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Variable speed drives, commonly employed for motor speed control, incorporate electronic converters that emit
harmonics to both the power grid and the motor-load system. These harmonics can have adverse effects on the
motors, necessitating the experimental measurement of their diverse and unpredictable harmonic content. To
perform these measurements on the input side of the drives or power grid, commercial quality analyzers are
available, but they are not prepared to perform these measurements on the motor-load or output side of the
drive. The outputs of the drives generate a significant harmonic and interharmonic content across a wide range of
low and high frequencies, coupled with variable fundamental frequencies. Consequently, the development of a
specialized measurement system tailored to these signal characteristics becomes imperative. This paper presents
a harmonic measurement and analysis system specifically designed for frequency inverter’s output signals, which
adheres to international standards that standardize measurements and includes new features to evaluate con-
verter signals not available in commercial meters. By utilizing this system, frequency groupings and distortion
rates are obtained to comprehensively analyze the power quality of commercial drives under realistic operating
conditions, thus enabling the early detection of potential failures and the implementation of preventive
measures.

motors, which cause additional harmonic content [4-6]. Moreover,

1. Introduction

Adjustable Speed Drives (ASD) play an important role in the in-
dustry, being applied mainly in the speed control of induction motors.
ASDs consist of power electronic converters that behave as non-linear
loads that generate harmonics, affecting not only the power grid, but
also the load. These harmonics cause adverse effects on the induction
motors fed by ASDs, such as overheating, insulation problems, noise and
torque oscillations, reducing their useful life. It is therefore advisable to
measure this harmonic content in order to characterize the quality of the
energy supplied by this equipment and thus prevent possible failures in
the connected equipment.

The frequency response of commercial inverters is dependent on the
specific switching and fundamental frequencies employed at any given
time, the different modulation and control strategies [1-3], the state of
the supply network and the load-motor. This frequency response be-
comes even more unpredictable when the drives are connected to faulty
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manufacturers do not usually provide detailed information on the in-
ternal constitution and harmonic emission of ASDs and, when they do,
this information is provided only for the optimum situation in terms of
emission when the equipment is operating at nominal load conditions.
Thus, it is necessary to experimentally determine the harmonics pro-
duced by ASDs under real operating conditions.

Several authors have quantified the harmonic pollution on the grid
side when connecting power converter equipment producing high har-
monic content at high and low frequencies, such as solar and wind
renewable energy generation systems [7,8], loads such as low con-
sumption lighting systems and electric vehicle chargers [9,10], or even
variable frequency drives [11-13]. Besides, commercial power quality
analyzers are available that quantify the harmonic emission according to
international harmonic measurement standards. Such analyzers, as well
as those proposed in the literature, have the advantage of being opti-
mized to measure on the grid side, but the disadvantages of not being
prepared to synchronize their measurements with variable fundamental
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Nomenclature

Abbreviations

ASD Adjustable Speed Drive

DFT Discrete Fourier Transform

gH Harmonic group

gH_aggreg Harmonic group aggregated in time
gIH Interharmonic group

HW Hanning Window

IEC International Electrotechnical Commission
RW Rectangular Window

SgH Harmonic subgroup

SgIH Interharmonic subgroup

TH&IHDgyr Total Harmonic and Interharmonic rate of High
Frequency (from 40th harmonic up to 20 kHz)

TH&IHDg;r Total Harmonic and Interharmonic rate of Low
Frequency (up to and including harmonic 40, according to
the current value of the fundamental Fn)

TH&IHDg; reyr  Total Harmonic and Interharmonic rate of total Low
and High frequency

THD Total Harmonic Distortion (up to and including harmonic
40, according to the current value of the fundamental Fn)

THD_aggreg Total Harmonic Distortion aggregated in time

Parameters
Df; Theoretical or standard-indicated frequency resolution of
5 Hz (inverse of tw,)

D HF Size of each high frequency group

Fs Sampling frequency

Fsup Upper frequency of the harmonic or low frequency zone
Fsup2 Upper frequency of the high frequency zone

tw, Theoretical or standard-indicated analysis window of 0.2 s

Variables

bar sp Spectral bar obtained after performing DFT

Df Frequency resolution in general, without specifying
whether it is theoretical or real

Df, Frequency resolution, inverse of tw,, really used for the
current fundamental frequency Fn

Fn Fundamental frequency of the analyzed signal

h Number of harmonic

H Pure harmonic

Ip Line Current

J Total number of consecutive tw windows to be aggregated
in the Tw total time

JJ Actual number of tw window to be aggregated in the Tw
total time

k Number of spectral bar

N Integer number of periods of Fn contained in the short tw

windows. N is the same as the number of spectral bars
between harmonics or multiples of Fn

n Number of sample

Signal Ref Reference signal to synchronize analysis windows with
fundamental frequency Fn

tot bars  Total number of spectral bars analyzed

tw Analysis window in general, without specifying whether it
is theoretical or real

tw, Analysis window really used taking into account the
current fundamental frequency Fn

Tw Total analysis time or total aggregation time (divided into

tw short windows)

Vector crosses Vector of zero crossings. Indicates the positions at
which the reference signal changes sign

Ven Phase Voltage

Vref Filtered phase voltage used as synchronism reference

frequencies such as those of the ASD signals, nor to reach a wider fre-
quency range than in the network signals (the converter load side pre-
sents abundant harmonic and interharmonic content in the harmonic
frequency range, up to 2 kHz, and especially in the supra-harmonic
frequency range, 2-150 kHz [14-16]), nor to adapt their measurement
parameters to the stationarity of the inverter signals, and they do not
incorporate new distortion rates that allow differentiating harmonic and
interharmonic components and distinguishing between low and high
frequency measurements, as is needed to evaluate the quality of the ASD
output signals.

The International Electrotechnical Commission (IEC) defines, in its
power quality measurement standards 61000-4-7 and 61000-4-30
[17,18], the methods for the measurement of harmonics and inter-
harmonics in the electrical network. In IEC standards, the discrete
Fourier transform (DFT) is the basic analysis tool to obtain the rms
values of harmonic and interharmonic groupings. Several authors have
described measurement methods based on the DFT and IEC standards
[19-24], and for supraharmonic frequencies [25-28]. Comparing the
different harmonic analysis methods, parametric, nonparametric and
hybrid [29-32], DFT remains the simplest technique with low compu-
tational burden, flexible and robust, and with a good compromise be-
tween accuracy and simplification [33]. Given the variety of existing
ASD spectra on the market, with diverse and unpredictable harmonic
contents, DFT-based techniques are the most suitable since they do not
require prior knowledge of the position and number of harmonic com-
ponents of the considered signals, thus allowing to analyze the harmonic
behavior of any commercial drive. To perform DFT, the standard 61000-
4-7 indicates the use of rectangular windows (RW) of a constant length
of 12/10 cycles for 60/50 Hz electrical networks, which is equivalent to
about 0.2 s and a resolution of 5 Hz. The main drawback of DFT is

spectral leakage, which produces misleading measurements of the har-
monic content of the analyzed signal. Spectral leakage is caused by
interharmonic frequencies and, in general, by frequencies that are not
synchronized with the standard frequency resolution of about 5 Hz, if
the analysis window length indicated in the standards is used. It is
therefore very important that the analysis window contains an integer
number of periods of the fundamental frequency, regardless of whether
the resulting window is exactly 0.2 s, to avoid significant spectral
leakage. caused by desynchronization of the window with the higher
amplitude component which is the fundamental.

Taking into consideration the aforementioned factors and a thorough
examination of the relevant literature, it becomes evident that there is
currently no existing system that effectively addresses the challenge of
measuring signals like the output signals of ASDs, which exhibit variable
fundamental frequencies and diverse harmonic contents. To fill this gap,
this paper introduces a novel harmonic measurement and analysis
procedure specifically designed to experimentally characterize ASDs.
This system extends the capabilities of commercial power quality ana-
lyzers, oriented to analyze network signals, and improves their perfor-
mance by introducing a new methodology to analyze inverter output
signals with variable and dispersed harmonic content. The results of the
developed measurement system are presented in the form of frequency
groupings and distortion rates, which allow characterizing the power of
the tested drives. In order to experimentally verify the developed sys-
tem, several tests have been carried out, analyzing the measurements
obtained with the described system.

The rest of this paper is organized as follows: Section 2 presents the
problem of measuring the output signals of ASDs and the requirements
of the measuring system. Then, in section 3, the measurement system
proposed is explained, describing both hardware and software, as well as
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the way used to solve the problems related to spectral leakage by means
of an adequate synchronization of the measurements to reduce the
generation of leakage, and the groupings both in frequency and in time
to mitigate its effects. In section 4, experimental results are presented
and analyzed, testing induction motors fed by variable frequency drives
with different harmonic contents. Finally, Section 5 presents the con-
clusions derived from this study.

2. Requirements for measuring drive signals: Key characteristics

Based on the IEC standard, the measurement method for character-
izing drives according to their harmonic content must incorporate
additional features that complement the performance of commercial
power quality measuring equipment, intended only for network signals.
It must be possible to flexibly configure the values of various parame-
ters, which in commercial meters are usually fixed. Specifically, the
designed system should have the following features:

e To allow measurements at different fundamental frequencies. It must
be possible to measure drive output signals that are not always at
nominal frequencies of 50 Hz or 60 Hz. To achieve this, the syn-
chronism of the measurements must be readjusted to the funda-
mental harmonic present in each particular test, recalculating the
number of cycles of the current fundamental necessary so that the
analysis window is always as close as possible to that recommended
in the standards, in order to unify the measurements and make them
comparable with each other.

Possibility to choose the resolution in time and frequency, varying
the size of the sampling window for this purpose.

To adapt the aggregation times to values appropriate to the specific
nature of the signals present at the output of the drives.

To modify the frequency groupings as they contain different numbers
of spectral bars depending on the value of the current fundamental
frequency.

To measure a wider range of frequencies, above the 9000 Hz indi-
cated in the IEC 61000-4-30 standard, (since the converters have
higher switching frequencies than those usually measured in the
power grid).

To find harmonic distortion rates for different frequency ranges,
capable of distinguishing and measuring harmonics and inter-
harmonics, and capable of differentiating high-frequency content
from low-frequency content, which improve and complement the
rates defined in standards.

Since the purpose of the measurement system is harmonic analysis,
the analyzed signals (stator currents and phase-neutral voltages) will be
measured under stationary conditions only. The possible time variability
of the signals provided by the frequency converters makes it necessary to
obtain a compromise between spectral and time resolution when
choosing the window or sampling time during which the measurements
are taken (due to the uncertainty principle, it is impossible to improve
both time and frequency resolutions at the same time [34-36]), hence,
the IEC standard 61000-4-7 recommends utilizing 0.2 s windows for
network signals, taking into account the degree of stationarity of these
signals. But for analyzing drive output signals, this window length or
time resolution can be conditioned to the characteristics of the signal
under consideration [37]. The chosen time resolution influences the
frequency resolution and thus the accuracy of the resulting measure-
ments. In the system developed in this article, we will use windows of
the closest duration to the 0.2 s indicated by the standards in order to
unify all the measurements, taking into account that a variation of this
value can be allowed, since for quasi-stationary harmonics in industrial
signals the real analysis window tw;, can vary from 0.1 to 0.5 s according
to their dynamic behavior [38].

To minimize spectral leakage, before applying the DFT measure-
ments must be synchronized with the acquisition window. It is crucial to
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address this issue as the most significant leakage stems from frequency
components with higher amplitudes. For this purpose, standard 61000-
4-7 states that the tw analysis window must be synchronized with each
integer number of cycles of the fundamental harmonic that add up to the
nearest 0.2 s, with a maximum permissible error of + 0.03 % over the
duration of the sampling window. Specifically, the standard indicates
10/12 periods for 50/60 Hz networks respectively. In the case of in-
verters, in order to try to maintain a sampling window as close as
possible to that indicated in the standard, with the purpose of unifying
the measurements and making them comparable with those obtained
with the standards, the synchronism of the measurements must be
adjusted to the current value of the fundamental harmonic.

In case of loss of synchronism, the Hanning window (HW) can be
used to reduce the leakage. Although the use of HW reduces the effects of
leakage between distant tones, however, it worsens the resolution when
measuring near tones [23]. For harmonic analysis using the groupings
recommended in the IEC standard, Tarasiuk, Barros and R.I. Diego
[39-41], showed that the use of the rectangular window was preferable
to the Hanning window in any of the groupings defined by the standard.
For the measurement of high frequencies (above the 40th harmonic) as
well as interharmonics in general, the same standard states that it is no
longer necessary to stay within the error margin for synchronism and the
rectangular window can be used.

Other ways to reduce leakage are to improve the synchronization by
adjusting the length of the DFT window. The idea is that each sampling
window should contain an integer number of samples with up to 0.03 %
error and for this the sampling frequency should be an integer multiple
of the fundamental frequency of the analyzed signal, actually measured
inreal time [30]. One way can be by modifying the sampling rate online,
(before performing this sampling), so that it matches or is a multiple of
the actually measured fundamental frequency, thus acquiring a whole
number of samples that synchronizes or fits into an also complete
number of periods; or another way can be by interpolating values be-
tween samples, (modification, in this case via software and not online of
the sampling rate, which is performed after data acquisition), to achieve
identical result [42,43]. But the online modification of the sampling rate
requires the possibility to modify this frequency and to detect the
fundamental, using for example PLLs; while the interpolation algorithms
modify the initial nature of the signal, besides not being accurate when
harmonics and interharmonics coexist in the analyzed signal [37], as
occurs in the output signals of variable speed drives.

In addition, to reduce the effects of spectral leakage after applying
the DFT, and since the developed system is based on the IEC quality
measurement standard for harmonics and interharmonics, two levels of
measurement grouping will be performed:

o A first level of frequency groupings, in groups and subgroups, har-
monics and interharmonics, with a spectral resolution of about 5 Hz
(windows with the closest value to 0.2 s, considering the afore-
mentioned margin of 0.1 to 0.5 s for harmonics measurement)
[17,38]. At high frequencies, the standards recommend wider
groupings (of 200 Hz), always respecting the 0.2 s — 5 Hz resolution,
and thus covering the interharmonic groupings around multiples of
the switching frequency, located in the high frequency region.

e A second level of grouping in time, taking successive measurements
until completing 3 s (15 measurements of 0.2 s), which can be
extended to other levels higher in duration [18].

Frequency grouping effectively captures most of the spectral leakage
generated within each group, although with some dispersion of leakage
beyond its boundaries. The grouping in time reduces the loss of infor-
mation due to the leakage and reduces the error due to the lack of sta-
tionarity of the signal, increasing the accuracy and stability of the
measurements and compressing the information [39]. The developed
measurement system must also adapt the aggregation times, as well as
the frequency groupings and distortion rates of the standard, to values
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appropriate to the specific nature of the signals present at the output of
the drives.

According to IEC standards, time aggregation can only be performed
at intervals of 3 s, 10 min or 2 h, although these times are intended only
for mains signals and must be adapted to the characteristics of the drive
signals. These times are different according to the test conditions
analyzed (motor and load, type of power supply and control) and even
the type of measurement (single harmonic, harmonic groups, distortion
rates, etc.), but a minimum value can be established that is valid for all
tests. In [44] we verified that, for the case of low power variable fre-
quency drive signals, an aggregation time of about 10 s is sufficient to
improve the results, so this will be the time used in the system developed
in this work.

The distortion rates defined in the standards, valid for measurements
in the network, must be improved to adapt them to the characteristics of
the output signals of the drives, and therefore must admit different
fundamental frequencies and their multiples or corresponding har-
monics, must also include the ability to measure interharmonics, both in
low and in a wider range of high frequencies, and avoid in the
normalization the appearance of continuous and interharmonic com-
ponents in the denominator that can produce uncertain results. The
distortion rates used in this proposal are based on the specific rates we
described in [45] and include the aforementioned improvements of the
rates defined in the standards in order to correctly measure distortion in
ASD output signals.

3. Harmonic measurement and analysis system in frequency
inverters

In this section, the developed system will be described, starting with
the block diagram that illustrates the general hardware part of the sys-
tem, followed by the algorithm or software and the synchronism method
used by the developed measurement system.

3.1. General description of the hardware of the measurement system

The proposed measurement and analysis system samples and ana-
lyzes the electrical output signals of a frequency inverter that excites an
induction motor. For this purpose, a personal desktop computer with an
internal data acquisition card and an external adaptation or interface
module between the tested equipment and the measurement system are
used, as shown in Fig. 1.

The three phase voltages and the three output currents of the fre-
quency converter are first electrically isolated and conditioned by means
of an interface card based on Hall effect probes (LEM probes, models
LA100P and LV25P, for measuring current and voltage, respectively),
and then sampled and digitized by means of a National Instruments

~ | Frequency | || TInterface —»|Induction
Inverter Board
~ ) N —» MOTOR 1 1.0AD
~ (Hall ~
~ > = —>| probes) [ ~
|
6y 3x VEn
’I/ 3x1IL
|
' COMPUTER
DATA ACQUISITION | Software (MATLAB):

BOARD (National) Harmonic Analysis

Algorithm

Fig. 1. Block diagram of the measurement and analysis system developed.
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PCI6250 acquisition card, integrated into a personal computer. The
harmonic content above 20 kHz has not been considered, since it is
already somewhat attenuated due to the frequency response of the Hall
voltage probes, nor has the continuous component been taken into ac-
count, since it accumulates the offset errors of the entire measurement
system. The sampling frequency Fs has been chosen high enough (80 kS/
s) to meet all the necessary specifications (to measure the high har-
monics of the drives, to reduce the noise reflected from the high part of
the spectrum due to aliasing, and to reduce the synchronism errors due
to the sampling interval). The Matlab software package is used both for
the control of the signal acquisition and for the subsequent processing
and analysis of the resulting data by means of the software-algorithm
described in the following subsection.

3.2. Harmonic analysis algorithm of the developed measurement system

The software part or algorithm used in the developed measurement
system is explained below, starting with a general introduction, fol-
lowed by a more detailed analysis of the algorithm in the next subsection
3.2.2. The synchronization of the analysis windows, taking into account
the particularities of the analyzed signals, will be explained in greater
depth in subsection 3.3.

3.2.1. General description of the developed algorithm

The schematic represented in Fig. 2 and the flow chart in Fig. 3
summarize the proposed analysis algorithm. The line current I} and
phase voltage Vgy signals sampled at the output of the inverter are
analyzed during the total analysis time Tw. If the harmonic analysis of
the signal based on the IEC standard is performed, it is necessary to first
divide the total analysis time Tw into J consecutive short tw windows
with the duration closest to 0.2 s containing an integer number N of
periods of the actually measured fundamental frequency Fn of the
analyzed signal. In this way, the short tw analysis windows will be
synchronized with the fundamental frequency Fn and thus reduce
spectral leakage production. In addition, it is also necessary to know the
fundamental frequency Fn to be able to perform the frequency group-
ings, indicated in the same standard, since the number of spectral bars
that integrate the different harmonic groupings depends on the current
value of Fn. It should be remembered that the fundamental frequency Fn
is variable, in order to control the speed of the excited motor, so that, in
principle, its value is unknown. Therefore, to find the value of Fn, a first
DFT is performed using a window with a high sampling time (10 s), and
consequently a high frequency resolution (Df = 0.1 Hz), and poor time
resolution (due to the uncertainty principle), in which it is not important
to be accurate in the amplitude, but it is important to be accurate in the
value of the frequency Fn.

If the zero-crossing detection method is used to divide the total
analysis time Tw into short windows, the number of zero crossings of the
synchronism signal during each short window (2-Fn-tw) is variable and
depends on the output frequency (Fn) of the drive, which is why Fn is
found after this first DFT. To synchronize the short analysis windows,
the phase voltage signal Vpy, duly filtered, is used as the synchronism
reference, as shown in the upper part of Fig. 2.

Once the total analysis time Tw is divided into short windows twy,
well synchronized with the fundamental Fn, new and successive DFTs
are applied on these J consecutive short windows, this time with worse
frequency resolution (Df, ~ 5 Hz) but better resolution in time (tw, ~ 0.2
s), thus fulfilling the compromise between both resolutions specified in
the regulations for the type of signals analyzed. With the spectral bars
obtained in each DFT, separated by about 5 Hz, the basic frequency
groupings (such as groups and subgroups, harmonic and interharmonic)
are performed and by adding again the previous ones, more complex
groupings such as distortion rates are calculated.

Finally, the results obtained in the J windows analyzed are aggre-
gated over time, considering the total analysis or aggregation time Tw,
as shown in the lower part of the diagram in Fig. 2 and the flowchart in
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Fig. 2. Summary of the process of measuring harmonic distortion in inverter signals, based on IEC standards, considering the two levels of grouping, in frequency
and in time.
Fig. 3. bars between harmonics or multiples of Fn.

The schematic in Fig. 2 and the flowchart in Fig. 3 have summarized
in a general way the complete process, from the acquisition of the output
signals from the converter to the final obtaining of the frequency
groupings and time-aggregated distortion indices, and in the following
subsection each of these steps will be further detailed, leaving for section
3.3 the explanation and verification of the synchronism method used for
clarity.

3.2.2. Detailed description of the developed algorithm

The flow chart in Fig. 4 describes in more detail the stages into which
the standards-based analysis algorithm used by the system developed for
harmonic characterization of drives is divided.

First, initializations are performed for several parameters such as the
sampling frequency Fs (80 kHz), the upper frequency of the harmonic or
low frequency zone Fsup (default of 40 times the value of Fn), the upper
frequency Fsup2 of the high frequency zone (default 20 kHz), the size of
each high frequency group D_HF (of 200 Hz), the approximate size of the
standard acquisition window tw; (0.2 s) and its inverse or standard fre-
quency resolution Df; (5 Hz), and the total analysis time Tw (10 s) which
coincides with that used for time aggregation. From here, other pa-
rameters derived from the previous ones are obtained, such as the total
number of consecutive tw windows to be aggregated in time, J, and the
total number of spectral bars, tot bars, contained within the analyzed
frequency range and separated by the basic resolution Df.

Next, the information of the sampled signals of line current I; and
phase voltage Vgy is loaded. The fundamental frequency of these signals,
Fn, is detected by a first application of the DFT, simply looking for the
frequency corresponding to the spectral bar with the highest amplitude.
With this value of Fn, the integer number of periods N of Fn can already
be calculated to obtain the tw, window closest to the standard value of
0.2 s and thus divide the total sampling time Tw into short windows.
Moreover, this number of periods N is the same as the number of spectral

The next step is the division of the total aggregation time Tw in
consecutive windows of size tw, (with a value close to 0.2 s) and syn-
chronous with the period of the fundamental harmonic Fn, in order to be
able to apply DFT transforms on each of them, thus respecting the
compromise between time and frequency resolution sought for this type
of pseudo-stationary signals. In order to divide the total time Tw into
short tw windows, the positions of the samples of the original analyzed
signal where the periods of its fundamental frequency Fn begin are
stored in a vector of zero crossings (as occurs every two zero crossings in
a sinusoidal signal). This vector will then be used to address the signal
samples at the start and end times of each successive tw; basic window.

Once the total aggregation time Tw has been divided into J short
windows twy, successive DFTs of low frequency resolution, but high time
resolution, are applied on them. Each of these DFTs is applied on the
successive short windows separated “2-N” zero crossings, since N is the
number of periods of Fn contained in each short window tw,, and in each
period there are 2 zero crossings. If with the first DFT Fn was found, now
these second DFTs are the ones that actually produce the spectral bars
separated by about 5 Hz with which all the frequency groupings and
distortion rates will be calculated later.

The calculation of the harmonic or low-frequency frequency group-
ings, not yet aggregated in time, (pure harmonic H, harmonic subgroup
SgH, harmonic group gH, interharmonic subgroup SgIH and inter-
harmonic group gIH) is described in the flow chart depicted in Fig. 5.
The values of the groups and subgroups are calculated from those related
to the first harmonic (counter h = 1 and number of spectral bars equal to
h-N), until the total number of spectral bars is reached. The value of the
spectral bar number k at the beginning of each group is increased in each
iteration by “k + N” 5 Hz spectral bars, since N represents the total
number of them contained between harmonic and harmonic. Depending
on whether N is even or odd, the way to find the value of a harmonic
group changes slightly. For even N, (case of frequencies such as mains,
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Aggregation in Time of frequency groupings in the Low
and High frequency ranges

Aggregation in Time of Total Distortion Rates in the Low
and High frequency ranges

End

Fig. 3. Summary flowchart of the harmonic analysis algorithm.

50 or 60 Hz), there is an odd number of bars between harmonic and
harmonic, so contiguous harmonic groups share the energy of the
interharmonic bars “(h-N) & (N/2)” that are in between them.

The high frequency groups are calculated in groups of 200 Hz, as
recommended in the annex of standard 61000-4-7 [17], and always
using the spectral bars separated by 5 Hz calculated previously. The
lower frequency Fsup is selected in each test according to the value of the
fundamental harmonic Fn, and it is chosen as 40-Fn.

In all the above frequency groupings, matrices of values are created
whose indices are, on the one hand, the harmonic number h, covering
the frequency range considered in each case; and on the other hand, the
number JJ of short tw window considered in the current analysis, within
the total Tw aggregation time considered. For example, the content of
gH(3,50) corresponds to the third harmonic group analyzed in the 50th
short window tw.

On the other hand, with groupings already aggregated in time, as for
example gH_aggreg(3,50), the value of the third harmonic group is also
obtained, but now aggregating the values of the first 50 consecutive
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Main flow of the Harmonic
Analysis Algorithm

Initial parameters: Fs, Fsup, Fsup2, D_HF, tw, Df, Tw
= J=round(Tw/tw), tot_bars = Fsup/Df

Load data

in “Signal”

18t DFT — high resolution (Af = 0.1Hz): Detection of Fn
N = round(Fn/Df) = Number of Fn cycles in tw

Acquisition( \ Vry
System I

Division of total time 7w into fw windows,
synchronous with Fn (by zero crossing detection)

v

Initialisation of the Zero cross counter: i = 1
Initialisation of the consecutive tw-window counter: JJ= 1

A 4
JIR DFT low resolution of Signal(Vector_crosses(i))
to Signal(Vector crosses(i+2-N)) = bar_sp(JJ)

Calculation of frequency groups for current #w-
window “JJ-nth”, up to 40th harmonic (Fsup):

H(JJ), SgH(JJ), gH(JJ), SgIH(JJ), gIH(JJ)

Calculation of groups from 40th harmonic (Fsup)
to 20kHz (Fsup2) in D_HF groups (200 Hz)

v

i=i+2N ; JJ=JJ+1

YES

NO

Calculation of frequency groups, aggregated in Tw,
up to 40° harm: H_aggreg, SgH_aggreg ... glH_aggreg

Calculation of frequency groups, aggregated in Tw,
from 40th harm. (Fsup) to 20kHz (Fsup?2), in 200 Hz

Calculation of distortion rates, aggregated in time 7Tw:
THD, THDS, TIHD, TH_IHD...at low and high frequency

END

Fig. 4. Main flowchart of the algorithm of harmonic analysis.

windows. The aggregations over time are calculated by the square root
of the arithmetic mean of the squares of the input values [18]. For
example, the harmonic group of order h aggregated over time for the
first JJ windows is obtained with the following expression:

1 JJ .
gH_aggreg(h,JJ) = T ZgH(h7 i) (@D)]
ii=1

Distortion rates, including Total Harmonic Distortion (THD), are
likewise aggregated over time, following the same approach as that used
for the basic frequency groupings, as shown for example for the THD
distortion rate in equation (2). The way of aggregating in time without
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Calculation of frequency groupings for current tw-
window “JJ-nth”, up to 40th harmonic (Fsup)

Spectral bar number counter “k” and harmonic number
counter “h”, pointing to 1st. harmonic: k =N, h=1

A 4
Harmonic: H(h, JJ) = bar _sp(k, JJ) ‘

v

Harmonic subgroup:

+1

SeH(h) = | S (bar_sp(k+§1,00))

jl=1
Interharmonic subgroup:

N-2 5

SgIH(h,JJ) = | > (bar_sp(k +j1,JJ)))
=2

Interharmonic group:

N-1

eM(h Ty = | S (bar_splk-+ j1,00))

=1

“N” Even or Odd ?

harmonic group (“NV’ Even):

L var sp- N2 JpP +
T /)

(N/2)-1

> (bar_sp(k +j1,J7))
jl=-(N/2)+1

gH(h JT) = |+ .

+ %(bar_sp (k+ N2, J))
|

harmonic group (“N” Odd):

(N-1)/2 5 e
gH(h,JJ) = > (bar_sp(k+j1,J)))
jl=-(N-1)/2
> k=k+N; h=h+1

YES

k <tot _bars?

Fig. 5. Flow of grouping calculations up to the 40th harmonic (Fsup), for the
current tw window “JJ-sima”.
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gaps or resynchronization and without measurement overlaps has been
chosen (as indicated in the IEC 61000-4-30 standard for the measure-
ment of harmonics and interharmonics).

1 JJ
THD_aggreg(J]) = || 7 Z THD(ii)?

ii=1

2

1 X 2, (H(h,ii) >
- JJZ( Z<H(1,ii)> ) 2

ii=1 h=2

3.3. Synchronization of measurements

The proposed measurement system uses rectangular sampling win-
dows, synchronized with the real value of the fundamental harmonic,
using as reference signal one of the phase voltages previously filtered in
order to extract its fundamental harmonic. Thanks to the use of a high
sampling frequency, it is sufficient to vary the number of samples in each
analyzed window and thus its duration, depending on the true funda-
mental period measured. It was therefore not necessary to apply in-
terpolations or other transformations of the analyzed signals, as well as
variable sampling rates. The subsequent use of the DFT to analyze the
signal, using the current versions of Matlab, does not require obtaining a
power-of-two number of samples, as would be required if FFT were used,
so interpolation is not necessary for this purpose either.

The technique used to divide the total aggregation time Tw into short
tw windows is based on the detection of zero crossings of the funda-
mental component of the signal. Further details of this process are given
in the flowchart in Fig. 6. It starts with a digital low-pass filtering of the
signal used as reference in order to use the cleanest possible part con-
taining the fundamental harmonic. Next, each of the n samples of this

Division of total time Tw into tw windows,
synchronous with Fn

Signal Ref = Phase Voltage Low Pass Filtering
(4th order Butterworth, Fc = 100Hz)

v

Initialise of the current sample number counter: n = 1
Initialisation of the Zero cross counter: i =1

»
»
N

sign[Signal_Ref(n+1)] # NO
sign[Signal_Ref(n)] ?

[TPRIN

Zero-crossing at “n”: Vector _crosses(i) =n

Fig. 6. Flow of the splitting method of the analyzed signal, during the total
time aggregation Tw, in short tw windows.
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reference signal is looped through the total “Fs-Tw” samples considered,
and those whose values differ in sign with respect to the following ones
are noted as the samples in which zero crossings occur. Each position of
the consecutive samples that change sign is stored in a vector of zero
crossings. These positions indicate the beginnings of the periods of the
main harmonic, which, in a sinusoidal signal, occur every two zero
crossings. The vector of zero crossings obtained will be used to point to
the signal samples at the beginning and end instants of each successive
basic tw, window, as indicated in the main flow of Fig. 4 for obtaining
the low-resolution DFTs.

The actual duration of each short tw, analysis window may vary over
the total Tw acquisition time due to fundamental frequency tolerance
and zero-crossing errors (related to noise and interharmonics). But the
main difference between each tw, analysis window and the standard
value of about 0.2 s is that the drive output frequency need not be an
exact multiple of 5 Hz. In particular, for inverter output frequencies Fn
between 40 and 60 Hz, the true durations of the short analysis windows
tw, and the consequent frequency resolutions Df, obtained would range
between the values shown in Fig. 7, where the integer number N of
periods of the fundamental Fn contained in each short window tw;, to be
as close as possible to 0.2 s is also indicated.

As can be seen in Fig. 7, for frequencies Fn multiple of the standard
resolution of 5 Hz, the real short window tw; is just 0.2 s. For the rest of
the Fn values, the duration of tw; is approximated to this value of 0.2 s,
indicated by the standard 61000-4-7 for network signals.

The actual size of the short window or time resolution tw;, to fit the
integer number of periods of Fn closest to the theoretical size of tw, = 0.2
s, varies (hyperbolically) around each frequency Fn multiple of the
theoretical resolution 5 Hz (see Fig. 7 (a)). Therefore, the actually ob-
tained frequency resolution Df; also oscillates around these same points,
this time linearly (Fig. 7 (b)), being the inverse of the resolution in time
twy. As can be seen in the same Fig. 7, the largest deviations from the

@) |tw, ' ' ' |
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Fig. 7. Actual duration of the analysis windows tw, (a), actual frequency res-
olution Df; (b), and the most approximate number N of periods completing the
standard short window (c), as a function of the output frequency Fn.
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standard window value of 0.2 s are obtained for frequencies Fn with
intermediate values between multiples of 5 Hz. The value of the integer
number of Fn periods contained in tw,, N, is set for this purpose to the
nearest integer part of the quotient between the actually measured Fn
frequency and the theoretical resolution Df; (5 Hz): N=round (Fn / Df).
Thus, the actual value of the analysis window used for each inverter
output frequency Fn will be:

tw, = N-(1/Fn) = round(Fn/Df,)-(1/Fn) 3)

which will coincide exactly with 1/Df; (i.e. 1/5Hz = 0.2 s) when Fn is
a multiple of the ideal resolution Df;. For example, for frequencies Fn
between 40 and 60 Hz, N will adopt values between 8 and 12 periods of
Fn, as shown in the same Fig. 7 (c).

As an exact synchronization between analysis window, fundamental
harmonic and sampling frequency is not possible, certain margins of
error must be allowed for:

e The maximum error allowed by the standards is 0.03 % of the short
window analyzed, i.e. 60 us for a short window of tw; = 0.2 s. If the
window were larger, it would also admit greater error (for example,
for a tw = 0.4 s the maximum error would be 120 us), as in fact
happens with the outputs of drives whose frequency Fn is variable
and with it the actual size of the analysis window used.

o The error due to sampling, for a frequency of 80 kS/s, as used in the
developed measurement system, is 12.5 us (which improves the error
allowed by the standard). Then the sampling error decreases with the
sampling frequency. For a given sampling frequency, this error will
be smaller in percentage terms the larger the analysis window, since
the synchronism error is calculated relative to the actual size of the
window (and the larger the analysis window with respect to the
sampling error, the smaller the spectral leakage produced).

However, the error arising from synchronism is not solely attributed
to signal sampling resolution. The zero crossing point detection method
is robust and with low computational burden, but it can be sensitive to
noise and harmonic and interharmonic distortions that can deviate the
crossing point. It is therefore important to verify that the total error
committed does not exceed the margin indicated in the standards. Next,
such verification is shown via simulation while in Section 4 a real signal
is used for such purpose.

Fig. 8 shows a 230 Vrms phase voltage simulation with frequency
varying linearly between 40 and 60 Hz (Chirp-type) over 60 s, to which
white noise with 15 dB S/N ratio is added. Shown above are the
measured fundamental frequencies after each short window analyzed
tw; (a) and their relative errors for an Fs = 80 kS (b) and for an Fs = 40 kS
(c) with an analysis window as close as possible to 0.2 s in both cases,
and with an analysis window as close as possible to 0.4 s in the lower
plot (e). The integer number of periods N needed to complete the sam-
pling window has been adjusted to the closest possible value to the
reference window for each resolution (windows of about 0.2 s if the
resolution is 5 Hz, and about 0.4 s for 2.5 Hz), according to the value of
the simulated frequency at each instant, as shown in plots (d) and (f).

It can be observed in the graphs of Fig. 8 that the synchronism errors
decrease with the sampling frequency Fs and with the size of the short
analysis window chosen: the highest errors are observed for a frequency
Fs = 40 kS, with tw, =~ 0.2 s (as shown in graph (c)), which decrease
when the sampling frequency is increased to Fs = 80 kS (graph (b)), and
are further reduced if the analysis window is also increased to 0.4 s
(graph (e)). This demonstrates the influence of the size of the analysis
window tw, and of the output frequency Fn and sampling frequency Fs
on the detected synchronism errors, according to the expression of
equation (4):

Error(%) = 100/ (Fs-tw,) = 100-Fn/(Fs-N) @

since the size of the real window tw; used for each frequency Fn is N
times the period of Fn, i.e. tw, = N / Fn, so the synchronism error also
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Fig. 8. Simulation of phase voltage with frequency which varies between 40 and 60 Hz over Tw = 60 s.

depends on the particular output frequency of the drive. This expression 4. Results and discussions
only considers the sampling error, but in the presence of noise and
interharmonics this error increases. To validate the developed system, this section presents measurement

examples focusing on an induction motor whose shaft is attached to a
magnetic brake that acts as a mechanical load as shown in Fig. 9.
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Frequency @
AC Drive

Fig. 9. Test bench.

The ASDs used in the tests of the measurement system are for low
power, consisting of an uncontrolled rectifier and a voltage source
inverter, so that the greatest harmonic contribution to the load-motor
side is due to the inverter located at its output. Specifically, the
inverter models used were the AllenBradley PowerFlex 40, with sinu-
soidal PWM modulation and both scalar and vector control, and the
Telemecanique Altivar 66 with closed-loop modulation with constant
torque control and also modulation with random carrier frequency for
low noise. These models were chosen precisely to have a wider variety of
harmonic spectra to analyze, especially in the high frequency range, due
to their different control and modulation modes. The rated values of the
connected motor were 750 W, 400 V, 1.86 A, 50 Hz, loaded with a
magnetic powder brake, operating at both low and high load (slip be-
tween 0.3 % and 4 %).

First, an example of verification of the synchronism method used is
shown in Fig. 10, with signals from a real test with the Telemecanique
Altivar drive, working with closed-loop control (constant torque mode),
with fundamental drive output frequency Fn ~ 55 Hz constant, exciting
an induction motor with mixed eccentricity and nominal load. The total
analysis time was Tw = 60 s, with a sampling frequency Fs = 80 kHz and
using the standard resolution of Df; = 5 Hz. Above, in the upper part of
the figure we observe the results synchronizing with the stator current I,
with the current waveform before filtering (a), and the relative errors (c)
of the measured fundamental frequencies after each short window
analyzed (b). Below are the results synchronizing with the phase voltage
VF, with the voltage waveform before filtering (d) and the relative errors
(e) of the measured frequencies using this voltage as reference. As can be
seen, taking the phase voltage as a reference yields lower synchronism
errors (around a maximum of 4+ 0.02 %) than with the current (£0.1 %).
This is because the voltage, despite its apparent worse waveform (Fig. 10
(d)), has higher amplitude and lower harmonic content near the
fundamental than the current. Interharmonics close to the fundamental
cause poor detection of zero crossings and are difficult to filter out.
Therefore, it is preferable to use the voltage signal as the sync reference,
once filtered. This reference signal is used to divide the total analyzed
time into short windows, while the pre-filtered signal is the one actually
analyzed.

In all the following figures the results are normalized with respect to
the fundamental, thus avoiding normalizing between the fundamental
subgroup, with possible adjacent bands due to unwanted interharmonics
(such as those caused by motor faults like eccentricity or broken rotor
bars). This also does not take into account possible sidebands due to
amplitude modulation of the fundamental, more likely in network sig-
nals measured with conventional methods.

Fig. 11 shows the current spectrum of a PowerFlex drive, with scalar
control, Fn = 50 Hz and switching frequency 4 kHz, feeding a motor with
mixed eccentricity running at full load. The figure shows the lower part
of the current spectrum using first a traditional Fourier transform,

10
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Fig. 10. Synchronization with real test signals with Altivar drive exciting in-
duction motor.

(section (a) of the figure), with large sampling window (10 s) and not
synchronized, so high frequency resolution (0.1 Hz) but low time reso-
lution is achieved. This window of 10 s is too large for the pseudo-
stationary nature of the drive signals, which, although it shows a high
frequency resolution, has a low time resolution and thus does not take
into account the lower stationarity of the drive signals. On the other
hand, with the method proposed, in sections (b-e) of the figure, short
windows of 0.2 s synchronized with the fundamental (giving rise to
spectral bars every 5 Hz) aggregated in time (10 s, in 50 windows of 0.2
s) are used, and also aggregated in frequency according to the different
harmonic groupings based on the IEC standard. Thus, the figure shows
the different possibilities of covering all frequencies of the harmonic
spectrum according to the standard: with individual spectral bars
separated by about 5 Hz (b), with harmonic and interharmonic sub-
groups (c), with individual harmonics and interharmonic groups (d),
and using 200 Hz groups for high frequencies starting from harmonic 40
(e). In each of these solutions to represent the harmonic spectrum (b-e)
the same frequency is never repeated in two different groupings, as
recommended by the standards.

In the low frequency region (Fig. 11, graphs a-d) interharmonics due
to mixed motor eccentricity can be seen, with an amplitude much larger
than the rest. These interharmonics cause the interharmonic subgroups
(and also groups) SgIH,0 and SgIH, 1 to have a large value, and in smaller
proportion the subsequent ones, as seen in (c)-(d) of Fig. 11. In the high
frequency region (plot e) the typical side frequency bands at multiples of
the switching frequency (around 4 kHz, 8 kHz, etc.) that are common in
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PWM-modulated inverter powering are observed.

Fig. 12 shows the frequency response of the phase-to-neutral voltage
output of an Altivar 66 drive, with closed-loop control and random
modulation for low acoustic noise, with Fn = 50 Hz, exciting an in-
duction motor with eccentricity running at full load. As in Fig. 11, sec-
tions (a)-(b) show the low part of the spectrum using the harmonic
groupings based on the standard, and section (c) shows the high part of
the spectrum, from the 40th harmonic, with 200 Hz groupings. The
random modulation modes use a random switching frequency, so that
the output harmonics are dispersed, as seen in the high-frequency part
(Fig. 12 (c)).

Observing these results, it can be seen that, in general, the harmonic
content of the current (Fig. 11) is greater at low frequencies than at high
frequencies (contrary to what occurs in the voltage spectrum, Fig. 12).
Besides, since the motor filters high frequencies, the current is less dis-
torted than the voltage and the high-frequency part of the current
spectrum (Fig. 11(e)) decreases faster with frequency than the voltage
(Fig. 12(c)).

Fig. 13 shows the current spectra, for the same drive tested in Fig. 11,
as a function of different output frequencies (Fn = 40 Hz, 50 Hz and 60
Hz), thanks to the ability of the measurement system developed to
analyze different fundamental frequencies, unlike conventional
methods that consider fixed frequencies. In all measurements we have
always used acquisition windows of 0.2 s (5 Hz spectral bars) synchro-
nized with each fundamental frequency and with aggregations in time of
10 s, thus improving conventional methods that consider insufficient
aggregation times of 3 s or excessive aggregation times of 10 min, more
appropriate for network signals. In the low frequency part of the spec-
trum (Fig. 13(a), (b) and (c)), it can be observed that, as the fundamental
frequency increases, variations in the odd harmonics occur, typical of
the use of overmodulation. Likewise, for all output frequencies, inter-
harmonics around the fundamental are observed, due to the mixed ec-
centricity of the connected motor. In the high frequency area (Fig. 13(d),
(e) and (f)) it can be seen how, as the fundamental frequency increases,
the amplitudes and positions of the side bands change around the
multiples of the switching frequency, since this is a PWM modulated
drive.

Concerning distortion rates, Fig. 14 shows the total harmonic and
interharmonic rates of low frequency TH&IHDg; ¢ (up to and including
the 40th harmonic), high frequency TH&IHDyy (from the 40th harmonic
up to 20 kHz) and high and low frequency TH&IHDg g ur, obtained
with the Allen-Bradley drive connected to an induction motor with
nominal load, when changing the output fundamental frequency. A
similar distribution is seen between the low and high frequency total
current rates (a). The low-frequency TH&IHDyf current rate increases
with the drive output frequency, as seen in Fig. 14(a), mainly due to the
increase of harmonic components due to overmodulation and motor
eccentricity (as also seen in Fig. 13(a)-(c)). In contrast, the high-
frequency harmonic content measured by the voltage TH&IHDyf rate
(b) is much higher than the corresponding low-frequency TH&IHD; g, so
that the total TH&IHD pgyr voltage rate is mainly composed of the
TH&IHDyr rate. Furthermore, it is evident that the voltage rate de-
creases as the output fundamental frequency increases, reaching a stable
level beyond the nominal frequency.

5. Conclusions

Adjustable Speed Drive outputs must adjust their fundamental fre-
quencies to control motor speed, producing a varied and significant
harmonic and interharmonic content across a broad frequency range
that may exceed the limits specified in power quality measurement
standards. Thus, the need arises for a specialized measurement system
tailored to accurately capture and analyze such signal characteristics. To
solve this problem, this work presents a novel measurement and spectral
analysis procedure for the experimental characterization of frequency
inverters feeding induction motors, according to the harmonic content
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quency TH&IHDg; r¢nr, when changing the fundamental output frequency, for
current (a), and voltage (b).

of their outputs, and thus be able to prevent possible undesired effects on
the motors.

The system developed in this paper has been based on IEC standard
techniques adapted to the characteristics of the output signals of the
inverters, being able to measure harmonics and interharmonics, both at
low and high frequencies, and to present synchronization capacity with
variable fundamental frequencies and different from that of the
network, also allowing to adapt the aggregation times and frequency
groupings and distortion rates to the characteristics of the inverter sig-
nals. For this purpose, the DFT transform has been used on short analysis
windows, synchronized with the fundamental and sampling periods in
order to reduce the generation of spectral leakage, and grouping has
been performed both in time and frequency to minimize the effects of
leakage.

In addition to the above it can be concluded:
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e Using the phase voltage as a reference signal, instead of the stator
current, has yielded lower synchronism errors. This is attributed to
the presence of interharmonics near the current fundamental,
resulting from motor faults. These factors hinder the accurate
detection of zero crossings, further supporting the preference for
phase voltage as a more reliable reference signal.

The designed harmonic measurement system has presented syn-
chronism errors below the limits set in the standards. For this pur-
pose, the analysis window has been synchronized with all the
different fundamental frequencies used by the drives, choosing the
phase voltage as the synchronism reference, and selecting a sampling
frequency high enough to sufficiently reduce the synchronism errors,
without the need for interpolation. The use of DFTs, rather than
FFTs, has also avoided the need for interpolation and its associated
errors.

Experimental results have been obtained with the developed mea-
surement system. From these results, the presence of current inter-
harmonics, mainly due to the connected motor, and a predominance
of harmonics as opposed to voltage interharmonics, stand out in the
low frequency zone. At high frequencies, harmonics and inter-
harmonics are measured together, with much higher voltage
distortion rates than current distortion rates, due to the type of
converter tested and the filtering effect of the motor on the current.
The increase of the aggregation time to improve the accuracy of the
measurements, as well as the calculation of the new distortion rates
over a wider frequency range, and the synchronization procedure
with variable fundamental frequencies, imply a longer processing
time for the data analysis, but the hardware required by the devel-
oped system is identical to the one used if the original standards were
applied without adaptation to the measurement of drive signals.

The developed system thus improves the accuracy of the harmonic
estimation process defined in the IEC standards, by selecting the
appropriate aggregation times, frequency groupings and distortion rates
to be able to evaluate the harmonic distortion correctly at the output of
equipment with a strong harmonic and interharmonic content, such as
frequency inverters feeding induction motors.

In summary, the developed system has enabled us to gain insights
into the harmonic behavior of commercial drives under real operating
conditions, providing invaluable information that supplements the ca-
pabilities of a standard commercial meter when it comes to analyzing
such signal characteristics. Further research should be carried out on
existing methods to improve the accuracy of interharmonic and high
frequency measurements, and the frequency-time resolutions and ag-
gregation times that minimize the effects of leakage optimally in the case
of higher power drives. Similarly, tests should be performed with more
drives, with more forms of control and modulation, in order to confirm
the validity of this measurement system and further apply it to the
harmonic characterization of ASDs.
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