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Abstract: In this study maximum power control of wind turbine and induction generator connected with two
back to back voltage source converters to grid are studied Machine currents are controlled by indirect vector
control method. In this method, generator side converter controls the maximum excitation (air gap flux) by
machine's d-axis current and controls generator torque by machine's g-axis current. Induction generator speed
1s controlled by tip speed ratio (TSR) upon the wind speed variations in order to generate the maximum output
power. Grid side converter regulates the DC link voltage and injective active power by d-axis current and
regulates the injective reactive power by g-axis current using simple control method P-Q. Sinulation results

show that the proposed method operates correctly.
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INTRODUCTION

Nowadays, among the renewable energy sources,
wind systems are more economic in compare with the
others (Weisser and Garcia, 2005). Variable speed wind
systems deliver 20 to 30% more energy tan the constant
power systems. Also they reduce the power oscillation
and optimize the reactive power presentation (Kim and
Kim, 2007). In order to get the maximum power i different
wind seeds, turbine speed should be able to vary in a
great rage. Selecting the type of generator depends on
different elements such as kind of function, machine
characteristics, maintenance and price. Achieving the
maximum power under direct connection of induction
generator to the grid in constant frequency and voltage
condition is impossible, because if induction generator is
connected to grid directly there won't be the possibility of
a great speed variation between the synchronous speed
and the speed n proportion with the maximum torque.

Doubly fed induction generator (DFIG) has not the
ability to operate in great range of speed wvariations
despite it is greatly used in wind systems. Permanent
Magnet Synchronous Generators (PMSG) are too
expensive to be used in high rate powers.

Squurrel cage induction machines, are used greatly in
industrial purposes because of their low cost, robustness
and easy maintenance. These advantages introduce this
machine as an appropriate choice to be applied in variable
speed wind systems (Senjyu et al., 2006).

The power created by the wind 1s related to the 3rd
power of wind speed. Applying power electronics
conwverters to transfer induction generator's power to grid
by the possibility of speed variation in a great range, is
preferred be cause of thewr great advantages. Wind
turbines with power electronics circuits in the 4 to 5 MW
power range will be applied greatly in near future
(Badrul and Chellapilla, 2006). The method applied to
control the speed and power of synchronous and
induction generators are now applied to the Wind
Energy Converting Systems (WECS) to obtamn the
maximum power of wind turbine (Surgevil and Akpinar,
20035). Back to back converter is an appropriate choice for
squirrel cage induction generator used in wind system
(Pena et al., 2001). Figure 1 shows wind power generation
system connected through two back to back converters
to grid.

Vector control methods are used to separately
control the torque and machine flux (Abo-Khalil ef af.,
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Fig. 1: Connection of wind power generation system to
grid through back to back inverters
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2004). In this study indirect vector control method is used
to control generator where, d-axis current controls the flux
and g-axis current controls the machine speed. Also
machine speed 1s regulated n a way that as maximum
energy as possible will be obtained. Tn order to connect
the system to the grid, two back to back power electronics
comverters are used. In order to control the grid side
converter, P and Q, injected to grid are calculated mn d-q
axis and required control to inject the desired valued is
applied by PT controllers. Simulation results are presented
by MATLAB/SIMULINK software. Simulation results
confirm the back to back converter's appropriate operation
and also confirm the operation of power injection to grid
applying induction generator.

MATERIALS AND METHODS

The proposed system is consisted of five main parts:
Wind model, Wind Turbime, Turbine Maxunum Power
Control, Induction generator, Generator side converter
control and grid side converter control. Theses parts have
discussed and finally the simulation results have been
mtroduced.

Wind model: The model applied for this simulation is
composed of three components and is described as follow
(Kim and Kim, 2007 ):

vVvWIND = VBASE + VGUST + VR_AMF (1)

where, Vg, 18 the main component, Vgyer 15 the gust
component and Vg, 13 the ramp component. The main
component is a constant speed. Ramp component can be
expressed by a sinusoidal function which 1s considered as
a composition of several different sinusoidal functions
and gust component 15 considered as storm and sudden
wind.

Wind turbine: The torque generated by wind blow is
described by the following relations:

P (2)
VVVIND
Py, = —pnRC Vi (3)
3
T, :P_M:lmefcpw_l;ﬂ (4)
0, 2 A

where, Vip 18 wind speed, R 1s the blades radius, P 1s the
air density, wy is rotor angular speed and A 1s the Tip
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Fig. 2: Power conversion factor in terms of TSR for
different pitch angle values

Table 1: Wind turbine parameters

Parameters Values
Rated power 15kwW
Blade radius 55m
Nominal wind speed 12m sec™
Minimum wind speed 4msec”!
Maximum wind speed 18m sec™
Blade pitch angle 0

Speed Ratio (TSR), C; 18 the power conversion factor
which can be defined as turbine power in proportion with
wind power and i1s related to blades aerodynamic
characteristics. Resulted mechanical torque 1s applied as
the mput torque to the wind generator and makes
generator to operate. Power conversion factor 1s
expressed as the function of tip speed ratio 4 as follow:

B _ i n(?\.72)7 _ 5
Cp =(0.44 0.0167[3.)smlg_&36 0.00184(A-2)p (5

where, P is blade's pitch angle. For a turbine with constant
pitch, p is considered as a constant value, Fig. 2 is power
conversion factor (Cp) variations in terms of TSR for
different pitch angle values. Tn this study [ is considered
zero where, the C; value would be 0.4% then.

Table 1 shows the wind turbine parameters values
applied in simulation.

Turbine maximum power control: Figure 3 shows the
relation between turbine output power and its speed in
terms of different wind speeds. Tt is seen that rotor's
optimum speed to obtain maximum power of it, is different
in various wind speeds. Also, Fig. 2 shows that C; is a
function of A and its maximum value is obtained for A,

So, in order to obtain the maximum power of wind
energy A should always be fixed on the A, value which
is possible by blades properly designing. So, relation (2)
gives:
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Fig. 3: Maximum power of turbine in term of wind and
rotor speed

P

I max Fmax

- %pﬂszc Vino (6)

The generator reference speed is calculated as follow:

© Py (7

®
i WIND
R

So, by measuring wind speed, generator reference
speed is obtained to get the maximum wind energy (Abo-
Khalil ez al., 2004).

Induction generator: In wind system, integrated and
high degree models should be applied to simulate the
induction generator in order to reach to the desired
answer (Karrari et al, 2005). Several kinds of induction
generators are studied in different sources (Ong, 1997).
5th degree model 18 used for simulation in this study.
Equations related to this model are obtained as follow by
applying Park’s conversion on machine voltage and
current (Ong, 1997).

1y, e
v =Ri_+——2E+ ¢ (8)
OOTE g, dt e, Yo
Vo =Ry, + L_dwﬂs )
w, dt
0-Rj, + L We (070, (10)
m, dt w,
d .
0-Rj, + L We (O 20) 11
o, dt o,
0=R,i, + L Mor (12)
o, dt

where, v, V., Vy, i g I are stator veltages and
currents and v, v,
currents m d-q axis and:

Vip Ly 1ge g are rotor voltages and

Wy = Xodg, T Xy (13)
Yoo = Xody, + X gy (14
Yo, = Xydge + K lye (15)
Wy = X dg + X1, (16)
Wy = Xpdy + Xy (17

W =Xy (18)

where, for balanced load 1, = 1,, = 0.
The relation of torques applied to induction
generator rotor 1s as follow:

T,-T = Jdc‘i’i' + D, (19)

where, T, is the mechanical torque applied to rotor and
T, is generator electrical torque and D.w T is damping
torque and T 1s the sum of turbine and generator nertia. In
reference (Ong, 1997) induction generator’s electrical
torque is shown as follow:

T =iimbxm(id:i Siiy) (20)

4s qr

3P, . .
L= EE(W“’I“" Vil

k2

P .
T(K ly = Agly)

where, P is the number of induction generator’s poles.
Above relations express the dynamic of induction
generator completely. Characteristics of generator used in
simulation are presented in Table 2.

Control of grid connected system: For a specific wind
speed, wind turbine’s operation point (output mechanical
power and rotor speed) 1s determined by turbine’s and
load’s (induction generator) characteristics junction point.
The generator stator voltage is determined by grid voltage
which will be used m induction generator simulation.
Machine equations are converted in the rotor flux
frame. Rotor flux is turning in synchronous speed but in
a different angle than stator flux, if there is a sinuscidal
excitation. Choosing d-axis on the rotor flux, q component
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will be zero. This fact simplifies the equations very much.
Now the torque and flux equations (Ong, 1997) expressed
in earlier part will be changed as follow:

. . . X,
Y, =X +x 0 =0 1‘11:—Xr i, (21)
.. Px,. .
T, =7Tl*1qf =T—ldr1qs (22)
i
0, —m, = Xu e (23)
T Ay
T (24)
RI‘
X,
Ay=—2—1 (25)
“TieTp®

The above relations are the main relations of vector
control (Ong, 1997, Chinchilla ef al., 2006). This method
simplifies the induction machine controlling. This method
15 very similar to De machine's independent excitation
where, flux is the function of field current and torque is in
proportion with flux and rotor current. The main problem
of vector control method is flux axis angle calculation
where 1s done by measuring the flux in two points with 90°
displacement and then angles are calculated using the
resulted fluxes or estimating in regard to rotor speed (Ong,
1997).

Generator side converter control: Figure 4 shows the
generator side converter controlling system and structure.
In this part, generator's speed is controlled to generate the
maximum power. In order to reach this aim, a PT controller
is used to control the speed. Speed controlling loop
generates the current component of generator to control
the torque and speed of generator for different wind
speed values. Proportional and integrated PI controller
values used in simulation are K, = 12 and K, = 25. In
respect to the fact that motor power 1s directly related to
air gap flux, this air gap flux will be maintained in its
nominal value and d-axis current value can be calculated
by air gap flux on the basis of relation 25. Flux axis angle
1s calculated as:

0~ = n b (26)
’ ’ Tx )\'dt
B:J-(w,+wm)dt 27

Grid side converter control: Figure 5 shows the grid side
converter controlling system used to control the injective

Fig. 4: Configuration and control system of generator
side converter

[ =
| PWM |

Fig. 5: Configuration and control system of grid side
converter

active and reactive powers. Relations of these powers in
synchronous reference are as follow (Chinchilla et af.,
2006; Hana ef al., 2007):

p- %(vdid Sy (28)
3 (Vi —vi (29)
Q= 5 Vi~ Vi)

If synchronous reference is synchronized with grid
voltage, g-axis component of grid voltage would be zero
and power relations will be as follow:

P :%m (30)
Q:*%Vaiq (31)

According to the above relations active and reactive
powers are applied to control g-axis currents, respectively.
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Two controlling loops are used to control these currents.
Capacitor voltage controlling loop is used to control the
d-axis reference power transfer. g-axis reference current is
specified by selecting desired injected to grid reactive
power. If unit power factor is considered g-axis reference
current is regulate at zero wvalue. In this simulation,
integrated and proportional values are Ky, =2and K, =10
for the PT controller which is controlling the capacitor
voltage. PI controller which is controlling the currents is
considered with K, = 0.1 and K, = 80 values.

RESULTS AND DISCUSSION

In order to study the proposed wind turbine system's
operation, mentioned system is simulated by
MATLAB/SIMULINK software with the parameters of
Table 1 and 2.

Mentioned system is simulated for a wind with
variable speed for 4 sec. Figure 6 shows the wind speed
curve,

In Fig. 7 and 8 capacitor voltages and injective
reactive power are presented. These two figures show
that the system has appropriately provided the
requirements to be connected to grid Because capacitor
voltage value is maintained constant and the reactive
power transferred to grid is negligible (unit power factor
is considered).

Table 2: Induction generator parameters

Parameters Values
Rated power 15 kW
Naominal voltage (I.-1.) 460V
Rated frequency 60 Hz
No. of poles 4
Stator resistance R, 0.2761Q
Stator inductance L, 2.2mH
Raotor resistance R', 0.1645Q
Rotor inductance L' 2.2 mH
Magnetizing inductance L,, 76.14 mH
Inertia J 0.1kgm’
Friction factor F 0.018 Nms
12
r’é‘ 114
£
'§ 104
B
o
g
B 9
B -
) L) L] L] T
1.5 20 2.5 3.0 3.5 4.0

Time (sec)

Fig. & Simulated wind speed (m sec™)

Figure 9 presents the true and estimated speeds of
rotor. [t 1s seen that rotor has tracked the calculated speed
correctly to obtain the maximum power of turbine.

15 20 25 30 35 40
Time (sec)

Fig. 7. DC link voltage (v)
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0.6+
0.3
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Fig. 8 Injected reactive power to grid (kVAr)
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U

1504 — #rtual rotor speed
— — = Reference rotor speed
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Fig. 9: Actual and reference rotor speed (m sec™)
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-0.54 — Active power injected to grid
— — — Maximum mechanical power of turbine

-1.0 T T T

15 20 25 30 35 40

Fig. 10: Actual and reference rotor speed (kW)

Figure 10 shows the electrical and mechanical
powers. It 13 seen that, injective power's curve tracks
turbine's maximum mechanical power. The difference
between these two curves is justified by considering
mechanical and electrical losses.

CONCLUSION

Developing wind turbines, different technologies are
presented for them. Despite of vast application of doubly
fed mduction generators (DFIG), speed variation
possibility in direct drive squirrel cage induction
generator is more than that in DFIG. In this study squirrel
cage induction generator with two back to back voltage
source converters 1s used to conmect wind turbine to the
grid. Generator side converter is controlled by indirect
vector control method and the gnid side converter 1s
controlled by active and reactive powers injection to grid
method. Simulation results show that the maximum power
of turbine is obtained correctly for different wind speeds
and also show that expected reactive and active powers
are mnjected properly.
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