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Abstract: One of the generators that are widely used in MW scales wind turbines is the doubly fed induction. This paper presents
control method which is called the grid voltage-oriented vector control method that is used to control a grid side converter of the doubly
fed induction generator. This control method is capable to solve the grid side converter problems which include regulating the power
flow of the rotor side circuit and maintaining a unity power factor for overall system. The used mathematical model is presented in d-q
reference frame. For solving the mentioned grid side converter problems, the study is validated through simulation using software
MATLAB/Simulink, studies including a modeling, control, and simulation on a 2 MW on-grid doubly fed induction generator wind
generation system. The aim of this paper is to validate the operation of the model by obtaining a constant value for the DC link voltage
at different wind speeds and reactive power values. The DC link voltage performance results of the MATLAB/ Simulink model will be

presented and analyzed.
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1. Introduction

A wind turbine is system designed to convert kinetic energy
into mechanical energy using the rotor then from
mechanical into electrical using the generator. The wind
turbine produces 17 — 39 times as much energy as needed
for its operating until it is lifetime end [1]. The doubly fed
induction generator (DFIG) is simply a wound rotor
induction motor (WRIM) that could work as a motor as well
as a generator. The reason to call it DFIG is as follows:
Doubly fed because it is fed from two sides or from two
power sources. Hence, the DFIG is fed from the stator and
rotor. An induction because of the principle of its operation
is induction. Generator because it works as a motor as well
as a generator.

DFIG is a variable speed fixed frequency generator, which
means the frequency is determined in the DFIG by the grid,
which is the electricity company. Hence, the frequency will
not change when the rotational speed of the generator
changes. The advantages of DFIG including, it is cheap,
generate power even at low speed of wind, the power factor
can be controlled, and the frequency of DFIG is constant and
it does not change with the speed.

a) Wound Rotor Induction Motor

The Induction motor work as a motor and generator.
Synchronous speed separates the operation of the induction
motor as a motor or as a generator. In the wind turbines,
before the wind comes, the induction motor works as a
motor, then when the wind comes and the speed increases,
then the gearbox increases the speed to a speed greater than
the speed of the synchronous speed, then it starts to work as

a generator, and when it reaches the maximum possible
speed as a generator, it stops working automatically because
it will become out of control. Wound rotor induction motor
consists of rotor, stator, slip ring brushes, and wires. From
the stator, there are 3 wires connected to the transformer or
to the grid, and from the rotor, there are 3 wires that
connected to the converter through slip rings and brushes
holding them at the end of the rotor’s wires. The brushes are
holding the slip rings, so the brushes do not rotate but the
slip ring rotates.

b) Betz Limit or Betz Coefficient

In this model, Newton's laws of mechanics will be applied.
It is assumed here that the wind flow is axial and
concentrated towards the rotor and that the winds are not
dispersible. The power produced by the turbine is given by the
following equation:

1
P=Exmx(v12—v22) (D

Where, v;: The wind speed before hitting the turbine.
V4 : The wind speed after the turbine.

And the mass m is equal to:

m=p XAX v 2)
Where, p : Density of the air.  A: Swept rotor area.

v : Wind speed.

Average speed of the wind turbine rotor is given by:

1
vavg = E X (Ul + vZ) (3)

When substituting equation 3 into kinetic power equation
the result is:
1 5 v\3 v\E (v,
P =St x[1-(2) = (2) +(2)] @

V1 V1 V1
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To find the point at which the maximum power is achieved,
the equation 6 with respect to v,is derived as following:

1
dPy, / dv, = %P XAX[(=3)XVi—2X v, X v+ vi]= 0 (5)
1
3XV2—V1=0999V2=§XV1 (6)

When substituting v, into B, equation, the following is
concluded:

1
Py, = (0.5925) x E[p X A X V3] )

Pkin = 0.5925 l:’wind (8)
Where, B, : The kinetic power gained by the wind turbine.
Pying - Power of the wind.

The number 0.5925 means that the power gained by the
wind turbine is only 59.25% from the wind power, and this
percentage is called Betz coefficient or Betz limit. Simply,
out of every 100 units, the wind turbine benefits from 40
units only. Therefore, methods have been developed to
control the turbine so that it makes the most of the wind
power possible.

— —_—
Wind energy : Wind energy spilled
100% 40.7%
— —_—
_— _—
—_— —_—

Conversion to e\edr'\cﬁy:

70% of the 59.3% of the input wind energy

Figure 1: Effect of Betz coefficient [2]

2. Doubly Fed Induction Generator

a) Construction of DFIG
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Figure 2: DFIG schematic [3][4]

DFIG consists of rotor and stator circuits. The stator is
connected and feeds active power directly to the grid
directly. The rotor is connected to the grid through a
bidirectional back-to-back ac/dc/ac connection of the rotor
side converter (RSC) and grid side converter (GSC). There
is a dc link bus between GSC and RSC that is a low pass
filter to reduce the ripple present in the signal. In the rotor,
the power flows in two directions that depend on the mode
of operation which is either from the grid side toward the
rotor or from the rotor toward the grid.

Because of the wind fluctuation the deviation in power is
managed through the rotor. In DFIG 70% of the energy
flows in the path of the active power that is from the stator
towards the grid, and only 30% of the energy is in the
direction from the rotor to the grid. This means the

converter sizing is only 30% in size. The power converter is
usually rated at 25-30% of the generator power rating [5].

b) The Principle of Operation of DFIG

Simply, the principle of operation of DFIG is the speed of the
rotor varies though, through the suitable adjustment of the
frequency of the rotor it is still can be got a constant value of
the frequency of the stator as can be noticed from the equation
below that describes the DFIG stator frequency:

Rotor Speed X Number of Poles
t fRo'cor (9)

fStator = 120

If the generator is running at speed higher than the
synchronous speed ngthat is called super synchronous
mode, that means power flow in rotor circuit is fed from
rotor side to grid side. At this mode to remain or keep the
frequency of the rotor constant, a negative frequency
component (—fgoeor JMust be added. (—fryior ) Means that
power is flowing from the rotor to the grid. Also, if the
generator is running at speed less than the nsa positive
frequency component (—fr,o JMUst be added to remain the
fswtor CONStant. However, when the generator is running at a
nsthe froeor IS Zero that means a constant dc is fed to the
rotor. In that case, it can be said that DFIG is acting as a
synchronous generator. DFIG nowadays is used in Mega
scale projects, the operation modes of it are sub and super
synchronous [6].

More simply, When the wind turbine’s speed is higher than
the ngthe energy and speed of the rotor increases. In this
case the DFIG control scheme helps to remain the speed and
output frequency of the rotor constant by extracting the
extra power and fed it to the grid.

Otherwise, at the sub synchronous mode the power is
flowed from the grid to the rotor side. This mode appears if
the rotor tries to decrease its speed, then power is fed to the
rotor and it does the work of the motoring to maintain its
speed at ng. The path of the power of DFIG in both modes
is describes in the figures below.
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Figure 3: Super synchronous mode.
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c) Modelling of DFIG

Note: The LIST OF SYMBOLS is given in appendix A.
The DFIG includes 2 level full bridge converters connected
through a dc link bus. The first level is the RSC, and the
second level is the GSC. The RSC and GSC according to
the mode sub or synchronous mode might act either as
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inverter or rectifier. If GSC acts as inverter, then the RSC
will act as rectifier and the opposite is true. IGBT switches
are used for this function. The RSC and GSC in DFIG can
work as inverter and rectifier. IGBT stands for Insulated
Gate Bipolar Transistor. The IGBT is controlled by the
gates. The RSC and GSC are controlled by the 6 IGBT. The
figure below shows the 6 IGBT’s in the RSC and the 6
IGBT’s in the GSC

+ Collector
Diode
Gate G G

If DFIG is connected to a balanced 3-phase source, a
rotating magnetic field will be generated in the stator circuit
and a magnetic field will be created in the rotor side because
of the power fed to rotor side. By rotating reference frame,
the magnetic fields are described in the following equations:

(bds = Lssids + Lmidr (10)

(I)qs = Lssiqs + Lmiqr (11)
(I)dr = Lss.idr + Lm.ids (12)
¢qr = Lsslqr + Lmlq (13)

Also, the voltage of the rotor and the voltage of the stator in
rotating reference frame are described below:

Vi = Rgigs + (dccll)—tds) — Wygs (14)

Ves = Rgigs + <djl)—tqs> — wsdgs  (15)

Vir = Ryig + (dj;:r) — (05— Wby (16)
Vor = Ry + (djtqr> + (w5 — w)bg:  (17)

Another important definition is the emf rotation that occurs
because of the rotation of the axis. In the stator circuit, the
magnetic field speed, and the synchronous speed (w,) equal
to each other. But in a rotor circuit, the rotating axis speed is
the relative speed between the stator rotating magnetic field
of the stator and the rotor (ws — w,).

The stator reactive power and active power are shown
below:
P, = 3/2(Vgs X igs + Vgs X igs) (18)

Qs = 3/2(Vqs X ids - Vds X iqs) (19)
3.  Grid Voltage Oriented Vector Control

Control the power converter of the rotor side circuit of DFIG
is essential and through RSCand GSC, the whole DFIG is

being controlled. By applying the vector control method on
RSC and GSC the control process is simpler, faster, and more
efficient. The grid voltage-oriented vector control scheme is
used for this purpose by aligning the dq — axis in the
direction of grid voltage.

a) Modelling of GSC

The aim of controlling the GSC is to regulate the voltage
across the DC link and to compensate for reactive power at
the grid [7].

The GSC circuit is supplied by a three-phase circuit. In the
middle between the RSC and GSC, there is a DC-link that
includes a capacitance C feeding to a resistance R.
Capacitance C which has two functions, it works as a filter
and feeding the resistance R, also it can supply or feed
limited reactive power.

i
i
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Figure 6: GSC configuration.

The dynamic model of GSC in dq rotatory reference frame
is described as follows:
didg

e qr - Vig — Rglg — Vgo + ogLgige (20)
diqg : :
LgT = Vgg — Rgig — Vg + wglgigg (21)

Also, the active and reactive power associated with GSC are
described as follows:

3 ) )
Py = E(Vdgldg + nglqg) (22)

3 . :
Qg = E(ngldg - Vdglqg) (23)

b) Vector Control Scheme

VECTOR CONTROL OF GRID SIDE CONVERTER

v

Figure 7: GSC control scheme [8]

As shown in figure below, the rotating reference frame dq
axis will be rotated along the voltage of the grid. However,
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(Vgg = Vg) and Vg, = 0. That will change the power
equations as shown below:

3
Py = 2 (Vdgidg) (24)

3. .

Qg = _E(Vdglqg) (25)
The DC bus voltage control loop was developed based on
the power balance principle on both sides of the GSC. So
mathematically can be described as shown:

Vdcidc = Vdgidg + ngiqg (26)
As the d — axis of the reference frame is oriented to the grid
that will make V,, and iy, = 0. So, the above equation will
be:

Vdcidc = Vdgidg (27)
But,
: oL dvde
1dc=1c+11=CT+11 (28)
After substitution into the equation:
dVdec  Vgi i
Vee_ Tl L (29)

dt CVpe C

Vgccan be controlled through iggin case i;is used as a
disturbance. In this case as can be seen in figure above the
DC link voltage and reference DC link voltage are
compared with each other. The reference value of DC link
voltage is determined by:

Vi min = V3 Vg (For SVPWM Switching) (30)
To get the reference value of izqthe difference between the
voltages is calculated then fed to a PI controller.Also, the
reference value of ig,is got through the Q.. The reference
value igq and the reference value of iy, are compared with
the grid current dq — original values(igq and igq ).
The resulting signal is fed back to the PI controllers to get
the reference values of Vg, and Vg,. The resulting signals
are then turned into the a3 — referenceframe and finally fed
to a space vector pulse width modulation (SVPWM)to
generate the control pulses.

The PI controller parameters are determined depending on
the parameters of the system and the system’s parameters
values will definitely change when time passes.

The figure below shows the grid voltage-oriented vector
control scheme block diagram which has been implemented
on MATLAB / Simulink.

Figure 8: Grid voltage-oriented vector control block diagram

4. Simulation and Interpretation

In this section, the behavior of the DFIG was carried out
using the MATLAB/Simulink environment under the DFIG
parameters, P1 controller gains, and three blade wind turbine
model parameters that are given in appendix B. The Pl
controller is used with its parameters (K and I) that are
initially adjusted according to the nominal parameters of the
machine [5] . The values of V,;,4 (the wind speed) and
Qg(reactive power at the grid) are the simulation inputs.To
verify the validity of the model, 2 cases have been tested.
Figure 9 shows the value of reactive power of the
gridQgwhich is zero.The figure 10 and 13 show that in an
open-loop system, dc bus voltage fluctuation or ripple is
very large. To reduce this fluctuation one of the solutions is
to increase the DC link capacitor size which is difficult to be
applied in real life. The blue line represents the DC link
voltage which is 1150 v in the ideal case, and the green line
represents the DC link that has been got. The figure 11 and
14 shows the DC link voltage after implementing the grid
voltage-oriented vector control. Here the by suitable control
of the converter a constant DC voltage value has been got.
The blue line represents the DC link voltage which is 1150 v
in the ideal case, and the green line represents the DC link
that has been got.

a) The Performance of DC-Link Voltage

Table 1: The input parameters case 1.
Values with symbol Name
Vwind = 7.5 % Wind Speed (m/s)
Qg=0 % Reactive Power (VAR)

L
Time (s

Figure 9: Reactive power of the grid

Vhus (V)
T

Tifhe (5)

| Mllzigure 10: DC-link voltage without GSC control in casel
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- Figure 11: DC-link voltage with GSC control in casel

Table 2: The input parameters case 2
Values with symbol Name
Vwind =11 % Wind Speed (m/s)
Qg =-400e3 % Reactive Power (VAR)

e QEVAR)

1 1 I L 1

Figure 12: Reactive pg;\;er of the grid in case.

‘Figure14: DC-link voltagé with GSC control in case 2.

b) Simulation Notes

Between the wind turbine driven DFIG and the grid, a
converter is employed to control the power flow from the
Wind turbine to the grid. The results in the graphs can be
explained in the following two scenarios. In the first
scenario, a constant DC voltage value is needed must pass
through the GSC for effective power flow and maintain the
overall system power factor as a unity by fed reactive power

to the DFIG. From the DFIG parameters, it shows that the
DC link voltage is 1150 v and after implementing the
control scheme it the 1150 v has been achieved. Second
scenario, the grid voltage-oriented vector control scheme is
applied to maintain the overall system power factor as a
unity by fed reactive power to the DFIG. The reactive power
is determined by the grid. From the results can be noticed
that the model worked well, and a constant DC link voltage
has been achieved.

5. Conclusion and Future Work

a) Conclusion

As mentioned in the previous chapters, nowadays DFIG is
used in huge MW wind turbine farms. So, it is very
important to consider improving control strategy of it. The
most important point needs to be cared of is the regulating
the power of the converter because every control method is
aiming to regulate the power in different section of the
DFIG. The grid voltage-oriented vector control is used to
control the rotor side circuit of the DFIG, and it is highly
influential on maintaining constant DC link voltage for
effective power flow and maintaining the overall system
power factor as a unity by fed reactive power to the DFIG.

b) Future Work

In the future, a high-efficiency DFIG with energy storage
could be applied. Moreover, it is important in another field
that uses the same type of generator with energy storage
applications, smart systems, and hybrid systems. Also, other
controllers will be used in controlling DFIG such as the
neuronal controller that provides a robustness control.

6. Appendices
a) Appendix A

Table 3: List of symbols

P, Power of wind
Py Output power of WT or Mechanical input power
p Airdensity 1.225 Kg/m
A Areacreated bytherotor
V, Speed of the wind m/s
Cp Powercoefficient
f5tator Stator frequency
fRotor Rotor frequency
Ng Synchronous speed
S Rotor slip
Py Air gap power or power provided to the rotor
P, The activepower of the stator circuit
Q, The reactivepower of the stator circuit
P The activepower of the rotor circuit
Q, The reactivepower of the rotor circuit
dye Fluxcomponent of d — axis of the stator
q)qs Fluxcomponent of q — axis of the stator
dyr Fluxcomponent of d — axis of the rotor
q)qr Fluxcomponent of q — axis of the rotor
L Inductance of the stator
L. Inductance of the rotor
Ly Magnetizationinductance
R Effectiveresistance of the stator
R, Effectiveresistance of the rotor
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Vs The voltage component of the d — axisstator Lsi = 0.087e-3; % Leakage inductance (stator &
Vgs The voltage component of the q — axisstator rotor) (H)
Vyr The voltage component of the d — axis rotor Lm = 2.5e-3; % Magnetizi_ng inductance (H)
Vor The voltage component of the q — axis rotor Rr =2.9e-3; % Rotor ;?Z'tztf?gﬁr;efe”ed to
(g D CAl?fll(l ﬁ:svce;;gctyitor Ls=Lm + Lsi; % Stator inductance (H)
V, The voltage component of the d — axis grid Lr=Lm+ Lsi; % Rotor inductance (H)
dg g P £ Vbus = 1150; % DC de bus voltage referred to
Vag The voltage component of the q — axis grid stator (V)
lgg The grid current d — axiscomponent Fs = Vs*sqrt(2/3)/(2*pi*f); % Stator flux (aprox.)
lge The grid current q — axiscomponent fsw = 4e3; % Switching frequency (Hz)
Lg GridfilterInductance Ts = 1/fsw/50; % Sample time (sec)
R, Gridfilterresistance
P, GSC grid side input active power _Table 5: GSC parameters
Qg GSC grid side input reactive power Val(lljszsw—ltg ;g/r;bol AT bL'J\lsa(r‘:re]lSacitance
\Ilfc l%ii:}r;l;:;) ‘l;?fg Rg = 20e-6; %Grid side filter's resistance
PO Out — Lg = 400e-6; % Grid side filter's inductance
- put power of WT or Mechanical input power Kpg = 1/(15*Vs*sqrt(2/3));
N Airdensity 1.225 Kg/m P9 D"VS™Sq '
A Areacreated bytherotor quet—a;’éf’g* % Pitch angie
\é" Sp;ﬁgiﬁi%ggr‘rp/ S Chus = 80e-3; % DC bus capacitance
P Rg = 20e-6; %Grid side filter's resistance
fstator Stator frequency Lg = 400e-6; % Grid side filter's inductance
frotor Rotor frequency Kpg = 1/(L5*Vs*sqri(2/3));
g Synchronous speed Kqg = -Kpg;
S Rotor slip
Pag Air gap power or power provided to the rotor Table 6: PI regulations parameters
Ps The activepower of the stator circuit Values with symbol
Q, The reactivepower of the stator circuit tau_ig = Lg/Rg;
P, The activepower of the rotor circuit whnig = 60*2*pi;
Q, The reactivepower of the rotor circuit kp_idg = (2*wnig*Lg)-Rg;
Py Fluxcomponent of d — axis of the stator kp_iqg = kp_idg;
g Fluxcomponent of g — axis of the stator ki_idg = (yvrpg’tZ)*Lg;
dgr Fluxcomponent of d — axis of the rotor t;;lsitlk(;ﬁz)qg’
<1>qr Fluxcomponent of q — axis of the rotor Ki v = _30000'0;
Ly Inductance of the stator N
Ly Inductance of the rotor Table 7: Three blade wind turbine model parameters
Lm Magnetizationinductance Values with symbol Name
R Effectiveresistance of the stator N = 100; % Gearbox ratio
Ry Effectiveresistance of the rotor Radio= 42; % Radius
Vs The voltage component of the d — axisstator ro=1.225; % Air density
Vs The voltage component of the g — axisstator beta=0; % Pitch angle
Var The voltage component of the d — axis rotor
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