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A grid connected doubly-fed induction generator (DFIG) system, driven by
variable speed wind turbine is considered in this research to satisfy grid code
requirements. Remaining grid synchronized and stable under voltage sag
and voltage swell, obtaining power control through dc link voltage control,
and providing unity power factor at grid terminals are the achievements.
The DFIG system uses two back-to-back converters. Vector control strategy
is used with the grid side and rotor side converters, and taken up for research
for further improvement. The grid side converter controls dc-link voltage and
maintains unity power factor at the grid connection point. The rotor side
converter supplies the reactive power of the machine and maintains the speed
constant irrespective of the transient behavior of the grid. In this paper the
behavior of the DFIG system is analyzed under grid voltage fluctuation
and the experimental results are obtained using RT-LAB. Main contribution

Rotor side converter
Vector control

of this work is in improving the DFIG system performance with grid low
voltage and over voltage ride through capability through simulation, and its
real time experimental verification.
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1. INTRODUCTION

Performance improvement of doubly fed induction generator (DFIG) under grid voltage fluctuation
is the focus of many researchers. The control strategy must satisfy grid codes such as grid stability, fault ride
through (FRT), power quality improvement, grid synchronization and power control etc. DFIG system uses
back-to-back converters in the rotor circuits to meet the necessary requirements. The power converter need
only be rated to handle the rotor power [1]. Independent control of active and reactive power from the grid or
to the grid is possible by vector control of line side converter [2]. Different control techniques are used to
improve FRT capability of DFIG system. Such system using a robust linear quadratic (LQ) controller is
realized in [3] to improve the FRT capability as well as the generator performance under grid voltage
unbalance. A series converter on the stator terminal is used to mitigate the effect of the short circuit on the
wind turbine [4]. A controller is proposed which uses the positive and negative sequence component to work
under FRT [5]. It has been shown that both even harmonics and odd harmonics appear in dc link voltage and
ac side input currents respectively during unbalanced 3-phase grid voltages [6]. Induction generator dynamics
during grid faults is studied in [7]. Performance improvement of DFIG during grid voltage unbalance is
achieved in [8] through direct power control. A novel control strategy of induction generator during voltage
dip is presented in [9]. Performance improvement of DFIG-based wind farms during grid unbalance is
studied in [10]. During grid voltage sag, reactive power control of DFIG is discussed in [11]. A study of
dynamics of DFIG-based wind turbines during grid voltage dip is done in [12]. Effects of the transmission
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line faults for a grid connected wind farm with different types of generators are discussed in [13]. LVRT
capability improvement and stability improvement of a DFIG based wind power system are presented in [14].

In this paper, voltage control technique is used in both grid-side as well as machine-side converters
to analyze the performance of the DFIG system under grid voltage fluctuation and the experimental results
are obtained using Real Time Digital Simulator [15] where RT-LAB is used. In RT-LAB hardware
synchronization mode is selected to synchronize the software environment with the hardware environment
via an analog peripheral OP5251.

2. MODELING OF DFIG

The schematic diagram of the overall system is shown in Figure 1. A 10 hp wound rotor induction
machine is modeled in synchronous reference frame. Two voltage fed PWM converters are used. One
converter is used in the grid side and other is in the rotor side. The objective of grid side converter is to
maintain dc-link voltage constant and the rotor side converter regulates the speed, thus making the system
suitable for variable speed application system. Equations (1)-(4) and (8)-(9) describe the complete machine
model in state-space form where Wqs, W5, Pqr, Par are the state variables.
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The development of torque by the interaction of air gap flux and rotor mmf is expressed in egn. (8) in terms
of d-g- components of stator flux and current.
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The speed o, in the above equations cannot be treated as constant. It can be related to the torque as

T, =T, +3 % _1 2,00

The system setup is described in the next section.
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Figure 1. Schematic diagram of wind turbine driven DFIG system with proposed grid side and rotor side
converter vector control

3. REAL TIME SETUP

This simulator is developed with the aim of meeting the transient simulation needs of
electromechanical drives and electric systems while solving the limitations of traditional real-time simulators.
It is based on a central principle: the use of widely available, user-friendly, highly competitive commercial
products (PC platform, Simulink™). The real-time simulator consists of two main tools: a real-time
distributed simulation package (RT-LAB) for the execution of Simulink block diagrams on a PC-cluster,
and algorithmic toolboxes designed for the fixed-time-step simulation of stiff electric circuits and their
controllers. Real-time simulation and Hardware-In-the-Loop (HIL) applications are increasingly recognized
as essential tools for engineering design, especially in power electronics and electrical systems [15].

The present real-time simulator is based on RTLAB real-time, distributed simulation platform. It is
optimized to run Simulink in real-time, with efficient fixed-step solvers, on PC Cluster. Based on COTS
non-proprietary PC components, RTLAB is a modular real-time simulation platform, for the automatic
implementation of system-level, block diagram models, on standard PC’s. It uses the popular
MATLAB/Simulink as a front-end for editing and viewing graphic models in block-diagram format. The
block diagram models become the source from which code can be automatically generated, manipulated
and downloaded onto target processors (Pentium and Pentium-compatible) for real-time or distributed
simulation.

Electric and power electronic systems are created on the host personal computer by interconnecting:

a. Electrical components from component model libraries available in the Power System Block-set

b. Controller components and other components from Simulink and its toolboxes that are supported by
Real-Time-Workshop

c. 1/0O blocks from the simulator 1/0 toolboxes. The easy-to-use drag-and-drop Simulink interface is
used at all stages of the process.

These systems are then simulated and tuned off-line in the MATLAB/Simulink environment.
ARTEMIS fixed step solvers are used for the electric part and Simulink native solvers for the controller
and other block-diagram parts. Finally, the model is automatically compiled and loaded to the PC-Cluster
with RT-LAB simulation interface. The simulator software converts Simulink and Sim Power Systems
non-real-time models to real-time simulation.

4. GRID SIDE CONVERTER CONTROL
Grid voltage may change due to sudden load change or wind speed variation in weak grid and in
micro-grid. If the grid voltage changes, the voltage of DFIG stator and rotor also change. This affects the
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DFIG performance. Since the converters are connected back-to-back, the same effect is also observed across
these two converters and on the dc-link capacitor as well. Under normal operating conditions, peak value of
grid phase voltage (Vanemax) IS taken as 380V and dc link voltage as 850 V. The maximum value of amplitude
modulation index of grid side converter (m,,) is set at 0.89, for linear modulation. The following relation
between peak grid phase voltage, dc link voltage and modulation index holds good [16].

Vabemax= Ma1 Vdc/2

The necessary control action is adopted to maintain the dc-link voltage constant. Grid voltage
oriented vector control technique is used, in which the real axis of the grid voltage vector is chosen as the
d-axis. Phase Locked Loop block is used to measure the system frequency and provides the phase angle 0 for
the d-q transformations block. The control scheme utilizes current control loops for ig and iq with the iy
demand being derived from the dc-link voltage error through a standard P-1 controller. The iy demand
determines the displacement factor on the grid side of the choke. The active power and reactive power is
controlled independently using d-g component of the current governed by (10) and (11).

P =g(vd iy +Vgig) (10)
3, . .
QZE(leq —Vglg) (11)
The reference voltage vectors for the grid side converters are found from (12) and (13).
Vg =Vg +igmeL —igR—Vy (12)
Vg =Vq —lgasL—igR-V, (13)

Where, v’g and v’qare found from the current errors through standard P-1 controllers.

5. ROTOR SIDE CONVERTER CONTROL
Rotor phases are star connected. Rotor line voltage (Vanermax) iS related to dc link voltage
and modulation index of rotor side converter (m,,) through the following expression [16].

Vabcrmax™ V3. Mg, Vgo/2

With stator peak voltage of 380 V, rotor peak line voltage comes out as 550 V. To regulate dc link
voltage at 850 V, rotor side converter modulation index has to be 0.75, indicating linear modulation. The
necessary control action is adopted for the rotor side converter to maintain the speed of the DFIG constant
and also to supply the reactive power required by the machine locally, irrespective of the wind speed.
The unit vector requirement for the d-q transformation is found by using grid voltage orientation where the
real axis of the grid voltage vector is chosen as the d-axis as used in case of grid side converter control.

The reference voltage vectors for machine side converter are being derived using (14) and (15).

V; :V(Ii +idrRr _(w_wr)[iqur + Lmiqs] (14)

*

Vg =Vy +igRr +(@— @ figrLy + Lgigs] (15)

Where, v’q and v’ are found from the current errors through standard P-I controllers. The reference current
i*4- can be found either from the reference torque given by (16) or form the speed errors through standard P-I
controllers. Similarly, i*y is found from the reactive power errors. The reactive power and speed is controlled
using the current control loops.

gy = Texbs (16)
Ws x Ly
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6. SIMULATION RESULTS AND DISCUSSIONS

Through experiments, parameters are determined for the 10 hp doubly fed induction generator
(DFIG) and converter system in the laboratory. The specifications and parameters values are given in the
Table 1. This system is simulated with MATLAB/SIMULINK environment by taking different cases into
account. At time t = 0, wind turbine starts driving the DFIG, and two converters are switched on. Starting
transient response of stator voltages (Vanc), Stator currents (lae), dc link voltage (vdc), active power (P),
reactive power (Q), and rotor speed (wr) are captured from time t = 0 to 0.2 s. The starting transients settle to
steady state values well within initial 0.2 s. At time t = 0.2 s, grid voltage is changed. In the first case, grid
voltage is reduced to 50% at t = 0.2 s. The starting simulation responses and simulation responses with this
voltage sag are shown in Figure 2. In the second case, grid voltage is increased to 120% at t = 0.2 s.
The simulation responses are shown in Figure 3. Corresponding to these two cases transient responses are
taken from real time digital simulator (RTDS). The experimental results obtained are shown in Figure 4
and Figure 5 and compared with the corresponding simulation results of Figure 2 and Figure 3, respectively.

Table 1. Specifications and parameters of the DFIG and converter

Parameters Rating/ values

Rated Power 10hp

Stator Voltage 415V

R; (Stator Resistance) 1.11Q

R: (Rotor Resistance) 0.9Q

L (Stator Inductance) 0.3H

Lm(Mutual inductance) 0.08H(Referred to the rotor)
L, (Rotor inductance) 0.09H(Referred to the rotor)
Poles 6

Rated speed 1100 rpm

DC link Voltage 850 V

Switching Frequency of IGBTs 3 kHz

Dc link capacitor 1000 pF

6.1. Simulation under Voltage Sag

When the grid voltage reduces suddenly from its rated value, the stator current and rotor current
increase, and the active power P suddenly oscillates and then it settles to its rated value. The simulation
results with the voltage sag of 50% at t= 0.2 s, are shown in Figure 2. Figure 2(a) shows the stator line
voltage and Figure 2(b) shows stator current response. The steady state stator peak line voltage reduces from
380V to 190V within 50ms. Steady state peak stator current increases from 10A to 18A, as the load remains
the same. Figure 2(c) shows the dc link voltage response, whose steady state value is 850V. The dc link
voltage is set at 850 V, but at the time of voltage sag it oscillates and finally settles to the set value of 850 V,
showing the goodness of the grid side converter controller. Figure 2(d) shows the active power output which
reduces from 7 kW, corresponding to maximum mechanical turbine output minus electrical losses in
generator, to 4.5 kW because of 50% reduction in grid voltage. Figure 2(e) shows the reactive power.
The reference reactive power is set at 0 KVAR. When voltage decreases, the reactive power suddenly
increases and then settles to 0 KVAR at steady-state, as per the control strategy made in the rotor side
converter. Figure 2(f) shows the rotor speed response. The reference rotor speed is maintained constant at
1090 rpm for the wind speed of 10 m/s. Rotor speed drops from 1090 rpm to 1083 rpm (approx.), which is
only 0.6422% because the grid voltage reduces to 50%.

6.2. Simulation under Sudden Voltage Rise

Simulation results for grid voltage swell to 120% at time t= 0.2s are shown in Figure 3. The
simulation responses of Ve, lane, Vae, P, Q, W;, are shown in this sequence from Figure 3(a) to Figure 3(f). At
time t = 0, the DFIG and wind turbine start from rest. The starting transients are shown in Figure 3 fromt =0
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to t= 0.2s. When the grid voltage increases to 120% of its rated value at t = 0.2s, the simulation responses are
shown in the same figure. Steady state peak stator line voltage increases to 456V, as seen in Figure 3(a).
Figure 3(b) shows, steady state peak stator current decreases to 8A as the load remains the same. Steady state
dc link voltage remains the same at 850V, with little ripple as seen in Figure 3 (c). Figure 3 (d) shows,
steady-state active power output, P remains unchanged at 7 kW, which proves control algorithm is good
enough for voltage change upto 20%. Figure 3(e) shows, the steady state reactive power Q is about —1
kVAR. This is because, at higher voltage, DFIG requires more reactive power, drawn from the grid.
Figure 3(f) shows, rotor speed reduces to 1078 r.p.m.

7. EXPERIMENTAL RESULTS AND DISCUSSIONS

The results are obtained experimentally using real time digital simulator (RTDS) where RT-LAB is
used. In RT-LAB hardware synchronization mode is selected to synchronize the software environment with
the hardware environment via an analog peripheral OP5251. Figure 4 shows the real time simulator results
for voltage sag. Figure 4(a) shows the stator line voltage waveforms and Figure 4(b) shows stator current
waveform. Stator peak line voltage reduces from 380V to 220V. Steady state peak stator current increases
from 10A to 12A, as the load remains the same. Figure 4(c) shows the dc link voltage response, whose value
is 850V. Figure 4(d) shows the active power output which reduces from 7 kW to 5.2 kW because of 50%
reduction in grid voltage. Figure 4(e) shows the rotor speed, maintained constant at 1090 rpm for the wind
speed of 10 m/s. reactive power. Figure 4(f) shows reactive power, the reference value of which is set
at 0 KVAR. When voltage decreases, the reactive power magnitude increases during transient period,
and then decreases to 0 KVAR at steady-state, as per the control strategy made in the rotor side converter.
The simulation results of Figure 2 are verified in the experimental results of Figure 4.
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Figure 2. Simulation responses under voltage sag: (a) Stator line voltage, V., (b) stator current, 4, () dc
link voltage, vq, (d) stator active power, P, () reactive power, Q, (f) rotor speed, w,
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Figure 5 shows the real time simulator results for voltage swell. As seen from Figure 5(a), peak
stator line voltage increases from 380 V to 480V. Figure 5(b) shows, peak stator current decreases from 10A
to 6.7 A as the load remains the same. DC link voltage remains the same at 850V, as seen in Figure 5(c).
Figure 5(d) shows, active power output, P undergoes transients and settles at 7 kW. Figure 5(e) shows, the
reactive power Q undergoes transients and settles at -1 kVAR. Figure 5(f) shows, rotor speed remains
constant at 1080 r.p.m. Figure 5 shows the experimental verification of simulation results of Figure 3 for
sudden voltage rise.
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Figure 5. Experimental results under voltage swell: (a) Stator line voltage, vz, (b) stator current, I, (c) dc
link voltage, vq, (d) active power, P, (e) reactive power, Q, (f) rotor speed, w,

8. CONCLUSION

A wind turbine driven doubly fed induction generator (DFIG) system with two PWM converters
connected back-to-back between rotor and grid, is simulated. VVoltage oriented control is proposed for both
grid-side as well as rotor side converters. P-1 controllers are implemented for the closed loop control of dc
link voltage, speed, active power and reactive power. Performance of the DFIG system under grid voltage
fluctuation is analyzed. It is concluded that the proposed voltage oriented control technique based P-I
controllers are suitable to counter act sudden voltage sag and voltage swell in grid voltage. The experimental
results are obtained using real time digital simulator (RTDS). Experimental results are in agreement with
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simulation results, and both confirm the suitability of proposed control technique for generated voltage
stabilization, decoupled control of active and reactive powers and fast speed response.
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