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Abstract

This paper presents a new integrated model for the simulation of wind energy systems. The proposed model is
more realistic and accurate, considering a variable-speed wind turbine, two-mass rotor, permanent magnet
synchronous generator (PMSG), different power converter topologies, and filters. Additionally, a new control
strategy is proposed for the variable-speed operation of wind turbines with PMSG/full-power converter topology,
based on fractional-order controllers. Comprehensive simulation studies are carried out with matrix and multilevel
power converter topologies, in order to adequately assert the system performance in what regards the quality of the
energy injected into the electric grid. Finally, conclusions are duly drawn.
© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Wind energy is the fastest growing energy technology in terms of percentage of yearly growth of
installed capacity per technology source [1].

In Portugal, the wind power goal foreseen for 2010 was established by the government as 3750 MW
and that will constitute some 25% of the total installed capacity by 2010 [2]. This value has recently been
raised to 5100 MW, by the most recent governmental goals for the wind sector. Hence, Portugal has one
of the most ambitious goals in terms of wind power, and in 2006 was the second country in Europe with

the highest wind power growth.
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As wind energy is increasingly integrated into power systems, the stability of already existing power
systems is becoming a concern of utmost importance [3]. Also, network operators have to ensure that
consumer power quality is not deteriorated. Hence, the total harmonic distortion (THD) should be kept as
low as possible, improving the quality of the energy injected into the electric grid [4]. The new technical
challenges emerging due to increased wind power penetration, dynamic stability and power quality imply
research of more realistic and accurate models for wind energy systems.

Power-electronic converters have been developed for integrating wind power with the electric grid.
The use of power-electronic converters allows not only for variable-speed operation of a wind turbine, but
also for enhancement on power extraction [5]. In a recent overview of different wind generator systems
[6], it is shown that variable-speed conceptions equipped with power-electronic converts will continue to
dominate and be very promising technologies for large wind farms.

Variable-speed control is better than constant-speed control and is known for at least a decade [7].
In a variable-speed wind turbine with full-power converter, the wind turbine is directly connected to the
generator and the generator is completely decoupled from the electric grid. Of all the generators used in
wind turbines, the permanent magnet synchronous generator (PMSG) is the one with a significant
advantage: it is stable and secure under normal operating conditions; and comparing with a wound
synchronous generator, it is smaller and does not need a direct current power source for field excitation.

Accurate modeling and control of wind turbines have high priority in the research activities all over
the world [8]. Also, understanding the harmonic behavior of variable-speed wind turbines is essential in
order to analyze their effect on the electric grids where they are connected [9]. At the moment, substantial
documentation exists on modeling and control issues for the doubly fed induction generator (DFIG) wind
turbine. But this is not the case for wind turbines with PMSG and full-power converter.

In this paper, a variable-speed wind turbine is considered with PMSG and different power converter
topologies: matrix, and multilevel.

Matrix converters have received considerable attention during the past decades, since they may
become a viable alternative to back-to-back converters [10]. The matrix converter is capable of
converting the variable AC from the generator into constant AC to the electric grid in one stage. A
technology review of matrix converters can be seen in [11]. The converter is smaller, lighter and more

reliable than conventional converters, representing a good alternative for variable-speed operation of wind



energy systems [12]. One of the major drawbacks of a matrix converter is that 18 total switches are
required, causing an increase in converter semiconductor cost. Also, industrial wide use of matrix
converter is still very limited due to certain undesirable characteristics: its sensitivity to distortion in input
power supply due to the lack of reactive component in the power circuit, and its sensitivity to the rapidly
fluctuating input voltage frequency when used in wind energy systems [13].

Multilevel converters are widely used in high-voltage and high-power applications [14, 15], because
they allow operations at higher dc-link voltage levels, avoiding the problems of the series interconnection
of devices [16]. Compared to the conventional two-level converter topology, multilevel converters
provide several advantages: their ability to meet the increasing demand of power ratings and power
quality associated with reduced harmonic distortion, lower electromagnetic interference, and higher
efficiencies [17]. Hence, multilevel converters are a good tradeoff solution between performance and cost
in high-power systems [18]. A survey of topologies, controls, and applications for multilevel inverters can
be seen in [19]. Multilevel converters are, however, limited by the following drawbacks: voltage
unbalances, high component count, and increased control complexity. A critical issue in multilevel
converters is the design of the DC-link capacitors. Thus, special attention should be paid to the unbalance
in the capacitors’ voltage of multilevel converters, which may produce a malfunction of the control. One
possible design of the DC-link is given in [20].

Several papers have been issued on matrix and multilevel power converters, but mainly using
simplified models to describe the wind energy system or the control strategies themselves. However, the
increased wind power penetration, as nowadays occurs for instance in Portugal, requires new models for
the simulation of wind energy systems, more realistic and accurate, and new control strategies, improving
performance of disturbance attenuation and system robustness. These concerns are all accounted for in
our paper.

As a new contribution to earlier studies, an integrated model for the simulation of wind energy
systems with different power converter topologies is presented in this paper. Additionally, a new
fractional-order control strategy is proposed for the variable-speed operation of wind turbines with

PMSG/full-power converter topology.



Harmonic emissions are recognized as a power quality problem for modern variable-speed wind
turbines. Understanding the harmonic behavior of variable-speed wind turbines is essential in order to
analyze their effect on the electric grids where they are connected [9]. Hence, comprehensive simulation
studies are carried out with matrix and multilevel power converter topologies, in order to adequately
assert the system performance in what regards the quality of the energy injected into the electric grid.

This paper is organized as follows. Section 2 presents the integrated modeling of the wind energy
system with different power converter topologies: matrix and multilevel. Section 3 presents the new
fractional-order control strategy for the variable-speed operation of wind turbines with PMSG/full-power
converter topology. Section 4 provides the power quality evaluation by Fast Fourier Transform (FFT) and
THD. Section 5 presents the simulation results obtained on a case study. Finally, concluding remarks are

given in Section 6.

2. Integrated modeling

The notation used throughout the paper is stated as follows.

P, Mechanical power of the turbine.

P Air density.

A Area covered by the rotor.

R Radius of the area covered by the blades.
u Wind speed value upstream of the rotor.
cp Power coefficient.

6 Pitch angle of the rotor blades.

A Tip speed ratio.

@, Rotor angular speed at the wind turbine.
J, Moment of inertia for blades and hub.

T, Mechanical torque.

Ty Resistant torque in the wind turbine bearing.

Resistant torque in the hub and blades.

Torsional stiffness torque.



o, Rotor angular speed at the generator.

Jq Moment of inertia for the rotor of the generator.

Tyq Resistant torque in the generator bearing.

Tug Resistant torque due to the viscosity of the airflow in the generator.
T, Electric torque.

iq, i, Stator currents.
Ly, L, Stator inductances.
ug, u, Stator voltages.

p Number of pairs of poles.
M Mutual inductance.

R4, R, Stator resistances.

ir Equivalent rotor current.

2.1 Wind turbine
The mechanical power of the turbine is given by:

P = pdu’e, (M)

The computation of the power coefficient requires the use of blade element theory and the knowledge

of blade geometry. The power coefficient is a function of the pitch angle of rotor blades and the tip seed
ratio, which is the ratio between blade tip speed and wind speed upstream of the rotor. In this paper, the

numerical approximation developed in [21] is followed, where the power coefficient is given by:
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The mechanical power acquired from the wind is given by (1) to (3). From (2), the maximum power
coefficient is given for a null pitch angle and it is equal to:

cp . = 04412 4)

Pm



corresponding to an optimal tip speed ratio equal to:

Ao = 7057 ()

In order to achieve maximum power, the tip speed ratio should be kept at the value corresponding to
the global maximum for the power coefficient [5]. Hence, the rotor angular speed at the wind turbine is as

a function of the maximum mechanical power P, , given by:

(6)

A maximum power point tracking (MPPT) is used in determining the optimal rotor angular speed at the
wind turbine for each wind speed to obtain maximum rotor power [5].

When regulating the wind system under the specification of maximum power, it must be taken into
account that turbine power must never be higher than generator value for the rated power. Once generator
rated power is reached at rated wind speed it must be limited. For variable-speed wind turbines, a blade
active pitch angle controller must be included [22], employing pitch control when reducing the angle of
attack: increasing the blade pitch angle reduces the power coefficient and maintain the power at its rated
value. When rated turbine speed is reached, control strategy must be changed so that a higher wind
velocity no longer increases turbine speed but increases generated power until generator rated power;
increases in rotor speed of about 10% are allowed during transients because of the slow pitch control
response [23].

Fig. 1 shows the power coefficient as a function of the tip speed ratio, parameterized in function of

the pitch angle.

"See Fig. 1 at the end of the manuscript".

2.2 Two-mass drive train model

An accurate way to model a mechanical drive train of a wind energy system is to model the rotor as a
number of equivalent discrete masses connected together by springs and dampers. A two-mass model for
the mechanical drive train is considered in this paper: one mass represents the blades and the hub joint,
the wind turbine moment of inertia, and the other mass represents the generator moment of inertia. The

configuration of the simulated mechanical drive train is shown in Fig. 2.

"See Fig. 2 at the end of the manuscript".



The equations for the two-mass model are based on the torsional version of the second law of
Newton, deriving the state equation for the rotor angular speed at the wind turbine and for the rotor
angular speed at the generator, respectively given by:

do;

1
7=J_Z(TZ_TLZ1_Tat_Tts) (7
do 1
g _
7 _Z (Tls _ng _Tag _Tg) (®)

2.3 Generator

The model for the PMSG is the usual one, where the state equations for modeling the PMSG stator

currents, using motor machine convention, are given by:

diy 1 , ,

?25 ud‘l‘p(!)qul —Rdld] (9)
di 1
e ug-pogLyig+Mis)-R,i,] (10)
a1,

In order to avoid demagnetization of permanent magnet in the PMSG, a null stator current i; =0 is
imposed [24]. The electric power is given by:

Pp=lug u, uplliy i, if]T (1

2.4 Matrix converter

The matrix converter is an AC-AC converter, with nine bidirectional commanded insulated gate

bipolar transistors (IGBTs) § oIt is connected between a first order filter and a second order filter. The

first order filter is connected to a PMSG, while the second order filter is connected to an electric network.
A switching strategy can be chosen so that the output voltages have nearly sinusoidal waveforms at the
desired frequency, magnitude and phase angle, and the input currents are nearly sinusoidal at the desired
displacement power factor [25]. A three-phase active symmetrical circuit in series models the electric
network. The phase currents injected in the electrical grid are modeled by the state equation using, given
by:

dig 1 . .
e L—(uﬁ “Ryig—u;) Jj=1456} (12)

n



The configuration of the simulated wind energy system with matrix converter is shown in Fig. 3.

"See Fig. 3 at the end of the manuscript".

The IGBTs commands §;; are given in function of the on and off states, as follows:

S; = {1’ (on) i jell, 2,3} (13)
0, (off)

For the matrix converter modeling it is considered that:
3
s, =1 ie{l,2,3} (14)

Jj=1

3

s, =1 jell, 2,3 (15)
i=1

The vector of output phase voltages is related to the vector of input phase voltages through the

command matrix [26], as follows:

V4 S Sz Sz || Ve Va
vg |=|Sa Sxn Sy || v |=[S]]| v (16)
Ve Sy Sn Sy ve Ve

The vector of input phase currents is related to the vector of output phase currents through the

command matrix [26], as follows:

lie i i1"=[S1"[iy i ic]” (17)
2.5 Multilevel converter

The multilevel converter is an AC/DC/AC converter, with twelve unidirectional commanded IGBTs

S.

i used as a rectifier, and with the same number of unidirectional commanded IGBTs used as an

inverter. A group of four IGBTSs linked to the same phase constitute a leg j of the converter. The rectifier
is connected between the PMSG and a capacitor bank. The inverter is connected between this capacitor
bank and a second order filter, which in turn is connected to an electric grid. Again, a three-phase active

symmetrical circuit in series models the electric grid [27, 28]. The phase currents injected in the electric

grid are modeled by the state equation (12).



The configuration of the wind energy system with multilevel converter is shown in Fig. 4.

"See Fig. 4 at the end of the manuscript".

The switching variable y j of eachleg j is a function of the states Sj of the converter. The index i
with i € {1,2,3,4} identifies the IGBT. The index ; with je {1,2,3} identifies the leg for the rectifier and
j €1{4,5,6} identifies the inverter one. The three valid conditions [29] for the switching variable of each
leg ;j are given by:

I, (§;;andS,;)=1 and (S;;0rS,;)=0

;=1 0, (S;andS;;)=1 and (S;;0rS,;)=0 jedl,...,6} (18)

—_

, (S3;and §4;)=1 and (S);0rS,;)=0

A switching variable @, . is associated with the two upper IGBTs in each leg j (.S B and S, B ), and

J
also a switching variable @, ; is associated with the two lower IGBTs (S5 ;and S ), respectively given
by:

=7/j(1+7j) - =7j(1_7j)

1j 5 2j 5 E{l,...,6} (19)
Hence, each switching variable depends only on the conducting and blocking states of the IGBTs.

The voltage v, is the sum of the voltages vy and v, in the capacitor banks C; and C,, modeled by

the state equation, given by:

Dae 150 o Na o el S N,
T | 2P = 2O [ | 2Py 2 P (20)
t L j=1 j=4 2 | =l j=4

3. Control strategy

3.1 Fractional-order controller

A novel control strategy based on fractional-order PI* controllers is proposed for the
variable-speed operation of wind turbines with PMSG and full-power converters. Fractional calculus
theory is a generalization of ordinary differentiation and integration to arbitrary (non-integer) order [30].
Recently, applications of fractional calculus theory in practical control field have increased significantly

[31].
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The fractional-order differentiator can be denoted by a general operator , D/ [32], given by:

i)
_—, R(u)>0
o (v
D=1 L Rw=0 @1

[f@an™, waw<o

where p is the order of derivative or integrals, R(un) is the real part of the p. The mathematical
definition of fractional derivatives and integrals has been the subject of several descriptions. The most
frequently encountered one is called Riemann—Liouville definition, in which the fractional-order integral

is given by:

- 1t _
aD,”f(t)=mL(t—r)ﬂ f(r) dr (22)

while the definition of fractional-order derivatives is:

wopyo Lo d e f@
aDt f(t) - F(i’l _‘u) dtn |:Ja (t_T),u—n+] dT:| (23)
where:
I'(x)= J(:ny_] e’ dy (24)

is the Euler’s Gamma function, ¢ and ¢ are the limits of the operation, and g is the number identifying

the fractional order. In this paper, u is assumed as a real number that satisfies the restrictions 0 <p<1.

Also, it is assumed that @ = 0. The following convention is used: oD, ¥ =D, .

The other approach is Griinwal d—Letnikov definition of fractional-order integral, given by:

t—a

- . & '(p+r)
Dt f(t):lg)lh“;) r!r—(u)f(t—rh) (25)

while the definition of fractional-order derivatives is:

t—a
o T(u+D)
1 _ M _ _ Rt _
o Di f(t)—lhlg)lh VZEO( 1) ATt D) f(t—rh) (26)

where the binomial coefficients (r > 0) are given by: definition, given by:

(MJZL (MJZM(M—D . (uer+D) 27

0 r r!
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An important property revealed by (25) is that while integer-order operators imply finite series, the
fractional-order counterparts are defined by infinite series. This means that integer operators are local
operators in opposition with the fractional operators that have, implicitly, a memory of all past events.

The differential equation of the fractional-order PI* controller, 0 < ¢ <1, in time domain, is given
by:

u(t) =K, e(t)+K,; D" e(t) (28)
where K » is a proportional constant and K is an integration constant. Taking u =1 in (28), a classical
PI controller is obtained. Hence, using Laplace transforms the transfer function of the fractional-order
PI'* and proportional integral PI controllers are respectively given by:

G(s)=K , +K; sk (29)
G(s)=K,+K;s (30)
3.2 Converters control

Power converters are variable structure systems, because of the on/off switching of their IGBTs. As

mentioned previously, the controllers used in the converters are respectively proportional integral and

fractional-order PI* controllers. Pulse width modulation (PWM) by space vector modulation (SVM)
associated with sliding mode is used for controlling the converters.

The sliding mode control strategy presents attractive features such as robustness to parametric
uncertainties of the wind turbine and the generator as well as to electric grid disturbances [33].

Sliding mode controllers are particularly interesting in systems with variable structure, such as
switching power converters, guaranteeing the choice of the most appropriate space vectors. Their aim is
to let the system slide along a predefined sliding surface by changing the system structure.

The power semiconductors present physical limitations that have to be considered during design
phase and during simulation study. Particularly, they cannot switch at infinite frequency. Also, for a finite

value of the switching frequency, an error Cup will exist between the reference value and the control

value. In order to guarantee that the system slides along the sliding surface S(e, p>t) s it has been proven

that it is necessary to ensure that the state trajectory near the surfaces verifies the stability conditions [26]

given by:
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dS(eapet) _,

% 31

S(eqp51)
in practice a small error £ >0 for S(eqpst) is allowed, due to power semiconductors switching only at
finite frequency. Consequently, a switching strategy has to be considered, given by:

—& < S(eyp,t) <+e (32)

The output voltages of matrix converter are switched discontinuous variables. If high enough
switching frequencies are considered (much higher than the input and output matrix converter
fundamental frequencies), it is possible to assume that in each switching period T, the average value of

the output voltages is nearly equal to their reference average value. Hence, the following equality is
assumed:

1 J~(n+])TS

1 Vop dt =g (33)
K s

Similar to output voltages, the input current average value is nearly equal to their reference average
value. Hence, the following equality is also assumed:

£

1 DT, ]
FSLT i, dt=i, (34)
The output voltage vectors and the input current vectors in the a3 plane for the matrix converter are
shown in Fig. 5 and Fig. 6, respectively.
"See Fig. 5 at the end of the manuscript".
"See Fig. 6 at the end of the manuscript".

The output voltage vectors in the af plane for the multilevel converter are shown in Fig. 7.

"See Fig. 7 at the end of the manuscript".

4. Power quality assessment

The harmonic behavior computed by the FFT is based on Fourier analysis. If is X () a continuous

periodical signal with period of 7' and satisfies Dirichlet condition, the Fourier series is given by:

N
X(@)=Y x(n)e ™" for 0<w<2n (35)

n=l
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In order to implement Fourier analysis in a computer, the signal in both time and frequency domains
is discrete and has finite length with N points per cycle. Hence, Discrete Fourier Transform (DFT) is
introduced, given by:

N
X(ky=>w" VD x(m) for k=12,..,N (36)
n=1

(~j2mn/N)

where x(n) is the Fourier coefficient at kth harmonic, W =e is the spectrum of x(n).

The harmonic behavior computed by the THD is given by:
50
2 Xi
THD (%) =100 =2 (37)
Xp

where X, is the root mean square (RMS) value of the signal, and X is the RMS value of the

fundamental component.

5. Simulation results

The wind energy system considered has a rated electric power of 900 kW, and the time horizon
considered in the simulation is 3.5 s. The mathematical models for the wind energy system with the

matrix and multilevel converters were implemented in Matlab/Simulink. In this paper, u=0.7 is

assumed.

A ramp wind speed increase upstream of the rotor is considered in the simulation, taking 2 s between
the speed 5 and 25 m/s, maintaining this speed during the rest of the time horizon, which is 3.5 s in our
simulation. The switching frequency used in the simulation results is 5 kHz.

The mechanical power of the wind turbine, the electric power of the PMSG, and the difference

between these two powers, i.e., the accelerating power, are shown in Fig. 8.
"See Fig. 8 at the end of the manuscript".

The harmonic behavior computed by the FFT for the mechanical power of the wind turbine is shown

in Fig. 9.

"See Fig. 9 at the end of the manuscript".
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The current injected in the electric grid with the matrix converter is shown in shown in Fig. 10. The
output RMS current injected in the electric grid with the matrix converter is shown in Fig. 11. The
harmonic behavior for the current injected in the electric grid with the matrix converter, computed by the

FFT and the THD, is shown in Figs. 12 and 13, respectively.

"See Fig. 10 at the end of the manuscript".
"See Fig. 11 at the end of the manuscript".
"See Fig. 12 at the end of the manuscript".

"See Fig. 13 at the end of the manuscript".

The current injected in the electric grid with the multilevel converter is shown in shown in Fig. 14.
The output RMS current injected in the electric grid with the multilevel converter is shown in Fig. 15.
The harmonic behavior for the current injected in the electric grid with the multilevel converter,

computed by the FFT and the THD, is shown in Figs. 16 and 17, respectively.

"See Fig. 14 at the end of the manuscript".
"See Fig. 15 at the end of the manuscript".
"See Fig. 16 at the end of the manuscript".

"See Fig. 17 at the end of the manuscript".

Table 1 summarizes an overall comparison between the matrix and multilevel converters, regarding
the THD. The proposed wind energy system with the multilevel converter achieved the best performance.
Nevertheless, due to the new fractional-order control strategy proposed in this paper, the current THD

with either matrix or multilevel converter is lower than 5% limit imposed by IEEE-519 standard [34].

"See Table 1 at the end of the manuscript".

6. Conclusions

The increased wind power penetration leads to new technical challenges, dynamic stability and power
quality. The contributions of this paper are twofold. A new integrated model for the simulation of wind
energy systems, more realistic and accurate, is presented in this paper considering different power
converter topologies. Additionally, a new fractional-order control strategy is proposed for the variable-

speed operation of wind turbines with PMSG/full-power converter topology. The simulation results show
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that the proposed fractional-order control strategy improves the performance of disturbance attenuation
and system robustness. Hence, the current THD with either matrix or multilevel converter is lower than

5% limit imposed by IEEE-519 standard, which is used as a guideline for comparison purposes.
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Figure captions
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Fig. 1. Power coefficient as a function of the tip speed ratio, parameterized in function of the pitch angle.
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Fig. 2. Configuration of the two-mass drive train model.
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Fig. 3. Wind energy system with matrix converter.
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Fig. 4. Wind energy system with multilevel converter.
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Fig. 5. Output voltage vectors for the matrix converter.
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Fig. 6. Input current vectors for the matrix converter.
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Fig. 7. Output voltage vectors for the multilevel converter.
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Fig. 8. Mechanical, electric and accelerating power.
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Fig. 9. Harmonic behavior for the mechanical power of the wind turbine.
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Fig. 10. Output current for the matrix converter.
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Fig. 11. Output RMS current for the matrix converter.
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Fig. 12. FFT of the current injected in the grid with the matrix converter.
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Fig. 13. THD of the current injected in the grid with the matrix converter.
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Fig. 14. Output current for the multilevel converter.
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Fig. 15. Output RMS current for the multilevel converter.
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Fig. 16. FFT of the current injected in the grid with the multilevel converter.



33

0.5

THD (%)
=)
w

1 1.5 2 25 3 35
Time (s)

Fig. 17. THD of the current injected in the grid with the multilevel converter.
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Tables

Table 1
THD of the current injected in the grid

Power converter topology THD (%)
Matrix 2.13
Multilevel 0.10




