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Abstract- This work present a Indirect Vector Command (IVC) method with three-level space vector modulation (SVM) and
Fuzzy regulator (FR) of a doubly fed induction generator (DFIG) incorporated in a wind turbine system (WTS). Classical IVC
command technique using three-level SVM inverter presents considerable stator reactive and stator active powers ripples at
fixed state period. In order to guaranteed a strong IVC strategy for the DFIG-rotor side converter and decrease stator active and
stator reactive powers ripples, a three-level SVM inverter strategy based on fuzzy logic regulator (FSVM) is used in this work.
Simulation results show the competence of the proposed strategy of command particularly on the quality of the provided

energy comparatively to a classical IVC using SVM inverter.
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1. Introduction

The WT has become the fastest growing renewable
power source in the word. This is mainly due to the fact that
it has received a thorough interest and has been considered as
a way of fighting climate change command of the speed of
the WTS is
fabrication [1].

Since, the DFIG is one of the most popular variable
speeds WT in use nowadays. It is usually fed by a electrical
energy source converter [2]. Traditionally, command of
DFIG wind turbine systems is achieved by vector command
(VC) based on either stator flux oriented command (FOC) or
stator voltage oriented command (VOC). These techniques
decouple the rotor currents into reactive power and active
power components; command of the stator active and stator

generally used to improve the energy

reactive powers is achieved indirectly by controlling the
input currents [3]. Some investigations using classical PI

regulators that generate references stator currents from stator
reactive and stator active powers errors to the converter or
cascade PI regulators that generate a rotor energy which has
been presented by [4].

On the other hand, multilevel inverter which was
proposed by Nabae [5]. Economic three basic multilevel
inverters are presented in the literature as diode-clamped
inverters cascaded H-bridge inverters and flying-capacitor
inverters [6]. The neutral point clamped topology (NPC) is
mainly used one. The main intended of these converters is to
use diodes to limit the energy devices electrical energy
stress [7].

Since, the SPWM (sinusoidal pulse width modulation)
method is widely used in changeable speed drive of
induction machine, especially for scalar command (SC)
where the stator electrical energy and frequency can be
regulated with minimum online computational requirement.
However, this strategy is easy to implement. On the other
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hand, this technique has the following drawbacks. This
method is unable to fully utilize the available DC bus supply
voltage to the VSI. This method gives more total harmonic
distortion (THD), this modulation strategy does not smooth
the progress of future development of VC implementation of
AC drive. These drawbacks lead to development of a
sophisticated PWM algorithm which is SVM strategy. The
SVM gives 15% more voltage output compare to the
classical PWM technique [8]. On the other hand, SVM
inverter fed a DFIG of electrical drives has become an
attracting theme in research and school over the past decade.
Lik an every command technique has several disadvantages
and advantages [9]. In the aim to improve the performance of
the DFIG based on classical IVC method using SVM
inverter, fuzzy space vector modulation (FSVM) it used in
this work to improve the stator active power and stator
reactive powers ripples and minimize the THD value of
current.

2. Model of Turbine

The WT input power usually is [10]:

P = 0508} (1)

Where p is air density, S, is WT blades swept area in the
wind, v is wind speed.

The output mechanical power of WT is:
Pm = Cp.Pv = OSIOCpSw v3 (2)

Where C,, represents the WT energy conversion efficiency. It
is a function of the tip speed ratio A and the blade pitch angle
B in a pitch-controlled WT. A is defined as the ration of the
tip speed of the turbine blades to wind speed :

F R.CQ 3)

v

Where R is blade radius. Q is angular speed of the turbine.
C,, can be described as [11, 12]:

G(B, ) = cl.(% _Cif- c4).exp('7¢5) +Coh (4

1 1 0.035
— = -— 5)
A A+0088 fF+1

Where, C1=0.5176, C2=116, C3=0.4, C4=5, C5=21,
C6=0.0068

The electromagnetic torque produced by the turbine is
expressed in the following way [13]:

T = g = 0.507.R3.12.C 6)

t

Where, Ct is the torque coefficient expressed by :

Ci=— (7
A

3. Modeling of the DFIG

The universal electrical state representation of the DFIG
obtained with Park alteration is given by the following
equations [14, 15]:

Rotor voltage and stator voltage:

Vi =R + %\Vds — O
d
Ve =RJI + a\yqs + O
. d (®)
Via =R I, + E\Vdr -0V,
d

Vqr = RrIqr + a\yqr + O,

Stator and rotor fluxes:

wds = leds + M]dr
qu = leqs + M[qr

(€))
Yo =Ly + M,
wqr = Lrlqr + Mlqi‘
Electromagnetic torque is done as:
3 M
Tvem = EpL_(l/quldr _stlqr) (10)
And its associated motion equation is:
Tem=Tr+J-a;—Q+f~Q (1)
t

The reactive and stator active powers are defined as:
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f)s = %(Vdslds + Vqslqs)

12
3 12)
Qs = E(I/qslds - Vds]qs)

4. Space Vector Modulation for Three-level Inverter

The topology that have been used in this paper is a three
phase full bridge three levels NPC converter and the space
vector diagram of this inverter is shown in Fig. 1. The space
vector modulation is a good method that can be used to
command the voltage converter, with less harmonic and
commutation losses [16]. A novel SVM technique for a three
level inverter (3LI) is proposed in this article. The principle
of SVM technique is that the command voltage vector (VV)
is approximately calculated by using three adjacent
vectors [17].

The SVM for 3LIs can be implemented by considering
the following steps:
Calculated the min and max
Find the switching states.

18

Fig. 1 Three phase voltage space vectors in the af plane.
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The block diagram of proposed SVM method for three-
level inverter is as shown in Fig. 2.

w1

vi23 Vmin and Vmax
V2
va Calculate Vmin and Vmax

Vp2

Fig. 2 SVM inverter.
5. Vector Command by Directing the Flow Stator

The principle is to orient the stator flux along the axis of
the rotating frame

1/Jqs = O,wds ='l/Js (13)

Machines for medium and high power used in WTs, we
can neglect the stator resistance.

l//ds = 7)Us = Ls.das + M .1

(14)
l//qs = 7#? = L‘Y.Iqs + M.Iqr

>

(2 (u(N)ruZFuE)(E2)

(2 (u2]Fu[1FuB)(E2)

(2 (uElFu[1ul2) ()

(15)

(16)
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2

M Vs
7/de =(Lr__-[dr)+M'L Py _VS'_']qr
. oW (17) L (19)
M WM
Y, =L, -1, O =V,——Iu
Ls N s
The equation of reactive and active power becomes:
Po=Vas-Las+V ys-1 ys
Vas-das+Vgs-14 (18)
Qs = Vqs']ds - VdS'[qs
2 2
M M
Vdr = Rr‘ldr + (Lr __)p'ldr - gWS(LI - _)'Iqr
Ls Ls
2 2 (20)
M M Vs
Vqr = R]/"[qr + (Lr _L_)'p'[qr + gW?(Lr __)'[dr +4g.
In steady state, we can write:
f M2
Vdr =R}/"Idr_g'ws'(Lr_ )'[qr
Ls
3 (21)
2 M.y
Vqr =Rr-1qr+g'Ws'(Lr_ )'Idr+g‘L—S
r 2
M 1
Idr = (Vdr"'g-ws'(Lr_L_)'Iqr) M2
* R+ (Lr - T)p
3 ’ (22)
M’ M.y 1
Iqr =(Vqr_g'ws'(Lr__)'Idr_g' : 2
L L
R, + (Lr - 7)p

With: Vg and V, : rotor voltages to impose on the machine
to get the desired rotor currents.

The torque has the expression:

M
T;? = pL_Iqu/}ds (23)

N

Fig. 3 represents the IVC command scheme of DFIG
driven by a three-level inverter using SVM technique:

The internal structure of IVC command is shown in
Fig. 4.

The negative of the IVC technique is that the reactive and
stator active power ripples. In order to reduce powers ripples
and minimize the THD value of stator current, we propose to
use the fuzzy logic (FL) regulator.

FL is recently attainment rising importance in drive
command applications. Recent years, FL command has
found many applications in the past two decades. This is so
largely increasing because FL command has the capability to
command nonlinear uncertain systems even in the case where
no mathematical model is available for the command
system [18, 19].
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Fig. 3 IVC method block with SVM inverter.
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Fig. 4 Structure of IVC scheme.

The courante preference of the FL is that is simple and
easy to implement command that it has the ability of
generalization [20, 21]. It is able to give a very satisfactory
performance to command the grid side converter of DFIG.
For the two proposed fuzzy space vector modulation
(FSVM) in Fig. 5, the universes of discourses are first
partitioned into the 7 linguistic variables NB, NM, NS, EZ,
PS, PM, PB, triangular (Fig. 6) membership functions are
chosen to represent the linguistic variables and FL singletons
for the output are used.

The FL rules that produce these command initiatives are
reported in Table 1. We use the following designations for
membership functions:

NB : Negative Big
PB: Positive Big

PM : Positive Middle
NM : Negative Middle
NS : Negative Small
EZ : Equal Zero

PS: Positive Small
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Fig. 5 Bloc diagram of the SVM technique with Fuzzy
controllers (FSVM).

Table 1. Matrix of inference

e NB [NM | NS |EZ | PS PM | PB
Ae
NB NB | NB | NB | NB | NM | NS | EZ
NM NB | NB | NB | NM | NS | EZ | PS
NS NB |NB | NM | NS | EZ |PS | PM
EZ NB | NM | NS | EZ | PS PM | PB
PS NM | NS | EZ | PS PM | PB | PB
PM NS |EZz |PS |PM |PB |PB | PB

PB EZ |PS |PM |PB |PB |PB | PB

Intput Membership function Output Membership function
4 4
NB NMNSEZ PSPM PB NB NMNS E[Z PSPM PB

Degree of
Membership

Degree of
Membership
v

v

106 4 -2 0 2 4 610 106 4 -2 0 2 4 610

Fig. 6 FL sets and its memberships functions.

The utilized FSVM-IVC command blocks are shown in
Fig. 7.
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Fig. 7 IVC-FSVM command.

dq

6. Simulation Results

In the objective to improve the performance of IVC
command, simulation tests are realised with a 1.5 MW
generator coupled to a 398V/50Hz grid. The DFIG
parameters are given in the Table. 2. Simulation of the DFIG
controlled by IVC command has been realised using
Matlab/Simulink. The two IVC command strategies; SVM-
IVC and FSVM-IVC are simulated and compared in terms of
reference tracking, stator current harmonics distortion,

powers ripples and robustness against generator parameter

variations.
Table 2. The DFIG parameters.

Parameters Rated Value Unity
Nominal power 1.5 MW
Stator voltage 398 A%
Stator frequency 50 Hz
Number of pairs poles 2
Stator resistance 0.012 Q
Rotor resistance 0.021 Q
Stator inductance 0.0137 H
Rotor inductance 0.0136 H
Mutual inductance 0.0135 H
Inertia 1000 Kgm’
Viscous friction 0.0024 Nm/s

Sabc

Grid
[ |
<«
— — DC bus <4
Gear box
_@ Wind
RSC
<«
Turbine

6.1 Reference tracking test

The objective of this test is to study the performance of
both IVC command techniques for the doubly fed induction
generator. Figs 8-12 show the obtained simulation results. As
it’s shown by Fig. 8, for the two IVC command with SVM
and FSVM respectively, the torque, the reactive and active
powers tracks almost perfectly their references values.

Fig. 12 shows the harmonic spectrums of stator current of
the DFIG machine obtained using Fast Fourier Transform
(FFT) strategy for both IVC command schemes. It can be
clear observed that the THD is reduced for IVC-FSVM
command. Table 3 show the comparative analysis of the
THD value of stator current.

Table 3. Comparative analysis of THD value

THD (%)

IVC-SVM | IVC-FSVM
1.34 0.04

| Stator current

Figs. 13-16 show the zoom in the reactive power, active
power, electromagnetic torque and current of the IVC-SVM
and IVC-FSVM command schemes. This figure shows that
the ripple of reactive power, active powers, electromagnetic
torque and stator current in the IVC-FSVM command
scheme has been zero.
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Fig. 9 Reactive power (reference tracking test).
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Fig. 10 Electromagnetique torque (reference tracking test).
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Fig. 11 Stator current (reference tracking test).
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Fig. 12 THD of one phase stator current for a DFIG (reference tracking test).
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Fig. 13 Zoom in the active power (reference tracking test).
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Fig. 14 Zoom in the reactive power (reference tracking test).
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Fig. 15 Zoom in the torque (reference tracking test).
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Fig. 16 Zoom in the stator current (reference tracking test).
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6.2 Robustness test

For analizing the robustness of the used IVC command
schemes, the DFIG parameters have been intentionally
changed sush as the values of the stator resistances R, are
multiplied by 1.5 and the values of inductances L, are
multiplied by 0.8. Simulation results are presented in Figs
18-21. As its shown by these figures, these variations present

a clear effect on the reactive power, active power,

On the other hand this results show that the THD value of
stator current in the IVC-FSVM command scheme has been
reduced significantly. Table 4 show the comparative analysis
of THD value. Thus it can be finished that the proposed IVC-
FSVM command technique is more and more robust than the
IVC-SVM one.

Table 4. Comparative analysis of THD value

electromagnetic torque and current curves and that the effect THD (%)
appears more important for the IVC-SVM than that with IVC-SVM | IVC-FSVM
IVC-FSVM method control. | Stator current 3.20 0.05
x 10°
4 I I
——— Ps (IVC-SVM)
2 ——— Ps (IVG-FSVM) ||
= —— Ps-ref
2 o |
o]
2
g
o 2|
=
I3
<
-4
6 r r r
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Time (s)
Fig. 17 Active power (robustness test).
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i
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Fig. 18 Reactive power (robustness test).
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Fig. 19 Electromagnetic torque (robustness test).
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Fig. 20 Stator current (robustness test).
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Fig. 22 Zoom in the active power (robustness test).
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7. Conclusion

A new SVM technique of an IVC command scheme for a
DFIG associated in a directly line to the grid by the stator
area and fed by three-level NPC inverter from the rotor area
has been presented in this article. The DFIG machine has
numerous advantages as well as changeable speed process
and the potential of action in four quadrants.

In this article, we proposed a novel SVM with fuzzy logic
(FSVM) for command stator reactive and stator active
powers and improved the performances of a DFIG machine
by means of IVC command scheme. On the other hand, the
IVC-FSVM is synthesized and compared to the IVC-SVM
command. Simulation results have established that the
proposed IVC-FSVM operates with a very lower ripples
power and reduced of THD value in term the tracking test
and robustness test. Basing on all these results it can be
concluded that robust command schemes as IVC-FSVM can
be a very good-looking result for strategy using DFIG such
as wind power transfer systems.
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