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Abstract: The Quality of the output power from the utilities has become a major concern of the modern
industries. The power quality associated problems are voltage sag, surge, flicker, voltage imbalance,
interruptions and harmonic problems. The power quality problems may cause problems to the industries ranging
from malfunctioning of equipment to complete plant shut down. It has been identified that power quality can be
degraded both due to utility side abnormalities as well as the customer side abnormalities. Voltage sag and
swells in the medium and low voltage distribution grid are considered to be the most frequent type of power
quality problems based on recent power quality studies. Their impact on sensitive loads is severe. Different
solutions have been developed to protect sensitive loads against such disturbances but Dynamic Voltage
Restorer (DVR) is considered to be the most efficient and effective solution. In order to mitigate these
disturbances, they must be detected properly. The detection can be done by conventional techniques like Fourier
Transform (FT), Phase Locked Loop (PLL) and Peak detection method. But Discrete Wavelet Transform
(DWT) is efficient as it easily and rapidly provides information about the voltage sag depth and phase shift. It
also localizes both frequency and time at the same time. This project presents an implementation of the DWT
using Butterworth passive LC filters for operating a Dynamic Voltage Restorer (DVR) system.

Butterworth LC filter is used to provide monotonic and ripple free magnitude response. Thus the Power
quality of the proposed system is expected to improve. Two pulse width modulation —based control techniques,
viz. sinusoidal PWM and selective harmonic elimination PWM ,are presented for controlling the switching
pulses to the inverter used in the DVR system .The Simulation study of selective harmonic elimination PWM
technique for DVR is compared with sinusoidal PWM. Simulations are carried out using
MATLAB/SIMULINK.

Keywords: Dynamic Voltage Restorer, Phase Locked Loop, Selective Harmonic Elimination Pulse Width
Modulation, Discrete Wavelet Transform.

l. INTRODUCTION

Our technological world has become deeply dependent upon the continuous availability of electrical
power. In most countries, commercial power is made available through Nationwide grids, interconnecting
numerous generating stations to the loads. Many power problems which originate in the transmission lines are
subjected to weather conditions such as hurricanes, lightning storms, snow, ice and flooding along with
equipment failure, traffic accidents and major switching operations. The electronic devices are very sensitive to
disturbances and thus industrial loads become less tolerant to power quality problems such as voltage dips,
voltage swells, and harmonics Voltage sags can occur at any instant of time, with amplitudes ranging from 10-
90% and a duration lasting for half a cycle to one minute [1]. Voltage swell, on the other hand, is defined as an
increase in rms voltage or current at the power frequency for durations from 0.5 cycles to 1 minute, typical
magnitudes are between 1.1 and 1.8 pu [2]. Voltage swells are not as important as voltage sags because they are
less common in distribution systems. Voltage sags and swell can cause sensitive equipment to fail, or shutdown,
as well as creates a large current unbalance that could blow fuses or trip breakers [7]. The most common custom
power devices to compensate for the voltage sags and swells are the uninterruptable power supplies, DVR and
active power filters (APF). The DVR is fast, flexible and efficient solution to voltage sag problem. The DVR is
a power electronic based device that provides three-phase controllable voltage source, whose voltage vector
(magnitude and angle) adds to the source voltage during sag event, to restore the load voltage to pre-sag
conditions [8]. The DVR is designed for protecting the whole plant with loads. The DVR can compensate
voltage at both transmission and distribution sides. The earlier reported DVR systems are based on achieving
their desired functions using conventional control techniques to adjust the output of the Voltage Source Inverter
(VSI). The new types of DVR systems employs the DWT, which is based on employing a single stage of half-
band digital filters to control the input and output voltages of the DVR systems for initiating a set of proper
actions in response to any abnormal operating conditions. The DWT operated DVR system has inherent
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significant performance improvements in detecting and responding effectively and accurately to different types
of abnormal operating conditions.

1. DISCRETE WAVELET TRANSFORM

Wavelet analysis is an exciting new method for solving difficult problems in mathematics, physics and
engineering with modern applications as diverse as wave propagation, data compression, signal processing,
image processing, pattern recognition, computer graphics, detection of aircraft and submarines. Wavelets allow
complex information such as music, speech, images and patterns to be decomposed into elementary forms at
different positions and scales and subsequently reconstructed with high precision. Wavelet transforms allow the
components of a non-stationary signal to be analyzed. Wavelets also allow filters to be constructed for stationary
and non-stationary signals [5].

The Discrete Wavelet Transform (DWT), which is based on sub-band coding is found to yield a fast
computation of wavelet transform. It is easy to implement and reduces the computation time and resources
required. A technique similar to sub-band coding was developed which was named pyramidal coding. Later
many improvements were made to these coding schemes which resulted in efficient MRA schemes. In
Continuous Wavelet Transform (CWT), the signals are analyzed using a set of basis functions which relate to
each other by simple scaling and translation. In the case of DWT, a time-scale representation of the digital
signal is obtained using digital filtering techniques [14]. The signal to be analyzed is passed through filters with
different cutoff frequencies at different scales [11]. The fundamental approach to realize the DWT is by digital
filtering techniques, where the analysed signal is passed through stages of digital half band filters and
downsampled at the end of each stage. These successive filtering and downsampling operations are known as
the Mallat algorithm. The significance of the Mallat algorithm lies in the manner it connects the MRA to
discrete time filtering operations.

In numerical analysis and functional analysis, a discrete wavelet transform (DWT) is any wavelet
transform for which the wavelets are discretely sampled. As with other wavelet transforms, a key advantage it
has over Fourier transforms is temporal resolution, it captures both frequency and location information (location
in time) [10]. The most commonly used set of DWT was formulated by the Belgian mathematician Ingrid
Daubechies in 1988. This formulation is based on the use of recurrence relations to generate progressively finer
discrete samplings of an implicit mother wavelet function.

11§ MULTI-RESOLUTION ANALYSIS USING FILTER BANKS
Filters are one of the most widely used signal processing functions. Wavelets can be realized by
iteration of filters with rescaling. The resolution of the signal is a measure of the amount of detail information in
the signal which is determined by the filtering operations. Its scale is determined by up sampling and down
sampling (subsampling) operation. The DWT is computed by successive low pass and high pass filtering of the
discrete time-domain signal as shown in Fig 1.

Fig.1 Three level decomposition tree

This is called the Mallat algorithm or Mallat-tree decomposition. Its significance is in the manner it
connects the continuous-time mutiresolution to discrete-time filters. In the Fig.1 the signal is denoted by the
sequence X [n], where n is an integer. The low pass filter is denoted by G, while the high pass filter is denoted
by Ho. At each level, the high pass filter produces detail information d[n], while the low pass filter associated
with scaling function produces coarse approximations a[n].

At each decomposition level, the half band filters produce signals spanning only half the frequency
bands. This doubles the frequency resolution as the uncertainty in frequency is reduced by half. In accordance
with the Nyquist’s rule if the original signal has a high frequency of ®, which requires a sampling frequency of
2w radians, then it now has the highest frequency of w/2 radians. It can now be sampled at a frequency of ®
radians thus discarding half the samples with no loss of information. This decimation by two reduces the time
resolution by half, as the entire signal is now represented by only half the number of samples. Thus, while the
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half band low pass filtering removes half of the frequencies and thus halves the resolution, the decimation by 2
doubles the scale.

With this approach, the time resolution becomes arbitrarily well at high frequencies, while the
frequency resolution becomes arbitrarily good at low frequencies. The time frequency plane is thus resolved.
The filtering and decimation process is continued until the desired level is reached. The maximum number of
levels depends on the length of the signal. The DWT of the original signal is then obtained by concatenating all
the coefficients a[n] and d[n], starting from the last level of decomposition.

The above operation can be represented in mathematical form. The DWT of a signal is calculated by
passing it through a series of filters [12]. First the samples are passed through a low pass filter.

0

Y[n]=(x~g) [n]=X x[k] g[n-K] 1)
The signa k=00 composed simultaneously using a high-pass filter. The outputs are giving the detail
coefficients (from the high-pass filter) and approximation coefficients (from the low-pass) as shown in Fig.2. It
is important that the two filters are related to each other and they are known as a quadrature mirror filter. Since
half the frequencies of the signal have now been removed, half the samples can be discarded according to
Nyquist’s rule. The filter outputs are then subsampled by 2 (Mallat's and the common notation is the opposite, g-
high pass and h- low pass)

Yiowln] =X x[k] g[2n-K] 2
k=-c0
Yhigh [n] = X x[k] h[2n-K] 3)

This decom| k=- 35 halved the time resolution since only half of each filter output characterizes the
signal. However, each output has half the frequency band of the input so the frequency resolution has been

doubled.
’ gln] —)@—) Approximstion
coefficients
a[n] o @_) Detzi
h[n] coefficients

Fiz.2 Block diagram of filter analysis

With thesubsamplings operator l

[ l k) [n] = v [len] 4
The above summation can be written more concizely.

Vow=(x-g) [ (3)

Tuizm=(xeh) |2 (6)

However computing a complete convolution (x-g) with subsequent downsampling would waste
computation time. The Lifting scheme is an optimization where these two computations are interleaved. This
decomposition is repeated to further increase the frequency resolution and the approximation coefficients
decomposed with high and low pass filters and then down-sampled. This can be represented as a binary tree
with nodes representing a sub-space with a different time-frequency localisation. The tree is known as a filter
bank.

Filter which is used in this paper is Butterworth LC filters. They are specified by two parameters, the
cutoff frequency and the filter order. The Butterworth filter is a type of signal processing filters designed to have
as flat a frequency response .Hence it is also referred to as a maximally flat magnitude filter. Butterworth had a
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reputation for solving impossible mathematical problems. "An ideal electrical filter should not only completely
reject the unwanted frequencies but should also have uniform sensitivity for the wanted frequencies” Such an
ideal filter cannot be achieved but Butterworth showed that successively closer approximations were obtained
with increasing numbers of filter elements of the right values. The frequency response of the Butterworth filter
is monotonic and maximally flat (i.e. no ripples) in the passband and rolls off towards zero in the stopband [9].
Compared with a Chebyshev Type I/Type Il filter or an elliptic filter, the Butterworth filter has a slower roll-off,
and thus will require a higher order to implement a particular stopband specification, but Butterworth filters
have a more linear phase response in the pass-band than Chebyshev Type I/Type Il and elliptic filters can
achieve. There are a number of different filter topologies available to implement a linear analogue filter. The
most often used topology for a passive realisation is Cauer topology and the most often used topology for an
active realisation is Sallen—Key topology. The Cauer topology uses passive components (shunt capacitors and
series inductors) to implement a linear analog filter. The Butterworth filter having a given transfer function can
be realised using a Cauer 1-form. The k™ element is given

(2k—1)
U e (7)

2k—1
¢ n )7(] k=even (8)

Ck=2sin

L= 2sin

These formulae may usefully be combined by making both Ly and Cy equal to gx. That is, gk is the immittance
divided by s.
(2k—1D)n

o= 2 sin [Z=] )

The Sallen—Key topology uses active and passive components (non inverting buffers, usually op amps,
resistors, and capacitors) to implement a linear analog filter. Each Sallen—Key stage implements a conjugate pair
of poles, the overall filter is implemented by cascading all stages in series

Digital implementations of Butterworth and other filters are often based on the bilinear transform
method or the matched Z-transform method, two different methods to discretize an analog filter design. In the
case of all-pole filters such as the Butterworth, the matched Z-transform method is equivalent to the impulse
invariance method. For higher orders, digital filters are sensitive to quantization errors, so they are often
calculated as cascaded biquad sections, plus one first-order or third-order section for odd orders. The
Butterworth filter rolls off more slowly around the cutoff frequency than the Chebyshev filter or the Elliptic
filter, but without a ripple.

V. DYNAMIC VOLTAGE RESTORER

The DVR, also referred to as the Serial Voltage Booster (SVB) or the Static Series Compensator
(SSC), is a device that utilizes solid state (or static) power electronic components, and is connected in series to
the utility primary distribution circuit. The main function of a DVR is to protect sensitive loads from voltage
sags/swells coming from the network [3]. The DVR provides three phase controllable voltage, whose vector
(magnitude and angle) is added to the source voltage to restore the load voltage to pre-sag conditions. The DVR
works independently regardless of the type of fault or any event that happens in the system. It makes the whole
system remain connected to the supply grid, i.e., the line breaker does not trip [4]. Fig.3 is a simplified circuit
diagram of DVR.
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€ Voltage injection
Low pass filter transformer
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T by passswitch
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1

Fig.3 Dynamic Voltage Restorer

DC energy
Storage device

Inverter

The DVR injects the difference between the pre sag and the sag voltage by supplying the real power
requirement from the energy storage device together with the reactive power [6]. The maximum injection
capability of the DVR is limited by the ratings of the DC energy storage and the voltage injection transformer
ratio. In the case of three single phase DVRs the magnitude of the injected voltage can be controlled
individually. The injected voltages are made synchronized with the network voltages.
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When the network is working under normal conditions, the DVR is not injecting any voltages to the
system. In that case, if the energy storage device is fully charged then the DVR operates in the standby mode or
otherwise it operates in the self-charging mode. The energy storage device can be charged either from the power
supply itself or from different sources. During a short circuit or fault in the downstream of the distribution line
the bypass switch is activated to provide an alternative path for the fault currents [13]. Hence the inverter is
protected from the flow of high fault current through it, which can damage the sensitive power electronic
components.

V. TESTING THE DWT OPERATED DVR SYSTEM
The performance of DWT operated DVR system is evaluated using MATLAB/SIMULINK software as
a part of a simple power system model. This Power system consists of an AC voltage supply, a transmission
line, and a load. The Simulink model of the test power system of the test system without DVR is shown in Fig.4.

Fig.4 Simulink model of system without DVR

The system is supplied with three phase source voltage (grid voltage). A breaker circuit which is placed
in between the source and load induces the voltage sag. A sensitive load is connected to this breaker circuit.
Two step signals are used to set the intermediate values at which voltage sag occurs.

The voltage sag can be mitigated by implementing DVR in the Fig.4. The DVR is connected in series
between the voltage source and the load. The Simulink model of a power system with DVR is shown in Fig.5.
The performance of the DVR is studied under the abnormal condition, voltage sags. The DVR consists of a
control loop to inject firing pulse and an inverter to control the injection of the compensating voltage. The
voltage sags is given as a feedback signal to the control loop. When the system is in an abnormal condition (with
sag), then the switches of the inverter closes, thereby allowing the injection of compensating voltage to the load
for mitigating the voltage sag. The operation of the switches is controlled by the firing pulse.
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Fig.5 Simulink model of system with DVR

VI. DVR CONTROL STRATEGY
The main aim of the control technique is to maintain the constant voltage magnitude at the point where a
sensitive load is connected, under system disturbances.
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Fig.6 Simulink model of Sinusoidal PWM control technique
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Fig.8 Calculation of sag magnitude and angle
A. Simulation results of DVR

The simulation shows the load voltage of the system with voltage sag during the period 0.3 Sec to 0.6
Sec which is shown in Fig.9. The total simulation period is 1 Sec.
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Fig.9 Phase voltages at sensitive load without DVR
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Fig.12 Phase voltages at sensitive load with DVR (SHEPWM )

Fig.10 represents the waveform of the injected voltage which is required to compensate the sag
produced in the input grid (source) voltage. Fig.11 and Fig 12 represents the waveforms of phase voltages using
the two control techniques namely sinusoidal PWM and SHEPWM techniques.
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Fig.13 FFT analysis for the compensated voltage waveform ( SPWM)
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Fig .14 FFT analysis for the compensated voltage waveform (SHEPWM)

Fig.13 and Fig. 14 shows the FFT analysis using the two control techniques SPWM and SHEPWM.
The Total Harmonic Distortion (THD) values are calculated and the results are compared as shown in the Table
1. Simulation results are presented to demonstrate the validity of selective harmonic elimination PWM
technique.

PARAMETE | EXISTING | PROPOSED
R METHOD | METHOD
(SPWM) (SHEPWM)
THD (%) 8.64 4,60

Table. 1 Comparison of %THD results

VILI.

CONCLUSION

In this paper voltage sag compensation using dynamic voltage restorer was considered. A Butterworth
passive LC filter based strategy to control a DWT-operated DVR system has been developed and tested for
power quality. The proposed passive filter based strategy has been used to approximate the DWT associated
digital filters based one in controlling DVR input and output voltages. Butterworth passive LC filters have
shown the ability to reduce the delay in the overall DVR system response. A DWT-operated DVR system has
been used to compensate load side voltage to improve the power quality under any abnormal condition. Two
pulse width modulation-based control techniques, viz sinusoidal PWM and selective harmonic elimination
PWM, have been implemented for controlling the switching operation of the inverter used in the DVR system.
The control techniques were tested and the reliability and effectiveness of control schemes are shown in results.
It is observed that selective harmonic elimination PWM utilized the better dc voltage and reduced the harmonic
distortion in phase voltage when compared with sinusoidal PWM and it effectively mitigated the voltage sags.
Compared with sinusoidal PWM. The proposed approach was expected to show efficient, effective, and quick
responses to improve the power quality under different abnormal operating conditions.
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