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Abstract—Inductive instrument transformers (ITs) are still
the most used voltage and current sensors in power systems.
Among the numerous applications that require their use, one
of the most important is surely represented by harmonics
measurement. In this case, the recent literature shows that, since
they suffer from both a filtering behavior due to their dynamics
and from nonlinear effects produced by their iron core, they can
introduce errors up to some percent. This article wants to deeply
investigate, in the very same experimental conditions, about the
performance of two digital signal processing techniques, recently
introduced for the improvement of harmonics measurements
performed through ITs, namely, SINusoidal characterization
for DIstortion COMPensation (SINDICOMP) and compensation
of harmonic distortion through polynomial modeling in
the frequency domain (PHD). These methods have been
applied to two different voltage transformers, having different
specifications, by using two measurement setups based on
different architectures. The impact of the voltage generator
employed during the identification on the achieved accuracy is
theoretically and experimentally evaluated. Modified versions of
SINDICOMP and PHD compensation, which are more robust
against nonidealities of the measurement setup, are presented.
The performances of the techniques are evaluated by adopting
voltage waveforms similar to those that can be encountered
during the normal operation in a real distribution grid.

Index Terms— Compensation, harmonic distortion (HD), har-
monics, harmonics measurement, instrument transformer (IT),
nonlinearity, power quality (PQ), power system measurements,
voltage transformer (VT).

I. INTRODUCTION
N THE last decades, the penetration of power electronics-
based devices in distribution systems has hugely increased.
They include both loads but also generators, typically those
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exploiting renewable sources. As a result, the availability
of accurate harmonics measurements has become extremely
important. In fact, they are the key quantities for power qual-
ity (PQ) and distortion-level assessment, disturbances source
detection, and mitigation [1]-[5].

A typical measurement chain for PQ assessment makes
use of proper voltage and current sensors as the input stage.
In most cases, they are conventional or inductive instrument
transformers (ITs) [6]-[8], whose primary side is subject to
the current or voltage to be measured and scaled down at the
secondary side (connected to a burden), ideally according to
the turn ratio. Other kinds of transducers based on different
operating principles are emerging; they have in common that
their outputs are not asked to deliver a significant amount
of power to the burden. In such a case, they are called
low-power instrument transformers (LPITs) [6], [9] if they
have an analog output or digital LPITs (DLPITs) if the output
is digital [6], [9], [10].

Their performances in measuring harmonics strongly
depend on the operating principle [11]. However, it is impor-
tant to underline that, at the moment this article is written,
there are no available international standards about how the
performance of ITs has to be verified when they are employed
for PQ measurements. A recently started research project,
EMPIR 19NRMO5 IT4PQ [12], has the aim of filling the gap
in the knowledge about the behavior of ITs when measuring
PQ phenomena, in order to support standardization committees
(mainly International Electrotechnical Commission Technical
Committee 38, IEC TC38 [13]) in the redaction of interna-
tional standards on the topic.

As far as inductive voltage and current transformers (VTs
and CTs), the recent scientific literature has shown that they
suffer from both a filtering behavior, due to their dynam-
ics [14], [15], and nonlinear effects, produced by the iron
core [16]-[21]. As a result, neither the conventional calibration
with a sinusoidal input nor the measurement of their frequency
response is appropriate for their metrological characterization
and the assessment of their contribution to measurements
uncertainty when dealing with nonsinusoidal signals. On the
contrary, the behavior of VTs and CTs in the presence of
harmonics should be studied by applying distorted waveforms,
resembling those typically found in power systems [22], [23].
Moreover, it was shown in [15]-[21] that both VTs and
CTs can introduce errors up to some percent when they are
used to measure harmonics without considering their complex
behavior.
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Considering the importance of harmonic measurements
and the widespread diffusion of conventional ITs, several
digital signal processing techniques aimed at mitigating their
nonlinear behavior, thus improving their accuracy, have been
proposed in the literature.

In particular, some of the authors recently proposed two
simple yet effective methods: SINDICOMP [18] and the
compensation of harmonic distortion (HD) through polynomial
modeling in the frequency domain (PHD) [21]. Moreover,
in [24], a preliminary comparison, only through numerical
simulations, between the performance of these two techniques
has been presented.

The main scope of this article is to highlight that, when
the preliminary identification procedures required by these
techniques are experimentally carried out in a laboratory envi-
ronment, there are some nonidealities of the setup that, if not
properly considered, could significantly reduce the achieved
accuracy.

Therefore, the two techniques have been theoretically refor-
mulated in order to model also these nonideal effects of the
adopted setup, such as the presence of a direct current (DC)
component (i.e., when the input voltage is obtained directly
by an amplifier) and the undesired (but unavoidable) HD in
the primary voltage.

The analyzed compensation techniques [18], [21] are
applied to two commercial VTs, having different specifi-
cations. Moreover, two measurement setups with different
architectures, one using a step-up transformer (SUT) and one
using a medium-voltage (MV) amplifier (MVAMP), are used,
highlighting their advantages and disadvantages.

This article is organized as follows. Section II gives a brief
review of SINDICOMP and PHD compensation methods using
a common mathematical formalism. Section III discusses the
impact of the nonidealities of the used voltage generator on
the performance of the techniques while proposing remedies.
Section IV describes the architectures of the two different
measurement setups used for the characterization of the com-
mercial VTs. Section V gives a description about how the tests
are performed and the used accuracy indexes to evaluate the
performance of the techniques. Section VI deeply discusses
the experimental results obtained with the two measurement
setups. Finally, Section VII draws the conclusions.

II. NONLINEARITY COMPENSATION TECHNIQUES

As stated in Section I, we have proposed two simple digital
signal processing techniques, namely, SINDICOMP and PHD
compensation, that enable significant accuracy improvements
in harmonic measurements as far as a conventional VT is used
as a transducer. In this section, these methods will be recalled
using the same framework; it will also be stressed that some
of the assumptions are shared by the two approaches.

A VT employed to measure harmonics in alternating cur-
rent (AC) power systems can be considered as a nonlinear
time-invariant system subject to a periodic multisine pri-
mary voltage v; characterized by the fundamental frequency
fo, corresponding to the angular frequency wy. Excluding
chaotic phenomena (e.g., ferroresonance) while consider-
ing steady-state conditions, the secondary voltage v, is a
periodic multisine waveform characterized by the same period.
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In this case, a frequency-domain Volterra (or polynomial)
model [25]-[30] permits an accurate prediction of the mth-
order secondary harmonic V,(m) from the two-sided pri-
mary voltage spectrum, whose generic nth-order component
is Vi(n) [17]. In terms of equations

Va(m) = D Vi(m) = V3 (m) + V)" (m) (1)
i=1
where

Vy (m) = H'(m)V(m)

VZNL(m) = Z Z Hi(ny, ..

=2 ny,...,n;

L) [T Vi)
k=1

i
s.t. ny,...,n; €%, anzm. 2)
k=1

When looking at (1), the secondary voltage harmonics
results from infinite contributions Vzi , each one produced by an
ith degree homogeneous subsystem. The specific case i = 1,
which has been put in evidence in (1) and (2), corresponds
to the output of the underlying linear system whose fre-
quency response is H'; the remaining contributions, consid-
ered by the term V), are due to nonlinearity. In general, the
ith degree contribution is a weighted sum of the products
between all the possible sets of i components (with repetitions)
in the two-sided spectrum of the primary voltage, whose sum
of their harmonic orders {nj}ie,..;y is equal to m. The
weights are given by H', which is the ith degree generalized
frequency response function that determines the behavior of
the corresponding subsystem.

It is worth reminding that the typical voltage waveforms
in AC power systems have a peculiar (let us indicate it as
quasi-sinusoidal) spectral content: »; consists in the super-
position of a strong fundamental at the rated frequency to
harmonics having considerably smaller amplitudes (by more
than an order of magnitude). Applying this consideration to the
expression of V- reported in (2), the products between i > 2
components, including at least a harmonic, have significantly
smaller magnitudes with respect to those involving just the
fundamental primary voltage or its complex conjugate image
(thus, ny € {1, —1}). Therefore, one may neglect the first
kind of terms in the summation: it corresponds to consider the
HD produced by the fundamental as the only nonlinear effect,
thus assuming that there is no interaction (intermodulation)
between different spectral components in the primary voltage.
Scientific articles confirm that HD is the strongest nonlinear
phenomenon jeopardizing the measurement of low-order, odd
harmonics [17], [19], which are the most affected by non-
linearity. Introducing this simplification, after some passages,

we obtain
o0

2

g=max(0,2—m)

Va(m) ~ H'(m)Vi(m) + H' (m)|[Vi(1)[ e

3)

where ¢ = LVi(1) and i = 2g + m while the summation
represents VzNL. It is worth noting that odd (even) harmonics
are affected just by the contributions from odd (even) degree
subsystems, namely, by odd (even) degree HD.
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A. SINDICOMP

The SINDICOMP technique [18] has been developed
with ease of implementation as the primary target.
Cataliotti er al. [18] reported a physically based explanation
about how SINDICOMP can be applied to VTs. In this
paragraph, the method will be revised in the framework of
frequency-domain Volterra systems. When considering the
fundamental component, nonlinear effects introduced by the
VT are notably extremely small (albeit present) when com-
pared to the accuracy class so that we can write

Vi(l) = KcVa(1) “4)

where K¢ is the complex ratio at the fundamental. Now,
let us consider low-order harmonics; several works in the
literature show that in this case, the performance bottleneck to
the accuracy of VTs is represented by HD. Therefore, let us
assume that for m > 2, the underlying linear system has flat
magnitude response; using this hypothesis in (3) results in

Vi(m)

Va(m) ~ Kol

+ V3 (m)e™?. (3)

Reminding (3), V;i“ is a function that only depends on
the fundamental primary voltage magnitude, which can be
directly reconstructed using (4). Thus, if sti" were known,
(5) can be easily inverted to obtain the primary harmonics
from the secondary side. V;i“ can be implemented as a lookup
table, whose input is the fundamental magnitude. This lookup
table can be built by feeding the VT with purely sinusoidal
primary voltages having different amplitudes while measuring
and storing the corresponding secondary voltage harmon-
ics; for intermediate fundamental amplitude values, V5™ can
be obtained through interpolation. A noticeable feature of
SINDICOMP is that the preliminary identification procedure
just requires applying sinusoidal waveforms.

B. PHD Compensation

According to the peculiar spectral distribution of voltage
waveforms in AC distribution grids, it is expected that (3)
provides a good representation of the behavior of the VT.
In this case, the nonlinear contribution VN to the secondary
voltage just depends on Vi(l). As stated in Section II-A,
nonlinearity has a small impact on the fundamental term,
and hence, Vi(1) & K!'V,(1); using it in (3), after some
manipulations, it is possible to obtain an expression that
enables obtaining the primary harmonics from the secondary
spectrum

o0

2

g=max(0,2—m)

Vi(m) ~ K'(m)Va(m) + K (m)|Va(1)] /™2

(6)

where ¢, = /V,(1). Unfortunately, (6) cannot be used in
practical applications since it is defined by an unlimited
number of coefficients K’(m). The most natural solution is
upper bounding to [ the degree i of the homogeneous subsys-
tems, as typically happens when Volterra-based systems are
employed. In fact, a nonlinear model can be approximated with
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a finite degree Volterra system for a given input range, just
as a truncated Taylor expansion can approximate a continuous
nonlinear function in the neighborhood of a point. In this case,
(6) becomes

L5

>

g=max (0,2—m)

Vl(m) ~ Kl(m)Vg(m) + Ki(m)|V2(1)|iejm(p2 (7)

where |-] denotes the floor function. For m greater than I,
the reconstruction becomes linear: (7) is no longer able to
compensate for the HD produced by the VT. Using vector
notation, (7) can be written as

Vi(m) ~ W' (m)K(m) (8)
where
Va(m)
W(mn) = :
L [Va(1)PL Hmedme:
K'(m)
K(m) = : . )
_KZL’Q”’J+m(m)

Now, a method for estimating the coefficients K’ (m) must
be selected. A possibility is feeding the VT with Q periodic
multisine primary voltages (which is the set of identification
waveforms) having fundamental frequency fy and harmonic
content similar to that found during typical operation while
measuring the corresponding steady-state secondary spectra.
For each waveform and harmonic order, an equation in the
form (8) holds. Considering all the applied signals, a matrix
relationship can be written

Viia(m) = Wig(m)K(m). (10)

Assuming that Q is greater than the maximum length
of K(m) and that the signals result in a full-column rank
matrix W;;(m), estimating K(m) is an overdetermined prob-
lem that can be solved in the least-squares (LS) sense. It is
worth noting that the identification procedure does not require
applying a specific set of signals, having assumed that they
are representative of those found during typical working
conditions.

III. IMPACT OF THE VOLTAGE WAVEFORM GENERATOR

The practical implementation of the two techniques
described in Section II needs a preliminary procedure aimed
at identifying the coefficients of the compensation formu-
las. This requires a proper experimental setup capable of
applying the set of training waveforms to the primary of
the VT under test while observing its response. A power
amplifier is generally used for the purpose; if its maximum
output voltage capability is not enough to drive the VT under
test, a boost transformer could be interposed. In general,
this voltage generation system is not able to apply exactly
the desired set identification waveforms. The impact of this
nonideality on the performance achieved by the two meth-
ods will be analyzed in the following. During this section,
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it is assumed that the primary and secondary spectra of the
VT are exactly known. Anyway, in practical applications, their
measurement uncertainties are typically negligible with respect
to the accuracy of the voltage generator.

A. Impact on SINDICOMP

The training procedure of SINDICOMP first requires mea-
suring Kc that is the complex ratio between the mea-
sured primary and secondary fundamental components in the
VT under test. As in the usual calibration, the applied funda-
mental primary voltage should be reasonably close to its rated
value and the primary harmonics must be low enough so that
their effect on the fundamental secondary voltage is negligi-
ble. These conditions are easy to be fulfilled in calibration
laboratories.

In order to build the lookup table that models V5™ at the
different harmonics, the voltage generation system should be
used to apply pure sinusoidal primary waveforms at different
amplitudes. Unfortunately, spurious components modeled by
the additive term AVi(m) are also injected because of the
generator nonidealities. In turn, this produces a variation
AV,(m) of the secondary harmonics with respect to purely
sinusoidal conditions; a biased estimate V5" of V5" is thus
obtained

Vs (m) = V5™(m) + AVy(m)e /M1, (11

This produces a bias in the reconstructed primary harmon-
ics V). Neglecting further error contributions due to interpo-
lation between points of the lookup table, it leads to

7i(m) = |KC|[V2(m) — v el () sz(m)}.
(12)

For the moment, let us assume that no DC is applied to the
primary of the VT, as it happens when the voltage amplifier
is coupled by means of an SUT. In this case, the impact of
AV;(m) can be heavily mitigated by assuming that it does not
interfere with the fundamental and that the transformer ratio
at the harmonics is the same as the fundamental (namely, the
basic hypothesis of SINDICOMP). Therefore, it is possible to
obtain an estimate of V4" that is not biased by the unwanted
components injected by the generator
A V1 (m)

|Kc]

If the voltage generation system does not employ a coupling
transformer, DC may also be applied during identification, and
thus, V1(0) # 0. The previous technique cannot be used to
remove the estimation error due to the DC. In fact, it is not
directly reflected at the secondary side of the VT under test.
On the contrary, even an extremely small DC term produces a
DC magnetizing current (limited only by the DC resistance of
the primary winding) that significantly affects core magnetiza-
tion and, thus, the nonlinear behavior, especially at even-order
harmonics. Some power amplifiers have a trim for controlling
the DC offset, but it is often extremely difficult to make it
low enough so that its impact is negligible. Furthermore, the
DC output voltage may be affected by the generated waveform,

75 (m) = [vz(m) - }"jmw' ~ Vsh(m). (13)
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and it may be subject to significant drift after just few tens
of seconds. A possible solution to this problem is modifying
(5) so that it can consider the effect of the DC offset during
identification. After proper identification, it would be possible
to obtain the estimates of V,(m) that are robust in the presence
of generator output offset. In this respect, performance is as
good as the underlying model is accurate in representing the
impact of the DC component. For the sake of simplicity, let us
suppose a linear dependence of the secondary harmonics with
respect to the DC voltage. This is reasonable if we assume that
the DC current is small with respect to the peak magnetizing
current. Identification data can be obtained by repeating the
measurement of each lookup table entry in the presence of

R slightly different values V!''(0), » € {1,..., R}, of the
superimposed DC component (hopefully across zero), thus
measuring V5™ (m). In turn, V5"(m) is computed as the
intercept of the LS fitting; the effect of the DC on the estimate
is thus expected to be strongly mitigated.

B. Impact on PHD Compensation

As explained in the previous section, identifying the coeffi-
cients of the HD compensation formula (7) at the different
harmonics requires feeding the VT with a proper set of
periodic multisine identification waveforms and measuring
the steady-state primary and secondary spectra The estimates
K(m) of the corresponding vectors K(m) are thus obtained
as the LS solutions of (10). Now, let us suppose that the
generation system is not able to inject exactly the set of
the identification waveforms, but it introduces a no negligible
deviation in the spectra. Let us assume for the moment that no
primary DC component is applied and let us remember that
we are neglecting measurement uncertainty. If the underlying
model (7) of the identification problem (10) were exact, the
variation of the identification waveforms due to the limited
accuracy of the generator would not affect the estimates K ().
Actually, a small variation is expected since (7) is approx-
imated, and thus, the identified coefficients are subject to
definitional uncertainty. However, if a proper identification has
been carried out, the impact of this effect is small with respect
to the overall accuracy achieved by (7) in reconstructing
primary harmonics.

Now, let us assume that the generation system applies also
a DC term V;(0) to the primary winding of the VT under test.
If we use the identification technique as it is, the presence of
the DC term (that typically changes over the different training
signals) results in biased estimates of the coefficients. The
reason is that, as mentioned in Section III-A, the DC interacts
with the other primary components because of the nonlinearity
of the iron core: this is not considered by the model that the
HD compensation formula is based on.

In order to overcome this problem, the underlying poly-
nomial model can be modified so that it becomes able to
embed the interaction between DC and the fundamental pri-
mary voltage. Conversely, interactions between DC and the
other primary components are neglected; this approximation is
generally satisfactory due, once again, to the typical spectral
content of voltage waveforms in AC power systems. Introduc-
ing B as the maximum power of V;(0) included in the model,
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TABLE I
RATED CHARACTERISTICS OF THE ANALYZED VTS

Rated Rated

Rated primary Accuracy
secondary burden
voltage [kV] voltage (V) [VA] class
VTa 3 100 25 0.5
VTs 203 1003 30 0.5

a modified version of (7) is obtained

Vi(m) ~ K'(m)Va(m)
L’%”J

B
+ > o >
b=0

= g=max(0,2—m)

K" (m)|Va(1)[' e,

(14)

It is worth highlighting that K*° in (14) corresponds to K'
in (7). Since (14) is linear in the parameters, the coefficients
can be identified with the LS approach by following basically
the same procedure described in Section II-B, thus obtaining
the vectors KB(m). In order to have an LS problem with
full-column rank, a primary DC component that varies in
the different identification signals must be present. Finally,
the estimates of the parameters required by the compensation
formula (7), namely of the elements of the vectors K(m), are
just subsets of Kg(m). Since the impact of the DC is now
properly modeled, these estimates shall be virtually unaffected
by its presence.

IV. MEASUREMENT SETUP

The techniques introduced in Section II, together with the
improvements presented in Section III, have been applied
to enhance the harmonic measurement capability of two
commercial VTs having 50 Hz rated frequencies (named
VT4 and VT in the following) whose main features are listed
in Table L.

Two measurement setups based on different architectures
were used to implement the compensation methods and
evaluate the achieved performance. The architecture of the
first setup is widespread in many laboratories; it involves
a low-voltage amplifier connected to an SUT to reach the
required voltage levels; it has been employed, at Universita
degli Studi della Campania “Luigi Vanvitelli,” Aversa, Italy, to
test VT 5. The second one is less common, but it is that adopted
by the Italian National Metrological Institute (INRIM), Turin,
Italy; it employs an MVAMP having enough voltage output
capability in order to directly drive the primary winding of
the VT under test. This configuration has been employed to
perform the tests on VTg. The detailed descriptions of the two
measurement setups are provided in Sections IV-A and IV-B,
respectively.

A. Setup With SUT

The generation and measurement setup based on the SUT
is shown in Fig. 1. The reference voltage signal to be applied
to the VT under test is provided by an arbitrary waveform
generator (AWG) National Instrument (NI) PCI eXtension
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Fig. 1. Block diagram of the generation and measurement setup for

the MV VT characterization with SUT.

for Instrumentation (PXI) 5422 (16 bit, variable output gain,
+12 V output range, 200 MHz maximum sampling rate,
and 256 MB of onboard memory). The AWG generates
a 4 MHz clock that is used to derive the sampling clock;
this allows obtaining coherent sampling, thus avoiding spectral
leakage. Acquisition of the primary and secondary waveforms
of the VT under test has been performed with a multifunction
I/0 module PXIe-6124 (+/—10 V, 16 bit, and maximum
sampling rate 4 MHz). Waveforms have been sampled with
a 10 kHz rate obtained through oversampling in order to
reduce the impact of noise.

The output of the AWG is connected to an Arbi-
trary four-quadrant voltage and current amplifier Bolab
(£75 V, 40 A, 1 kW, and 0 Hz—1 MHz) feeding the VT
under test through a 100 V/24 kV SUT. Primary voltages
are scaled with a commercial divider KV-10A [high-voltage
divider (HVD)] having 1000:1 AC ratio and uncertainties on
ratio and phase errors of, respectively, 130 xV/V and 130 urad
(level of confidence 95%) from DC up to 550 Hz. A low-
voltage divider (LVD), having a ratio of about 18.5 V/V
and uncertainties on ratio and phase errors of, respectively,
100 #V/V and 110 urad (level of confidence 95%) from DC
up to 550 Hz, has been designed and built for measuring the
secondary voltage of the VT. Calibration of HVD and the
LVD was performed at INRIM. The overall uncertainty (level
of confidence 95%) of the measurement setup ranges up to
250 uV/V and 250 urad for the measurement of the ratio error
and the phase error, respectively, from DC up to 550 Hz.

B. Setup With MVAMP

The architecture of the experimental setup based on
MVAMP is reported in Fig. 2. The voltage signal to be applied
to the VT under test is generated by the AWG NI 5421 (16 bit,
variable output gain, +/— 12-V output range, 100-MHz max-
imum sampling rate, and 256 MB of onboard memory). The
AWG is installed in a PXI chassis, and the 10 MHz PXI clock
is used as a reference clock for its phase-locked loop (PLL)
circuitry. An additional NI PXI AWG generates a 12.8 MHz
clock signal, which is provided to the acquisition system as
time base clock: this ensures synchronized generation and
acquisition of the signals. The acquisition system is composed
of an NI compact data acquisition system (cDAQ) chassis
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Fig. 2. Block diagram of the generation and measurement setup for

the MV VT characterization with MVAMP.

with various input modules having a 24 bit resolution, 50 kHz
maximum sampling rate, and input ranges from +/— 500 mV
to +/—425 V.

The signal generated by the AWG is applied to the primary
winding of the VT under test by means of a Trek power
amplifier (30 kV, 20 mA voltage and current output capability,
and DC to 20 kHz bandwidth). The total HD of the generation
systems is below 0.02% up to the 100th-order harmonic. The
applied primary voltage waveforms are measured with a ref-
erence resistive capacitive voltage divider (RCVD) designed,
built, and characterized at INRIM [31], [32]. It has a rated
primary voltage equal to 30 kV and it is designed to have
a flat frequency response from 0 Hz to 9 kHz. The overall
uncertainty (level of confidence 95%) of the measurement
setup ranges from 70 x#V/V and 70 urad at 50 Hz up to
200 uV/V and 350 urad at 9 kHz for the measurement of
the ratio error and the phase error, respectively.

V. TEST DESCRIPTION

This section describes the tests and the indices used to
analyze and compare the performance of SINDICOMP and
PHD compensation techniques when applied to VT4 and VTp
(no burden connected to the secondary windings) due to the
experimental setups described in Section IV. Three test types
have been carried out: two of them are intended for the
identification of the coefficients required by SINDICOMP and
PHD compensation up to the 11th degree. The last one is the
validation test: realistic voltage waveforms have been applied
at the primary winding of the VT under test and the two
techniques have been employed to reconstruct the harmonics
from the secondary side spectrum. A detailed description of
the tests is reported in the following.

A. Identification of SINDICOMP

Estimating the coefficients required by SINDICOMP
requires applying sinusoidal waveforms at the rated frequen-
cies characterized by different amplitudes. In these tests,
sine waves at about 80%, 100%, and 120% of the rated
primary voltage of the VT under test have been applied.
According to [8], they fully cover the measurement range for
inductive VT. For each amplitude level, 1000 periods of the
primary and secondary voltage waveforms have been acquired
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and averaged in order to reduce the impact of noise. Due to
coherent sampling, harmonics can be computed through the
discrete Fourier transform (DFT) without being affected by
aliasing artifacts.

B. Identification of PHD Compensation

In order to identify the parameters of the HD compensation
method, a class E; of primary voltage multisines has been
defined. They are characterized by a fundamental compo-
nent at the rated frequency whose amplitude is a random
variable having uniform probability density function (pdf)
between 80% and 120% of the rated primary voltage of the
VT under test. Harmonics up to the 25th order have been
superimposed, and their amplitudes are uniformly distributed
with a uniform distribution between 0.2% and 2% of the
fundamental component. Phase angles are independent and
uniformly distributed between —z and z. Identification data
for PHD compensation are represented by QO = 100 ran-
dom waveforms extracted from this class. For each signal,
100 periods of the primary and secondary waveforms have
been acquired; averages have been computed and harmonic
components have been obtained through DFT. It is worth
reminding that the first-degree PHD compensation is the best
linear approximation (BLA) [28]-[30] of the VT for the
class E; of primary voltage waveforms.

C. Validation Tests

The target is assessing the harmonic measurement per-
formance that can be obtained, under realistic conditions,
with SINDICOMP and PHD compensation. For this purpose,
a new class E, of primary voltage multisines (i.e., voltage
waveforms containing all the harmonic components from the
fundamental up to the 25th-order harmonic) have been defined,
starting from the standard EN 50160 [33] that rules the volt-
age characteristics in public distribution grids. In particular,
it reports the limits for the 10-min mean root-mean-square
(rms) values of harmonic amplitudes (up to the 25th order)
that should not be exceeded for more than 95% of the time
over a one-week interval. These limits have been employed as
95th percentile values for harmonic amplitudes, assumed to be
random variables. The fundamental component is supposed to
be within 90% and 110% of its rated value for 95% of the time,
and thus, they can be considered as 95th percentile bounds.
However, the standard does not provide information about the
probability distributions nor about phases. A Gaussian pdf
with mean value equal to the rated voltage has been consid-
ered for the fundamental term. Relative harmonic amplitudes
are supposed to follow Rayleigh distributions, while phases
are considered as uniformly distributed between —z and 7.
S = 200 primary voltage waveforms have been obtained
by sampling the previously introduced pdfs and applied to
the VTs under test. Also, in this case, 100 periods have
been acquired and averaged for each validation waveform and
spectra have been obtained by means of DFT.

D. Accuracy Evaluation

The accuracy achieved by SINDICOMP and PHD compen-
sation in reconstructing the primary voltage harmonics for the
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Fig. 3.
using SINDICOMP¢ and PHD compensation, / from 1 (BLA) to 11.

set of validation waveforms has been quantified in terms of
total vector error (TVE). Considering the sth validation signal

(s € {1,...,S}) and the mth-order harmonic, it is defined as
V[S] _ V[S]
TVEL ) = | V10 = V) (15)
Vi (m)

where VI[S] (m) is the mth-order harmonic phasor in the
sth primary voltage waveform measured with the reference
divider and \N/l[s] (m) is the corresponding reconstruction from
the secondary side, obtained with one of the investigated
methods. For each method and harmonic order, its rms and
95th percentile values over the S validation waveforms have
been computed so that an overall accuracy index is obtained.
Harmonic orders up to m = 11 will be considered in the com-
parison. On the one hand, HD becomes very weak at higher
harmonics. On the other hand, according to Section II-B,
the considered PHD compensation having the highest (11th)
degree cannot mitigate nonlinearity for m > 11.

Moreover, since according to [6] and [8], the metrological
performance of a VT is provided in terms of ratio (¢) and
phase error (Ag), also, these quantities are evaluated for
each signal and harmonic order. Their definitions, compliant
with [8], are reported as follows:
|| = v
e (m) =

’ Vl[S] (m) ’
ApPlm) = LV m)y — £V (m). (16)

Finally, their average values and the 95th percentile bounds
over the S validation waveforms have been computed for each
harmonic order and reconstruction method.

VI. EXPERIMENTAL RESULTS

This section compares the accuracies of voltage harmonic
measurements achieved with the reconstruction techniques
presented in Section II. In this respect, they have been applied
to VT, and VTg, tested by using the experimental setup
described in Sections IV-A (with SUT) and IV-B (with
MVAMP), respectively. The effectiveness of the methods
presented in Section III, which allows reducing the impact of
the voltage generator nonidealities during identification, has
also been investigated.

— = 000~ N WN—
HD degree /

—_— o

7 8 9 10 11
Harmonic order m

VTa: rms (bars) and 95th percentile values (error bars) of the TVEs obtained by reconstructing the primary voltage harmonics with nominal ratio

A. Results With SUT

The coefficients required to apply SINDICOMP and PHD
compensation (up to 11th degree) to VT, have been iden-
tified using the experimental setup described in Section IV-A
according to the procedures reported in Section V. The identi-
fication of SINDICOMP, which is highly sensitive to the spuri-
ous components introduced by the generation system, has been
performed by adopting the compensation technique introduced
in Section II; it will be indicated as SINDICOMPc. The same
setup has been employed to apply the validation waveforms
belonging to class E,; harmonic voltages up to the 11th
order have been reconstructed by using the aforementioned
methods.

Achieved accuracy in terms of 95th percentile and rms value
of the TVE is reported in Fig. 3; the results obtained with the
nominal ratio K, of the transformer have also been included
in the comparison. As expected, using K, at the fundamental
results in a 95th percentile TVE (virtually identical to its rms
value) of 0.27, which is fully compliant with the accuracy
class of VT . This value can be significantly reduced using
a properly calibrated complex-valued ratio, such as K¢ for
SINDICOMP or with the first-degree PHD compensation,
which corresponds to the BLA. Higher order PHD compensa-
tion would enable even lower TVE values, but since they are
already rather small, this reduction is not so meaningful from
a practical point of view.

Adopting a linear model to reconstruct the components
produces large errors, in particular at low-order odd harmonics,
which are notably the most affected by nonlinearity and
specifically by HD. For example, using K,, TVE? reaches
4.4% and 1.9% at the third- and fifth-order harmonics, respec-
tively. Values are slightly higher as long as the BLA is
used, but this difference is not significant with respect to the
statistical fluctuations due to the limited number of waveforms
applied during the tests. The proposed compensation tech-
niques provide a remarkable reduction at these harmonics. For
example, when SINDICOMPc is adopted, the 95th percentile
TVE drops to 0.33% and 0.41% at the third- and fifth-
order harmonics, respectively. PHD compensation provides a
progressive error reduction as the degree / is increased: 0.20%
and 0.35% TVE?® values are obtained at the third- and fifth-
order harmonics, respectively.
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It should be reminded that PHD compensation having
a degree greater than m is necessary to compensate for
nonlinearity at the mth-order harmonic, as clearly visible.
Furthermore, it is possible to notice that passing from an
odd degree PHD compensation to the next even, accuracy
is virtually unchanged; including even degree terms in the
model is not helpful to reduce the essentially odd degree
HD produced by the VT.

The behavior observed at the seventh-order harmonic is
similar to that observed at the third- and fifth-order harmonics,
even if the error values and the accuracy improvement are less
pronounced, because of the smallest impact of HD in this case.

The ninth-order harmonics is characterized by unusually
high errors (if compared with typical VTs) as long as a
linear reconstruction is adopted: TVE® is about 1.4% when
using both K, or the BLA. When adopting SINDICOMP¢ or
PHD compensation, this value is reduced, but not dramatically
(1.13%). This means that the ninth-order harmonic is affected
by nonlinear effects, but not mainly by HD; intermodulation,
which is not addressed by none of the proposed methods,
is expected to play a major role in this case. Furthermore,
when considering the class E, of validation signals, it should
be noticed that the ninth harmonic has the smallest expected
amplitude with respect to all the other odd harmonics: this
boosts the relative impact of nonlinearities. Similar consider-
ations apply also to the 11th-order harmonic, but nonlinearity
is weaker in this case.

TVE values at even-order harmonics are considerably
smaller, but not negligible. It is worth reminding that consid-
ering the set of validation signals, even harmonics above the
fourth have smaller expected amplitudes, and this increases
the relative impact of nonlinearities. The proposed methods
are not effective in improving measurement accuracy in this
case; it is somewhat expected since they are barely affected by
the mostly odd degree HD due to the transformer. Conversely,
errors are mainly due to intermodulation, as happens for the
higher order odd harmonics.

It should be noticed that at the 11th-order harmonic and for
even harmonics above the fourth, the best linear reconstruction
results in slightly lower errors with respect to that obtained
with SINDICOMPc.

The measurement performance of VTs is usually quan-
tified in terms of ratio and phase errors. In this respect,
Figs. 4 and 5 show their average values and the 95th percentile
bounds computed over the validation tests at the different
harmonics. For better clarity, just the results obtained with K,
with SINDICOMP¢, and with the 11th-degree PHD com-
pensation are shown. We can immediately notice that the
amplitudes of the 95th percentile bands at the harmonics
are strongly correlated with each other and with those of
the TVE. Both SINDICOMP¢ and PHD compensation result
in a dramatic reduction in the spread of the magnitude and
phase error values, just as we observed in Fig. 3. From Fig. 4,
we can notice that using the nominal ratio results in magnitude
errors with positive bias; it becomes virtually negligible if
SINDICOMP¢ or PHD compensation is employed.

Interesting considerations arise also from Fig. 5. When
using K, or SINDICOMPc, the phase error shows a bias
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bounds (dashed lines) of the phase error obtained with nominal ratio using
SINDICOMP¢ and 11th-degree PHD compensation.

that increases with frequency; conversely, the phase error
obtained with PHD compensation is unbiased. The reason is
the filtering behavior of the underlying linear system of the VT,
which results in a frequency-dependent phase response. This is
considered by the PHD compensation (the model includes the
frequency response function of the linear subsystem) but not
by SINDICOMPc since it assumes that the linear contribution
to the secondary of the VT does not introduce a phase shift.
This also explains why, at the 11th and even harmonics above
the fourth, the BLA allows obtaining smaller TVE values with
respect to SINDICOMPc; the filtering behavior has a higher
impact than HD.

Finally, we want to stress the benefits of the compensation
technique that enables a proper identification of SINDICOMP
also when the generation system is not capable of applying
sinewaves having negligible distortion with respect to the tar-
get accuracy. The architecture of the generation system based
on the SUT represents a common and cost-effective solution;
however, it may introduce significant spurious harmonic com-
ponents produced by nonlinear effects. Reminding (12), when
SINDICOMP is used, they cause biased reconstructions of the
primary harmonics.

Considering the employed experimental setup based on
the SUT, the amplitude of undesired odd-order harmonics may
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Fig. 6. VTa: rms (bars) and 95th percentile values (error bars) of the TVE
obtained with nominal ratio using SINDICOMP and SINDICOMPc.

exceed 1% of the fundamental one during the identification of
SINDICOMP. Hence, from (12), the amplitude of the bias is
expected to be comparable with the magnitude of the harmon-
ics to be measured in typical voltage waveforms. Therefore,
it is not surprising that using the conventional identification
procedure for SINDICOMP leads to unacceptable results in
this case, as shown in Fig. 6. The rms value of the TVE
may be as high as 90% at the third-order harmonic, namely,
the highest unwanted component that is injected during iden-
tification. Conversely, if the compensation technique for the
distorted training waveforms is employed during identification
(SINDICOMP(), we obtain an accurate reconstruction of the
voltage harmonics. This method is extremely robust with
respect to the characteristics of the employed generator; if
a more accurate generation system is adopted, TVE values
remain virtually unchanged.

B. Results With MVAMP

After that, SINDICOMP and PHD compensation (up to the
11th degree) have been applied to transformer VTg by using
the experimental setup described in Section IV-B. In this case,
the primary winding of VTg is connected to an MVAMP,
without a coupling transformer. Therefore, the output offset
of the MVAMP is applied to the primary winding, and this
may jeopardize the test results. For this reason, a closed-loop
control of the output DC component has been implemented.
The coefficients of PHD compensation and SINDICOMP have
been estimated through the usual procedures; in the latter case,
the compensation method for the spurious components injected
by the generator has been adopted.

The same setup has been used to apply the set of validation
waveforms; primary harmonics up to the 11th order have been
reconstructed from the secondary side by using the considered
techniques other than the nominal ratio K,,. Accuracy in terms
of 95th percentile and rms TVE has been evaluated, and values
are reported in Fig. 7; for the sake of brevity, only the results
for odd degree PHD compensation are shown. Using K, results
in the largest errors, while reconstructing the harmonics with
the BLA results in a dramatic improvement, except at the third-
order one. Considering this component, most part of the error
is due to nonlinearity; thus, it cannot be significantly miti-
gated with just a frequency response function. SINDICOMP¢
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Fig. 7. VTg: rms (bars) and 95th percentile values (error bars) of the TVE
obtained with nominal ratio using SINDICOMPc and PHD compensation,
odd 7 from 1 (BLA) to 11.

is extremely effective in reducing TVE® at the third-order
harmonic with respect to the best linear reconstruction: it drops
from 1.4% to below 0.1%. On the contrary, the reduction is
much less pronounced at the other harmonics. Moreover, above
the eighth order, the BLA results in lower errors with respect
to SINDICOMPc. As for VT4, at these harmonics, the relative
impact of HD is much less significant with respect to the phase
error introduced by the filtering behavior of the VT under
test. As expected, PHD compensation is particularly effective
at low-order odd harmonics. At the third-order harmonic,
TVE® is below 0.09% for I > 3. When considering the
fifth-order harmonic, the 95th percentile TVE is reduced from
0.6% (using K,) or 0.19% (with the BLA) to 0.12%; the
reduction in terms of TVE™ is even larger. The TVE® value
at the ninth-order harmonic is significant, but even using the
PHD compensation, it remains the highest one among all
the considered components. As explained in Section VI-A,
it is the odd harmonic having the smallest expected amplitude
according to the class E, of excitation signals; this magnifies
the impact of intermodulation, which is not considered by any
of the proposed methods.

The voltage generation system based on the MVAMP is
significantly more accurate than that including the SUT.
In this respect, during the identification of SINDICOMP,
unwanted harmonics are below 0.006% of the fundamental
one. Although this value appears to be very small at a first
sight, it still leads to a significant bias in the reconstructed
harmonics. Fig. 8 compares the TVE values at the differ-
ent harmonics when it is employed (SINDICOMP¢) or not
(SINDICOMP); it confirms that the compensation technique
for the spurious components substantially lowers the perfor-
mance requirements for the employed generator for effective
implementation.

A problem to be faced when the power amplifier is directly
connected to the transformer is that a DC component produced
by offset may be applied to its primary winding. In the
previous tests, output DC was set to be as small as possible
before each waveform is applied (through an automatic closed-
loop system) and checked during the test since it is subject
to significant drifts just after tens of seconds. However, this
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Fig. 9. VTg: rms (bars) and 95th percentile values (error bars) of the TVE
obtained with nominal ratio using SINDICOMPc and PHD compensation,
odd I from 1 (BLA) to 11; identification performed in the presence of DC.

increases the cost and complexity of the setup, other than
the overall test duration. In order to investigate the impact
of the offset and study possible remedies, the identification
of SINDICOMP (with compensation of spurious harmonics)
has been performed in the presence of a DC component
whose magnitude is about 0.03% of the rated primary voltage.
Conversely, the coefficients of PHD compensation have been
estimated in the presence of a random DC component charac-
terized by a uniform distribution between —0.01% and 0.06%
of the rated primary voltage of VTg. The obtained accuracy
has been evaluated as usual and the results are reported in
Fig. 9.

The superimposed DC components are rather small, and
they could be representative of the typical output offsets of
power amplifiers; nevertheless, they jeopardize the effective-
ness of both the nonlinear reconstruction techniques, especially
at low-order, even harmonics. The reason is that, during
identification, significant contributions at even harmonics are
generated because of the interaction between the fundamental
and the DC offset. As a result, using SINDICOMP¢ or PHD
compensation causes higher errors not only with respect to
the BLA, but also using the nominal ratio provides better
performance. In this respect, TVE® at the second- and fourth-
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obtained with nominal ratio using SINDICOMPpc and PHDpc compensation,
odd / from 1 (BLA) to 11; identification performed in the presence of DC.

order harmonics exceeds 3.8% and 1.4%, respectively, with the
nonlinear compensation techniques, while adopting K, the
corresponding values are below 0.7%. In comparison, when
identification was performed with negligible DC component,
errors were lower than 0.15% using both SINDICOMP¢ and
PHD compensation (Fig. 7). Accuracy at odd harmonics is less
affected, but anyway, TVE values are significantly higher than
those obtained when DC component was negligible during
identification. For example, at the fifth-order harmonic, TVE®
rises to 0.4% and 0.25% for SINDICOMP¢ and 11th-degree
PHD compensation, respectively.

In order to increase the robustness of the estimated coeffi-
cients with respect to the presence of DC components during
their identification, modified procedures have been proposed
in Sections III-A and III-B; the basic idea is embedding in
the model the effect of the DC. The enhanced identifica-
tion procedure for SINDICOMP (denoted as SINDICOMPp)
requires that the lookup table is measured for different DC
values; in this case, they are approximately —0.01%, 0.03%,
and 0.06% of the rated primary voltage of VTg. Conversely,
the same identification data with random DC component used
to estimate the coefficients of PHD compensation have also
been employed with the improved procedure, which will be
called PHDpc compensation; B = 2 has been adopted in this
case and, thus, a second degree model in the DC component.
The obtained results are reported in Fig. 10.

When comparing Figs. 10 with 9, the benefits allowed by
the improved methods are evident. Accuracy now becomes
very close to that obtained when DC was negligible during
identification. As examples, TVE?? at the second and third
harmonics drops below 0.13% and 0.09% due to the enhanced
PHD compensation, respectively; these values are very close
with respect to those achieved with negligible DC offset
during identification. It is worth highlighting that in this case,
increasing the value of B above 2 is not beneficial, while it
may increase the sensitivity to noise and uncertainty.

Similar considerations apply to SINDICOMPpc; in partic-
ular, the obtained performance justifies ex post the validity
of having assumed a linear dependence between primary DC
component and secondary harmonics during the identification.
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In conclusion, these results prove the effectiveness of the
improved identification methods, which are able to effectively
cope with the possible presence of DC components; otherwise,
the performance achieved by the considered reconstruction
techniques would have been heavily affected.

VII. CONCLUSION
This article has deeply analyzed the performance of two
different digital signal processing techniques, namely, SINDI-
COMP and PHD compensation, used for the improvement of
accuracy of VTs employed for harmonic measurements.
The main outcomes of this article can be briefly summarized
as follows.

1) A new unified mathematical formulation for the two
techniques has been introduced to directly compare them
from a theoretical point of view.

2) The two techniques are tested in the very same exper-
imental conditions, thus allowing for a straightforward
comparison.

3) The accuracies reached by the techniques are veri-
fied by testing two commercial VTs with different
specifications.

4) Two different measurement setups, one that uses an SUT
and one that uses an MVAMP, are used for the charac-
terization of commercial MV VTs and the advantages
and disadvantages of their use are discussed from a
theoretical and experimental point of view.

5) Modified identification procedures for SINDICOMP and
PHD compensation, which are more robust against non-
idealities of the generation system, are presented.

6) Results clearly highlight the benefits of the enhanced
training procedures. SINDICOMP and PHD compen-
sation properly operate even if a generator introducing
significant HD or DC output offset is employed during
identification.

It can be highlighted that both the techniques enable a strong
improvement of the accuracy achieved by an inductive VT,
especially at low-order odd harmonics; TVE reduces by at
least 16 times at the third harmonic and up to a factor 5 at the
fifth and seventh harmonics. When considering higher order
components, using SINDICOMP results in larger errors with
respect to PHD compensation since it does not model the
filtering behavior of the VT, this is somehow balanced by
the easier identification procedure. Finally, since both of the
methods just require performing basic algebraic operations,
their computational cost is low and this allows for easy imple-
mentation in new generation merging units and stand-alone
merging units [34].
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