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Abstract

This paper is on a wind energy conversion system simulation of a transient analysis due to a blade pitch control
malfunction. The aim of the transient analysis is the study of the behavior of a back-to-back multiple point clamped
five-level full-power converter implemented in a wind energy conversion system equipped with a permanent magnet
synchronous generator. An alternate current link connects the system to the grid. The drive train is modeled by a
three-mass model in order to simulate the dynamic effect of the wind on the tower. The control strategy is based on
fractional-order control. Unbalance voltages in the DC-link capacitors are lessen due to the control strategy,
balancing the capacitor banks voltages by a selection of the output voltage vectors. Simulation studies are carried out
to evaluate not only the system behavior, but also the quality of the energy injected into the electric grid.
© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Environmental problems such as global warming and habitat preservation have to be faced by the society
in nowadays in order to achieve a sustainable development. One of the causes for the global warming is
said to be the increase on the level of CO, in the atmosphere due to fossil fuel burning [1]. However,
nowadays fossil fuel burning is needed for supplying the majority of the energy demand [2]. Research and
development is on the way to achieve lower pollutants emissions on conversion of energy to convenient
forms of usage in order to achieve a sustainable development. Conversion of energy from renewable
energy sources are in nowadays a political attractive option [3] and a wind energy conversion system
(WECS) is an economically viable exploitation [4], experiencing a significant expansion [5,6]. Although,
onshore WECS deployments are cheaper than offshore ones, new suitable available onshore sites for
deployments are becoming scarce, particularly in Europe [7]. So, the offshore WECS is becoming a

further attractive option.
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Nomenclature

u Wind speed value subject to the perturbation.

Ug Average wind speed.

n Kind of the mechanical eigenswing excited in the rotation wind turbine.
A, Magnitude of the eigenswing n .

0, Eigenswing frequency of the eigenswing n.

R, Mechanical power on wind turbine.

Py Mechanical power on wind turbine disturbed by the mechanical eigenswings.
m Harmonic of the eigenswing.

A Normalized magnitude of g, -

Onm Distribution of the harmonics in the eigenswing n .

h, Modulation of the eigenswing n.

Pom Phase of the harmonic m in the eigenswing n.

Cp Power coefficient.

A Tip speed ratio.

0 Pitch angle of the rotor blades.

Pto Mechanical power on wind turbine flexible blade part.
Py Mechanical power on wind turbine rigid blade part.

P Air density.

R Radius of the area covered by the blades.

r Radius of the area covered by the rigid blades part.

oy Rotor angular speed at flexible blades part.

Jp Moment of the inertia at the flexible blades part.

T, Mechanical torque.

Tab Resistant bearing torque, flexible blades part damping.




R(W

Resistant shaft stiffness torque between the flexible blades part and hub.
Rotor angular speed, at the hub plus rigid blades part.
Moment of the inertia of the hub plus rigid blades part.
Mechanical torque on rigid blades part.

Hub bearing resistant torque.

Shaft stiffness torque, between hub and generator.
Rotor angular speed at the generator.

Moment of inertia of the generator.

Generator bearing resistant torque.

Electric torque.

Converter voltage.

Converter arm voltage.

Voltage at the capacitor bank j.

Current at the capacitor bank j .

Total DC voltage at the capacitor banks.

Capacitance of the capacitor banks.
Currents injected into the electric grid.

Inductance of the electric grid.

Resistance of the electric grid.

Voltage at the filter.

Voltage at the electric grid.

Fractional order of the derivative or of the integral.
Real part of 4.

Euler’s gamma function.




f(t) Output of the controller.

Kp Controller proportional constant.

K; Controller integral constant.

€up Error on the stator electric current in the «p plane.

£ Error allowed for the sliding surface S(e,z.t) .

Cup Voltage output, hysteresis comparators, «p plane.

Xu Root mean square value of the signal.

Xk Root mean square value of the fundamental component.
X (k) Harmonic behaviour computed by DFT.

x(n) Amplitude and phase of an input signal.

Energy policy is showing a shift towards favoring the offshore WECS, taking advantage of vast
appropriated areas for possible deployment. Research and exploitation of floating oil platforms are
important past work to the development of platforms for offshore wind energy exploitation [8]. For
instance, a platform can be supported by a tripod ballast tank semi-submersible floating platform
anchored to the sea bed by suspension tensioned steel cables. Also, wind speed are reported as tending to
be considerably better and less variable on offshore than on onshore [7,9].

As stated in [10], the offshore WECS is stabilized by the action of a control in order to keep the
floating platform with the less possible oscillations. The tripod ballast tank provides buoyancy to support
the turbine and stability from the water plane inertia [11]. This configuration is a possible one, i.e., this
configuration is not to be considered as a standard configuration. Actually as stated in [12], floating
offshore wind turbines have no specific standards. The type of power transmission technology for
offshore depends on the distance from the floating platforms to onshore: for shorter distances, below
60 km alternate current (AC) are reported as a favorable option, but for longer distances direct current
(DC) is required [13]. The transmission might become too expensive [14] for faraway exploitation from

shore. So, the use of near shore wind farms is the generally deployment.




The cost of repairing an outage on offshore is significantly greater and the condition for human
intervention is not as feasible as in onshore. So, further attention has to be paid to eventual consequences
of possible malfunctions in order to avoid outages. As wind energy is increasingly integrated into power
systems the electric grid stability and power quality may be threatened [15]. The stability threaten is due
not only to the intermittence and variability of wind energy, but also to malfunctions on the power
electronic parts of the WECS, leading to a non anticipated shutdown. For instance, as the blade pitch
control malfunction simulated in this paper. The power quality threaten is due to the injection of
significant values of higher harmonics of current into the grid, leading to overvoltage in the grid or
undesired performance on appliances of customers or both. So, simulation studies are important
contributions in order to anticipate undesired impacts not only in the stability, but also the in the power
quality [16]. Wind turbine operation at variable speed is a convenient option, because of the
characteristics to achieve better efficiency at all operational range of wind speeds [17], allowing to
improve energy capturing and to reduce the total harmonic distortion (THD) [18]. The technology for
wind turbine operation at variable speed based on the use of permanent magnet synchronous generator
(PMSGQG) as an option to conventional synchronous generators has the advantage of higher efficiency, due
to null copper losses in the rotor [19] and the exclusion of the gearbox, due to ability to operate at low
speed [20]. The exclusion of the gearbox mitigates not only the weight and the dimensions of nacelle
equipment, but also the mechanic power losses in the conversion and maintenance requirements [19-21],
which are of particular relevance for offshore deployment. The wind turbine can be operated at the
maximum power operating point for various wind speeds by adjusting the shaft speed trough blade pitch
control. Blade pitch control has become the dominating [22] strategy to achieve this operating point, due
to the characteristic to move blades by varying the blade pitch angle according to the wind speed [23].
The behavior of the blade pitching system in blade pitch controlled wind turbines influences the overall
dynamics [24,25]. So, research should be conducted to anticipate the possible repercussions during
different abnormal operating conditions, such as a blade pitch control malfunction. A variable speed wind
turbine having a PMSG needs an electronic full-power converter to convert the electric energy from a
non-constant frequency into a constant one to be injected into an electric grid [18]. So, power converters
are extremely important for the operation at variable speed [13]. Better power quality waveform [26],

decreasing of THD [27], is possible by the increase on the number of voltage levels on the power



converter. Also, this increase allows for a reduction of the voltage on the insulated gate bipolar transistors
(IGBTs). So, the five-level converter is expected to be a promising option in power systems.
Malfunctions occurring on the control in WECS have to be conveniently accounted to mitigate
unavailability in order to achieve condition for recovering the convenient operation. A five-level
converter is a favorable option for this mitigation: the higher number of capacitors banks storing energy
allows mitigation of unavailability. However, five-level converters have drawbacks: voltage unbalances,
high component count, and increased control complexity. A critical issue in five-level converters is the
control of the unbalance voltage on the capacitors.

The WECS is equipped with a PMSG using a back-to-back multiple point clamped (MPC) five-level
converter topology, using unidirectional commanded IGBTSs, converting the energy of a variable
frequency source in an appropriated form with constant frequency to be injected into the electric grid
through an AC link. The drive train considered is described by a three-mass model. Additionally, a
fractional-order control strategy on the PMSG/full-power converter topology is considered. In this paper
the focus is on a transient analysis of the MPC five-level converter performance of the WECS due to a
blade pitch control malfunction. This malfunction imposes an instantaneous cut-off on the capture of the
energy from the wind by the blades. This is the worst case in what regards the capability of the MPC five-
level converter to ensure as much as necessary condition for maintaining the interconnection with the
grid. Previous work on blade pitch control malfunction is mainly focused on onshore exploitation of wind
power implemented with two-level or three-level converters [28]. Not enough attention has been given to
the simulation of five-level converters. So, the present study is a contribution for the state of art of blade
pitch control malfunction assessment on a five-level converter by a simulation study of the blade pitch
control malfunction. The rest of this paper is organized as follows. Section 2 presents the modeling for the
WECS. Section 3 presents the control strategy. Section 4 presents the case study. Finally, concluding

remarks are given in Section 5.

2. Modeling

2.1 WECS Layout



The model for wind speed reported in [29] is used in this paper. The WECS is considered to be
subjected to the variation in wind speed. This variation is responsible to produce undesired perturbation
on the mechanical torque. This research is important to unveil the influence on the injected electrical
current in what regards the harmonic distortion.

The implementation of the back-to-back MPC five-level power converter into the configuration of the

simulated WECS is shown in Fig. 1.
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Fig. 1. WECS equipped with five-level power converter.
2.2 Wind Speed

Although the wind speed has a stochastic behavior, for the type of simulation purpose and for the type
of wind turbine studied in this paper is normally admissible to model the wind speed as a sum of

harmonics with the frequency range 0.1-10 Hz [30] given by:

U =ug[L+ ) Aysin(ent)] (1)
n
2.3 Wind Turbine
The conversion of wind energy into mechanical energy is influenced by various forces acting on the

wind turbine blades and tower, deriving not only the desired mechanical power, but also the unavoidable

mechanical perturbation. This mechanical perturbation is modeled by eigenswings, considering three



influences of the dynamic associated with the action excited by wind on the physical structure: I, the
asymmetry in the turbine, |, the vortex tower interaction and I, the eigenswings in the blades [29,33].
The dynamic associated with the asymmetry in the turbine is assessed considering the following
data: A, =0.01, a;;=4/5, a,=1/5, wot)=0,t), @,=0, and ¢, =x/2. The dynamic
associated with the vortex tower interaction is assessed considering the following data: A, =0.08,
a, =1/2, a,,=1/2, w,(t)=3w(t), ¢, =0, and ¢,, =x/2. The dynamic associated with the
eigenswings in the blades is assessed considering the following data: A;=0.15, ag =1,
@5 () =1/2[gy1(t) + 951(t)], and ¢4, =0. The mechanical power of the wind turbine, disturbed by the

dynamic influences is given by:

3 2

P =Py 1+ D AvQ anm Gnm (1) Ny (0] 2
n=1 m=1

where
t

Oom =sin ([ M @, (1) At + o) ©

The determination of the power coefficient ¢, involves the use of blade element theory and the

knowledge of blade geometry. These complex issues are normally treated by numerical approximation as

the one developed in [34] and followed in this paper. The power coefficient is given by:

184

cp = 0.73(£1 ~0.586—0.0020%14 —13.2}3 4 )
i
where
1
A= 1 0.003 ©®)

(2-0.020) (93 +1)

A non-linear mathematical programming problem with the objective function (4) and subjected to (5) at a
null blade pitch angle is used to compute the global maximum and the optimal tip speed ratio, having

respectively, the values given by:

C p ey [Aopt (0).0] = 0.4412 Aopt (0) = 7.057 ©6)



The algorithm of maximum power point tracking (MPPT) is one of the main procedures used to
effectively capture wind energy [35] by the conversion system. But, gusts generated impact on the drive
train and contribute significantly to fatigue loading due to rapid shaft torsional torque variations. Hence, a
trade-off between optimum power coefficient operation and avoidance of rapid shaft torsional torque
variations is important in practical implementations for reducing fatigue stresses [36]. But, a transient
analysis for wind turbines equipped with a PMSG during a blade pitch control malfunction can be
performed with only the MPPT in order to avoid unnecessary modeling of the trade-off as in [37]. The
simulation of the blade pitch control malfunction considers that the blade pitch angle control imposes the
position of wind gust on the blades in a small time interval, i.e., blades are quickly at the position of the
maximum blade pitch angle. The minimum power coefficient and the associated tip speed ratio are

respectively [28] given by:

Cp . =0.0025 Amin = 3.475 @

The values in (7) are for the blade pitch angle ,,,, =55°.

2.4 Drive Train Model

The increase in power of the wind turbines implies that the blades are larger, more flexible and tend to
bend. One way to determine the dynamic properties of the blades is through the use of finite element
methods, but this approach cannot be straightforwardly accommodated in the context of studies of power
system analysis [38,39]. Thus, to avoid the use of finite element methods, the drive train dynamics is
simplified and represented as a torsion system with discretization of masses. The discretization of mass is
given by a three-mass model, having as input the mechanical torque due to the effect of the wind. The
blade bending occurs at a significant distance from the joint between the blades and the hub [40], so the
blades are model as consisting in two segments: a flexible one and a rigid one. Also, for transient stability
analysis, the generator is described by one mass associated with the mechanical inertia of the generator
rotor in order to capture the effect of the mechanical perturbation on the electrical harmonic distortion.

Therefore, the drive train is modeled by three coupled inertial masses as shown in Fig. 2.
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Fig. 2. Drive train model.

Fig. 2 shows: the flexible blade mass concentrating the inertia of the flexible segment of the blades; the
rigid blades +hub mass concentrating the inertia of the rigid segment of the blades and the hub; the PMSG
mass concentrating the inertia of the generator. The equations for the three-mass model are based on the
torsional version of the second law of Newton [32]. The state equations for the three-mass model are

respectively given by:

da)t 1

9% T Ty T 8
pm Jb(rt db ~ Ths) (8)
do, 1

9% _ 1 T Ty T 9
o Jh(Tth bs ~ Tah — Ths) 9)
do

=29~ L (T —Tag ~Tg) (10)
it Jg

The wind turbine mechanical power Py over the rotor, considering the flexible and rigid segments of

the blades in the drive train, is given by:

Pt = Pip + Prp (11)
where
P Z%pﬂ(Rz “r2)de, (12)

1 2.3
Prb=§pﬂ'r usc, (13)
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2.5 Generator

The generator considered in this paper is a PMSG. The equations for modeling a PMSG can be found

in literature [41,42]. In order to avoid demagnetization of permanent magnet in the PMSG, a null

reference stator direct component current i;, =0 is imposed [43].

2.6 Five-Level Power Converter

The back-to-back MPC five-level power converter is an AC-DC-AC power converter, equipped with
twenty four unidirectional commanded IGBTs implementing the rectifier. More detail of the rectifier for

the five-level power converter is shown in Fig. 3.
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Fig. 3. Five-level power rectifier converter.

Fig. 3 shows the IGBT identified by S;,. The same number of unidirectional commanded IGBTs

identified by the same notation, but with convenient particularization for the second index, implements
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the inverter. The index i with i e{J,..., 8} identifies the IGBT. The index kK with k {1, 2, 3} identifies
the leg for the rectifier and k € {4, 5, 6} identifies the leg for inverter. The groups of height IGBTS linked

to the same phase constitute the leg k of the converter. The five valid conditions [33,44] to be applied for

the switching voltage level variable of each leg kK and at each level are given by:

4, (85k186kvs7k and SBk) =1 and (S1k,Sok, Sz and Sy ) =0
3, (S4le5k’86k and S7k) =1 and (Slk'SZK’SSK and SBk) =0
Ne =92, (S3k,Sak,Ss¢ and Sg) =1 and ( Sy, Sy, S7k and Sg) =0 kedl, .., 6} (14)
1, (Sok,Sak,Sak and Sg) =1 and (Si.Sek,S7x and Sgy) =0
0, (Sik,Sok,Sak and Sy )=1 and (Ssk,Sek,S7x and Sgy) =0

The switching states combinations, identifying the conduction or the blockage state of the IGBTs of

each leg k , determine the level variable § jn, that is associated with the charging state of each capacitor

bank. The level variable [45] is given by:

s =0 1> je{l 1 0 I 15
A T S A (15)

Thus, the capacitor bank C, charging state is only changed if at least one of the legs k presents a
combination of IGBTs switching states that select the switching variable of the leg k at level 4, i.e.,
n, =4 . The capacitor bank C; changes the charging state as long as one leg presents a combination of
IGBTS switching states that select level 4 or level 3. The capacitor bank C, changes the charging state as

long as one leg presents a combination of IGBTs switching states that select level 4 or level 3 or level 2.
The capacitor bank C,; changes the charging state as long as one leg presents a combination of IGBTSs
switching states imposing the selection of level 4, level 3, level 2 or level 1. If the level imposed by the
selection is n, =0, then no capacitor charging state is affected.

The rectifier is connected between the PMSG and a capacitor banks. The inverter is connected between
this capacitor banks and a second order filter, which in turn is connected to an electric grid. The switch
delays, dead times, on-state semiconductor voltage drops and snubber networks are disregarded [46].

The modeling for the rectifier considers the line voltage u.,, as a function of the leg voltage ug or
Umk given by:

Ueap =Ugg —Ugy =Upa —Upmp a,be{l,23} fora=b (16)
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The difference of voltages between the lines as a function of ug, or uy, for a=b,a=k,b=k are

given by:
3 3
Ucka —Uchk = 2Ugk _Zusa = 2Upy _zuma k,aef{l 2,3} (17)
a=1 a=1
azk azk

A balanced three phase electrical generator imposes the condition given by:
3
zusk =0 ke{l,2 3} (18)
k=1

From (17) and (18) the voltages differences between the lines are given by:
Ucka —Uckb = 3Usk k,ae{l, 23} (19)
From (18) and (19) holds the relation given by:

3
SUg = UK — Zuma k,ae{l, 2,3} (20)
a=l, azk

The leg voltage uy, as a function of &;, and the capacitor banks voltage U; for &j, <{0,1} and

k e{1, 2,3} given by:
p-1

Uk = > 8jn Ug jefl...p-1}, n e{0,.., p-13 (21)
j=1

From (19)-(20) the rectifier input voltage uy as a function of &y, for je{l..p-1},
ne €{0,..., p—1} and 5j, €{0,1} is given by:
1 p-1 3
Ug :52(25m ~ D 5jn)Ug ke{l, 23} (22)
j=L 1=1, 1=k

The modeling applied to the inverter is similar to the one of the rectifier. Consequently, the inverter

output voltage for je{l..,p-1, n, €{0,..., p—1} and 5}, €{0,1} isgiven by:

-1 6
1 p
Usk = §Z(Z5J'nk - Zé‘jnl ) UCj k{45 6} (23)
=} I=4, 12k
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The current i on each capacitor bank C; is associated with the level variable & i, - defining whether

the input phase currents i, in the rectifier or the output phase currents i, of the inverter determines a

possible change to the charging state of the capacitor banks, according to the voltage level in the leg k .

The current on each capacitor bank i as a function of &y, for je{l..,p-1}, n €{0,.., p—-1} and

Oin, €{0,1} [47] is given by:

3 6
k=1 k=4

The charging state changes of the capacitor banks are obtained by the consideration of the electric

circuit detail as shown in Fig. 4.

j=4

ic4l — C4

I1 i4

j=3

ic3l — C3

is

j=2

|02l L Cz
)

=1

icll . Cl
NN

L1170

Fig. 4. . Capacitor banks current.

For instance, if the rectifier legs present the IGBT state combination of n; =3, n, =1 and n; =0, and
the inverter legs present the IGBT state combination of n, =3, n; =4 and ng =2, the currents on the

capacitor banks are respectively given by:

3 6
ica = Sanik = D, Oun, ik =—is (25)
k=1 P
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3 6
ic3 =Y an ik = ) Ian ik =i —ig —i (26)
k=t k=2
3 6
ico = D San ik = D dan, ik =it —is i —is 27)
kL k=a
3 6
icy =D Sin ik = D dn, ik =it +ip —ig —i5 —is
k=1 k=4 (28)

The voltage U, is the sum of the capacitor voltages U, Uy, U.z, Ug, in the capacity banks C,,

C,, C;, C, modeled by the state equation given by:

dU_dczzi_icj jefl..,p-3 (29)

2.6 Line and Filter

The line, Fig. 1 is connected between the inverter and the second order filter and is modeled by an

inductance, Ly;,., in series with a resistance, Rj,.. The second-order filter is modeled by an
inductance L, , @ resistance Ry, » and a capacitor C; . The resistances and inductances of the line and

the filter are associated in an equivalent resistance and inductance [32], respectively given by:

{Lf = Liine + Litter

(30)
Rt = Riine + Rilter
The inverter output phase currents are given by:
di 1 .
—K = = (ug Ry i U y) k e{4,5,6} (31)
dt Ly
The filter output voltage, i.e., at the electric grid connection point is given by:
du
ko GoZiy k < {4,5, 6} (32)

dt  Cyy
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2.7 Electric Grid

A three-phase active symmetrical circuit in series models the electric grid [32]. The current injected

into the electric grid is modeled by the state equation given by:

dige 1 )
——=—(Ug —Rpig —Uy) ke{4,5 6} (33)
at L,

This model assumes that the electric grid is represented by a short-circuit inductive impedance in series

with an ideal sinusoidal voltage source.

3. Control Strategy

3.1 Fractional-Order Controllers

Fractional-order PI" control is based on fractional calculus theory, which is a generalization of
ordinary differentiation and integration to arbitrary order, i.e., the order is not necessarily an integer one
[48]. Fractional calculus theory are being used in mathematical models and have been proved as having
handiness on the design, properties and controlling abilities in order to achieve a more convenient

performance on dynamic systems [47].

The fractional-order derivative or integral can be denoted by a general operator , D{* [49] given by:

d#
qe R >0
aDf’ = 1 R(u) =0 (34)

It(dr)_”, R(u) <0
a

where R(u) is the real part of the x, if R(x) >0 then x is the order of the derivative or the integral, if
R(u) <0 then - 4 is the order of the integration. In (34) a and t are the limits of the integration, and «

identifies the fractional order.
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Several approaches are possible for defining a fractional-order derivative and a fractional-order
integral. The Riemann-Liouville definition is the most frequently reported as being in application. This

definition is given by:

D f(t) = Lj't (t-2)“1f(r)dr (35)
o T (u) %2
where T'(x) is the Euler’s Gamma function given by:

r(x) = f y*TeYdy (36)

Other approach is the Caputo definition for the fractional-order derivative given by:

Sop 1=t [0 (37)
r(n—p)da (t — )41
Or the approach of Grinwald-Letnikov definition given by:
t-a
ADiH f(t) = 'hﬁ‘“”grr(!?—é,;) f(t—rh) (38)
with the definition of fractional-order derivatives given by:
t-a
DH ()= Ihtngh_”g(—l)r % f(t—rh) (39)

In this paper, g is a real number satisfying the restrictions 0< x <1. Also, a=0 and the following

notational convention ,D;* = D;# are assumed.

The definition of Riemann—Liouville and Griinwald—Letnikov revealed an important property, while
integer-order operators are defined by finite series, the fractional-order counterparts are defined by
infinite series [47,49], which means that the integer operators are local operators in opposition with the
fractional operators which implicitly have more memory of the past events. The fractional-order
controller has the advantage of providing more criterion than the classical one, expanding the freedom for
imposing an improved behavior [50]. The dynamic behavior of the fractional-order controller is described

by a fractional differential integral equation with an integral or a derivative having at least a non-integer

order. The differential equation of the fractional-order P1# is given by:
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f(t) =K, e(t) + K; D “ e(t) (40)
A classical Pl controller is modeled by taking =1 in (40). The transfer function of the fractional-

order PI# using the Laplace transform on (40) is given by:
G(s)=Kp +Kjs™# (41)

The fractional-order PI* controller has one more adjustable parameter, which reflects the intensity of

integration making the fractional-order PI1" controller more flexible than the classical Pl controller.
Normally heuristic methods are reported for adjusting the parameters in order to achieve a convenient
performance, for instance, as the heuristic method in [51] used in this paper. The design of PI#

controllers follows the tuning rules in [51].

3.2 Power Converter Control

The MPC five-level power converter has a variable structure behavior. This behavior is due to the
conduction or the blockage of IGBT, i.e., on/off switching states. Pulse width modulation (PWM) by
space vector modulation (SVM) associated with sliding mode (SM) is used for controlling the power

converters. As mentioned previously, the controllers proposed for the power converter are fractional-

order PI“ controllers. The difference between the voltage U, and the reference voltage U, is

processed by the PI1“ controller in order to determine a reference for the stator currents. The difference
between the stator current and the reference stator current is used in the strategic selection envisaged for
the output voltage vector in the (o) space.

The SM control presents attractive features such as robustness to parametric uncertainties of the wind
turbine and the generator as well as to electrical grid perturbation [52,53]. The SM control is a method
that adjusts the variable state of a system by applying a discontinuous control signal that forces the system
onto a particular surface in the state space, named sliding surface S(e,4,t) . Once the sliding surface is
reached, the sliding mode control maintains the system on a small neighborhood of the sliding surface. If

the system drifts away, then the power converter state is subjected to a change in order to determine

actions to bring the system back to the sliding surface. The SM control attractive features are important
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for adjusting the power converter by ensuring the choice of the appropriate space vector which will
trigger the IGBTS.

The IGBTs have physical limitations that have to be considered during not only design phase, but also
on simulation studies. Particularly, the switching state of the IGBTSs has to be made at a finite frequency.
For instance, frequencies for the switching state of the IGBTSs are reported to be in use as 2 kHz, 5 kHz or
even 10 kHz. This IGBTSs physical limitation implies that the control of the electric current will not be

able to follow exactly the reference value and an error in the af plane,e,;, has to be accepted. The
system slides along the sliding surface, S(e,z,t) , in order to assurance that that the state trajectory near
the surface endorses the stability conditions [44,52] given by:

aSCapt) _,

ot (42)

S(eaﬁ!t)

A small error >0 for S(e,,t) is allowed, due to IGBTS switching only at finite frequency. This error
over time is the sliding surface. The switching strategy is given by:

—& <S(egpt) <+& (43)
A practical implementation of the switching strategy considered in (43) for the simulation is

accomplished by the use of hysteresis comparators. The outputs coming from the hysteresis comparators

are the integer variables, giving the vector o,;=(c,,04) [52]. For the five-level power converter, the

output voltage vectors in the (a,8) space are shown in Fig. 5.
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Fig. 5. Output voltage vectors for the five-level power converter.

The integer voltage variables o, and o, have a discrete domain given by:
Cu 0p e{-4,-3-2-1,0, 1, 2, 3 4} (44)

The variables o, and o, allow choosing the appropriate vector. On the inner output voltage vectors

there are redundant ones corresponding to combinations of IGBT states, different from each other,
corresponding to a different level selection. This control strategy is proposed to ensure performance of the
five-level power converter and to mitigate the capacitors unbalancing voltages. Hence, the selection of the
appropriate vector, taking into account both external and internal hexagons [40] formed by the output
voltage vectors can be given by the following five tables: Table 1 summarizes the vector selection for

n, = 0; Table 2 summarizes the vector selection for n, =1; Table 3 summarizes the vector selection for
n, = 2; Table 4 summarizes the vector selection for n, =3; Table 5 summarizes the vector selection for

n, = 4. These tables are respectively given by:



21

Table 1. Five-level power converter output voltage vectors selection for n, =0

op\o, -4 -3 2 -1 0 1 2 3 4
-4 5 5 5 30 55 80 105 105 105
-3 10 10 4 4 29 54 104 104 104
-2 15 15 9 3 28 53 78 103 103
-1 20 20 14 2 2 52 77 102 102
0 25 50 13 100 1 26 51 76 101
1 24 24 18 6 6 56 81 106 106
2 23 23 17 11 36 61 86 111 111
3 22 22 16 16 4 66 116 116 116
4 21 21 21 46 71 96 121 121 121

Table 2. Five-level power converter output voltage vectors selection for n, =1

op\o, -4 -3 -2 -1 0 1 2 3 4
-4 5 5 5 30 55 80 105 105 105
-3 10 10 35 35 85 85 110 104 104
-2 15 15 40 34 59 84 109 103 103
-1 20 45 39 33 27 27 83 108 102
0 25 50 44 7 32 57 82 107 101
1 24 49 43 37 31 31 87 112 106
2 23 23 48 42 67 92 117 111 111
3 22 22 47 47 72 97 122 116 116
4 21 21 21 46 71 96 121 121 121

Table 3. Five-level power converter output voltage vectors selection for n, =2

op\o, -4 -3 -2 -1 0 1 2 3 4
-4 5 5 5 30 55 80 105 105 105
-3 10 10 4 60 54 54 79 104 104
2 15 15 40 65 90 53 78 103 103
-1 20 14 70 64 64 58 114 108 102
0 25 19 13 69 63 88 113 76 101
1 24 18 74 68 68 62 118 112 106
2 23 23 48 73 98 61 86 111 111
3 22 22 16 72 66 66 91 116 116

4 21 21 21 46 71 96 121 121 121
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Table 4. Five-level power converter output voltage vectors selection for N, =3

op\o, -4 -3 -2 -1 0 1 2 3 4
-4 5 5 5 30 55 80 105 105 105
-3 10 10 4 4 85 79 104 104 104
-2 15 15 9 34 90 84 109 103 103
-1 20 20 45 95 95 120 114 77 102
0 25 19 44 100 94 119 82 76 101
1 24 24 49 99 99 124 118 81 106
2 23 23 17 42 98 92 117 111 111
3 22 22 16 16 97 91 91 116 116
4 21 21 21 46 71 9% 121 121 121

Table 5. Five-level power converter output voltage vectors selection for n, =4

op\o, -4 -3 2 -1 0 1 2 3 4
-4 5 5 5 30 55 80 105 105 105
-3 10 10 10 35 60 110 110 104 104
-2 15 15 40 65 90 115 109 103 103
-1 20 20 45 70 120 120 108 102 102
0 25 50 75 100 125 119 113 107 101
1 24 24 49 74 124 124 112 106 106
2 23 23 48 73 98 123 117 111 111
3 22 22 22 47 72 122 122 116 116
4 21 21 21 46 71 96 121 121 121

The control strategy for the WECS has a block diagram as shown in Fig. 6.

k=123 mn=0,..p-1 k=456

4
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456

Fig. 6. WECS equipped with five-level power converter and PI* controllers.
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Fig. 6 shows that the Fractional-order control is used for the variable-speed operation of wind turbine

with the PMSG and for the five-level full-power converter in order to find the reference currents.

4. Case Study

The model for the WECS is implemented in Matlab/Simulink with a 6 s of time horizon for the

simulation. The WECS has a rated electric power of 2 MW and the capacitor banks reference voltage
U;C is 6 kV. The fractional controllers parameters are ¢ =0.5, K; =2.6, as discussed in [51]. The air

density is 1.225 kg/m®. The switching frequency for IGBTs is 10 kHz. The wind speed has an average
speed of 14.5 m/s.

Table 6 summarizes the WECS data.

Table 6. WECS data

Turbine moment of inertia 5500x103 kgm?
Turbine rotor diameter 90 m
Hub height 45m
Tip speed 17.64-81.04 m/s
Rotor speed 6.9-31.6 rpm
Generator rated power 2000 kW
Generator moment of inertia 400x103 kgm?

The electric grid has 6 kV at 50 Hz. The wind speed data is: u, =14.5; A =0.01, o, (t) = o (t);
Ay =008, ,(t)=3m(t), Ay=0.15, as(t) =1/2[0y (1) + G5, (] with gy, (t)and gy, (t) given by

(3), i.e., the wind speed is given by:

u=14.5[1+i;\nsin(wnt)] 0<t<6 (45)
n=1

The wind speed profile is shown in Fig. 7.
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Fig. 7. Wind speed profile.

The blade pitch control malfunction is assumed to occur between 2.0s and 2.5 s, imposing a total
instantaneous cut-off on the capture of the energy from the wind by the blades [28]. There is no capture of
wind energy to help holding the electric connection with the electric grid. The rotor speed decreases
smoothly due to the mechanical inertia. So, if the kinetic energy and the electric energy stored in the
capacitor banks are not appropriated, the electric interconnection is in menace by the back-to-back MPC
full-power five-level converter, i.e., the system recovery is in menace. This is the worst case due to the
blade pitch control malfunction in what regards the behavior of a back-to-back MPC full-power five-level
converter. The system is subjected to the worst case that has to be anticipated to mitigate unavailability in
order to achieve condition for recovering the convenient operation.

The wind speed profile is showed in Fig. 7 and is numerical given by (45).

The blade pitch angle behavior is shown in Fig. 8.

60
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Pitch angle (deg)
&

"M A
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Fig. 8. Blade pitch angle.
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Fig. 8 shows that although blade pitch angle is imposed at the wind gust position during blade pitch
control malfunction, after the malfunction the blade pitch angle recovers the behavior of a convenient
operation in response to the wind energy available.

The power coefficient is shown in Fig. 9.

041
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Fig. 9. Power coefficient.

Fig. 9 shows that although power coefficient is imposed as having the minimum value during blade pitch
control malfunction, after the malfunction the power coefficient recovers the behavior for energy
capturing in response to the wind energy available. Observe that this behavior is not only dependent of
the behavior of the blade pitch angle shown in Fig. 8, but also of the tip speed ratio. So, the behavior of
the tip speed ratio is also recovered.

The torques are shown in Fig. 10.
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Fig. 10. Flexible blade torque, rigid blade plus hub torque, and electric torque.
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Fig. 10 shows that the flexible blade torque (blue) is null during blade pitch control malfunction, the rigid
part of the blades plus hub torque (red) is in oscillation due to the elastic modeling of the interface
between the masses. The electric torque (green) is the final torque action on the PMSG.

The rotor speed of the flexible blade (blue), the rotor angular speed of the rigid part of the blades plus

hub (red) and the rotor angular speed of the generator (green) are shown in Fig. 11.

35
307
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5 201
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2
10+
—— Flexible speed
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Rigid+hub speed
0 L L L L L
0 1 2 3 4 5 6

Time (s)

Fig. 11. Rotor speed of the flexible blade, rigid blade plus hub and generator.

Fig. 11 shows that although there is no energy captured from the wind energy during blade pitch control
malfunction, the speed of the rotor during the malfunction is feasible. After the malfunction, the behavior
of the kinetic energy stored in the rotor is recovered. The variations between the three speeds are due to

the induced torsional effect forcing an elastic behavior on the rotor.

The voltage at the capacitor banks during the blade pitch control malfunction are shown in Fig. 12.
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| — U,
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Fig. 12. Voltage at the capacitor banks.
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Fig. 12 shows that although pitch control malfunction occurs between 2.0 s and 2.5 s, the voltages at the

capacitor banks are convenient hold to sustain the electric connection with the grid.

The instantaneous current injected into the electric grid is shown in Fig. 13.

0.5

Current (kA)
Current (kA)

-0.5

AL

Fig. 13. Current injected in the electric grid.

Fig. 13 show: a) the effect of the malfunction in the current injected into the electric grid is recovered and
is equivalent to a decrement on power captured from the wind; b) the instantaneous current injected into
the electric grid is almost a three phase alternate sinusoidal current. Some perturbation occurs as can be
revealed by the harmonic content of the current injected into the electrical grid given by the THD. The
THD is given by:

THD (%) =100 1 > X4 (46)
Xe VA2

The harmonic content is computed by the Discrete Fourier Transform (DFT) given by:

N
X (k)=> e 127KMN x(n) for k =0,...,N -1 (47)
n=0

The THD of the current injected into the electric grid is shown in Fig. 14.
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Fig. 14. THD of the current injected into the electric grid.

The average THD of the current injected into the electric grid is 0.53%. Fig. 14 shows that the THD of the
current injected into the electric grid is less than IEEE-519 standard 5% limit [54]. Hence, the five-level
power converter is an interesting option in what regards the THD. Although IEEE-519 standard is not
necessarily imposed on WECS is used in this paper as a guideline for the quality of energy injected into

the electric grid.

5. Conclusions

Wind power penetration in electric grids leads to new technical challenges, concerning transient
stability and power quality. A model and a simulation study are presented for WECS equipped with a
permanent magnet synchronous generator and with a back-to-back multiple point clamped five-level
power converter. The model takes into account wind perturbation. The simulation is intended to evaluate
the WECS behavior when a blade pitch control malfunction occurs, imposing a total instantaneous cut-off
on the capture of the energy from the wind by the blades. This malfunction subjects to the worst case the
energy stored in the capacitor banks in what regards the achievement of condition for recovering the
convenient operation.

The case study imposes a total instantaneous cut-off on the capture of the energy from the wind by the
blades during 0.5 s. The simulation reveals that no outage is foreseen and a convenient performance, in

what regards the effect on the current output of the power converter measured by the average value of the
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THD, is achieved. The current injected into the electric grid is lower than 5% limit imposed by IEEE-519
standard [54]. The blade pitch control malfunction does not significantly echo on voltage dropping in the
capacitor banks, contrary to what is reported in [28], where a three-level converter is used. The five-level
power converter due to a high level of energy stored in the capacitor banks sustains the DC voltage.

This type of simulation is able to decide if the malfunction eventually leads to an outage, meaning that
if the simulation is in favor of no outage, then no outage is expected to happen. The authors believe that
for an offshore WECS, the marine wave perturbation may be treated as an augmented wind perturbation

in what regards the study of the electrical behavior of an offshore WECS.
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