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Frequency Response of MV Voltage
Transformer under Actual Waveforms
G. Crotti, D. Gallo, Member, IEEE, D. Giordano, C. Landi, Member, IEEE,
M. Luiso Member, IEEE and M. Modarres.

Abstract— A set-up for the measurement of the frequency
response of voltage measurement transformers under actual
waveform conditions is presented. It is based on a two steps
procedure that makes use of high voltage gas insulated capacitors
and a digital bridge. It allows calibrations using distorted
waveforms, with a fundamental tone at medium voltage level and
superimposed harmonics up to 20% and 15 kHz. Combined
standard uncertainty in the measurement of the voltage
transformer error is estimated 200 μV/V for the ratio error and
300 µrad for the phase displacement up to 10 kHz. First
applications to the measurement of the frequency response of
voltage transformers with different rated primary voltages up to
50 kV are presented.
Index Terms— Calibration, voltage transformers, medium
voltage, frequency response, measurement uncertainty.

T

I. INTRODUCTION

HE increase of disturbances and quality deterioration of
the transferred power in transmission and distribution
grids call for extended performances of the measurement
systems employed for metering, protection coordination and
monitoring of grid stability and power quality [1]-[10].
Measurement instrument transformers are installed at both
high voltage (HV) and medium voltage (MV) level to scale
the grid voltage and current to values compatible with the
input of the measuring instruments. When used in the
measurement of the grid power and/or of its quality, they are
required to accurately operate over a wide range of amplitudes
and frequencies, which may extend beyond the 50th harmonic
[11]-[12]. Installed inductive measurement voltage
transformers (VT) are generally calibrated at the rated voltage
at power frequency only. Their frequency characterization, if
performed, is carried out at voltages which are usually more
than one order of magnitude lower than the rated ones, without
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considering the non-linearity of the device. Measured VT
behaviors show that non negligible variations can be found
when comparing the values measured at low voltage with
those obtained at some kilovolt [14]. There is then a need for
characterized and traceable methods to assess the VT
performances under actual conditions in a frequency range up
to several kilohertz. Moreover, an accurate determination of
the complex VT frequency response over an extended range
up to the first resonances can allow the implementation of
real-time correction procedures for VTs with unsatisfactory
frequency response [15].
Solutions proposed for the frequency calibration at MV are
generally based on the use of an arbitrary waveform generator
(AWG), which can be connected to an amplifier, that feeds the
low voltage winding of a step-up transformer [16]. Because of
the distortion and variability of the supplied MV signal, a
reference transducer, such as a MV divider, is needed to
accurately measure the components of the applied signal over
the frequency range of interest.
An alternative method for the measurement of the ratio and
phase errors of MV measurement transformers in the
frequency range up to 15 kHz, has been introduced in [17]. It
consists of a two-step procedure based on the use of HV
capacitors and a digital current comparator. It is intended for
the frequency characterization at full rated voltage of VTs
with primary voltage up to 36/√3 kV (fundamental tone),
employing a frequency sweep of a single harmonic tone,
whose amplitude can be selected up to 20 % of the
fundamental tone. In the paper, the previously introduced
method [17] is refined, characterized and experimented in the
measurement of the complex frequency response of VTs. In
the following, a brief description of the measurement set-up is
given, the analysis of the uncertainty contribution is performed
and results of its application to the evaluation of the ratio and
phase errors of commercial VTs from a few hertz up to
15 kHz are shown and discussed.
II. CALIBRATION PROCEDURE
The developed method for the frequency calibration of MV
VTs is a modified extension of the absolute method commonly
implemented in the National Metrology Laboratories for the
calibration at power frequency of standard transformers, with
uncertainties ranging from a few microvolts/volt
(microradiants) to 100 µV/V (100 µrad) for the ratio (phase)
error [18], Error! Reference source not found.. In the next
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ubsections, the measurement procedure and the circuital
implementation are detailed.
A. Measurement method
The calibration is performed by a two step procedure using
two HV gas insulated capacitors C1 and C2 and a digital
current comparator. In the first step (a), the two high voltage
capacitors are both connected to the MV. The supply voltage
(sinusoidal or distorted) is generated by an arbitrary waveform
generator coupled with a MV power amplifier. The currents
iC1 and iC2, which flow into capacitors C1 and C2 are converted
into the voltages VCH1 and VCH2 by transimpedance amplifiers
with feedback resistors RCH1 and RCH2 [20]. The ratio ka,h and
phase displacement Δϕa,h of each harmonic component h of
VCH1 and VCH2 can be evaluated by making use of a twochannel digitizer based system as:

⎧
VCH 1 a , h
⎪⎪ ka ,h =
VCH 2 a , h
⎨
⎪
⎪⎩ Δϕ a , h = ϕVCH 2 ,h − ϕVCH 1 ,h
VCH 1 a ,h
VCH 2

a ,h

=

RCH 1 C1
⋅
RCH 2 C2

2-channel
acquisition
system

Fig. 1. Generation and measurement circuit for the VT frequency calibration
(step b)

(2)

where |VCH1 ,h| and |VCH2 ,h| are the measured voltage
amplitudes of the h-th-harmonic component at measurement
step a) and ϕVCH1 ,h and ϕVCH2 ,h are the corresponding measured
phases. In the second step (b), the VT under calibration is
inserted between the MV connection and capacitor C2,
according to the circuit shown in Fig.1. The ratio kb,h and
phase displacement Δϕb,h of VCH1 and VCH2 are then expressed
as:

⎧
VCH 1 b ,h RCH 1 C1 VH ,h
⋅ ⋅
=
=
⎪⎪kb ,h =
VCH 2 b ,h RCH 2 C2 VL , h
⎨
⎪
⎪⎩Δϕb ,h = ϕVCH 2 b ,h − ϕVCH 1b ,h

comparator based transimpedance amplifier with a low-loss
feed-back capacitor, coupled with a HV capacitor connected to
the input [22, 23], is adopted to exploit the amplification of the
harmonic component due to the differentiating circuit, to get
accurate measurement of high order low amplitude harmonics.

(1)

with

ka ,h =

2

(3)

where VH,h and VL,h are the h-th component of the applied
voltage VH and of the VT output voltage VL respectively.
Under the assumption of negligible variation of capacitor C2
between step a) and b), the ratio error εVT,h and the phase error
ϕVT,h of the VT under calibration, related to the measurement
of h-component and defined according to [21], are expressed
as:
⎛ k
⎞
εVT ,h = ⎜⎜ kr a ,h − 1⎟⎟
ϕVT ,h = Δϕa ,h − Δϕb, h
(4)
⎝ kb , h ⎠
and the VT complex transfer function GVT(f) at frequency
f=h⋅f0 is:
⎛ (VCH 1 / VCH 2 )a , h ⎞
⎟
GVT ( f ) ⋅ eiϕVT ( f ) = ⎜ k r
(5)
⎜ (VCH 1 / VCH 2 ) ⎟
b
h
,
⎝
⎠
The use of this two-step procedure, with respect to other
methods, such as the one that makes use of a current

B. Supply and measurement circuit
With reference to Fig 1, compressed-gas HV standard
capacitors are used, which are routinely employed for power
frequency calibrations of VTs. C1 is a 103.5 pF, 250 kV
capacitor, whereas C2 is chosen between a 1.046 nF, 60 kV
and a 10.106 nF, 15 kV capacitor, depending on the
measurement conditions.
As to the transimpedance amplifier, the operational
amplifiers OPA606 [24] with maximum supply voltage of
15 V are considered, so that, the maximum output voltage,
VCH_max, is 8 Vrms. Main specifications of the OPA606 are
bandwidth of 13 MHz, slew rate of 35 V/µs, offset current of
1 pA, distortion of 0.0035 % at 10 kHz. As to RCH1 and RCH2,
900 Ω, 0.5 W feedback resistors are used. Feedback capacitors
CCH1 and CCH2, in parallel to RCH1 and RCH2 (not shown in Fig.
1), with rated capacitance equal to 2 nF and operating voltage
up to 3 kV, have been introduced to reduce noise and the
effects of stray capacitances on phase measurement.
To generate sinusoidal or distorted voltage signal, an
arbitrary waveform generator board (NI 5422), equipped with
a software-selectable 7-pole analog elliptical filter for image
suppression, is used. The low voltage signal is then amplified
by a MV power amplifier [25] (30 kVpeak, 20 mApeak, 2.5 kHz
for large signals, 30 kHz for small signals) producing the MV
waveform. The frequency sweep is carried out by applying a
distorted waveform composed of two tones: the fundamental
one at rated voltage and a low voltage tone with variable
frequency and phase angle. For this application, the particular
case of a harmonic tone with zero phase is considered, but this
does not constitute a limit of the utilized setup. The VCH1 and
VCH2 signals are digitized by a NI 9239 10 V, 24 bit, 50 kHz
board, equipped with a 24.56 kHz anti-aliasing filter, and the
fundamental and harmonic tone amplitude and phase are
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estimated as described in the next subsection. The use of the
10 nF capacitor can be preferred for C2, especially in presence
of harmonic frequencies of the order of a few hundreds of
hertz, because of the higher amplitude of the harmonic current
to be measured. On the other hand, since same RCH2 is used in
both steps a and b, the applied 50 Hz high voltage has to be
limited in step a, in order to avoid saturation of the digitizer
considering the C2 value.
C. Identification of the spectral components
The reference signal is made of the sum of two
contributions: the first, sF, is an AC sinusoidal signal at
fundamental frequency f1 and the second, sH, is a sinusoidal
signal at the h-th harmonic frequency of f1. The signal s(k)
obtained after A/D conversion can be written as:

component (6) is then numerically generated:

⎛
k
)
sˆF (k ) = Aˆ1 sin ⎜⎜ 2πfˆ1 ⋅
+ ϕ1
f
S
⎝

(8)

sˆH (k ) = s(k ) − sˆF (k )

with k = 0,1,....., L - 1.

(9)

A suitable window w'', which can in general differ from
previous w', is then used to reduce the residual harmonic
leakage problems:

ŝwI ′′ (k ) = ŝ I (k ) ⋅ w′′(k )

with k = 0,1,.....,L - 1

.

(10)

s (t)

⎞
⎛
⎞
k
⎟ + Ah sin⎜ h ⋅ (2πf1 ) ⋅
+ ϕ n ⎟⎟
⎟
⎜
fS
⎠
⎝
⎠

(6)

where fs is the sampling frequency, h is the harmonic order,
A1, Ah and ߮1, ߮h are the amplitude and phase angle of the
fundamental and h-th harmonic component respectively.
In principle, in order to obtain exact values for h, A1, Ah, ߮1
and ߮h, a synchronized spectral analysis should be performed,
thus a time window exactly synchronized with fundamental
frequency should be processed by Discrete Fourier Transform
(DFT). This is possible when there is an accurate
synchronization between power frequency f1 and sampling
frequency fs, that is when the generation and the acquisition
devices share the same clock, provided by external
synchronization devices. In fact, a not exactly synchronized
analysis gives inaccurate results due to the spectral leakage on
the estimations of both the components. In a general case,
anyway, the reference signal can be composed by two spectral
components whose frequencies are not in an integer ratio (e.g.
the case of an inter-harmonic in power system quantities). In
this case, an accurate synchronization is possible for only one
of the two tones. Therefore, here, the problem of identifying
the parameters of the two tones is solved by applying a digital
signal processing technique [26] more complex than a simple
DFT; in this way, the necessity of synchronization devices is
overcome, thus making a simpler measurement set-up, and
improving accuracy. The flow chart of the signal processing
technique, that solves the discussed synchronization problems
without additional hardware, is shown in Fig. 2.
After step 1 of signal elaboration (Fig.2), it is:
sw ( k ) = s(k ) ⋅ w' ( k )

⎞
⎟
⎟
⎠.

In step 4, the contribution (3) can be obtained from the
original signal, i.e. in the time domain, obtaining an estimation
of the harmonic contribution (4):

s(k ) = s F (k ) + s H (k ) =

⎛
k
= A1 sin⎜⎜ 2πf1
+ ϕ1
fS
⎝

3

with k=0,1,....,L-1

(7)

st

being w' the adopted 1 stage window of length TW=L/fS.
In step 2, the spectral components of interest are
individually evaluated or a whole DFT is calculated.
In step 3, an accurate estimation of the frequency f1, of the

$ of the
amplitude A1 and phase angle ϕ
1
component is obtained by means of opportune
techniques of the desynchronized spectral
calculated at step 2 [23]. The estimated

fundamental
interpolation
components
fundamental

Fundamental (Stage 1)
1

Sampling & 1 st Windowing

2

Spectral Component Calculations or DFT

3

Fundamental Component Estimation
by Spectral Interpolation

4

Fundamental Component Filtering in the Time
D
i
sˆ H ( k )

Harmonic (Stage 2)
5

2 nd Windowing of the filtered signal

6

Spectral Component Calculations or DFT

7

Harmonic Component Estimation
by Spectral Interpolation
Âh ϕˆ h

8

Analysis

Â1 ϕˆ1
Application

Fig. 2. Flow-chart of the desynchronized processing technique.

In step 6, the windowed signal (10) is subjected to a second
spectral analysis, so that spectral components of interest are
individually evaluated or a whole DFT is calculated. From
these values, it is possible (step 7) to estimate the amplitude,
the frequency and the phase angle of the harmonic component
performing further spectral interpolations.
Finally, it is worthwhile underlining that steps 5 and 6 in
Fig. 2 can be skipped performing the harmonic filtering in the
frequency domain.
III. UNCERTAINTY ANALYSIS
Expressions (4) and (5) are valid under a number of
simplifying assumptions, which have to be valid with
reference to step a) and b) measurement conditions. They
include current linearity of resistor RCH2, voltage dependence
of capacitor C2, negligible errors of the data acquisition and
processing system. Moreover, a null loading effect of C2 on
the VT response is assumed. An accurate estimate of the
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contributions of all the possible uncertainty sources has then to
be performed to evaluate the calibration method performances
in terms of achievable uncertainty.
Circuital component
To evaluated its stray parameters, measurements of the
complex impedance of RCH2 versus frequency were carried out
with an impedance analyzer, covering the frequency range
from 40 Hz to 110 MHz. The obtained results show that its
reactance is negligible up to some hundreds kilohertz, being
the resonance frequency at several megahertz.
The current heating effect on RCH2 is estimated by
measuring the resistance variations when currents of the same
order of magnitude as those expected during the two steps of
the calibration process flow through RCH2. Assuming applied
voltages from 1 kVRMS to 30 kVRMS, tests were carried out
with DC and AC currents from a few microampere up to
6 mA.
As regards the amplifier, a non-linearity effect of channel 2
should be considered. The contribution to the total uncertainty
budget is obtained from the component specification [24].
The voltage dependence of both C2=1 nF and C2=10 nF
capacitors are estimated by comparison with a 700 kV
capacitor by measuring the capacitance variations at
increasing voltages up to 60 kV and 11 kV respectively. As an
example, the 1 nF capacitor measured variation with respect to
the 1 kV value is 24 μF/F at 20 kV (1.5 µrad for the loss
angle), which reduces to 5 μF/F at 10 kV (0.5 µrad). For the
non-commercial 10 nF capacitor, significantly larger
variations are found at 11 kV with respect to the 1 kV
(336 μF/F and 42.5 µrad). For such non-commercial high
capacitance value-high voltage capacitor, these variations can
be explained considering the high electrodynamic effects.
Corrections for the C2 voltage dependence are then introduced.
Standard uncertainty contributions associated with CCH2
variation between steps a) and b) are introduced as a function
of the frequency, starting from the capacitor specifications.
They result negligible for frequencies up to 1 kHz (less than
0.01 μV/V for the ratio error and 1 μrad for the phase) and
increase up to 0.75 μV/V and 6.3 μrad at 10 kHz).
All measurements described in the following sections were
carried out in the high voltage INRIM laboratory, which is
temperature controlled. Temperature variations experienced
by the HV and feedback capacitors during the two step
measurements are well within 0.25 K. The consequent relative
variation of HV capacitances are within ± 4 μF/F for capacitor
C1 (temperature coefficient 17 μF/F/K) and ± 5 μF/F for
capacitors C2 (temperature coefficient 20 µF/F/K). Similar
variations are conservatively assumed for the C1 and C2 losses.
For the feedback capacitors, their temperature coefficient
is (100 μF/F/K). However, taking into account that, in each
step, the same capacitors are used in the two branches of the
circuits and the considered temperature variation (0.25 K),
their relative variation due to temperature is expected to be to
be within the ppm and for this reason is assumed negligible.
As to the VT loading effect of C2, typical values of
commercial MV VT burden are in the order of some tens of
volt-ampere. With the adopted capacitance values (1 nF or
A.

4

10 nF), the contribution to the burden, at 50 Hz, is in the order
of 1 µVA/VA and can be disregarded.
With the increase of the frequency, the C2 loading effect
depends on the values of the internal VT stray capacitances
(capacitances between winding turns, between turns and
ground), which in turn depend on the VT rated voltage and
winding arrangements. Consequently, the capacitive burden
effect cannot be given a priori. Moreover, in the on-site
conditions, additional capacitive load can be introduced e.g.
by the connection cables. As a general consideration, similar
to the VT 50 Hz calibration, where the test burden is normally
the rated one defined by the manufacturer, a "capacitive rated
burden" could be defined when the VT has to be frequency
characterised. The uncertainty on its value would then
contribute to the uncertainty associated with the ratio and
phase error in the frequency domain. To estimate this
uncertainty, a comparison between the ratio and phase errors
of the 20/√3 kV : 100/3 V VT measured both with a 1 nF and
a 10 nF capacitance has been performed up to 3 kHz. The test
has provided a deviation, under 9 nF capacitance variation,
within 200 µV/V (200 µrad) over the considered frequency
range. Assuming an uncertainty on the capacitance value of 25
µF/F, the variation on the measured VT ratio error at 3 kHz is
of 0.01 µV/V, which can be disregarded. Similar consideration
can be done for the uncertainty of the phase error.
As to the digitizers, the ratio and phase errors, introduced
when increasing signals of different amplitudes are acquired,
are evaluated by imposing input signals with known ratio by
means of a calibrated inductive divider and, at increasing
frequencies by a phase standard generator [27].
Spectral component identification
The accuracy of the technique used for the identification of
the spectral components is investigated by applying distorted
test signals with superimposed noise. In all the simulations,
sampling frequency is set to 50 kHz and 50000 samples are
analyzed.
In the first test, a signal composed by a fundamental tone
with frequency of 50.1 Hz, amplitude of 1 V, phase of 0 rad
and a third harmonic tone with amplitude equal to 20 % of the
fundamental tone and phase of 0 rad is analyzed. Sampling
frequency and signal frequency are not synchronized.
White noise is added to the signal, making its Signal-toNoise Ratio (SNR) variable. Thirty iterations for every SNR
value are performed. Fig. 3 shows the standard deviation of
the mean deviation ΔfF between the computed fundamental
frequency and the imposed one versus the SNR. As can be
seen, even in harsh condition, that is desynchronization and
very low SNR (20 dB), the standard deviation is lower than
1 mHz. For a SNR higher than 60 dB, that is a typical value
for calibration applications, the standard deviation reduces to
less than 10 µHz.
In the second simulation the effect of the harmonic
frequency on the performance of the proposed technique is
analyzed. Therefore a signal composed of a fundamental tone
with frequency 50.1 Hz, amplitude of 1 V, phase of 0 rad and
a harmonic tone with variable order from 2 to 296 (i.e. up to

B.
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about a frequency of 15 kHz), amplitude of 20 % of the
fundamental tone and phase of 0 rad is analyzed. For sake of
brevity only figures related to phase estimation are shown.
White noise is added to the signal to have a SNR of 60 dB.
Figure 4 shows the mean ΔϕF of the fundamental phase
deviation from to the reference value and ΔϕF its standard
deviation uA.
Figure 5 shows the same quantities, but with reference to
the harmonic phase deviation ΔϕH. As can be seen, even with
desynchronization between fundamental and sampling
frequencies, the 2 uA range is always lower than 20 µrad and
100 µrad for the fundamental and the harmonic phase,
respectively. As to the evaluation of the fundamental and
superimposed harmonic amplitude under the same test
conditions, the 2 uA range is always lower than 2.0 μV/V and
1.0 μV/V for the fundamental and the harmonic amplitude
respectively.
In the third test, the effect of the jitter on the sampling
interval is evaluated. A sinusoidal signal, with frequency
50 Hz, amplitude 1 V, phase 0 rad, is considered and white
noise is added to the sampling interval value.
Fig. 6 shows the standard deviation of the mean deviation
ΔfF between the computed fundamental frequency and the
imposed one versus the sampling interval jitter, expressed in
picoseconds.
With typical values for jitter in calibration applications,
that are lower than 100 ps, the standard deviation is lower than
50 µHz.
Uncertainty evaluation
On the basis of the results obtained from the measurements
performed as described in the previous section, an estimate of
the measurement uncertainty has been carried out.
C.
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Fig. 4. Fundamental phase deviation (ΔϕF, ΔϕF +uA, ΔϕF -uA) vs. harmonic
frequency.
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Fig. 5. Harmonic phase deviation (ΔϕH, ΔϕH +uA, ΔϕH -uA) vs. harmonic
frequency
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Fig. 3. Standard deviation of the mean fundamental frequency (50.1 Hz)
deviation ΔfF from the reference value vs. Signal-to-Noise Ratio.
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Fig. 6. Standard deviation of the mean fundamental frequency (50 Hz)
deviation ΔfF from the reference value vs. Sampling Interval Jitter.

Table I shows the uncertainty budget relevant to the
frequency calibration of a 20/√3 kV/100/3 V VT at rated
voltage (11 kVRMS), with reference to the measurement of a
distorted signal with superimposed 20 % to 1 % harmonics up
to 10 kHz. The standard uncertainty component due to the C2
voltage dependence is the uncertainty of the introduced
correction factor, obtained as described in section III A with
reference to the applied rated voltage of 11 kV.
TABLE I - UNCERTAINTY BUDGET (UP TO 10 kHZ )
Standard uncertainty contribution
Quantity/Influence
factor
Ratio error (μV/V)
Phase error (μrad)
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RCHH2 non linearity:
C2 voltage
v
deppendence:
C1 temperature
t
stabbility
C2 temperature
t
stabbility
CCHH2 2-steps variationn

5
3

2
3

2.3

2

2.9

2.99

<1

froom 0.03 to 6.3

Am
mplifier non
lineearity
VT
T loading

20

20

1
(200*)
200

1
(2000*)
300

Diggitizers,
repeatability and
idenntification
algoorithm

(*)) f= 3kHz, C2=10 nF, assumed rated capacittive load 1 nF).
Conservativelly assuming a quadratic increase of the C2
loaading effect wiith frequency, the uncertaintyy component, due
d
to the C2 loadinng effect, estim
mated as desccribed in secttion
III A, is negligibble up to 10 kH
Hz, provided thhat measuremeents
aree performed with
w a known raated load. If a rated load is not
deffined, a more conservativ
ve approach can
c
be adoptted,
parrticularly in thhe case of the use
u of the 10 nF
n capacitance, to
incclude in the unncertainty bud
dget the uncerttainty componnent
obttained consideering the variaation with resppect to the 1 nF
loaad. Such valuees are indicated
d in Table I wiithin the brackkets
forr a frequency of 3 kHz. As can be seen, the predominnant
uncertainty contrribution is the one
o relevant too the digitizer and
a
ideentification alggorithm and to the
t reading reppeatability.

Fig. 7. VT1
V phase error att fundamental freqquency (60 Hz) obbtained by the
two toness measured signalls versus the harm
minc tone frequenccy (dots), data
are comppared with the VT
T1 50 Hz phase error measured by
b the INRIM
power freequency reference calibration system
m. (continous bold red line ).
TABLE II - RATED CHA
ARACTERISTICS OF THE INVESTIGATE
ED VTS
Up (kV)

Us (V)

Rated
Burden
n

Accuracy
class

VT0

11√3

1100/√3

50 VA, 0.88 ind.

0.5 - 3P
P

VT1

20√3

1000/3

50 VA, 0.88 ind

0.5 - 3P
P

1000

0 VA – 20 VA,
0.88 ind.

0.1

VT_REF

50

TABLLE III – VT TEST CONDITIONS
C

IV. VALID
DATION OF THE
E MEASUREMEN
NT METHOD
A first validattion of the method has beeen carried out by
com
mparing the reesults obtained for the fundam
mental tone, whhen
a VT
V frequencyy characterizattion under disstorted wavefoorm
(tw
wo tone frequenncy sweep: fun
ndamental withh a superimposed
harrmonic) is carrried out, with
h those obtaineed measuring the
VT
T ratio and phaase with the IN
NRIM referencee set-up for 50 Hz
callibration (meaasurement stan
ndard uncertaainty: ratio errror
25 µV/V, phase error 25 µraad). The funddamental (60 Hz)
H
phase errors of a VT with rated
d primary voltaage 20/√3 kV and
a
1
V, meassured in tests carried out with
w
outtput voltage 100/3
inccreasing frequeency superimp
posed harmonicc from 180 Hzz to
3 kHz
k
are show
wn in Fig. 7. Deviations
D
froom the referennce
50 Hz value (coontinuous bold
d red line), measured
m
by the
NRIM referencee set-up, are all
a well within 22 µrad. Simiilar
IN
ressults are found for the ratio errror deviations.

Ffund
(Hz)

Vfund
(kV)

VT0

50

3

VT1

60

11

VT_RE
EF 60

22

Harmonnic amplitudes (%
% of the
fundamental)
fH = 2 – 10

fH = 11 - 28

fH = 29 – 300

20 %

5%

1 % - 0.2 %

fH = 2 – 10

fH = 11 - 28

fH = 29 – 172

20 %

5%

1 % - 0.2 %

fH = 2 – 24

fH = 25 - 88

20 %

2%

UREMENT OF VT
V S FREQUENCY
Y RESPONSE
V. MEASU

As a first appllication, the pro
A
oposed methodd is experimennted
in the frequencyy calibration of
o three different measurem
ment
mers with ratted primary voltage
v
11/√3 kV
voltage transform
T0), 20/√3 kV (VT1) and 50 kV (VT_REF
F). The laboratoory
VT
layyout is show
wn in Fig. 8. Table II shows the raated
chaaracteristics off the considered
d voltage transsformers.
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C2
VT
C1
M ampliffier
MV
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Fig. 8. Circuital layoout for the calibrattion of the MV VT
Ts.

The frequencyy analysis of the
t three VTs is performed by
appplying a distorrted 2-tone waveform, whosee components are
sum
mmarized in Table
T
III. Moreeover, for one of the three VTs,
V
a single
s
tone freqquency sweep at
a low voltage is carried out.
F each considered VT, thee measurements are carried out
For
up to several kilohertz
k
to id
dentify at leaast the first two
t
mplitude resonaances. For the VT
V with the lower rated voltaage
am
(V
VT0), the first reesonance frequ
uency is detectted at 9.3 kHz. As
to VT1, measureements are perfformed at ratedd primary voltaage
botth with rated burden and with null impposed burden. In
adddition, a singlle tone frequeency sweep at
a low voltagee is
carrried out. Fig. 9 a) comparess the measuredd ratio and phhase
errrors up to 3 kH
Hz for VT1. The
T 50 Hz ratioo error, measuured
witth the INRIM
M power frequ
uency reference system is also
a
inddicated (yelloow dot). For
F
both VT0
V
and VT
T1,
chaaracterisation is
i performed with
w C2=10 nF.

a)

b)
Fig. 9. Ratio (a) andd phase (b) error of
o VT1 with and without
w
the 50 VA
A
rateed burden from 1220 Hz to 3 kHz. Yellow dot in graaph (a) ratio errorr
estiimated with the 50
5 Hz reference calibration system
m , the frequencyy
sweeep obtained by appplying 7 V and the
t accuracy limit up to 2.5 kHz aree
alsoo shown (continouus bold red line).

D
Deviations
off about 2 % and up to 1 mrad are fouund
bettween the MV
V waveform data and those measured in the
low
w voltage characterization. Itt must be notedd that the 2.5 kHz
k

7

v
is clearly compliant
ratio errror value meassured at MV voltage
with thee limits indicaated by the releevant standard [12] for the
ratio annd phase errorss of VTs used for harmonic evaluation
e
in
power quality
q
measurrements. On the contrary, thee low voltage
value iss practically cooincident with the
t prescribed limits.
The scale
s
factor, deefined as the ratio
r
of the appplied voltage
to the output
o
voltage, and phase errrors measured on the same
VT up to
t 10 kHz are shown in Fig. 10. A first ressonance peak
is deteccted for the raatio error at 5.665 kHz, whereeas a second
one is found at abbout 6 kHz. Further resonnances were
m
invesstigated range (15 kHz, not
evidencced up to the maximum
shown).
w
a significaantly higher rated
r
voltage
As too VT_REF, with
(50 kV)), frequency analysis,
a
carried out with C2 = 1 nF,
highlighhts the presencce of a first reesonance alreaady at 2 kHz
(Fig. 111). As clearly evidenced
e
by thhe comparison with the red
lines (ccontinuous linne), which corrresponds to the
t standard
indicateed accuracy limits, the use
u
of this VT in PQ
measureements is limitted at frequencies lower than 1 kHz.

(a)

(b)
Fig. 10. Ratio
R
(a) and phase (b) error of VT22 with and withouut the
50 VA rated burden from 100 Hz to 7 kHz. The
T resonance conddition
is highlighted in graph (a).
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8

carried out to confi
firm the resullts obtained and
a
provide
recomm
mendations about
a
the best
b
approachh for the
measureement of freqquency responnse of instrum
ment voltage
transforrmers.
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