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ABSTRACT The series summation method is an important method in the calibration of the voltage
coefficient (VC) of the standard voltage transformers (VTs), in which the key step is connecting a fully-
insulated VT and a semi-insulated VT in series, and comparing them with the third VT under test. Caused
by the imperfect electrical shielding of the serially-wound VTs, additional errors are introduced in the
calibration. By analyzing the cause of the additional errors in the serial connection of the VTs, two methods
were designed in this paper to measure the additional errors. The proposed methods were harnessed to
measure the additional errors for a serial connection of a 35 kV fully-insulated two-stage voltage transformer
(TSVT) and a 35 kV semi-insulated TSVT. The results show that the two methods give a consistency
of better than 1.0 x 107° in ratio error and 2.0 urad in phase displacement, respectively. The accurate
measurement of the series additional errors and the correction of them significantly improve the accuracy of
the VC measurement of a 110/ /3 kV TSVT based on the series summation method. Furthermore, the VC
measurement result is verified by the consistency of the series summation method with the series additional
errors corrected and the high-voltage standard capacitor method.

INDEX TERMS Error analysis, high-voltage techniques, series summation method, standard voltage

transformer, the serial connection of the transformers, voltage coefficient.

I. INTRODUCTION

Electric energy trade and the loss measurement traceability
of electric power transformers, reactors, etc. require a 107°-
level accuracy and the traceability of power frequency high
voltage ratio standards. For example, a loss measurement of
an accuracy of 1% for the 0.001 power factor means an overall
accuracy of 0.001% [1]. The voltage coefficient (VC) of the
voltage transformer (VT) refers to the voltage dependence
of the transformer error, that is, the variation in ratio error
and phase displacement of the transformer with the voltage,
which is the most important technical index to ensure the
accuracy of transformer ratio. The usual way to measure
the VC is by comparing VT with a compressed gas high-
voltage standard capacitor (HVSC) and a gas-filled parallel-
plates capacitor through a current-comparator-based bridge
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(C-tang bridge) [2] (called the HVSC method). However,
limited by the sensitivity of the C-tan§ bridge, the VC cali-
bration uncertainties of these two-stage voltage transformers
(TSVTs) were not as good as they were expected, and were
mainly beneath 30% of the rated voltage.

The summation method is another important method for
calibrating VTs, which was proposed by scholars from PTB
[3]-[6]. This method was proposed for VT ratio traceability,
which is the absolute determination of the errors of voltage
transformers with parallel-series step-up method or with a
summation method via intermediate transformers or capac-
itive divider. The summation method was improved in 1990s
for easier operation [7]. Reference [7] presented a voltage
series summation circuit by connecting two single-stage volt-
age transformers (SSVTs) in series to determine the VC of
a third VT, the method is used to calibrate the VC of the
transformer (called the series summation method). Instead
of the primary in series and the secondary grounding in the
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Zinn’s circuit, the series summation method does not need to
accurately adjust the voltage balance between the upper and
lower of the boosting transformers, which greatly reduces the
difficulty of manufacturing and measurement.

However, limited by the severe nonlinearity and repeata-
bility of the single-stage transformers, the calibration accu-
racy are not sufficient. Moreover, the changes of the ratio
winding potential of the full insulation transformer intro-
duced an unquantifiable error because of its imperfect elec-
trical shielding. Furthermore, in the VC measurement of
VT with higher accuracy and higher voltage level, the influ-
ence of these two problems is more obvious and cannot be
ignored [8], [9].

The key step of the series summation method is to connect
the fully-insulated VT and the semi-insulated VT in series,
and then compared them with the third VT under test [7]-[9].
Caused by the imperfect electrical shielding of the series-
wound VTs, the additional errors are inevitably introduced
when the leakage current of the VTs are changed in the
calibration. Obviously, in the measurement of VT with higher
accuracy and higher voltage level, the influence of the addi-
tional errors would be more significant and cannot be ignored.
In order to reduce the influence of the additional errors on
measurement, a straightforward method is to measure these
errors and correct them in the data processing of the series
summation method.

In this work, we evaluated the additional errors in the
serial connection of the voltage transformers. By analyz-
ing the cause of the additional errors in the serial con-
nection of the VTs, two new measurement methods were
proposed and designed to measure the additional errors in
the paper. We implemented the proposed methods in the
additional errors measurement in the serial connection of a
35 kV fully-insulated two-stage voltage transformer (TSVT)
and a 35 kV semi-insulated TSVT. Furthermore, the effec-
tiveness of the two additional errors measurement meth-
ods is verified by an indirect comparison: the VC of the
110/+/3 kV two-stage voltage transformers with low-voltage
excitation (LVE-TSVT) was measured with the series sum-
mation method presented in [7] with a replacement of SSVTs
with TSVTs, including the additional errors in the serial
connection are ignored or corrected. And then the results were
compared with the HVSC method [2].

Il. THE ADDITIONAL ERRORS CAUSED BY THE VTS
CONNECTED IN SERIES
In the principle of the series summation method [7], the key
step is the fully-insulated SSVT and the semi-insulated SSVT
connected in series, as shown in Fig. 1(a), where T; is a
semi-insulated SSVT, and T3 is a combined SSVT, which
is composed of a fully-insulated VT T,, and a high voltage
isolation transformer (HVIT) with 1:1 ratio. The function of
T3 is to convert the output voltage of T; from the high floating
voltage it; into a low floating voltage it,3.

However, it should be noticed that the potential of the low
terminals Xo and xg of T»3 in Fig.1 (a) were different from
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FIGURE 1. The equivalent circuit of T,3 in serial connection.

those in solely used. Any imperfect electrical shields between
the primary and secondary windings may introduce an error
shift, and the leakage current changes between grounding and
floating situations for the terminals of Xy and xg may also
introduce an incalculable error [10].

In order to more concisely analyze the source of additional
error in series, the Tp3 was re-drawn in Fig.1(b), where,
E, and E; are potentials to ground of terminals X, and Xo,
respectively. /1. is current entering terminal xg. C is the stray
capacitance of the electrical shields of T3 to ground. zs; and
743 are the internal impedance of the secondary winding of the
T; and T3 respectively. A change in the operating potentials
of the windings will cause a variation in the distribution of
capacitance currents within the transformer. This, in turn,
may affect the magnetization of the core causing a shift in
the transformer error.

Furthermore, the effect of leakage current I, is not only
on T»3 but also on Tj. Fig.2 shows the variation of leakage
current I, in the measurement loop of the semi-insulated
transformer T in series. TTS is a commercial available
transformer test set, I (r1) is the leakage current from Ty,
and Iy (123) is the leakage current from To3. For the semi-
insulated transformer T, leakage currents I (r23) and Iy (r1)
both flow through the ratio winding of Ty, and then a voltage
drop is generated across the winding impedance zg;. When
the leakage current /1, changes, it will cause the ratio output
voltage to change, resulting in the ratio error change. Among
them, Iy (r23) is greatly affected by E, and the Iy (T23) not
only forms a voltage drop on the winding impedance zg3
of the fully-insulated transformer T3 but also as the load
of T and T»3, resulting in load error. The leakage current,
I (1) + I (123), changed about 1 mA in the experiment of T»3
and T in the serial connection in the Section B of Chapter I'V.

The effect of Ej,, Es and I on T3 and Ty were the main
reasons for the additional errors introduced in the serial con-
nection of the transformer. Furthermore, as the voltage level
increases or the VC of the measured voltage transformer is
evaluated at 10~%-level, the errors with Ep, E and I, must be
considered in the series summation method.
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FIGURE 2. The effect of leakage current I, on T,5 and T, in the serial
connection of the voltage transformer, figure (a) shows the T, used in
normal, and figure (b) shows the variation of leakage current when T,
used in series. More importantly, the change is directly in the error
measurement loop.

Let the errors of T and T»3 under a voltage U be /3 (U ) =
£ (U)+j-8 (U)andy (U) =f5 (U) +j- 83 (U), in which
H (U), f3 (U) and & (U) 83 (U) are the ratio errors and
phase displacement, respectively. ]

Assuming that, er1 = fer1(U) +j - Ser1(U), er23 =
Jet23(U) +j - 8e23(U) represent the additional errors respec-
tively caused by the T and T3 connected in series (from its
low voltage terminals being grounded to floating by connect-
ing with T in series), where errors may accordingly change
for imperfect electrical shields, and leakage current changes
etc. Then according to Fig.1 (a), it has

. U L
u((U) = E[1+5(U)+5T23] ey

) U .
u3(U) = E[l-i-)?(U)-i-?Tl] 2
1(20) = iy (U) + in3(U)
_ U : B(U) +eras +v (U) +ém
" 0.5K 2

3)

Therefore, the additional errors respectively caused by the
T, and T3 connected in series (the eT and é123) cannot be
ignored when the VC of the measured voltage transformer is
evaluated at 10~%-level, especially for high voltage. However,
the eT; and ery3 could be measured and corrected.

Ill. THE MEASUREMENT METHOD OF THE ADDITIONAL
ERRORS OF &;; AND &1p3

To demonstrate the presence and the influence of et
and eTp3, two additional error measurement methods were
designed. One is to carry out measurements directly by the
transformer test set (TTS), that is, the errors are directly
read from the TTS (called direct measurement method).
The other is based on the third standard VT. The SSVTs,
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(a) The measured circuit of &, (b) The measured circuit of &,

FIGURE 3. directly measured circuits of ér,; and ér; with the TTS. Both in
figure (a) and (b), keep the primary and the secondary windings of T, and
T,3 connected in series respectively. Through controlling the primary
winding of T3 and T, the corresponding T; and T,5 are in series,
respectively. For example, in figure (a), when the high and the low ends of
primary windings of T3 were connected to the high voltage U, the
existence of I (13 may form a voltage drop on the leakage impedance of
the fuIly-insuIateJ transformer T,3 and result the load error at the same
time, that is, the effect of Ep, Es and I; on Ty3.

in series or solely used, are compared with the third standard
VT, and the errors introduced in serial connection are calcu-
lated (called comparative measurement method).

The direct measurement circuit was designed as shown
in Fig.3. In Fig.3 (a), T1 and T»3 are connected in series and
a voltage of U and 0 V were applied respectively, that is,
the high and the low ends of primary windings of T3 were
connected to the high-voltage U. Then, TTS measures the
AU or eT23, of the secondary voltage of T»3 against to the Uref
of the secondary voltage of T. The et could be determined
in the similar method as eT3, as shown in Fig.3 (b).

The second measurement method of the additional errors
et and erp3 is comparative measurement. Taking the
measurement of er3 as an example, the comparative mea-
surement circuits were designed as shown in Fig.4, and the
comparative measurement circuit of et is the same with the
eT23 and is omitted. In Fig.4, the semi-insulated SSVT T is
compared with the third standard voltage transformer Ty in
series and solely used respectively. And then calculated the
errors introduced in serial connection, that is, the change of
the error of the measured SSVT T between two comparison
experiments.

Take the additional errors measurement in the serial con-
nection of a 35 kV fully-insulated TSVT and a 35 kV semi-
insulated TSVT as an example, in the experiment, the two
measured methods on the additional errors of et and er»3
gave a well agreement of ratio error and phase displacement,
respectively (detailed in Table 1 of Chapter IV).

IV. THE MEASUREMENT AND VERIFICATION OF THE
ADDITIONAL ERRORS OF €1; AND e

In the process of the series summation method based on
SSVTs, the nonlinearity and repeatability of the SSVTs also
contribute some uncertainties. To achieve better uncertainty,
the LVE-TSVTs were used instead of SSVTs. In order to
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FIGURE 4. Comparative measurement of the ér,3 with the third standard
VT T,

TABLE 1. The data of é; and é1»3 in the serial connection of a new 35 kv
fully-insulated LVE-TSVT and a 35 kV semi-insulated LVE-TSVT.

Percentage of U, /% 15 30 60

Method of
Applied voltage /kV 95 191 381  mMmeasurement
F/10° 135 136 137 Direct
measurement
4 88 86 -85 (Fig.3)
~ /urad
€123
£710° 139 134 132  Comparative
measurement
g (Fig.4)
furad -85 -102 9.9
£10° 09 08 1.0 Direct
measurement
J (Fig.3)
~ furad  -1.8  -18  -17
eTl
f£/10° 1.1 1.0 0.9 Comparative
measurement
4 ‘14 -16  -17 (Fig-4)

/urad
Compared the data of the two measurement methods at corresponding
voltages, the maximal difference of ratio error was 0.5x10° at the 60% of

the rated voltage for the €;,; , and the maximal difference of phase

displacement was 1.6 prad at the 30% of the rated voltage for the €..,, .

measure the VC of the 110/ ﬁ kV LVE-TSVT Ty, a new
35 kV fully-insulated LVE-TSVT T3 was developed for the
series summation method, by connecting in series with the
35 kV semi-insulated LVE-TSVT T;. It should be declared
that this paper, in sections IV.A, reuses some content from
thesis [11] with permission.

A. THE 35 kV FULLY-INSULATED LVE-TVST

Similar to the semi-insulated LVE-TSVT in [12], the structure
of the HVIT T3 and the fully-insulated LVE-TSVT T, are
both made of two overlapped toroidal cores, S1 and S2.
A low-voltage excitation TSVT Tpo(T30) and an auxiliary
transformer T»c(T3c¢) are also involved.

Fig. 5(a) presents the structure of the HVIT (T3) with
1:1 ratio, including the layout of the cores, the windings, as
well as the shields. The difference between the HVIT and
the semi-insulated LVE-TSVT in [12] was that an insulation
layer I; (Isp) and an electrostatic shield E.S.0 were added
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(c) Combination of T, and T;
FIGURE 5. Structure of a fully-insulated LVE-TSVT.

between the primary ratio winding Ny (Njp) and the sec-
ondary ratio windings N2 (Npp) of the transformer T3o (T3c)
in T3. E.S.0 was electric connected with the terminal X
of N 1.

Fig. 5 (b) shows the structure of the fully-insulated LVE-
TSVT T,. The difference between T, and the semi-insulated
LVE-TSVT in [3] is that the electrostatic shields E.S.1 and
E.S.2 of T, are generally connected to the terminal Xy (X)
of N1 (N1p) and xg (x) of Na (Npp) respectively, rather than
directly grounded.

Fig. 5 (c) presents the circuits of T»3, the combination of
T, and T3, with electrostatic shields and insulation layers
omitted for convenience. The upper dashed box presents
the HIVT T3, and the lower dashed box presents the fully-
insulated LVE-TSVT Tj,. The terminals (Ag, A) and (Xg, X)
of Ty and Ty in T, were led out within two bushings for
high voltage connection.

29191



IEEE Access

H. Zhang et al.: Research on Additional Errors of VT Connected in Series

B. THE ERROR MEASUREMENTS OF ey; AND ér,3 IN THE
SERIAL CONNECTION OF A NEW 35 kV FULLY-INSULATED
LVE-TSVT AND A 35 kV SEMI-INSULATED LVE-TSVT
Measuring the additional errors of eT23 and et caused by the
new 35 kV fully-insulated LVE-TSVT and the 35 kV semi-
insulated LVE-TSVT connected in series, schematic diagram
of measuring circuits as shown in Fig.3 and Fig.4, where
SSVTs are replaced with LVE-TSVTs in the measurement.
Table 1 lists the et23 and et in condition of corresponding
voltages. In Fig.4, the standard VT is a 110/+/3 kV semi-
insulated LVE-TSVT (Tp) [13]. A 8-dial two-stage induc-
tive voltage divider (IVD) was cascaded with the series
secondary windings of T1 and T3 in order to match the ratios
between the 110/+/3 kV LVE-TSVT and the series of 35 kV
LVE-TSVTs, and the IVD is omitted in Fig.4.

From Table 1, the two measurements on the errors of
er1 and etr3 give a consistency of better than 1.0 x 107
in ratio error and 2.0 wurad in phase displacement,
respectively.

C. THE APPLICATION OF THE ADDITIONAL ERRORS
The 35 kV fully-insulated LVE-TSVT (T»3) and the 35 kV
semi-insulated LVE-TSVT (T;) were connected in series
to calibrate the VC of the 110/4/3 kV semi-insulated
LVE-TSVT (Tp) based on the series summation method [7].
A 8-dial two-stage IVD was cascaded with the series sec-
ondary windings of T; and T,3 in order to match the
ratios between the 110/+/3 kV LVE-TSVT and the series
of 35 kV LVE-TSVTs. The photo of experimental site is
shown in Fig. 6.

Let the errors of To under a voltage U as & (U ) =fi (U ) +
j - 81 (U), in which f; (U) and & (U) are the ratio errors
and phase displacement, respectively. Based on the three
steps of the series summation method mentioned in [7], and
considering the error introduced in series, the VC of the
measured 110/ /3 KV LVE-TSVT (Tp) can be expressed as
equation (4) and (5).

Adgy g
=aQU) — &(U)
=& QU) - <52(U)J2r§3(0) _en ‘;éTB) @
heon -[O) _ . |
=f€1(2L',)_fsz(U);ﬂ3(U) +feT1(U)-;feT23(U)
51(20)—51(U) ‘ ‘ . .
=8£1(2U)_582(U)+5s3(U) Ser1(U)+8er23(U)
2 2
(5)

where, & (2U) is the error of Ty at the voltage of 2U by
taking T and T»3 in series as the reference. &2(U) and &3(U)
are the errors of Ty at the voltage of U by taking T; and
Ty3 as the reference respectively. Let the errors obtained
from the three comparative measurement experiments as
€12U) = fe1RQU) +J - 8:1(2U), &2(U) = feo(U) +j - 8e2(U),
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35 kV fully-insulated
.. LVE-TSVT (T)

1103 kV LVE-

FIGURE 6. Photos of 110/+/3 kV LVE-TSVT measurement with the series
summation method, and replace the SSVTs with LVE-TSVTs. The series
summation method contents three comparison experiments. Step 1: T,
and T3 were connected in series, and then were compared with T, at the
voltage of 2U. Step 2 and Step 3: T; and T,; were compared with T, one
by one at voltage of U.

TABLE 2. Three steps of the series summation method and the additional
error in series.

Applied voltage /kV ~ 19.1 38.1 76.2

Percentage of U, /% 30 60 120

-6
£0U) S /10 167 164 156
Sy/prad  -9.6 =99  -10.2

Percentage of U, /% 15 30 60

-6
£,U) [2/10 165 158 15.7
J; /urad -83  -7.7 -84
. 3/106 39 38 3.5
oy 0
Jslprad 2.6 20 2.0

Percentage of U, /% 15 30 60

f/10° 135 136 137

€r23
S /urad  -88 -8.6 -85
- f/10° 09 08 1.0
€y
J/urad  -1.8 -1.8 -1.7
In the Table II, the &, and & are measured with direct

measurement method, that is, the data of row 3, 4, and row 7, 8 of Table I.

&3(U) = fe3(U) +j - 8:3(U), where f;1(2U), fe2(U), fe3(U),
and 8,1(2U), 8:2(U), 8:3(U) are the TTS readings in ratio
errors and phase displacement, respectively.

Table 2 lists the measured data in condition of correspond-
ing voltages of the three comparative measurement experi-
ments.

Adgy. oy is calculated according to equation (4) and (5)
with the &, (20), 8,(U) and &3(U) gotin the three comparative
measurement experiments. The data is listed in Table 3.
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TABLE 3. Ratio errors and phase displacement got by the series
summation method.

Percentage of U_ /% 2%y, 15 30 60 Error
EEOL T Ny ~30 ~60  ~120  Processing
o 65 66 60
Aa Nolyy ANy, f 110 éTl and éTz}
20-2'0 Shwad 42 51 S50 isignored
6 <07 06 -l4
Ad f /106 éTl and é‘m
Fpvgary : d
& lurad 12 0.1 0.1 is correcte
TABLE 4. The VC of Ty with the series summation method.
Percentageof U, /% 15 30 60 120
Error
Applied voltage /kV 9.5 19.1 381 762  lrocessing
s 00 65 131 191 N
Ad, . f /10 &, and g
© Slwad 00 42 93 143 isignored
s 00 -07 -13 27 N
Ad, . f/10 &, and g

Shwad 00 12 13 14 iscorected

In the series summation method, the variation in ratio error and phase
displacement of the measured transformer from voltage U to 2U can be
calculated through three comparison experiments. So the test points of
15%, 30%, 60% and 120% instead of regular test points such as rated
voltage of 80% and 100%. And it also can choose test points such as rated
voltage of 20%, 40% and 80%.

Summating all the A& to get the total error with
equation (6).

Ad(154,~120%)0n
= Ad(150,~30%) i T A% 300~60%)7n T A& E0%~120%)0n

(6)

The table 4 lists the VC of the 110/+/3 kV LVE-TSVT
obtained when the additional errors are corrected according
to Table 2 or ignored. In order to further verify the addi-
tional errors measurement method, we measured the VC of
the 110/+/3 kV LVE-TSVT in the next section by another
commonly methods.

V. DISCUSSION AND VERIFICATION
A few attentions are given for the above measurements.

A. TTS AND SECONDARY LOOP GROUNDING

In the error measured circuits, AU/Uref was measured by
a commercial available TTS. Basically, it was a specially
designed Phase-Lock-Amplifier (PLA) with higher input
voltage up to 120 V in its reference channel, and high floating
and differential input voltage for AU. In order to prevent
any leakage current load or introduce any error voltage in
the secondary voltage loop, all the low terminals xg of the
semi-SSVTs should be connected to a single grounding point
on the PLA-based TTS.
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B. THE DISCUSS ON ADDITIONAL ERRORS
MEASUREMENT WITH THE DIRECT MEASUREMENT
METHOD

As analyzed in Section II, the effect of leakage current I,
is not only on Ty3 but also on T, that is, as the load of
Ty, T»3 and resulting in load error. Based on third standard
VT Ty, the load errors of T{ when used in serial connection
with T3 can be measured, as shown in Figure 7. The Ty,
in series or solely used, is compared with the standard VT T,
and the load errors introduced in serial connection are calcu-
lated.

(a) stepl: Ty to T

(b) step2: Ty to T, serial connect with To3

FIGURE 7. Comparative measurement of the load errors of T; with a
standard VT T, the difference from Figure 4 is that the output of T; when
used in series is measured here (ag of T;), instead of the output of T;
serial connection with T,z (ag of T,3) in Figure 4. The T, and T,3 are
represented with single stage for convenience.

The load errors of the 35 kV semi-insulated TSVT when
used in serial connection with the 35 kV fully-insulated
TSVT were measured. And the comparison of experimental
data indicated that the load errors of the 35 kV semi-insulated
TSVT is less than 0.5 x 10~° in ratio error and 0.6 urad
in phase displacement respectively. It is due to the better
load-carrying capacity of the TSVT of this semi-insulated
structure. Therefore, when the additional errors are measured
with the direct measurement method, the load errors of T| can
be ignored.

There is the same load effect on T»3 from T;. However,
the xo of Tp3 is nearly the ground potential, as shown in
Fig.3 (a). So the load errors of T3 can be ignored too.

C. THE VERIFICATION BY MEASURING THE VC OF THE
llO/«/g kV LVE-TSVT WITH HVSC METHOD

Another commonly method for measuring the VC of the
110/+/3 kV LVE-TSVT is by comparing it with a gas-
compressed HVSC through an AC current comparator from
30% to 120% of the rated voltage [2]. The principle dia-
gram of calibration system between standard capacitor and
LVE-TSVT is shown in Fig.8, which mentioned in [2].

The C—tané bridge was a modified commercial available
one based on AC current comparator principle. In the bridge,
seven dials for capacitive ratio and dissipation were designed,
and an external phase-lock-amplifier was attached as a null
indicator to obtain a 1 x 10~/ adjustment. The current depen-
dence of the fixed ratio of this C—tané bridge was checked
better than 3 x 1077 by comparing two capacitors with
negligible voltage coefficient [13].
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FIGURE 8. Circuitry for the comparison between standard capacitor and
the 110/+/3110/+/3KV LVE-TSVT, the HVSC method.

TABLE 5. The variation of 110/+/3 KV LVE-TEST from 30% to 120% of the
rated voltage.

- .
Percentage of U, (%) 30 60 120 Method of
Applicd voltage (kV) ~ 19.0 381 762 measurement
af 110° 0.0 06 04 #1:HVSC
ASjmad 00 30 40 (Fig.8)
#2:Series
- 0.0 6.6 12.6
Af 10° summation method
vC and with add.
0.0 -5.1 -10.1
Ad /prad errors ignored
#3:Series
-6 0.0 -0.6 -2.0
Af /10 summation method

With add. errors

0.0 0.1 0.2
AJ /urad corrected

To verify the effectiveness of the two additional errors measurement

methods, Table V lists the VC of the 110/«/? kV TSVT by HVSC
method from 30% to 120% of the rated voltage. Both the VC of Cyyand Cp
are measured and corrected [14][15][16]. For better comparison, the VC of

the 110/ «/?T kV LVE-TSVT was recalculated from 30% to 120% of the

rated voltage with the data in Table IV, and used 30% as the reference
point.

Table 5 lists the comparison of the VC of 110/+4/3 kV
LVE-TSVT with the HVSC method (#1) and the series sum-
mation method, including the additional errors ignored (#2)
and corrected (#3). By comparing method #2 with method
#3, when ignoring the additional errors will introduce about
14.6 x 107% in ratio error and -10.3 prad in phase dis-
placement respectively at the point of 120% of the rated
voltage.

Based on the consistency of the measurement results of the
VC of the 110/+/3 kV LVE-TSVT of the method #1 with
method #3 in Table 5(gave an agreement of 2.4 x 107% in
ratio error and 3.8 urad in phase displacement respectively),
the accuracy of the additional errors measurement and correc-
tion for the series summation method was indirectly verified.
And the accurate measurement of the additional errors may
effectively improve the accuracy of the measurement when
measuring the VC of the transformer with the series summa-
tion method.
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VI. CONCLUSION

By analyzing the cause of the additional errors in the serial
connection of the VTs, two new measurement methods were
proposed and designed to measure the additional errors in the
paper.

The proposed methods were implemented in the additional
errors measurement in the serial connection of a 35 kV fully-
insulated TSVT and a 35 kV semi-insulated TSVT, where the
two methods gave an agreement of better than 1.0 x 107% in
ratio error and 2.0 urad in phase displacement respectively.

The accurate measurement of the series additional errors
and the correction of them significantly improve the accu-
racy of the VC measurement based on the series summation
method. The consistency of the series summation method
with the series additional errors corrected and the HVSC
method is better than 2.4 x 10~° in ratio error and 3.8 prad
in phase displacement respectively, in the measurement of the
VC of the 110/+/3 kV LVE-TSVT.

The comparison of experimental data indicated that the
additional errors of the VTs connecting in series can be
measured accurately, and the accurate measurement of the
additional errors may effectively improve the accuracy of the
measurement when measuring the VC of the transformer with
the series summation method.

At the same time, the accurate measurement of the series
additional errors also provided valuable technical supports
and guidelines for the design of the fully-insulated trans-
former, such as how to properly design shielding to reduce
the influence of leakage current. Future work will involve the
verification of the measurement of the additional errors in the
serial connection on voltage transformers with higher voltage
level ratings.
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