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Abstract — This paper describes the setup of a sampling-based
ratio bridge for calibrating voltage transformers. The advantage
of this ratio method is that voltage transformers with different
transformer ratios can be easily compared. Initial measurements
of the components of the bridge indicate low systematic errors,
negligible voltage dependency and low phase errors around
50 / 60 Hz. This indicates an attainable uncertainty of below 2 ppm
for the ratio error and 0.5 prad for the phase displacement of
voltage transformers.

Index Terms — Voltage transformer, high voltage, sampling,
precision measurements, uncertainty.

I. INTRODUCTION

The testing of voltage transformers (VTs) designed for use in
medium-voltage or high-voltage grids often takes place in test
centers using standard voltage transformers (SVTs) of the error
class 0.02 or better, with a bridge as the comparing element.
The Physikalisch-Technische Bundesanstalt (PTB) offers
calibration services for such SVTs. The present bridge at PTB
is based on the difference method by measuring the voltage
difference between the standard transformer (N) of the PTB and
the transformer under test (X) and offers uncertainties on the
order of 2 - 107 [1]. A disadvantage of this difference method
is that calibrations of VTs that have different transformer ratios
are only possible by means of a high-resolution auxiliary
inductive voltage divider (IVD). It scales one of the two
secondary voltages of N or X in order to make these voltages
equal before they are connected to the bridge.

The new ratio-based bridge presented here circumvents this
problem by directly measuring the voltages of the secondary
windings of VT N and X by means of two accurately adjustable
voltage transformers and a two-channel sampling system that
has high ratio accuracy. The modular setup of this bridge is
highly flexible and can be easily adapted in the future to the
calibration of non-conventional voltage transformers that have
analog outputs or even digital outputs. Another intended
application of this bridge is the fundamental determination of
the ratio and phase errors of the SVTs of PTB by using an active
capacitive voltage divider [2] with low voltage dependence.

II. SETUP OF THE RATIO BRIDGE FOR VOLTAGE
TRANSFORMERS

The principle of the ratio-based comparison method is shown
in Fig. 1. The transformer under test (X) and the SVT (N) are
connected to the high AC voltage U,. Their secondary sides
with the voltages Ux and U, which are usually on the order of

100 V, are connected to the ratio bridge (gray area, “ESM IV”).
At the input of this bridge, two very accurate VTs, (A) and (B),
together with an independent setting of their nominal divider
ratio Dy, are used to scale Ux and Un to the voltages Us and Ua.
The separate adjustment of VT (A) and (B) serves two
purposes: (i) to prevent the inputs of the “HRPM” two-channel
sampling system from overloading; and (ii) to bring the ratio of
Us and U, close to one.
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Fig. 1.  Ratio-based calibration method for VTs.

Using the definitions Fx = Ux/ Up and Fx = Ux/ Up for VT
(N) and (X), as well as Dy = Ua/ Ux and Dg = Ug / Ux for VT
(A) and (B), from the measured complex voltage ratio
Isa=Us/ Ur= Fx/Fn Dg/ Da, the ratio error gx and the
phase error dx of VT (X) can be determined according to

D
Fy=I4, -Fy 'B_A
=B
EX:M_1:|EX|.KX,nnm_1' (1)
X,nom
5)( = arg{EX}

To obtain low uncertainties for the bridge readings &x and Jx,
it is important that the sampling system and the VTs (A) and
(B) have low systematic errors and associated uncertainties.

The sampling system [3] for measuring the complex voltage
ratio /pa is based on a 24-bit sigma-delta ADC with sampling
rates of up to 50 kS/s (NI 9239) and enhanced by means of an
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improved differential pre-stage. This differential pre-stage
provides two voltage ranges of + 10 V and + 1 V in order to
achieve a high signal-to-noise ratio. Further improvements are
related to the input buffers, the MOS switch, the
instrumentation amplifiers and the low-pass filters in order to
achieve high linearity, and thus to attain low uncertainties of the
measured ratio. The typical relative uncertainty is + 0.2 ppm for
aratio of 1:1 (for example, for 5 V / 5V) and below + 1 ppm for
aratio of 1:2 or 2:1 (for example, 3V /6 V).
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Fig. 2.  Structure of the two-stage voltage transformer.

Fig. 2 shows the winding configuration of the constructed
voltage transformers VT A (or VT B) of the bridge, which is
based on the combination of a two-stage voltage transformer
and an inductive voltage divider that has one decade. The inner
working core, C1, which is made of nanocrystalline material
[4], comprises the primary winding, W1 (4 x 400t), and an
auxiliary winding, W2 (8 x 16t). The maximum voltage is
300 V at 50 Hz, while the maximum core impedance is 700 kQ
to prevent loading effects to VT (N) or (X).

A set of four cores as a shell around this makes up the
magnetic core for the second stage, C2. The primary winding,
W3, is wound in four sections (4 x 400t) and four layers to allow
the use of enameled copper wires with sufficient thickness.
Additionally, the four sections of W3 are shielded inside and
outside by means of eight screens Six and Sox (k=1...4),
which are driven from W1 with the respective 0 %, 25 %, 50 %,
75 % and 100 % potentials. This reduces capacitive currents
within W3 and leads to small phase errors.

The secondary winding W4 (160t), which has a ratio of 0.1,
and an auxiliary winding, W5 (16t), which has a ratio of 0.01,
are wound around W3. Finally, the core, C3, and its winding,
W6 (10 x 16t), represent an inductive voltage divider that is
connected to the secondary winding, W4. Thus, ratios from
0.01 to 0.10 can be adjusted. The purpose of the auxiliary
winding, W5, is to allow the IVD section to be calibrated using
Thompson’s method.

III. MEASUREMENT RESULTS

The first stage of VT (A) and (B) was measured at various
voltages between 1 V and 300 V. The results obtained were in
the range from -1 ppm to -10 ppm and 8 prad to 45 prad. They
agree very well with the calculated errors E1 = - Rp1 / Zwmi of the
first stage based on the primary winding resistance Rp; and the
measured complex impedance of the magnetic core Zmi. As the
resistance of the primary winding Rp; and the impedance Zw» of
the second stage are around 10 Q and 100 kQ, respectively, the
error of the second stage |E>| is about 100 ppm. Ideally, this
would lead to an error of the whole two-stage structure of
E = - E\-E», which, by using the values given, is below 10 in
the voltage range from 10 V to 300 V and at 50 Hz. In practice,
effects due to stray magnetic fields around the core and
capacitive effects will occur and deteriorate the given estimated
errors.

However, the initial results of the evaluation indicate that the
output-related errors in all ranges of the VT do not exceed
0.5 ppm and 0.5 prad. The effective output resistance for each
setting of the VT between 0.01 and 0.1 is below 0.5 Q. Thus,
loading effects due to the input impedance of several
hundred MQ and some pF of the two-channel sampling system
can be neglected.

Another verification was performed in order to intrinsically
check the ratio accuracy of the bridge under an input voltage of
60 V and different settings of the nominal ratio D, of VT (A)
and (B). For equal ratios D, from 0.10 : 0.10 to 0.05 : 0.05, the
error difference measured (i.e., the bridge reading) was below
0.2 ppm and 0.1 prad. For different ratios of VT (A) and (B)
from 0.05 : 0.10 to 0.09 : 0.10, the error differences measured
were not higher than 1.5 ppm and 0.3 prad. This indicates that
the attainable uncertainty of the bridge presented is below
2 ppm or 0.5 prad. More results will be shown during the
conference.
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