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Abstract - Wind energy is characterized by fluctuation because of a main intermittent source, which can damage the stability
of the electrical network which leads to an imbalance between production and consumption. To resolve this difficulty, an
integration of a micro-grid based on a wind farm interconnected to the electricity grid is proposed which presents the first
objective of this paper. The two-level inverter is so much used in this domain, but the main limitations of this solutions are the
fact that the voltage output presents high ripples and that this inverter is not a practical solution for applications with high
power. Thus, the second aim of this paper consists in using a multicellular inverter. The main unit of this farm is based on a
three permanent magnet synchronous generators which are entrained by three aero-generators. This unity is connected to a DC
bus through three controlled rectifiers. The obtained power is injected to the electricity grid using a multicellular inverter as
well as an inductor and resistor filter. The three generators and the proposed inverter are controlled through a vector control. A
theoretical study of the suggested farm is parented and simulated using a Matlab/Simulink environment. The obtained

simulation results confirm the approach robustness.

Keywords- Wind farm, PMSG, Multicellular Converters, Micro-Grid (MG), Pitch angle.

1. Introduction

The consumption of electricity has increased
dramatically over the past decade because of the massive
industrialization of some countries and the significant
population increase. During the first half of the century,
fossil fuels remain the main source of energy, which
consequently causes environmental problems in terms of
global warming and climate change. All these reasons have
contributed to the growing penetration of renewable energy
to generate the electricity [1]. The use of this type of energy
has several advantages [2], like reducing one greenhouse gas
emissions, improving the voltage profile and ensuring the
quality of energy. The most common way to add renewable
energy systems to the grid is the Micro-Grid (MG). The MG
is considered as a grid that contains fillers and generators [3,
4] used to facilitate the strong penetration of renewable
generators, like wind, solar and geothermal energies. These
renewable generators reduce the consumption of fossil fuel
and CO, emissions [5].

In this general context, this paper focuses on the wind
power. It is characterized by a growth rate of Use high
compared to other types of renewable energy. Nowadays,
wind energy is evolving in a rapid and massive way. This
evolution is described by the increase in installed capacity
worldwide [6, 7]. The major drawback of this type of
production is the unsteady state of its primary source (the
wind) [8]. This makes the wind generator unable to
contribute in system services, namely voltage control, control
of reactive power and the frequency setting. To solve this
problem, related to limiting the penetration of wind
generators into the electricity grid, several approaches have
added energy storage devices [9, 10, 11]. In this paper, this
problem is developed by concentrating on the integration of a
micro-grid based on a wind farm to the electricity network.
This farmhouse is made by the association of three wind
generators based on a Permanent Magnet Synchronous
Generator (PMSG).

Increasing levels of the voltage modulated by the
converter is used to reduce the harmonic distortion of this
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voltage. The concept of a multilevel voltage inverter has
been introduced to decrease the harmonic distortion of output
waves, without reducing the output power converters [12].

In this paper, our study focuses on a multi-inverter
instead of a two-level inverter, thanks to its many
advantages. In recent years, the uses of multicellular
inverters in industrial applications have risen [13, 14]. A
multicellular inverter is formed by switches and capacitors as
voltage sources [15]. This type of inverter is used for high
power applications. In this study, a four-cell inverter is
utilized to illustrate this trade off. Therefore, it is a five-level
inverter.

The first part of our study focuses on modeling of the
various parts of the production unit. In the second part, we
presented the different control techniques applied two vector
commands of the generators 2 and 3 to insure the monitoring

of the Maximum Power Point tracking (MPPT) and a vector
control of the generator 1 has been implemented for the
adjustment of the DC bus voltage. Finally, a vector control of
the inverter was developed based on the management of
power injected into the grid. The simulation results allow
validating the implemented control strategies.

2. Modeling of the Wind Farm

The system studied is shown by Fig.l. This farm
consists of three aero-generators, where each one is
connected to a variable speed synchronous generator. For
operation at variable speed, three rectifiers are used to
connect the generators to the DC bus. This bus is linked to
the electrical network via multilevel inverter and an RL
(resistance R and inductor L) filter.

i Turbine 1‘ (" Multicellular inverter ) Filter RL Grid
Im1 Im-inv Y 57 S~ S~
= 3 I T 5 J_ = T
Ci il 1 il 1
Aco/rl;z: J. Udﬁ Uacl2 Io H VcAa[ J— i Veaz ‘[J- ' Vear ] H R L
[ [ . Lo —_—
YV V N I UdCIZTT B T = T =g T -
i Roctifi SEM Shs S;-\z S:M
: ectifier r-3 -3 r- r-
i 2 control - - > ; . T Y T Y
! Val2| 1 1 J_ : R L
; Turbine 2 I ! VcB3 d Vch ! VcBl !
; o Sea Ses Sez Se1
: H ACIDE 5 5 ry (T
L 1 | J- NS — — -~
Uqgc/2 ' ' I '
Isabc : I E VCC I J- E VCCZ J- E VCCl E |_|R L
Ugc/2 - T " T v T e
1 Cemmpptz Rectifier TT . > . > . >
: control 4 C c1
NG 7
Turbine 3
Multicellular inverter
Im3| control
Rectifier
control
Fig 1. Architecture of proposed wind farm
2.1. Wind turbine modeling and control with
The wind power produced by each turbine is given by 1 0.035 A3)

the following expression [16]:

1

3
Par =Cy Ry =2 C,.pSY,

aer

M

where p is the density of the air (kg/m3), S is the area swept
by the turbine (m2), V. is the speed of wind (m/s) and Cp(4,5)
(power coefficient) depends on the pitch angle f and of the

specific speed A. This coefficient described by the equation
(2) and (3) [17]:

—21.4
C, =0.5872.(116.4, —0.4* 5 —5).@
+0.0085.1

O]

ﬂ.:
' 1+00088 p+1

where A is defined by the ratio between the turbine rotation
speed and wind speed:

ﬂ. — R'gzturbine
V.

v

(4)

Knowing the speed of the turbine, the aerodynamic
torque is determined by:
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Caer — aer :Cp' v — - pSV (5)
Qturbine Qturbine 2'gzturbine

The fundamental equation of the dynamic enables
determining the evolution of the rotation speed of the
generator QQmec.

dQ mec

J. =
dt

aer Cem - Cvis (6)

where Cis is the viscous friction torque and Cen is the
electromagnetic torque.

The wind farm is controlled to extract the maximum
power available. According to the Betz theory, the power
coefficients Cp do not exceed 0.593 [18, 19], which
correspond to the Betz limit. Therefore, the power produced
by a turbine is 59.3% of the available power of wind.

In this case, the variation of Cp as a function of A for g =
0 is shown in Fig.2, then the maximum value of Cp
(Comax=0.55) is corresponding to the optimal value of A
(hop=8.1).

0.6

e —— L
o5 Come //1\\
04 \

ﬁref = ﬂO = O for 0 < Qmec = Qmecn
PR ®)
ref —

(Qpee = Rppeen) for Q.. > Q
where f is the initial pitch angle.

mecn

mecn
AQ mec

In most cases, the blade guidance system can be
electrical or hydraulic. We can thus introduce a transfer
function of the first order to simulate the dynamics of the
angle g according to the next reference [20, 21].

1

ﬂ 1+Tb.S ﬁref ()

where 7p is the time constant of the blades’ orientation
system and S is the Laplace operator.

Figure 3 shows the block diagram of the turbine with the
guidance system of the blades:
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Fig. 2. Cp versus A curve

The electromagnetic torque reference given by the
MPPT strategy is defined by Equation (7) [18, 19].

C .p.ﬂ'.Rs.szec
Cem—MPPT =—F 2./130pt.G3 7

2.2. Control of the pitch angle

In order to reduce speed and avoid mechanical faults, a
blade guidance system is needed to serve as a regulator. In
this context, to ensure the safety of the machine used for the
wind generator, it is necessary to limit its speed. This
limitation is made by the setting angle of the blades . When
the speed exceeds its nominal value Qmecn, the power
coefficient C, decreases by increasing the angle . This
control strategy is described by the following equations:

Caer-est
L C

Fig.3. Turbine model with pitch control method

MPPT strategy

1 Com-ref
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2.3. Modeling and control of PMSG
The permanent magnet machines are increasingly used
in the field of electricity production.

The equations utilized for modeling the PMSG in the
park reference frame under the MATLAB/Simulink tool are
[22]:

Vsd =Vsdl - pQ Ls'isq

. (10)
Vg =Veu + PQL g + PQ
Vsdl = Ls dISd + Rs'isd
at (1)
di, )
Ve = L ot +Rg g,
The electromagnetic torque is given by:
Con = P g (12)
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where Rs is the resistance of each stator winding (€2), Ls
is the inductance of each stator winding (H), @n is the flux
induced by the permanent magnets (wb), is« and isq are the
direct and quadratic component of the stator current, Vs and
Vs, are the direct and quadratic component of the stator
voltage, and p is the pole pair number.

The principle of this control is to divide the farm into
two groups. The first group contains turbines 2 and 3. They
only work in the MPPT to participate in the system service.
This command allows imposing a direct current reference isq
equal to zero to minimize resistive losses. The
electromagnetic torque depends only on the stator current isg.
Since the flux is constant, so the torque and the current isq are
proportional.

Cem—mppt

a7

with Cem-mppt iS given by equation (7).

*

i sq — (13)

The second group contains turbine 1, but this turbine
does not work in the MPPT. It is also responsible for
regulating the DC bus voltage. This command requires a
direct current reference equal to zero to minimize resistive
losses and the DC bus voltage is controlled by the stator
current isq:

-k C*em
| sq — p¢ (14)
with:
. P, U,.i
Clom =2 = Yousm (15)
Ql Ql

The block diagram of the control loops of the stator
currents is given by the following figure:

Vsqu-ref

Vsdql-ref + Vsdq_ref
+ f

Isd-ref, Isq-ref(\ K 1+7.S 1 Isd, Isq
Q?/ Tos [ RS

Fig. 4. Control system of stator currents

with:

K = 3_5 . the gain of the controller
tl’

tr: the response time

T, =7= i . the coefficient of the integral controller.
S

Rs: the stator resistance (Q2)

Ls: the stator inductance (H)

2.4. DC bus modeling and control

The DC bus voltage Uqe changes according to the
following equation:

du, 1. 1 3. .
Tus = Elbus = E'(Zlmi _Im—inv) (16)
i=1
where imi: is current modulated by each PMSG and
. 1 . Ly
L iny =§(U rawdg U qudy) is the current modulated

by the inverter.

The proportional integral regulator (PI) is applied to
keep the measured voltage Upys equivalent to the Upus-ref
reference. The control loops are adapted diagrammatically in
Fig.5:

Upis- U
bus-ref ;(\ | k .1+ () 1 bus

7.8 CS

Fig. 5. DC bus control loop

with:
251
= r 17
7, 3 a7
kc = 6?_9& (18)

2.5. Rectifier modeling

The studied AC / DC converter is composed of three
arms. Each one is composed of two IGBTS. It is connected to
the generator and operates as a controlled rectifier. The
switches of the same arm are controlled in a complementary
manner to avoid the short circuit of the voltage source. Then,
we have:

fy+ i =1 i i € 123}

The expressions of direct and quadratic voltages Vsq and
Vs, modulated by the converter depend on the direct and
quadratic control voltages, Usqw and Usqw, OF the converter.

Vsd _Ubus Usdw (19)
Vsq 2 Usqw

The current modulated by the converter can be
calculated by this expression:

i Ll iru i
2

)ie{,23} (20)

mi sdwi* sdi SqWi | sqi

Finally, the generator side control strategy applied to our
wind farm is given by the following figure:
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Fig. 6. Proposed control strategy applied to our wind farm

3. Control of Powers Injected to the AC Grid

The power supplied by the PMSGs is applied to an
inverter through a DC bus. This inverter permits to
controlling the reactive and active power injected to the
electrical network characterized by a frequency f = 50 Hz
and voltage Vr.

This study focuses on a multicellular inverter. This
inverter consists of K cells. Each cell is composed of two
switches and two capacitors as voltage sources. The switches
operate in a complementary manner.

In this paper, we have studied a four-cell converter. Fig.
1 shows the internal structure of the studied converter.

3.1. Modeling multicellular converter

The voltages across the floating capacitors Vg vary
depending on the current Ig;.

where i (i=A, B, C) denotes the phase, j (j=1, 2, 3, 4)
designates the concerned cell, and Igi is the current
modulated by the inverter and injected into the grid.

To a multicellular inverter, the current flowing through
the floating capacitor is expressed as a function of control
signals of the switches next to the capacitor [23]:

icij = (Si(j+1) - Sij)iRi (21)

On the other hand, the current is expressed by:

. d

lij = Cij . a -Vcij
Then we know the value of the capacitor Cjj, S0 we can

get the equation governing the evolution of the Vg tension:

d 1 .
—Vii == (Si(jin — Si)iwi (23)
dt Cij (j+1) j
Our inverter has three arms, where each consists of four
cells (5 levels). The voltages of the capacitors of each arm
are expressed as follows:

(22)

For arm A:
GtV = G~ Suia
GtV =g G Slin e
GtV = e Sidin

For arm B:
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d 1 .
avcm = C_(SBZ - SBl)IRB
Bl
d 1 . (25)
a cB2 — C_(Sss _SBZ)IRB
B2
d 1 i
avcm = C (SB4 _SBS)IRB
B3
For arm C:
d 1 .
avccl = C_(Scz - SCl)IRC
c1
d 1 .
avccz = C_(Sc3 - Scz)ch (26)
c2
d 1 .
gt Jecs = C_(SCA —S¢33)ine
c3

The output voltage Vs corresponds to the sum of the
voltages of the terminals of the switches.

These voltages are defined by:
Ve = S (Ve —Veigi) (27)

This implies that the expression of the voltage Vs is
written as follows:

K K
Vi = zvgij = Zsij'(vcij _Vci(j—l)) (28)
j=1 j=1
From here we can write:
Upis =
Vg, =—22%"S, (29)
K i1
The voltage across the load is then:
U . di.
V, =Vg ——2% =R +L.— 30
TS dt 50

The output voltages of the inverter against the fictitious
point O are given by:

For arm A:
VAO :(SAl_SAZ)'\/CAl+(SA2_SA3)'\/CA2 (31)
+(SA3 _SA4)'\/CA3 +SA4Ubus
For arm B:
VBO :(851_852)-\/(:31"'(832 _SB3)'\/CBZ 32)
+(SB3 _SB4)-V0|33 +SB4Ubus
For arm C:
Vco = (801 - Scz)-vcc1 + (Scz - Sca)-vccz (33)

+(Scs = Sca)Vees +ScaUpys
Then the inverter output voltages are defined by the
following equations:

1
VAN =§.(2.\/AO _VBO _Vco)

1
Ven = 5-(2-\/30 —Vao —Veo) (34)

1
VCN = 5-(2-\/co _VBO _VAO)

Considering that the converter is balanced, the floating
voltages are well distributed:
iU
V, =2 (35)
K
where K is the number of cells per each arm and i indicates
the cell concerned.

Thence, the floating voltages of the capacitors become:

Ub
chl = Tus
2U
Voo == (36)
3U
ch3 — 4bus
with j (j=A, B, C) denoting the phase.
Accordingly, the inverter output voltages become:
\% _Ye (Syy +S,, +S,,+S,,)
A0 T 4 - Al A2 A3 A4
Vg, = Ys S S S S 37
BO 4( Bl+ BZ+ BS+ B4) ( )

UC
Vco: d

(Scy +S¢, +S¢3+S¢s)

3.2. Filter modeling
This is a low-pass filter comprising an inductor L and a
resistor R in series.

In dg-frame, the direct and quadrature components of the
modulated voltages to the output of multicellular converter
are given by:

Vg =Riy+ L.%id —LWgi, +Vgy

=Vyo —LWe 'iq +Veg (38)

. d. .
Vg =RI + L.alq +Lwg.dy +Ve,

=Vyq +LWe g +Vg,
where R and L are respectively the resistance and inductance

of the filter, ig and iq are direct and quadrature currents of the
electric line, Vrg and Vgrq are the direct and quadrature
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voltages of the grid, Vng and Vng are the inverter control
voltages, and wr is the grid frequency.

The filter model in the d-q frame is represented by the
following figure:

VRd
w 1 iq
R+ L.S
Lwr —® ><
v 1 iq
" R+ LS
VRgq

Fig. 7. Filter model
3.3. Inverter control

The studied wind farm is connected to the electrical
network characterized by a frequency f=50Hz and a Vg
voltage through a multicellular inverter and a filter RL. This
converter allows to establishing the current at mains
frequency and controlling the reactive and active powers
injected into the grid.

The powers transmitted to the grid are defined by:
Py =Vgq 4 +VRq.iq

Qr =Vigdg =V

It is found that the active power Pr well as reactive
power Qr is based on the direct component and the quadratic
component of the current grid. The problem here is to
independently control the reactive and active powers. To do
this, simply steer (d, q) so as to cancel the component of the
quadrature voltage (Vrq = 0), and consequently Vg = Vgqg. The
equation (41) and equation (42) become:

(39)

Vg =Ry + L.%id = Lwg i, + Vi

= Vg1 — LW d, +V,

d (40)
Vi =R, + L.a I, + LWg
=V + LWe
Pz =Vgi.dy
41
{QR :_VR'iq @

For to operate the system at a unity power factor, we
impose a reference reactive power equal to zero (Qr-ref = 0).

The reactive and active powers provide the currents ig.ref
and iq-ref.

PR—ref 'VRd + QR—ref 'VRq _ I:)R—ref )

i = =
doret V 2ea +V %rq V,
(42)
i _ PR—ref 'VRq - QR—ref 'VRd -0
q-ref — 2 2 -
V “rd +V “Rrq

The active power reference injected into the grid is
defined by [24]:

PR—ref = Pg -R

bus

(43)

where the power stored by the DC bus capacitors Ppys and the
active power produced by the generators Py are given by the
following equations:

P, =Py + P2+ PFys

:Ubus(|m1+ Im2+ Im3)
P

bus — Ubus'ibus (45)
The block diagram of the control loops of the currents
injected into the grid is given by the figure below:

(44)

VquZ-ref
Vqul-ref Vqu-ref
Id-ref, Ig-ref (\ 1+zS 1 Id, Iq
7.8 R{1+T,9)

Fig. 8. Control system of grid currents

L
where K = 3t_ is the gain of the controller, tr is the

.
L

response timeand T, =7 = 3E is the coefficient of the

integral controller.

3.4. Pulse width modulation

We have used the natural pulse width modulation for
generating the command signals for each cell of the inverter.

2
These orders are to be out of phase by ? between them.

The control signals of each cell are obtained by intersecting
the triangular signals defined by equation (49) (trl, tr2, tr3,
tr4) with the modulating signal associated with each cell
(VAN*, VBN*, VCN*).
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V4 . . T
t, = Earcsm(5|n(2.7z. f, _E))

t, %arcsin(sin(z.fr.fH — 7))

(46)

t, = %arcsin(sin(Z.ﬂ. f, —3'7”))

t, %arcsin(sin(z;r. f,, —2.7))

The inverter control system is shown in Fig.10:

Filter (R,L)

i

Each arm of the inverter contains four cells, so it needs PMW IW“‘ '[ b
four control signals. For example the simile between the | |
reference signal VAN* and the four triangular signals gives Vot ‘ ’
the four control signals applied to the arm A, which is the |_Pk1_|‘
same for both B and C arms. ark I Ve
. . Vg : .
The generation strategy of the inverter control Ve N ld-ref c -
4 . . alcul of irg.ref
commands is represented by the following figure. ) di
~ - Decoupling o and Irg-ref
* * * § q-re
o] ]] L@ pT R
Fig. 10. Control scheme of inverter
trl é :gp: Sa1, Sci, Se1 4. Simulation Results
+—l l The simulation results are obtained using the
2 ® :E_P: Saz, Scz, Se2 Matlab/Simulink environment. To confirm the control
strategies providing wind energy management, we have
] 1 l applied a wind profile given by Fig.11a over a period of 50s
= % :E-F: Sns, Sca, Ssa, for the three turbines.
To secure the wind turbines against mechanical failures
"_111 during high wind speed, a system for adjusting the pitch
tra EP: Sa4, Sca, Sea angle of the blades has been established, as indicated in
\ . Fig.11b. This mechanism is used to limit wind power during
Fig. 9. Generating block of the inverter control signals strong wind.
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Fig 12. (a) PMSG speed, (b) Power coefficient Cp
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Flg 22. Harmonic spectrum of output current injected into grid plotted with FFT analysis of Simulink: (a) by using a classwal
two-level inverter, (b) by using a multicellular inverter
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Figure 12a shows the mechanical speed of the machine.
This speed is restricted to its nominal speed thanks to a
control algorithm of the angle g applied to our farm. The
wind farm is controlled in order to capture the maximum of
wind power available, so this farm operates under an MPPT
control However, when the turbine speed outdated its
nominal value, the angle g increases to decrease the
coefficient Cp (Fig.12b), which aims to maintain the
mechanical speed and the generated power constants.

It is clear to note that the electromagnetic torque given
by Fig.13a and the total power produced by the three wind
turbines represented by Fig.13b are well correlated with the
wind speed.

Figure 14a shows the active power produced by the three
generators. Each generation is commanded to produce the
rated power in case of high wind speed. Figure 14b illustrates
the reactive power produced by the farm.

Figure 15a and Figure 15b respectively show the
evolution of stator currents isq and isq for the generator 2 with
the Pl controller. The answers show that the controller
provides a good performance.

Figure 16a shows that the DC bus voltage is equal at its
reference value 1620 V, thus proving the effectiveness of the
implanted controller. The inverter output signals are
represented by Fig. 16b. They vary sinusoid-ally at a
constant frequency equal to 50 Hz, with a number of very
important levels per alternately.

Figure 17b and Figure 17a confirm that the control loops
and the reactive and active power supplied to the electricity
network have kept to their reference values. The reactive
power is zero, proving the functioning with a unity power
factor. We can notice after this figure that the balance
between generated and consumed power is reached during
the operation of the system.

Fig. 18a and Fig. 18b respectively show the evolution of
direct and quadrature currents injected into the grid i and
irg. The answers show that the controller provides a good
performance.

The currents injected into the grid, represented by
Fig.19, are sinusoidal at a frequency equal to the grid
frequency and take variable amplitudes from to the variations
in wind speed.

»  Spectral analysis

To evaluate the capabilities of studied wind farm to
minimize the harmonics of the currents injected into the grid,
the spectra of the modulated voltages by the electrical
network side converter are presented in Fig. 20 and Fig. 21.
Indeed, Fig.20 shows that the Total Harmonic Distortions
(THD) when using a conventional inverter with two levels is
106.17%. On the other hand, Fig.21 shows that this THD is
considerably reduced to 14.99%, which demonstrates the
performance of flying-capacitor multicellular inverters in
industrial applications.

So as to evaluate the harmonic content of the current
injected in the grid, the THD is considered using Fast Fourier
Transform (FFT) analysis. A comparative study presented in

Fig.22 between the THD of the current grid in the case of
using a classical two level inverter and in the case of using a
multicellular inverter. A comparison between these two
topologies of inverters shows that an improvement, in terms
of harmonic mitigation, is accomplished by using the
multicellular inverter. In fact, the enhancement of the
electrical network current THD is 0.64% for the multicellular
inverter and 0.74% for the classical inverter.

Table 1. Studied wind turbine parameters.

Wind turbine Number of blades 3
p 1.225 Kg/m3
R 2
PMSG Rs 0.82Q
Ls 15.1 mH
p 4
Flux @ 0.4832 Wb
DC bus Chus 2200uF
Upus-ref 1620V
Grid-side filter R 02Q
L 25 mH

5. Conclusion

In this article, a new control strategy for a wind farm
with three aero-generators has been developed. This
technique is treated to remove the instability from production
without adding any storage organs to guarantee the
equivalence between consumption and production, so as to
command the DC bus voltage and the power exchange
between the farm and the electrical network. This document
has also studied the prolonged use of a multicellular inverter
with four cells in order to improve the quality of the voltage
modulated by the converter. The simulation results, obtained
by Matlab/Simulink, validate the developed control
strategies.
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