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Abstract- Large scale monitoring of power quality in electrical apparatuses is nowadays a pressing
need due to the liberalization of electrical market and the deeper interconnections of electrical
networks. Many instruments are today available on the market. Even if they grant good accuracy and
measurement capability, they are generally developed for single point measurements. Their use in large
scale monitoring leads to high costs. These costs are also due to the accurate processing tasks they shall
realize. In this framework research activity, the authors aim at the realization of a measurement
instrument for power quality monitoring in compliance with IEC 61000-4-30 and 61000-4-7 standards
capable of granting good accuracy, satisfying repeatability, and cost effectiveness since the use in large
scale monitoring is allowed. In this paper the attention is paid to the measurement algorithm to be
adopted. The use of alternative measurement approach respect to the FFT one is proposed. Digital
filters tuned on the single spectral line, and digital filters shaped on the harmonic group are optimized
thoroughly for grouping measurements required by IEC EN 61000-4-7 standard. The obtained results
allowing promising development in the use of this approach.

l. Introduction

In the electrical distribution the interaction between the load and the network supply may cause small
or significant deviations from ideal current/voltage waveform. In Power Quality (PQ) the different
aspects of these disturbances are enveloped [1]. Nowadays the interest towards the study of PQ
disturbances is increasing continuously. This is particularly due to: (i) the deeper interconnection of
electric networks, (ii) the less tolerance of equipments to voltage disturbances and, (iii) the increased
awareness of the detrimental effects of poor quality translatable also in economic costs.

Whereas in the past, PQ was often seen as an implicit duty of system operators, today, with the
liberalization of energy markets, quality objectives have become more and more explicit either in the
form of contracts negotiated with customers, or as definite objectives agreed with the regulator. A
number of regulators have already been defined, or have been planned to establish PQ objectives (e.g.
supply continuity and voltage quality) to be met by the electricity supply systems. In some countries,
regulators may even impose penalties in the case of non-observance of the PQ objectives. It is an
important feature of meeting PQ targets that the interested parties agree on the method of gathering and
presenting estimated data. For these reasons standards [2]-[8] regulate PQ disturbances by the means of
suitable indices. Monitoring the electric system according to these standards gives the chance to
improve the relationship among the electric markets’ actors.

Two main categories of PQ disturbances can be introduced: variations and events [1], belonging
respectively to steady state and transient phenomena. Variations can be divided in two categories
defined as harmonic and interharmonic distortions, while events comprise interruptions, dips, sags,
swells and so on.

As regards harmonic and interharmonic distortion, requirements for both measurement instruments and
methods are defined in [8]. This standard suggests the realization of a measurement instrument based
on a Fast Fourier Transform (FFT) approach, but it does not preclude the application of other analysis
principles. In this last case the standard imposes that the specifications of instruments shall state the
range of uncertainty caused by all influence factors including the non-stationary characteristic of the
signal, the aliasing phenomenon and the loss of synchronization.

Several approaches, based on alternative analysis principles, for automatic detection and classification
of PQ disturbances were proposed in literature [9]-[20].

Some of them are based on time-frequency representations such as wavelet transform or short time
Fourier transform, which are assisted e.g. by neural networks or fuzzy expert systems. Methods based
on pattern recognition using support vector machines are also used as useful techniques for disturbance



classifications. Other approaches apply mathematical morphology and/or the calculation of the RMS
(Root Means Square) value.

Other useful solutions proposed to PQ monitoring are based on the use of digital filters [16]-[20]:
different approaches are used depending on the type and architecture of digital filter as well as the
power quality disturbances that are able to estimate.

Although the number of methods presented in the published papers the detection and classification
problem in PQ is still an open question and a useful monitoring system is still missing. This is
particularly true if requirements like compliance with [8] and low cost are considered.

The processing and memory capabilities related to synchronization and FFT analysis required by the
compliance with [7] and [8], deliver some issues that may limit the cost effective of the measurement
solutions present on the market. In order to make clear these aspects let it consider a polyphase system
with neutral wire, where four currents and four voltages, have to be detected, synchronized, measured
and analyzed with good accuracy and spectral resolution. This means that the processing system,
usually a microcontroller, has to be able to: (i) estimate the frequency of incoming signals and change
(in a digital or analog way) its sampling frequency; (ii) store and manage a large number of data; (iii)
detect and classify events and (iv) process many complex computations in a very short time.

The authors, starting from their past experience in this field [21]-[26], propose a study of the feasibility
of digital filter approaches to monitor harmonic and interharmonic distortions, according to [8]. A
number of digital filters, characterized by different types, architectures and order, was considered and
optimized. Effectiveness of the chosen solution was confirmed by both the analysis of the digital filter
response and its comparison with the FFT approach. Tests were made on more than thousand of
simulated signals with typical harmonics and interharmonics disturbances.

1. Theoretical background

Waveform distortion disturbance on power line is defined as the deviation of the signal from the
perfect sinusoid. In order to monitor this disturbance, instruments able to measure spectral components,
which are superimposed on the fundamental of the power supply systems at 50 Hz and 60 Hz, have to
be used.

Since the need of having reference instruments with reproducible results irrespective of the
characteristics of the input signals, the standard referenced in [8] describes functions and structure of
the measuring instruments for waveform distortion analysis. For practical considerations, this standard
distinguishes between harmonics, interharmonics and other components above the harmonic frequency
range, up to 9 kHz. Harmonics are spectral components with a frequency (harmonic frequency) which
is an integer multiple of the power supply (fundamental) frequency. Interharmonics are spectral
components with a frequency between two consecutive harmonic frequencies. The other components
are spectral line of the signals with frequencies exceeding the harmonic frequency range
(approximately 2 kHz) but below the upper limit of the low-frequency range (approximately 9 kHz).
Because the measurement of these last spectral components it is not an issue, in the following only
harmonic and interharmonic analysis will be explained in detail.

In the assessment of harmonics and interharmonics, each spectral component shall be measured with a
frequency resolution of 5 Hz and an observation period equal to 200 ms shall be considered. As
suggested by [8], spectral lines have to be suitable grouped in order to obtain desiderated harmonic and
interharmonic evaluations. This task provides an overall value, which includes the effects of
fluctuations of the harmonic components.

The harmonic group is evaluated, for a 50 Hz system, by the sum of squared spectral lines in the +/-
25 Hz interval respect the considered harmonic frequency (Equation 1). The interharmonic group is
estimated by the sum of squared spectral lines between two consecutive harmonic components,
according to Equation 2.
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In these equations: (i) Cy:; is the RMS value of the spectral component located at the (k+i*5) Hz
frequency and k is n times the fundamental frequency (harmonic frequency), (ii) G, is the resulting
RMS value of the n-th harmonic group, and (iii) Cig,n is the RMS value of the n-th interharmonic
group between the harmonic orders n and n+1.

In [8], the general structure of a reference instrument is given. It considers an FFT approach to estimate
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Fig. 1 Illustration of harmonic and interharmonic groups

spectral lines. This choice imposes the need of an accurate synchronization to avoid spectral leakage
troubles. As mentioned above, [8] does not preclude the application of analysis principles different
from FFT provided that the general accuracy requirements are complied with.

It is possible to highlight that grouping process acts as a digital filter placed on signal spectral
components. Starting from this consideration in the following the adoption of a new measurement
architecture that uses proper filter banks is proposed.

I11. The proposed digital filters approach

Many parameters concur in the realization of optimized filters for PQ assessment. Among the other
operating, architecture, type and order of filters have to be taken into account and properly chosen.

As far as the operating is concerned, filters may be developed for different purposes. Harmonic and
interharmonic assessments, THD evaluation, frequency and event detections are important issues that
have to be pursued as accurately as possible. In this study the harmonic group estimation is considered
and filters settled for the above defined G, coefficients assessment are developed and made operative.
Starting from that reported in Section II, two architectures of digital filters could be used to achieve the
required frequency decomposition: (i) filters tuned on single spectral line, here in after PIN FILTER, and
(ii) filters shaped on harmonic group (here in after BROAD FILTER). The former have a bandwidth of
5 Hz, equal to the required frequency resolution of each spectral line, while the bandwidth of the latter is
equal to 50 Hz, which is the breadth of harmonic groups. Fig. 1 sketches an example for both the shape of
BROAD FILTER (highlighted as part A) and PIN FILTER (highlighted as part B). It can be highlighted
that the estimate of the RMS of BROAD FILTERSs output gives the above defined G, value; a suitable
grouping procedure on the considered spectral lines has to be realized to obtain the desiderated values if a
PIN FILTER is accounted for. In addition, for each harmonic group, eleven PIN FILTERs have to be
combined, while only one BROAD filter has to be set.

Two types of digital filters were considered for both BROAD and PIN architectures: Finite Impulse
Response (FIR) and Infinite Impulse Response (IIR) filter. At the former class belong filters as
Equiripple, Interpolated Fir, etc., while in the latter are Butterworth, Chebyshev, Elliptic, Maximally
Flat, etc. Fixed the architecture and type of the filter, several orders, capable to find a compromise
between the required metrological performance and a feasible implementation, were considered.

In order to adjust all these parameters a simulation stage was arranged in Matlab® 7 environment.
Reference signals to be adopted as test set were generated. Considering standards reported in [3]-[8]
four main test sets were considered. In the first one, (A), there are purely sinusoidal signals at the
fundamental frequency (50 Hz). The second test set, (B), contains signals at the fundamental frequency
added with its harmonics up to the fifteenth applied one at once. Signals containing the fundamental
frequency added with its entire harmonic applied in progressive manner fall in the third test set (C).
The further addition of interharmonic components characterizes the D class respect to the previous
ones. In the entire proposed test set frequency deviations within +/- 5% of the nominal frequency value
were applied to the realized waveform. Several amplitudes were considered for the fundamental
frequency, the harmonics and the related interharmonics. The most of the cases consider a RMS
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Figure 2 (a) Comparison of BROAD, PIN and FFT performance, in term of RMSerr, for some signals
belonging to the A test set; (b) highlighting of FFT and BROAD results.



amplitude equal to 220V for the fundamental frequency and 10V and 5V for harmonic and
interharmonic RMSs respectively. The sampling frequency was set equal to 4 kS/s and the analysis was
conducted up to the 40™ harmonic. All the considered test sets, architectures, types and orders of
filters compose a set of more than one thousand case studies.
Suitable figures of merit were introduced to estimate filter responses:
1) RMSerr, defined as the percentage error between the imposed (RMScs) and the estimated
(RMSf) RMS values of the considered signal:

40 40
RMSerr:abs(IOOX RMScs - RMSf j where RMScs = |3 Ges? and RMSF = > G
i=1 i=1 .

RMScs

Gcs; and Gfj are the imposed and estimated harmonic group values.

2) ATIME and XTIME respectively defined as the time the filter requires to detect an event,
and the time to provide a 99% steady state response after the detection time.

3) BURDEN and MEM respectively defined as the number of additions and multiplications
required by the filter and the total samples to be preserved in memory to compute the
response.

An optimization stage executed on a number of tests varying filters architecture, type and order showed
that:

6] IIR filters grant a compromise between computational burden and metrological accuracy;

(ii) among IIR filters the Butterworth one is characterized by acceptable performance even if
the order of the filter is quite low;

(ii1) BROAD filters of order equal to six allow good stability, good metrological performance
and reduced computational time;

(iv) different orders are required for PIN filters solution; a minimum order equal to two is
needed for the harmonic estimation, while orders up to fourteen are required for the side
spectral lines.

For the sake of brevity, all steps of the optimization stage are not reported in the paper, while final
outcomes are reported with more detail.

Some results concerning metrological performance of considered filters, estimated in terms of RMSerr,
are given in the following. All the reported results are also compared with those furnished by
traditional FFT approach with rectangular window.

Figure. 2a) reports results for some signals of the (A) test set when a frequency deviation is present.
Figure. 2b) highlights the comparison between non synchronized FFT and BROAD filters outcomes.

It is possible to underline as: (i) the FFT approach gives out a RMSerr equal to zero for a 50 Hz signal,
since it operates in its ideal conditions. These conditions are reached every time the synchronization
procedure suitably modify the sampling frequency in function of the signal frequency; (ii) BROAD
filters give better performance than PIN filters that in some case give unacceptable estimates; (iii)
BROAD filters responses are quite constant and always acceptable, in function of the considered
frequency deviations of stimulus signal; (iv) non synchronized FFT results strongly depend on the
applied frequency deviation. It is important to remark that [8] clearly imposes a synchronization
process before the application of the FFT estimation; the loss of synchronization may cause errors in
the calculated spectral line. However, computational burden related to this synchronization process is
heavy and often raises costs of measurement stations for PQ assessment. The comparison of Figure 2b)
wants only to show better stability of BROAD filters than FFT approach versus the loss of
synchronization

Some analyses concerning B) and C) test sets are respectively reported in Figure 3 a) and Figure 3b). It
is possible to highlight as: PIN and BROAD filters outputs are almost constant versus the applied
signals; both filters exhibits good behaviors; BROAD filters performance is two order better respect to
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Figure 3 Comparison of BROAD and PIN filter performance, in term of RMSerr, for some signals
belonging to the B (a) and C (b) test set.
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Figure 4 Comparison of BROAD and PIN filter performance, in term of RMSerr, for some signals
belonging to the B (a) and C (b) test set when frequency deviations are present.
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PIN ones. Estimates obtained by the FFT approach are not reported since the estimated RMSerr is
equal to zero due the applied ideal conditions.

Different results are obtained when frequency deviation are considered. Figure 4 reports behaviors of
RMSerr versus the frequency deviation for two of the cases proposed in Figure 3. The fundamental
frequency and the third harmonic were considered in Figure 4a, while the fundamental frequency and
all the odd harmonics up to the 15" were considered in Figure 4b). PIN filter are not reported since
their RMSerr was very high if compared with BROAD and FFT approaches. Once again Broad filters
show very good stability in spite of the shift from the ideal 50 Hz condition. Results obtained for the
other cases of Figure 3 are very similar to those proposed in Figure. 4.

Figure 5 reports results for signals belonging to the D) test set. In particular, the first case of Figure 5a)
considers the fundamental frequency and all its interharmonics within the +/-25 Hz range, while in
other cases each harmonic (with its interharmonics) at time is added to the fundamental. Each case of
Figure 5b) reports RMSerr for signals composed by the fundamental frequency with its interharmonics
and all the harmonics (with their interharmonics) falling in the considered frequency interval. Obtained
results show that: (i) PIN and BROAD filters give out to acceptable responses if compared with the
FFT approach; (ii) PIN filters furnish better performance than BROAD ones increasing the weight of
interharmonic contribution, however the maximum RMSerr for BROAD filters is always lower than
0.6%.

To fix the minimum hardware requirements of the DAS (Data Acquisition System) to be adopted in the
realizing instrument further tests were carried out. Sensitivity of proposed filters approach to ENOB
(Effective Number of Bits) was assessed.

Table I gives the estimated RMSerr versus two values of ENOB for two signals belonging to test sets
C) and D) and several values of frequency deviation. The RMSerr figure of merit does not seem to be
affected by vertical quantization for all the considered approaches. BROAD filters always give better
values respect to PIN filters. BROAD filters estimates seem to be more stable versus the frequency
deviation and grant very good outcomes if compared to non synchronized FFT results. Very similar
estimates are obtained in the synchronized (50.0 Hz) cases where both methods give out errors lower
than the error related to the selected ENOB.

As far as the ATIME figure of merit is concerned, a negligible time was noticed for optimized BROAD
filters; a ZTIME equal to 100 ms (5 periods of the fundamental 50 Hz frequency) was estimated to
furnish a steady state response after an event detection;. PIN filters require about 100 ms (5 periods of
the fundamental 50 Hz frequency) as ATIME and 1300 ms (65 periods of the fundamental 50 Hz
frequency).

As for the BURDEN figure of merit BROAD filters require 9 real additions and 9 real multiplications
to produce harmonic group output, while PIN filters need of 93 real additions and 93 real
multiplications. Considering that 40 BROAD and 40 grouped PIN filters are required to analyzed up
the 40™ harmonic a total burden of 360 real additions and 360 real multiplications and 3720 real

0,30 0,60

0,25 .\I—/—I—HI——I—I—I 0,50 e FFT /
—&—PIN

Iy o —o o ° ° Py e § 0,40
,0,20 / = A +BROAD/./
G 0,15 +—* —e—FFT % 0,30
%] —m PN b .\:><:/\-
@

2 010 —e—BROAD 020 T = -\.\.\l
0,10

0,00 *— T —

« <« o N o « o0 o
S ,;00 ,ﬁ:g ,goQ v‘oe (,;oQ 6"30 469 Q\ox Q\o’?' \)-\0'3’ Q\ob‘ Q,&% Q\OQ’ Q\o'l
PSS S S S I PPN A P P\
Fundamental and considered harmonics and inteharmonics a) Fundamental and considered harmonics and interharmonics b)

Figure 5 Comparison of BROAD, PIN and FFT performance, in term of RMSerr, for some signals
belonging to the D test set.



additions and 3720 real multiplications Table I. Estimated RMSerr versus two values of ENOB for two signals

are respectively required for the belonging to test sets C) and D) and several values of frequency deviation.

analysis of each phase. MEM related to Er;? 7 bit 8 bit
BROAD filters is equal to six samples [Hz] | FFT | PIN | BROAD | FFT | PIN | BROAD

for each phase while PIN filters require
500 | 020 | 124 | 025 |027] 131 | 033

up to 14 samples to be stored. The

memory burden related to the filter 50.1 | 0.11 | 041 | 0.1 |05 037 | 0.07

coefficients wasn’t considered since 505 | 059 | 3.63 035 |061]| 3.64 0.33

they can be preserved in lookup table s10 | 089 | 11001 003 looo | 1100 | 0.02

1 and 3 harmonics
(C test set)

placed in the ROM memory.
As far as the FFT approach is 515 | 1.09 [ 1850 | 036 | 1.00 | 18.60 | 0.32
concerned, considering same conditions 525 | 171 13952 030 |1.73] 3949 | 030
reported above, and a frequency 500 | 077 | 025 | 075 |o055| 073 | o011
resolution equal to 5 Hz, following |7 _
. . Q.= wn

performance should be achieved: (i) |Z2 & o 501 | 013 | 030 | 006 1016} 029 | 0.06
measurement results shall be updated gg g 21 505 | 068 | 355 | 026 |0.62| 345 0.31

- . =5 8
within  the  required 200 ms 58 £ 5] 510 | 098 | 1096 | 0.06 | 088 10.86 | 0.01
(corresponding to ten periods for a 50 ECES
Hz system). This means that the whole | 5 ~ SLS | 129 [ 18411 023 | LI5] 1840 | 025

8 FFT should be calculated within 525 | 2.08 3893 ] 0.01 |201]3899]| 0.07
200ms; Since usually DSP or

microcontrollers-based measurement systems are characterized by sequential operating, the above-
mentioned requirements lead to a maximum time of 25 ms available to acquire and store the samples,
compute and transmit each FFT result; (ii) for each one of the eight signal at least 800 samples should
be acquired, stored and managed; (iii) each FFT calculation, performed on M (80) real samples,
requires M*log2(M) (7715) additions and M*log2(M/2) (7715) multiplications. The required
computational burden is very huge if compared to that provided by BROAD filters approach.

From the above reported considerations, according to all the considered figures of merit, can be
highlighted that: (i) BROAD filters grant acceptable RMS errors respect the FFT approach. This is
particularly true if the quantization effects are taken into account; (ii) BROAD filters show a lower
computational burden than the FFT approach; (iii) the need of synchronization could be eliminated in
the BROAD filters approach if little RMSerr are accepted; (iv) the steady state time response for
BROAD filters imposes up to five period of flagged signals while this not occurs if a FFT processing is
considered. For these reasons these digital filters seems to be promising for an alternative measurement
approach respect to the FFT one.

v Conclusions

First steps taken in the framework of a research activity aimed at the realization of a cost-effective
FPGA-based meter, for power quality assessment have been accounted for. The attention has, in
particular, been paid to the measurement algorithm to be adopted. Digital Filter filters tuned on the
single spectral line (PIN FILTER), and digital filters shaped on the harmonic group (BROAD FILTER)
have been optimized thoroughly for grouping measurements required by IEC EN 61000-4-7 standard.

A number of tests conducted on simulated signals shown that BROAD filters grant better trade-off
between computational burden and accuracy respect than PIN ones; For the optimized BROAD filters
acceptable bias, good repeatability, and reasonable processing time have been experienced if compared
with the usually applied FFT based approach thus allowing a promise in the use of alternative
measurement approach respect to the FFT one. In addition the parallelism of filter bank calculations
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Figure 6. The proposed measurement architecture




might be well suited with modern parallel processing as those furnished by FPGA devices. A possible
measurement solution is proposed in Figure 6. A Data Acquisition System (DAS) of a common
microcontroller allows the digitalization of the eight signals coming from current and voltage probes
and the transmission of the digital samples to the FPGA inputs. At this stage: (i) the microcontroller
allows evaluating of the power quality parameters suggested by [7] (i.e. interruptions, dips, sags,
swells, and so on), where less computational burden is required; (ii) the FPGA, as required by [8],
allows harmonic and interharmonic measurement by using the proposed digital BROAD filters
solution. Finally, the obtained PQ measurements are stored and sent to the communication interface
1/0).

The ongoing research work will concern with: (i) the analysis of BROAD filter performance if
interharmonic estimation is concerned; (ii) the set-up of an optimized FPGA-based measurement
architecture; (iii) the choice and the characterization of measurement probes, and (iv) the comparison
with competitive measurement solutions present on the market.
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