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Abstract: Over recent decades, especially in the transmission network, the share of electricity produced by
wind sources has significantly increased. In order to enhance the efficiency of the power system, it is crucial to
have precise and comprehensive mathematical modeling of the generator for wind turbine systems. Typically,
this generator is a doubly-fed induction generator, as its use of partial converters and induction machines
makes it more economically successful compared to alternative technologies. In this paper, a novel approach
has been developed for the modeling and analysis of doubly-fed induction generators. This thorough approach
takes into account the derivation of the neutral voltage of the doubly-fed induction generator. This innovative
approach has successfully extracted the fundamental harmonic of the stator currents and voltages with
precision under normal operating conditions within a reasonable simulation time. It has been demonstrated
that under normal operating conditions, a typical operation is achieved. It is characterized by a balanced stator
voltage, current, flux, and fundamental harmonic through the stator variables, which correspond to the supply
frequency. This fundamental harmonic has been suggested as a means of monitoring the generator during
normal operating conditions. Mathematics modeling and simulation are conducted using MATLAB software.
The validity and dependability of this method for analyzing and modeling doubly-fed induction generators are

confirmed by the consistency and strong correlation between experimental and simulation results.

Keywords: Doubly-fed induction generators, Modeling, Simulation.

1. INTRODUCTION

Wind energy has emerged as a very
promising candidate among renewable
energy sources in recent years. Numerous
wind turbine designs with diverse generator
topologies have been developed to transform
this plentiful energy into electrical power. The
doubly-fed induction generator (DFIG) is the
predominant generator type implemented in
wind farms at present [1]-[5].

The main advantage of employing the DFIGs
in wind turbines is their direct connection to
the network through the three-phase stator
windings, eliminating the need for
supplementary converters. This topology has
gained significant popularity for wind turbines
operating at variable-speed [6]. The reason
for this is mostly because the power
electronic converter is required to manage
just a small portion, ranging from 20% to
30%, of the overall power produced by the
DFIG [7]. Thus, the losses occurring in the
power electronic converter can be minimized.
The DFIG model can be represented in three
reference frame: the stationary stator
reference frame, the reference frame rotating
at rotor speed, and the synchronous rotating
reference frame. In order to streamline the
controller design, the authors in [8, 9]

included the synchronously rotating reference
frame. This choice was made because all the
currents and voltages represented under this
reference frame will be of a direct current
nature. In [10], the stator and rotor variables
were defined in relation to their respective
natural reference frames. The machine
model developed in this reference frame is
referred to as the "quadrature-phase slip-
ring" model.

The modeling of the DFIG in a three-phase
space (a-b-c reference) is excessively
intricate due to the inclusion of coefficients
that are dependent on 6, hence a function of
time. To streamline these equations and
derive a more accurate and straightforward
model to manage the independence of these
coefficients from the position 6, numerous
approaches have been employed in the
literature. To express the equations of the
DFIG in a two-phase orthogonal reference
frame in rotation (d-q reference), the authors
in [11-17] used the Park transformer. This
mathematical tool enables the derivation of a
system of equations with  constant
coefficients. The relative components of the
park are denoted as d (direct) and g (in
guadrature). Also, Kaloi and al. present the
dynamic model of the DFIG based wind
turbine coupled to the grid system in the dg-
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synchronous reference frame [18]. Another
three-phase-two-phase transformation tools
was also applied to modeling of DFIG, which
is the Clarke transformer (a-B reference
frame) [19]. In addition, Chico and Mazza
used the Fortescue transformer for the
modeling of DFIG [20]. Furthermore, Fan and
al. used Hybrid modeling (dg-abc) of DFIGs
for wind energy conversion systems [21].

Based on the state model approach [22], this
paper presents a novel approach to model
and assess the functioning of DFIGs under
normal operating conditions, with the primary
objective of ensuring the stability of stator
currents and voltages. The spectrum analysis
of stator currents and voltages can be
employed as a robust method to monitor the
performance of the system. This strategy
offers various benefits. Firstly, it can be
expanded to include the evaluation of DFIG
performance  under typical  operating
conditions. Furthermore, it offers exceptional
precision and efficient simulation time [23]-
[26]. The simulation results obtained from
MATLAB and practical experiments provide
evidence of the reliability, consistency and
precision of this innovative approach for
modeling and analyzing the behavior of
DFIGs under normal operating conditions.

2. EQUATION OF DFIG

Equations for Stator Voltage

To illustrate this approach, a star-connected
DFIG has been considered as illustrated by
Fig.1. Which the stator connected with a
balanced load R, while the stator voltages are
unknown [27],[28].
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Fig. 1 Star connected DFIG.
The stator voltage is expressed by (1),

Lol = [R,].[1] + [v,] )
With
e 0 O
[Rs] =10 Tps 0
0 0 1y

[R,] is the matrix of stator resistances.
Based on Ohm'’s law, we get (3).

[ve] = —[R.]. [isn] 3)

With
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iqs  Ips @nd i, are the line currents.

[R,] is the matrix of the load resistances.
[Vl = [Was vbs ves]”

Vs » Vps @Nd v, are the phase voltages.

The stator flux vector is calculated using (5),

[@4,] = [T4]. [@4] (5)
with
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[1,]= I 0 1 —1] (6)
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[ch] = [cDas cDbs chs]T
[Lss] is the matrix of the stator inductances.

L;s, L are respectively the leakage and
magnetizing inductance of the stator
windings.

[i,] is the vector of the rotor currents.

We define the stator-rotor mutual inductances
by:

[Ls]
cos(0) cos (9 + %ﬂ) cos (9 - %ﬂ)

cos (9 + Zﬂ)
3

2r 21
coS (9 + ?) coS (9 - ?) cos(8)
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Rotor Voltage Equations

The equation of rotor voltage is expressed by:

. .
L = [R,1.[,] + [v,] (10)
With
V.cos (w,t)
21
[v,]= V.cos (w,t — ?) (11)
V.cos (w,t + 2?")
. 0 O
0 n, O
0O 0 7,

[R,]= (12)
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[v,], [R,] are respectively the matrices of rotor
voltages and resistances.

For the rotor flux equation, it is expressed
using:

[cDr] = _[Lrs]- [Ls] - [er]- [Lr] (13)

[L,s] = [Lg ] (14)
With
[L]=
Ly Ly
Lmr + Llr 2 - 2
Ly Ly
- T Lmr + Llr - T (15)
Ly Ly
= T el
Where

[L,] is the matrix of the rotor inductances;

L, L, are respectively the leakage and
magnetizing inductance of the rotor windings;

[L,]is the rotor-stator mutual inductances;
Machine Current

Using (16) to (18), two independent
components can be calculated i,, and i, to
obtain the stator currents defined by (16).

[isn] = [BuJliaos] (16)
With
1 0
[B,] = [ 0 1 l (17)
-1 -1
L] =[] (18

We define stator flux of two independent
components by (19).

[®aps] = [Ap][D] (19)
With

ma=[5 7 2l (20)

Using (19), the stator and rotor fluxes are
expressed as illustrated by (21) to (25).

[@aps] = —[Lsp]lians] — [Lopllir] (21)

[@,] = —[Lysnllians] — [L 0] (22)
With

[Lsh] = [Ah][Lss][Bh] (23)

[Lsrh] = [Ah][Lsr] (24)

[Lrsh] = [Lrs] [Bh] (25)

Using (21) and (22), we get the equation of
stator and rotor currents as illustrated by (26)
and (27).

[iabs] = [Csh]([q)abs] - [Lsrh] [er]_l[q)r]) (26)
[ir] = [Crh]([q)r] - [Lrsh] [Lsh]_l[q)abs]) (27)
With

[Csn] = —([Lon] — [LopJ[Lr ] M [Lesn D™ (28)
[Crnl = —([Ly] = [Lysp ) [Lep ] L D™ (29)

The State Model of DFIG

Using equations (1), (10), (26) and (27), the
state model of DFIG is represented by,
d[q)sh]

pr -(T T, = f,12)

dt
Where J is the rotor and the connected load
inertia, f, is the viscose friction coefficient, 2
the mechanical angular speed, T, the
electromagnetic torque, and T,,, the motorized
torque.
We determine the electromagnetic torque by.

;1 0llsy] s
T, = pliJ 2 i, ] (31)
p, 6 are respectively the poles pairs number

and mechanical angle.
3. RESULTS AND DISCUSSION

Simulation results

The DFIG state model described above is
simulated using MATLAB software. The
DFIG of 220/380 V — 50 Hz — 4 kW, is
operated at 3020 tr/mn, resulting in a 50 Hz
fundamental frequency for the stator currents
and voltages. The DFIG supplies a balanced
load of R, = 45 Q. The stator voltages,
currents and flux are shown in Figure 2(a),
Fig.2(c) and Fig.2(e) respectively. Fig.2(b),
Fig.2(d) and Figure 2(f) show the spectrum
analysis of the stator voltage V,, , current I,
and flux (OJN respectively. The
electromagnetic torque and the rotor voltages
are shown in Fig.3(a) and Fig.3(b)
respectlvely
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Fig. 2 Simulation results of DFIG: (a) stator
voltagesV,,,.s, (b) spectrum analysis of stator
voltageV,, (c) stator currentsl,,,, (d) spectrum
analysis of stator currentl,, (e) stator flux® s,
and (f) spectrum analysis of stator fluxd ..
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Fig. 3 Simulation(re)sults of DFIG: (a)
Electromagnetic torqueT,, and (b) Rotor
voltagesV gpcr-

The simulation results obtained show the
importance of the stator currents during the
start-up; after a time equal to about0.1s,
they stabilize and take their sinusoidal forms
with a frequency of 50 Hz for the currents,
the fluxes and the stator voltages. It is also
noted that during the dynamic regime, the
electromagnetic torque is positive, reaching
at the start a maximum value of almost 900
N.m, as shown in Fig.3(a). In addition, we
observe the stability of the rotor voltages as
shown in Fig.3(b). A fundamental harmonic is
detected through the stator voltages, currents
and flux spectrum analysis, which
corresponds to the supply frequency (50Hz)
as shown in Fig.2(b), Fig.2(d) and 2(f),
respectively. This balanced operation
ensures optimal performance of the DFIG.

Experimental results

An experiment was conducted on a DFIG
with 220/380 V - 50 Hz and a power of 4 kW,
in order to verify the validity of the theoretical
analysis. The DFIG is mechanically coupled
to a direct motor rotating at 3020 tr/mn and
generating a 50 Hz fundamental frequency
for the stator voltages. The DFIG starts with
no load, then introduces a balanced load of
R, = 45 Q. Shunt resistors are used for
measuring the stator currents. The stator and
rotor voltages are shown in Fig.4(a), and
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Fig.4(b) respectively. Fig.4(c), and Fig.4(d)
illustrate the spectrum analysis of the stator
and rotor voltages (V,, V,,.) respectively.
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Fig. 4 Experimental re(SL)JIts of DFIG: (a) stator
voltagesV 4., (D) rotor voltagesV 4., (C) stator
voltage spectrum analysisV ,,, and (d) rotor
voltage spectrum analysisV ..

As illustrated by Fig.4(a) and 4(b),
experimental results during normal operating
conditions, show balanced stator and rotor
voltages. We observe the presence of certain
harmonics in the spectrum analysis of the

stator and rotor voltages, such
as 150 Hz, 250 Hz, 350 Hz, although their
values are small. This is attributed to the non-
ideal characteristics of the power supply, as
shown in Fig.4(c) and 4(d). Therefore,
maintaining balanced stator and rotor
voltages is crucial for ensuring the optimal
performance, longevity, and safe operation of
the DFIG. Experimental results that
correspond with simulation results confirm
the balance and stability of the stator and
rotor variables during normal operating
conditions.
4. CONCLUSION

Theoretical and experimental research has
been conducted to analyze the Doubly-Fed
Induction Generator (DFIG) under normal
operating conditions and extract key
electromagnetic characteristics such as
stator voltages, currents, and flux. Normal
operation is defined by balanced stator
voltages and currents, with the presence of
the fundamental harmonic at 50 Hz in the
stator variables. To monitor this normal
operation, it is proposed to analyze the
frequency of stator voltages and currents.
This method provides accurate results within
a reasonable simulation time. Future work
could focus on refining this approach to
better distinguish normal operating conditions
from potential deviations.
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