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Abstract — In this paper the vector control of the DFIG
using a rotating reference frame fixed on the stator flux
was implemented in Matlab/Simulink/SymPowerSystems
as well as experimentaly. It has been shown that the
control algorithm of the grid-side and rotor-side
converters can control the active and reactive power
independently. The measure of the stator flux angle,
realized using a PLL, showed good performance during
the system startup. The PLL implemented in the control
system has demonstrated a robust behavior under noisy
voltage and current signals. A synchronization strategy is
proposed where the amplitude, frequency and phase of
the stator winding and grid voltages ensures the
conditions for a smooth connection by acting in rotor
current control loops. Soft and fast synchronization is
achieved. Experimental results are presented.
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I. INTRODUCTION

Doubly fed induction machines with a wounded rotor
have been used as variable speed electric generator especially
in wind power generator systems and is known as Doubly
Fed Induction Generator (DFIG) [1],[2]. The stator winding
is connected directly to the electrical grid and the rotor
winding is connected to a bi-directional static power
converter through slip-ring and then to the electrical grid. A
general scheme of the DFIG system is shown in Fig. 1 where
the subscript ‘s’ stands for ‘stator winding’, subscript ‘r’ for
‘rotor winding’, subscript ‘conv’ for ‘grid-side converter’
and subscript ‘g’ for ‘grid’. The converter power rating is a
fraction of that of the electrical machine. This power
converter provides to the DFIG the ability to control the
active and reactive power flow in the stator winding and
consequently in the grid. Due to a bi-directional PWM power
converter in the rotor circuit, the DFIG is able to work as a
generator in subsynchronous and supersynchronous speed. In
wind power applications, the power converter adjusts
continuously the generator speed such that the wind turbine
operates at maximum power for all wind speeds.

The wvector control technique applied to the power
converters allows controlling the active and reactive power
based in the concept of dq orthogonal reference frame. The
vector control based on the stator flux orientation is well
documented in the literature and has been applied in
industrial applications.

Very few references exist on the synchronization process
of doubly-fed induction generators [3-5]. A method to
synchronize the induction generator to the grid is presented
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here that exploits the large capacity of the microprocessor
that already controls the PWM converters.

This paper presents an analysis of the DFIG’s vector
control based on simulated results with
Matlab/Simulink/SymPowerSystem and on experimental
results. Dynamic results of the control algorithm and grid
synchronization process are presented. An experimental
setup using a control board based on a Hitachi SH7047
microprocessor was developed. The laboratory prototype
consists of a 3kwW, 380V, 60Hz wound rotor asynchronous
machine and a WEG back-to-back PWM converter.
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Fig. 1. Representation of the power flow in the system using a
‘motor’ convention.

Il. THE GRID-SIDE CONVERTER

The grid-side PWM voltage fed converter is connected to
the grid through three single-phase chokes. With this
configuration it is possible to operate using boost mode and
have attractive features as constant DC bus voltage, low
harmonic distortion of grid current, bidirectional power flow
and adjustable power factor. The main objective of the grid-
side converter is to keep the DC-link voltage constant
regardless the magnitude and direction of the rotor winding
power. However, it can also be involved in the power factor
regulation.

The grid-side converter control, shown in Fig. 2, is based
on the dg voltage equations of the grid-reactance-converter
system expressed as:

) dige .
Vge = Rige + LTJF weLige +Vq1 "
1

. di .
Vge = Rige + Lﬁ—weuqe + Vg1

where L and R are the inductance and resistance of the
chokes, respectively, Vg, Vge, ige, ige are the electrical grid
voltages and currents in the dq reference frame, vy and v
are the AC side voltages of the converter in dq reference
frame and o, is the angular frequency of the electrical grid.
The vector control approach is used, with a reference frame
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Fig. 2. Control system for the grid-side converter.

oriented along the grid voltage vector (V) position, such that
Vge= Ve and vg=0. This allows independent control of the
active and reactive power through ig and ig, respectively
according to following equations:

3

R = Eveide
3 2
=—=V.i
Qe o Velde

The DC link voltage can be controlled for the active

power flow between the two converters above the peak value
of the grid voltage. In this work the DC link voltage was
regulated to 620V for a grid voltage of 380V. Fig. 2 shows
the scheme of the grid-side converter and its controls as
simulated in Matlab/Simulink/SimPower Systems.

I1l. ROTOR-SIDE CONVERTER

The wvector control of the rotor-side converter is
represented in block diagram in Fig. 3. The voltage and
current acquisitions are realized with transformers and Hall
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Fig. 3. Rotor-side converter control strategy block diagram.
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Effect sensors, respectively. The analog signals are filtered
and their levels are adjusted for the analog digital converter
located in control board based on the Hitachi SH7047
microprocessor.

The control of the reactive power is realized by acting
over the rotor current iy, . The reference current is given by a
Pl controller that adjusts the reactive power to a desired
amount (e.g. Q: =0).

Similarly, the control of the active power is realized by
acting over the rotor current igr - There are three possible
situations for defining the current reference in this case. Two
of them require a Pl controller and correspond to the two
speed limits: the maximum and minimum rotating speed. The
third one corresponds to track the maximum turbine power
for each wind speed.

Fig. 4 shows how the Pl current controllers respond to
step changes in i;r and i;r. The controller’s response is
very fast. However, both controllers show an excessive

overshooting (20% on g, ) but this is not really a problem

. . - . .x .k
since in this case the reference signals iy, and iy, come
from slower PI controllers.
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Fig. 4. Experimental iq- and iq PI control loops response to a
step variation: (a) of the direct axis rotor current reference,
(b) of the quadrature axis rotor current reference and (c) up

and down steps on both currents references at different
instants of time.
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IV. STATOR FLUX ESTIMATION

The aim of the rotor-side converter is to impose a current
to the rotor winding and to control independently the active
and reactive power in the stator winding.

After the acquisition, the stator abc voltages and currents
are transformed into a stationary aff coordinate system. Due
to delta-star connection of the stator-rotor windings, the
voltage Vs is aligned with the line-to-line voltage Vg, Then,
the ap stator voltages and currents are calculated as:

Vs =Vabs
J3 3)
Vps = _?(Vabs + NVeas )
. 1,. .
los = E('As + 'Bs)
4

3. . .
Vs = _?('As +igg —2ics)

The stator flux is calculated in the stationary af and
rotating dq axes as:

Aos = J.(chs - rsias) dt

©)
7\.[35 = J‘(VBS - rsiBs) dt
Ags = Ags COS(0g )+ s Sin(65) ©
Ags = —As Sin (O ) +Agg COS(65)

Fig. 5 shows the block diagram of the ap/dqg
transformation and a phase locked loop (PLL) used for stator
flux angle estimation. In resume, the PLL provides the stator
flux angle such that the d-axis is aligned with total stator
winding flux A, i.e., Ag=As and Ag=0. In order to set the
initial condition of integration block the constant w, (angular
grid frequency) is added after the PI controller. [6]

e  Discrete-time
integrator

T,z 0

Unit Delay
j‘qs ‘ 95 1

dq A z

Fig. 5. PLL stator flux angle estimation.

The dynamic performance of the PLL during the startup
system is shown in Fig. 6. This result shows that, at the
startup system, the flux position operating point is reached in
approximately 0.1s. This flux angle estimator strategy has
demonstrated a good performance even in the presence of
noise in the voltage and current acquisition.
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Fig. 6 Simulated stator flux in dg orthogonal reference frame
(1 pu= 0.82 Wh)

V. SYNCHRONIZATION TO THE GRID STRATEGY

Previous works on synchronization techniques for the
DFIG are quite superficial not presenting a detailed analysis
of the adopted synchronization strategy [3-5].

In [3] a matrix converter is used and the synchronization
procedure only can be started when the rotor attains the
synchronous speed. In this paper, no simulation or
experimental results of the synchronization process are
presented.

A stator flux oriented vector control is adopted in [4] and
the synchronization can be realized at the cut-in wind speed.
In this paper, also, no simulation or experimental results of
the synchronization process are presented.

In [5] a stator flux oriented vector control is adopted and
the synchronization procedure only can be started when the
rotor attains the synchronous speed. In this paper, only
simulation results of the synchronization process are
presented.

In this paper, the grid connection is started as soon as the
machine shaft speed reaches the minimum operating value. A
soft connection of the generator to the grid is obtained when
the phase, frequency and amplitude of the stator and grid
voltages are equal before the switch S1 of Fig. 3 is closed.

The block diagram in Fig. 7 shows how the
synchronization of the stator winding and grid voltages
algorithm was implemented.
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Fig. 7. Block diagram of the synchronization controller.

To start synchronizing the generator with the grid, the
rotor winding is fed by the back-to-back converters to create
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a stator flux and induced voltages. The stator voltages Vs,
V’.s and the grid voltages V,ps and Vs are acquired using
similar procedures. With the angle 6, the transformation
ap/dq is applied to both grid and stator voltages. The grid
voltages vgs and vgs are compared to the stator voltages V'gs
and Vv'gs. The resulting error is processed by the PI controller
that acts over the rotor iy and iy current control loops. As the
angle used in the grid and stator af/dq voltages
transformation is the same, equal vgs and v'ys values and
equal vgs and V'qs Values imply equal phase, frequency and
amplitude of the grid and stator winding voltages. In other
words, when the error signals of the dq grid and stator
winding voltages reaches a small defined value; the
synchronism is attained and the system is ready for
connection. At this moment (instant t, in Fig. 8) a signal is
sent by the software to turn on switch S1.

Fig. 8 shows the simulated results of a synchronization
process. Signals t; and t, define the initial and the final
instants of the synchronization process, in Fig. 8 they are
t,=2.46sand t, = 2.59 s.
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Fig. 8. Simulated results: Stator and grid voltages during the
synchronization process that starts at time t1 and ends at time t2.

Fig. 9 shows the experimental results for the
synchronization. These two figures show the agreement
between simulated and experimental results and, examining
the rotor currents, that this process occurs in a smooth way.
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Fig. 9. Experimental results: stator and grid voltages during the
synchronization process; i, and iy, rotor currents during the
synchronization process.

The experimental dg voltages of Fig. 7 are shown in
Fig. 10 during the synchronization process. In this figure, t;
corresponds to the start of the synchronization procedure. At
time t, the grid side and the stator side voltages amplitude,
phase and frequency are sufficiently close and the order is
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given to switch S1 to close. However, there is a time delay
between the instant the order to close is send (t,) and the
instant the switch is effectively closed (t3).
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Fig. 10. Experimental dq grid and stator voltages during the
synchronization process.

In order to illustrate the behavior of the DFIG, Fig. 11
shows the dg rotor currents including the synchronization
procedure as well as the response to an increase of the wind
speed.

Before synchronization (t<0.5 s) the rotor currents are
obviously null. Immediately after synchronization current iq,
increases to the value needed to produce the stator flux
linkage that induces the adequate stator voltage.

At t=5 s a step of wind speed occurs increasing the shaft
torque and the current iy Currents iq- and iq are proportional
to the stator active and reactive power, respectively, as given
by Eq. 7. Current iy keeps constant after synchronization
because it corresponds to the value needed to a unity power
factor at the grid terminals.
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where Ay is the stator flux, L, is the magnetizing
inductance, L is the stator self-inductance and w, is the
grid frequency.
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Fig. 11. Experimental dq rotor currents: synchronization occurs at
t=0.5 s and a step increase of the wind speed occurs at t=5 s.

VI. CONCLUSION

In this paper the vector control of the DFIG using a
rotating reference frame fixed on the stator flux was
implemented in Matlab/Simulink/SymPowerSystems and
also on an experimental setup. It has been shown that the
control algorithm of the grid-side and rotor-side converters
can control the active and reactive power independently.
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The simulations of the PLL in order to measure the stator
flux angle show good performance during the system startup
and its implementation has demonstrated a robust behavior
under noisy voltage and current signals.

The proposed synchronization process showed to be fast
and smooth. Matching the amplitude, frequency and phase of
the stator windings and grid voltages it assures the conditions
for the connection by acting over the rotor current control
loops.
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