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Abstract

This paper deals with an analyser for real-time detection and analysis of transients. In particular, the analyser implements a
procedure, based on the wavelet transform, suitable for analysing those disturbances which affect the power supply voltage.
It utilises a good performance digital signal processor and adopts the VXI standard interface.

The hardware and software solutions are described in detail. Both performance and reliability of the analyser are assessed
by analysing signals characterised by different disturbances with known characteristics, the obtained results are given.
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1. Introduction

As is well known, the detection and analysis of
transient signals is needed in various application
fields such as radar and sonar detection, and image
processing as well as in power quality inspection [1].

With reference to the last field, in particular, the
need for measurement procedures and apparata able
to detect and analyse transient disturbances (im-
pulses, notches, voltage dips and momentary inter-
ruptions, wavefaults) which frequently occur with
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supply voltages, and cause both failure and malfunc-
tioning of electronic equipment [2-5], has become
more and more stringent.

Currently, only high performance data loggers are
available on the market which, athough able to
collect large amounts of measured data related to the
signals under analysis, allow the detection of only
those disturbances which cause the signal rms value
to exceed a fixed threshold. At the end of the
recording, they give the number and times of occur-
rence of the detected disturbances. Some of them
have also analysis capability, generally restricted to
harmonics [6]. This kind of approach, working under
the assumption that the original time-domain signal
is periodic in nature, has difficulties in dealing with
transient disturbances.

Some authors have recently proposed the use of
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the wavelet transform (WT) for the analysis of
transient disturbances [7-9]. The WT, based on a
bidimensional approach involving both time and
frequency, alows a focusing on short time intervals
for high frequency components and long time inter-
vals for low frequency components, thus improving
the analysis of signals characterised by localised
impulses and oscillations.

However, the proposed solutions either pay atten-
tion only to specific disturbances [8], or require a
large number of parameters to be considered for
establishing suitable criteria for disturbance detection
and classification [9].

In a previous paper [10], the authors have opti-
mised the use of the WT for power quality analysis.
In particular, an off-line procedure able to detect,
localise and estimate transient disturbances was set
up. This procedure, based on multiresolution signal
decomposition and reconstruction [11], obtained by
means of the discrete time wavelet transform
(DTWT) [12-14], succeeds in extracting the dis-
turbance from the fundamental thus giving aso the
opportunity of a reliable disturbance classification
[9].

In this paper, an analyser implementing a refined
version of the above mentioned procedure for power
quality analysis is proposed.

Thanks to its architecture, based on a digital signal
processor (DSP), the proposed analyser is able to
execute the procedure several times per second on
successive time windows. The IEEE-1155 (VXI)
standard interface, adopted for its high data transfer
rate, assures a throughput so high that new data are
continuoudly transmitted to the VXI controller as
soon as they are provided by the analyser [15].
Moreover, to achieve high flexibility, the user soft-
ware interface is developed utilising a common
iconic programming language, so resulting in easy
use and learning.

In the following, the most significant features of
the implemented procedure for power quality analy-
sis are first highlighted. Both the hardware architec-
ture and software solutions of the proposed analyser
are then described in detail. Its performance is
assessed by analysing electrical power transient
disturbances with known characteristics, and the
obtained results are finally given.

2. Procedure for power quality analysis

The proposed procedure is mandated both to the
detection and simple recognition of transient distur-
bances which occur with the supply voltage; further-
more, a direct quantitative estimation of the chief
parameters characterising the disturbance is aso
allowed, which is easy both to obtain and automat-
ize.

The procedure exploits the fundamental issues of
signal multiresolution decomposition and reconstruc-
tion consisting of dividing the spectrum of the signal
under analysis into subspectra or subbands and, then,
to treat individually those subbands more useful for
the purposes at hand.

Multiresolution decomposition and reconstruction
of analysed signals are respectively carried out by
means of the analysis and synthesis stages of the
discrete time wavelet transform (DTWT). The
DTWT analysis is based on two digital filters: a
highpass h,(.), called the discrete mother wavelet,
and its lowpass mirror version g,(.). Analysis is
carried out by arranging these filters in a tree
structure, as shown in Fig. 1a, which, in particular,
reproduces a tree structure alowing the analysed
signal, s(.), to be decomposed in five subbands. Each
step of this scheme consists of the same digital
filters. By running the procedure described by the
tree, successive steps operate a combination of the
impulse responses of the filters encountered produc-
ing, as aresult, at the central points H, MH, M, ML,
four bandpass filters and, at the point L, a lowpass
filter. In particular, the results of the DTWT analysis
at the points H, MH, M, and ML can be expressed as

DTWT(m, n) =Umszm“n —kdsk) m=0,...,3
k=0
(1)
and at the point L as
DTWT(m, n) =N0ms’2mn —kadk) m=4 2
k=0
where h. (), for m=0,...,4, are the impulse re-
sponses of the five filters, N is the number of signal’s

samples and n is the discrete-time variable.
Similar considerations are valid for the DTWT
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analysis

synthesis

Fig. 1. DTWT analysis (&) and synthesis (b) stages.

synthesis stage, where h(.) and g,(.) are the highpass
and lowpass filters, respectively (Fig. 2b). Each input
signal for the synthesis stage at the points H, MH,
M, ML and L contributes to the reconstruction of the
original signal. In particular, each contribution repre-
sents the time domain reconstruction of the contents
of the related frequency subband.

The proposed procedure can be summarised in the
following fundamental steps:

 subband decomposition of the digitised signa by
means of the DTWT analysis,;

 analysis of the results obtained at the point MH in
order both to detect the occurred disturbance and
estimate its time-duration (AT);

« subband identification by means of 1/AT value, in
order to single out those subbands which contain
most of disturbance’s spectral contents;

« reconstruction of the selected subbands by means
of the DTWT synthesis stage.

The results obtained at the last step give the
disturbance extracted from the signal on which it is
superimposed; it is thus possible to accurately evalu-
ate its main parameters.

A sampling frequency equal to 8400 Hz and a five
subbands multiresolution scheme like that in Fig. 1

are always adopted. As a consequence, the band-
widths of the five subbands are: 2400—4200 Hz (H),
1200-2400 Hz (MH), 600—-1200 Hz (M), 300—-600
Hz (ML), and 0—300 Hz (L). Such choices have been
made after a deep analysis of the main features of
those transient disturbances which frequently occur
with the supply voltage. The choices give the
opportunity of (i) including only the fundamental in
the subband located at the lowest frequencies (L)
thus separating it from any occurred transient dis-
turbance, and (ii) having a reduced computational
load for real-time applications.

To better clarify how the procedure is carried out,
an example of its application to a signal (Fig. 23
consisting of a fundamental with a sudden notch
(1.40 ms-1V,,) is given in the following.

Fig. 2b, f, I, p, t and Fig. 2c, g, m, g, u
respectively reproduce the impulse responses and the
spectral shapes of the five filters of the filter bank
which the DTWT analysis is equivalent to [16]. Fig.
2d, h, n, r, v show the output of these filters (DTWT
analysis results). From the results in Fig. 2h, the
disturbance time-duration AT is estimated, this being
the peaks of the shown waveform related to the start
and end of the transient disturbance.

This time-duration is equal to 1.45 ms (1/AT
about 700 Hz) suggesting that most of disturbance’s
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Fig. 2. (a) Signal with adisturbance; (b), (f), (1), (p), (t) impulse responses and (c), (g), (M), (q), (U) spectral shapes of the chosen filters; (d),
(h), (), (), (v) DTWT analysis and (e), (i), (0), (), (2 DTWT synthesis results.

spectral contents is inside the subband 600—1200 Hz
(Fig. 2n). The time domain reconstruction of the
contents of this subband allows both a direct recogni-
tion of the occurred disturbance and a quantitative
estimation of its main parameters.

Furthermore, for a more accurate disturbance
extraction it may sometimes be necessary to make
use of more subbands and, in particular, of those

adjacent to the selected one. As a matter of fact,
summing the contents of the subband in Fig. 20 to
those included in adjacent subbands, shown in Fig. 2i
and Fig. 2s, respectively, the reconstructed, occurred
disturbance appears as given in Fig. 3.

Finally, it is worth noting that the contents of the
subband located at the highest frequencies (Fig. 2d)
essentially consist of noise mainly introduced by the
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Fig. 3. Reconstruction results; the disturbance is extracted from
the fundamental.

quantisation process. This justifies the choice of
estimating the time-duration of the occurred dis-
turbance from the decomposition results of the
successive subband (Fig. 2h). Even though the time
resolution is poorer than that characterising the
highest frequencies subband, unsignificant measure-
ments due to the presence of noise are avoided.

3. Hardware structure

The IEEE-1155 standard, well known as VXI,
concerns the electrical, mechanical and functional
specifications for the realisation of on-a-card instru-
ments. As a consequence, the hardware of the
analyser has been designed taking into account both
measurement needs and the characteristics of the
VXlbus interfaces. In particular, a VXI size-C Wire
Wrap Board (Tektronix 73A-451™) [17], equipped
with a Message-Based interface module, has been
used as the ‘bread-board’ for instrument develop-
ment and the constructed instrument has a general

purpose architecture which alows a set of measure-
ment features to be obtained. It has been thought out
without a resident firmware, but requiring that the
control and measurement software be downloaded
via the DSP emulation port. Furthermore, it has been
provided with a general purpose data acquisition
system (DAS) which is quite redundant in this case.
As a result, the proposed hardware architecture is
that shown in Fig. 4. It is based on the following
main blocks:

Data acquisition system (DAS);
DSP,

V Xlbus interface circuitry;
Serial-parallel data converter.

PO

1. The DAS includes a 16 bit two channel ADC
(Burr Brown DSP102-A/D™) and a 16 hit two
channel DAC (Burr Brown DSP202-D/A ™), even
though only one ADC channel should be neces-
sary for this application. All the converters have a
seria output (or input) and are directly linked to
the full duplex Serial Port O of the DSP.

2. A 32 hit, 30 MHz, floating point DSP (Texas
Instrument TMS320C30™) constitutes the core of
the instrument. It features an additional 16 K
static RAM and is suitably loaded and boot-
strapped via its emulation port which is accessible
via a suitable front-panel connector. The
TMS320C30™ has been chosen for both its
performance and its widespread use in numerous
devices and applications.

3. The Wire Wrap Board (WWB) hosts a Message-
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Fig. 4. Hardware structure of the proposed VXI power quality analyser.
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Based V XIbus interface module which allows the
analyser to exchange 8 bit data with the controller
by means of the two Byte Transfer Protocol
Commands: Byte Request (BR) and Byte Avail-
able (BA). Even though limited to 8 hit data
transfers, the Message-Based interface was pre-
ferred to a Register-Based one both for its easy
interface-ability with the instrument circuitry and
its maximum compatibility with standard pro-
gramming environments.

4. Custom circuitry interfaces the instrument-side
user bus (parallel, 8 hit) of the VXI interface
module with the DSP Serial Port 1. A series of
four serial-in/parallel-out (74ALS164) shift regis-
ters, latched by four 74ALS373 which are select-
ed one at atime by a 74AL$42 decoder, convert
the serial transmitted 32 bit words from the DSP
in sequences of four bytes to the user bus of the
VXI interface module. A parallel-in/serial-out
shift register (74ALS165), on the other hand,
transmits in seria form to the DSP Serial Port 1
the 8 bit data coming from the user bus of the
VXI interface module [18-20].

4. The software

The user communicates with the VXI analyser
only via the VXlbus controller. As a result, two
software modules have been designed: the instrument
control software (running on the DSP), and the user
interface program (running on the VXI controller).

4.1. The instrument control software

As far as the instrument control software is
concerned, this is downloaded on the DSP by a
suitable TMS320C30™ emulator, which is placed in
a dlot of the VXI controller and connected to the
analyser via the front panel connector.

The instrument control software performs the
following main tasks:

1. data acquisition;
2. power quality analysis,
3. communication with the VXI controller.

Data acquisition is continuously carried out on the
basis of the last sampling frequency F, and number
of points N, selected by the user. In each sampling
period T, a new signal sample is acquired and
transmitted by the ADC to the Seria Port O of the
DSP. Once the Serial Port 0 input buffer is fulfilled
by the received sample, an interrupt to the DSP is
generated. The corresponding service routine reads
the sample from the buffer and writes it in the input
array. Moreover, once the input array is fulfilled, the
service routine also makes a pointer swapping in
order to allow the last samples to be passed to the
power quality analysis procedure, before the array is
loaded with new samples.

The power quality analysis procedure, based on
the aforementioned wavelet transform and signal
reconstruction, provides the time domain shape of
the detected disturbance, extracted from the fun-
damental. The procedure is caled by the main
program which constitutes an infinite loop based on
the following four steps:

» waiting for the last sample array to be available;

* executing the power analysis procedure on the
acquired signal samples;

 writing the samples of the occurred disturbance in
the output data array;

e processing eventual device commands or output
data queries received from the VXI controller.

As for the last step, as soon as the VXlbus
interface module receives either a BA or a BR
command, it generates an interrupt to the DSP. The
corresponding service routine immediately makes the
DSP assert an acknowledgement signal to the inter-
face module. The service routine then also deter-
mines if readings (BA) or writings (BR) are required,
and finally assigns a proper value to the volatile
control variable (EVENT). As a conseguence, each
time a new output data array is available, the main
program checks the variable EVENT: if no BA or
BR is pending, it then waits for a new input data
array to process,; otherwise, a series of either 4 byte
readings or 4N, byte writings are executed. The
former allows a device command, sent by the user
interface program and concerning new settings for
the signal analyser, to be received and executed. The
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latter allows the last output array (N, floats) to be iconic programming language LabView™. It is de-

transmitted to the user interface program. signed for (i) sending device commands to the

analyser in order to set measurement specifications,

4.2, The user interface program and (ii) requesting the last output array made avail-
able by the signal analyser.

The user interface program is developed in the The front panel appears as shown in Figs. 5-7.

Fig. 5. Upper, a periodical notch superimposed on the fundamental; lower, reconstruction results.
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Fig. 6. Upper, a micro-interruption superimposed on the fundamental; lower, reconstruction results.

Each press of the ‘Start Acquisition’ button causes 5. VXI power quality analyzer performance
new results to be requested and, once received from verification
the analyser, displayed. Other controls alow the user

to choose the sampling frequency F,, the number of
points N, and the input range to be adopted.

After a suitable static and dynamic characterisa-
tion both of the ADC and DAC, the performance of
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Fig. 7. Upper, an oscillatory transient superimposed on the fundamental; lower, reconstruction results.

the proposed VXI power quality analyser was as-
sessed by analysing test signals with known charac-
teristics. Test signals usually consist of a fundamen-
tal on which common transient disturbances are
superimposed. In particular, the attention has been
paid to:

1

2.

3.

periodic and sudden impulses or notches shaped
as basic waveforms (Fig. 5 upper);

voltage dips and micro-interruptions (Fig. 6
upper);

oscillatory transients shaped as exponentialy
damped sinusoids (Fig. 7 upper).
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These signals were generated by means of an
AWG 2020™ Arbitrary Waveform Generator char-
acterised by 250 MHz maximum generation fre-
quency and 12 bit resolution.

A large set of signals was considered by fixing F
equal to 8400 Hz and adopting severa values of N,.
For the sake of brevity, only those results obtained
by analysing successive time windows of 122 ms
(1024 (N,) input signal samples) are given in this
paper. The Daubechies filter with 16 coefficients was
adopted as the discrete mother wavelet for the
DTWT analysis and synthesis stages because of its
known suitability in power quality analysis [10].

Several experiments were conducted for different
values of disturbance amplitude, time-duration, and
time-location inside fundamental cycle. The mea-
sured amplitude and time-duration were compared to
the nomina values set in the AWG 2020™. Fig. 5
(lower), Fig. 6 (lower), and Fig. 7 (lower) show
some reconstruction results related to the three types
of transient disturbances.

Tables 1-3 summarise the results obtained for the
above mentioned disturbances. It must be noted that,
for the oscillatory transient, the time-duration is

Table 1

Some results obtained from experiments conducted on signals
affected by either single or periodica notches characterised by
different peak-to-peak amplitude (A) and time-duration (AT)

Table 2

Results obtained from experiments conducted on signals affected
by micro-interruptions characterised by different amplitude (A)
and time-duration (AT)

A AT M Myt A Ot € Ext
V) (mgy (V) (my (MV) (n9 (%) (%)

07951 0.600 0.7849 0595 04 0 13 083
0.7880 1.000 0.7746 1.021 0.3 006 17 21
0.7748 1500 0.7496 1523 04 005 33 15
0.7562 2.000 0.7274 2024 0.3 0 38 12
0.7190 2500 0.6860 2517 0.3 0 46  0.68

related to the period of the oscillation. In particular,
each table gives:

e the nomina values both of amplitude (A) and
time-duration (AT);

 the mean values (u) and standard deviations (o)
obtained from a set of about 100 measurement
results provided by the anayser;

« the mean value of the percentage relative differ-
ences in disturbance amplitude (e,) and time-
duration (e,;) estimation.

Moreover the dynamic performance of the ana-
lyser was also evaluated [20]. In particular, for time

Table 3

Results obtained from experiments conducted on signals affected
by oscillatory transients characterised by different peak-to-peak
amplitude (A) and time-duration (AT)

A AT M Myt O Oxt € €t
) (ms) (V) (mgy) (V) (png (%) (%)

A AT M Myt O Oxt € €t
) (mg) (V) (mgy) (V) (pg (%) (%)

05840 0.684 05819 0.724 0.2 005 036 58
0.5880 0.879 0.5853 0.909 0.3 006 046 34
05910 1.074 05850 1128 0.3 006 051 50
05930 1563 05878 1537 0.2 0 088 17
05952 2051 05882 2023 0.1 0 12 13

0.3855 0.684 03821 0.727 0.3 008 088 59
0.3938 0.879 0.3896 0905 0.2 006 11 29
0.3958 1.074 0388 1113 04 005 18 35
0.3947 1563 03875 1597 0.3 0 18 17
0.3981 2051 03899 2023 0.2 0 21 13

0.7807 0684 07774 0710 0.2 0.08 042 36
0.7803 0879 07765 0921 0.2 005 049 51
0.7826 1074 07748 1119 03 002 098 42
0.7885 1563 07768 1537 0.3 0 15 17
07943 2051 0.7816 2023 0.1 0 16 13

03401 0.784 03385 0.723 0.2 005 047 37
03395 0782 03350 0811 0.3 004 13 3.7
03195 0977 03147 1019 03 002 17 43
0.3087 1367 0.2989 1428 0.3 0 32 45
02750 2051 0.2643 2023 0.3 0 39 13

1.0254 0684 10198 0.721 03 007 055 69
1.0259 0.782 1.020 0819 1 006 076 44
09531 0977 09291 1.028 0.8 004 25 5.2
09277 1367 0.8928 1428 04 0 3.8 45
0.8251 2051 0.7879 2023 0.5 0 4.5 13

0.6834 0684 06796 0.726 03 006 056 6.1
0.6847 0.782 06802 0821 0.3 005 065 50
0.6355 0.977 06247 1.033 0.6 003 17 5.7
0.6135 1367 05987 1428 04 0 24 45
05483 2051 05268 2023 0.6 0 3.9 13
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windows of 20 ms (i) the analyser is able to perform
the power quality analysis procedure in about 33 ms,
and (ii) the transfer of the whole output data array
between the analyser and the VX1 controller (Nation-
a Instrument VXIpc-486™ embedded controller)
takes 10.4 ms (400 kbyte/s); hence, a throughput of
20 disturbance extractions per second is assured (a
new output data array is available on the VXI
controller each 50 ms). This throughput value high-
lights that, even though the output data transfer
should be further improved, the analyser is aready
able to provide a disturbance extraction at every
three periods of the fundamental. However, it must
also be noted that this throughput value does not take
into account the time required by the user interface
program to display the disturbance waveform. In this
case, the displayed waveform can be refreshed only
once per second.

6. Conclusions

This paper has proposed a VXI power quality
analyser, based on the wavelet transform, for on-line
applications. The analyser satisfies the actual de-
mands of measurement apparata capable of carrying
out on-line detection and analysis of transient distur-
bances affecting the power supply voltage.

It has shown good metrological performance in
measuring known signals. Moreover, thanks both to
its DSP-based architecture and VXI interface, the
proposed analyser is able to continuously monitor the
input signal, carrying out a disturbance extraction
each 50 ms.

Continuing work is oriented to enhancing both the
implemented procedure and the hardware structure.

As far as the software is concerned, suitable
solutions are being studied in order to make the
power quality analysis procedure less sensitive to
random noise. Moreover, further measurement pro-
cedures to be downloaded will be added to those
aready developed [18,19].

As far as the hardware is concerned, future
improvements are oriented to increasing the interface
data transfer capability by setting up a further
communication channel with the controller which
will be based on the Local bus lines.
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