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Abstract—The development of smart microgrids requires the
adoption of distributed algorithms for energy management and
control. In a microgrid, smart meters should also provide
measuring functions similar to a PMU with comparable accuracy
yet, being connected to a low-voltage distribution grid, they will
have to cope with different electrical disturbances.

This paper provides an accuracy analysis of known estimation
techniques based on interpolated DFT (IpDFT) methods, under
the impaired conditions of a low-voltage distribution grid. A
brief discussion of expected impairments is provided first, then
IpDFT is applied for the estimation of voltage phasors in the
neighborhood of abrupt voltage amplitude variations.

Results of experiments, run with the aid of an emulated power
network, suitable data acquisition devices and signal processing,
are presented and figures of merit concerning accuracy perfor-
mance are discussed.

1. INTRODUCTION

The growth in significance of distributed energy resources
(DERs) and their potential role in the energy balance is
pointing to the smart microgrid as a new paradigm in the
architecture and management of electricity grids: an “inter-
connected network of distributed energy systems (loads and
resources) that can function whether they are connected to or
separate from the electricity grid” [1].

This vision was initially considered of particular interest for
comparatively small communities, such as residential areas,
isolated settlements and small municipalities, which may find
stronger motivations for cooperative management of energy
through a microgrid [2]. However, the increasing interest in the
integration of DERs within the electric grid is opening broader
perspectives for distributed energy management. Running a
small distribution area as a smart microgrid could benefit as
well the operation of distribution lines, which might see fewer,
better managed large loads as their end users.

A variety of engineering disciplines play a significant part
in the implementation, operation, control and management
of a smart microgrid [1], [3]. The practical feasibility and
acceptance of this kind of electrical grid also depends, to
a large extent, on suitable control methods, communication
protocols and measurement techniques.

Energy management in a distributed infrastructure can prove
quite challenging, due to the technical constraints involved
in sharing power among end users that can be both energy
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producers and consumers (prosumers). The scientific commu-
nity has emphasized the need for effective distributed control
in smart microgrids, in view of the variability of renewable
energy generation through DERs and the larger relative de-
mand fluctuations, inherent in comparatively small end user
aggregations. Several interesting concepts have been presented
in the literature (e.g., distributed reactive power compensation
[4]) and it is becoming evident that the trend towards local
exchanges of measurement and control information is also
an answer to bandwidth congestion problems, that centralized
management and control algorithms would cause.

This “internet of things” philosophy requires careful consid-
eration of a seemingly more practical issue, namely, providing
those distributed management and control algorithms with the
relevant inputs. Whereas phasor measurement units (PMUs)
help monitor the state of high-voltage (HV) grids with the
required degree of accuracy, the problem of obtaining a
comparable view of the state in a low-voltage (LV) distribution
network has received far less attention. In this context, low-
cost design is a much more relevant constraint and the nature
of failures and impairments that a measuring device should
account for is different. Nevertheless, the resolution and ac-
curacy required to measuring devices remain comparable to
what is expected from a PMU. Thus, designing a low-cost
measuring unit for smart microgrid applications proves to be
quite challenging.

This paper investigates the behavior of some well-known
methods for the estimation of electrical quantities, in the
presence of non-stationary conditions that could typically be
found in LV distribution. The underlying assumption is that
such measurements are going to be needed in a distributed
smart microgrid control algorithm, consequently the proposed
approach should be amenable to low-cost implementation,
but provide accurate results under the expected range of
operating conditions. Measurement algorithms are based on
the Interpolated DFT (IpDFT) [5], [6], [7] and tests of their
accuracy have been carried out under the impaired conditions
allowed for a LV distribution network by relevant European
regulations [8]. Although such electrical impairments may
impose more severe test conditions than those referred to in
the IEEE C37.118 synchrophasor standard [9], we still refer to
the target PMU accuracy specifications and analyze the Total



Vector Error (TVE) provided by the investigated algorithms.

For the experimental analysis, data acquisition has been
based on a National Instruments NI-cDAQ 9188 board, while
the measuring algorithms have been realized for implementa-
tion in a National Instruments FPGA board. This provides a
proof-of-concept for an actual low-cost implementation.

The outline of the paper is as follows. A concise description
of a smart microgrid architecture is provided in the next
Section, to better understand the main requirements that have
been considered in the analysis of the measurement algorithms.
The employed test bench is then briefly introduced and the
impairments generated to reproduce a LV smart microgrid
environment are described. Finally, experimental results are
presented and discussed, highlighting the performance of the
IpDFT algorithms in the presence of electrical impairments.

II. SMART MICROGRID REFERENCE ARCHITECTURE

The community of end-users served by a smart microgrid
is assumed to be a moderately-sized neighborhood comprising
homes, public buildings as well as small industrial settlements.
In addition to passive and active loads, distributed generation
capability can be found, possibly together with energy storage
units. Availability of local power sources means that energy
exchanges between the smart microgrid and the distribution
grid can be two-way and islanded operation may be possible.

Management and control of this kind of distributed energy
grid is presently an active research field, but it is already
apparent that ensuring a degree of energy supply stability
and reliability, at least comparable to the present standards,
requires the support of distributed measurement devices, with
capabilities exceeding those of a common smart meter. In the
reference architecture outlined in Fig. 1 such devices, through
which end-customer passive loads and local energy resources
exchange electric power with the microgrid, are called energy
gateways (EGs).
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Fig. 1: The reference smart microgrid architecture.

This term emphasizes the fact that, in addition to normal
metering functions, EGs also provide communication facilities
with similar devices within the smart microgrid, in support
of distributed control and power quality (PQ) management.
Likewise, the smart microgrid link to the distribution grid is
managed by an energy interface (EI), designed to make the

whole architecture scalable, for example allowing the dissem-
ination of current energy management policies (accountability
conditions, islanding mode, etc) to the EGs. For a more
detailed description of the assumed reference architecture,
interested readers are referred to [10],[11].

Within this architecture, EGs actually need to merge smart
metering with the capability to accurately and reliably mea-
sure the state of the network. Therefore, what needs to be
investigated is the possibility to realize cost-effective devices
that can provide a continuously updated stream of real-time
measurements of suitable electrical quantities, mainly the
voltage phasor and/or the exchanged power.

The measured quantities result from the combined effects
of prosumer loads, power sources, and energy storage units.
It is also becoming clear that phasor estimates needed by
distributed control schemes should be characterized by a suf-
ficiently high accuracy (e.g., in order to allow convergence to
at least local optima with respect to significant PQ indicators,
as in [4]). Thus it is not unreasonable, performance-wise, to
refer to the PMU target accuracies.

III. CHARACTERIZATION UNDER IMPATRED CONDITIONS

Under the hypothesis of impaired (off-nominal) conditions,
problems in a LV network differ from those of MV/HV grids,
which are the reference targets of the IEEE C37.118 standard
for synchrophasor measurements [9]. To understand which
anomalies a smart microgrid device should be designed to
withstand, it is useful to turn to standards such as EN50160
[8], that specifies the voltage characteristics of electricity
supplied by public distribution networks, for example in terms
of voltage level and frequency stability.

Applied stresses are actually induced by known, sometimes
extreme grid faults, for example due to connection of a very
large load, short-circuits, efc. Moreover, typical loads and
systems connected to a LV grid may induce particular supply
operating conditions that end—user devices must carefully
take into account. As a consequence, to define the relevant
test conditions for device assessment some guidelines were
extrapolated from international regulations on electromagnetic
compatibility (e.g. EN61000-4 [12]), which specify the level
of conducted disturbances any electrical device could be
potentially subjected to during its operations. As an example,
an EN61000-4-1 Class 2 compliant product shall be able to
tolerate a 30% voltage dip for 25 periods (meaning that the
final voltage is 30% lower than nominal for 500 ms), without
losing its functionality.

EG smart metering units introduced in the previous Section,
being electronic measuring devices connected to a LV distri-
bution network, are likely to be subjected to stimuli of similar
nature. In this work, they are thus referred to the Class 2
level of EN 61000-4 standard, that provides the most reliable
class of utilization for devices and specifically refers to the
residential distribution grid for home and industrial loads.

Table I has been introduced to provide a quick compar-
ison between frequency variation and voltage step impair-
ments imposed on PMUs, and those likely to be found in



TABLE I: Comparison

‘ EN50160 and EN61000-4

‘ IEEE C37.118

e asynchronous 50 Hz £15%

Frequency variations

transient 1s

e steady—state  P: +2 Hz, M: +5 Hz

e synchronous 50 Hz {+4%,—-6%} transient 10s e ramp P: £2 Hz, M: £5 Hz 1 Hz/s

. 0% U,, for 10 ms sudden change, Response time

Voltage step Class 2 o 0% U,, for 20 ms |at any angle of eclass P | | 1.7/fo, ~34 ms
70% U,, for 500 ms |phase o class M ‘ Magnitude: +£10% ‘ 199 ms

a prospective smart metering application. It can be noticed
that EN50160/61000-4 immunity tests already include a sort
of islanded operation, by referring to systems without a
synchronous connection to the LV grid. Even for synchronous
operation, frequency variation intervals are wider than in the
IEEE C37.118 standard. Likewise, voltage steps specified
in EN50160/61000-4 standards are more severe than those
foreseen for PMU testing.

It should be mentioned that, while choosing EN61000-4 test
conditions, it would also be possible to consider Class 3. This
provides even worse limits, since voltage steps with a longer
duration are included. Table I however shows that accuracy
specifications for PMUs are given in terms of response time
of the phasor estimation, i.e. the time needed for the TVE to
reenter and stay within the specified accuracy limit after the
input voltage step is applied.

Therefore, while test conditions are defined stemming from
EN61000-4 Class 2 levels, performance assessment and accu-
racy levels will be instead referred to PMU accuracy specifica-
tions dictated by IEEE C37.118. Particular emphasis is placed
on TVE characterization of smart metering operations, since
this index summarizes different accuracy-related aspects and
provides for an easier comparison with well-known figures of
merit.

IV. INTERPOLATED DFT

We consider voltage and current estimation methods based
on the IpDFT since, among those presented in the litera-
ture, they offer a good compromise between accuracy, exe-
cution time, and computational effort [13], [14], [15]. A brief
overview of the interpolated DFT algorithm is given here, in
order to make the paper self-contained.

Let x(¢) be a multifrequency signal, defined as the sum of
M sinusoidal terms. The DFT algorithm is applied to a finite
record composed of N samples acquired at a sampling rate
F =1/T (with F > 2f),), which can be expressed as:

M
x(nT) = ZAm sin QufunT +¢,), 0<n<N (1)
m=1
where A, fm, om are, respectively, the amplitude, frequency
and phase of the components of the signal. Frequencies f,
may not be harmonically related.

It is well known that spectral estimates obtained by a DFT
algorithm are affected by a truncation error caused by the finite
length NT of the sample record. Usually this is mitigated
by tapering, i.e., multiplying samples by a window w(nT)
whose shape is suitably chosen to reduce discontinuities at

the edges of the record. The resulting signal representation in
the frequency domain is the result of the convolution between
the spectrum of x(#) and the Fourier transform W(:) of the
window function, yielding:

M
1 . .

X(k) = = ) Anlen" Wy — k) = e, W(n + 0|, (2)
2 2% |

/lm = fm/fO = meT

where fy = 1/NT is the frequency resolution and A, is the
normalized frequency of the m-th component. In general, the
record length NT is not an integer multiple of the signal
period, thus A4,, is not integer either. As the finite frequency
resolution fy does not ensure that the integer frequency indexes
k coincide with any of the normalized frequency components
A in (2), a significant source of error is introduced.

The goal of interpolation is to efficiently and accurately
estimate the parameter values of each signal component from
the knowledge of Fourier coefficients X(k). The basic hypoth-
esis for the application of this technique is that the minimum
frequency separation between adjacent sinusoidal components
is large enough, depending also on the chosen window, to
assume that spectral interference, both in terms of nearby
components and image ones, can be neglected.

Considering in particular the fundamental frequency, as
necessary for the voltage phasor, one has:

Lifo< fi <L+ Dfo 3)
In terms of normalized frequency, (3) can be rewritten as:
/llzﬁz(Lm+61), 0<6 <1 4)

Jfo

with L; an integer and J; the fractional part of the normalized
fundamental frequency.

Interpolation is adopted to minimize frequency estimation
error, which subsequently would hamper the estimation of the
phasor amplitude and phase. In its basic form, the algorithm
searches for the two largest spectral components of X(k),
characterized by k € {L;,L; + 1}. Substituting (4) into (2)
their magnitudes can be expressed as:

A A
X@ol=FWenl. XL+ D= Z[wa-s)]  ©)
and the ratio @; of the two magnitudes only depends on ;:
X(Ly +1 Wl -6
a1:|<1+>|:|< D) ©
|X(Ly)| |W(sy)|

Given that the expression for W(1) is exactly known, the
inverse of (6) can be found analytically and provides an




expression for computing 6; = f(a;). When §; is known,
accurate estimates of the phasor frequency and amplitude are
obtained through Eq. (4) and Eq. (5), respectively.

This interpolation approach can be extended to introduce
the use of multi—point interpolation techniques [7], [15], [14].
In this case, the 3, 5, 7,... largest spectral components of X (k)
in the nieghborhood of A; are considered and an expression
to determine §;, either in analytical form or as a numerical
approximation, is employed for interpolation. In the following,
the analysis is restricted to windowed two— and three—point
interpolation.

V. EXPERIMENTAL RESULTS

The impaired signals identified in this work, and briefly
described in III and in Table I, have been reproduced by suit-
ably programming an Agilent 6812B AC Power Source/Power
Analyzer, providing a maximum output power of 600 W on
a single—phase load, with an adjustable output voltage up to
300 V.
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Fig. 2: Example of test signal: the nominal amplitude is
abruptly halved.

The generated input signal is then processed by an acquisi-
tion system based on a National Instruments NI-cDAQ 9188
board equipped with separate voltage and current modules
compatible with the power generator output. The input signal
on each channel is fed into a 24-bit ADC after suitable
conditioning and acquired with a sampling rate up to 50 kS/s,
all channels sharing the same timebase. For the purpose of ac-
curacy characterization, as discussed in this paper, the raw data
stream was initially forwarded to a Personal Computer (PC)
through a Gigabit Ethernet connection and post—processed
with common numerical solvers. The final aim is an efficient
FPGA implementation of the IpDFT algorithm.

For space constraints, this section deals mainly with the case
of a voltage step, as sketched in Fig.2. Steps ranging from 10%
to 50% of the nominal voltage value (230 V for LV European
distribution lines) are considered here.

For each experiment, the analyzed signal record contained
a total of 2000 samples. A sliding window of 512 samples
was selected for the IpDFT algorithm, therefore the signal
record was subdivided into overlapping frames composed of

512 samples, with an overlap delay of 32 samples between one
frame and the next. Windowing is applied to reduce spectral
leakage and, in this work, the Hann window and Maximum
SideLobe Decay (MSLD) windows have been considered.

Phase reference is maintained through synchronization be-
tween the AC Power Source and the acquisition system, by
means of a suitable trigger signal indicating the instant when
the voltage step is applied. The IpDFT analysis window has
been set at T,, = 40 ms (i.e., two periods of the fundamental
frequency), which implied the sampling frequency actually
adopted in measurements is 12.5 kHz. For performance com-
parison purposes, experiments have been conducted also for
different sizes of DFT window, with T,, = {60, 80, 100} ms,
accordingly lowering the sampling frequency.

Fig. 3 shows estimated values of amplitude, frequency and
TVE for different choices of estimation parameters, to allow a
quick performance comparison and better parameter selection.
In all figures a vertical line highlights the time instant at which
the step amplitude change was applied.

In Fig. 3.(a)-3.(b), the comparison between frequency es-
timation using 2-point and 3-point IpDFT (Hann window) is
presented. Fourier coefficients X(k) around the fundamental
frequency, within the main window lobe, are considered in
the interpolation.

From a spectral analysis point of view, the case of a voltage
step can be regarded as an amplitude modulation with a
step envelope. While in the common 2-point IpDFT case the
indexes of the two largest Fourier coefficients are fixed at
k=L) and k= L; + 1, due to the DFT analysis frame sliding
on the voltage step in some instances it may happen that the
two largest coefficients are found instead at L; —1 and L. This
is what happened in Fig. 3.(a) for the 50% step, explaining
the large deviation of the frequency estimate. Instead, a 3-
point IpDFT is intrinsically unaffected by this effect, providing
a more reliable estimation. Therefore, in the following only
results from 3-point IpDFT estimation are provided.

Fig. 4 shows how the voltage amplitude estimate varies with
time. As can be seen, the [pDFT algorithm estimates are close
to the expected correct value, with a transient length after the
step variation approximately equal to 7,,. Moreover, it can be
noticed that the shape of the transient in Fig. 4 is determined
by the shape of the adopted window. Further analysis on
amplitude estimation does not add significant information.

The most significant results refer to the Total Vector Error
(TVE) that, under the same conditions, summarizes the effects
of estimation inaccuracies for all phasor parameters. TVE is
referred to in the IEEE C37.118 standard for PMUs as a means
of assessing the accuracy of a synchrophasor. As noted before,
although the meter in a smart microgrid is not a PMU, it should
anyway provide estimates with a similar degree of accuracy,
hence TVE is a useful reference index.

Figures 5.(a) and 5.(b) are relevant to a change of the
weighting window, in particular the Hann window is compared
with the 3-term MSLD one. For the sake of clarity, only results
for 10% and 50% steps are shown. It is evident from the figure
that the classic Hann window results in a smoother TVE with
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Fig. 3: Estimations of frequency for a sinusoidal voltage, subjected to an instantaneous voltage step: (a)-(b) comparison between
2- and 3-point IpDFT, Hann window, for steps of 10% — 50% of the nominal voltage.
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respect to the 3-MSLD window.

Considering the response time requirements for a PMU, as
reported in Table I, these figures highlight that constraints on a
10% voltage step are satisfied by both windows, with the Hann
window just approaching the 1% TVE limit. Both windows
also satisfy requirements for the 50% step (both for class P
and M PMUs), with a response time of 34 ms and 33 ms,
respectively, for the Hann and the 3-MSLD windows.

Setting T, = 40 ms implies that the fundamental frequency
and its image component are just 4 bins apart, so results of
Figs. 5.(a) and 5.(b) are likely affected by spectral interference,
even though suitable windows have been chosen. Therefore,
tests have been carried out with the Hann window for T',,=60
ms and 7,,=80 ms, as shown in Figs. 5.(c) and Fig. 5.(d).
Response times for the 50% voltage step are, respectively, 57
ms and 66.7 ms. While above the requirement for a class P
PMU, those times are actually much lower than those required
for measurement class PMUs.

It should be noticed that, with a 12.5 kHz sampling fre-
quency, a 32-sample overlap delay means a new measurement
is actually available every 2.5 ms, therefore the reporting
rate for the phasor estimate with 7\, = 40 ms would be
approximately 390 Hz. For T, equal to 60 ms and 80 ms
lower sampling frequencies have been employed, but reporting
rates would still be 260 Hz and 195 Hz, respectively, thus
providing fast response (better than class P requirements) and
margins for increase in the DFT record length, that could
lead to improved accuracy. Preliminary trials with an FPGA
implementation, based on a National Instruments FPGA board
(NI sbRIO 96xx), showed these rates are sustainable, providing
the capability to support the fast control algorithms that might
be necessary in a smart microgrid context.

VI. REMARKS

In a LV smart microgrid scenario accurate voltage phasor
estimation is required to enable reliable operations and suit-
able control methods to be applied. However, as significant
electrical impairments can found in this segment of the grid
measuring devices should have suitable tolerance, even more
so if islanded operation is considered as an opportunity.

To this aim, the performance of well-known state-of-the-
art numerical methods, based on the interpolated DFT, have
been investigated under the occurrence of strong voltage dips.
Results reported here show that a careful selection of algorithm
parameters can lead to performance close to what is expected
from a PMU even under strongly impaired conditions.
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