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Abstract: In the wind energy sector, one of the most widely used powertrain configurations is the
hub-gearbox-doubly fed asynchronous generator. To keep the generator synchronized and connected to the grid,
the work performed by the frequency converter and the pitch control system is of utmost importance. Together,
they achieve the maximum possible torque—within certain safety parameters—for the available wind resource.
This publication presents a simulated pitch control option using actual turbine measurements. The numerical
research shows the necessity for nonlinear controllers by showing the linear local uncontrollability of the linearized

version.
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1 Introduction

Current wind power generation involves the
application of two major areas of engineering:
mechanical and electrical/electronic, [[I]], [2]. In
this sense, while the reception of wind energy is
optimized with increasingly desirable advanced
blade and gearbox designs, once a rotating shaft
is established, that mechanical energy is converted
into electrical energy, mostly through double fed
asynchronous generators as shown Fig [l In any
case, it is clear that the ultimate goal is to inject
the harvested electrical energy into the HV grid, for
which synchronization of both frequency and voltage
is necessary.

Figure 1: DFIG configuration

Currently, although there are several ways to
control the kinetic energy extracted from the wind,

E-ISSN: 2224-2856

262

the most common is through pitch control, either
individually or as a whole, [3] [4], [5], [6]. Failure to
implement this control would force the wind turbine
to meet the necessary electrical conditions (imposed
by the grid to which they will be connected) to be able
to inject the generated power only in very small wind
speed windows. In order to broaden the spectrum
in which grid conditions are achieved two actions
are required. A specific signal is injected into the
generator rotor — using a frequency converter — and
blade angle is optimized by measuring the main shaft
torque.

Different studies have been published that seek
to control the variables blade angle and torque
in generator’s shaft by using different techniques,
[[7],[8]. Based on proposed models, a linearization
option for control equations is added. To evaluate
the results, values taken from an operating turbine and
its corresponding parameters are entered to assess the
performance and results.

2  Problem Formulation

A turbine’s control system is affected by various
nonlinearities that it must overcome in order to
continue supplying electrical energy to the grid,
[9]. The control system must maintain specific
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conditions imposed by the electrical grid and absorb
its fluctuations within certain limits. In turn, the raw
material from which the energy conversion is carried
out also fluctuates, presenting the control system with
different scenarios at each moment in time. It is
essential to have a robust control system that can
react in a timely manner by controlling the generator’s
torque and blade angle to avoid generating excessive
stress on equipment such as blades, main shaft, and
gearbox, as well as to avoid losing synchronization
with the electrical grid.

3 Problem Statement

3.1 Working zones

To keep the generator synchronized with the power
grid, a wind turbine has two control modes depending
on the available raw material and the generator’s
rotational speed. Therefore, three theoretical
operating zones are considered, see Fig [:

* Undersynchronization: The resource is low, so
the blades are pitched at values close to 0° using
pitch control to maximize the conversion of wind
kinetic energy to mechanical energy on the main
shaft. In this way, the balance of generated
torque and resistive torque allows the generator
to reach a speed that, when combined with a low
frequency injected by the frequency converter
into the generator rotor, allows it to reach the
nominal grid frequency, synchronize with it, and
inject power.

» Synchronous: The device transmits torque to the
power train that allows it to rotate at synchronous
speed. The frequency converter injects a direct
current into the rotor. This area is not used in
practice due to the generator used and its control
difficulties.

* Hyper-synchronism: The resource is high, so the
blade angle is regulated using pitch control to
limit torque values in the powertrain, avoiding
overexertion. The frequency converter injects
a signal into the rotor to adjust the slip and
allow the stator to deliver frequency and rated
power. In this working range, the pitch angle is
constantly corrected.

Note: As a horizontal axis wind turbine blade
design method, in any of these operating zones, the
power converter continuously corrects the signal at
the generator rotor to allow it to remain connected
to the grid via a power transformer. In turn, the
pitch system regulates the blade angle depending on
the resource to maintain optimal torque values on the
main shaft.
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Figure 2: WTG power curve

Figure 3: WTG control system

3.2 Proposed wind turbine model
The basic operating principle of a wind turbine is to
extract the kinetic energy of the wind through the
blades and transform it into torque in the drive train
as illustrated in Fig . This is how the wind (v) exerts
a force on the blades (£7), which extract their kinetic
energy by transforming it into torque on the hub shaft
(1y,). This signal oscillates depending on the applied
blade angle, instantaneous variations in wind speed,
and the rotational speed of the power train.

Where v is the wind speed (disturbance signal) and
S is the pitch angle command (control signal). On
the other hand, for the pitch command + actuation
delay: F; is the powertrain force, 7, is the powertrain
torque, w is the power trains’ angular velocity, 0,
is the mechanical’s train angular position, 7T is
the generator’s torque (control signal) and 6, is the
angular position of the generator shaft.

3.3 Drive train model

The powertrain is composed of masses that entail
large moments of inertia. The diagram shows the
blades, hub, main shaft, gearbox (Jr), and the
moment of inertia of the generator (Jg). The latter,
when delivering power to the electrical grid, exerts a
resistive torque on the main shaft as describe in ([l])
and (2):

E,

= smryF + sNmp(yr + yp)? + 51,07 + 5J,02
p

= ykryy + g Nkpyh + 5ds(0r — ;16,)

@)
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1 1 1, . 1,
Py = —dry7 + =Ndpyg + =ds(0, — —0,)* (2
d 2dTyT+2 dByB+2d(9 neg) 2

g
Using Lagrangian mechanics:

i(al) _ 87L — f _ 9Pp
dt 0¢,°  Oqr 0qr
The power train model is obtained in (B):

( (mr + Nmp)ijr + Nmpip + dryT + kryr

= Fr

Nmpiyr + Nmpip + Ndpyp + Nkpygs

=rIr

Tyl + dg(w, — Lwg) — ky(0, — ;-0,)

g i Ta

J?“niég — ds(w, — niwg) — ks(0r nl bg)

’ ’ LT,
(3)

Where {mT7 mpg, N? dTa d37 kT? kBa dsa ng} arc
constants.

3.4 Aerodynamic model
The aerodynamics for the blades is described in (H):

Fr s:Cr (A, B)
T,

== StRCQ ()‘7 B )
Where C7 and Cg are functions depending on
aerodynamic properties of the blades. On the other
hand:

4)

- w,«R,
v

1
Fg = §p7TR21}2

The next section describes the complete wind
turbine model by joining together (f) and (4).

3.5 Complete model
The model in (B) can be re-casted in the following
way:

mpr+N-mg N-mp 0 0 yr
N -mp N-mgp 0 0 1B
0 0 J 0 g, T
Jr .
0 0 0 2| |4,
dr - yr + kr - yr i o
N‘dB'yB-i-N kB YB F;
Tl de O =)~ ke (0, - 32) | | 1,
~dy (0 = 32) = by - (0r — 52)] —T

In matrix form:
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M-Z+By-Z+By-Z=h(v,B)+Bs-T, (5

Where Z = [yr,ys,b6,,0,)" with the following
matrices defined (see (H)):

mr+N-mp N-mg 0 0
N -mp N-mgp 0 0
= 0 0 J, 0
0 0 0 £
kr 0 0 07
0 N-kg 0 0
Bi=lo 0o —k =
0 0 —k
dr 0 0 0
0 N-dg 0 0
Ba=1lo 0o d -
0 0 —d &
spmR*v? - Cp(%E ) 0
h(v, B) = %PﬂR%Q-CT(?TvR,B) Bs = 8
ppm R 'OCQ(GZJR» 8 -1
\
(6)

Writing this system using () and () in state-space
form:
X=A4-X+gB)+B-T, (7)

Where X [Z,7]" and with the following
matrices defined:

Ao A 4,
T |-M~'- B, —M7!'.B,
0 1 0 O]
0 01 0
A=100 01
0 0 0 0]
0 0 0 O
0 00 O
Ad2=10 0 0 0
1 0 0 0]
0
0
B = 0
M~1B;
The nonlinear term arises:
0
0
glz,v) = 0 (8)
M_l'h(vaﬁ)
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3.6 Complete model linearization

In order to linearize the model ([f), especially the
non-linear term (), the classical method of Taylor
series will be used around the equilibrium point (9)):

( - - - -

yr 0
YB 0
0, 0
XA — 9!] — 0
yr 0
yB 0 )
0, 2500
16,1 L 20
B =35
TS =25
v =10

Then, the non-linear term (f) can be easily
linearized considering as constant functions Cr and
CQI

9,5 ~ 9(10,3.5)

Considering:

Xy = Xy — X4 = Xy = X
T, =T, T
Then
Xy = AX @y + XA) + B(Ty + T2) + 9(10,3.5)

Finally:

Xy = AX(t) + BT, + (AX* + BT + 4(10,3.5))

I
Y =C(X + X4

Then, the complete linearized model is described

in ([L0):
X(t) =AX +BT,+L (10)
=CX + C’XA

Note: Matrix C' can be considered differently
depending on the simulation objectives. In the
next section, only one state will be considered as a

measured output 6,,.
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Figure 4: Simulink block diagram using a PID

4 Matlab-Simulink simulations

Using a PID controller on the linearized model ([L0),
the Simulink block diagram is depicted in Fig. 4

Even when a partial tracking for the setpoint can
be achieved, it is a very important issue to analyze
the controllability matrix C'trb using the linear model
(L0):

Ctrb=[BA-B... A" B]

which in this case possesses rank = 2. In fact,
only the states 0, and ¢, can be controlled using only
T, as shown in the following transfer functions:

_ 0:(s) —3.098-10~7
Gi(s) = 7 (Ss) 5246-10~5-5+4.066-10~ 25 1
G _ 0 (S) —5—3-10~° (11)
2(s) = 7 9(s) — $246-10-5-5+4.066-10- 25
Since the system is not completely
controllable, the uncontrollable modes must
be studied, so the eigenvalues of matrix
A arise: {—1.4700 + 0.0000:,—0.4264 +

1.37637, —0.4264 — 1.37637,1.1333 +
0.8068i, 1.1333 — 0.8068i, —0.0074 + 0.0000¢, 0, 0}.

Note: Two uncontrollable eigenvalues (modes)
are unstable, so the system (linearized) is completely
uncontrollable.

A simulation using a PID controller can be
depicted in Fig. B

Figure 5: Divergence between setpoint and 6, using
a PID controller
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Discussion

The analysis and research in this paper using a
linearized model and Matlab-Simulink simulations,
reveals the following important conclusions:

» With a constant control 5, the linearized system

6

([L0) is completely uncontrollable

Locally, the non-linear model ([7) is completely
uncontrollable according to the center manifold
theorem (see for instance, [[10]).

The results in this paper shows the necessity for
a truly non-linear controller using both {7}, 3}

The uncontrollability evidence was shown using
real world measurements

A complete controllability analysis in a generic
form using the matrices { A, B} is very involved

Conclusion

In this paper, a complete dynamic model for a wind
power turbine has been revised and analyzed. Using
Lagrangian mechanics along with aerodynamical
modeling a complete non-linear model in state-space
was revised.

After a linearization around an equilibrium point

with one the control inputs constant 3 = 3.5, the
complete uncontrollability of the system using only
Ty is concluded. Resorting to the center manifold
theorem, the local uncontrollability of the non-linear
system is shown.

This conclusion encourage a more detailed

research using nonlinear controllability and nonlinear
controllers like optimal control, piecewise linear
controllers and so on. This research, in fact conforms
a matter of future work.
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