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Abstract

In recent years, there has been a worldwide growth in the exploitation of wind energy. In the wind
power industry, the majority of grid-connected wind turbines are equipped with doubly fed induction
generators (DFIGs) because of their advantages over other wind turbine generator (WTG) systems.
Therefore, much research effort has gone into the issues of modeling, analysis, control and grid integration
of DFIG wind turbines. This paper deals with the modeling, analysis, and simulation of a DFIG driven by a
wind turbine. The grid connected wind energy conversion system (WECS) is composed of DFIG and two
back to back PWM voltage source converters (VSCs) in the rotor circuit. A machine model is derived in an
appropriate dq reference frame. The grid voltage oriented vector control is used for the grid side
converter (GSC) in order to maintain a constant DC bus voltage, while the stator voltage oriented vector
control is adopted in the rotor side converter (RSC) to control the active and reactive powers.
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1. Introduction

Since a few years ago, the wind power generation has been commercialized because of
high fuel efficiency and low air pollution. The generator technology used for variable-speed
constant-frequency (VSCF) has gone a long way. Nowadays, the most popular motors used for
wind power system are permanent magnets synchronous generators (PMSG) and DFIG [1].

Wind energy is one of the most important and promising sources of renewable energy
all over the world, mainly because it is considered to be nonpolluting and economically viable.
At the same time, there has been a rapid development of related wind turbine technology [2].
The majority of grid-connected wind turbines are equipped with DFIGs. DFIG is based on a
wound rotor induction machine (WRIM), where the 3-phase rotor windings are supplied with a
voltage of controllable amplitude and frequency using an ac to ac converter. Consequently, the
speed can be varied while the operating frequency of the stator side remains constant.

Depending on the required speed range, the rotor converter rating is usually low
compared with the machine rating. Therefore, a DFIG is preferable for variable speed wind
turbine applications [3]. The choice of control strategy incorporated can vary depending on the
wind turbine generators, but the most popular control scheme for the DFIG of wind turbine
generators is a field oriented control (FOC).

This control strategy is well established in the field of variable speed drives and when
applied to the DFIG control, allows independent control of the electromagnetic torque and stator
reactive power [4]. The DFIG using back to back PWM converters for the rotor side control has
been well established in the wind power system. When used with a wind turbine it offers several
advantages over the fixed speed generator systems.

These advantages, including speed control and reduced flickers, are primarily achieved
by controlling the VSC, with its inherent bi-directional active and reactive powers flow [5].
Among the various technologies available for WECSs, the DFIG is one of the preferred
solutions because it reduced mechanical stress and optimized power capture due to the
variable speed operation.

For the power system with wind turbines integrated, once a severe fault occurs, the
electromagnetic power of DFIG reduced rapidly, which increase the rotor speed and the

Received November 25, 2013; Revised December 23, 2013; Accepted January 18, 2014



TELKOMNIKA ISSN: 2302-4046 B 4149

operation point of DFIG will move from the optimum point of speed-torque characteristic curve
to the speed increase direction, and the mechanical torque will decrease during severe fault,
accordingly. At the same time, the rotor current will have a sharp rise, to ensure the generator
with a stable operation [6].
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Figure 1. General Structure of Wind Power Generation System with DFIG

In Figure 1, the stator of the DFIG is directly connected to the grid, while two back to
back PWM voltage source converters (VSCs) are inserted between the rotor and the grid to
control the rotor and stator output power which is fed to the grid for the variable speed operation
[7]. 1t is possible to control rotor current injection using VSCs to ensure effective operation in
both sub and super synchronous modes. Decoupled control of active and reactive powers using
the vector control is presented in [8] and current control methods for wind turbines using DFIG
are presented in [9]. Both stator and rotor are able to supply the power, but the direction of
active power flow through the rotor circuit is dependent on the wind speed and accordingly, the
generator speed. Below the synchronous speed, the active power flows from the grid to the
rotor side, and the RSC acts as a voltage source inverter while the GSC acts as a rectifier but
above the synchronous speed, RSC acts as a rectifier and GSC acts as an inverter. The rotor
VSC is controlled to limit the torque pulsation, and the grid VSC is controlled to limit the DC
voltage ripple [10]. Two back to back voltage fed current regulated converters are connected to
the rotor circuit. The firing pulses are given to the insulated gate bipolar transistors (IGBTS)
devices using PWM techniques. The converters are linked to each other by means of DC-link
capacitor. The main purpose of the GSC is to control the DC-link voltage and ensures the
operation at unity power factor by making the reactive power drawn by the system from the
utility grid equal to zero, while the RSC controls the active and reactive powers by controlling

the d —Q components of the rotor currents.

2. d-qg Model of Induction Generator (Park Model)
The d —Q axis representation of an induction generator is used for simulation, taking

flux linkage as a basic variable. It is based on two axis representations commonly known as the
“Park model” [11]. Here an equivalent 2-phase machine represents 3-phase machine, where

d® —q° correspond to the stator direct and quadrature axes, and d' —q' correspond to the

rotor direct and quadrature axes. A synchronously rotating d —( reference frame is used with

the direct d —axis oriented along the stator flux position. In this way, decoupled control

between the electrical torque and the rotor excitation current is obtained. The reference frame is
rotating with the same speed as the stator voltage. While modeling the DFIG, the generator
convention is used, indicating that, the currents are outputs and that power has a negative sign
when fed into the grid.

2.1. Axes Transformation
The d —( model requires that all the 3-phase variables have to be transformed to the
2-phase synchronously rotating frame [12]. A symmetrical 3-phase induction machine with
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stationary axes as,bs,CS separated by an angle 2% is considered. Here the 3-phase

stationary reference frame’s d°* —qsvariables are transformed into the synchronously rotating
reference frame d° —(Q°. Assume that the d* —(° axes are oriented at & angle. The voltages

Vg and Vg, can be resolved into as,bs,Cs components in a matrix form as:

v, cosé sin@ 17| Vas
V,, |=|cos(6-120") sin(@-120") 1|| v @)

S

v cos(0+1207) sin(@+120°) 1| v,

cs

The corresponding inverse relation is:

Ves ) cos@® cos(0—-120°) cos(0+120°) || v.
Vi |==|sin@ sin(@-120") sin(6+120°) || v, 2
v, 0.5 0.5 0.5 Vi

Where Vjs is added as the zero sequence component. Equation (2) represents the

transformation of 3-phase quantities into 2-phase d —( quantities. It is more convenient to set
6 =0, so that 4—axis is aligned with the a—axis in this case. The sine components of d
and 4 parameters will be replaced with cosine values, and vice versa if d —axis coincides with

a—axis. If the synchronously rotating d —( axes rotate at a synchronous speed @, with

respect to d° —Q° axes, then the voltages on the d° —Q°axes can be converted into d —Q a
synchronously rotating frame as:

S S i
Vs = Vgs COSE, =V SING,

. . 3)
Vs = Vg SIN G, +Vy, COS O,
Resolving the rotating frame parameters into stationary frame:
Vs = Vg COS G, +V, SIN G, @

s .
Vg = —Vys SIN G, +V, COS O,

2.2. DFIG Model in Synchronous Rotating Reference Frame
For the modeling of DFIG in the synchronously rotating frame, we need to represent the

2-phase stator (d°®—gq°)and rotor(d' —q") circuit variables in a synchronously rotating
(d —q) frame as shown below:

i & Ly =4 — 4w Ly =L & i

Figure 2. Dynamic d-q Equivalent Circuit of DFIG (g-axis circuit)
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Figure 3. Dynamic d-q Equivalent Circuit of DFIG (d-axis circuit)

According to Kron's equation, the stator circuit equations are:

VZS = Rsi;S +%/1qss

y (5)
v =R +—A°
ds s ds dt ds

Where Ay is the —aXiSstator flux linkage, and Ay is the d —axis stator flux linkage
respectively. Convert equation (5) to the synchronous rotating frame:
. d
Vs = Ryl + a/lqs + (@, Ag)
q (6)
Vg = Riy, +a/1ds ~ (@44 )

e”tgs

When the angular speed @, is zero, the speed of emf due to d and J axis is zero and the

equation’s changes to stationary form. If the rotor is blocked or not moving, i.e. @, =0, the
machine rotor equations can be written in a similar way as the stator equations:

Vo = Ryig, +%/qu +(w,Aq,)
. d
Ve = Ridy, +E/1dr —(a) A )

e’ qr

@)

Let the rotor rotate at an angular speed @, , then the d —q axes fixed on the rotor fictitiously
will move at a relative speed (a)e —a)r) to the synchronously rotating frame. The d —Q frame

rotor equations can be written by replacing (@, —@) in the place of @, as:

. d
Vor = Ry, + a/lqr + (0, -, )

o (8)
Vor = erdr + aﬂ’dr - (a)e - W, )/Iqr
Ags = Liglgs + Ly (igs +15.) = L + L, 9)
ﬂ“ds = Llsids + I‘m (ids + idr) = Lsids + Lmidf (10)
X“Qr = LIriqr + Lm (iqs + iqr) - Lriqf + Lmiq5 (11)
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ﬂdr = I-Iridr + I-m (ids + idr) = I—ridr + I—mids (12)
The torque expression can be written in terms of flux linkages and currents as:

3P, . .
T.= EE (idrlqr - ﬂ“qudr) (13)

e

3. Control Algorithm

Figure 4 and 5 below, shows the DFIG based WECS with the vector control. The rotor
currents are used to control the stator active and reactive powers. The RSC controls the DFIG,
while the GSC function is to maintain the DC link voltage constant. The vector control on DFIG
is implemented in the two following steps.

3.1. GSC Control

The adopted vector control strategy must fulfill the two main objectives of the grid side
converter. 1) Regulate DC bus voltage. 2) Control reactive power exchanged bidirectional
between the rotor of the machine and the grid. Thus, by aligning the grid voltage vector with

synchronous frame direct axis, its indirect axis component becomes null (Vq =0) .The active

and reactive powers are controlled independently using the vector control strategy. Since the
amplitude of supply voltage is constant, the active and reactive powers are controlled by means

of iy and I, respectively.

P, = 3 (Vgiy +Veig) = 35 Vo (v, = 0)
Qs z%(vqid _Vdiq) :_%Vdiq'(vq =0)

Where id ,iq and V, are grid current and voltage respectively, as (Vq =0). Based on the sign of

a non-zero slip ratio S, a part of DFIG’s generated active power is interchanged with the grid
through the rotor, which can deliver or absorb grid’s power in super or sub-synchronous modes,
respectively. Equation (14), states that active power and consequently, DC bus voltage can be

controlled via id, whereas iq can control reactive power flow in the grid. This strategy is
depicted in Figure 5. The control signals for the grid converters are:

vZ:[Kler%j[i;—id]
v, =[Kpl+%j[i;—iq]

Where Kpis the proportional gain of the controller, and K, is the integral gain of the controller.

The angular position of the grid voltage is detected using a phase locked loop (PLL), which has
good quality in terms of stability and of transient response [13]. This locked angle will be used to

transform system variables to the d —(Q reference frame. The DC bus voltage is maintained
constant via the outer voltage Pl controller which processes the error between the reference

and measured DC bus voltage and yields i; , while i; is set to zero to compensate for reactive
power at the grid side. The GSC provides needed magnetizing energy through the rotor for the
DFIG. Finally, the measured grid currents (id ,iq) and reference currents (i; , i;) are compared

then processed by inner current Pl controllers, in order to generate appropriate signals for the
GSC.

(14)

(15)
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Figure 4. Vector Control Structure for GSC

3.2. RSC Control

The main purpose of the RSC is to maintain the rotor speed constant irrespective of the
wind speed and also the control strategy has been implemented to control the active and
reactive powers flow of the machine using the rotor current components. The active power flow

is controlled through idr and the reactive power flow is controlled through iqr .To ensure unit

power factor operation like GSC, the reactive power demand is also set to zero here. The
standard voltage oriented vector control strategy is used for the RSC to implement control

action. Here the real axis of the stator voltage is chosen as the d -axis. Since the stator is
connected to the utility grid and the influence of stator resistance is small, the stator magnetizing

current im can be considered as constant. Under voltage orientation, the relationship between
the torque and the d —( axis voltages, currents and fluxes can be written with neglecting of
leakage inductances. To maximize the turbine output power, DFIG must be controlled through
the control of idr and iqr . To simplify the control and calculate i;r , the stator flux component A
is set to zero.

ﬂ’ds =0
Ags = (L + Lm)iqs + Lmiqr =L_i

m'm

(16)

The equations of rotor fluxes are:
L . L2 .
A = L—m/IqS tol,l, = L—’“lm +ol,iy,
S S (17)

ﬂ’dr :%j’ds +6Lridr = O-Lridr
S

L2
L.L

S r

Where o =1-

By substituting the values ofidr and iqr from equation (17) in equation (8), the rotor
voltages are:

Vdr = Rridr + O-Lr %idr - (a)e - a)r)o-Lriqr
q (18)
Vo = R, +oL, Eiqr + (o, —@,)oL,i,
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The reference value V;r and V;, can be found from Equation (18) as:

Vo, =V, — (@, - o)[L,i, +L,i.]

qr m'gs
. . . (19)
Vqr = Vqr + (a)e _a)r)[LrIdr + Lmlds]

Where V;jr and V;qr are found from the current errors processing through standard PI controllers.
The electromagnetic torque can be expressed as:

3 .
Te =—P % ﬂ“qsldr (20)

S

The reference current i;r can be found either from the reference torque or from the

speed errors through standard Pl controllers. Similarly iqr

can be found from the reactive power

errors. The value of i;r can be found using Equation (20):

*
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Figure 5. Vector Control Structure for RSC

4. Results and Discussion

The induction machine is simulated using MATLAB/SIMULINK environment. The
performance of the DFIG system is analyzed under grid voltage fluctuations. The main objective
of this Work is to study the performance analysis of the DFIG for a wind turbine application both
during steady-state operation and transient operation (voltage fluctuations). The voltage
fluctuations are made by lowering and raising the voltage values in the utility grid intentionally
for simulation keeping in view of different grid disturbances.

4.1. Simulation under Balance Grid

DFIG characteristic’'s waveforms under steady-state conditions are shown in Figure 6. It
is observed that the active and reactive powers supplied by the utility grid are decoupled and
DC link voltage is maintained constant due to the control strategy made in the GSC.
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Figure 6. Simulation Results of the Grid under Balance Condition

4.2. Simulation under Change in Supply Frequency

Figure 7, shows how the system is collapsing with change in supply frequency. When
the supply frequency changes from 50Hz rated to 48Hz, the system is not responding to the
control strategy. It clearly indicates that the different control strategy needs to be employed to
respond to the change in frequency. Since the machine frequency is at a rated value 50Hz, it is
not responding to 48Hz, at that time the behavior of the machine is disturbing in nature.
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Figure 7. Simulation Results of the Grid under Change in Supply Frequency

5. Conclusion

The main objective of this Work is to study the performance analysis of the DFIG for a
wind turbine application both during steady-state and transient operation. The modeling, control
and simulation of DFIG coupled with a wind turbine has been carried out. The grid voltage
oriented vector control is used for the GSC in order to maintain a constant DC bus voltage,
while the stator voltage orientated vector control is adopted in the RSC to control the active and
reactive powers. The DFIG system is simulated using MATLAB/SIMULINK environment. It is
concluded that, the traditional voltage control technique which is used on both GSC as well as
the RSC to analyze the performance of the DFIG system under grid voltage fluctuations is
suitable under sudden change in grid voltage.
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