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Abstract. This paper presents data of the actual installed
electric power capacity for the renewable energy power systems
in Portugal. Also, this paper presents a contribution consisting
in a modulation strategy for simulation of a wind energy system
with different topologies for power converters, consisting on a
matrix and a two-level converter. Although more complex, this
modulation strategy is justified for more accurate results.
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1. Introduction

Electricity restructuring has offered to us additional
flexibility at both level of generation and consumption.
Also, since restructuring has strike the power system
sector, developments in distributed generation
technologies opened new perspectives for generating
companies [1], in order to consider their energy supply
portfolio with adequacy and advantage. Adequacy and
advantage due to a better generation mix, concerning not
only the traditional economic perspective, but also politic
developments with strong social impact in power
systems, imposing the internalization of costs formerly
externalized. Distributed generation technology is said to
offer a clean energy source with fast ramp capability, and
it goes on penetrating more and more power systems.
Distributed generation technology includes, for instances,
arrays of solar photovoltaic panels, wind farms,
hydroelectric, biomass and tidal power plants. Among
distributed generation technology, wind farms are the
most commonly viewed on power systems, even
envisaged as competing with the traditional fossil-fuelled
thermal power plants in the near future.

The European Commission concerned with the climate
change, due to the emission of greenhouse gases, put
forward a set of proposals to create a new Energy Policy
for Europe, cutting its own CO, emissions by at least
20% by 2020 and 50% until 2050, increasing the share of
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renewable energy sources in the overall generation mix.
Hence, it is expected that wind energy will turn out to be
an important part of the Energy Policy for Europe. In
Portugal, the total installed wind power capacity reached
2037 MW in September 2007, and continues growing.

The increasing share of wind in power generation will
change considerably the dynamic behaviour of the power
system [2], and may lead to a new strategy for power
system frequency regulation in order to avoid
degradation of frequency quality [3]. Hence, network
operators have to ensure that consumer power quality is
not compromised [4]. New technical challenges emerge
due to increased wind power penetration, dynamic
stability and power quality, implying research of more
realistic physical models for wind energy systems. Power
electronic converters have been developed for integrating
wind power with the electrical grid. The use of power
electronic converters allows for variable speed operation
of the wind turbine and enhancement in power extraction.
In variable speed operation, a control method designed to
extract maximum power from the turbine and provide
constant grid voltage and frequency is required [5].

This paper is concerned with modelling and simulation in
Matlab/Simulink of a wind energy system with different
topologies for the power converters, namely a matrix
converter and a two-level converter. We use pulse
modulation by space vector modulation associated with
sliding mode for controlling the converters. We introduce
power factor control at the output of the converters. Also,
we present the harmonic behaviour for the current
injected in the electric network, in steady-state
simulation, using the Fast Fourier Transform, FFT [6].
Finally, we present the electric behaviour for the power
and the current at the output of the converters.

2. Turbine and Electric Machine

The mechanical power of the turbine is given by:

Pm:%pAu%p (1)
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where P, is the power extracted from the airflow, p is

the air density, A4 is the area covered by the rotor, u is the

wind speed upstream of the rotor, and ¢, is the

performance coefficient or power coefficient. The power
coefficient is a function of the pitch angle of rotor blades
€ and of the tip speed ratio 4 , which is the ratio between
blade tip speed and wind speed upstream of the rotor.
The computation of the power coefficient requires the use
of blade element theory and the knowledge of blade
geometry. We consider the blade geometry using the
numerical approximation developed in [7], assuming that
the power coefficient is given by:

184
c,=073 4 e & (2)
where /; and A, are respectively given by:

A Bl 558 9-0002 6214132 3)
A, = ! (4)
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The maximum power coefficient is given for a null pitch
angle and is equal to:

Cpoay = 0-4412 (5)
where the optimum tip speed ratio is equal to:

Aopr =7.057 (6)
The power coefficient is illustrated in Figure 1 as a

function of the tip speed ratio.
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Fig. 1. Power coefficient curves versus tip speed ratio

The mechanical power extracted from the wind is
modelled by (1) to (4). The equations for modelling rotor
motion are given by:

do 1

m— (T, -T, —-T, —T. 7
dt Jm( m dm am elas) ( )
do, 1

e = — (T, ~T, ~T, —T 8
dt Je( elas de ae e) ()

where w,, is the rotor speed of turbine,J, is turbine
moment of inertia, 7, is the mechanical torque, 7, is the
resistant torque in the turbine bearing, 7, is the resistant
torque in the hub and blades due to the viscosity of the
airflow, T, is the torque of the torsional stiffness, ,is

the rotor speed of the electric machine, J, is the electric

machine moment of inertia, 7, is the resistant torque in
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electric machine bearing, 7, is the resistant torque due to
the viscosity of the airflow in the electric machine, and
T, is the electric torque. The equations for modelling a

permanent magnetic synchronous machine, PMSM, can
be found in diverse literature; using the motor machine

convention, the following set of equations [8] is
considered:

di; 1 ) ) 9
E_Z(ud'i_pwequq_Rdld) ( )
di, 1 . . .
E:L—[uq—pa}e(Ld ig+Mi)-R,i,] (10)

q
whereiis the equivalent rotor current, M is the mutual

inductance, p is the number of pairs of poles; and where
in dgq axes i;and i are the stator currents, L,and

L, are the stator inductances, R, and R, are the stator
resistances, u; and u, are the stator voltages. A unity

power factor is imposed to the electric machine, implying
anull Q,. The electric power P, is given by:

Po=lug u, ulliy i, i1" (11)
The output power injected in the electric network
characterized by P and Q in « 8 axes [9] is given by:

o e

where in a8 axes, i, and iy are the phase currents, u,,

(12)

and ug are the phase voltages. The apparent output
power [9] is given by:
S=(P>+0*+HH?

where H is the harmonic power.

(13)

3. Matrix Converter

The matrix converter is an AC/AC converter, with nine
bidirectional commanded IGBT's S;. It is connected
between the electric machine and a second order filter,
which in turn is connected to an electric network. The
second order filter is an inductive load that avoids the
interruption of the output currents. A three-phase active
symmetrical circuit in series models the electric network.
For the matrix converter modelling we assumed that:
1) the diodes are ideal: in conduction it is null the voltage
between its terminals, and in blockade it is null the
current that passes through it; 2) the elements of the
command matrix of the converter are bidirectional
switches in voltage and current; 3) the command
variables S; for each i has for one j the value one, i.e.,
only one switch is in conduction in order to achieve
continuity in the current in each phase; 4) the command
variables S; for each j has for one i the value one, i.e.,
only one switch is in conduction in order to achieve
continuity in the voltage between the phases [10]. The
configuration of the system that will be simulated is
shown in Figure 2.

The IGBT’s commands Sj; are given in function of the on
and off states as follows:
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Fig. 2. Wind energy system with matrix converter

The assumptions in 3) and 4) are given by restrictions
(15) on commands S;:

with iefl, 23}

with je{l, 2,3} (15)

The vector of output phase voltages is related to the
vector of input phase voltages through the command
matrix, as follows:

V4 S S S || Ve Vg
ve [=Su Sun Su||v |=[SI|v (16)
Ve Sy Sn S| Ve

The vector of input phase currents is related to the vector
of output phase currents through the command matrix, as
follows:

o i i =[S e i i)

Hence, (14) to (17) model the matrix converter.

(17)

4. Two-Level Converter

The two-level converter is an AC/DC/AC converter, with
six unidirectional commanded IGBT's Sj;, used as a
rectifier, and with the same number of IGBT's, used as an
inverter. The rectifier is connected between an electric
machine and a capacity bank. The inverter is connected
between this capacity bank and a filter, which in turn is
connected to an electric network. A three-phase
symmetrical circuit in series models the electric network.
The configuration of the system that will be simulated is
shown in Figure 3.
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R

5243 Sos 3 8263
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Fig. 3. Wind energy system with two-level converter

The groups of two IGBT’s linked to the same phase
constitute a leg k of the converter. For the two-level
converter modelling we assumed that: 1) The IGBT’s
are ideal and unidirectional, and they will never be
subject to inverse voltages, being this situation
guaranteed by the arrangement of connection in anti-
parallel diodes; 2) The diodes are ideal: in conduction it
is null the voltage between its terminals and in blockade
it is null the current that passes through it; 3) The
continuous voltage in the exit of the rectifier should
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always be v, >0; 4) Each leg k of the converter should

always have one IGBT in conduction. For the switching
function of each IGBT, the switching variable y, is used

to identify the state of the IGBT i in the leg £ of the
converter. The index i with 7 € {1,2} identifies the IGBT.

The index k& with k € {1,2,3} identifies the leg for the
rectifier and & € {4,5,6} identifies the leg for the inverter.

The two valid conditions for the switching variable of
each leg & are as follows:
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L, S, =1
"o, s, =1

The topological restriction for the leg & is given by:

2
ZSl-k :1
i=1

Hence, each switching variable depends on the
conduction and blockade states of the IGBT’s. The phase
currents injected in the electric network are modelled by
the state equation:

diy, 1

dt (L.+Ly)
The output continuous voltage of the rectifier is modelled
by the state equation:

I =
:—(Zmlk_zmlk)
Ca k=2

Hence, (18) to (21) model the two-level converter.

for ie{l,2} and kefl,...6 (18)

kefl, .. 6! (19)

(up =Ry —ug)  k={456; (20

dv,
“de 21
0 (21)

5. Control Method

The controllers used in the converters are PI controllers.
Pulse modulation by space vector modulation associated
with sliding mode is used for controlling the converters.
The converters are variable structure, because of the
on/off switching of their IGBT’s. Hence, the sliding
mode control is important for controlling the converters,
by guaranteeing the choice of the most appropriate space
vectors. The power semiconductors present physical
limitations, since they cannot switch with an infinite
frequency. Thus, for a considered value of the switching
frequency, an error e,z will exist between the reference

value and the control value. In order to guarantee that the
system slides along the sliding surface S(e,4,?), it is

necessary to guarantee that the state trajectory near the
surfaces verifies the stability conditions [10] given by:

dS(e .t
S(eapt) % <0 (22)

As power semiconductors can switch only at finite
frequency, in practice a small error& > 0 for S(e,z,7) is

allowed. Hence, a switching strategy has to be
considered. We consider one given by:
—& < S(eyp,t) <+& (23)
A practical implementation of the switching strategy
considered in (23) could be accomplished using
hysteresis comparators.

The output voltages of matrix converter are switched
discontinue variables. Therefore, 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 values of the output

voltages are nearly equal to their reference average
values, given by:

1 (DT,
T—LT (Vg —Vap) dt =0 (24)
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The output voltage vectors in the ¢f plane for the matrix
converter are shown in Figure 4.

ug
+4, £5,£6 +1, 42,43
U
+7, 48, +9

Fig. 4. Output voltage vectors for the matrix converter

The input phase current vectors in the o plane for the

matrix converter are shown in Figure 5.
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Fig. 5. Input phase current vectors, matrix converter

The output voltage vectors in the aff coordinates for the
two-level converter are shown in the Figure 6.

Up

*5

Fig. 6. Output voltage vectors for the two-level converter
6. Simulation Results

Two mathematical simulations carried out in
Matlab/Simulink are reported: respectively for a matrix
and for a two-level converter. The electric power of the
wind energy system is 900 kW in both simulations. Also,
the input for the wind speed upstream on the rotor is
ramp shaped in both simulations, with speed between 4.5
and 25 m/s during a time horizon of 3.5 s.
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Figure 7 shows the mechanical power of the turbine and

the

electric power of the electric machine in both

simulations.
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Fig. 7. Mechanical power and electric power

The output power injected in the electric network
characterized by S, P and Q for the matrix converter is
shown in Figure 8.
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Fig. 8. Output power for the matrix converter

The current injected in the electric network for the matrix
converter is shown in Figure 9.

Current (A)

700

w
600 b
500
a00l
a00|
200|
100

o ‘ ‘ ‘ ‘ ‘ ‘
o 05 1 15 2 25 3 35

Time (s)

Fig. 9. Output current for the matrix converter
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The harmonic behaviour computed by the FFT, for the
current injected in the electric network for the matrix
converter, is shown in Figure 10.
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Fig. 10. The harmonic behaviour for the current for the

matrix converter

The output power injected in the electric network
characterized by S, P and Q for the two-level converter is
shown in Figure 11.
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Fig. 11. Output power for the two-level converter

The current injected in the electric network for the
two-level converter is shown in Figure 12.
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Fig. 12. Output current for the two-level converter
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The harmonic behaviour computed by the FFT, for the
current injected in the electric network for the two-level
converter, is shown in Figure 13.
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Fig. 13. The harmonic behaviour for the current for the
two-level converter

7. Conclusion

The increased wind power penetration in power systems
networks leads to new technical challenges, implying
research of more realistic physical models for wind
energy systems. This paper presents a more realistic
modelling, considering a better accurate dynamic of the
wind turbine, rotor modelling, generator, converter and a
filter connecting the system to the network. A case study
using Matlab/Simulink is presented for two power
converter topologies integrating wind power with the
electrical grid: two-level and matrix converters. Pulse
modulation by space vector modulation associated with
sliding mode is used for controlling the converters, and
power factor control is used at the output of the
converters. Also, we present the harmonic behaviour for
the current injected in the electric network, in steady-
state simulation, using FFT. The results show that the
two-level converter has an enhanced behaviour
comparatively to the matrix converter.
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