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Abstract: In this study, a three-phase diode bridge rectifier and a single-phase voltage source inverter topology has been proposed for feeding
single-phase utility grid employing a three-phase induction generator fed from wind energy. A self-excited induction generator configuration
has been chosen for wide speed operation of wind turbine system, which gives the scope for extracting maximum power available in the wind.
In addition to maximum power point tracking (MPPT), the generator can be loaded to its rated capacity for feeding single-phase utility grid
using a three-phase induction machine, whereas it is not possible with existing configurations because of the absence of power converters.
For the proposed system, MPPT algorithm has been devised by continuously monitoring the grid current and a proportional resonant controller
has been employed for grid synchronisation of voltage source inverter with single-phase grid. A MATLAB/Simulink model of the proposed
system has been developed to ascertain its successful working by predetermining the overall performance characteristics. The present proposal
has also been tested with sag, swell and distortion in the grid voltage. The control strategy has been implemented using field programmable
gate array (FPGA) controller with modularised programming approach. The efficacy of the system has been demonstrated with the results
obtained from an experimental set-up in the laboratory.
Nomenclature
vqs, vds
This is an op
Attribution L
stator q-axis and d-axis voltage, respectively, V

iqs, ids
 stator q-axis and d-axis current, respectively, A

vqr, vdr
 rotor q-axis and d-axis voltage, respectively, V

iqr, idr
 rotor q-axis and d-axis current, respectively, A

wqs, wds
 stator q-axis and d-axis fluxes, respectively, Wb

wqr, wdr
 rotor q-axis and d-axis fluxes, respectively, Wb

Rs, Rr
 per phase stator and rotor resistance, respectively, Ω

Ls, Lr
 total stator and rotor inductance, respectively, H

Lls, Llr
 per phase stator and rotor leakage inductance,

respectively, H

Xs, Xr
 per phase stator and rotor leakage reactance,

respectively, Ω

Lm
 magnetising inductance, H

p
 number of pole pairs

ω
 reference frame angular velocity, rad/s

ωr
 electrical angular velocity, rad/s

ωm
 angular velocity of rotor, rad/s

Tm
 shaft mechanical torque, Nm

Te
 electromagnetic torque, Nm

J
 combined rotor and load inertia coefficient, kg m2
H
 combined rotor and load inertia constant

F
 combined rotor and load viscous friction coefficient,

Nm s/rad
1 Introduction

There has been a rising awareness worldwide to utilise renewable
energy not only for addressing climate change due to environmental
pollution, but also for providing access to the billions of people
still living without electricity [1–4]. Owing to technological
improvements and significant cost reductions, power generation
from wind energy is nearly competitive with conventional fuels.
Hence, wind energy electric conversion system plays a vital role
for rural electrification to satisfy the electricity needs of the
people living in remote locations. With financial and geographical
constraints, it will be economical to install single-phase transmis-
sion lines in the initial stage of development to cater electricity to
these remote locations. Squirrel-cage induction machine has been
en access article published by the IET under the Creative
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employed in commercial wind farms worldwide due to its rugged-
ness, almost nil maintenance, low cost and it does not require any
synchronising equipment and additional dc source for its operation
[3–9]. Use of standard three-phase squirrel-cage induction machine
has been advocated with this single-phase system for ratings more
than 3 kW because of its wide availability and lower cost as com-
pared with single-phase induction machine [10–13]. Further, the
same machine can be used without replacement or significant add-
itional investment, if the transmission system is upgraded to three-
phase at a later stage.

When the three-phase generator is configured to feed a single-
phase grid, the unbalance between the three-phase currents
should be reduced as much as possible. With a view to minimise
this unbalance, various configurations as shown in Fig. 1 were
proposed in the literature for feeding power to the single-phase
grid employing three-phase induction machine [14–17]. In
these configurations, the unbalance factor will vary with the op-
erating slip and the minimum unbalance can be achieved only
for a particular value of the operating slip. It has been reported
that 80% of the rated power output of the machine capacity
can be achieved when the machine is operated in the reverse
direction with a single capacitor configuration for a slip of 3.1%
[17]. Hence, the limitations of the configurations given in Fig. 1
are the underutilisation of machine capacity and the limited
operating speed range of induction generator which is not suit-
able for maximum power extraction from wind energy. Few
researchers have proposed induction generator for simultaneously
feeding three-phase isolated loads and single-phase utility grid
through power electronic converters [18–20]. In this arrangement,
when the generated power is higher than the load demand, the
excess power will be delivered to the single-phase utility grid
and if the generated power is lower compared with the load
demand, the single-phase utility grid will support the load.
Further, this scheme has been proposed for those systems whose
primary energy sources are micro-hydroelectric plants and diesel
generator systems that operate with a narrow range of rotor
speed variation. Bojoi et al. [21] have presented the commercial
gasoline internal combustion engine driven single-phase grid
connected system employing a three-phase induction machine
and a back-to-back connected voltage source converter. A precise
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Fig. 1 Stator winding configurations for three-phase induction generator supplying single-phase grid
a Single capacitor configuration
b Two capacitor configuration
c Smith connection
configuration for the balanced operation of three-phase induction
generator with maximum power point tracking (MPPT) feeding
single-phase utility grid from wind energy is not available in the
literature. Hence, an attempt is made in this paper to carry out
a detailed analysis on the operation of three-phase induction
generator along with the power electronic controllers feeding a
single-phase utility grid suitable for rural electrification from
wind energy.
In wind energy conversion system, the rotational speed of the

WT should be allowed to vary with the wind velocity for MPPT
[22–26]. Hence, for wide speed operation of the wind generator
system, three-phase induction machine is operated in a self-excited
mode and connected to the utility grid through power converters.
The proposed system employs once such configuration for feeding
power from three-phase self-excited induction generator (SEIG)
to a single-phase utility grid using a three-phase diode bridge
rectifier (DBR) and a single-phase voltage source inverter (VSI).
The salient features of the proposed configuration for feeding single-
phase grid are (i) balanced operation of the generator for all
loads, (ii) the generator can be loaded till its rated capacity and
(iii) possibility of maximum power extraction from the wind
against the configurations shown in Fig. 1. Different MPPT algo-
rithms have been proposed in the literature with and without
speed sensors [22–32]. With mechanical speed sensors, the accuracy
of tracking is less and the maintenance and operational costs
are high. To overcome this difficulty, MPPT control algorithms
are developed by sensing the electrical quantities namely
the voltage and current [26, 28]. Adaptive MPPT is also gaining
interest of the researchers due to the sensor-less behaviour of the
tracking system [29–32]. However, this method includes high
computations and training procedures. Hence, an attempt is made
in this paper to develop a simple MPPT algorithm suitable for
rural electrification feeding power to the single-phase utility grid.
By taking advantage of the known single-phase grid voltage, in
J Eng, 2017, Vol. 2017, Iss. 6, pp. 220–231
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this paper, a MPPT algorithm has been developed by sensing only
the current fed to the grid.

Grid synchronisation and control of the VSI play a vital role in
the operation of the proposed system. In this regard, various strat-
egies have been proposed in the literature for synchronising and
controlling the VSI feeding power to the single-phase utility grid
from renewable sources [33–37]. As compared with other control-
lers, proportional resonant (PR) controller has the advantages of
selective harmonic compensation, better performance in tracking
the grid reference and a reduced computational load [34, 35].
Hence, in this paper, PR control strategy with a linear current
control scheme has been chosen for synchronisation and control
of the grid tied VSI fed from wind energy.

The paper is organised as follows. The description of the
proposed system along with the control strategy is explained in
Section 2. Section 3 presents the system modelling and the per-
formance analysis for both steady-state and dynamic conditions.
Experimental investigations of the proposed system and the
control scheme are given in Section 4. Conclusion is summarised
in Section 5.

2 Description of the proposed system

The schematic diagram of the proposed wind energy conversion
system for feeding single-phase utility grid is shown in Fig. 2. It
comprises of a SEIG, a three- phase DBR, a single-phase VSI
and filter components. The output voltage from the SEIG is of vari-
able voltage-variable frequency (VV-VF) nature and the voltage
and frequency values depend on the available wind energy and ef-
fective load at the generator terminals. The DBR converts this
VV-VF ac voltage into a variable dc voltage. A single-phase VSI
has been interfaced between the three-phase DBR and the single-
phase utility grid through appropriate filters. The VSI is controlled
in a closed loop for extracting the maximum power available in
access article published by the IET under the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0/)



Fig. 2 Schematic diagram of the proposed system for rural electrification from wind energy
the wind with an acceptable grid current total harmonic distortion
(THD) level (< 5%) and unity power factor (UPF) operation at
the single-phase utility grid. For achieving this, a control strategy
has been developed and the schematic diagram of the same is
given in Fig. 3. This strategy has two major components namely
(i) MPPT employing the P&O algorithm and (ii) current control
and grid synchronisation using PR controller.

2.1 MPPT algorithm

In the proposed system, the grid current will vary for any variation
in the output power from the wind-driven SEIG. This is due to the
fact that (i) the grid voltage is constant and (ii) UPF is maintained at
the grid side by appropriately controlling the VSI. Therefore, the
MPPT algorithm has been developed by continuously monitoring
the ac grid current employing the P&O algorithm as shown in
Fig. 3b. This algorithm involves the comparison of the present
and previous rms values of the ac grid current and based on the rela-
tive value of this comparison it gives the value of gain (k). This
gain, k, is continuously adjusted in the closed loop by monitoring
the ac grid current. By this algorithm the ac grid current is always
maintained at a maximum possible value for extracting the
maximum power available in the wind.

2.2 Current control and grid synchronisation

In the present work, PR controller structure given in [34] is imple-
mented for the operation of the grid-tied VSI. This PR controller has
a tracking regulator with the proportional gain Kp, a generalised in-
tegrator to resonate at the grid frequency, H1(s) and a harmonic
compensator, Hc(s) as shown in Fig. 3a. H1(s) and Hc(s) are
given below:

H1(s) =
Kis

s2 + v2
0

(1)

where Ki is the fundamental integral gain, v0 = 2p f 0 and f0 is the
grid frequency (50 Hz)

Hc(s) =
∑h
n=3

Kns

s2 + (nv0)
2 (2)

where Kn is the nth harmonic integral gain and n = 3,5,7,…,h, h
being the highest component of harmonic current to be attenuated.

It is to be noted that the ideal PR controller described by (1)
and (2) offers infinite gain at the respective resonant frequency.
Hence, the practical realisation of an ideal PR controller is difficult
and hence it is implemented as per the following modified
This is an open access article published by the IET under the Creative
Attribution License (http://creativecommons.org/licenses/by/3.0/)
equations [34, 35]:

H1(s) = Ki
2jv0s

s2 + 2jv0s+ v2
0

(3)

H1(s) = Ki
2jv0s

s2 + 2jv0s+ v2
0

(4)

where j is the damping factor.
For the current control and grid synchronisation of VSI, the grid

voltage (vg) and the inverter output current (iinv) are sensed and
given as inputs to the proposed closed-loop control scheme
shown in Fig. 3a. The reference current signal (iref) is generated
by multiplying the grid voltage, vg with the gain, k obtained from
the MPPT block. The reference current thus generated has two com-
ponents, namely, the voltage reference for the grid synchronisation
of VSI and the optimum value of grid current for maximum power
extraction from wind. The reference signal for sinusoidal pulse
width modulation (vpk) is obtained from the PR controller using
iref and iinv. This signal is compared with the carrier signal (vc)
for generating pulses to control the insulated-gate bipolar transistors
(IGBTs) in the VSI.

3 Analysis of the proposed system

To show the efficacy of the proposed system in feeding single-phase
utility grid from wind energy source, both the steady-state and
dynamic analyses have been carried out by building a MATLAB/
Simulink model using the SimPowerSytems toolbox. This model
has three major components namely a wind turbine (WT) model,
a generator model and the power and control circuit models.
Details on the development of these models/components are
explained below.

3.1 WT model

For verifying the working of the proposed system feeding
single-phase utility grid along with MPPT, the WT model avail-
able in the MATLAB is used as a prime mover for driving the
generator. Mathematical modelling of the WT is widely available
in the literature [22–32] and this model has been used for the
simulation of the WT. The WT has been configured such that it
gives a nominal mechanical power output of 5 kW for a base
wind velocity of 12 m/s. The WT parameters used for the simula-
tion are, maximum power at base wind velocity = 0.95 p.u.; base
rotational speed = 1 p.u. (1500 rpm); gear ratio = 1:1; air density,
ρ = 1.205 kg/m3; power coefficient, Cp(max) = 0.48 for the tip
speed ratio, λ = 8.1 and the blade pitch angle, β = 0°.
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Fig. 3 Proposed control strategy
a Block diagram of the control technique
b Flowchart of the MPPT algorithm
Td: time delay in seconds; ig: grid current; Igc: present value of the grid current; Igp: previous value of the grid current; ɛ: tolerance which is taken as 0.001;
k: gain; Δk: change in gain
3.2 Induction generator model

To show the working of the proposed system, a three-phase, four-
pole, 230 V, 50 Hz, 3.7 kW, delta-connected squirrel-cage induc-
tion machine is operated as a SEIG with a capacitor of 100 μF
per phase. This machine delivers rated power and rated voltage
J Eng, 2017, Vol. 2017, Iss. 6, pp. 220–231
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for a speed of 1500 rpm. Hence, the base rotational speed is
taken as 1500 rpm for designing the WT for driving this SEIG.
Experimentally obtained parameters of this induction machine are
Rs = 1.3 Ω, Rr = 1.75 Ω = 2.6 Ω and Xs = Xr = 2.6 Ω.

For analysing the proposed system, asynchronous machine
model available in the MATLAB library is used. Dynamic
access article published by the IET under the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0/)



Table 1 No-load saturation curve parameters of a three-phase, four-pole, 230 V, 3.7 kW, delta-connected induction machine

Is, A 1.7 2.6 3.3 3.8 4.3 6.1 8.1 10.5 11.5 14.1 16.2 18.0
Vs, V 118 163 190 208 223 255 285 300 321 367 386 395

Is is the stator current; Vs is the stator voltage; the first point (first column of the table) corresponds to the point where the effect of saturation begins.
modelling of the asynchronous machine is implemented using the
following equations [38]:

Vqs = Rsiqs + vfds + rfqs (5)

Vds = Rsids − vfqs + rfds (6)

Vqr = Rriqr + (v− vr)fdr + rfqr (7)

Vdr = rridr − (v− vr)fqr + rfdr (8)

Te = 1.5p fdsiqs − fqsids

( )
(9)

where

r = (d/dt); vr = v× p; fqs = Lsiqs + Lmiqr;

fds = Lsids + Lmidr;

fqr′ = Lriqr + Lmiqs; fdr′ = Lridr + Lmiqs; Ls = Lls + Lm;

Lr = Llr + Lm

The equations expressed in (5)–(9) are in a two axis (dq) reference
frame. Iron loss component is ignored and the machine parameters
Fig. 4 Steady-state response of the proposed system at MPPT condition for differ
a Output power\rotor speed against wind velocity
b Voltage/frequency against wind velocity
c Line current against wind velocity
d Current\gain against wind velocity

This is an open access article published by the IET under the Creative
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are assumed to be constant in this modelling. The modelling of the
mechanical system is given by

rvm = 1

2H
Te − Fvm − Tm
( )

(10)

rum = vm (11)

The asynchronous machine model available in the MATLAB is
configured to operate as an SCIG with torque as an input parameter.
The negative value of the torque output from the WTmodel is given
as the input to the machine to operate it as a generator. It is well
known that the no-load saturation curve of an induction machine
is a non-linear function and SEIG operates in the saturation
region of the magnetisation characteristic [39]. Hence, it is required
to give the no-load saturation curve points in the asynchronous
machine model to operate it as a SEIG. The no-load saturation
characteristic is specified as points in the machine model by a
2 × n matrix, where n is the number of points taken from the satur-
ation curve. The experimentally obtained no-load saturation
characteristics for the three-phase, four-pole, 3.7 kW delta con-
nected induction machine is given in Table 1. Further, the residual
ent wind velocities
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Fig. 5 Dynamic response of WT and SEIG parameters for the step change in wind velocity
vw: wind velocity, Tm: mechanical torque, Nr: rotational speed, Te: electromagnetic torque, vs: stator voltage, is: stator current, ic: capacitor current, il: rectifier
input current, Pe: electrical power output from generator
flux should be present in the machine for the self-excitation and
hence the initial stator currents are given in the machine model
with finite values. To meet the reactive power requirement and
also for self-excitation, a 100 μF/phase capacitor has been con-
nected at the stator terminals of this machine model.

3.3 Power and control circuit

For the simulation study, the power circuits, namely, three-phase
DBR and single-phase VSI are built using the diode and IGBT
models available in the SimPowerSystems toolbox. The values
of the filter components used in the simulation are: Ldc = 10 mH;
Cdc = 1000 µF; Linv = 7 mH; Lg = 0.96 mH; Cg = 30 µF; Rd = 2.5 Ω.
The values of Ldc and Cdc have been chosen so that the dc voltage
at the input terminal of VSI is ripple free and current at the dc
terminal of the DBR is continuous. The grid side filter is designed
so as to reduce the harmonics in the current fed to the grid [40].
The single-phase utility grid is realised using a single-phase
voltage source available in the MATLAB.
The MPPT algorithm described in Section 2 has been im-

plemented by writing the appropriate code in the embedded
MATLAB function. The PR controller for the current control and
grid synchronisation is realised using the transfer function block
(s-function) available in the MATLAB. The values of PR controller
parameters are: ξ = 0.0001; Kp = 1; Ki = 10; K3 = 70; K5 = 70. These
values are selected by trial and error method in order to track the
reference current and to maintain UPF at the utility grid. The
output signal from the PR controller is taken as the reference
signal, vpk for the generation of PWM pulses. The triangular
J Eng, 2017, Vol. 2017, Iss. 6, pp. 220–231
doi: 10.1049/joe.2017.0091

This is an open
carrier wave, vc of 5 kHz is compared with the reference signal,
vpk to generate the gating pulses to trigger the IGBTs of VSI.

3.4 Steady-state performance

The steady-state performance characteristics obtained from simula-
tion for extracting the maximum power available from the wind are
given in Fig. 4. Fig. 4a gives the maximum mechanical power
output from the WT and the corresponding rotational speed for a
given wind velocity. This figure also includes the electrical power
output from the generator. It can be observed from this figure that
the wind-generator system will operate for a specific value of rota-
tional speed to extract maximum power from the wind. The dc input
voltage to the VSI, stator voltage and the generated frequency of
SEIG also vary with the wind velocity with the corresponding rota-
tional speed for MPPT and the results are given in Fig. 4b.

The advantage of the proposed configuration is the balanced op-
eration of currents in the three-phase machine as compared with a
conventional system employing fixed phase balancing components
for feeding a single-phase utility grid. This aspect is observed in
the simulation and corresponding line currents at stator, capacitor
and rectifier input terminals with respect to the wind velocity
are given in Fig. 4c. As the balanced operation is achieved in the
proposed configuration, the machine can be loaded till its rated cap-
acity. This is seen from the electrical power output of the generator
with respect to the wind velocity as given in Fig. 4a. Further, the
generated frequency and the grid frequency are different in the pro-
posed system as the machine terminals are decoupled from the
single-phase utility grid employing power converters. This feature
access article published by the IET under the Creative Commons
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Fig. 6 Dynamic response of the controller with dc and grid side performance quantities of 1-Φ VSI for a step change in wind velocity
Idc: inverter input current, Vdc: inverter input voltage, k: gain output from MPPT controller, iref: reference current to the PR controller, ig: grid current,
vg: grid voltage, pg: power fed to the grid
is essential for the wide speed operation of the induction generator
to extract the maximum power available in the wind. Hence, the
generator frequency will vary with the rotational speed and its vari-
ation with wind velocity is shown in Fig. 4b. Fig. 4d shows the vari-
ation of the gain and the corresponding grid current and dc input
current to the VSI for maximum power extraction with wind vel-
ocity. This figure confirms that the proposed controller adjusts the
gain with wind velocity for MPPT.

3.5 Dynamic performance

To verify the dynamic performance of the proposed system along
with the control strategy, simulation has been carried out for
various step changes in wind velocity. The response of the
system for these conditions is observed in terms of the performance
parameters of WT, SEIG, the intermediate power converter and the
grid side parameters. For the sake of brevity, only the simulation
results for a step change in the wind velocity from 8 to 10 m/s at
t = 1.5 s and from 10 to 8 m/s at t = 2 s are given in Figs. 5 and 6.
This is an open access article published by the IET under the Creative
Attribution License (http://creativecommons.org/licenses/by/3.0/)
It can be observed from Fig. 5 that, for MPPT condition, there
exists a particular rotor speed and a corresponding mechanical
power output from the WT for a given wind velocity. As an
example, at 8 m/s the rotational speed is 1135 rpm and the corre-
sponding power output is 0.95 kW and these values are 1342 rpm
and 1.85 kW, respectively, for 10 m/s. This figure also gives the
corresponding variation of other performance quantities with
respect to time for a step change in the wind velocity.

To illustrate the successful working of the proposed control strat-
egy, the signals at various points of the controller shown in Fig. 3a
were observed for various step changes in the wind velocity. Again
for the sake of brevity, the simulated results are given in Fig. 6 for
a change in wind velocity from 8 to 10 m/s and back. From this
figure it can be noted that the controller adjust the gain, k by con-
tinuously monitoring the wind velocity for MPPT. This figure
also shows the variation of dc voltage and current at the input
side of VSI, grid voltage, grid current and harmonic spectra of
the grid current. The enlarged view of the grid voltage and the
grid current are also included in this figure to show the grid
Commons J Eng, 2017, Vol. 2017, Iss. 6, pp. 220–231
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Fig. 7 Response of the system with momentary disturbance and distortion in the grid voltage for a wind velocity of 10 m/s
a Response of the system for 10% voltage sag
b Response of the system for 40% voltage swell
c Response of the system for a 10% THD in the grid voltage
d Harmonic spectra of the grid current with 10% THD in the grid voltage
synchronisation and UPF operation of the VSI employing the pro-
posed control strategy. Further, it can be observed from the figure
that proposed controller also maintains the grid current THD at
lower than 5%. This exemplifies that the ac grid current is main-
tained close to sinusoidal by the proposed controller.

3.6 Response of the system with momentary disturbance and
distortion in the grid voltage

In rural applications, one of the main problems is the poor power
quality such as appreciable level of voltage variations and voltage
distortion in the single-phase utility grid. As the proposed system
is envisaged to be implemented with such systems, it is required
to test the successful working of the proposed system for the
momentary disturbances like sag, swell and distortion in the grid
voltage. Hence simulation has been carried out for different con-
ditions of voltage sag and swells in the grid. For the sake of
brevity, the simulation results for a voltage sag of 10% and a
voltage swell of 40% are given in Figs. 7a and b, respectively.
For this simulation, the voltage sag and swell has been introduced
at t = 1.44 s and maintained for six cycles. It can be observed
from the simulated results that the gain k of the controller is adjusted
according to the variation in the grid voltage and the normal oper-
ation of the system is restored after the momentary disturbance.
Similarly, the distortion in terms of harmonics in the grid voltage
is also considered to evaluate the performance of the system.
Fig. 7c shows the grid side parameters for a grid voltage with a
THD of 10%. The harmonic spectra of the grid current given in
Fig. 7d shows that the grid current THD is maintained within the
J Eng, 2017, Vol. 2017, Iss. 6, pp. 220–231
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limit. This illustrates that the proposed control strategy feeds
almost sinusoidal current even with the distorted grid voltage.

4 Experimental investigation

To demonstrate the working of the proposed system and the control
strategy, a prototype was built in the laboratory. For this experimen-
tal study, the same three-phase, 230 V, 3.7 kW induction machine
considered for the analysis in the previous section has been used.
A separately-excited dc motor is used as a prime mover for
driving the generator and for self-excitation, a capacitor bank of
100 μF/phase is connected at the stator terminals. A three-phase
DBR module (MD8TU6012) has been used to convert the variable
ac output voltage from SEIG into variable dc voltage. This variable
dc voltage from DBR is given as the input to the single-phase
VSI through a smoothing inductor and a dc link capacitor. A
SEMIKRON make inverter module built using SKM100GB12V
IGBTs along with the gate driver circuits is used as a single-phase
inverter. The output of the single-phase inverter is connected to
the single-phase 230 V, 50 Hz system through LC filter and an
autotransformer. The values of the filter components and machine
parameters are the same as used in the analysis.

The control strategy shown in Fig. 3a is implemented using
a field programmable gate array (FPGA) (NB3000 Altium Nano
Board) with SPARTAN 3AN package. The entire control strategy
is implemented using a module-based Verilog coding for ADC,
MPPT and PR control for current control and grid synchronisation.
The grid voltage is sensed using LEM make voltage transducer (LV
25-P) and conditioned appropriately using signal conditioning
access article published by the IET under the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0/)



Table 2 Performance of the proposed system for a given wind velocity

Vw, m/s Nr, rpm Pm, kW sim/exp VS, V IS, A IC, A IL, A fg, Hz Pe, kW Vdc, V Idc, A Ig, A

9 1220 1.7 sim 197.2 9.2 7.9 4.7 37.1 1.45 268.2 5.2 5.69
exp 195.0 9.1 8.1 4.3 38.2 1.42 270.2 5.0 5.54

11 1440 3.2 sim 222.2 13.3 10.9 7.6 45.5 2.91 305.5 8.7 11.20
exp 218.0 13.8 11.1 8.06 46.4 2.85 310.6 8.2 10.75

sim: results obtained from simulation, exp: results obtained from experiment; vg: grid voltage (230 V).

Fig. 8 Experimental waveforms of the proposed system at MPPT condition
vs: stator voltage (500 V/div), is: stator current (50 A/div), ic: capacitor current (50 A/div), il: rectifier input current (15 A/div), Vdc: dc voltage(150 V/div),
Idc: dc current (3 A/div), vg: grid voltage (500 V/div), ig: grid current (10 A/div), t: 50 ms/div
a At wind velocity of 8 m/s
b At wind velocity of 10 m/s
circuits before giving it to the FPGA board. Similarly, grid current
and inverter currents are sensed using LEMmake current transducer
(LA-55) and given to FPGA board for closed-loop control. For
digital implementation of PR control, the transfer functions given
in (3) and (4) in s-domain are converted into z-domain by bilinear
transformation (Tustin transformation) as given in [34, 35] which is

s = 2

Ts

1− z−1

1+ z−1

( )
(12)
This is an open access article published by the IET under the Creative
Attribution License (http://creativecommons.org/licenses/by/3.0/)
where Ts is the sampling period. An up-down counter is used
to generate the triangular carrier wave of 5 kHz internally.
The gating pulses for IGBTs of VSI are generated by comparing
the reference signal obtained from the PR control with the carrier
wave.

To ascertain the working of the system, experiments have
been conducted by setting a particular rotor speed and the MPPT
controller gain to represent the maximum power point for a given
wind velocity. These values are obtained from the simulation
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model described in Section 3 and the predetermined performance
quantities are given in Table 2. For the sake of brevity, this table
gives both the predetermined and experimental results for the
wind velocities of 9 and 11 m/s.
The experimental waveforms of stator voltage, stator current,

capacitor current and the input current to the DBR, dc voltage
and current at the intermediate power converter stage and grid
voltage and current, power fed to the grid were also observed
using digital storage oscilloscope for different operating conditions.
Fig. 8 shows these experimentally obtained results at MPPT condi-
tion for the wind velocities of 8 and 10 m/s and Figs. 5 and 6 show
the corresponding waveforms obtained through simulations. It can
be seen from these figures that the grid voltage and current are
in-phase which validates the practical implementation of the
proposed control strategy for the grid synchronisation and UPF op-
eration of VSI. The grid current harmonic spectra were also experi-
mentally captured using a harmonic analyser and the results are
shown in Fig. 8. It can be noticed from this harmonic spectra that
the current THD is lower than 5% which confirms the sinusoidal
operation of the grid current employing the PR control. Closeness
between the simulated and experimental results given in Table 2
and Figs. 5–8 validates the successful working of the control strat-
egy developed for feeding a single-phase utility grid using the pro-
posed wind-driven SEIG system.
To verify the working of the proposed system even with

the momentary disturbance in the grid voltage, experiments
have been conducted by introducing voltage sag and swell. For
the experimental study, the machine has been rotated with a
speed of 1342 rpm which corresponds to the MPPT condition
for a wind velocity of 10 m/s. The grid voltage is varied for a
short duration of time with the help of an auto-transformer and
the voltage and current response at 110 V side are given in Fig. 9.
It can be seen from this figure that, the grid current is adjusted
by the controller by varying the gain according to the change
in the grid voltage. These results further confirm the successful
working of the proposed system even with momentary voltage fluc-
tuations in the grid side.
Fig. 9 Experimental results with momentary distortion in the grid voltage
t1: instant at which voltage sag/swell is introduced; t2: instant at which nominal v
a Response of the system for a 10% voltage sag
b Response of the system for a 10% voltage swell
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5 Conclusion

The suitability of the wind-driven SEIG system with DBR and VSI
for feeding single-phase utility has been studied. As the three-phase
DBR is connected at the generator terminals, the SEIG supplies
balanced load currents. This makes the operation of SEIG to its
full rated capacity as compared with existing configurations using
fixed phase balancing components. In this system, stator terminals
of the generator are decoupled from the single-phase utility grid
and hence the operating frequency of the SEIG is not same as
that of the grid frequency. This allows the rotational speed of the
wind-generator system to vary with wind velocity for extracting
maximum power. For MPPT, a simple P&O based algorithm has
been developed which requires continuous monitoring of the grid
current. A closed-loop controller employing PR control has been
developed and implemented for sinusoidal grid current, grid syn-
chronisation and UPF operation.

To analyse the steady-state and dynamic performance of the
proposed system along with the controller, a MATLAB/Simulink
model has been developed. The asynchronous machine model
available in the MATLAB library is suitably configured to
operate as an induction generator and the configuration procedure
is discussed in detail. Results obtained from the analysis show
that the proposed system always tracks the maximum power avail-
able in the wind with balanced operation of induction generator and
sinusoidal ac grid current. In order to validate the performance
of the proposed system for practical implementation, a prototype
was built in the laboratory and tested for various operating con-
ditions. The closeness between the experimental and simulation
results confirms the usefulness and successful working of the pro-
posed system. The satisfactory response of the system has been
observed both in simulation and experimentation for momentary
disturbance in the grid voltage.

In summary, the attractive features of the proposed wind energy
conversion system are (i) balanced operation of the generator phase
currents leading to the utilisation of the generator to its rated cap-
acity, (ii) simple power converter configuration, (iii) maximum
oltage is restored
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power extraction from wind and (iv) very low current THD at the
grid side. The proposed configuration will play a significant role
in rural electrification, since single-phase utility grid is envisaged
in the initial stages of development in the remote areas. Added
feature of this configuration is that it requires only one additional
leg in the VSI when the utility grid is upgraded to the three-phase
system in the later stage. Hence, the proposed system is economical
and cost effective for powering rural areas from wind energy.
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