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Abstract-  With increased penetration of wind power into the
electrical grid, Doubly Fed Induction Generator (DFIG) for wind
turbines are largely deployed due to their variable speed feature
and hence influencing system dynamics. This paper presents the
modeling and control of DFIG in details, where the stator is
connected directly to a stiff grid and the rotor is connected to the
grid through bidirectional back-to-back AC-DC-AC converter.
The proposed model is the only complete detailed Simulink
model which does not use the Semi-Power System toolbox and
will be suitable to be operated in both sub-synchronous and
super-synchronous mode of operation. A new vector control
strategy based on the rotor flux oriented vector control has been
proposed in this paper. the new vector control strategy is
compared with the stator flux oriented vector control which is
commonly used to control the DFIG. The two indirect vector
control strategies based on the stator flux estimation, and rotor
flux estimation have been applied to the rotor side converter
(RSC) to control the stator active power produced by the
generator. The complete system is modeled and simulated in the
MATLAB/ SIMULINK environment in such a way that it can be
suited for modeling of all types of induction generator
configurations.

Index Terms- Doubly Fed Induction Generator (DFIG), Vector
Control, Wind Energy, Power Control.

I. INTRODUCTION

DUE to the increasing concern about CO2 emissions,

renewable energy systems and especially wind energy
generation have attracted great interests in recent years. Large
wind farms have been installed or planned around the world
and the power ratings of the wind turbines (individually and
farm) are increasing. Typically for any wind farms, wind
turbines based on the doubly fed induction generator (DFIG)
technology with converters rated at about 25%-30% of the
generator rating are used. Compared to wind turbines using
fixed speed induction generators, DFIG-based wind turbines
offer several advantages including variable speed operation,
and four-quadrant active and reactive power capabilities. Such
system also results in lower converter costs and lower power
losses compared to a system based on a fully fed synchronous
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generator with full-rated converter. DFIG is basically a
standard rotor-wounded induction machine in which stator is
directly connected to the grid, and the connection of the rotor
to the grid is via a back- to-back pulse width modulation
(PWM) convertor..A simplified schematic diagram of a DFIG
based wind energy generation system is shown in Fig. 1. This
paper first explains the model of DFIG in the “d-q reference
frame” and the second part is explaining vector control
strategy of DFIG. Indirect vector control approach with linear
proportional-integral PI controllers has been adopted in this
paper in order to control the active and reactive power of
DFIG independently. The control strategy performance is
evaluated in terms of reference tracking of active and reactive
power. Two different indirect vector control strategies are
applied in this paper depending on the flux oriented frame.
First control strategy is based on stator flux oriented frame [4],
and the second strategy is based on the rotor flux oriented
frame [1].

The paper is organized as follows. Section II presents the
set of equations of the d-q model of DFIG. The concept of the
tow vector control strategies is presented in section III while
in section IV simulation results are presented and discussed.
The conclusion is drawn in section V.

Utility Grid
L
Retor Side V&C Grid Side VSC
$ Filter
% il
| |
J % ] —r— |

Fig. 1. Configuration of DFIG wind Energy conversion system
using back-to-back converter [6].

II. DOUBLY-FED INDUCTION GENERATOR (DFIG) MODEL

The induction machine d-q or dynamic equivalent circuit is
shown in Fig.2 [3]. Based on the equivalent circuit, the main
equations of modeling doubly fed induction generator in flux
linkage form can be derived as follows.
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Fig. 2. d-q equivalent circuit of an induction machine [3]
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The stator and rotor currents can be calculated as
following.
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The electromagnetic torque can be calculated as following.

=—( ) ( aslas = Fosla) (1)

2do,
e Tt P dt

(12)
3.
])s = E (vdsldv + qulqv) (1 3)

3. . .
Qs = E (vqslds — vdslqs) (1 4)

Where:
F}; is the flux linkage (i =d or g, and j=sorr)

Vs Vs>V and v, are the stator and rotor voltages on d —q

qr>
axis.

I | and i, are the stator and rotor currents on d-q axis.

qs ’ldv >“qr

F, 0 F, are q and d axis magnetizing flux linkage.

R and R are the stator and rotor resistances.
X ,and X, are the stator and rotor reactance’s.

P is number of poles, J is moment of inertia.

T, is the electromagnetic torque.
T, is the load torque (mechanical torque).
P and Q, are the stator active and reactive power.

weand @, are the stator angular electrical frequency and the
rotor angular electrical speed respectively.

@, is angular electrical base frequency where F/ i =V * w, .

Y is the flux.

The set of equations from (1) to (12) have been
implemented in Matlab/Simulink to model the DFIG. The
mechanical torque, the stator and rotor input voltages and the
synchronous speed are the inputs and the electromagnetic
torque, the stator and rotor currents and the rotor speed are the
outputs. The complete Simulink model of DFIG in is shown in
Fig 3. The model can be run in both sub-synchronous and
super-synchronous mode. Using a positive load torque will
operate the model as a motor (sub-synchronous mode

@, > @, ), while applying a negative load torque will operate

the model as a generator (super-synchronous mode @, > @,

).The power flow scheme of both operating modes is shown in
Fig5 [6].
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Fig. 3. Implementation of DFIG in Matlab/Simulink
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The model also included back-to back AC-DC-AC PWM
converter which connected the rotor circuit to the grid (Fig 4)
which include both rotor side converter (RSC) and the grid
side converter (GSC).
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Fig. 5. Power flow of a DFIG system [6].

III. PROPOSEDVECTOR CONTROL SCHEME OF DFIG

When the DFIG is connected to an existing grid, power
regulation between the stator and the grid is an important step
that must be done [8]. Vector control is one of the most
commonly methods applied to DFIG to control the flow of
active and reactive power between the stator and the grid.

The vector control technique can be applied on both rotor
side converter (RSC) and grid side converter (GSC). The
objective of the RSC is to govern both the stator-side active
and reactive powers independently; while the objective of the
GSC is to keep the dc-link voltage constant regardless of the
magnitude and direction of the rotor power. The GSC control
scheme can also be designed to regulate the reactive power.
The reactive power control by the RSC and GSC is necessary
to keep the voltage within the desired range, when the DFIG
feeds into a weak power system with insufficient local
reactive compensation. The design of the RSC controller will
be the main focus of this paper.

Design of the RSC Controller

The RSC control scheme consists of two cascaded control
loops. The inner current control loops regulate independently

the d-axis and g-axis rotor current components, I,

and 1 gr>
according to some synchronously rotating reference frame [4].
Stator flux oriented reference frame is the most popularly used

one, but in this paper rotor flux oriented reference frame is

used and compared with stator flux oriented reference frame.
The outer control loops regulate both the stator active power
(or the generator torque) and reactive power independently.

A. RSC Controller Based on Stator Flux Oriented Vector
Control

In the stator-flux oriented reference frame, the d-axis is

aligned with the stator flux linkage vector ¥ , namely,

W, =V, and W, =0as shown in Fig 6 [1].

qe

s
WYes

Fig. 6. Phasor diagram with stator flux- oriented vector control [1].

The stator flux is estimated using the stator machine

equation in stationary reference frame (d* —¢q"), as shown
below.

l//dss :J.vdxs _Rsidxs (15)
v, =[v, —Ri, (16)

From the d* — ¢’ components of the stator flux the stator

flux angle @, used of orientation of the control, is obtained:

6, =tan” (2= (17)

ds

From the above dynamic machine equations (1) — (4), the
equations can be rewritten it terms of flux by multiplying in

@, and rearrange we obtained.

: dy,
=Ri, -0y, +—— (18
slcls qus dt ( )

d l//qs
dt

(19)

Vs = Rsiqs + a)el//ds +

~Ri, ~ (@, -0, + Y 20)

d qu
dt

(21)

Vor = Rriqr + (a)e - a)r )Wdr +
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Where
=V, *w,

l//ds = Lsids + Lmidr
l//qs = Lsiqs + Lmiqr

= Lridr + Lmids
+Lmiqs

Var (22)

qu = Lrlqr

As stated before the reference frame attached to the stator
flux at steady conditions, gives the following conditions:

l//ds = l//s and l//qs = O (23)
Substituting (23) in (18) to (22) and we obtain.

vdc = Rsids
' . (24)
vqs = Rslqs + wel//ds
. _—L,.
Ly = L i, (25)
=SnGo—i) (26
L (ms dr) ( )
where
Ve — R,
= (27

e —m

By substituting (25), (26) and (27) in (13) and (14), the
stator active and reactive power can be obtained by the
following equations.

-3L,’
P=——"-wi i 28
K 7 LS elmslqr ( )
0 3L, G —i) (29)
s 2 LS e“ms \"ms dr

By substituting (22), (26) and (27) in (20) and (21), we obtain.

di,
=R, +toL,—~—(o,-w,)oL,i, (30)
Li, + L
v, = Rriqr wr)(M) (31)
where
2

o=1- Ly

L.L,

Equations (28) and (29) indicate that Ps and Os can be
controlled independently by regulating the rotor current

components, igr and idr, respectively. Consequently, the
reference values of idr and igr can be determined from the
outer power control loops.

If Rs is ignored, which is perfectly acceptable to high
power electrical machines, the final expression of stator active
power is given by:

-3L,
P=""2mi (32
=5 e (D)
3L
=——" —i,) (33
Qs 2 LS a)e Lm dr ) ( )
Where v, is constant and equal to the stator voltage.

From equations (30) and (31) the inner current control
loop can be designed using PI controllers, all the details of the
design of the inner control loop can be found in [4]. The final
form the inner current control loop is shown below.

v =k, + 500, =i,)=50,01, i, (34)

I”ql

)+sw,(oL,i,

+—"—i ) (35)

s

ki .« .
vqrz(kp+?’)(zqr —i,

k; and k , are the integral and proportional gains of the PI

controller. Fig. 7 shows the overall vector control scheme of
the RSC [4]. The compensated outputs of the two current
controllers, vdr and vgr, are used by the PWM module to
generate the IGBT gate control signals to drive the IGBT

converter.
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Fig. 7. Vector control scheme of RSC [4].
The terms v, and Vv ., in Figure 7 are the third terms in

equations (30) and (31).
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B. RSC Controller Based on Rotor Flux Oriented Vector
Control

In the rotor-flux oriented reference frame, the d-axis is
aligned with the rotor flux linkage vectory/,, namely,

v, =V, and v, =0as shown in Fig 8 [1].

Fig. 9. Simulink implementation of inner control loop of rotor flux oriented
vector control

IV. SIMULATION RESULTS AND DISCUSSION

To ensure the validity of the proposed DFIG model, the
model has been run using Matlab/Simulink under steady state
condition. The machine parameters are shown in the appendix
below. FiglOa —Figl0f, and Figlla —Figl1f show the output
of the DFIG model in both super-synchronous and sub-

o > / synchronous modes respectively. These plots are self

ge Rotor explanatory. By applying a positive load torque the machine is

, _ axs _ operating as a motor (sub-synchronous mode), while applying
Fig. 8. Phasor diagram with rotor flux- oriented vector control [1]. - . .

a negative load torque makes the machine operates in

generating mode. In the generating mode the machine reaches

steady state conditions after 0.3s, while in the motoring mode

1 5
lgs

5
War ¥

Based on the above orientation equation (21) can be re-written
as following.

v, =Ri, +(®,-0)y, (6) takes 0.3s.
I I I I I I I I I
By re-arrange we obtain WM{\GV"T"ﬂ”ﬁ"*f"’l"ﬁ”’f’”l””
v,—Ri, B e
@ = (@)=t 0D S
r U M AAGA R A AR A AR AT UG
Where JJ\Q (e
Since the rotor is connected to a stiff grid with a constant N N R

voltage, its worth to assume the stator flux constant [1]. i .
Fig.10a . Stator currents of DFIG in super-synchronous mode

The stator flux the stator flux angle @, used of orientation of

Rotor Currents

the control, is obtained:

I I I
T
0,=0,+0, (3 ol b o /\ A N i
£ 1&«,7 777\ 77(7\ ,,‘ L AL | iy | [
6,=[wdt (39) E s W e W \f /Hw% i
i t [ =SNG A A A A
In the super-synchronous mode, @ will be negative, to H e S S S SRR S
verify that the rotor angular speed higher the electrical _“_“‘ e ﬁm;‘(sec) R
synchronous speed, and ensure the validation of equation (38).
v,, and i in equation (37) has to be calculated directly from Fig. 10b. Rotor Currents of DFIG in super-synchronous mode
the inner control loop by using the PI controllers. The ‘ ‘ _The Generator Torque (Nm) _ ‘ ‘
Simulink implementation of inner control loop which derives B R A S R A R A
equation (37) is shown in Fig.9. The inner control loop Iy S
calculates from the desired active and reactive power signals ~  */" - N e
the rotor voltage command vd and vgr. 2 N ]
The output of the inner control loop will be applied as a B T i e e S
gate commands to the rotor side converter (PWM inverter) to e O A N N
control the rotor currents which control independently the : I I T T : %
et o] time (sec)

stator active and reactive power [4].

Fig. 10c. Electrical Torque of DFIG in super-synchronous mode
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Fig. 10d. The rotor and the synchronous speed of DFIG in super-synchronous

mode
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Fig. 10e. The stator active power of DFIG in super-synchronous mode
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Fig. 10f. The reactive power of DFIG in super-synchronous mode
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11c. The rotor and synchronous speed of DFIG in sub-synchronous mode
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Fig. 11d. the electromagnetic torque of DFIG in sub-synchronous mode
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Absorbed Active Power in motoring mode
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Fig. 11f. the absorbed reactive power of DFIG in sub-synchronous mode

The negative sign of the active power means generated

active power (super-synchronous mode), while the positive
sign mean the absorbed active power (sub-synchronous
mode). It’s also clear from the above result that at super-
synchronous mode the rotor speed is higher than the
synchronous speed Fig 10d, and in the sub-synchronous speed

the

rotor speed is less than the synchronous speed Figllc

which confirms the validity of the model.

The vector control system based on the stator flux oriented

reference frame has been run in Matlab/Simulink, and a
reference stator active power (or electrical torque) was applied
to the outer control loop, while a constant rotor current in d

axis I, was applied for the reactive power loop instead of a



reference value of reactive power. The stator active power
was able to track the applied reference value which confirms
the validity of the control system as shown in Fig 12. The
reactive power control is beyond the scope of this paper.

Active Power Tracking
T
— ctive Power
— Reference Active Power

Watt

3
I — time (sec)

Fig. 12a. The stator active power tracking the reference power using stator
flux oriented vector control

The results have also confirmed that the active power was

controlled by the rotor current component on q axisi > Fig

12b shows the variation in iqr which corresponds the variation
in the active power. The change in iqr follows exactly the
change in the step reference power at 0.8s, and 1s which
results the same step change in the stator active power.

the rotor current component In g axis (iqr)
T

Ll
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Fig. 12b. the control of iqr component in the stator flux oriented vector
control

The same response was given when the vector control was
run using the rotor flux oriented vector control, the active
power tracking is shown in Fig 12c.

active power tracking
T

o
time (sec)

Fig. 12c¢. The stator active power tracking the reference power using rotor flux
oriented vector control

control of Iqr

time (sec)

Fig. 12d. the control of iqr component in the rotor flux oriented vector control

Fig 12d shows the variation in 7, which corresponds the

variation in the active power when rotor flux oriented vector

control is applied. The change in iqr follows exactly the

change in the step reference power at 0.8s, and 1s which
results the same step change in the stator active power.
According to the simulation results, figures (12a) to (12d), the
rotor flux oriented vector control strategy proposed in this
paper provides a much better active power tracking accuracy
compare with the stator flux oriented vector control strategy.

V. CONCLUSION

The Simulink model of DFIG has been used in many studies
regarding doubly fed induction generator. Semi-Power System
toolbox was the most popularly tool to model DFIG, a detailed
complete DFIG model including the AC-DC-AC converter
using Matlab/Simulink has not been addressed yet, only a
detailed induction motor model has been introduced in [3].
Modeling and control of DFIG is addressed in this paper. a
detailed DFIG model in Matlab/Simulink is proposed and the
simulation results have been discussed and confirmed the
validity of the model. Vector control strategy based in stator
flux oriented reference frames is presented and the simulation
results show satisfaction of the new strategy. A new vector
control strategy based on the rotor flux oriented reference
frame is presented in this paper, and compared with the stator
flux oriented vector control. The results have confirmed the
satisfaction of the new vector control strategy. The vector
control strategies were applied on the rotor side converter
(RSC) of the DFIG in order to control the active power
independently by controlling the rotor current component in q
axis iqr. The control of the grid side converter can be a future
work in order to control the reactive power and control the DC
voltage of AC-DC-AC converter.

VI. APPENDIX
Specifications of the Machine [3]:

10HP, 3-phase, 4 poles, SO0Hz, 220/380 volt.



Rs=0.19Q R:=0.39Q L, =0.0006 H

L, =000021H L, =0.004H
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