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Abstract

Frequency response analysis is widely used for the offline diagnosis of winding deformations in
power transformers. To apply it to a working transformer, the magnitude of signals of the response
current, which is of the order of microamperes, needs to be measured by using Rogowski coil
sensors against the load current of the order of thousands of amperes. The saturation of the power
frequency magnetic field in current sensors must be inhibited to ensure the accurate measurement
of response currents with such a small magnitude. The authors of this paper propose a method to
suppress the power frequency magnetic field by using a sensing system involving a special
connection of three-phase current sensors based on the rule that the sum of the three-phase power
frequency load currents of the transformer is close to zero. Each sensor consists of two secondary-
side coils: a measuring coil and an anti-saturation coil. The anti-saturation coils are connected in
parallel with one anothes through small inductors to eliminate the power frequency magnetic field
in the cores of the sensors. We use theoretical analysis to derive the solution to this system. The
results of experiments to verify the proposed method showed that it enables the sensors to function
with a transformer carrying a load current of 2333 A, while incurring a relative error in the
response current that is smaller than 2%.

Index Terms—Condition monitoring; current sensor; frequency response analysis; magnetic

field saturation; online detection; power transformer; windings deformation.

1 INTRODUCTION

The transformer is the most important electrical equipment
in power networks, and its safe operation is crucial for the
power systems [1]. Defects in transformers need to be
identified before they lead to accidents or failure [2].
Transformers encounter the problem of winding deformations
due to deficiencies in their design, short-circuit resistance
calculations, manufacturing and material selection for older
models, as well as sudden short-circuit accidents in the
transmission channel near the substation. When the
transformer is subjected to a short-circuit current, its windings
may be deformed because they cannot withstand the resulting
electromagnetic force. A minor deformation can evolve into a
large one under the impact of multiple instances of large
currents [3], and deformed windings are significantly
mechanically weaker than normal windings. Transformers
with deformed windings are thus more likely to break down.
According to the International Council on Large Electric
Systems (CIGRE), one-third of all transformer failures are
caused by winding deformations [4].

Many methods are available for the offline detection of
winding deformations, and frequency response analysis
(FRA) is the one most widely used in the power industry

owing to its high sensitivity and accuracy [5], [6]. The
Chinese power industry and the International Electrotechnical
Commission (IEC) have proposed standards for the
application of FRA [7], [8]. However, taking the transformer
offline is problematic because of the high demand for
electricity. Therefore, many researchers have investigated
extending offline FRA to the online monitoring of the
windings of the transformer [9], [10]. In past research, we
proposed a method for injecting an excitation signal into a
working transformer and measuring the signals of the
response current by using Rogowski coil sensors [11]-[13].

However, power frequency load currents of the order of
hundreds and even thousands of amperes run through the
windings of the transformer. This current usually causes the
magnetic core of the response current sensor used for FRA to
become saturated, and this prevents it from measuring FRA
signals. In previously reported experiments, we measured the
FRA signals at a substation by using a coil-type current
sensor. Only when the power frequency current crossed zero
could the FRA signal be measured [11] in this case. This is
clearly not a reliable solution.

In this paper, we propose a method to suppress the
interference caused by the power frequency load current
during measurements of the current signals for FRA,
particularly the saturation of the magnetic field in the core of
the sensors. We provide the basic principle and a theoretical
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analysis of the proposed method, and verify its feasibility and
accuracy through experiments.

2 PROBLEM OF MAGNETIC FIELD
SATURATION IN CURRENT SENSOR
DURING ONLINE FRA

2.1 Application scenario of current sensors for
online FRA

Frequency response analysis is widely used for the offline
diagnosis of winding deformations in power transformers. It
involves considering the windings of the transformer as an
inductance—capacitance network. The deformation of the
windings leads to changes in the inductance and capacitance
of the network, and, thus, the function of the network. For
example, as shown in Figure 1, a swept frequency voltage U;
is applied to the high-voltage terminal of the C-phase winding
of a transformer with three-phase windings by using a source
of voltage Us, and the response voltage U, is measured at the
neutral terminal. The amplitude of the transfer function H of
the C-phase winding is calculated as U,/U;. If H is different
from its original value, this means that the windings have
been mechanically deformed. The frequency of U; usually
ranges from 1 kHz to 1 MHz.

50Q

1
I C+
w
500
[
IS+
500
—

Detection Device

Transformer

FIGURE 1. Measurement for the offline FRA of transformers

The principle above can be extended to online FRA. That
is, the excitation signal is injected into and the response signal
is measured on a working transformer. Furthermore, the
network function of the windings is calculated by using the
signals to diagnose winding deformations in the transformer.
Of course, there are many differences between offline and
online FRA. Because the windings in a working transformer
have a high potential, it is difficult to measure signals of the
response voltage on the windings. However, current sensors
based on a Rogowski coil can be installed outside the high-
voltage bushing to measure the response current on the
windings. Therefore, the response currents (for FRA) are
important signals for online FRA.

A typical scenario for the application of current sensors for
FRA to an SSZ11-50000 kVA/110 kV transformer is shown
in Figure 2, and was used for this study. When the excitation
current Is for FRA was injected into the neutral point N of the
windings through a coil (called the excitation coil) by a

voltage source Us, the response currents lari, Isr1, and Icrs for
FRA appeared in the high-voltage terminal of the three-phase
windings and the three-phase bushings. The sensors used to
measure the response current were installed on the oil tank of
the transformer around the high-voltage bushings, and were
thus at zero potential. The high voltage between the windings
and the sensors was borne by the insulation of the bushing.

Before the transformer was connected to the power grid,
we measured its response currents for FRA. The terminal of
the windings of the A phase at 35 kV was grounded. When
the peak amplitude of Us was 4 V at 10 kHz, the induced
voltage Uy at the neutral point N was 199.3 mV, and the
output voltage Uarz of the response current sensor around the
A-phase bushing was 2.25 mV, as shown in Figure 3. The
signal of the response current for FRA had a very small
magnitude. We also confirmed the safety of this type of
installation through experiments by the manufacturer of the
transformer and at a power station [11]-[13].
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(b) Scenario of sensor installation (around 35 kV three-phase bushings
and neutral-point bushing)

FIGURE 2. Scenario for the application of the current sensors for
measurements for online FRA
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FIGURE 3. A result of current measurements for FRA (10 kHz)
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The aim of online FRA is not to obtain the data (such as
the transfer function H of the winding) online, as these are
usually obtained through offline measurements. A
comparison of the test settings for offline and online FRA in
Figures 1 and 2, respectively, shows a significant difference
between them. In case of offline FRA, the voltage transfer
functions of single windings are obtained from the voltage
signals and used as the criterion for diagnosis. In case of
online FRA, the response current in one winding is affected
by those in the other two-phase windings, the load of the
transformer, and even the network of the power grid.
Therefore, some form of a network function must be
established based on the current signals. At the same time, a
new diagnostic criterion is formulated based on a comparison
with its previous value or that of the same type of winding.
We have obtained preliminary results regarding this problem,
and plan to present them in future work in the area.

2.2 Magnetic saturation of the current sensor

The current sensor converts the measured current |, into
the output voltage U,. The theory and structure of the
Rogowski coil sensor are shown in Figure 4.
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(b) Core size

(a) Schematic of the overall structure
FIGURE 4. Theory and structure of the Rogowski coil sensor

The theory of the Rogowski coil yields the following
formulae:

joMi, = joLl, +U, = joLl, +RI, 1)

2
L:anmmi 2)

2n d,
- U, joMR

Ze(1@)= I, joL+R @)

1R
=—— 4
bo2nL @

where j is the sign of the imaginary part of the expression,
n is the number of turns of the coil, L is its inductance, M is
the mutual inductance between the coil and the line bearing
the measured current, Iy is the measured current surrounded
by the coil, I, is the current in the coil, R is its integral
resistance, and U, is the output of the sensor. w is the angular
frequency of the signal, w is the relative magnetic
permeability of the material of the core of the coil, o is the
permeability of vacuum, and h, di, and d- are the height, inner
diameter, and outer diameter of the core of the coil,

respectively. Zc 1s the transfer impedance of the sensor that
describes the characteristics of its output, and f_ is its lower
cutoff frequency. The small dot above each variable indicates
that it is a phasor.

Figure 2 shows that the sensor was installed outside the
root of the bushing. Its inner diameter needed to be
sufficiently large to surround the bushing, while its height
needed to be smaller than that of the metal flange of the
bushing (smaller than 50 mm). According to (1)~(4), using a
soft magnetic core with a large value of p is the only way to
obtain a range of frequency of 1 kHz~1 MHz while
maintaining a large value of Z¢ for a sensor with such a large
diameter and limited cross-sectional area.

Our experience with offline FRA has shown that the
response current for it has a very small magnitude, even lower
than 1 mA, which necessitates a high Zc. To strike a
compromise between a low f_ and a high Z¢, we designed a
core made of an iron-based amorphous material, with values
of d; of 290 mm, d, of 350 mm, and h of 25 mm to construct
the sensor for the 35 kV bushings of the SSZ11-50000
kVA/110 kV-type transformer. The number of turns of the
coil of the sensor, n, was 150, and its integral resistance, R,
was 330 Q. The shape of the sensor is shown in Figure 2 and
its transfer characteristics are shown in Figure 5.

1 10 100 1000
Frequency (kHz)

FIGURE 5. Transfer characteristics of the Rogowski current sensor

A wider frequency band than that in the range of 1 kHz~1
MHz is beneficial for diagnosing winding deformations.
Although the characteristics of our sensor did not stay ideally
constant in the range of 1 kHz~1 MHz, it yielded the best
results for our design. Equations (1)~(4) show that if n is
reduced, f_ increases, because of which signals close to 1 kHz
cannot be accurately measured. If n is increased, the high
cutoff frequency of the sensor decreases, because of which
signals close to 1 MHz cannot be accurately measured due to
the capacitance between the turns. Therefore, a magnetic core
with a high permeability p. is an inevitable choice, and
constitutes an important component of the sensor.
Furthermore, field applications require open—close-type
sensors, where this means that the core needs to be cut into
two halves. The small gap between the parts drastically
reduces the equivalent permeability of the core. According to
our tests, the equivalent value of p, of the core at 50 Hz was
reduced to about 3,000, although the material of the core had
a permeability above 50,000.
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The above analysis and tests showed that the magnetic
core is the key component for ensuring the desired
measurement band of the sensors. However, the FRA currents
(called lIag1, lr1, and Icer for the three phases, respectively,
and generally referred to as Ir1) flow in the three windings, as
do the power frequency load currents (called laps1, lge1, and
Icp1 for the three phases, respectively, and generally referred
to as lp1) in a working transformer. The total currents lai, lgi,
and Ic1 in the bushings are the superposition of the FRA
currents and the power frequency load currents. As an
example, the current in A-phase winding can be given as:

i (1) = V21 5, Sin(0t) + V21, 5iN (05t + ) (5)

where wp is the power angular frequency and ¢o is the
original phase angle of the load current. The rated power
frequency load currents in normal transformers range from
hundreds to thousands of amperes. For the SSZ11-50000
kVAJ/110 kV-type transformer, the rated values of lap: With
110 kV, 35 kV, and 10 kV windings were 262.4 A, 789.3 A,
and 2749.3 A, respectively. Thus, the power frequency load
currents were much larger than the FRA response current.

Such a large current inevitably leads to the saturation of the
magnetic field of the core of the sensor. For example, the
waveform of the output voltage Uap, of the sensor shown in
Figure 2 for a 50 Hz power current lap1 appears to be clearly
deformed, as shown in Figure 6. When lap1 was 50 A, the
waveform of Uap, deviated slightly from the sinusoidal
waveform, and its peak value was 28 V. In this case, the
critical saturation current of the sensor was 50 A. Therefore,
the normal load current of the transformer can cause the core
of the sensor to become deeply magnetically saturated. This
can lead to severe magnetostrictive vibrations that cause the
sensor to fail. Furthermore, a large amount of power
frequency noise occurs in the output of the sensor that poses
serious difficulties in the design of the noise compression
filter.

— 1, =10A
—— 14, =50A
— I, = 1508
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FIGURE 6. Output of the sensor to the power frequency current

2.3 Conventional methods to suppress
saturation of magnetic field at the core of
current sensor

Two kinds of methods are commonly used to suppress the
saturation of the magnetic field in the core of the coil-type
current sensor under the influence of a large power frequency
current. The first involves reducing the magnetic permeability

ur of the core by using a material with a low permeability, or
by creating a gap in the path of the loop of the core. A
magnetic core with a high permeability must be used to
obtain the required measurement band in case of online FRA.
This method to suppress the saturation of the magnetic field is
clearly unfeasible here.

The second method involves using an inductive integral
impedance. The resistance R is replaced by the parallel
combination of R and the inductance Lc in (1)~(4) and Figure
4. The inductance L of the sensors shown in Figure 2 was 63
mH. Therefore, if the output voltage Uapz is 5 V when the 50
Hz power current lap; is 500 A, the integral inductance Lc
needs to be 4.785 mH. It is difficult to manufacture an
inductor with this value because it must bear a large current
of up to 3.33 A (this value increases proportionally when Iap1
is larger than 500 A), and it should have a low volume to
facilitate field applications. Moreover, the lower cutoff
frequency f_ of the sensor with this inductor is higher than 20
kHz (ur = 1600 at frequency around 20 kHz), which is much
larger than the required 1 kHz. Therefore, it is nearly
impossible to suppress the power frequency noise while
maintaining the required frequency band by using inductive
integral impedance.

Thus, a new method to suppress the power frequency
magnetic field in the core of the sensor is needed for the
sensor to operate steadily and accurately.

3 | SUPPRESSING THE POWER
FREQUENCY MAGNETIC FIELD

The magnetic field induced by the power frequency current
significantly increases the difficulty of current measurement
for online FRA. Below, we proposed a method to suppress it
based on three-phase current sensors.

3.1 | Basic structure and principle

The maximum density of the magnetic flux Bmag under the
power frequency in the core of a normal coil-type sensor can
be calculated from (1) and (2) as follows:

Hokt, |.1_n|'2| Holt RI
B _ 2 — 2 otr 1 (6)
e V2 nd, V2 nd, |jo,L+R|

It is clear from the above that the basic principle of magnetic
field suppression is to provide a sufficiently large secondary-
side current 1, by using a sufficiently small integral
impedance or integral resistance R.

We use three current sensors for three-phase windings for
online measurements of the FRA. In light of the large
inductance Lc mentioned above, we assume that the sensors
of the B and C phases can take the value of Lc of the sensor
of phase A, as shown in Figure 7. The output ports of the
sensors are connected in parallel with one another as well as
being connected to the integral resistance R. The equivalent
circuit is shown in Figures 7(b) and (c), in which the three-
phase windings of the power transformer are represented by
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the impedances Zwa, Zws, and Zwc, respectively. The power
frequency electric potentials are represented by Ea, Eg, and
Ec, the three-phase loads of the transformer are represented
by Zia, Zis, and Z.c, while the excitation voltage and the
current for FRA are represented by Us and Is, respectively.

In case of balanced three-phase power frequency load
currents, we have the following:

I.AP1+I.BP1 + I.CPl =0 (7
Therefore,
IAP2+IBP2+ICP2=0=|P2 (8)
Uy, =Rlp, =0 9)
We import (9) into (1) and (6) to obtain:
. . tot, | [ apy — NI
oy —Nlp, =0 Bmag:\/z oMr [ ap1 AP2 ~0
nd,
(10)

That is, the power frequency magnetic field in the cores of
the sensors is zero such that the problem of magnetic
saturation does not occur. In comparison with the
conventional method based on integral impedance, the B-
phase and C-phase sensors are the integral impedance Lc of
the A-phase sensor in this structure, and vice versa. Given the
principle underlying the construction of the conventional
sensor, this integral impedance is too high to effectively
suppress the power frequency magnetic field. However, in
our proposed sensor system, the integral impedance is active,
rather than passive, and thus has a source of induced potential
in it from Igp1 and lcp1 that neutralizes the voltage when
coupled with lap1. Therefore, it has different characteristics
from those of the conventional sensor.

To simplify the description of the currents for FRA, we
assume that the impedances Zwa, Zwe, and Zwc are equivalent,
as are the impedances Z.a, Zig, and Z.c. We then obtain the
following:

Laro=ler = lcrr = IF2/3 (11)
Up, = R(IAFZ +lge, + ICFZ):F(IAFl +lge + ICFl) (12)
That is, the response current for FRA can be accurately

measured.

IBZ ICZ

/1

A- phase sensor

B- phase sensor C- phase sensor

(a) Schematic of the structure of the three-phase sensor system
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(c) Circuit topology under the FRA current

FIGURE 7. Principle of the method to suppress the power frequency
magnetic field based on three phase sensors

3.2 | Improved structure and principle

It is clear from (12) that the measurement system shown in
Figure 7 cannot distinguish among the response currents lags,
lgr1, and Icri. Therefore, the three-phase windings of the
power transformer are consider as a whole, rather than as
three components. Deformations in the A-phase windings
cannot be distinguished from those in the B-phase windings
in this case. We thus propose an improved structure to be able
to do so.

The improved structure is shown in Figure 8. The three
sensors have identical structure and configuration, including
the core, its turns, and integral resistance. Each sensor has
two coils on the same magnetic core. One (No. 2) is called the
measuring coil while the other (No. 3) is called the anti-
saturation coil. The anti-saturation coils of these three sensors
are connected in parallel, and three small impedances z; are
connected in series at the output port of the anti-saturation
coil.

(a) Schematic of the structure
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A-phase B-phase C-phase electric power transmissiqn sys_tem, we ideally have
sensor I sensor I sensor - . . | APl+| BPL + ICP1 =0 (16)
; 2 =, / 2, . pall According to the circuit topology,
Al Bl Cl - . . .
L L el el @
e B I 3 P We combine (13) for the three phase sensors with (16) and
* — |' . " * > | (17) to obtain the following:
G B g ) % z Tf R(IAP2+IBP2+ICP2) ~japkn; ( AP2+IBP2+ICP2)
(b) Circuit topolo (18)
pology The condition for (18) to hold is as follows:
FIGURE 8. Improved method of suppression based on three phase sensors |'APZ + |'BF,2 + |'CPZ =0 (19)

When the sensor is considered to be a current transformer,
the conductor (coil 1) in the bushing is the primary-side coil,
and coils Nos. 2 and 3 are secondary-side coils. The circuit
topology of the three phase sensors is shown in Figure 8(b),
where la1, g1, and lIc1 represent the total current on the
windings of the three phases, laz, g2, and lc, represent the
total current on the measuring coils, and las, lgs, and lcs
represent the total current on the anti-saturation coils. The
outputs of the total voltage of coil 2 are Uaz, Usz, and Ucy,
and are also the outputs of the sensors. Coil 3 has the same
output as Us.

The relationship among coils 1, 2, and 3 cannot be
expressed by (1), and we need the corresponding original
expressions of electromagnetic induction. Consider the A-
phase sensor as an example:

. do. .
RI,,=n, é’;’* = jookn, (T,

l_n2|A2 N, AS) (13)

. . do, . . . .
U+ 2zl =ny—= :Ja)kn3(|Al_n2|A2_n3lA3)

(14)
where n is the number of turns of coil 2, ns is that of coil 3,
@a is the magnetic flux in the core, and k is the coefficient
of inductance:

k=L/n?=L,/nl=

n
d,

where L, and Ls are the inductances of coils 2 and 3,
respectively. The corresponding formulae also hold for the
sensors in phases B and C.

According to (5), the total current consists of the FRA
current and the power frequency current. We now analyze
these two kinds of current according to the principle of
superposition.

“°“th 9, (15)

3.3 Effect on the power frequency current

We consider only the power frequency current in the
improved sensor system in this section, i.e., la1 = lap1, la2 =
lar2, @ = ap, l2 = Ipz, Up2 = Unapz, and Us = Ups, and so on B
phase sensor and C phase sensor. According to the basic
characteristics of the three-phase load balancing of the

We then combine (14) for the three phase sensors with
(16), (17), and (19) to obtain the following:

UP3 =0 (20)
Then,
M apr =N, =l
=\/§Hou | At~ ol apa ~ sl apg
‘Itdl (21)

Mokt |51

=2 ol AP3| ~0
nd, . kn,

where z3 is a small impedance of the order of puH.
Furthermore,

UAPZ

=Rl,,, =N, (22)

dg,e ~0
dt

For the ideal condition in which the windings and loads of
the three phases are balanced under a power frequency, the
circuit topology in Figure 8(b) can be simplified into the
circuit show in Figure 9(a) because Upz = 0. If n; and ns are
equal, the integral impedance of coils 2 and 3 can be
connected together directly and in parallel, as shown in
Figure 9(b). Clearly, there is a weak power frequency
magnetic field in the core of the sensor because of the small
impedance zs.

Therefore, the magnetic field in the cores of the sensors is
close to zero because the sum of the three-phase power
frequency currents is zero. Thus, the power frequency
magnetic field does not become saturated.

IAPZ

|
gjj UPZ l > _A:2
|AP1 lapt | ® *
IAP3 R Urz
I3
(@) na#ns (b) n=n3

FIGURE 9. Equivalent circuit to the power frequency current

3.4 Effect on FRA current

We consider only the FRA currents in the improved sensor
system in this section, i.e., la1 = lar1, la2 = lar2, 12 = Ig2, Uao =
Uarz, and Uz = Ugs, and so on B phase sensor and C phase
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sensor.
By combining (13) for the three phase sensors with (17),
we obtain:
I. . . ja)knz

gy + ey = =2 (g + Ty + ey )
AF2 BF2 CF2 - AF1l BF1L CF1
R+ jewkn’

(23)
Combining (14) for the three phase sensors with (17)
yields:

3UF3 = jokn, |:I.AF1 + I.BFl + I.CFl -, ( I.AFZ + I.BFZ + I.CFZ )]
(24)
Therefore,

jokn,R /. . .

F3:m<IAF1+IBF1+ICF1) (25)

_ jokn,z, | ey + jeokn, n3U F3

e, = 26
"2 jokn?z, + jokn?R + Z,R (29)
Then, let
— jQ)anZS (27)
joknZz, + jokniR +z,R
b jokn,n, jokn,R (28)

= X
jokniz, + jwknZR+2z,R 3R +3jwkn’
We then obtain

UAFZ I'AFZ a+ b b b I.AFl
Ug, |=R| I, [=R| b a+b b || [,
_U CF2 I.CFZ b b a+t b I'CFl
(29)
Then,
ey atb b b T [U,,
. ==/ b asb b |- Ug, | (30)
- b b a+b| |Ug,

Clearly, the FRA currents lar1, lsr1, and Icer can be
calculated by the outputs of the set of sensors provided that
the impedance matrix with respect to a and b is known.
Equation (30) holds only if a is not equal to zero (in other
words, if z3 is not equal to zero).

Furthermore, if the frequency band of the sensor ranges
from 1 kHz to 1 MHz (that is, RI, is much smaller than joLl,
in (1)), the sensor can be considered to be an ideal
transformer. We then have,

Lars = Mol ae, + N5l e (31)
The circuit in Figure 8(b) is replotted in Figure 10 based on
the equivalent circuit of the ideal transformer with respect to
the A-phase sensor and the measured current lar (this is
similar to when the circuit is replotted with respect to the B-
phase sensor or the C-phase sensor). In Figure 10, I"ar; is the
converted value of lar1 based on the numbers of turns of the
primary-side coil and coil 2 (that is, I"ar1 = lari/n2), and 1" ars
is the converted value of laez based on the numbers of turns
of coils 2 and 3 (that is, 1"ars = lars x Na/nz). Our simulation-
based analysis revealed that the impedances of the windings

and load of the transformer were considerably higher than the
integral resistance R of the sensors in the range of frequency
of the FRA. Therefore, the primary side of the B-phase and
C-phase sensors constituted an open circuit. The integral
resistance R and small impedances z; of the B-phase sensor
were in parallel with those of the C-phase sensor, and were in
series with the small impedance z3 of the A-phase sensor.
Compared with the second conventional method (Section 2.3)
to suppress saturation based on an integral inductance (Lc) of
4.785 mH (which caused the lower cutoff frequency f_ of the
sensor to increase to a value significantly higher than 20 kHz),
the resistances R of the B-phase and C-phase sensors
increased the impedance of coil 3 of the A-phase sensor. Thus,
the A-phase sensor still had a small value of the lower cutoff
frequency fi, even though the impedance zz was much lower
than 4.785 mH.

*
| AF3

—  A-phase sensor B-phase sensor C-phase sensor

FIGURE 10. Equivalent circuit to the FRA current with respect to the A-
phase sensor

3.5 Application based on actual sensors

We now detail the basic principle of the proposed method
of suppression in the above context based on the idealized
hypothesis. We consider the complex conditions encountered
applications.

Equations (23) and (24) come from (13) and (14). The
leakage-induced inductance between coils 1 and 2, and
between coils 1 and 3 is not considered in (13) and (14). This
inductance is related to the manufacturing of the sensors, and
is different for each. Moreover, the coefficient k is related to
the value of p, of the core of the sensor, and p, is in turn
related to the frequency of the current, which is different for
each core. It is thus difficult to theoretically determine an
accurate value of the coefficient matrix in (29).

We hypothesize the following in the above derivation:
Each of the three phase sensors has the same number of turns
of coils 2 and 3, integral resistance R, and serial impedance zs.
These parameters may differ between sensors in applications.

Equation (29) can be extended to a more general form by
considering the leakage inductance, the complex value of
of the core of the sensor, and differences in the values of

parameters among the three phase sensors as shown in (32):
-1

I‘AFl Zon Zpag Zac U AF2
I BFL |~ ZBA ZBB ZBC U BF2 (32)
lers Zen Zpge Zec Uce,
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where each element of the above impedance matrix is defined
asin (33) and (34). For instance,

7 - U_AFz (33)

AA

AFL I‘BF1:|.CF1:O

I I-AFl = I-CFl =0

Equation (32) is theoretically grounded in a passive multi-
port circuit network, the details of which are not described
here because of limited pages.

Equation (32) then describes the characteristics
(relationship between the input and output) of the three-phase
sensor  system.  Considering the  above-mentioned
uncertainties, the parameters of the impedance matrix at each
frequency can be determined through laboratory calibration
tests according to (33) and (34).

Z,, = ez (34)

BF1

4 EXPERIMENTAL VERIFICATION

4.1 Setup of the verification experiment

Our experiments to test the proposed method involved
three sensors connected to one another according to the
topological structure shown in Figure 8. The details of the
sensors have been provided in Section 2. Coils 2 and 3 both
had 150 turns, zs was an inductor with an inductance of 100
puH, and a power frequency current generator was used to
produce three-phase currents of up to 500 A. The FRA
current was generated by a signal generator. The outputs of
the sensors were recorded by a digital oscilloscope. This

1-sensors; 2-inductor z5; 3-power frequency current generator; 4-
high-frequency signal generator; 5-digital oscilloscope

FIGURE 11. Experimental setup

4.2 Suppression of power frequency
magnetic field

Large, three-phase power frequency currents were
supplied to the primary side of the three phase sensors, and a
high-frequency FRA current was provided to the A-phase
sensor.

Some outputs of the sensors are shown in Figures 12 and
13. It is clear that the outputs were the superposition of power
frequency signals and high-frequency FRA signals. The peak
value of each of the power frequency signals (Uapz, Ugpz,
Ucp2) shown in Figure 13 was approximately 6 V, and
corresponded to a current of 500 A on the primary side. It is
clear from the waveform of the power frequency signals that
the sensors were far from being saturated under a power
frequency current of 500 A. According to the ratio of the
output of the sensor to the load current on the primary side,
the latter reached a value of 2333 A if the power frequency
signal in the output was 28 V (which means that the sensor
had just begun being saturated, as shown in Figure 6).
Therefore, when the three sensors were connected according
to the method illustrated in Figure 8, their magnetic cores
were not saturated even when the load of the transformer was
as high as 2333 A.

It was easy to eliminate the several volts of power
frequency interference in the output signals of the sensors by
using a normal electronic filter, as shown in Figure 12(c).

— A
—B
1 a—C
S
~ 0
o)
1 4
-2 T T T T T T T 1
0 10 20 30 40
Time (ms)
(a) Overall waveform of the outputs
2
A — A
—B 0.14 B
14 —cC T C
S P AN S
S0 AN 0.0
14~
-0.1
'2 T T T 1 T T T T T 1
0 10_. 20 30 40 10 20 30 40
Time (us) Time (us)

(b) Detail of the curves in (a) (c) FRA signals in (a)

FIGURE 12. Superimposed output signals of the three phase sensors
under a 50 Hz current of 100 A and an FRA current of 200 kHz
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FIGURE 13. Superimposed output signals of the three phase sensors
under a 50 Hz current of 500 A and an FRA current of 200 kHz

4.3 Calibration of the sensing system

Before measuring the FRA current, the three-phase sensor
system needed to be calibrated to obtain the parameters of the
impedance matrix. The circuit configuration shown in Figure
11 was used to carry out the calibration experiments, except
that the power frequency circuit was disconnect to eliminate
its influence.

The value of each of lari, lgr1, and lcry was set to 70.72
mMA to measure Uarz, Uge2, and Ucez, and to then calculate the
impedance matrix in the range of FRA frequencies of 1
kHz~1 MHz, at representative frequency points according to
(33) and (34). One set of the outputs of the sensor is shown in
Figure 14, and corresponds to laps = 70.72 mA, lgr1 = lcpr = 0
mA, and o = 21 %400 kHz. Among the outputs, Uarz > Ugr2
= Ucra.

Having obtained Uar2, Usr, and Ucrz, the value of each
element in the impedance matrix was calculated by using (33)
or (34). The amplitude and angle of elements in the first line
of the impedance matrix are shown in Figure 15, while those
of elements in its second and third lines were similar to those
of the first line.

—~ 02

I WANWANAWANWANWARAWA

L NVAAVIAVEAVAAVAAVEAVAAVAR
0.1

o AN NN NS

PV VV VUV VUV VY

~ 0.1

1Y) I ANVANNANNANANVANNANYA

5V VI VVVVVV

0 5 10 15 20

Time (us)

FIGURE 14. Outputs of the three phase sensors under an FRA current of
400 kHz in phase A

Frequency (kHz)
(a) Amplitude of the impedances

Z-Angle (radian)

) 1 10 100 1000
Frequency (kHz)
(b) Angles of the impedances

FIGURE 15. Values of elements in the first line of the impedance matrix

4.4 Solving for the FRA response current

The accuracy of the sensing system used to measure the
FRA current was verified through experiments. We set lars,
lgr1, and Ice to 56.58 mA one by one as the FRA current.
They were then calculated from the outputs of the sensing
system, and the results were compared with real values of the
FRA currents. The relative error (ratio of the absolute error to
the real values of lar1) between the calculated values of Iar1,
lge1, and lcr, and their real values of Iap = 56.58 mA, and
lerz = lcrr = 0 were below 5% as shown in Figure 16. The
relative errors in most frequency bands were even smaller
than 1%. When the FRA current was applied to the B phase
or the C phase, the results were similar to those for the A
phase.

Error (%)

1 10 100 1000
Frequency (kHz)

FIGURE 16. Relative errors of the three-phase sensing system in
measuring the FRA current when Iar; = 56.58 mA, and lggg = Icp =0

When the same FRA current of 70.72 mA as above was
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synchronously applied to phases A and B, the relative errors
between their calculated and real values were smaller than 5%
in most frequency bands, as shown in Figure 17. When this
value of the FRA current was synchronously applied to
phases A, B, and C, the relative errors were still smaller than
5% in the major frequency bands as shown in Figure 18. The

overall relative error of the sensing system was smaller than 2%

in the range of frequencies from 60 kHz to 800 kHz.

\ i —e—A
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Error (%)
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<
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Frequency (kHz)

FIGURE 17. Relative error between the real FRA current and its value
measured by the three-phase sensing system when lar; = lge = 56.58 mA,
and lcpr = 0

Error (%)

1 10 100 1000
Frequency (kHz)

FIGURE 18. Relative error between the real FRA current and its values
measured by the three-phase sensing system when lar; = lges = Icrr = 56.58
mA.

5 DISCUSSION

5.1 Function of z3

The function of z3 is displayed in (27)~(29). If zz = 0, then

a =0, the element in the impedance matrix has the same value,

and it has no inverse matrix. Therefore, the FRA current
cannot be obtained by the outputs of the sensing system.
Hence, the function of z; ensures that the matrix is invertible.
In other words, it ensures that the sensor in one phase has
different outputs from the FRA response current in the same
phase as well as that in another phase. For example, Uarz has
different values to lar and lgri. z3 should be set to be
sufficiently large to ensure this difference. Therefore, the
sensing system can distinguish among I a1, lgr1, and Ice1.
However, z3 determines the magnetic flux of the power

frequency Bmag in the core of the sensors by using (21). To
reduce Bmag @S much as possible, zz should be set to a very
small value. In sum, z3 should be sufficiently small at the
given power frequency and sufficiently large in the range of
frequency of the FRA. An inductor is a good choice for zs.
This inductor should be able to handle a large power
frequency current (up to lapi/ns, perhaps several or tens of
amperes).

Z3 was set to 100 pH in our experiments. This corresponds
to a power frequency saturation-inducing current of the
sensing system of 2333 A. A smaller z; yields a smaller Up,
and, thus, a larger saturation current. Because U is the
superposition of Up; and Ug, and a small value of Up; is
important to distinguish Ug, from Uz. If Up; is 30 V, it cannot
be eliminated by using commonly used active filters because
it exceeds the range of input of the active filters.

The disadvantage of a smaller value of z3 is that it makes it
difficult to distinguish between elements of the impedance
matrix. Figure 15 shows that the difference in impedance
among the three phases was very small below 60 kHz. In this
case, the relative error in the range of 1 kHz to 60 kHz was
larger than that in the range of 60 kHz to 1 MHz, as shown in
Figures 16~18. Therefore, the higher the value of z; is, the
higher is the accuracy of the sensing system.

5.2 Analysis of effects under non-ideal
conditions

Non-ideal situations may be encountered when
suppressing the power frequency magnetic field in the cores
of the sensors in the application of FRA on a live transformer.
First, the values of p, of the cores of the three phase sensors
are different from one another because of the process of
cutting the material of the core. Therefore, the coefficient of
inductance k of each sensor is different. This difference has a
prominent effect on the outputs of the sensors at the power
frequency. In this case, Up, is non-zero even if z3 is zero.
Fortunately, the difference in the values of p, has a minor
influence on the characteristics of transfer of the sensors in
most ranges of frequency used for FRA because L is much
larged than R in (3).

Second, the sum of the three-phase power frequency
currents of the transformer is ideally equal to zero, as shown
in (16). However, the actual sum of the currents invariably
has a small value that is close to zero. By ignoring the
impedance of z; at the power frequency, the following
formula for the excitation current I, of the magnetic field in a
sensor can be deduced by using (14) and (25):

Im = IAPl_nZIAPZ _nSIAP3

_ R( [y + gy + I.CPl) 1. : : (35)
= 3R+3ja,L zé( et T lgpr + lopy

The degree of imbalance in the load current of the
transformer in a power transmission grid is typically lower




AUTHOR AET AL.

1

than 3% of its value. The influence of this unbalanced current
with respect to the power frequency magnetic flux in the core
of the sensors is identical to that in a conventional sensor
(which is shown in Figure 6). Given that the actual load of a
transformer is usually smaller than 50% of its rated load, the
maximum unbalanced current (3%) in the 10 kV windings is
41.24 A. According to (35), the magnetic flux caused by an
unbalanced load current of 41.24 A in the cores of sensors in
the three-phase sensing system is equal to that caused by a
load current of 13.75 A in the core of a single conventional
sensor. Therefore, the unbalanced load current of the SSZ11-
50000 kVA/110 kV-type transformer cannot cause the core of
the three-phase sensing system to become saturated.

6 CONCLUSION

The authors of this study proposed a method to suppress
the power frequency magnetic field in the cores of the sensors
in the application of FRA on living transformers based on the
basic rule that the sum of the three-phase power frequency
load currents is close to zero. The proposed method consists
of a sensing system with a special connection among three
phase current sensors. Unlike the conventional method to this
end, this sensing system can drastically suppress the power
frequency magnetic field in the cores of the sensors under
large load currents of the transformer while maintaining the
frequency band required for FRA.

The proposed three-phase sensing system increases the
power frequency load current that can cause magnetic
saturation in the core of the sensor from 50 A (in
conventional methods) to 2333 A.

The FRA currents in the windings in the three phases can
be calculated by using the outputs of the three-phase sensing
system. The relative error in its calculations was found to be
smaller than 2% in the range of frequencies from 60 kHz to
800 kHz.
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