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Abstract— Voltage instrument transformers are usually tested
at the rated frequency. In order to assess their performance
in measuring harmonic components, typically, the frequency
response function (FRF) is evaluated. Therefore, this conventional
characterization does not consider nonlinear effects that may
have a nonnegligible impact on the accuracy, especially when
the transducer under test is represented by an inductive voltage
transformer (VT). In this paper, a simple procedure for the char-
acterization of voltage instrument transformers is presented. The
method is based on the concept of best linear approximation of a
nonlinear system. It requires applying a class of excitation signals
that resembles the typical voltage waveforms found in power
systems. Results consist of the FRF that permits the best linear
compensation of the transducer response, and sample variances
that allow quantifying the impact of noise and nonlinearities on
the accuracy. The method is presented and explained by means
of numerical simulations. After that, it has been applied to the
characterization of a conventional inductive VT. Experimental
results show how the accuracy of the transducer under test
is heavily degraded by nonlinear phenomena when low-order
voltage harmonics are considered.

Index Terms— Calibration, frequency-domain analysis,
frequency response, instrument transformers, measurement
uncertainty, nonlinear systems, power system harmonics, voltage
measurement, voltage transformers (VTs).

I. INTRODUCTION

THE number of nonlinear loads and generators connected
to distribution networks has increased dramatically in

the last decade, thus producing a considerable growth of the
voltage harmonic distortion. For this reason, voltage quality
monitoring has become more and more important and ruled
by specific standards. In particular, [1] suggests techniques
and accuracy requirements for harmonics and interharmonics
measurements. Of course, this demands for voltage transducers
with adequate performance [2]–[7], thus capable of accu-
rately measure harmonic amplitudes and phases. Instrument
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transformers are conventionally calibrated and characterized
at their rated frequency [8]; their metrological performance is
expressed in terms of accuracy class, corresponding to ratio
and phase angle error limits.

On the other hand, low-power instrument transformers are
ruled by [9] that specifies ratio and phase error limits for
every harmonic order and standard accuracy class. As for
their metrological characterization, [9] states that the test
signal should also include the fundamental term at the rated
voltage and frequency, other than the harmonic components.
The aim is to consider nonlinear effects such as harmonic
distortion and intermodulation. Since similar tests require
a somewhat more complex experimental setup, including a
voltage generator [10], [11] capable of injecting complex test
signals, the standard [9] allows testing instrument transform-
ers by applying a signal containing just one single spectral
component at once. However, it is clear that this procedure
is unable to capture the actual performance of the transducer
when nonlinear effects are not negligible.

Technical report [12] discusses the employment of different
types of instrument transformers for power quality measure-
ment, and in particular for harmonic voltage monitoring. Even
in this case, it is stated that when the behavior of the transducer
is likely to be affected by the presence of the fundamental
component, tests should be performed by applying voltages
containing a main component having rated amplitude and
frequency, other than (small) harmonics, subharmonics, or
interharmonics. It should be stressed that the impact of nonlin-
earities on harmonic voltage measurement is exacerbated by
the large ratio between the magnitude of the fundamental and
those of the other spectral components.

A typical example of transducer that may exhibit signifi-
cant nonlinearities is represented by the conventional voltage
transformer (VT). Many papers report frequency response
measurements [13]–[16], but [12] warns to pay special atten-
tion on the employed method, since it may significantly
affect the results because of nonlinear phenomena. Only
few works [17], [18] mention the potential impact of such
nonlinearities.

A proper characterization of voltage instrument transformers
devoted to harmonic measurements should include and quan-
tify nonlinearities, which in principle cannot be decoupled
from the dynamic behavior. A first possibility is to design
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a testing procedure based on a nonlinear model, for exam-
ple, using the Volterra approach [19], [20], which represents 
the straightforward extension of the linear time invariant 
system theory. The main drawback is represented by the 
huge complexity of the model even considering few input 
harmonics and low nonlinearity order. A simplified approach 
specifically developed for the modeling of power system 
components [21], [22] can be employed. It allows considerably 
reducing the model complexity without noticeably decreasing 
performance.

A second approach is to adopt a different method [23] that is
still based on a linear modeling of the instrument transformer:
evaluating the best linear approximation (BLA) [24]–[28].
By applying a set of realistic voltage waveforms to the trans-
ducer under test, the BLA is defined as the frequency response
function (FRF) which guarantees the best frequency-domain
reconstruction of the measured voltage from the transducer
output. Nonlinear effects produce mismatch between the actual
transducer input and that predicted from the output by using
the BLA. Random noise appears as the standard deviation of
the transducer output spectrum during each test realization.

The proposed procedure is briefly explained and applied
using numerical simulations. After that, the method is
employed for the characterization of a conventional voltage
instrument transformer. Experimental results are reported and
deeply discussed.

II. FRAMEWORK

As discussed during the introduction, the accuracy of an
instrument transformer in measuring harmonic voltages is
typically assessed by identifying its FRF. This is performed
by applying known sinewaves at different frequencies and
measuring the output spectral component having the same
frequency as the input. Of course, this representation is exact
only if the transducer is a linear time invariant system,
but all transducers are nonlinear to some extent. In this
case, undermodeling effects arise: a physical system is rep-
resented with an approximated model which is not capable
to fully explain its behavior, thus introducing definitional
uncertainty.

Undermodeling appears as a dependence of the identified
model on the stimulus signal employed for its estimation.
Therefore, it becomes clear that in this case, the instrument
transformer should be tested by applying voltage waveforms
similar to those typically found during its normal operation.

For this reason, a class E of excitation signals is introduced.
It consists of periodic multisine voltages v[m]

1 (t) having a
fundamental frequency f0 (and angular frequency ω0) and
a maximum harmonic order N . The generic time-domain
expression of each signal belonging to E is

v
[m]
1 (t) = √

2
N∑

k= 0

�[
V [m]

1 ( jkω0)e
jkω0t] (1)

where V [m]
1 (jkω0) is the kth order harmonic phasor. Its magni-

tude and phase can be considered as realizations of indepen-
dently distributed random processes. Their probability density

TABLE I

HARMONIC VOLTAGE AMPLITUDE LIMITS MV/LV GRIDS
(PERCENTAGES OF THE FUNDAMENTAL COMPONENT)

functions (PDFs) should be selected in order to obtain the
typical voltage spectra found in distribution systems.

For this purpose, Standard EN 50160 [29] defines the limits
for harmonic voltages up to the 25th order applicable to pub-
lic medium-voltage (MV) and low-voltage (LV) distribution
networks (Table I). By considering a one-week observation
period, the 10-min average root-mean-square value of each
harmonic should be below the corresponding limit for 95%
of the time. Moreover, it states that the 10-min average root-
mean-square voltage should be within 90% and the 110% of
the rated value Vn for 95% of the time.

Hence, these values Pk can be used as 95th percentiles
of the PDFs employed to generate the harmonic ampli-
tudes. However, the standard does not provide information
about the shapes of their PDFs, nor about the harmonic
phases.

III. VOLTAGE INSTRUMENT TRANSFORMER

CHARACTERIZATION BASED ON THE BEST

LINEAR APPROXIMATION

Let us suppose that it is possible to feed the instrument
transformer under test with known, multisine voltages v[m]

1
belonging to the previously defined class E . Let us introduce
the corresponding transducer outputs v

[m]
2 , and the transducer

input and output spectra V [m]
1 ( jkω0) and V [m]

2 ( jkω0), respec-
tively. Let us define the measured voltage spectra V [m]

1,m ( jkω0),

obtained from V [m]
2 ( jkω0). For a given signal, a synthetic

index to evaluate the frequency-domain metrological perfor-
mance of the transducer is represented by the total vector
error (TVE)

TVE[m]( jkω0) = ∣∣V [m]
1 ( jkω0) − V [m]

1,m ( jkω0)
∣∣. (2)

It corresponds to the distance in the complex plane between
the actual and the measured voltage harmonic phasors. For a
given set of M excitation voltages V [m]

1 ( jkω0) belonging to
the class E defined in Section II, the BLA GBLA( jkω0) of the
transducer under test is defined as the FRF that when applied
to its output, minimizes the mean square TVE. In terms of
equations

GBLA( jkω0) = arg min
G( j kω0)

‖V1( jkω0) − G( jkω0)V2( jkω0)‖
(3)



Fig. 1. Block diagram of the test setup.

where

V2( jkω0) =
⎡
⎢⎣

V [1]
2 ( jkω0)

...

V [M]
2 ( jkω0)

⎤
⎥⎦ V1( jkω0) =

⎡
⎢⎣

V [1]
1 ( jkω0)

...

V [M]
1 ( jkω0)

⎤
⎥⎦

(4)

while || || denotes the Euclidean norm. Solving (3) leads to

G̃BLA( jkω0) = VH
2 ( jkω0)V1( jkω0)

‖V2( jkω0)‖2 (5)

where H denotes the Hermitian transpose. Defining S22( jkω0)
and S12( jkω0) as the auto and cross spectra, respectively,

S12( jkω0) = VH
2 ( jkω0)V1( jkω0)

S22( jkω0) = ‖V2( jkω0)‖2. (6)

Equation (5) can be rewritten as

G̃BLA( jω) = S12( jkω0)

S22( jkω0)
. (7)

The excitation voltage V1( jkω0) is measured by a reference
transducer, characterized by negligible nonlinearity and an
FRF Gr ( jkω0) known with very low uncertainty. Therefore,
V1( jkω0) can be reconstructed from the reference transducer
output V2,r ( jkω0) by using Gr ( jkω0)

V1,r ( jkω0) = Gr ( jkω0)V2,r ( jkω0) ≈ V1( jkω0). (8)

As for the transformer under test, the difference between
the actual voltage V1( jkω0) and its reconstruction performed
by using the BLA results in a term VNL( jkω0) which depends
on the transducer nonlinearity

V1( jkω0) = GBLA( jkω0)V2( jkω0) + VNL( jkω0). (9)

A. Measurement Noise

In general, noise affects both the output of the reference
transducer and that of the transducer under test. Fig. 1 shows
the block diagram of the test setup used to estimate the BLA,
highlighting the considered noise sources.

N2( jkω0) and N2,r ( jkω0) are complex random variables
that represent the impact of noise on the spectra of the
transducer outputs. From Fig. 1, it is clear that

V2( jkω0) = V2,m( jkω0) − N2( jkω0)

V1( jkω0) = Gr ( jkω0)(V2,r ( jkω0) − N2,r ( jkω0))

= V1,r ( jkω0) − Nr ( jkω0) . (10)

The two expressions of (10) can be substituted in (9), and
the primary voltage measured by the reference transducer can
be expressed as

V1,r ( jkω0)=GBLA( jkω0)V2( jkω0)+VNL( jkω0)+Nr ( jkω0).

(11)

In turn, V1,r ( jkω0) can be split into three different
contributions.

1) GBLA( jkω0)V2( jkω0) is the reconstruction of the exci-
tation signal by using the BLA and the transducer
output. It should be noticed that GBLA(jkω0) differs
from the linear part of the input–output characteristic
of the transducer, since it is biased by the systematic
nonlinear contributions. This term is also affected by
the measurement noise at the output of the transducer
under test.

2) VNL(jkω0) is purely produced by undermodeling, con-
taining the stochastic nonlinear contribution.

3) Nr (jkω0) represents the measurement noise at the output
of the reference transducer.

B. Reducing the Impact of Noise

Measurement noise biases the estimated BLA and increases
its variance. It is extremely important to apply averaging
before computing the auto and cross spectra in order to reduce
these detrimental effects.

Let us suppose that N2( jkω0) and N2,r ( jkω0) have circu-
lar complex distribution, zero expectation, and second-order
moments expressed by the respective covariance matrices.
Furthermore, let us assume that noises are not correlated
with voltages. Under these mild conditions, frequency domain
averaging allows mitigating the impact of noise [24].

Let us acquire P periods of v1,r and v2 for each generic mth
test signal. V [m,p]

1,r ( jkω0) and V [m,p]
2 ( jkω0) are their spectra

computed on the pth period of the mth signal. The average
spectra Ṽ [m]

1,r ( jkω0) and Ṽ [m]
2 ( jkω0) can be evaluated as

Ṽ [m]
1,r ( jkω0) = 1

P

P∑

p=1

V [m,p]
1,r ( jkω0)

Ṽ [m]
2 ( jkω0) = 1

P

P∑

p=1

V [m,p]
2 ( jkω0). (12)

Once having computed Ṽ [m]
1,r ( jkω0) and Ṽ [m]

2 ( jkω0) for
each signal, V1( jkω0) and V2( jkω0) are replaced in (4) with
Ṽ1,r ( jkω0) and Ṽ2( jkω0) obtained by concatenating the M
average spectra. Then, the auto and cross spectra can be
evaluated using (6), and the BLA can be estimated

G̃BLA( jkω0) = S̃1r2( jkω0)

S̃22( jkω0)
. (13)

C. FRF Variances

The target of the proposed procedure is not only evaluating
the BLA of the transformer under test, but also detecting and
quantifying stochastic nonlinearities that are not masked by
the measurement noise.



For each pth period of the mth trial, it is possible to obtain
an estimation of the FRF

G̃[m,p]( jkω0) = S̃[m,p]
1r2 ( jkω0)

S̃[m,p]
22 ( jkω0)

. (14)

The average value over the P periods of (14) for each mth
trial is given by

G̃[m]( jkω0) = 1

P

P∑

p=1

G̃[m,p]( jkω0). (15)

By definition, the excitation signal is periodic. Therefore,
supposing that the system is time invariant while excluding
complex nonlinear behavior (limit cycles, chaos, etc.), the
response is periodic having the same period as the input.
Hence, under this assumption, the variance s2

G,m( jkω0) of the
FRF evaluated by considering the P periods acquired for the
mth test signal is purely due to noise

s2
G,m( jkω0)= 1

P(P − 1)

P∑

p=1

|G̃[m,p]( jkω0) − G̃[m]( jkω0)|2.

(16)

The sample variance (16) can also be directly estimated by
using the variances of the spectra Ṽ [m]

1,r ( jkω0) and Ṽ [m]
2 ( jkω0)

of the mth realization

s2
G,m( jkω0) = |G̃[m]( jkω0)|2

·
[

s2
1,m( jkω0)

∣∣Ṽ [m]
1,r ( jkω0)

∣∣2
+ s2

2,m( jkω0)
∣∣Ṽ [m]

2 ( jkω0)
∣∣2

−2�
(

s2
12,m( jkω0)

Ṽ [m]
1,r ( jkω0)

(
Ṽ [m]

2 ( jkω0)
)∗

)]
.

(17)

∗ denotes the complex conjugate operation, and
s2

1,m( jkω0), s2
2,m( jkω0), and s2

12,m( jkω0) are the variances
and covariance of Ṽ1,r ( jkω0) and Ṽ2( jkω0) evaluated by
considering the P periods of the mth trial

s2
1,m( jkω0) = 1

P(P − 1)

P∑

p=1

∣∣V [m,p]
1,r ( jkω0) − Ṽ [m]

1,r ( jkω0)
∣∣2

s2
2,m( jkω0) = 1

P(P − 1)

P∑

p=1

∣∣V [m,p]
2 ( jkω0) − Ṽ [m]

2 ( jkω0)
∣∣2

s2
12,m( jkω0) = 1

P(P − 1)

P∑

p=1

(
V [m,p]

1,r ( jkω0) − Ṽ [m]
1,r ( jkω0)

)

·(V [m,p]
2 ( jkω0) − Ṽ [m]

2 ( jkω0)
)∗

. (18)

Finally, the noise variance of the BLA s2
BLA,N ( jkω0) can

be obtained as the mean of (16) when all the M tests are
considered. It quantifies the impact of random noise on the
estimated BLA

s2
BLA,N ( jkω0) = 1

M2

M∑

m=1

s2
G,m( jkω0). (19)

Equation (15) allows obtaining an FRF estimation for each
test signal. When considering all the M trials, the FRFs
are in general different because of two effects: measurement
noise and nonlinearities. In fact, unmodeled nonlinearities
produce a dependence of the evaluated FRF G̃[m]( jkω0) on
the specific mth excitation signal. Such stochastic behavior
can be quantified by using the M FRF estimations to compute
s2

BLA( jkω0), namely, the total sample standard deviation of
the BLA

s2
BLA( jkω0)= 1

M(M−1)

M∑

m=1

|G̃[m]( jkω0)−G̃BLA( jkω0)|2.
(20)

D. Variance Analysis

Once having computed the aforementioned variances,
the impact of the transducer nonlinearity can be assessed.
Actually, the sample variance s2

BLA,N defined by (19) quan-
tifies the variability of the BLA due to noise; basically,
it can be considered as an A-type evaluation of the standard
uncertainty of the BLA due to noise. On the other hand,
the variance s2

BLA introduced by (20) takes into account both
noise and (stochastic) nonlinear contributions. Therefore, it
represents an A-type uncertainty evaluation of the BLA that
considers the effects of noise and definitional uncertainty due
to undermodeling.

During the testing of the instrument transformer, both vari-
ances have to be evaluated. Two different scenarios may occur

I. s2
BLA ≈ s2

BLA, N

II. s2
BLA � s2

BLA,N . (21)

In the first case, for the class E of excitation signals, the
nonlinear contribution to the total sample variance is masked
by noise. Then, in order to detect possible nonlinearities,
it is mandatory to reduce the impact of noise, for example,
by increasing the number P of acquired periods or by improv-
ing the measurement setup, having assumed that the main
noise source is not represented by the transducer under test.

Conversely, if the two variances are significantly different,
it means that the transducer nonlinearities are relevant with
respect to the noise floor. In this case, the total variance s2

BLA
does not drop significantly by increasing the number P of
acquired periods.

IV. NUMERICAL SIMULATIONS

In order to better explain the proposed procedure described
in Section III, it has been applied through numerical simula-
tions to the testing of a conventional inductive VT [23]. In this
way, the impact of measurement noise can be highlighted.

The VT has been represented with the usual Steinmetz
equivalent circuit, as reported in Fig. 2. The values of the
resistances, of the leakage inductances, and of the turn ratio
are reported in Table II; the nonlinear magnetizing inductance
Lm is characterized by the single-valued flux linkage–current
relation shown in Fig. 3. The input signal is supposed to be
measured with an ideal transducer.



Fig. 2. Equivalent circuit of the VT.

TABLE II

VT PARAMETERS

Fig. 3. Flux linkage–current characteristic of the magnetizing inductance.

A. Excitation Signals

As stated by [30], mainly because of resonances due to
winding capacitances, VTs are typically suitable for measuring
harmonic components having frequencies up to around 1 kHz,
even if this value may change considerably according to
voltage level and construction. Therefore, voltage harmonics
up to the 25th order for a 50-Hz system have been considered
in this paper.

From Section IV, it is clear that the excitation signals
employed to estimate the BLA should be as close as possible
to those found in typical working conditions. For this reason,
the class E of excitation signals has been defined starting from
the 95th percentile values for the root-mean-square amplitudes
prescribed by the standard EN 50160. However, the standard
does not provide information about the shape of their PDFs,
nor about the phases: some assumptions have to be intro-
duced. Therefore, the fundamental amplitude is supposed to be
normally distributed, having a mean value equal to the rated
voltage and a standard deviation so that it falls between ±10%
of the rated value with 95% probability. Harmonic phasors are
supposed to follow zero mean, circular complex normal distri-
butions, resulting in uncorrelated, normally distributed real and
imaginary parts. Under this hypothesis, harmonic amplitudes
follow Rayleigh distributions characterized by σ parameters
that can be easily computed from the 95th percentiles reported
in Table I, while the phases are independent and uniformly
distributed in the interval [−π, π].

B. Simulation Results

The VT characterization has been simulated by considering
different noise levels. Gaussian white noise has been added to

Fig. 4. Numerical simulations: total standard deviations of the BLA for
different SNRs.

Fig. 5. Numerical simulations: total (solid line) and noise (dashed line)
standard deviations considering maximum and minimum SNRs.

the output voltages of both the reference and the transducer
under test. In particular, SNRs between 40 and 120 dB have
been considered.

M = 200 multisine test signals with 50-Hz fundamental
frequency have been generated; fundamental and harmonic
amplitudes and phases have been obtained by sampling the
previously introduced PDFs. P = 50 periods of each signal
have been acquired. The procedure has been repeated for
different SNRs; the GBLA( jkω0) and the sample variances
have been estimated using (13), (19), and (20).

Increasing SNR leads to a (proportional) reduction of
sBLA,N ( jkω0) over the whole frequency range. In fact, those
standard deviations take into the account only the impact
of noise on the variability of the estimate. The class of
excitation signals employed for the characterization has a
strong fundamental component and weak harmonics; for this
reason, sBLA,N is considerably lower at the fundamental with
respect to the harmonics.

On the other hand, the total sample standard deviation
sBLA( jkω0) is affected both by noise and nonlinear stochastic
effect (Fig. 4); therefore, it exhibits a completely different
behavior. It should be noticed that by continuously increasing
the SNR, sBLA( jkω0) diminishes but it approaches a lower
bound that only depends on nonlinearity.

Fig. 5 reports the standard deviations evaluated considering
the highest and lowest SNR. In the presence of a poor SNR,



TABLE III

VT SPECIFICATIONS

Fig. 6. Experimental setup.

TABLE IV

POWER AMPLIFIER SPECIFICATIONS

noise may completely mask nonlinearity (black lines in Fig. 5).
Except of few harmonics that are affected by strong nonlinear
phenomena (e.g., the third and fifth), sBLA,N ( jkω0) is close
to sBLA( jkω0). In order to detect and quantify nonlinearities,
it is necessary to increase the measurement time or to improve
the experimental setup, having assumed that the main source
of noise is not the transducer under test. As the SNR is
increased, sBLA,N ( jkω0) becomes smaller and well-separated
from sBLA( jkω0) (tangerine lines in Fig. 5).

V. EXPERIMENTAL SETUP

The proposed approach has been applied to the characteriza-
tion of a 200 V/100 V conventional VT, whose characteristics
are reported in Table III.

The overall architecture of the experimental setup is
depicted in Fig. 6. A National Instruments USB-6356 board
connected to a PC has been employed to generate the excita-
tion signals and to acquire the transducer input and output. The
device is characterized by 16-bit resolution and simultaneous
sampling with a maximum rate of 1.25 MHz. In order to apply
the periodic, distorted excitation signals to the VT under test
as required by the proposed method, the approach already
employed in [10] and [11] has been adopted for the purpose.
An analog output of the board has been connected to a power
amplifier, whose specifications are listed in Table IV. Since its
maximum output voltage is not sufficient to perform the tests,
a 100 V/400 V transformer has been interposed between the
amplifier and the transducer under test. The secondary winding
of the instrument transformer to be characterized has been
connected to its rated resistive burden.

The primary and secondary voltages of the transformer
under test [v1,r (t) and v2(t), respectively] have been acquired

Fig. 7. Experimental results: BLA and single-tone FRF magnitude responses.

by means of resistive dividers connected to Analog Devices
AD215BY isolation amplifiers in unity gain, noninverting
configuration. These transducers have been calibrated over the
whole considered frequency range. After calibration, the resid-
ual gain mismatch is below 1 × 10−4 with a phase shift lower
than 0.2 mrad.

The power amplifier output voltage has been monitored
by means of a wide bandwidth voltage probe in order to
check that it remains within the rated capability. The signal
generation, acquisition, and processing has been managed by
means of a PC. A 100-kHz sampling rate has been employed;
thanks to the synchronization between sampling and gener-
ation, spectra can be easily obtained by using the discrete
Fourier transform without running into leakage artifacts.

VI. EXPERIMENTAL RESULTS

Estimating the BLA and its standard deviations requires
injecting a set of excitation signals belonging to the class E as
defined in Section IV-A in order to perform the characteriza-
tion under realistic conditions. Because of the input–output
characteristics of the power amplifier and of the step-up
transformer, the voltage v1,r (t) applied to the transducer under
test may be significantly different from a scaled replica of
the generated signal vg(t). For this reason, before the tests,
the small-signal FRF between v1,r (t) and vg(t) has been
estimated by injecting a random phase multisine signal [24].
The obtained FRF can be employed to prefilter the desired
excitation voltage waveform in order to compensate for the lin-
ear distortion introduced by the generation system. Of course,
nonlinearities cannot be canceled. However, assuming that the
power amplifier and the step-up transformer operate within
their rated capabilities, nonlinear distortion just produces a
slight change in the actual excitation signal.

In order to perform the characterization, first of all M = 200
excitation waveforms have been sampled from the class E and
the corresponding voltages vg(t) to be generated have been
obtained through prefiltering. Then, for each generic mth trial,
P = 100 periods of v1,r (t) and v2(t) have been acquired. Once
having collected the data from all the trials, the BLA can be
estimated.

Fig. 7 shows the comparison between the magnitude of the
BLA and the FRF obtained by applying single-tone voltages



Fig. 8. Experimental results: BLA standard deviations.

having the rated amplitude. The difference between the two
estimates cannot be explained with the uncertainty of the mea-
surement setup. Therefore, it is due to the systematic nonlinear
contributions that are included in the BLA, but not considered
by a conventional FRF measurement. From a practical point
of view, the deviations are small, except at the third harmonic
that appears to be the most affected by systematic nonlinearity.
In this case, the FRF estimated by using the BLA approach
is about 0.25% lower. It should be noticed that the difference
between the two FRFs has a decreasing trend over frequency
as nonlinearity is mostly related to the harmonic distortion
produced by the fundamental term, which is, therefore, more
relevant at low harmonic orders. Similar considerations apply
when comparing the phase response of the BLA with that of
the conventional FRF.

The total and sample standard deviations of the
BLA described in Section III-C have been computed
using (19) and (20); Fig. 8 shows their comparison. For
every spectral component, the total sample standard deviation
sBLA( jkω0) is much higher with respect to the noise
sBLA,N ( jkω0). Therefore, the experimental results show that
nonlinear stochastic contributions can be clearly distinguished
from the noise floor, and most part of the total variance is
due to nonlinearity. The 50-Hz component is characterized
by very low sample and noise standard deviations. Therefore,
nonlinearity is almost negligible at this frequency, and the
impact of noise is reduced since most of the energy of the
excitation signals is located at the fundamental.

As for the BLA estimation, it can be noticed that the 150-Hz
component is the most affected by nonlinearity: the total
standard deviation reaches the highest value at this frequency,
namely, about −50 dB. Even harmonics are characterized by
lower total standard deviations, although higher noise standard
deviations. Other harmonics whose orders are odd multiples
of three (9th, 15th, and 21st) show a significant total standard
deviation with respect to the nearby ones.

These considerations also apply to the simulation results
presented in Section IV (Fig. 4), and the reason is strongly
related to the class of the excitation signals. First of all,
nonlinearity of the instrument transformer is mostly odd (as
expected, since it is due to core magnetization) and produced
by the strong fundamental voltage (that provides the main con-
tribution to core flux); thus, it mainly affects odd harmonics.

Fig. 9. Experimental results: ratios between total and noise standard
deviations.

Practical power systems are weakly unbalanced; therefore,
harmonics whose orders are multiples of three are expected
to be extremely small. In fact, amplitude limits for these
components are very low, as from Table I [29]. Therefore,
the impact of nonlinearity is magnified because of the small
spectral content of the excitation signals at these components.
Even harmonics are generally characterized by higher noise
standard deviations since also in this case, the excitation signal
is rather weak. In fact, even harmonics are expected to be very
small (Table I, [29]).

In order to complete the analysis, a meaningful indicator is
represented by the ratio γ ( jkω0) between the two standard
deviations

γ ( jkω0) = sBLA( jkω0)

sBLA,N ( jkω0)
. (22)

It quantifies the impact of stochastic nonlinear contributions
with respect to noise; it corresponds to the distance between
the two standard deviations when plotted in log scale (Fig. 9).
As expected, all the odd harmonics show a larger γ ( jkω0)
since the transformer under test mostly suffers from odd
nonlinearity.

The accuracy of the transducer under test can be evaluated
in terms of relative TVE expressed as percentage of the voltage
measured by the reference transducer. The relative TVE has
been evaluated for each signal m and harmonic order k in two
different cases: when the measured voltage is obtained from
the output of the transducer under test by using the BLA,
and when the 50-Hz ratio is employed. In order to synthetize
the results, for each harmonic order, the TVE95[%] has been
computed for the two cases as the 95th percentiles of the
relative TVEs. Results are shown in Fig. 10.

When using the BLA compensation, it is evident that the
TVE95 is well below 0.5% (about 0.01%) for the fundamental
term, but it is considerably higher for all the other compo-
nents. Of course, the reason is due to nonlinear effects that
cannot be compensated by using a simple gain and phase
shift calibration. Even in this case, it should be noticed that
the higher values occur for the low-order harmonics: the
third is characterized by TVE95 above 3.8%. TVE values for
components whose orders are multiple of three are increased
by the weakness of the excitation. It should be noticed that
using the single-tone FRF instead of the BLA would have



Fig. 10. Experimental results: TVE 95th percentiles.

resulted in very similar TVE95 values. The reason is that
the difference between the conventional FRF and the BLA
is almost completely masked by stochastic nonlinearities.

On the other hand, using a constant gain results in sig-
nificantly greater errors for the high-order harmonics, where
the linear amplitude and phase distortion introduced by the
VT are larger. On the contrary, when looking at the 150-Hz
component, the TVE95 is just slightly higher since most of the
error is due to nonlinearity.

VII. CONCLUSION

It is well known that the behavior of voltage instrument
transformers includes nonlinear effects that may have a sig-
nificant impact on harmonic measurements. The effect of
these small nonlinearities is magnified by the typical quasi-
sinusoidal spectral content of the voltage waveforms in ac
power systems. A systematic procedure to test voltage instru-
ment transformers able to consider nonlinearities cannot be
found in the scientific literature or in the standards. For this
reason, the present paper proposes to apply the concept of
BLA to the metrological characterization of voltage instrument
transformers. For a given class of input signal, the BLA
represents the FRF that allows the optimal reconstruction of
the input voltage starting from the transducer output, thus
guaranteeing the most accurate measurement. In order to
achieve the best results, such class of excitation signals shall
resemble the voltages measured by the instrument transformer
during normal operation. Other than estimating the BLA, noise
and the total standard deviations can be easily computed. The
first measures the overall impact of noise on the BLA, while
the second one includes also the effect of undermodeling; thus,
stochastic nonlinearities cannot be included in the BLA. As a
case study, the approach is applied to the characterization of
a conventional inductive VT. Results show that nonlinearities
significantly affect the measurement of low-order harmonics,
while compensating the frequency response is effective only
at the higher frequencies.
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