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ABSTRACT

This paper proposes a wind energy conversion system connected to a grid using a self-excited induction generator
(SEIG) based on the maximum power point tracking (MPPT) control scheme. The induction generator (IG) is controlled
by the MPPT below the base speed and the maximum energy can be captured from the wind turbine. Therefore, the stator
currents of the IG are optimally controlled using the indirect field orientation control (IFOC) according to the generator
speed in order to maximize the generated ;;ower from the wind turbine. The SEIG feeds a (CRPWM) converter which
regulates the DC-link voltage at a constant value where the speed of the IG is varied. Based on the IG d-q axes dynamic
model in the synchronous reference frame at field orientation, high-performance synchronous current controllers with
satisfactory performance are designed and analyzed. Utilizing these current controllers and IFOC, a fast dynamic response
and low current harmonic distortion are attained. The regulated DC-link voltage feeds a grid connected CRPWM inverter.
By using the virtual flux orientation control and the synchronous frame current regulators for the grid connected CRPWM
inverter, a fast current response, low harmonic distortion and unity power factor are achieved. The complete system has
been simulated with different wind velocities. The simulation results are presented to illustrate the effectiveness of the
proposed MPPT control scheme for a wind energy system. In the simulation results, the d-q axes current controllers and
DC-link voltage controller give prominent dynamic response in command tracking and load regulation characteristics.

Keywords: SEIG, [FOC, Wind Energy, CRPWM Converter, DC-Link Véltage Control, CRPWM Inverter

1. Introduction

Recently, the wind generation system is attracting
attention as a clean and safe renewable power source.

Induction  machines have many  advantageous
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characteristics such as high robustness, reliability and low

cost. Therefore, induction machines are wused in
high-performance applications, which require independent
torque and flux control. The induction machines may be
used as a motor or a generator. Self-excited induction
generators (SEIG) are good candidates for wind-power
electricity generation especially in remote areas, because
they do not need an external power supplies to produce the

[1-3]

excitation magnetic fields The excitation can be

provided by a capacitor bank connected to the stator
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windings of the induction generator. Magnetizing
inductance is the main factor for voltage build-up of the
IG. The minimum and maximum values of capacitance
required for self-excitation have been analyzed previously
[4-7]

The three phase current regulated pulse-width
modulation (CRPWM) AC/DC/AC converters have been
increasingly used for wind energy system applications.
Their attractive features include: regulated DC-link
voltage, low harmonic distortion of the induction
generator currents and controllable power factor and
efficiency *°). The current regulation of a SEIG in the
synchronous frame has the advantages of fast dynamic
current response, good accuracy, constant switching
frequency and less sensitivity to parameter variations.

In wind generation systems, a variable speed generation
system is more attractive than a fixed speed one because
of the improvement in the wind energy production. In a
variable speed system, wind turbine can be operated to
produce its maximum power at every wind speed by
adjusting the shaft speed optimally. In order to achieve the
maximum power point tracking (MPPT) control, some
control schemes have been studied. For example, a

search-based or perturbation-based strategy !'*'!}

| (1213

, a fuzzy-
logic based contro , a wind speed-estimation-based
algorithm "' has been applied.

In this paper, a variable speed high performance
studied. The
requirements of high dynamic performance is gained
utilizing filed-oriented control (FOC) in which the

dynamic model of the induction generator is simplified

generation system using a SIEG is

and decoupled. The FOC strategy studied in this context
was developed by Hass and Blashke in Germany some
thirty years ago. This technique improves the performance
of the induction generator to a level comparable to that of
a separately excited DC generator. Therefore, the FOC of
an induction generator system permits a high performance

dynamic response using decoupled torque and flux control.

The FOC strategy can be classified into two types, the
direct filed orientation control (DFOC) and indirect filed
orientation control (IFOC). The IFOC strategy is simpler
than the DFOC strategy. The orientation technique may be
done for rotor or stator and/or air-gap flux. The rotor flux

orientation is the best one because there is a linear relation

between the electromagnetic torque and the stator torque
current of the induction generator. Some control schemes
have been studied using DFOC "% and IFOC with stator
flux orientation !'7),

The IFOC of the SEIG for the WECS is composed of a
dynamic model of the wind turbine, a dynamic model of
the IG in the arbitrary and synchronously rotating
reference frames, a dynamic model of the IFOC technique
(decoupling controller), d-q axes current controllers, a
voltage controller, coordinate transformations, a space-
vector PWM (SVPWM) and AC/DC/AC CRPWM
converters as shown in Fig. 1.

In the proposed wind generation system, the control
scheme is based on the MPPT technique. The IFOC
technique with the rotor flux of a SEIG is used for
controlling the CRPWM converter while the grid
connected CRPWM inverter is controlled utilizing the
vector control technique. The current vector of the SEIG is
suitably controlled according to the 1G speed in order to
optimize the wind turbine operation for various wind
speeds. The IFOC of the SEIG allows for control of the
d-q stator currents. So, the output voltage of the CRPWM
converter can be regulated and we can maximize the
efficiency. In the proposed control scheme with the IFOC
of the SEIG, a dynamic model of the induction generator
in d-q axes arbitrary reference frame is carried out. At
field orientation control (FOC), 4,,=0, dA,/dt=0, dA4/dt=0.
and w,=w,, the IFOC is derived in the synchronous
reference frame. Based on the transfer function of the IG
at FOC, the proportional plus integral (PI) current
controllers in the d-q axes are designed and analyzed to
meet the time domain specifications: minimum overshot,
minimum settling time and minimum steady-stafe error.
After that, a PI wvoltage controller is designed to
accomplish the specifications of the voltage control loop
based on the dynamic of the DC-link and the SEIG. Also,
this paper studies the design and control of the grid
connected CRPWM inverter with the MPPT algorithm and
unity power factor. Similarly, by applying the vector
control technique to the grid connected CRPWM inverter,
we can deduce the transfer function of the inverter with
the grid at virtual-flux orientation control (VFOC) and the
design of the d-q axes

current controllers are

accomplished. To verify the design of the controllers and
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system performance, the WECS is simulated starting with
the wind turbine, the SEIG and then the AC/DC/AC
CRPWM converter. The dynamic performance of the
WECS has been studied under different wind velocities
and MPPT. The simulation results are provided to
demonstrate the effectiveness of the proposed control
scheme.

2. System Description

2.1 Composition of Wind Generator System

The wind power generation system studied in this paper
is shown in Fig. 1. The wind turbine is coupled to the shaft
of a self-excited induction generator (IG) through a gear
box. The IG is connected to a CRPWM voltage source
converter with current and voltage regulation utilizing
[FOC control of the induction generator. The generated
DC power is transferred to the utility grid through a
CRPWM voltage source inverter using a vector control

technique.

2.2 Wind Turbine Characteristics
Wind by the

non-dimensional curve of the performance coefficient as a

turbines  are  characterized
function of tip-speed ratio A. The mechanical input power
P, of a fixed-pitch wind turbine as a function of the
effective wind velocity v, through the blades, the air
density, o, the blades’ radius R and the power coefficient
C, is given by:

1

P, ==pR*v,C,(A)

5 (D

Considering the rotational speed of the wind turbine @,
and the torque coefficient C(A), the wind turbine
mechanical torque is given by:
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Fig. 1

Self-excited induction generator wind energy conversion system
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C,(A)=AC,(4) 3)
Where,
R
A= @
Vv

The turbine power coefficient C,(4) is a function of the
tip-speed ratio of the blades if the pitch angle of the blade
is constant. The turbine power coefficient is represented
by various approximation expressions. In this paper, C,(4)
is approximated using a fifth-order polynomial curve fit
given by the following equation and it is shown in Fig. 2.

C,(4)=0.0201-0.10224 +0.0537 4*

©)
—0.00634° +0.0002844* —0.00000454°

The power and torque versus speed curves of the wind
turbine can be calculated by (1)-(5) at various wind
speeds. The parameters of the wind turbine used in this
paper are listed in Table 1.

2.3 Maximum Power Point Tracking (MPPT)
Control
The optimum rotational speed @,, for maximum

mechanical power of the wind turbine is given by:

A

_ “opt

a)opt - R

Vy (6)

The maximum mechanical power P, is obtained
from the wind energy equation as follows:

3
Pm,max = Kp,max Vi (7
Where,
K =5 PRC, 0, (8)

Substituting from (6) into (7), the maximum power
curve versus generator speed can be drawn at various wind
speeds and it is shown in Fig. 3. In this paper, the

maximum mechanical power of the wind turbine is given

by:

P =K 3 (9)

m,max psopt a)apt

where,
1 R’
Kp,opr == pCp,max 3 (10)
2 A
pt
Thus, the corresponding optimal torque is:
T..=K o (11
opt — p.opt Yopt )
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Fig. 2 Power coefficient versus tip-speed-ratio

Fig. 3 shows the optimum operating point for obtaining
the maximum mechanical power versus the speed‘curve at
various wind speeds. These optimum points correspond to
the condition in which the power coefficient Cp becomes a
maximum. From Fig. 2, the maximum value of the power
coefficient, C,,,, equals 0.46 at the maximum tip speed
ratio A, of about 9.2. When the generator speed is
always controlled at the optimum speed given in (6), the
tip-speed ratio remains the optimum value and the
maximum power point tracking (MPPT) control can be
achieved. In this case, information on wind speed is
required. At any wind speed, we can calculate the
optimum rotational speed of the generator from (6), and
then the maximum mechanical power is calculated from
(9). The maximum power is used as the power reference to
the grid connected current regulated pulse width
modulation (CRPWM) inverter.

3. Mathematical Modeling of the SEIG

The dynamic model of the induction generator is
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helpful for analyzing all its characteristics. The induction
machine used as the SEIG is a three-phase squirrel-cage
machine. The machine parameters are listed on Table 2.
In this paper, the d-q model in the arbitrary reference
frame is used because it provides a complete solution for
dynamics analysis and control. The voltage equation of the
d-q model is based on the stator currents and rotor fluxes
are given as:

6000 -

Vw1 =5m/s
Vw2 =6 m/s
vw3=7m/s
Vw4 =8 m/s
Vw5 =9 m/s
Vwé = 10 m/s
w7 =11 m/s
Vw8 =12 m/s

Vw8 ;
5000 -+

w7,
4000 -

3000 -

2000 -~

Turbine Output Power (W)

1000 -

o

100 200 300 400
Generator Speed (rad/sec)

o ¢

Fig.3 Maximum mechanical power of the wind turbine at

various wind speeds

(R, +L,0p) al,o = %w
g ) ~oloc (R +Lop) ~%w i—fp ; :,,
e () e |H])
_ 0 -7 R —(@w-w,) [f—:ﬁ-p]‘
(12)
Vs = —é [ig5dt + Ve -0 (13-a)
V, = 1 Jigedt+Vegl (13-b)
C ‘
The electromagnetic torque is given by:
T, - —%—?i—’f(ldriqs ~Ayiy) (14)

Where, Vi, Vi, iy, and iy are the stator voltages and
currents, respectively. v,, and v, are the rotor voltages. A,
and A, are the rotor fluxes. R,, L, R, and L, are the
resistance and the self inductance of the stator and the
rotor, respectively. L, is the mutual inductance. The
mathematical equation that relates the wind turbine output

torque with the electromagnetic torque of the induction
generator is given by:

Tm=J—d—a)m+,Ba)m+Te (15)
dt
_ 2 -
~-(R.L.+R 2 -oL L 2R -L
iqs ( sHr s Lr ) OLgL,® Lr T m @y (iqs
d |ias ! L L s
— = L —-(R.L,.+R. =2 .
dt ;{qr O-Ler Ol era) ( str s L,» ) . Lma)r Lr Rr lqr
Ay oL ,L,R, 0 olL,L.R, —olL L (0-w,) | A4
i 0 ol,L, R, ol L (wo-,) oL, L.R, | (16)
_Lqur —L,vy
" 1 Lmvdr —Lrvds
olL,L,| —oL,L,v,
L _O-Lervdr
@y, J and  f are the mechanical angular speeds of the
i -7 P, 1 T (17) wind turbine, the effective inertia of the wind turbine, the

induction generator and the friction coefficient,
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respectively. From (12)-(15), the state equations of the
SEIG and turbine can be accomplished as in (16) and (17).

4, IFOC of the Induction Generator

The IFOC dynamics for the induction machine
(torque, slip angular frequency and voltage commands)
can be derived from (12)-(14), respectively at 4,=0,
dA,/dt=0, dA,/dt=0, and @, =, . The torque equation and
slip angular frequency for rotor field orientation are given
in (18)-(19) while the voltage commands of the IFOC are
given in (20)-(21):

= 'ids iqs (1 8)

g =—. (19)

d

o e R+Loc— w.L.oo ‘e
Vdes e;“ —COCLYO' Rs +LSO'§ iss
’ t

L
e;s a)e ﬂ’fir -
= L, A (21)
0

Where, ¢, and €°, are the back EMFs of the machine.
T., 7,, oy, and o, are the electromagnetic torque, the rotor
time constant, the slip angular frequency, and the angular
reference  frame,

frequency of the synchronous

respectively.

5. Dynamic Model of the IFOC CRPWM
Voltage Source Converter

The block diagram of the IFOC PWM voltage source
converter is shown in Fig. 4. It is well known that the
IFOC of induction machines allows for the independent
control of two input variables, stator quadrature axis
current i, and stator direct axis current iy,. This suggests
that it is possible to control the output voltage and power
factor and/or efficiency by controlling the two components
of the stator currents.

The dynamic equations of the CRPWM converter in the
synchronous reference frame are based on the IFOC
dynamics of the IG. Therefore, the dynamics of the
CRPWM converter is given by (22)-(23).

Vdc e
qs

.e*
Las

igs
— L e Vie
R, +0ols B
i
w,0L; |4 il-
% R ERE e
+ 2 Vdc T Cdcs Rig
w,0L; |4
_ Vis
R +ols |17
ids

Fig. 4 Block Diagram of the IFOC CRPWM voltage source converter
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The dynamic equations of the CRPWM converter in the
synchronous reference frame are based on the IFOC
dynamics of the IG. Therefore, the dynamics of the
CRPWM converter is given by (22)-(23).

e;s - tic = (RS + Ls@)l;f + weLsO-ifl; (22)
egs —Vgs =Ry +Loopig — @ L0ly (23)

By considering the converter as an ideal current
regulated source, the energy is transferred between the
induction generator and the dc-link. As a consequence, the
instantaneous power of both the converter’s ac-side and
dc-side is the same.

. 3 : .
Vit =5 Vit +Vais) (4)

From this equation, we can deduce the relation between

the de-link current i, and the q-axis current i, as follows.

. e 2|V e . Vev ‘e
ZqS = 3“[ Vde Lie ] - de Lds (25)
qs

qs

At FOC V°,=0, therefore, there is a direct relation
between the DC-link current and the g-axis current of the
IG.

. 2V, .
g =2y, @6)
3 Vqs

The dynamics of the dc-link is given by:

d . .
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Fig. 5 Block diagram of the CRPWM converter voltage control loop
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Fig. 6 Block Diagram of the vector controlled CRPWM voltage source converter
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Where, C, is the DC-link capacitor, i; is the load
current and iy, is the DC-link current. The state equation of
the CRPWM converter and DC-link are derived from (22),
(23) and (27) as follows.

d I;SC _ 1 1:_ Rs a)eLso} I;SC + eSS —V‘;C
dt i% oL, |~w. Lo R, ic e

29)
A7
Iy

6. Design of the CRPWM Converter
Controllers

d 1|3 Ve
Ve =——|=
dt Cu |2V

In this section, quantitative design procedures of the
d-q axes currents and voltage controllers for the CRPWM
converter are described. These controllers are designed
based on the IG dynamic model at IFOC and DC-link
dynamic model respectively.

6.1 The d-q Axes Current Controllers Design

This section considers the design procedure of the
current controllers based on the voltage equations of the
SEIG at IFOC. A systematic design procedure for the
proportional plus integral (PI) current controllers capable
of satisfying the desired specifications is given. From the
block diagram shown in Fig. 4, a back EMF estimator is
adopted to g-axis current loop for voltage feed-forward
control. By exercising the decoupling control, the model
including the converter and the induction generator can be
simplified and the closed loop transfer function is given
by:

s (K ls+K[*) /oL,
ie” P +s(R 4T, +KS) /oL, +K ¥ /oL, o
N

s? +2§a)ns+a)3

Where,

wy+o L
T, =| =" ) ol +-m 32
q(rw ][SL} (32)

From (31), the controller parameters can be expressed as:

cq _ .2
K" =w, ol

(33)
K% =(2¢w,0L, ~R, ~T,)

Similarly, the closed loop transfer function of the d-axis
current loop is given by:

e (K s+ Ky /oL,
is P +s(R,+T,+K¥) /oL, + K& oL, (34)

2

@,

13

s? + 26w, 5+ ]

Where,
Td = (a)sl T, )a)slrs O-Ls (35)
From (34), the controller parameters can be expressed as:

K =wlol,

od (36)
Kp =(2é’wnds _Rs +Td)

Where, ¢ is the damping ratio and @, is the natural

frequency of the current loop.

6.2 Voltage Controller Design

The main task of the induction generator is to regulate
the dc-link voltage.
accomplished in the previous section, the g-axis stator

According to the analysis
current of the induction generator is selected as the
variable to be changed to regulate the dc-link voltage. The
voltage control is carried out through a voltage control
loop using a PI controller. The block diagram of the
voltage control loop is shown in Fig. 5. The closed loop
transfer function of the voltage control loop is given by:

Ve (S)|

(K /oL C 4 Nass? +ays+a,)
Vi), o

st +bys° +by52 +bys+b,

4
~ a)n

st +2.1@,s® +3.40%5* + 270 s + 0}
(37

From (37), the controller parameters are:
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K; = I 7 P
de K,' (38)
C
K} = % __3400? -K™)
chK[‘,"

7. Dynamic Model of the Grid Connected
CRPWM Voltage Source Inverter

The grid connected CRPWM inverter is used to inject
the generated power into the grid. By using vector control
techniques, the currents of the CRPWM inverter are
controlled with very high bandwidth. The orientation of
the reference frame is done along the supply voltage
vector to obtain the decoupled control of the active and
reactive power. Usually, the reactive power component
current is set to zero for unity power factor operation.
The primary aim of this control scheme is to modulate the
inverter to regulate the magnitude and the phase angle of
the grid supply current, so that the active and reactive power
entering the network can be controlled. The procedure for
modeling the CRPWM inverter is based on the VFOC
technique. For modeling and control design, three phase
variables in the stationary frame can be transferred to the
synchronous frame. The differential equation of the PWM
inverter can be expressed as follows:

(39)

e* e .
Ve |G Re+Lep  @egly | ig
— @y, L, R, +L,p

e* e -e
V(Jg e dg 1

For balanced three-phase system,

t,} _ { V(,: } (40)
ds =

The d-q current commands of the inverter can be
expressed as:

e * o* e* *

‘g | _2|%sg  Cdg 0 @n
e * 3 e* _ o* *

Ige g €y P

Where, P* and Q" denote the required input active and
reactive powers of the inverter that come from the wind
energy system. To achieve the unity power factor
operation, Q" must be zero. From (40) and (41),

0

1

Y=z (2)
Ldg 3y

From (42), it is obvious that the current command of the
g-axis must be zero for unity power factor operation and
the current command of the d-axis can be evaluated from
the required input active power. It is seen from (40) that
coupling terms exist in the d-q current control loops. The
d-q voltage decouplers are designed to decouple the
current control loops. Suitable feed-forward control
components of grid voltages are also added to speed up
current responses. The d-g current control loops of the
PWM inverter in the proposed system are shown in Fig. 6.

8. Design of the CRPWM Inverter Controllers

The d-q voltage commands are assumed to be not
saturated for linear operation of the PWM modulation
with the d-q current control loops being fully decoupled.
The current control loops shown in Fig. 7 can be
simplified. The closed transfer function is given by:

e 48 98
i, (K®s+KE)/L,

i ST Hs(Rg+gK E)IL, +K®E /L, (43

wz

n

i

s?+ 2w ,5 + @ 3
From (43), the PI current controller parameters are

determined as follows:

K% =@’L
y £ (44)
K% =(2%w,L, -R,)

Similarly, the closed loop transfer function of the g-axis
current loop is deduced as:

i _ (KEs+K®)/L,
ige ST+s(R,+gK¥®)/L,+K™ /L,

2
n

(45)
w

IR

s? +24’wns+a)3

From (45), the PI current controller parameters are
determined as follows:
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Fig. 7  Self excitation dynamic performance of the

induction generator at C=55 pF continue
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9. Simulation Results

This section presents a computer simulation of the
proposed control scheme. The SEIG wind turbine energy
conversion system interconnected to the grid simulation is
carried out using a MATLAB/SIMULINK package. The
dynamic performance of the whole system for different
operating conditions is studied.
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Fig. 7 Self excitation dynamic performance of the
induction generator at C=55 pF

9.1 Dynamic Performance of SEIG

MATLAB/SIMULINK simulation software was used to
predict the no-load voltage of a three-phase induction
generator rotating at rated speed with an appropriate
capacitor connected at the stator terminals. The wind
turbine is used as the prime-mover for the induction
generator. Once the voltage reaches its steady-state value,
load is connected across the generator. Fig. 7 shows the
self-excitation performance of the induction generator.
The dynamic performance includes the d-q stator voltage,
d-q stator currents, d-q rotor fluxes, d-q capacitor currents,
frequency, torque and power at no load and loading
conditions.

9.2 Dynamic Performance of IFOC SEIG
Feeding CRPWM Converter

The dynamic performances of the proposed IFOC
technique of the SEIG feeding CRPWM converter for
start-up, wind speed variation and load variation are
shown in Figs. 8-11. The IFOC variables at no-load are
illustrated in Fig. 8. The results confirm the strategy .of the
IFOC for the SEIG. At field orientation, the stator voltage

is aligned to the g-axis and the d-axis voltage is
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Fig. 9 Dynamic performance of the CRPWM

converter at no-load

maintained at zero. Also, the rotor flux is aligned to the
d-axis while the g-axis rotor flux is maintained at zero.
The d-q axes current control and DC-link voltage control
are given in Fig. 9 at no-load. The CRPWM converter is
loaded with a load power of 2200 W at ¢ = 1.25sec and
removed at f = 2:45sec. The dynamic performance of the
SEIG utilizing IFOC is introduced in Fig. 10. These
results confirm good tracking characteristics of the stator
currents and DC-link voltage for the CRPWM converter.
The load regulation performance for the CRPWM
converter is shown in Fig. 11. At ¢ = 1.25sec, the CRPWM
converter is subjected to a load power of 2200 W. The
corresponding g-axis current remained constant due to
constant rotor flux orientation. The slip angular frequency
also increased due to the increase of the g-axis current.
However, the DC-link voltage rejected this disturbance
and maintained constant at the reference value. It is clear
from these results that good tracking and regulation
performance are attainable due to the presence of the
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Fig. 10 Dynamic performance of the CRPWM converter
at loading condition continue

IFOC for the SEIG system. The voltage controller
provides a rapid and accurate response for the reference.
Also, the proposed controller quickly returns the voltage
to the reference under full load with a maximum dip of 16
V. It is evident that the proposed control scheme illustrates
a satisfactory performance with good tracking
characteristics. The resulting regulation performance is
also much better. All results obtained confirm the
effectiveness of the proposed controllers for an SEIG

feeding a CRPWM converter.

9.3 Dynamic Performance of the WECS
Connected to the Utility Grid

In order to predict the performance of the proposed
SEIGWECS for MPPT, extensive simulation studies are
carried out. Simulation waveforms are developed at
different wind speeds (5, 8 and 10m/sec) to track the
maximum power point of the wind turbine. Fig. 12
illustrates the dynamics response of the IFOC of 1G and
the DC-link voltage at different wind speeds and
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Fig. 11 Disturbance rejection characteristics of the

CRPWM converter

maximum power point tracking. The results prove a good
dynamic response in tracking the MPP and the regulation
performance of the DC-link voltage. The same dynamic
response is enlarged in Fig. 13 to show the disturbance
rejection performance. At ¢ = lsec, the wind speed was 5
m/sec and the maximum power corresponding to this wind
speed about 400 W. The tracking and disturbance rejection
performance of the stator currents and DC-link voltage
proves a good response and the effectiveness of the
proposed controllers. At ¢ = 2sec, the wind speed is
increased to 8 m/s and the MPP about 1600W. Due to the
increased load, the actual values of the stator currents,
DC-link voltage and the actual power follow their
references as shown in Fig. 13. The wind speed is
increased at t = 3sec to 10 m/sec. The MPP is about
3200W. The IG is loaded with this maximum power while
the converter system’s actual variables follow their
reference values as shown in Fig. 14. The dynamic
response of the CRPWM inverter connected to the grid is
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Fig. 12 Dynamic performance of the CRPWM converter
with MPPT scheme

given in Fig. 13 at the same wind speed conditions in the
MPPT scheme. The current response of the CRPWM
inverter in the synchronous reference frame at a wind
speed of 5 m/sec is shown in Fig. 14. The results confirm
a good tracking performance. When the wind speed is
increased to 8 m/sec, the d-q axis currents, active power
and reactive power responses are introduced as shown in
Fig. 14. The dynamic response in Fig. 15 provides zero
reactive power and zero g-axis current which confirms
unity power factor operation at different wind speeds. At
the same time the d-axis current and the active power
follow their references to give the MPPT. The line
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Fig. 13 Tracking and disturbance rejection performance
of the CRPWM converter with MPPT scheme

currents at the AC side of the inverter at different wind
speeds are shown in Fig. 15. The grid voltage, inverter
currents and the injected power to the grid are shown in
Fig. 16. From these figures, it is evident that a unity power
factor operation is achieved at different wind speeds and
loading. It is evident that the proposed control scheme
illustrates satisfactory performance and good tracking
characteristics. The resulting regulation performance is
also much better. All results obtained confirm the
effectiveness of the proposed controllers.

10. Conclusion

In this paper, a MPPT control scheme and analytical
model are developed to facilitate the systematic design of
the integrated wind turbine, SEIG, CRPWM converter,
and CRPWM inverter connected to the grid. The dynamic
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Fig. 14  Dynamic performance of the CRPWM inverter

connected to the grid continue (a) Wind speed
of 5 m/sec (b) Wind speed of 8 m/sec

performance of the SEIG driven by a wind turbine is
accomplished. During voltage build up of the SEIG,
variations of the magnetizing inductance are considered.
The voltage build up process, DC-link voltage control and
current control are accomplished utilizing the IFOC of the
SEIG. The rotor flux is aligned to the d-axis in the
synchronous reference frame. A voltage decoupler is
derived to cancel the coupling terms between the d-q axes.
Using an IFOC with rotor flux orientation, the induction
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generator behaves like a separately excited DC generator.
The CRPWM voltage source converter regulates the
converter DC-link voltage according to a reference value.

The converter operates as a boost converter and the
voltage regulation is accomplished by controlling the
g-axis current of the induction generator. The CRPWM
voltage source inverter is designed, according to the
VFOC technique, to transfer the maximum power from the
wind turbine to SEIG to the grid at a unity power factor.
The current controllers are based on the VFOC strategy.
While the active and reactive powers are controlled to
track the MPPT. Simulation results show the effectiveness
of the proposed control techniques used in the CRPWM
AC/DC/AC converter/inverter system connected to the

grid.
Appendix
Table 1 Table 2
Wind Turbine Parameters 3-phase IG Parameters
Power P,=3.2kW P=3.6 kW R, =1.7Q2
Blade radius R=2:26m V=415V R,=27Q
Speed w=196rpm | I=8 A Ly =11.7TmH
Air Density =27 kg/m3 | Poles=4 Ly, =11.7mH
Gear box 3.57 f=50Hz Ly, =180 mH
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