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ABSTRACT

The wind power is well adapted nowadays as solutiotine production of electricity or for
mechanical use. But wind is a very fluctuating seuwf energy; it generates a non-permanent
and variable power to the loads. This paper presarstrategy to improve the quality of the
electric power produced by a wind turbine underalde speed. The mathematical modeling
of the various elements of the conversion systempeiformed. Two control strategies are
developed to improve the quality of the energy pomdl by the wind turbine. The first
consists to a judicious management of the DC bdgfam second to control the inverters with
a corrective proportional resonant. The resultgioktl after implementation and simulation
under Matlab/Simulink platform are presented.
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1. INTRODUCTION
Wind is one of the cleanest sources of energy.rguits transformation processes, it releases

approximately 9 g of polluting substance per kilaweour [1]. But, even if clean and
inexhaustible, wind is very fluctuating. It gen@sita non-permanent and variable power to
the loads. Most of the times, to ensure continaftypower to the loads, the wind turbine is
either connected to a non-corporate/public netwotker forms of electrical energy sources
(solar, diesel generator, etc.), autonomous oritdytetworks [2,3].

If the permanence of the electrical energy produesgdr wind turbine can be assured, its
guality remains an important issue to be considenethe distribution network. Several
authors investigated the problem using grid-coretear not wind turbines. Laverdure [4]
made a comparative study of various wind turbimecstires and impacts of disturbances on
the integration of wind power generators in weakvoeks or remote area. Courtecuisse [5]
presented strategies of controlling multi-sourc&dvdatabases coupled to energy storage
systems to ensure the stability of the network apiiimize energy consumption. Vechui [6]
proposed a solution to balance the voltage acrbsesunbalanced load inverter when
connecting energy from a renewable source intocthreventional network. Camblong [7]
worked on minimizing wind disturbances in the gatien of electricity from wind turbines
with variable speed. He developed algorithms totrobrvariable wind speed turbine pitch
control and to maximize aerodynamic efficiency #imel quality of electric power in terms of
flicker. He also showed the advantage of RST reégidacompared to the traditional PI
controllers in some commands. Davigny [8] invesgdawind systems at variable speed
equipped with permanent magnet synchronous gemefdSG), and a system of inertial
storage. He illustrated the capacities of the rasbmontroller in the direct control of the
terminal voltages. Masmoudit al. [9] used the model developed in [8], substituthd t
system of inertial storage by batteries of supgacdors to show that the system reacts more
quickly to fluctuations.

In the present work, we are investigating the dquaif the electrical energy produced by a
variable speed wind turbine using supercapacitershart-term storage systems. The main
objective is to improve the quality of the electienergy produced by developing control

strategies to manage the electric power at the IXCabd the output of the LC filter.
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2. MODELING OF THE ENERGY CONVERSION SYSTEM

The conversion system is presented in figure i&. hade up of a wind turbine associated to a
permanent magnet synchronous machine (PMSM) witarge number of pair of poles
connected to an interface and a storage systerpowieer converters controlled by a PWM
(pulse width modulation) and a DC bus. The conpeadtterface is made of an IGBT inverter

and LC filter. The storage system is constitutedugfer-capacitors.
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Fig.1. Energy conversion system adapted from [9]

2.1. Modeling the wind turbine

The wind turbine converts the kinetic energy of wiad into mechanical energy. To model
the behavior of that component, it is necessanyetiermine the mechanical torque produced
from the extracted power of the wind.

The mechanical torque of the turbine based onxhaaed power is given by [9]:

C,=R/Q 1)
Where:
P, =0.5x px rx RZx Vv, xC_(A,B) (2)

Ris the radius of the blade (in), p air density (inkg.m>) andw, the wind speed (im.s™).

The power coefficiert (/1,,3) can be expressed as a function of the specifiecspeand
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the pitch anglgB as [9]:

C,(4.8)=05 %1— 0.58 - 0.008> - 13}2 e{plT&Aj @)
Where:
_ 1
AST 1 00003 (4)
A-0.028 p[*+1
We also have [9]:
p=R2 5
v,

Figure 2 shows how the power coefficient varieshvitie specific speed for various blade
angles. It could be seen that 0, the optimum specific speedNg,=8 and the maximum

power coefficient Gma=0.4185.
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Fig.2. Characteristics of the wind turbine

The rotational speed? is obtained from the fundamental equation of dyicarfiL0]:

18 ¢ ¢ -f0 (6)
t

WheredJ is the moment of inertia of the shaft fig.n¥); f the friction coefficient of the shaft;
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andCgn the electromagnetic torque.
The turbine is controlled in order to extract a maxn power from the wind. The maximum

power extracted using MPPT methods is given byekpression [9]:

Puper = KQ’ %
With:

prR°C,
K=05——-""KQ (8)

opt
The control of the setting angfeenables to limit the extracted power so that tatqmt the
turbine from high wind speed.

From the above expressions the following block diagcan be obtained (figure 3):

I
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Fig.3. Block diagram of the model of the turbine adagted [9]

2.2. Modeling and control of the PM SG

The permanent magnet synchronous machine is theopdlne energy conversion system,
which converts the mechanical energy of the turlime electrical energy. In this work we

assume a radial flow and smooth pdlg=Ls=Ls). Conventionally, the model in the reference

of Park gives the following equations [10]:

Vsd =Rslsd +Ls dISd

—< — pQL | 9
Pl 9)
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di
V=Rl L5+ pOLI, + PO, (10)
w=pQ (11)

The electromechanical torque developed by synclu®nanachines at sinusoidal
electromotive force may be given by the followirguation [10]:

3
Can =5 PPl (12)
To control the electric power generation, we cast jnanage the electromagnetic torqisg
by controlling the stator currents through proporél integral controllers (PI) as shown in

figure 4.

La
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Fig.4. Block diagram of the control of the synchronoushiae

2.3. Model of the storage system

The storage system is made of super-capacitors.eldutrical model of the supercapacitor
consists to a capacit@s which represents the capacity of the supercapaeital a resistor
R« representing the resistance of charge/dischargkfiaally a resistorg representing the

internal leakage (figure 5).
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“ZTe

Fig.5. Electrical model of the supercapacitor [9]

Neglecting the resistance that models the intdeadage, the expressions of the equation of

the charge (eqgn. 13) and discharge (eqn. 14) cdupercapacitor are given by:

sc_charge (l_ eX[{— RS:C j] (13)

j (14)

V,=U

SC

Usc_disch arge :Vsc exp(_ &CSC
Current control (figure 6) super capacitor connécte the DC bus via a bidirectional
converter is necessary to control the charge/digehaoltages. We therefore have the

following equation:

Um_sczusc_PI(lscref_lsc) (15)

1

RC/BC

+

j PWM
lsc_ror £ | Um e | Dospe
%‘.’ m ?ﬂt‘ ;ar{r:LI
Le U,L.T Uac

Fig.6. Controlling the current storage system

2.4. Modeling of the DC bus

The DC bus is the transit point for power to engheestability of the network. It behaves like

a source of constant DC voltage. The following elguatould be obtained from figure 7:
dU, _ | 4]

-1
m m_sc ch
dt -9

Idc = Cdc (16)
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WhereCy is the capacity of the DC bus (#); I« the DC bus current (iA); Im s the output

current of the storage system @); I, g the current generated by wind #); andl, the

current load of the network ().

Im_sc

Ich

Im

1dcY

C —~ | udc

Fig.7. Electrical model of the DC bus
2.5. Modeling of thefilter
The DC bus voltage is converted to AC voltage. Thomversion is accompanied by
harmonics due to the nonlinear nature of the staiioverter. A filter is generally interposed
against these harmonics and improves the powertyjiralthe network. In this work a LC

filter is used. From figure 8 one can write:

d'lfllz—lu_u = (10 01y
— (I, |==]|-1 2 ™ "“¢|-—L/0 1 0|, (17)
dt 3L, U,-U,| L,
i 1 00 1l
E_Uﬂ _ 1 (2 1)1y lg (18)
dt|Us, | 3C,\1 2)| 1, lap
5 Ly Ry in Ioni 1
o _"(iii)‘—’;\"”\“ e 0
_:Cf
U 2 ¢ @ﬁjL \_ﬁ{\RAfM 2, iz 5> o |
-1
‘HW L R, ::Cf‘”'ﬁ -

Fig.8. LC filter [8]

The transmittancé&(s) can be determined by using the following equivafdrase diagram:
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1 L Ry i Lenl
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Fig.9. Schematic equivalent phase filter [8]

Ts —Vu _ Ucl or2 — 1 (19)

v, U 1+3R C,s+3,C, s

m

mlor2

The transfer function of the second order filtegisgen by:

1
=g (20)
Y4 S
1+ —s+

@ o

Wherez is the damping coefficient andy, the natural pulsation (inad.sY) characterizing

the filter:

- 3R, C, (21)
2 n

@ = =27f 22)
3L,C,

Figure 10 presents an example of location of a Bomlesmittance of the second-order for a
natural frequenc$, =50 Hz and values of z equal to 0.3, 0.4, 0.5, @.3.
The filter elements are sized to the cutoff freqyepdefined as the frequency for which the

signal amplitude is attenuated by -3 dB.
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Fig.10. Bode plot of the transmittance of the second order

2.6. Model of theload
The energy conversion system shown in figure 1 supphree-phase balanced or not load
(resistive + inductive). To model this support, \aet power Py and reactiveQg are

considered under a voltaydg and a frequencyw =100rad.s*. The following relations are

obtained:
V?Ph.
= Cl " cni 23
R )
Vcichhi

i = m} (24)

lcha Rch1 Lecha

- L AL 0 ——
Rechz Lchz2
a lchz = By "_'fl_'inl_:' >
Ueca
Uez
Rch3 Lch=
.lchS t & 'ﬁ-fl_'ﬂl_] |

Fig.11. Electric Load Model RL

From figure 11, the expressions of the load cusrecduld be written in matrix form.

Neglecting the mutual inductances, one can write:
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Ichl Ich1
d 1 Uy
— 1 =—<J(M1]| I +|M?2 25
R LR @)
Ich3 Ich3
with
_Xu 0 X13 Lch2 + Lch3 _LchS
[Ml] = X21 _Xzz 0 and [M 2] = _Lch3 Lchl + Lch3
x31 0 _X33 _Lch2 _Lchl

L= Lyubone + Lanibonat Londbens
The parameters of the matrix [M1] are given in Tahle

Table 1. Parameters of the matrix [M1]

Parameter Expression

Xi Rinbenz * Riabons ¥ Rindbens
X2 Rinzbens ¥ Rinzbons ¥ Rinabens
X3 Rislonz ¥ Rinzlons ¥ Rinabens
K13 Rislonz = Rinzlens

Xa Rialens = Rinsbens

X3t Riulenz = Rinzlens

2.7. Regulation of the DC busvoltage
Regulating the DC bus is done through the stordgment that maintains the balance

between production and consumption. Multiplying &tpn (16) by U4 the balance of

instantaneous power is obtained as follows:
du .
Cdcd—tdudczAP: F)g+P$_R:h (26)
dU dc — E —
dc dt Udc dc

(27)

Where:

Ps is the Power storage system (in Wy;the power generated by the wind energy (in W);
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P, the Power load connected to the network (in W).

From equations (26) and (27) one can establisiCt& (Causal Ordering Graph) of DC bus
that will allow determining the order (fig. 12) [8lhose parameters are presented in table 2:

Pg

Pec > W @ & @ Ude

Peh

Fig.12. COG of DC bus

Table 2. COG Equations of DC bus

Parameter EXxpression

R1 AP=P, +P_ -P,
R2 | 4P

dc _Udc
R3 C dUdc =

dc dt de

The inversion of the COG in Figure 12 gives the diag presented in fig. 13 whose

parameters are presented in table 3 [8]:

Pg_mes

Psc_ref / AR‘@S Idc_ref /

RN

r C”l
\%‘ Udc_re{
\ Pch_mes

Fig.13. COG of the DC bus control

Ude_mes
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Table 3. COG equations of the DC bus control

Parameter Expression

RCl Psc_ref = APreg - Pg_mes + Pch_mes
RCZ AI:)reg = Udc_ref I dc_ref
RC3 l dc_ref = C(S) (Udc_ref _Udc_mes)

C(s)is a PI controller.

Figure 14 shows the block diagram of the contnaitegyy of the DC bus.

Psc_ref

Isc_ref
et o

>

icharge

Udc

Fig.14. Block diagram of the control strategy of the DG bu

2.8. Regulation of the output voltages of thefilter
Using the COG equation of the filter (figure 15)3ahe reverse (figure 16), one gets control

of the network interface with the parameters presgem tables 4 and 5.

U1 Um) Uer. U2

Fig.15. COG of filter
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Table 4. COG equation filter

Parameter Expression

R1 U B 1 U
clor2 1+3RfoS+ 3|_fo52 ml or 2

uﬂ-‘ll'ffg-“l'ﬂl'ffg Ucl-ref, Uc2-ref

el mess Ue2 - mes

Fig.16. COG of filter control

Table 5. COG equation of filter control

Parameter Expression
RCl Uml_ref = Cr (S) (U cl_ref _Ucl_meg
Um2_ref = Cr (S) (Ucz_ref _Uc 2_mef)

Since we have AC voltage, we use proportional rasboorrection. This type of correction is
well suited to control sinus voltages [11, 12]. Alevsynthesis of comparator is explained by
Zmoodet al. [13].

The correction is of the form:

K,s

S+af

Where «), is the angular frequency of the controlled vaeafih rad/s); K and K; are the

(28)

C(9=K, +

parameters of the controller to be determined.

The method of determining the parameters of thérotber consists to locate the poles of the
transfer function of the closed loop system. Theiad of the poles is such that their real part
IS negative.

The transfer function in open lI00PITF) of the corrected system is:

K:s 1
OLTF(s)=| K, + ! . 29
) { P 52+wo2j {1+3Rfcfs+ a_foszj (29)
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Table 6. Filter settings

Parameter Expression

a 3L,C,
a 3R, C,
ao 1

The transfer function in a closed lodpL{TF):

K s*+Ks+K af
CLTF(s) =— 3 . P 5 (30)
a,s' +a,8 +(K, +a,+awf)s’+(awi+ K )s+(K, +a ) w;
The general characteristics of the polynomial afrde 4 is of the following form:
AP(S):(s+sl)2(s+sz)2 (31)

Table 7. Choice of poles

Pole  expression

1 p(-1-1)

/) p(-1+1j)

p© is a positive real number, we choose properlyngknto account the criteria of stability

and speed of correction.

Table 8. Parameters of correction

Parameter Expression

Kp 4:02 &~ azwg
Ki -8’ -aaf

The voltagedJ; andU., are compared with their respective reference gelth i« andUcore.
Errors are adjusted by the proportional resonantkens established. At the end of the
correction we have regulated voltaddsiey and Unpreg that allow developing the control

signal MLI of DC / AC converter.
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U e :x/EUeﬁ sin(ax—gj (32)
U :x/iueﬁ sin(wt —7—2-[) (33)

Figure 17 shows the block diagram of the contn@ltepy of voltages.

Inverter
control
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7 <
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e e —— - e e T
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' i load

Smee e

Fig.17. Block diagram of the control strategy

3. RESULTSAND DISCUSSION
The implementation of these models in Matlab-Simyligive results presented in this section.
The characteristics of the energy conversion systenpresented in table 9.

Table 9. Elements of the energy conversion system

Wind turbine Blade radius R=1.7 m
Number of blades NB=3

PMSG Number of pair of poles p=4 ;
Rs=0.822 ;

Inductance Ls=15mH ;

Rotor flux®m=0.5Wb

Inertia of the shaft J=99.f&gn’ ;

Friction coefficient f= 16N.m.s.rad
Supercapacitor Capacitance Csc = 94 F+20-0% ;
Resistor of charge/discharge Rsc=1Xbm
\oltage Vsc= 75V

maximum continuous current Imax=50A
DC bus Capacitanc€dc=220QF;

Maximum voltage Udc=800V
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The wind speed profile studied, adapted from [$hewn in Figure 18.The value of the wind

speed is between 5.9 m/s and 13 m/s.

Wind speed (nis)

Fig.18. Wind Profile

These speeds are applied to our model whose tudesign speed is 10.5 m/s. A MPPT
method is used to extract maximum power from thedwand control the angle of attack so
that to protect the turbine from high speed.

Figure 19 shows the variation of the pitch angléhvime. It may be noted that the value of
the setting angle increases in wind speeds ab@veatbd speed, while the power coefficient
decreases (fig. 20) thereby limiting the rotatiospkeed (figure 21) and the wind power
extracted (fig. 22) to protect the wind turbinehteavy wind speeds and to extract maximum

energy. When the pitch angle is zero, the poweffica@nt is maximum.

Betaly

Fig.19. Evolution of the pitch angle
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Fig.20. Evolution of the power coefficient

3 ¢ 9 B 8 ¥ & 9 9

(s/pel) paads [eaiueyodsn

30
Time (S)

Fig.21. Rotational speed of the turbine shaft
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Time (S)

Fig.22. Wind power extracted by the turbine

Figure 23 shows the voltages generated by the pmmmbamagnet synchronous generator

according to the wind profile (fig. 18). Figure B4a zoom of these voltages. It could be seen

due to the intermittent nature of wind.

|
I
11 :\‘
| ‘
I
|
|
|
Il

that if the voltages are sinusoidal, their ampisiaind frequencies are not constant. This is
\“” { | ‘ | ‘

Fig.23. Voltages generated by the PMSG
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Fig.24. Zoom of voltages generated by the PMSG

Figure 26 shows that the DC bus voltage is constaatvalue of 400V, despite variations in

the rectified voltage (Figure 25) related to thasfe the wind. The stored energy in

supercapacitors has indeed compensate for thesiaas through a control strategy applied

to the DC bus, whose efficiency helps to fight agaivoltage dips and thus improve the

quality of energy. The constancy of the DC busag#tis required for the permanent supply

of the load through the connection interface

30
Time (s)

10

Fig.25. Voltage at the output of rectifier
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Fig.26. Voltage across the DC bus

Figures 27 and 28 shows the voltages at the owpthe PWM controlled inverter. The
inverter causes harmonics, degrading the qualitgledtrical energy (electrical wave form).
As it could be seen in figure 29, these harmonidshe eliminated (Figure 30) by an LC

filter whose elements were carefully sized.

%0 { { { | { I
b " == == = \/ONd1
T m— \/ONd2

g r EEEER Vorﬂ37
S o *
9 100 i
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9 ‘ |
g : l
|

g o SRR
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a) l

g | TR
> : : 1
c . |
. ' |

_ZCD .‘ ,,,4‘, ,,,,,,, 1
. |
: |
| | | | | |
-300 ! ! ! ! ! !

0 0.2 0.4 0.6 0.8 1 1.2 14

Time (s)

Fig.27. Voltage at the output of the inverter
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Fig.28. Zoom to the output voltages of the inverter
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Fig.29. Output current of the inverter
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Hiter output current (A)

50.84 5986 59.88 599 59.92 5994 599 5998 €0
Time (s)

Fig.30. Output current of the LC filter

Figure 31 shows the reference voltages and figh82oltages measured at the filter outlet. It
could be seen that the measured voltages are wsijgm of phase to the reference voltages.
The measured voltages Ucl and Uc2 are quite staldenplitude and frequency. They are
identical to each other at an angle of phase-shst,their respective reference. These
observations could be explained by the fact thatdbntrol strategy implementation at the
filter has proved its effectiveness in fighting eg& voltage unbalance making the power
quality degrading. We also note that, even if tlegdiency is rather constant, the magnitudes
of the measured voltages are rather higher thasetlod the reference voltages. The latter
phenomenon is probably due to the gain regulatedsradirectly, to the choice of the poles of

the polynomial characteristic of the transfer fumas of the filter in the closed loop.
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Fig.32. Measured output voltages composed filter

59.82

59.8
bus and for the regulation of the output voltageshe LC filter has been made. Indeed, the

regulating voltages through correction proportioaatoss the LC resonant whose elements
are strictly sized filter, helps to fight againstbalances and harmonics caused by unevenly

We modeled the parts of our system of wind enemgwersion in the form of mathematical
equations and block diagrams. The development ofrabstrategies for regulating the DC
regulation of the DC bus voltage can fight agaimseérmittent energy production, while

4. CONCLUSION
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nonlinear distributed loads. The results obtaindgtrasimulation in Matlab-Simulink
environment, demonstrate the importance and effeatiss of control strategies implemented.
The voltage at the DC bus is almost constant aedvtiitages at the output of the filter fit
their respective reference, which proves that ilmhets voltages, harmonics, voltage dips and

voltage fluctuations, degrading the quality of éhectrical energy produced were minimized.
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