic in-
teractions. Thus a controller designed for one operating
point of the turbine may be ineffective and may even have
worse performance in other ones. The design of multiple
controllers for different working points is a possible solu-
tion [4] when controllers are switched with the change of
the respective conditions. This is associated with undesir-
able transient response and therefore is used an approach
for a smooth transition [2].
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Figure 1. Structure of wind turbine
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There are also used adaptive controllers [6], predic-
tive controllers [5] and those based on the use of neural
networks, fuzzy logic and genetic algorithms [2.11].

2. Dynamic Model of Wind Generator

Scheme of the constituting the generator is shown in
figure 1.

2.1. Modd of Interaction between the Wind
and Wind Turbine

* Modelling the wind speed

The wind speed is modelled as the sum of the follow-
ing components:

@ V(1) =V, +V, (1) +V, (t)+Vy, (1) +V, (1),
where
v, — the average initial speed of the wind,

v, (t) — the component of linear increase in amplitude
A .

v, (t) — the component of the wind gust speed, (under
extreme conditionsit is modelled as a stochastic com-
ponent, depending on regional weather);

v,,, (t) — the component takes into account the aero-
dynamic “shadow” of a tower. It causes harmonic
components of the wind speed with frequencies mul-
tiple of the number of blades. In a 3-blade turbine the
component with frequency three times greater of the
turbine speed is essential;

v, (t) — the turbulent component due to roughness of
the blades and wrapping processes. It is seen as a
random process with spectral density which is deter-
mined by several methods:

Relation (1) is approximated as a normally distributed
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Figure 2. Program module in MATLAB-Simulink to generate
the wind speed through the Kaimal filter [10]
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random signal (white noise) which is passed through a
Kaimal filter [10]. After this filter harmonic filters of second
order are included , which increase the influence of har-
monic components multiple to 3 (for 3-blade generators).

A structural diagram that realizes the wind speed ac-
cording to (1) is shown in figure 2.

« Model of the aerodynamic interaction between wind
and the blades

Figure 3 shows the basic aerodynamic characteristics
of the wrapping. '

Figure 3. Acrodynamic wrapping

Designated parameters are the following:
V, — the wind speed in the turbine disc;
V, — thespeed in the corresponding section of the
blade;
B — the pitch angle (angle of attack of the blades);
o — the slope angle of the blades;
¢ — the angle of the flow;
C,, — the coefficient of the normal force;
C.. — the coefficient of the tangential force;
C, — the lift force coefficient;
C, — the coefficient of the moving pressure force;
Crorque — the coefficient of the rotating force;
e — the coefficient of the axial force;
C,, — the torque coefficient;
| — the cross section length.
For control of the generator is used a servo mecha-

nism that rotates the blades is used. This mechanism changes

=)

Figure 4. Traffic flow at the different blade angles:
a) 5° and b) 10°

the angle B, respectively the angle of the attack o. This
control is known as Pitch control.

Figure 4 shows the wrapping for two values of the
angle B — 5% and 10°. It is seen that at an angle greater than
a specific value, the flow is moving away from the end of
the blade. The difference in pressure is diminishing and
thus the torque and speed are reduced respectively.

In figure 5 is shown the change in wrapping airflow.

Figure 5. Wrapping airflow

There are considered three major sections:

— by wrapping with characteristics: the speed V_
and the pressure p_ ;
— in the turbine disk: the speed V and the pressure

p’, before the disc and the pressure p~; after the disc;

—in the airflow trace after the turbine- the speed Vy; .

Changing the speed of the turbine disk can be de-
scribed by the relationship

() V, =V, =aV_, where a Z(Vao —Vd)/VO0 is
a coefficient of reduction.

Using the Bernoulli’s equation and the theorems of
changes in momentum and kinetic energy the following
relations obtained:

— the relationships for speeds:

VotV

\ =(1-a)V,, V, =(1-2a)V_,

3 ;
@) V, -V, =2aV_, V_ +V, =2(1-2a)V,

— for the power of the wind turbine

(4) P, =0,5pAV, (V,’ -V, 7) =2a(1-a) pAV,’,

where: p is the air density;

A = mR? is the area of the turbine disk;

R is the radius of the turbine.

— for the axial force

) Fpo. =G 0,5pAV_2 where C, = 4a(l-a).

The ideal power of the turbine is achieved in V =V _
and V_ =0 it is

©6) P '=0,5pAV >

Thrust
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Figure 6. Change of the wrapping angle along the blade

Figure 7. The characteristic C, (X) of the turbine

The ratio of actual to ideal power is given by the
power coefficient

@) C, =P, /P, =4a(l-a)y.

Another effect is the energy transformation into a
rotational movement of the flow. This is appearing into the
disk area and the turbine trace.

From the theorems of the amount of movement, the
kinetic moment of the axial force, the torque and the me-
chanical power it is obtainled:

(8) FThrust - CTrustO’SpAsz’
r

where: C,, =8cos’(y(R))A” .f(l—a) ar d\ ;
0

y(r) the angle of twist of the blade around the
longitudinal axis — figure 6;

r — the radius of the current section;
A=RQ_ cos (WR)/V_, A = L Q. /V,
r, = r cos (W(D);

Q. — the angular velocity of the turbine;
® T,= CPP'W"/QWtr

A
where: C_ = 8cos® (y(R))A~ _[(1 —a)ar, ‘dA,;
0

a' =0,5Q/Q_;

Q, — the angular velocity of the disc flow;
QO)F . = CF,.

For C, it can be used the approximation [10]:

(1) CAB)=c (c/A —c,B—ces™+ ch

- -1 3 =t
where: 1" = (L +¢,B)" —c, (B +l) ;
c,uc, experimentally determined coefficients, for the

respective constructive solution.

The Characteristic C, (1) of the specific turbine [9] is
shown in figure 7.

2.2. Model of Mechanical Part of the
Generator and Gearbox

A diagram of the gearbox and the mechanical part of
generator is shown in figure 8. It is presented as a dual-
mass dynamic model with reducing the corresponding
masses to the turbine and generator.
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Figure 8. Mechanical model

The Differential equations describing the model are:

J.0,, +¢, (ém =6 )+k, (6,,~6) =T,,
ertrél —Cur (emr —é] ) _kwn (ewtr _el) :_T;s
(12) |J, éz+cgm(62—égm)+kgm(62—6gm):"[‘2,

rgen

(88 00, =

bl

where: 0, =Q_, 0,=Q,,0,=Q, ;

J. — the mass moment of inertia of the turbine;
k. — the torsion stiffness of the turbine shaft;

¢, — the torsion damping coefficient of the turbine
shaft;

. — the gear reduction ratio;

Q) — the input angular speed of gearbox;

J . — the mass moment of inertia of the gearbox,

reduced to the turbine shaft (coordinate 6,);

(22=igear Q, — the output angular speed of gearbox.
J .. — the mass moment of inertia of the gearbox,

rgen

reduced to the generator shaft (coordinate 92 );
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T, — the input torque of the gearbox;

T,=T/i,, — the output torque of the gear;

kgcn — the torsion stiffness of the generator shaft;
Coon™ the torsion damping coefficient of the generator
shaft;

Qgcn — the angular velocity of the rotor of the
generator;

Ogcn— the angular position of the rotor of the
generator;

J — the mass moment of inertia of the generator;

gen

T, ~ the electromagnetic moment of the generator.

2.3. Model of Electrical Part of Generator

A model of asynchronous generator with wound rotor
is examined, decomposition by d-q axes was applied, shown
in figure 9. This model is described by a system of differ-
ential equations:

V :Ri +('pqs+ooe(pds

V Rslds + (pds - we(qu
V'qr: lqr+¢'qr+((’0e_wr)q)'dr
(13) V'dr =R l'dr+¢'dr_((’0e_wr)(P'qr

Tgen = 1’ Sp((Pdsiqs - (quids)
where:

L' i, +L_i

=L +Lmi'qr,¢'qr: rigr migs

Pqs s'gs
Pds = Lsigs +Lmi'gr»@'qr = L'r igr + Limigs
Ly =Ly +Lp, Lp=L) +L

L _ — the magnetization inductance;
0, = pO~ the electrical circuit position;
— the number of pairs of poles;

o~ the electric frequency;

O = ng — the angular rotor frequency;
Rs ) e)U‘qs Lls Lllr )) e_) r)) ’qr R‘r
- + + -
+ @—AAA O Y W_O_’M’_. +
—_— -—
ids ldr .
Vds Lm Vdr
- @ a
d axis
Rs ) e)Uds Lis Lylr )) =) ) ar R‘r
+ - - +
+'—/\N\/—O—A/\/\ _/\/\/\_O_/\/V\/_' +
lgs lqr )
Vqs Lm Vqr
- & Q@ -
g axis

Figure 9. Model of asynchronous generator with wound rotor
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Figure 10. Model of a tower

the indices s, r and ' mean respectively stator and rotor and
stator reduced variables.

2.4. Model of Tower Vibrations

The tower is represented as an elastic beam,
figure 10. The cab is modeled through concentrated in the
tip mass. We consider the axial force load on the turbine
and the distributed load on the tower height f (x, t), deter-
mined by the relationship [3]

(14) f(x,t)=C,k, 0,5p,V*(x,t)D(x),
where: D(x) is the current external diameter of the cross-
section of the tower, k is the correction factor related to a
cylinder with finite length, C is an experimentally deter-
mined coefficient of the tower drag, depending on the
Reynolds number [15].

The Height change in the wind speed is set by the
relationship [8]:

(15 V(z) =V, (z/ z,)".

where: V, is the wind speed at a height of 10 m;
o the factor takes into account the type of place
(of 0.16 for marine areas and plains to 0.4 for urban
areas);
z, is the height above the ground to which it is as-
sumed that the wind speed is zero (0,01 u 0,2 m).
The Dynamic behaviour of the tower is described by
the partial non-homogeneous differential equation of fourth
order:

"Wz t) B\N(zt) )

j A @) =f(z,0)+E,,(09z-1)

(16) (H()

where p, E and n_ are respectlvely the mass density of the
material, the modulus of elasticity and the damping coeffi-
cient, A (x) and I(x) are the area and the moment of inertia,
L is the height of the tower, z is the current vertical coor-
dinate, w is the transverse moving of the beam points, & is
the Dirac function, 6 is the mass of the cab.

The boundary and initial conditions are:

w(@t)=0, PCY EMO,t) -0 Bz\g(iLt) (H(L)Mht)) Mag,t)
17)
Wz 0)=0, Wz0=0

The solution of (16) is found by the finite element
method. For this purpose the beam is divided into N in
number finite elements of length |, with two degrees of
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freedom at each node: the moving w(z,t) and the rotation
G(Z’ t) =M )
0z

In a separate element geometry and mass characteris-
tics are constant.

Then (16) is transformed into a system of 2N+2 num-
bers of ordinary differential equations of second order:

(18) Mg, +Cq, +Kq, =F,
where: M, C, K are respectively the mass, elastic and dis-
sipative matrices and their formation is under the approach
described in [14]; q, is the vector of generalized coordinates
with dimension 2N (taking into account the boundary con-
ditions for z=0).

Taking into account the boundary condition for z =L,
for the matrices of mass and wind action it is obtained

/2
/12
/2
/12

1(£(z,,6)+ (23, 1)
12(f(z,t)~ (23, 1)
|
(

m m,

1 1(n-1)

(f(zy,1) +1(z5,1)

ol S TEI T S

Mgy e Mgy TM | My,

n(n-1) m,, IF(L,1)/ 2+ Fy (1) :

I’f(L,t)/12

(19)

m, . m

The element stresses are determined by the relation-
ship:
9*w (2,t) D(2)
07> 2’

where D(z) is the current diameter of the tower.

(20) o, (z,t)=-E

2.5. Full Model

In the Simulink-MATLAB environment models of wind
speed, wind turbine, tower, generator and gear box are in-
tegrated. Adding the two PID controllers (from next point)
the full model is obtained as shown in figure 11.

The Wind speed model from figure 2 is placed in a
block named “Wind Model ZA-2”. The Input of this block
is fed with an average wind speed and on the output we
obtain a random realisation of that speed. The turbine’s
model is placed in the block “Wind Turbine”. In the outputs
of this block we obtain mechanical torque and force applied

Coninuus . Generatorspeed (u) €~<_14]_]

mweryi

X =AxiBu
V= oenu

SCOPe  TowerOsdlation

Figure 11. Full WT model in the Simulink-MATLAB

Turbine Power Characteristics (Pitch angle beta = 0 deg)
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Figure 12. Tracking characteristic

at the tower’s tip. The models of electrical and mechanical
part of the generator are located into one block, named
“Asynchronous Machine”. After standard change of vari-
ables the system (18) is reduced to a system of first order
ODE. The resulting system is placed in the block “Tower
Oscillations”. This block simulates the vibrations of tower
tip. “Tracking Characteristic” of figure 12 is placed in the
block “Power (speed)”. This block generates the reference
power by under-nominal wind speed. Since the measured
output power of the generator oscillates a placement of
block “Mean value” is needed. This block averages the
input signal for one period. One PID controller from
figure 11 works in under-nominal wind speed while the
other works in over-nominal wind speed.

3. Control by Two PID Regulators

The main goals of control are the efficiency and high
quality of produced electricity as well as maintaining the
lowest possible dynamic loads in the elements of the sys-
tem. These goals are usually conflicting, which requires
searching for optimal compromissary strategies and solu-
tions. Therefore, the best efficiency is achieved if we imple-
ment a balanced relationship between these goals.

In low wind speed, the generated power is lower than
the nominal output power. So in this area the main task of
the control system is to increase the output power of the
wind turbine. It is known that for one specific wind speed
maximum efficiency is achieved only for one specific gen-
erator speed. Changing the generator’s speed leads to pro-
duction of electric power with variable frequency. For sta-
bilizing the frequency the wind turbine is connected to the
network through AC-DC-AC converter. In these wind tur-
bines the rotor speed can be varied by changing rotor’s
voltage.

In high wind speed the maximum possible output power
is greater than the nominal power of the wind turbine. Thus
the power must be reduced for providing operation without
overloading. The effective method for reducing the gener-
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ated energy is changing the pitch angle S.

The boundary between the two regions is the lowest
wind speed V__ a which the turbine reaches nominal
power.

In the first region of control, the wind speed is
V.. < V_<V__ Inthis region the pitch angle is zero and .
the voltage of the rotor is changed. This is done with the o
PID controller which has the following control law ‘ : m

ed [m/s)

Wind Spe

15 20 25 30
Tim e [s]

Figure 13. Wind speed

t
Ugor = K;(P_ Pref)+ KilJ‘(P_ Pref)zdt J
to

where K* and K* are the proportional and integral gain, and
P . is the reference output power of the generator, which
is function of wind speed. This power is determined by the
Tracking Characteristic shown in figure 12.

In the second region of control, the wind speed is
V. < V_<V_ . Inthis region the wind speed is enough ;
for the generator’s work at nomina power. Hence the PID
regulator controlling the electric part is inactive, while the Figure 14. Pitch angle
PID regulator controlling pitch angle is operational. This
PID regulator makes the following control law

angle [deg]

0 5 10 15 20 25 30

ﬂzKi(P_Pnom nom

)+ KE](P— P dt,

Rotor Voltage [V]

where K*_ and K? are the proportional and integral gain, and
P ., isthennominal output power of the generator. The aim
of that control is avoiding work with power greater than
nominal. 0% 5 i 5 20 25 30

For the wind speed which is outside the two con-
trolled regions the generator is turned off.

The two PID controllers are tuned so that when one 800 ¢
of them is operational, the other is off. This is because the
settings are as follows: when one controller produces a
positive control signal, the other produces negative. Be-
sides, after these controllers the function which cut off the
negative control signal is placed and in that case on their
output we obtain zero.

Figure 15a. Rotor control voltage

Rotor Voltage [V]

4. Numerical Results

With the model from figure 11 some results are simu- L a7 75 3-g;jme o) 79 755 : )
lated, shown in figures 13-20b.

The behaviour of the system for two different wind Figure 15b. Cut of rotor control voltage

speeds under-nominal and over-nominal was studied —
figure 13.

In accordance with the settings the pitch angle at low
speed is zero and increases at high speed — figure 14. At
low wind speed the output generator power slowly raises
— figurel8, due to the change of rotor voltage — figurels.
At the same time by strong wind speeds generates less )
power than the maximum possible, which prevents system .
overloading. 4

The settling time of the first controller is about 15 s 1

S s & o

Mechanical Torque [pu]
® o » v r ® o » N o

0 5 10 15 20 25 30

— figure 13. Commensurable to that time is the duration of ) _ Time (5] _
the transient responses on the second controller — Figure 16a. Mechanical Torque by pitch angle and rotor
figurel4. voltage shown in figures 13 and 14
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Mechanical Torque [pu]

0 5 10 15 20 25 30
Time [s]

Figure 16b. Mechanical Torque by zero pitch angle and
nominal rotor voltage

o

)
o
I

Elektrical Torque [pu]

N

Time [s]

Figure 17a. Electrical Torque by pitch angle and rotor
voltage shown in figures 13 and 14

Elektrical Torque [pu]

0 5 10 15 20 25 30
Time [s]

Figure 17b. Electrica Torque by zero pitch angle and
nominal rotor voltage

Electrical Power [pu]

0.2

0 5 10 15 20 25 30
Time [s]

Figure 18a. Electric Power by pitch angle and rotor voltage

shown in figures 13 and 14

Electrical Power [pu]
-

0 5 10 15 20 25 30
Time [s]

Figure 18b. Electric Power by zero pitch angle and nominal

rotor voltage

Generator speed [pu]

0 5 10 15 20 25 30
Time [s]

Figure 19a. Generator Speed by pitch angle and rotor
voltage shown in figures 13 and 14

Generator speed [pu]

1005MMWWW
1y 4

0 5 10 15 20 25 30
Time [s]

Figure 19b. Generator Speed by zero pitch angle and
nominal rotor voltage

Vibration of Tower Tip [m]

Figure 20a. Vibration of the tower tip by pitch angle and
rotor voltage shown in figures 13 and 14
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Vibration of Tower Tip [m]

0 '5 1b 1‘5 2‘0 2‘5 30
Time [s]

Figure 20b. Vibration of the tower tip by zero pitch angle

and nominal rotor voltage

At low wind the torque slightly depends on the con-
trollers — figure 16 and figure 17.

The controllers have small impact of the speed of the
rotor — figure 19.

Due to the control the maximum oscillation of the tip
of the tower decreases by about 20% — figure 20.
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