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Abstract:

The vector control of the Brushless Doubly Fed Induction Generator (BDFIG) was
implemented in Matlab/Simulink/SymPowerSystems using a rotating reference frame
fixed on the power winding flux. The control algorithms of the grid-side and control-
side converters can regulate the active and reactive power independently. The measure
of the power winding flux angle, realized using a PLL, showed good performance
during the system startup and has demonstrated a robust behavior under noisy voltage
and current signals. A synchronization strategy is proposed that acts on the control-side
converter current control loops to ensure the conditions for a smooth connection. Soft
and fast synchronization is achieved at the minimum rotating speed. To validate the
simulated results an experimental setup with a Doubly Fed Induction Generator with
brushes was tested with the same control strategy and the experimental results showed
coherent with the simulated ones.
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1. Introduction:

Doubly-fed induction generators (DFIG) with a wound rotor are used as variable speed
electric generator especially in wind power generators systems [1]. This type of
generator is controlled by power converters with reduced power rating when compared
with the machine electrical power output. The stator winding is connected to the
electrical grid and the rotor winding is connected to a bi-directional static power
converter through dlip-rings. The presence of slip rings reduces the lifetime of the
machine and increases the maintenance costs.

An dternative to overcome this drawback is the brushless doubly-fed induction
generator (BDFIG) [2,3]. The BDFIG has its origins in the technology of cascade
induction machines and consists of two three-phase windings with different number of
pairs of poles in the stator and a specia rotor cage. The stator power and control
windings are connected to the three phase power grid; the power winding is connected
directly while the control winding is connected through a bi-directional static power
converter. A simplified block-diagram of the BDFIG complete system is presented on
Fig. 1.

Fig. (1): Representation of the power flow in the system using a ‘ motor’ convention.

Very few references exist on the synchronization process of doubly-fed induction
generators [4-7] and none concerning the BDFIG. A method to synchronize the BDFIG
to the grid is presented here that exploits the large capacity of the microprocessors that
aready control the PWM converters.

This paper presents an analysis of the BDFIG's vector control based on simulated
results with Matlab/Simulink/SymPowerSystem. Dynamic results of the control
algorithm and grid synchronization process are presented.

2. 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,
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bidirectional power flow and adjustable power factor. The main objective of the grid-side
converter is to keep the DC-link voltage constant regardiess the magnitude and direction
of the control winding power. The grid-side converter control, shown in Fig. 2, is based
on the dq voltage equations of the grid-reactance-converter system expressed as.
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where L and R are the inductance and resistance of the chokes, respectively, Ve, Ve, ige,
iqe are the electrical grid voltages and currents, vq; and vy, are the AC side voltages of the
converter al in the dq reference frame and w. is the angular frequency of the electrical
grid. The vector control approach is used, with a reference frame oriented along the grid
voltage vector (V) position, such that vge=V. and vg=0. This allows independent control
of the active and reactive power through ige and iqe, respectively according to following
eguations.
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The DC link voltage can be controlled for the active power flow between the two
converters above the peak value of the grid voltage. Fig. 2 shows the scheme of the grid-
side converter and its controls as simulated in Matlab/Simulink/SimPower Systems.

3. The control-side converter:

The vector control of the control-side converter is represented in block diagram in Fig. 3.
The control of the reactive power is realized by acting over the control winding current
lse. The reference current is given by a Pl controller that adjusts the reactive power to a
desired amount (e.g. Qy*). Similarly, the control of the active power is realized by acting
over the control winding current iq.. 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.
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Fig. (2): Control systemfor the grid-side converter.

Fig. (3): Control-side converter control strategy block diagram.
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3. Power winding flux estimation:

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

After the acquisition, the power winding abc voltages and currents are transformed into
a stationary aff coordinate system. The axis a is aligned with the line-to-neutral voltage
Van. Then, the of3 power winding voltages and currents are calculated as:
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The power winding flux is calculated in the stationary off and rotating dqg axes as:
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Fig. 4 shows the block diagram of the af/dq transformation and a phase locked loop
(PLL) used for power winding flux angle estimation. In resume, the PLL provides the
power winding flux angle such that the d-axis is aigned with total power winding flux
Aps 1.€., Agp=Ap and Aqp=0. In order to set the initial condition of integration block the
constant we (angular grid frequency) is added after the Pl controller [8].

The dynamic performance of the PLL during the startup of the system is shown in
Fig. 5. 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. (4): PLL power winding flux angle estimation.
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Fig. (5): Estimated dg power winding flux dynamics,

4. Synchronization to the grid strategy:

The grid connection is realized when the machine 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 power winding and grid voltages are equa before the
switch S1 of Fig. 2 is closed.

The block diagram in Fig. 6 shows how the synchronization of the power winding and
grid voltages algorithm was implemented.

To start synchronizing the generator with the grid, the control winding is fed by the
back-to-back converters to create a power winding flux and induced voltages. The
power winding voltages V¢ , V& and the grid voltages V,, and V,, are acquired using

smilar procedures. With the angle 6, obtained from the PLL, the transformation af/dq
is applied to both grid and power winding voltages. The grid voltages Vq, and V, are
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compared to the power winding voltages V§ and V§. The resulting error is processed

by the PI controller that acts over the control winding iq. and ig current control loops. As
the angle used in the grid and power winding aff/dqg voltages transformation is the same,
equal Vg, and V§ values and equa Vg, and V§ vaues imply equal phase, frequency

and amplitude of the grid and power winding voltages. In other words, when the error
signals of the dq grid and power winding voltages reaches a small defined value; the
synchronism is attained and the system is ready for connection. At this moment a signal
Is sent by the software to turn on switch S1.

Fig. (6): Block diagram of the synchronization controller.

Fig. 7 shows the ssimulated results of a synchronization process, t1 and t2 define the
initial and the final instants of the process, here they aret1=2.38 sand t2 = 245 s.

The quality of the synchronization procedure can be evaluated examining the phase ‘a’
currents in both the power and the control windings presented in Fig. 8. No severe
transient is observed on those currents.
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Fig. (7): Smulated results: power winding and grid voltages during the synchronization
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Fig. (8): Smulated results: Power and control winding phase ‘a’ currents
during the synchronization process.

5.Experimental results on a DFI G system:

In order to verify the control and synchronization strategy here proposed, an
experimental bench based on a wound rotor induction machine was set-up. The same
strategy and components were used in this test bench.

Fig. (9) shows the grid and stator voltages during the synchronization process as well as
the rotor currents.

Fig. (9): Experimental results of a DFIG - stator and grid voltages, i, and iy, rotor
currents during the synchronization process.
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The experimental dq voltages of Fig. 9 are shown in Fig. 10 during the synchronization
process. In this figure, t1 corresponds to the start of the synchronization procedure. At
time t2 the grid side and the stator side voltages amplitude, phase and frequency are
sufficiently close and the order is given to switch S1 to close. However, there is a time
delay between the instant the order to close is send (t2) and the instant the switch is
effectively closed (t3).
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Fig. (10): Experimental dq grid and stator voltages of a DFIG
during the synchronization process.

6. Conclusions:

In this paper the vector control of the BDFIG using a rotating reference frame fixed on
the power winding flux was implemented in Matlab/Simulink/SymPowerSystems. The
simulations of the PLL in order to measure the power winding flux angle show good
performance during the system startup and its implementation on an experimental DFIG
setup 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 power windings and grid voltages it assures the
conditions for the connection by acting over the control windings current control loops.
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Nomenclatures:

Oe-.- Grid voltage space vector position
Op... Power winding flux position
| s... Power winding vector space flux
| gp-.. Q-axis power winding flux
| gp... d-axis power winding flux
W;... Rotor speed
Pe... Grid active power
Qe... Grid reactive power
Vge-.. O-axisgrid voltage
Vge... d-axis grid voltage
ige-.. Oraxisgrid current
lge... d-axis grid current
L... Grid converter line choke inductance
R... Grid converter line choke resistance
V... g-axisAC-side grid converter voltage
Vg:... d-axis AC-side grid converter voltage
V... Grid voltage space vector





