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Abstract- The current trend is moving towards the exploitation of renewable energy especially wind energy. This energy
controlled and maximized in power (MPPT) is exploited through system containing a double-fed induction generator (DFIG)
driven by the rotor through static converters via the network. For a better quality produced by the wind energy production
system, we use multilevel inverters, whose several works lifted problems of fluctuation at the levels of the input voltages.
Especially of the five-level neutral point clamping (NPC) voltage source inverter (VSI). This constituted the major limitation
for the uses of this power converter. Our contribution lies in the stabilization of the different input voltages of the inverter
using a feedback loop control to regulate the average total DC voltage of the inverter by using proportional integrator regulator
(P1) and fuzzy logic controller (FLC). To improve the regulation of the input DC voltages, we introduce a power electronic
circuit composed of a transistor in series with a resistor. These transistors are controlled to stabilize the input voltages of the
inverter. The results obtained show that the use of the five-level NPC VSI in wind system is full of promise on condition to

solve the instability problem of the input voltages.

Keywords- Wind energy, MPPT, DFIG, five-level NPC, PI regulation, fuzzy logic regulation, clamping bridge.

1. Introduction

The use of energy from fuels is the main source of
pollution of our planet and we arrive to the exhaustion of its
availability. The nature offers free, inexhaustible, available
sources of energies in all the regions and respects the
environment. These energies are called renewable energies

[1].

Among all the renewable energies contributing to the
electricity production, the wind energy holds at present the
leading part, it is one of the most promising, in terms of
ecology, competitiveness, field of application and creation of
jobs and wealth. In the scale world, the wind energy since
around ten years maintained a growth of 20% per year
“Figure 1°° [1,2].

Several examples of countries which managed to exploit
this energy. The table below gives the top 10 wind power
countries where China, United states and Germany holds at
present the leading part [1,2].
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Fig. 1. Global wind power cumulative capacity.

For Algeria, this country practically has no wind plant in
spite of the existence of the climatic conditions, seen that the
wind reaches intensities around 6 - 7 m/s in the regions of the
South-West, ‘‘Figure 2°°. Moreover, this speed is more than
enough to power generation of high power that can be used
in the oil zones and for domestic consumption.
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Table 1. Top 10 wind power countries.

Country Total capacity — Total capacity ~ Total capacity — Total capacity
end 2009 (MW)  June2010 end 2010 (MW)  June2011
MW) (W)
China 26,010 33,800 44,733 52,300
United States 33,159 36,300 40,180 42432
Germany 25,771 26,400 272135 27981
Spain 19,149 19,500 20,676 21,150
India 10,925 12,100 13,066 14,350
Italy 4850 5,300 5,197 6,200
France 4521 3,000 3,660 6,060
United 4092 4,600 5204 5,107
Kingdom
Canada 2530 3319 4,008 4611
Portugal 3357 3463 3734 3,960
Restof world 21,698 24,500 26,154 29,500
Total 159,213 175,000 196,630 215,000

Sap ‘apnme

Longitude, deg.
Fig. 2. Preliminary map of the winds in Algeria.

For this reason we chose the study of wind energy. The
wind system proposed is based on a double-fed induction
generator (DFIG) piloted by the rotor through static

converters  (inverter-rectifier). The stator is

connected to the networks.

directly

To improve the shape of the voltages supplied by the
inverter with minimum harmonic distortion, we use
multilevel converters. A serious constraint in a multilevel
inverter is the capacitor voltage balancing problem [3]. The
unbalance of the different DC voltages sources of the five-
level NPC VSI constituted the major limitation for the use of
this power converter [3-5].

We propose in this paper to study a chain of conversion
of energy constituted by a cascade of double fed induction
generator driven by a wind system controlled by an
enslavement of speed and piloted in the rotor via an inverter
and rectifier of five-level NPC structure. The stator is
directly connected to the network. The study shows the effect
of the stability problem of the DC voltages on the perf DFIG.
To remedy to this problem, we propose solutions which use
feedback control by a regulation in closed loop control using
PI regulation and fuzzy logic regulation. We add clamping
bridge to improve the regulation. The results obtained
confirm the good performances of the proposed solution.

2. Presentation of the system studies and problematic

The production chain studied consists of a double-fed
induction generator (7,5kW) [1] driven by a turbine (10kW)
[1] through a gearbox or multiplier. The rotor of the machine
is excited by the network through static converters. The
stator is directly connected to the network. The proposed
chain is shown in “Figure 3”.

For a better quality produced by the wind energy chain,
we use multilevel converters particular type five-level NPC.
Several works [4-7] raised problems of fluctuation at the
input voltages of the inverter of five-level NPC structure
inducing instability of the voltages supplied.

In this optics we draw our study which lies to resolve the
problem of instability of the voltages of the five-level NPC
inverter by an enslavement of the input average voltage of
the inverter by a fuzzy logic controller.

NETWORK

FIVE-LEVEL NPC
INVERTER

FIVE-LEVEL NPC
RECTIFIER

. iﬁﬁ ifesl 1
LTy v& =L

 MULTIPLIER

T

Fig. 3. Schematic of the wind system.
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3. Modeling of the Wind Turbine with Maximization of
the Power

3.1. Modeling of the Wind Turbine
A wind turbine converses in two parts: a mechanical part

(the aeroturbine) and the electric part (the generator) as
shown on the “‘Figure 4’ [1,2].
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Fig. 4. Configuration of a wind turbine

The aeroturbine is constituted by three directional pales
of length R basic salaries on one tree of training turning in a
speed Qyrpine, itself connected with a multiplier of speed of
gain G which leads the generator in the speed Qqecanical
[1,4,9]. The elasticity and the frictions of pales as well as
those of the multiplier will be ignored.

The multiplier is characterized by the gain G adjusts the
speed (slow) of the turbine to the generator speed. It is
modeled mathematically by the following relations:

Qmecanica=G - Quurbine (1)
Cy=C./G 2)
Cg is the mechanical torque of the turbine

Cer is the aerodynamic torque of the turbine is directly
determined by:

Caer=Paer/Quurbine (3)

The aerodynamic power recovered at the rotor of the
turbine P is:

P..=CP(\,B)(p/2)V3S (4)
Where: B is The pitch angle

The speed ratio A is defined as:

A=QumineR/V (5)
V is the Wind speed.

The power coefficient Cp, is the aerodynamic efficiency
of the turbine. Its theoretical limit is given by the Betz limit.
In our case the power coefficient Cp is given by the
following equation [2]:

Cp(A,B)=C1((C2/i)-C3B-Cy)exp[-Cs/Ai]+Ceh (6)
With : 4; = (1 / (A + 0.008 B) - (0.035 / (B* + 1))

And: C,=0.5176: C,=116; Cs=0.4: C,=5. Cs=21;
Cs=0.0068

The generator shaft is modeled by the following
equation:

JdQmecanical dt=Cy-Cem-fQmecanical 7
J is the total inertia of rotating parts (Kg.m?).

f is the viscous friction coefficient.

Cem the electromagnetic torque of the generator (N.m).

By neglecting the losses of origin electric, the electric
power becomes equal to the electric power defined by:

Peiec=Cem.Qmecanical (8)

3.2. Maximization of the Power with Speed Control

The wind turbines used for power generation must be
able to produce maximum power by making the most of
available energy in the wind. This is called search of the
functioning point at maximum power (MPPT) [2]. The use of
a wind turbine with variable speed allows maximizing this
power. It is thus necessary to conceive strategies of
command allowing to maximize the electric generated power
(thus the torque) by adjusting the rotational speed of the
turbine at its reference value [2].

The block diagram of maximizing the power extracted
with speed control is represented by the ‘‘Figure 5’ [2]. The
corrector considered for the enslavement of the speed is the
regulator proportional-integral (PI).
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Fig. 5. MPPT with speed enslavement

The wind profile used in our model is shown in ‘‘Figure
6’ and the variation of the mechanical speed of the
generator, which turns at 157rad / s, or around 1500rpm and
follows its reference.
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Fig. 6. Wind profile model applied and the mechanical speed
of the generator and mechanical output

4. Modeling of the DFIG with Regulation of Power in
Closed Loop

4.1. Modeling of the Generator

The generator chosen for the conversion of kinetic
energy is the double-fed induction generator (DFIG). We opt
for a DFIG driven by the rotor, this choice allows for a single
converter designed for a nominal power of about 25% to
30% of the nominal power [1,2,9]. Thus, it will be less
voluminous, less expensive and will require a less
cumbersome cooling system [1,2,9]. The modeling of the
DFIG in frame of PARK is given as follow [4,9]:

. d
Vs = Rs Igs + a(pds - ws(pqs

.d
Vs = R igs + aéqs + 0Dy

. d
Vdr = Rr Idl’ +adjdr —(Q)S - )éql’
9)

d
+a¢qr +(ws —w )Py,

Vgr =Ry i

M . .
Cem= pE(¢qs|dr _@dslqr )

4.2. Control power of the double fed induction generator

In order to easily control the production of electricity by
the wind turbine, we will carry out an independent control of
active and reactive powers by orientation of the stator flux.

By choosing a reference frame linked to the stator flux,
rotor currents will be related directly to the stator active and
reactive power. An adapted control of these currents will thus
permit to control the power exchanged between the stator
and the grid. If the stator flux is linked to the d-axis of the
frame we have [9]:

Dy =D ; Dy =0 (10)

In any diphase reference, the active and reactive statorics
powers of an induction machine are written [9]:

{P =V ids +Vqs iqs (11)

Q :Vqs ids Vs iqs

Assuming the flux is kept constant ®g4s (which is ensured
by the presence of a stable network connected to the stator);
the choice of this reference makes the electromagnetic couple
produced by the machine, and consequently the active power,
only dependent on the rotoric current of axis . Moreover if
we neglect the resistance of the winding statoric Rs, which is
a rather realistic hypothesis for the machines of strong power
used for the wind production, the adaptation of the equation
(11) to the simplifying hypotheses gives [1,9]:

M .
Pref :_Vs Elqr
Vs Os _Vs M .

—
Ls Ls ar

(12)
Qref =

Considering these powers as the reference, the set of
reactive power is kept zero in order to keep a unity power
factor rated stator [1,9].

The diphase components of rotor voltages to be imposed
on the machine to obtain the desired rotor currents are:

2 2
. M2 d . M2

Var =Ry g +(Lr =) g ~dog(Lr =i,

V=R i +(Lr—M—2)Ei - w(Lr—M—Z)i sgMs

arrar Ls Jarar 9% Ls Jar "9

(13)

From these equations, we can establish the relation
between the voltages applied to the rotor of the machine and
the statoric powers that it engenders. It is thus possible now
to describe the block scheme which is composed of two
loops, an inner current loop and an outer power loop. Control
systems are shown in ‘‘Figure 7°’ [1].

The aim of Proportional Integral controller (PI) used is
to obtain high dynamic performances in terms of reference
tracking and sensitivity to perturbations.

Fig. 7. Block scheme of the structure of indirect control by
stator flux
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5. Modeling and Control of Five-level NPV VSI

5.1. Structure of five-level NPC VSI

The five-level NPC VSl is one of the structure of power
conversion used to feed great power AC loads. The ‘‘Figure
8>’ presents the structure of the three phase’s five-level NPC
voltage source inverter [4,5,6]. This inverter is constituted by
three arms and four DC voltages sources. Every arms has
eight bi-directional switches; six in series and two in parallel
and two diodes DDi0 and DDil which let have zero voltage
for VKM (VKM is the voltage of the phase K relatively to
the middle point M) [4-6]. Several complementary laws are
possible for five-level NPC VSI [7,8,10]. The optimal
complementary law used for this converter is presented
below [4-6]:

Bis = B_iz » Bis = B_il » Big = B3 (14)
B;, : Control signal of the semiconductor TDj,.

In a controllable mode, we define for each semi-
conductor TDj, using the proposed complementary law, a
connection function F;s as follow [4-6,8,9]:

1if TD is closed
0if TD ;s is opened’
The input voltage of the inverter, relatively to the middle
point M, is given by the following system [4,5,6]:
Vim = FuFi2(=Fiz)Ucy + FgFipFis Ucr +Uca) —
FiaFis(1—Fig) Ucs — FisFisFig (Ucs +Ucy)

Fis = { (15)

(16)

Where K e{A,B, C} and respectively i< {l, 2, 3}

??VE ?1\[0
N

Fig. 8. Three-phase five-level NPC configuration

5.2. PWM Strategy of the five-level NPC VSI

Different PWM algorithms of the five-level NPC VSI
are possible, one of them is the vector modulation strategy
with four bipolar carriers [4-6], and the ‘‘Figure 9 shows
his signal. This strategy is characterized by modulation index
(m) and modulation rate (r) [4-6].
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The principle of this strategy as its name suggests,
allows users to follow the vector voltage reference. It sets
from vector reference Ver, Vet = (Vreft, Vier2, Viers)t Vector
of a new reference Vsrefl associated with half-arm at the top
and bottom define as follows [4-6]:

Vsrefl[i]: Vsref[i]+V0 (i:l,2,3) (17)

The voltage V, Frequency 3f, is given by the following
expression:

_ [max(V sref) + min(vsref )]

0= > (18)

6. Modeling and Control of Five-Level PWM Current
Rectifier

6.1. Modeling of the Five-Level PWM Rectifier

The reversibility of the five-level NPC VSI allows it to
work as current rectifier, ‘Figure 10°’[3].

Fig. 10. Structure of the five-level PWM current rectifier
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The input voltages of the five-level PWM rectifier are
defined as follows:

Fi7+ Flbl I:1b1
F27 + szl Uredl— szl Ured2
Va 1 2 -1 -1 F37+F3bl F3bl
Vg |=3| -1 2-1 - : (19)
Ve -1 -12 Fag + Fio Fio
- F28 + F2b0 UredS— F2b0 Ured4
Fog + F3b0 F3b0

The rectifier output currents are:

Ired1 = F17 lres1+ Fo7 lreso + Fa7 lress
. b b b -
lred2 = Fll lres1t F21 Ires2 + F31 Ires3
Ireds = Fig Ires1 + Fog Ires2 + Fag Ires3
. b b - b -
Ired4 - FlO Iresl+ FZO IresZ + F3O Ires3

i —(i +ippgy 1 )—(F +F +Fb+Fb)i

red0 — \'resl res2 res3 17 18 11 10 /"resl

b b |:
- (F27 +Fyg+Fy+ on)'resz (20)

b b\
- (F37 +Fgg+ Fa+ F3O)|res3

6.2. Hysteresis-Band Current Control

All possible control strategies for five-level inverter are
used for five-level PWM rectifier [4]. In this paper, we
choose the current hysteresis strategy to control this rectifier
to obtain network weak current harmonics rate and power
factor part near unity. Its strategy algorithm is given as
follow:

S] - ZAl < Ek < -AZ = B“ = 1; Bk: = 1;BK3 = 0

(21)
<Zk=iresk'irefk (k=1,2,3)
Ai: Hysteresis band width

7. Modeling of the DC Bus Voltages

The “‘Figure 11°° shows the structure of the DC bus
[5,7,8,10].

IredZ > Id7
UredZ C T
2 UcZ i
Iredl R Idl
Uredl Cl TU .
Iredo cl Id0

Db
>

Ured3

G fua

C,y 1 TUc4

>

Ired3

Ured4

idy

Ired4

Fig. 11. Structure of the DC voltages bus.

The model of this DC bus is defined as follow
[5,7,8,10]:

dUcl G s : i
1 dt “leed1 Tled2 “1la1 —laz
dUc2 .
(o qt ‘red2 Tla2
dUc3 i : i
3T Slgs T1gs — leds —Leds
dUc4 | .
4 T =13 T Leds

(22)

8. Simulation Results and Comments

The results of simulation of the complete chain of wind
conversion are shown by the following figures.

Those simulations ‘‘Figure 12’ show perfectly the
problem of the unbalance of the four voltages of the DC bus.

We can see ‘‘Figure 12’ that the wvoltages are
increasing. The characteristics of the drive of the DFIG
“Figure 13°° show important undulations of the current,
torque which is causing by the instability of the voltage Va.

)

Fig. 12. The DC bus voltages and their differences.
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Fig. 13. Performances of DFIG.

To remedy to the problem of the instability of the output
DC voltages of PWM rectifier which are also the input
voltages of the inverter, we propose feedback control for the
voltage loop.

9. Feedback Control
rectifier

of Five-Level PWM current

In this section, we have chosen to compare the variation
of the voltages of the DC bus with two different controllers.
The proportional- integral will be first tested and will be the
reference compared to the fuzzy logic controller.

9.1. PI Controller

This controller is simple to elaborate. ‘‘Figure 14’
shows the block diagram of the system implemented with
this controller. The terms kp and ki represent respectively the
proportional and integral gains.

Uref . s |:ref
Kp+ —
Kp : ——
U:m::\,r

Fig. 14. Integral-proportional regulator structure.

Uc, + Uc, + Uc; +Uc,
4

Uct =

The voltage loop ‘‘Figure 15" imposes the effective
value of the reference current of the network corresponding

to the power exchanged between the network and the
continue load.

ich moy
| eff 3V eff | redmoy icmoy 1 U cmay
' 1

Fig. 15. Five-level rectifier voltage model.
We defined the next value as follows:

iCy +iC, +icg +ic, . ich, +ich, +ich; +ich,
ic,,=—+——=——= :ich,, =
moy 4 moy 4

Uc, +Uc, +Ucy +Uc,

UC oy = . e oy = iChoy +iCpoy)

The general principle enslavement of five-level rectifier

is given by ‘‘Figure 16”’.
ici
SVEﬂ Ired 0 L Ucmo_w
> — X —
O
T

Process

[eff ref

Control

Fig. 16. Enslavement algorithm of output voltage of five-
level rectifier.

This regulator presents several disadvantages:

e A zero is present in the numerator of the transfer-
function,

e The integrator introduces a phase difference which
can induce instability,

e The regulator is directly calculated with the
parameters of the filter, if these parameters are varying, the
robustness of the system can be affected.

9.2. Fuzzy Logic Controller

The control system is based on fuzzy logic. This type of
control, approaching the human reasoning that makes use of
the tolerance, uncertainty, imprecision and fuzziness in the
decision-making process, manages to offer a very
satisfactory performance, without the need of a detailed
mathematical model of the system just by incorporating the
experts’ knowledge into fuzzy rules.

As illustrated in “‘Figure 17°’; this fuzzy logic control is
based on mamdani's system. This system has four main parts.
First, using input membership functions, inputs are fuzzified
then based on rule bases and inference system, outputs are
produced and finally the fuzzy outputs are defuzzified and
applied to the main control system. Error of inputs from their
references and error deviations in any time interval are
chosen as inputs.
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Rules of
fuzzy controller
G(E) ,
/_ ' I (du)
Fuzzification

Inference

| Defuzzification / du
CIEé/(::E')
Fig. 17. Basic structure of fuzzy controller.

{E =Uref —Ucmoy

CE = E(k)— E(k—1) @)

The scale factor G(E), G(CE), G(dU) are changing with
the values of inputs and output controller.

The general principle enslavement of five-level rectifier
is the same as given in ‘‘Figure 15".
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Fig. 18. Output voltages of DC bus voltage.

The “‘Figure 18 and Figure 19 show the different
voltages obtained by the application of the enslavement with
two controllers. We remark that the output average voltage of
the rectifier is practically stable nerveless the different input
voltages Uci of the inverter are not. The error of variation of
the DC bus voltages with fuzzy logic is lower than the error
variation with PI.

For better stabilization of the DC bus voltage, we
introduce into the system a chopper based on transistor.

225

mey (V)

220

215

wcref-u

(=]
™,

2100

Fig. 19. Output voltages of DC bus voltage and the output

voltage of rectifier and his reference.

10. Regulation of the Input Voltages of the Inverter by

the Power Electronics

This component of power electronics is called clamping
bridge. The bridge is a simple circuit consisting of a
transistor and a resistor placed in series across each capacity,

“Figure 20”’.
|r|=_-::l2 i d
N /N e
I Ll . \
Ureaz Fftl—z Irz\.\ C: TU:Z id
| lrea1 IFIIRP 'III 1d;
T Yir
U 'L ! C c
le lreso | R, IEJ 1 TU_:L ids
|[ ? I
1T i | ¢ Tu. .
Uresz I lreaz I|II Rp : = Id3
| R |
T ; [ G4 U.
U ﬂ. R Ty ;J e .
|r|=_-::I11 \\ P J_r-" |d4

Fig. 20. Structure of the capacitif filter with clamping bridge.
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The mathematical model of the intermediate filter with
clamping bridge is defined as follows:

dUcl _ : . o

1 dt = leadi + ledz — 141 —laz -irl
dUc2 o

C, dt =lgar —ldz -1l

dUc3 _ _ . _

3 dt =lgg Flgg —lggq —lggy 03
dUc4 _

(Cogr T las T heas i

(25)

These transistors are controlled [8-10] to stabilize the
input voltage of inverter. The control algorithm of the
clamping bridge is given by [8-10]:

. Uy o _
i =—=Tiif U, 2200 else 0 (i=1+4) (26)
R
p
m
e T
(= L ;
e 2 o :
3 g 1
5 o) '
- '
1R i i i 18 i i i
0 0 0y 06 08 1 0 02 0y U6 08 1
Pr) m
Sy : =]
e i =
; | ¥
= : =]
s : 5 0 m s m 1
0 0 My 08 08 1 4 O :
2 T T 2 .
I~ : I
2 ; %0 ;
k) ; 2 ;
e 1 g '
n i | i i 4 i i i i
3 ]
0 02 0y 06 08 1 0 0 Y 08 1
- . . . — ucref
; —_
- ' ! ! uc moy
0 < ! : : :
) i "
< : g ' : : :
] | i 1
S 77 R R AR SRS 4 fa P deees T I A
i ' i i & I h
' 51 i [ ' '
310 ] 1 Ll 10 ' '
' 0.2 by 08 2] 1 o i2 [ [T 1

Fig. 21. Output voltages of DC bus voltage and the output
voltage of rectifier and his reference.

By wusing the clamping bridge as technique of
stabilization, we remark that the input voltages of the five-
level NPC VSI stabilize around 220V “‘Figure 21’’and that
the undulations on the performances (voltage and current)
disappear ‘‘Figure 22°°. “‘Figure 23°’ show that the network
current follows its reference and the voltage network voltage
and current are in phases then the power factor of network is
uniting.

. ; : ; E ‘ u ; ;
<, DGR 5 RALLARLAAARAALT
L
’0‘0 0.2 04 ui.a u:s 1’ ! 07 }us t(s) ‘[]g 1
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1000 : E 200 i T
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©OIVVVRRETYREY] |
-1000 i i 200 H H H !
07 8, 0 1 0 02 0.4tm 0.6 08 1
1 x10' 1 : ‘ : 10000 :
X Esuunu
. ; |
:;; 1 ‘ I ‘ I g 0l
Jn LJ: 11.4“)(;.5 n=s 1 M 0-4tm 06 o8 1
2 —fuds
¢
E 002 04 06108 1
)
Fig. 22. Performances of the DFIG.
e —ires!
g + T L 0 [ —— Vst
g ! s |
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2 2
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0 02 04g06 08 1 07 08w 09 f

Fig. 23. The voltage network, the network current and his
reference.
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11. Conclusion

The major limitation of the use of multilevel inverters is
the capacitor voltage balancing problem. In this paper, we
have studied stability problem of the input voltages of the
five-level NPC VSI by given several solutions for the
solving. The application of linear feedback using classical
regulator (PI) and fuzzy logic regulator (FL) show perfect
following of the total average input voltage of the inverter to
its reference but the different input voltages are not perfectly
stable with differences no null. Noted that, the regulation by
fuzzy logic is more interesting view of point of ripple and
stability in steady state. To equalize the DC capacitors
voltages in all the levels, we propose to add clamping bridge
circuit. Those solutions show the good performances of the
wind system.

Appendix

Veis = 220V, =50 Hz, fp=2khz, pref=-5000W, Qref=0Var,
Cr= -49Nm, C;= C,= Cs= Cu= 20mF, U =U =220V,
A=0.01.
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