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Small wind turbine systems offer services to critical loads during grid faults and also connected back to grid in normal condition.The
connection of a wind energy conversion system to the grid requires a robust phase locked loop (PLL) and continuous monitoring
of the grid conditions such as overvoltage, undervoltage, overfrequency, underfrequency, and grid outages. This paper describes
a flexible control operation to operate a small wind turbine in both stand-alone mode via planned islanding and grid connected
mode as well. In particular, a proper monitoring and control algorithm is required for transition between the modes. A wavelet
based energy function is used for detection of grid disturbances as well as recovery of grid so that transition between the modes is
made. To obtain good power quality LCL filter is used to reduce ripples. PLL is used for synchronization whenever mode changes
from stand-alone to grid connected. Simulation results from a 10 kW wind energy conversion system are included to show the
usefulness of the proposed methods. The control method is tested by generated gate pulses for single phase bridge inverter using
field programmable gate array (FPGA).

1. Introduction

Due to awareness for pollution free environment, depletion of
conventional energy sources, and growing demand of energy
worldwide, the government of different countries has been
promoting electricity generation from renewable sources.
Renewable energy sources are becoming an important option
to meet the growing demand of energy and simultaneously
help in controlling of greenhouse gas emission caused by con-
ventional energy sources. Anothermajor benefit of renewable
energy source is that it can work in stand-alonemode to fulfil
the customer demand and canwork as grid connected system
to supply extra power generated to grid, hence, increasing the
reliability of power supply.

Out of all renewable sources, wind power generation
technology has been grown up, in the beginning with few
KW to multi-MW capacity wind turbine manufactured and
installed. An attractive idea of universal mode of small wind
turbine (SWT) has been implemented in which they can
either operate as stand-alone mode or can work in grid con-
nected mode [1, 2]. Small wind turbines can be used in rural
areas in developed countries where grid is not available [3].

The amplitude and frequency of generated voltage of wind
plants vary according to speed of wind [4]. Hence, power
electronics interfaces are used to convert generated voltage
to a fixed dc voltage, which can later be either stored or con-
verted into required ac voltage and frequency.Grid connected
wind energy conversion systems are more in trend. In case
of grid faults, WECS system connected to grid can be safely
islanded to serve critical loads connected to it.

When a small wind turbine unit is connected to the grid,
the voltage and frequency at the point of common coupling
are controlled by the grid. However, in case of weak grids,
voltage sags anddisturbancesmay occurwhenWECS is inter-
faced to grid. In such situation, the wind unit must support to
the grid voltage. A wind energy conversion system can work
in two different modes; they are grid connected and stand-
alone modes. The stand-alone/islanding mode is a situation
in which theWECS is isolated from the utility grid when grid
disturbances due to network fault are cropped up. Amonitor-
ing unit is used to achieve it. This unit will help in islanded
operation of WECS in a planned manner when voltage mag-
nitude crosses the threshold value.
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Figure 1: Schematic diagram of WECS interfacing to grid.

Authors in [5] verified experimentally the control algo-
rithm applied in SWT working in both stand-alone and
grid connectedmodes. Performance of synchronization algo-
rithm is also checked which is used to connect DC/AC con-
verter back to grid after recovery from disturbance. A novel
method novel based on PLL is proposed by Teodorescu and
Blaabjerg for grid failure detection and flexible mode switch-
ing automatically in which the phase difference between the
grid and the inverter is used to determine grid failure and
recovered from fault [3]. Jang andKimpresented three papers
starting in an algorithm improved successively which uti-
lizes four system parameters voltage magnitude, frequency,
phase, and total harmonic distortion (THD) of current
for islanding detection. The method monitors changes in
four parameters and detects islanding by logical rules [6–8].
During disturbances many system parameters change signif-
icantly. Hence selection of most vulnerable system parameter
and selection of threshold value is very challenging task for
effective detection of disturbances.Many authors have imple-
mented different methods based on wavelet transform (WT)
for detection of power quality disturbance [9–14]. Wavelet
energy entropy, variance, standard deviation, mean, and
wavelet energy are various statistical features suitable for
detection of power quality disturbances and an islanding
event.

In this paper a WECS is developed using SIMULINK
with a flexible mode control strategy and synchronization
algorithm to allow dual mode operation of it as and when
required. A seamless transfer between the modes is realized
by opening and closing of the circuit breaker as shown in
Figure 1 which disconnects/connects the WECS from/to the
main grid [15].Once theWECS is isolated from themain grid,
WECS will be responsible for maintaining the voltage and
frequencywhile supplying to load. During autonomous oper-
ation it is essential that inverters should not be overloaded.
Simultaneously system must ensure that the changes in load
are handled by inverters properly in a control manner.

The DC/AC converter of WECS is connected to grid to
inject active and reactive power. Mainly current-controlled
voltage source converter (VSC) is used in grid connected
mode [16, 17]. Conversely, voltage controlled VSC is used
when the WECS works in the stand-alone mode. To regulate
voltage andmaintain it constant is the major responsibility of

control method used in isolated mode ofWECS. During grid
disturbances, the detection method based on wavelet energy
function is used to change of mode of operation for grid
connected to isolatedmode ofWECS and vice versa. A circuit
breaker is used for this and will switch between the modes
on the basis of signal received from control method used.

The main objective of this paper is to control the flexible
mode operation of control grid connected wind energy
conversion systemusingwavelet energy based function. Since
the wind energy conversion system has been competent to
operate in both grid connected mode and stand-alone mode
according to the grid conditions, the control design is a bit
tricky. This paper is presented as follows. Section 2 describes
the inverter control in stand-alone mode of operation. Then,
control methods for grid connected operating mode includ-
ing the PLL design and current regulation of the inverter
are explained in Section 3. Use of wavelet energy function
for detecting the status of grid is described in Section 4.
In Section 5 the verification of the control methods is done
through simulation results.The control scheme implemented
in WECS is tested using FPGA in Section 6. Finally, conclu-
sions are drawn in Section 7.

2. Inverter Control in Stand-Alone
Mode of WECS

Electrical power available at the electrical generator output
of the wind energy conversion system is not sinusoidal in
nature. To get the sinusoidal voltage at supply frequency and
to keep the output power optimally constant, power elec-
tronic interfacing is done between generator and grid/load
as shown in Figure 2. In general, a power electronic interface
device is a combination of a rectifier, an energy storage device
to regulate the DC-link voltage and an inverter.

Voltage source inverter of load side is responsible for
providing controlled output voltage in terms of frequency and
amplitude [18, 19]. At load side inverter, appropriate control
method is applied for generating switching pulses of inverter
to produce output of required magnitude and frequency. To
achieve it the controlmethod has an output voltage controller
using any modulation technique. Here space vector modula-
tion method is implemented. The schematic diagram of the
control method is shown in Figure 3.
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Figure 2: Power transfer stages in isolated WECS.
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Figure 4: Grid side inverter control.

In space vector PWM, 3-phase sinusoidal modulating
signal gets transformed into a revolving voltage vector with
a constant magnitude and angular frequency. Here, the con-
stant voltage magnitude is magnitude of desire voltage to be
produced and angular frequency is the sampling frequency.
In space vector based PWM, instead of three modulating
signals for 3-phase, a revolving voltage vector is used as a
voltage reference. This voltage reference vector is sampled
once in every subcycle 𝑇

𝑠
and sampled voltage vector gives

the voltage command for the given subcycle.

3. Inverter Control of WECS in Grid
Connected Mode

Voltage oriented control (VOC) is mostly used for grid side
voltage source inverter as shown in Figure 4. A phase locked

loop (PLL) is used to find out grid angle 𝜃 which is used
for transformation of inverter output currents and output
voltages in synchronous reference frame. To obtain better
response of inverter, it has been selected to decouple active
and reactive power. The active power depends on the 𝑑-
axis current component. Similarly, reactive power and 𝑞-axis
current component are directly related. Therefore, the 𝑑-axis
PI controller controls active power, and 𝑞-axis PI controller
controls reactive power.

Grid currents are converted in synchronous reference
frame currents 𝑖

𝑑
, 𝑖
𝑞
to provide separate control for active

and reactive power. High power factor and sinusoidal grid
currents can be obtained by doing so [20].

In order to operate under synchronization with grid,
the system uses three PI controllers. The DC-link voltage
controller is used for calculating 𝑑-axis reference current to
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control active power.The 𝑞-axis reference can be set to zero to
get unity power factor. By using PI controllers for controlling
the errors in 𝑑-axis and 𝑞-axis currents, the control voltages
are generated for the 3-0 voltage source inverter in𝑃𝑄 control
method as shown in Figure 4 and are given by

𝑉
∗

𝑑
= 𝑉
𝑑
+ 𝜔𝐿
𝑡
𝑖
𝑞
− 𝑒
𝑑

𝑉
∗

𝑞
= 𝑉
𝑞
− 𝜔𝐿
𝑡
𝑖
𝑑
− 𝑒
𝑞
,

(1)

where 𝐿
𝑡
is the total inductance on the grid side inverter and

𝑒
𝑑
and 𝑒
𝑞
are 𝑑-𝑞 components of grid side voltage vector.

Tuning of PI controllers must be done accurately to
obtain better control of DC-link voltage, active power, and
reactive power. The feedforward and cross coupling terms
used in generation of reference voltage vector in synchronous
reference frame help out in system linearization and make
controller design easier. The reference voltages 𝑉∗

𝑑
and 𝑉∗

𝑞

are further transformed into and used to generate inverter
gate pulses through a SVPWM algorithm. LCL filter is used
to improve the power quality at the inverter output.

4. Grid Status Monitoring and
Transition of Modes

4.1. Phase Locked Loop. The utility grid status monitoring
must be done continuously in real time, to ensure good
quality power supply to loads. The grid status includes sens-
ing fault, overvoltage, and undervoltage conditions. Outage
detection is carried out in every sampling cycle by comparing
the instantaneous grid voltage. The block diagram of the
three-phase PLL used for synchronization in the grid con-
nected mode is as shown in Figure 5. A resonant filter can be
added tomake standardPLLmore robust in case of unbalance
and voltage harmonics.

In case of grid failure, islanded cannot be avoided. Hence
suitable method must be used to detect grid failure. For con-
nected to grid again when grid returns to its normal condi-
tion, use of a synchronization algorithm is necessary prior to
transition of mode from stand-alone to grid connected. The
flowchart shown in Figure 6 is proposed for islanding detec-
tion and further for transition from grid connected mode
of WECS to stand-alone mode. In case of grid disturbances,
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Figure 6: Flowchart for detection of grid faults/islanding.

mode change of WECS from grid connected to stand-alone
is performed in the following steps.

(1) Identify grid condition using power quality monitor-
ing.

(2) Generate a signal to turn off circuit breaker in case of
grid fault.
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(3) Mode transition can be done as soon as the circuit
breaker turns off. Change the grid connected mode
of WECS to stand-alone mode.

(4) In case of stand-alone mode, the control strategy will
be voltage controlled. In voltage controlled mode of
load side inverter, the reference value used for voltage
will be last value of grid voltage whenmode transition
takes place.

The flowchart shown in Figure 7 is proposed for detection of
grid recovery and transition from stand-alone mode to grid
connected mode of WECS.

4.2. Discrete Wavelet Transform. Discrete wavelet transform
(DWT) converts a time domain discretized signal into its cor-
responding wavelet domain. Principally, the discrete wavelet
transformation has two-phase determination of wavelet coef-
ficients and calculation of detailed and approximated version
of the original signal, in different scales of resolutions in
the time domain. In filtering process the original signal
is passed through two complementary filters and produces
approximate and detail coefficients. To extend the frequency
resolution, decomposition of signal is done repeatedly and
signal can be realized into two lower frequency ranges. This
process is known as multiresolution analysis (MRA) and goal
of MRA is to represent a complex signal by several simple
signals to study them separately.

4.3. Frame Length. Coefficients of wavelet transform repre-
sent the energy of the signal.These coefficients will be used to
measure themagnitude of the disturbance in distorted signal.
In real time application wavelet transform can be used as a
monitoring tool when it becomes essential to detect distur-
bances in minimum time. For such cases distorted signal is
processed through timewindowof fixed length frame. Length
of the frame means the number of sample points of discrete
data signal for which wavelet energy has to be calculated.
The time window move forward along the signal and wavelet
energy is calculated for each frame. Frame length decides the
response time of the method. If length of the frame is long
it will take more time in calculation and response time will
get delayed. Sampling frequency, size of buffer, and level of
decomposition are three main factors which must be wisely
selected according to application. A fixed frame length of
sample points 128 is used in this paper to obtain fast response
time. The sampling frequency selection has been done
according to Parseval’s theorem and decomposition has been
done into 6th level.

4.4.Wavelet Energy. Thediscrete wavelet divides a signal into
approximated and detailed version of the original signal, in
different scales of resolutions in the time domain using low-
pass and high-pass filters. Decomposition of approximate
version can be repeated to obtain signal in required frequency
subbandswith number of approximate and detail coefficients.
Sum of coefficients square at a particular level represent the
energy of the signal at that level. These coefficients will be
used to compute the level of the disturbance in distorted
signal. Wavelet energy measure based on wavelet analysis is
able to observe the unsteady signal and complexity of the
system at time-frequency plane.Themother wavelet function
selected is db and scale factor 2 that is according to literature
reviews. The signal is decomposed into 6th level. Hence, cD6
coefficients will represent the fundamental frequency com-
ponent of the signal and coefficients energy will be calculated
by using

𝐸
𝑗
=

𝑁

∑

𝑘=1


𝐷
𝑗𝑘



2

, 𝑗 = 1, 2, . . . , 𝑙, (2)

where 𝐷
𝑗𝑘
is the value of wavelet detail coefficients obtained

in decomposition from level 1 to level 𝐽.𝑁 is the total number
of the coefficients at each decomposition level and 𝐸

𝑗
is the

energy of the detail coefficients at decomposition level 𝑗.

4.5. Deciding Threshold. The most important part of moni-
toring algorithm is deciding the setting for threshold level.
The value should be selected to change mode of WECS
whenever voltage of any phase crosses the standard limits
such as voltage dip of less than 0.8 pu or voltage swell of
magnitude more than 1.2 pu Simultaneously, it should not
cause unnecessary false tripping of circuit breaker in case of
small voltage dip or swell. It is the value of wavelet energy
calculated for output voltage signal (grid voltage) under nor-
mal grid condition plus a variation allowed as per standards.
For calculating the threshold a reference signal of same frame
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Figure 8: Schematic diagram of WECS connected to grid.

Table 1: Parameters selection for proposed method.

Parameter Peak voltage level (𝑉) Wavelet energy (𝑉2) Normalized wavelet energy
Peak voltage of grid 325 2.3 ∗ 𝑒6/10

5 23
Permissible limit of voltage swell 390 4.0 ∗ 𝑒6/10

5 40
Permissible limit of voltage sag 260 11 ∗ 𝑒6/10

5 11

length decomposed in 6th level using same mother wavelet
function db2 and coefficients energy of cD6 is calculated.
Permissible variation in reference signal is considered and
the entire procedure is repeated to calculate lower and upper
threshold settings. Table 1 is listing the wavelet energy for
different cases which helps in deciding lower and upper
threshold settings.

5. Schematic Diagram of System,
Results and Discussions

A schematic diagram of grid connected WECS consists of
3-0 PMSG, full-bridge rectifier, DC-link capacitor, a 3-0
IGBT based full-bridge inverter, critical load, LCL filter,
transformer, and circuit breaker and 400 volt, 50Hz ac source
is shown Figure 8. The system parameters used in simulation
are given in Table 2. Simulation model of the system is
developed inMATLAB/simulink environment. All the values
given in Table 2 have been calculated during mathematical
modelling of WECS and grid connected WECS.

5.1. Before Fault. Figure 9 shows the output voltages under
normal grid condition. It shows that the implemented control
method of voltage source inverter is maintaining the output
in desired form. Figure 10 shows load voltage and load
current under normal grid condition.

5.2. During Fault. It can be seen from Figure 11 that, in case
of fault in phase B, grid voltages of phase A and phase C have

Table 2: Design parameters for simulation.

Description Symbolic
representation Value

Capacitor 𝐶dc 2200 𝜇F
DC-link voltage 𝑉DC 650 volts
AC output voltage 𝑉

𝑠
230 volts rms

AC output frequency 𝑓 50Hz
Inverter side filter inductor 𝐿

1
0.2mH

Grid side filter inductor 𝐿
2

0.1mH
Filter capacitor 𝐶

1
10𝜇F

Inverter switching frequency 𝑓
𝑠

3 kHz

been inceased. Grid fault occurs at 𝑡 = 0.45 sec and continues
till 𝑡 = 0.7 sec. Monitoring algorithm is constantly moni-
toring the grid condition. Such cases must be detected and
reported to utility intactive inverter at the earliest so that sup-
ply to critical load will be continued by intentional islanding
of WECS. The load is supplied fromWECS and grid current
is zero in case of grid fault. Source current and load currents
(local and shared load both) which are now supplied from
WECS in case of grid not present can be seen from Figure 12.

Grid fault causes voltage variations in all the three phases.
Voltage waveform of all the three phases and corresponding
coefficients energy plots are displayed in Figures 13, 14, and 15,
respectively, in red, green (istead of yellow for improved
visibility), and blue color for phase A, phase B, and phase C.
Wavelet energy is normalized as calculated value has very
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large value and even a large change in coeficients energy can-
not be clearly observed from actual plots of wavelet energy.
Grid voltages and corresponding coefficients energy plot are
graphical representation of change in wavelet coefficients
energy in case of grid disturbances. Threshold level with
calculated threshold further helps in transition of modes
from grid connected to stand-alone and vice versa.

At 𝑡 = 0.45 sec grid fault occurs; wavelet based monitor-
ing algorithm detects it at 0.48 sec and changes the mode of
WECS from grid connected to stand-alone. Many distribu-
tion systems use autoreclosing to clear temporary faults and
hence it is essential to detect grid faults before the autore-
closer operates to avoid out phase reclosing. Grid fault causes
voltage variations in all the three phases which can be
observed clearly in Figure 16.

Transition of mode from grid connected to stand-alone
occured at 0.48 sec which is the total time taken by the pro-
posed method in detection of grid disturbance and further
isolate the WECS by operting circuit breaker which discon-
nects it from grid. When mode trasition occurs, controller
of VSI changes its mode and continues to feed power to the
load connected to it. The grid monitoring algorithm detects
fault and changes mode of operation from grid connected
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Figure 11: Three-phase grid voltages during disturbance.
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mode to stand-alone mode at 0.48 sec when circuit breakers
opens.The timings of mode change and circuit breaker status
(1 means WECS grid connected, 0 means disconnected from
grid) can be seen from Figure 17. Figure 18 displays the lower
threshold value due to which transition occurs.

Grid voltage of all the phases and corresponding coef-
ficients energy plots are shown in Figures 19, 20, and 21,
respectively, of phase A, phase B, and phase C. Grid voltages
and corresponding coefficients energy plot are graphical rep-
resentation of wavelet coefficients energy. A small change in
voltages at load terminal (PCC) can be observed in the signal
and associated wavelet energy plot in Figures 19, 20, and 21
that is due to change of load because of mode transition.
WECS is now fed power to critical load and local loads con-
nected to it. Monitoring is still continued at PCC to check for
grid condition. On the basis of threshold value of wavelet
energy transition occurs from stand-alone mode to grid
connected mode, which can be observed from Figures 19(a)
and 19(b) at time 0.7 sec when fault is cleared.

The power conditioning module for both the modes
is based space vector pulse width modulation. Instead of
conventional SVM, triangular carrier based SVM is used to
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Figure 13: (a) Voltage signal and (b) corresponding wavelet energy plot of phase A.
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Figure 14: (a) Voltage signal and (b) corresponding wavelet energy plot for fault in phase B.
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Figure 15: (a) Voltage signal and (b) corresponding wavelet energy plot of phase C.

reduce computation burden as sector determination is not
required in implementation. The benefits of using DWT and
wavelet energy based algorithm are accurate detection of start
and end time of occurrence of any event or varaitions. Accu-
rate and quick detection can also be helpful for protection of
equipments as well as for the safety and stability of the system.

6. Generation of Gate Pulses for Single Phase
Bridge Inverter Using FPGA

In grid connected mode as well as in stand-alone mode of
WECS, space vector pulse width modulation scheme has
been used for inverter control. Its performance is checked
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Figure 16: Three-phase voltages at PCC.
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Figure 18: Threshold settings.

using FPGA with Altium NB 3000, Xilinx Spartan 3AN
processor. Step-by-step procedure for generating inverter
gate pulse is shown in Figure 22. XILINX ISE design suite
14.5 is used formodel based design for PWMpulse generation
for single phase bridge inverter and Altium designer software
is used for FPGA project design. Number of steps has been
performed for bit file generation using Altium design soft-
ware. It generates the programming file that is required for

downloading the design to the physical device. A detailed
procedure for project design using FPGA is given in [21].

Schematic diagram to test SVPWM control method for
generating gate pulses using FPGA is shown in Figure 23.

Sine waveform and triangular carrier waveform of fre-
quency 500Hz are given as input by ADC-SPI port and
inverter gate pulses are obtained by user I/O port which is
shown in Figures 24 and 25, respectively.
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Figure 19: (a) Voltage signal and (b) wavelet energy plot at PCC for phase A.
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Figure 20: (a) Voltage signal and (b) wavelet energy plot at PCC for phase B.
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Figure 21: (a) Voltage signal and (b) wavelet energy plot at PCC for phase C.

7. Conclusions

The proposed method has been implemented for a 10 kW
wind energy conversion system with rectifier-inverter inter-
face which can work in grid connected mode as well as in
stand-alone mode. The benefit of the used control scheme
is that switching between the two operating modes happens

automatically on the basis of output of energy function. The
most important feature of the system is its adaptability to
work in both of the operatingmodes properly. PLL is used for
synchronization in grid connected mode. Simulation results
demonstrate the working and transition between the modes
of WECS in only 3ms time and no transients appear during
transition of modes.
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Figure 22: Step-by-step procedure for inverter gate pulse generation
using FPGA.
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Figure 23: Schematic diagram for hardware setup.

Figure 24: Load voltage and load current through RL load.

Figure 25: Inverter output voltage and output gate pulses for single
phase bridge inverter.

The tests concluded that detectionmethod has the follow-
ing properties.

(i) Detect grid disturbances event in just 3ms.
(ii) Accurate detection and quick transition maintain the

power quality and supply uninterrupted power to
critical load in case of grid outage.

(iii) It is suitable for detection of steady state and transient
state disturbances both.
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