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Abstract—This dissertation focuses on the modeling, the identi-
fication and the control of a new Darrieus prototype vertical axis
wind turbine integrated in a smart grid for future installation in
urban context. Throughout this work a new control strategy is
proposed and a methodology is presented in order to achieve a
solid foundation to the control process. A linear dynamic model
of the Darrieus prototype equipped with a permanent magnet
synchronous generator was developed in Matlab/Simulink.

The prototype was assembled in a wind tunnel, tested and data
validated at various experimental controlled conditions. Field
tests using ZigBee standard are presented in order to organize
a proposal for a smart grid architecture and a security data
technology. With use of the data retrieved an empirical model
was proposed. After comparison between the linear dynamic
model and the experimental data a theoretical control solution
was developed and implemented in order to successfully allow the
wind turbine to generate electrical energy operating at maximum
efficiency conditions.

I. INTRODUCTION

Recently, renewable energy has significantly increased its
market penetration in power production. Wind energy con-
version to electric energy is economically considered one of
the most propitious conversions, this well rated conversion
of energy is one of many reasons why lately wind power
systems have been receiving significant investments. This rise
has been accompanied with the awareness that fossil fueled
based energy use results in high quantity emissions of CO2

[1]. Also, in the future energy system idea, decentralized
power production has grown in importance, for local power
production and for the integrating part in smart grids.

The rising share of renewable energy in the global power
production shows the way of the future. However the fact that
these resources are fluctuating and non-dispatchable, creating
an unbalance between supply and demand, requires an effort in
maximizing power production and creating control strategies
in order to improve the technology itself and its integration in
a smart energy grid context.

Presently the primary technology used in wind power gen-
eration consists in Horizontal Axis Wind Turbines (HAWT).
However this technology has some characteristics to be met
when considering the prime functioning location, by means
that, it is inappropriate on urban environments since it causes
negative visual impact and noise pollution. A solution to
generate energy from wind closer to the consumer and to
increase the wind power usage is the Vertical Axis Wind

Turbine (VAWT). In comparison to HAWT, most VAWT
models have the following advantages [6]:

• Performance is independent from wind direction, thus not
requiring any special mechanisms for yawing into wind
and VAWT have the ability to generate energy from wind
skewed flows;

• Smaller number of components;
• Very low sound emission;
• Blades can be manufactured by mass production extru-

sion, since they are often untwisted and of constant chord;
• Ability to operate closer to the ground and for the large

dimensions VAWT the generator is usually installed on
the base, which makes maintenance simpler and cheaper.

A VAWT is classified into two three technologic types: Savo-
nius, Darrieus and H-Rotor. The prototype developed in [3]-
[8] is a curved bladed Darrieus VAWT with self-start for
low wind speeds. The interest in this type of VAWT is due
to the ability to spin faster than the incoming wind speed.
Unlike the Savonius VAWT, the Darrieus wind turbine is a
high speed, low torque machine, usually requiring a startup
force to initiate the operation, that is, the lack of binary has
to be conveniently overcome. Although of the involvedness
in blade design and performance prediction the Darrieus type
is experiencing a growth in development and installation as a
result of the interest for decentralizing electric energy sources
located in urban areas.

This works offers a structured method to elaborate linear
models for the main subsystems and how to interpret their
interaction. Furthermore it is complemented with a experi-
mental study for variable identification and simulations of the
controlled system so that the next step is the implementation
of the control strategy.

II. STATE OF THE ART

In [3] a self-start Darrieus wind turbine prototype for urban
integration is developed, where the innovative design avoids
the need for extra components and external electricity feed-in.
Data presented in this paper is acquired from this work.

In [8] a dynamic model for the HAWT system is demon-
strated and specifically of high interest, the equations required
to model the PMSG are presented in detail, complemented
with the theory behind the machine.



In [9] for different control strategies comparison and eval-
uation, a two-mass dynamic model is developed for a HAWT
equiped with and induction generator.

In [10] general equations for modeling a VAWT equipped
with a synchronous generator are shown.

In [11] a study is presented for modelling and design of
wind enery conversion systems (WECS), using a wind turbine
with known dynamic characteristics and a permanent magnet
synchronous generator (PMSG) with a back to back power
converter topology.

III. DYNAMIC MODEL FOR THE VAWT
The potential available kinetic energy stored in the wind is

calculated taking into account the assumption that all particles
present in the wind are moving at a constant speed and
direction, therefore the available energy is given by:

E =
1

2
m ν2 =

P 2

2 m
(1)

where, E is the kinetic energy of the moving particles, m the
total mass and ν the respective velocity. In order to express
the equation regarding a period of time, the total mass is given
by:

δm = ρA ν δt = ρ 2rHν δt (2)

where, ρ is the air density, t the time interval considered and
A is the swept area of the rotor, notice that for VAWT the
swept area is given by:

A = 2rH (3)

where r is the turbine radius and H the height.
Finally it is direct that the wind power available at any time

instant is given by:

Pwind = ρrHν3 (4)

The relationship between the available kinetic power of the
wind and the power captured and converted to mechanical
power by the wind turbine is the well know power coefficient
(Cp) is given by:

Cp =
Pturbine

Pwind
(5)

To create a linear model that represents the dynamics of
the VAWT, first the main equations that represent the energy
conversion are presented. Aerodynamic power captured by the
vertical axis rotor is given by:

Pa =
1

2
ρA Cp(λ) ν3 = ω Ta (6)

where λ is the Tip Speed Ratio (TSR), Ta is the aerody-
namic torque, given by equations (7) and (8), respectively.

The TSR is given by:

λ =
ωr

ν
(7)

Ta = ρr2HCp(λ)ν2
1

λ
(8)

For the TSR definition (7) it is know that it represents the
interaction between the rotor and the wind flow. For HAWT it
is defined by the quotient between the tangential linear speed
of the rotor at the tip of the blade and the wind speed, that is
perpendicular to the swept area of the blades. For the VAWT
it is more complicated since there are two tips of the blade
and depending on their design the tips can be closer or farther
to the rotating axis. Since for the turbine considered the tips
are closer to the rotating axis than the middle section of the
blade, the tip speed ratio will be calculated precisely at middle
height of the turbine.

The first requirement encountered is the understanding
and modeling of the relation between power coefficient and
TSR. For the Power Coefficient (Cp), previous studies and
simulations have achieved a theoretical relation between Cp

and λ is shown in Fig.1.
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Fig. 1. Cp Vs TSR(λ).

This experiment was performed with a uniform wind speed
of 12 m/s. With the use of a data analysis software it was
possible to obtain a equation that describes the behavior of Cp

with the TSR. The Cp is given by:

Cp = −0.007365λ2 + 0.1015λ+ 0.002052 (9)

The aerodynamic power for the turbine is given by:

Pa = ρrH(−0.007365λ2 + 0.1015λ+ 0.002052)ν3 (10)

Where the aerodynamic torque is given by:

Ta = ρrH(−0.007365λ2 + 0.1015λ

+ 0.002052) ν3 ω−1 (11)

Proceeding to linearize the aerodynamic torque due to wind
impact on the blades the expression is described as a Taylor
series is given by:

Ta(ν, ω) ≈ Ta + a δν + b δω (12)



Where δν = ν − ν, δω = ω − ω and a and b are given by:

a =
∂Ta
∂ν

∣∣∣∣
opt

(13)

b =
∂Ta
∂ω

∣∣∣∣
opt

(14)

IV. DYNAMIC MODEL FOR THE PMSG

The electrical model of the Permanent Magnet Synchronous
Generator (PMSG) in the synchronous reference frame [9] is
given by:

diq
dt

= −Ra

L
iq + ωe(id +

1

L
λo) +

1

L
uq (15)

did
dt

= −Ra

L
id + ωeiq +

1

L
ud (16)

where, np is the number of poles and λo is the permanent
magnetic flux. The electric angular speed ωe is given by:

ωe = np ω (17)

The simplified form (15)-(16) is the result of simplifications
regarding the inductances, where the Ld = Lq = L are the
summation of the inductances of the generator and transformer.
Another consideration was the q-axis counter electric potential
eq = ωeλ0 and the d-axis counter electric potential ed = 0.
The equivalent circuit of the PMSG on the dq-rotating frame
is shown in Fig. 2.

Fig. 2. Equivalent circuit of PMSG. Figure extracted from [2]

For any PMSG, the electrical output power can be expressed
in the dq-axes reference frame and is given by:

Pdq0 =
3

2
(udid + uqiq) (18)

Active power, being the portion of power that, averaged over
a complete cycle of the AC waveform, results in net transfer
of energy in one direction is given by:

Pem =
3

2
ωe(λdiq − λqid) (19)

After all considerations it is possible to derive the electro-
magnetic torque, which is regulated ultimately by iq and is
given by:

Tem =
3

2
np((Ld − Lq)idiq + iqλo) (20)

Considering the previous simplification regarding induc-
tances (Ld = Lq) in (20), the electromagnetic torque is given
by:

Tem = 1.5npλoiq (21)

Some tests performed on the PMSG with an auxiliary motor
were developed in order to obtain a relation between the
generator behavior regarding the angular speed of the rotor.
Two of those tests were performed with the generator in open
and short circuit, the result are shown in Fig 3 and in Fig. 4.
As easily viewed, both the tension and the current display a
direct proportional variance according to the angular speed.
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Fig. 3. Open circuit analysis: Voltage vs angular speed.
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Fig. 4. Short circuit analysis: Current vs angular speed.

Expressing the behavior mathematically the functions of
open circuit phase voltage and short circuit line current are
obtained:

U(ω) = 0.2841 ω + 0.2193 (V ) (22)

I(ω) = 0.0089 ω − 0.0004 (A) (23)

For all situations, applying a referential transform to the
variables in study in module corresponds to a positive gain.
Therefor we have that:



uq = 1.5

√
2

3
U and iq = 1.5

√
2

3
I (24)

For the following steps iqref = 0 and uqref = 0, however
regarding the dynamics of the generator, for transient situations
this will not be true due to (26). For the state space framework,
the PMSG dynamics is given by (15) and (16). Using (22) and
(23), the state space representation variables can be replaced
by direct relations to the angular speed of the turbine. The
modified state space is given by:

diq
dt

= −R
L

1.5

√
2

3
(0.0089 ω − 0.0004) − np ω

λo
L

− np ω id +
1

L
1.5

√
2

3
(0.2841 ω + 0.2193) (25)

did
dt

= np ω iq (26)

In order to apply a control strategy that uses as actuation a
variable circuit resistance, it is required to achieve the relation
between thus actuation Rc in the abc (physical) referential
to the corresponding to a dq0 referential, in order to relate
circuit resistance Rc to the current iq . Knowing that, for a
closed circuit with resistive loads R is given by:

R = Ra +Rc (27)

Being Ra the sum of the PMSG coil resistances, Rc the circuit
imposed resistance in the dq0 referential, that will be the
variable to control. Linearizing (25) and (26) around a generic
operating point, the linearized equations are given by:

˙δiq ≈ c δRc + d δω + g δid (28)

˙δid ≈ j δω + k δiq (29)

where ˙δiq = i̇q − i̇q , ˙δid = i̇d − i̇d, δRc = Rc −Rc and c,
d, g,j and k are given by:

c =
∂i̇q
∂Rc

∣∣∣∣
opt

(30)

d =
∂i̇q
∂ω

∣∣∣∣
opt

(31)

g =
∂i̇q
∂id

∣∣∣∣
opt

(32)

j =
∂i̇d
∂ω

∣∣∣∣
opt

(33)

k =
∂i̇d
∂iq

∣∣∣∣
opt

(34)

Linearizing around an operating point, the electromagnetic
torque expressed in equation (20) is given by:

Tem ≈ Tem + e δiq (35)

where δiq = iq − iq and e is given by:

e =
∂Tem
∂iq

∣∣∣∣
opt

(36)

V. DYNAMIC MODEL FOR THE DRIVE-TRAIN

To calculate the applied aerodynamic torque, it is required
to assume certain facts to account for the motion of the Drive-
train. The rotor is assumed to act as a rigid body and therefore,
to have the same acceleration over the entire axis of rotation.
Aerodynamic effects are integrated over the length of the blade
and summed up for all the blades.

By applying the rotational version of Newtons second law,
summing moments about the vertical axis, a general equation
is given by:

Jtθ̈ = Jtω̇ = Ta − Tem − βω (37)

where, Jt is the total inertial moment of the VAWT, the
Ta the aerodynamic torque, Tem the measured torque on the
generator and β is the damping coefficient.

Energy wise (37) is given by:

ω2 =
2

Jt

∫
(Pa − Pem)dt (38)

For the configuration in hand, the axle has a small distance
between supports and for the vertical position it is valid to look
down on vibrations of mechanical deformation of the axis due
to flexion and torsion originated by non uniform speed and
direction in wind flow.

For a better understanding of the system in order to lastly
apply a control strategy it is important to have a main equation,
which appears by merging (37) with the linearized quantities
of interest.

Using equation (12) and (35) in the equation (37) it is
possible to achieve a linear relation between the variables of
interest, given by:

δω̇ ≈ 1

Jt

(
Ta+a δν+b δω−Tem−e δiq−β(δω+ω)

)
(39)

Applying Laplace transform, (39) is given by:

s ∆ω(s) ≈ 1

Jt

(
Ta + a ∆ν(s) + b ∆ω(s) − Tem−

e ∆iq(s) − β∆ω(s) − βω

)
(40)

where a, b and e are given by:

a =
∂Ta
∂ν

∣∣∣∣
opt

(41)

b =
∂Ta
∂ω

∣∣∣∣
opt

(42)



e =
∂Tem
∂iq

∣∣∣∣
opt

= 1.5 np λo (43)

Considering Tem = Ta − β ω and β = 0 it is obvious the
following simplification, given by:

δω̇ ≈ 1

Jt

(
a δν + b δω − e δiq

)
(44)

In this work studies regarding the damping coefficient are not
performed, the damping coefficient represents the linearized
aerodynamic damping effects plus the mechanical damping
present in the drive train and in the PMSG.

VI. LINEARIZED SCHEMATIC MODEL

From (37) it is possible to create a schematic model that
describes the interaction between the different subsystems that
compose the wind turbine. The closed loop model with the
controller is shown in Figure 5 where it is direct that the
control variable used is δRc.

Fig. 5. Linear model scheme with controller.

VII. CONTROL ANALYSIS OF THE DIRECT DRIVE PMSG
WIND TURBINE SYSTEM

The main objectives of the control strategy implementation
will be the achievement of the nominal power generated. When
the nominal power is achieved the objective shifts to a new
goal that is maintaining the generated power. For instance,
when at nominal power generated, assuming wind speed in-
crease, it is required to reduce Cp in order to negatively affect
the turbines efficiency and therefore cancel the corresponding
increment in power.

The curve describing the power generated according to the
wind speed is expected to be somewhat similar to Fig. 6.

A. Frequency Analysis

1) Third-Order Model: Equation (40) leads to a transfer
function (TF) relating for the VAWT both input variation (δRc

and δν) to the variation of angular speed (δω), in order to
structure the equation it is required to do the Laplace transform
of (28) and (29), given by:

s ∆iq = c ∆Rc(s) + d ∆ω(s) + g ∆id(s) (45)

Fig. 6. Power vs wind speed with control.

s ∆id = j ∆ω(s) + k ∆iq(s) (46)

Now it is possible to integrate both equations in one equation
in the frequency domain, given by:

∆iq =
c ∆Rc(s) + ∆ω(s)(d+ g j

s )

s− g k
s

(47)

Since as shown in (28), the generator current iq , has a linear
relation with the circuit resistance δRc, which since it is
ultimately the input variable used it is required to analyze
the respective TF. Integrating (47) in (40) considering Tem =
Ta − β ω, we have:

s ∆ω(s) = J−1
t

(
a ∆ν(s) + b ∆ω(s)−

e
c ∆Rc(s) + ∆ω(s)(d+ g j

s )

s− g k
s

)
(48)

Therefore two distinct transfer functions can be analyzed,
one for each input given by:

TF13 =
∆ω(s)

∆ν(s)
=

a (s2 − g k)

Jt s3 − b s2 + s(e d− g k Jt) + g k + e g j
(49)

TF23 =
∆ω(s)

∆Rc(s)
=

−e c s
Jt s3 − b s2 + s(e d− g k Jt) + g k + e g j

(50)

where TF1n is the transfer function of an nth order model
from the wind speed variation input to the angular speed
variation and TF2n is the transfer function of an nth order
model from the circuit resistance variation input to the angular
speed variation.

2) Second-Order Model: The second order model consists
of a simplified version of the third order model being that it
does not consider the dynamics associated with δi̇d.

A simplified set of equations describing the TF between
both inputs and the output is given by:

TF12 =
∆ω(s)

∆ν(s)
=

a s

Jt s2 − b s+ e d
(51)



TF22 =
∆ω(s)

∆Rc(s)
=

−e c
Jt s2 − b s+ e d

(52)

This set of equations is used throughout the control strategy
analysis and simulations while the more complex model is
used for parameter identification purposes.

The output power is determined by the following equation
given by:

Pout = 1.5npλoiqω −Riq
2 (53)

Where R is given by equation (27), linearizing (53) the
output power is given by:

Pout ≈ 1.5npλoiq∆ω + (1.5λoω − 2Riq)∆iq + Pout (54)

To study stability a Root Locus analysis is performed.
To characterize the frequency response a Bode analysis is
presented.

Since until this point, the equations are presented with
variables, the following studies are performed for data present
in Table I and shown in Figure 7. For the second order model
despising the damping coefficient (β ≈ 0), TF22 (52) is given
by:

TF22 =
∆ ω(s)

∆Rc(s)
=

868.9

s2 + 1.1507 × 10−3s− 0.4
(55)

By the Root Locus analysis it is clear that the system is
marginally stable, that is, for K = 0 it is unstable, however
for K > 0.00046 the system becomes stable. Therefore it is
required to use a controller that has a higher gain than 0.00046.

VIII. STATE SPACE ANALYSIS

A. Second-Order Model

The state variables chosen are δω and δiq , since they
represent the energy of the system in study. Using the state
vector x =

[
δω δiq

]T
and the ouput vector y =

[
δω
]
, it

is possible to infer that the state space representative of the
system is given by (56).{

ẋ(t) = Ax(t) + B u(t) + E δν(t)

ẏ(t) = Cx(t) + Du(t)
(56)

Where δν is the disturbance and u = δRc, A, B, C and E
are given by:

A =

[
b J−1 −e J−1

d 0

]
, B =

[
0

c

]
(57)

C =
[
1 0

]
, D =

[
0
]
, E =

[
a J−1

0

]
(58)

TABLE I
CASE STUDY SPECIFICATIONS AND LINEARIZATION CONSTANTS.

Parameters Symbol Value

Nominal Wind Speed(m/s) ν 6
Nominal Angular Speed (rad/s) ω 239.0658

Nominal Current(mA) iq 11.2

Nominal Load Resistance(Ω) Rc 136.6

Nominal Output Power(W ) Pout 6.4955

Radius (m) R 0.173
Height (m) H 0.48
N of Blades Z 5

Blade body (m) − 0.36
Airfoil chord (m) − 0.053

Airfoil wheight (g) − 180

Generator type − 3 phase AC PMG
Rated Voltage (V ) VLL DC-16V

N of poles np 6
Stator resistance (Ω) Ra 4.3

PM Flux Linkage (Wbturns) λo 0.272
Inductance (mH) L 40

Motor Inercia (kg m2) − 0.000179

a - 0.0138
b - −1.1507 × 10−4

c - −35.478
d - −0.0109
e - 2.448
g - −1.43 × 103

j - 0.0674
k - 1.43 × 103

1) System Characterization: With the view to characterize
the system in hand, it is required to analyze its controllability,
observability and stability.
-Controllability

Computing the state controllability matrix, given by:

Cs =

[
0 a J−1 −e c J−1 b a J−2

c 0 0 d a J−1

]
(59)

From this analysis, it can be stated that the system is
completely state controllable (for nonzero parameters) since
the vectors B,AB, ...,An−1B are linearly independent
which is the same that having the controllability matrix of
rank = n = 2.

-Observability
Computing the state observability matrix, given by:

O =

[
1 0 −b J−1 d

0 1 −e J−1 0

]
(60)

For the observability the rank of the matrix is 2. Hence,
the system is completely observable.

-Stability
Regarding stability of the system, by resorting to the Lya-

punov 2nd method for linear systems in order for the system
to be asymptotically stable it is a necessary and sufficient
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Fig. 7. Open loop system analysis: (Second-Order Model).

condition that for a given hermitian positive defined matrix
Q, exist a hermitian positive defined matrix P such that the
following relation is proved, given by:

A∗P + PA = −Q (61)

where A∗ corresponds to the conjugate transpose of A.
Since for the imposed conditions there is no matrix P that
for any Q positive defined is positive defined as well, stability
cannot be proved.

IX. EXPERIMENTAL SETUP

The prototype, the anemometer and the rotations counter
are show in Fig. 8.

For the experiments performed in the Wind Tunnel, wind
speed was measured using a Pitot tube, show in Fig. 9.

Fig. 8. Prototype and sensors.

Experiment conditions:
• Air temperature - 293.15 K
• Atmospheric pressure - 100606 Pa
• Ar density - 1.19557 kg/m3
• Gravitational acceleration - 9.80054 m/s2

Fig. 9. Aeroacoustic wind tunnel Setup. Prototype and pitot tube instalation.

The scheme representing the load and the source is shown in
Figure 10.
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Fig. 10. Full circuit scheme.



X. EXPERIMENTAL DATA AND PARAMETERS
IDENTIFICATION

Data presented in this paper was obtained in a Aeroacoustic
Wind Tunnel, the setup is shown in Fig. 9.

Number of poles (np) From data analysis is possible
to deduce a number of pair of poles of the PMSG. The
RPM counter works through a infrared sensor that consists
in a high intensity LED diode and a photoelectric infrared
cell. The passing of obstacles between the LED diode and
the photoelectric cell produces an interruption of the circuit,
therefore between two interruptions a full lap is performed
by the turbine. By the RPM counter Fig.11 the wind turbine
spins at a speed of approximately 0.83 rotations per second
for a consistent wind of approximately 8 m/s. In Fig.12 it’s
plausible that the electric period is approximately 0.2 seconds,
which equals saying the electric frequency is 5 rotations per
second.
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Fig. 11. RPS variation with time.
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Knowing that the electrical angular speed is given by:

ωe = ωmechanic × np (62)

it’s valid to conclude that the number of pairs of poles in the
PMSG is 6.

XI. SINGLE INPUT SINGLE OUTPUT IDENTIFICATION

Wind Speed Vs Angular Speed
For a basic approach on how to understand the behavior of

the turbine to a variating wind speed a 350 second data was
obtained, where the wind speed varies from approximately
7 m/s to 15 m/s. The results are show in Fig.13. Angular
speed data is computed from the voltage signal corresponding
to one phase readings. The considerations taken are that the
real angular speed corresponds to the wave frequency divided
by the number of poles (np = 6).

Since at the initial and last instants of time the wind speed
was at 0 m/s and data deviating from that value was only
noise, for a more realistic data interpretation values were set
to 0 m/s in order to allow a better filtered value.
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Fig. 13. Wind Speed and Angular Speed.

Attempting to estimate the parameters of the system, using
Matlab, identification tools were used and a model was cre-
ated. Knowing that accordingly to the linear model developed
the TF relating both variables must be of the form given by
(49). The output from the model has a fit to the measured data
of 99 %, presented in Figure 14. The identified model TF is
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Fig. 14. Measured Angular Speed (black) and Simulated Angular Speed
(blue).



given by:

TF13identified =

0.2214 s2 + 0.00256 s+ 7.593 × 10−5

s3 + 0.1564 s2 + s (0.001808) + 3.36 × 10−5
(63)

A prediction for the TF is calculated taking into account
all linearization variables calculated, for a set of conditions
similar to the experimental data, given by:

TF13predicted =

0.0169 s2 + 33.316

s3 − 5 × 10−3 s2 + s(1.98 × 103) − 1.98 × 104
(64)

Circuit Resistance Vs Angular Speed
For the following experiments wind speed was kept constant

and the resistive load imposed in the circuit was changed
by means of an Arduino board connected to a relays board,
allowing the switching of 6 resistances in Delta configuration
and the three phases of the generator. Hence, 3 distinctive
resistive loads are tested: the open loop condition, 3 resistances
of 5 Ω each in Delta configuration and 6 resistances of 5 Ω
each connected in parallel 2 by 2 in a Delta configuration. The
3 loads are then given by:

• A = inf Ω
• B = 5 Ω
• C = 2.5 Ω

The time variating load is presented in Fig. 15. Angular Speed
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Fig. 15. Load variation with time.

was obtained with the same line of thought performed in the
previous experiment. The first 30 seconds correspond to the
wind speed increase from 0 m/s to the stable value of 4 m/s.
For identification purposes, since only one input response is
evaluated at a time, the initial 30 seconds of the data were
removed (Fig. 16).

The identified model is given by:

TF23identified =

0.001159 s+ 1.5 × 10−6

s3 + 10.43 s2 + 2.25 s+ 7.5 × 10−4
(65)
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Fig. 16. Measured Angular Speed (black) and Simulated Angular Speed (blue
- Model 1; green - Model 2).

The predicted model is given by:

TF23predicted =

33.24

s3 + 5 × 10−3 s2 + s(1.98 × 103) − 1.98 × 104
(66)

A. Single Input Single Output Identification Analysis

It is direct that the variables do not assume the same
values as do the predicted models. In both experiments the
denominator of the transfer functions is the same, which
does not comply with the identified models. Therefore a new
attempt to estimate the parameters is performed by evaluating
both input simultaneously.

XII. MULTIPLE INPUT SINGLE OUTPUT IDENTIFICATION

This experiment data set consists in 3 distinct stages:
• 1 - Only the wind speed variation input is tested (δν).

(20 < t < 320);

• 2 - Only the circuit resistance variation is tested (δRc).
(320 < t < 500);

• 3 - Both inputs are varied simultaneously. (620 < t <
700)
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Fig. 17. Voltage at PMSG terminals.
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Fig. 18. Data set for MISO identification.

1) Free matrix entries.: The identified model with fixed
rank (n = 2) but total parameter freedom produces an output
that as a fitting with the measured output of 85.26%, presented
in Figure 19. The developed second order model is given by:
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Fig. 19. Model comparison for MISO system: (Second-Order Model).

A =

[
b J−1 −e J−1

d 0

]
, B =

[
0

c

]
(67)

C =
[
1 0

]
, D =

[
0
]
, E =

[
a J−1

0

]
(68)

The state space model generated by the identification method
for the second order model is given by:

Aid =

[
−1.32 × 104 −44.32

−28.77 −0.2376

]
, Bid =

[
952

3.718

]
(69)

Cid =
[
1 0

]
, Did =

[
0 0

]
, Eid =

[
7131

−26.75

]
(70)

For this identified model, by evaluating data present in the B
matrix, knowing that u = [δRc], it is noticeable that the model
predicts a important influence of δRc since the actuation gains
are high. However there still is a considerable discrepancy
between the parameters values, which might imply that some
non liner phenomenons occur in the functioning wind power
system.

XIII. CONCLUSION

In this thesis, a new approach to modeling wind turbine
power systems is developed and validated with identified
models obtained from experimental data analysis from the
Darrieus prototype developed. A new control strategy based
on the imposed circuit resistance is proposed and implemented
in the linear model, complementing the strategy with simula-
tions performed in Matlab/Simulink evaluating two distinct
controllers.

For a model with the same rank has the theoretical model,
the result between the outcome of both models and the identi-
fied one produces a fitting of 75%, which is considerably good,
however the dynamic associated with the control variable is
not clear on this model, which invalidates its use. In that
line of though, a model with the same structure but total
parameter freedom was tested and after comparison with the
real data, the output generated has a fitting of 85%. For control
implementation purposes the model to use is the high fitting
model once it behaves more realistically and allows for a
higher control quality.

The results from the simulations show that a high resolution,
wide range and quick dynamic actuator is required, which is
consistent with the conclusions of the analysis performed on
the model obtained from the identification experiment.
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