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Abstract

Frequency-response analysis (FRA) is widely used as a method for the offline diagnosis of winding
deformations in power transformers. To apply this method to a transformer in operation, new
network functions must be established. These should be suitable for the excitation and response
signals of online measurements, and they should eliminate the influence of external equipment that
is directly connected to the high-voltage outgoing lines of the transformers. In this paper, based on
circuit network analysis, series of transfer functions for online FRA are proposed. These include
comprehensive consideration of the transformers and the external electric power grid, including the
connection types of the three-phase windings, whether or not the neutral point is grounded, and the
mutual coupling between the high- and low-voltage windings. The suitable conditions, appropriate
configurations of application, feasibility, and sensitivity of each network function were analyzed.
Among them, four functions involve the parameters of the outside network but are easy to measure.
Two of the functions are not affected by the outside network. These network functions will help
promote online applications of FRA.

Keywords: online detection; frequency-response analysis; network functions; power transformers;
windings deformation

1. Introduction

Transformers are the most important pieces of electrical equipment in power networks, and their
safe operation is crucial to power systems [1]. It is hoped that defects in transformers can be found
before they become large enough to cause a problem, thus preventing accidents [2]. Winding
deformations (geometrical changes) are one kind of important defect in power transformers [3]. Tiny
deformations can accumulate into large ones under the impact of multiple large currents [4].
Common types of transformer winding deformations are forced buckling, free buckling (hoop
buckling), hoop tension (stretching), relaxation buckling, tilting (cable-wise tilting, strand-wise
tilting), conductor bending between radial spacers, spiraling, and telescoping [5].

Frequency-response analysis (FRA) is one of the most widely used methods for detecting
geometrical changes and electrical short-circuits in transformer windings because of its sensitivity
and accuracy [6]. According to the China Power Industry standard for FRA, the frequency-sweep
range must include frequencies from 1 kHz to 1 MHz [7]. In the IEC standard, the recommended
frequency range is from 20 Hz to 2 MHz [8]. In the IEEE standard, the recommended frequency range
is from 20 Hz to 5 MHz [9].

To date, FRA has been successfully used for offline detection, but this has a considerable
economic cost and requires manual labor because the transformer must be powered off and it must
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be disconnected from the grid. However, because of the tight balance between electricity demand
and supply, there are few opportunities to disconnect transformers for offline detection of faults.
Therefore, many scholars have examined ways to extend offline FRA to online FRA [5,9-14].
However, the major studies so far have focused on the first problem that needs to be solved when
applying online FRA, that is, how to inject signals into and obtain response signals from a live
winding.

In 2009, Canadian scholar Tom De Rybel proposed to use the voltage tap of the secondary screen
of the bushing or the lead wire of the end screen to inject the sweep frequency signal into the
transformer windings running under power, and obtain the response signal from the lead wire of the
end screen of the bushing [10]. In 2006, scholars such as Hossein Borsi and Ernst Gockenbach of
Hannover University in Germany proposed a non-invasive capacitive sensor. Through the
capacitance between the sensor and the high-voltage lead, we can inject the excitation signal into the
high-voltage lead inside the casing or measure the response voltage signal on the high-voltage lead
by electric field coupling [11]. A few years ago, we proposed the use of Rogowski coils to inject signals
into the running transformer windings based on the principle of magnetic field coupling [12,13]. Put
the Rogowski coil on the neutral grounding wire (or the root of the high-voltage outlet bushing), and
inject the sweep current signal into the winding of the coil, then the electromotive force can be
induced on the grounding wire of the neutral point, and generates current in the transformer
windings. In this online system, the response-voltage signal that would be used in offline detection
is replaced by a response-current signal. This is because the latter avoids the insulation problem that
exists between the live windings and the sensor. Experiments on power transformers in substations
have verified the feasibility of these methods [9,12].

Therefore, it is now time to solve the second problem in the application of online FRA: how to
establish network functions that are suitable for the excitation and response signals of online
measurement. This involves eliminating the influence of external equipment directly connected to
the high-voltage (HV) outgoing lines of the transformer that is being monitored. Research in this area
is very scarce. In [14], based on two-probe inductive coupling and the two-port ABCD network
technique, an in-circuit impedance-extraction technique has been proposed for online FRA. In [15], a
novel transfunction was proposed to avoid the influence of external equipment. However, in these
researches, the transformers were highly simplified to a single winding; other phase windings and
second-side windings were ignored, and the electric power grid was simplified to a single
impedance.In [16], a method was proposed for deriving the transfer function from the frequency
response data.At the same time, some experts have conducted research on the application of transfer
functions in diagnosing the location and extent of winding deformation [17-19].However, there is
still a lack of transfer functions applicable to the windings of online transformers.

Using a more comprehensive consideration of the transformers and the external power grid, a
series of network functions for online FRA are proposed in this paper. The suitable conditions,
configuration of application, feasibility, and sensitivity of each network function are analyzed.

2. From Offline FRA to Online FRA

2.1. Basic Principle of FRA

In FRA, one winding is taken as a two-port inductance—capacitance network, as shown in Figure
1, where L, M, K, and C are the self-inductance, turn-to-turn inductance, turn-to-turn capacitance, and
turn-to-ground capacitance of a winding. The deformation of a winding leads to changes in its
inductance and capacitance. Therefore, the external characteristics of the circuit network of the
winding, such as the network function, are changed by any deformation.
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Figure 1. Equivalent two-port network of a transformer winding.

2.2. Offline FRA

Consider the winding in Figure 1 as a two-port network, and write its impedance matrix

U, % Zn 1,
U, - Zy ZIp ‘ I, o

where: Ui, Uz, and I, I> are the respective voltages and currents of the two ports; z1, z12, z21, and z2

equation

are the self- and mutual impedances of the two ports.
If a resistance of 50 Q is connected to the second port of the network,

U,=-501, (2

then the voltage-network function H has the form

H =20log Y% =20log 302, (3)
U Z11Zn

1 — 2,2y +50z),

Clearly, the electrical parameters of the winding, such as L, M, K, and C, can affect H through
the network impedances.

In offline detection, the transformer is taken out of service and physically separated from the
power grid. A swept-frequency voltage source Ui is then applied to one terminal of the winding, and
its response U2 is measured at another terminal (this terminal is grounded through a 50-() resistor.).
The amplitude of network function H is calculated using

|H (joo)|=20l0g||U, (jo)/|U, (jo)|]] @

then the curve of amplitude to frequency w is plotted and examined to confirm whether H has
changed [7].

2.3. Online FRA

During online detection, the same concept is used. That is, an excitation signal is injected and a
response signal is measured; a network function calculated from these response and excitation signals
is then used to diagnose deformations. There are two technical difficulties with this process: injecting
the excitation signals into and measuring the response signals from a live winding; and eliminating
the influence of the external electric power grid.

2.3.1. Excitation-Signal Injection

From our previous research results, we found that the excitation signal can be injected into the
windings using a Rogowski coil [12,13]. The principle of excitation-signal injection is shown in Figure
2(a). A voltage source Usis applied to the Rogowski coil, and an induced potential U will then appear
on the conductor surrounded by the coil. This potential U is taken as the excitation signal. The
equivalent two-port network is shown in Figure 2(b).
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Figure 2. Principle of excitation-signal injection: (a) schematic diagram; (b)equivalent circuit.

2.3.2. Response-Signal Measurement

From our previous research results, we also found that the response current can be measured
using a Rogowski-coil-type current sensor [12,13]. As shown in Figure 3, in a working transformer,
the HV terminal of the windings connects to the HV bars, other equipment, and overhead
transmission lines. The entire power system outside the transformer can be represented by an
equivalent impedance Zs. Therefore, there is current I at the HV terminal of the winding driven by
the induced potential Ui that can be considered the response signal. In the application of online FRA
at a substation, the excitation coil and current sensor can be installed at the outlet cable of the HV
bushings, as shown in Figure 4.

Bushing

phase  Excitation

Transformer Winamgs

Current
sensor

@
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Figure 4. Schematic diagram of online FRA application: (a) schematic diagram; (b) experimental scenario.

2.3.3. Influence of External Electric Power Grid

It is clear that the response current is decided by the impedance in the circuit, and this involves
not only the winding, but also other equipment that is connected to the transformer. An example is
shown in Figure 5. The other equipment includes transmission lines, current transformers, breakers,
HV buses, disconnectors, potential transformers, arresters, and another power transformers. They
comprise a circuit network outside the transformer.

Transmission line

Current transformer

Breaker

Potential Transformer
Arrester

Power Transformer

Figure 5. Part of the network outside of the transformer.

3. First Kind of Network Function for Online FRA

For a power transformer in operation, different network functions are selected according to
different winding-connection types. In first kind of network function, the parameters of the outside
network are included, but the measurement is easy to carry out.

3.1. Windings with Grounded Neutral Point and Excitation Signal Injected Into Neutral Point

For some 110-kV windings and windings for all higher voltages, a star-connection configuration
is often used and the neutral point is grounded. Therefore, the excitation signal can be injected into
the neutral point through the grounding line. The schematic diagram of this electrical configuration
is shown in Figure 6, in which the HV windings have neutral-point grounding. Because of the mutual
inductance between the grounding line and the excitation coil, the neutral point is not directly
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grounded in FRA at high frequencies, and the excitation voltage Uo can be measured using normal
devices such as offline measurement devices.

The three-phase HV and LV windings form an independent seven-port network. This gives the
impedance equations (5), where: Uo and Io are the voltage and current of the neutral port; Ui, Uz, Us,
Us, Us, Us and I, I, I5, I, I5, Is are the voltages and currents of the ports of three-phase HV and LV
windings, respectively; and zij are the self- and mutual-impedances of the seven ports.

HV network 1 LV network | |
!
- _ _—= — T T
“““““““ ¥, [ [on
|
‘L 15 |
|
¢ Iy
_________________ |
I}l Iy Excitation current
Response U, Excitation voltage
current Excitation

N source

N

sensor

* Exciting coil

Measurement device

Figure 6. Schematic diagram of windings with grounded neutral point.

U, Zoy Zo Zgp ct Zgs | | Lo
U, Zy Zn Zn ot I ||
Uy =2 2Zu Zm = Zy || L, (5)
Us Zg Za Ze  Zes] |Ls

The transformer of the outside network has the impedance equations

7 ' ' '
U, Iy Zin Iy -1,
’ ’ ’
U, | Zm 2y -1,
=| . o L (6)
’ r !
Us_ Zet Ze "t Zes -1

where z'jj are the self- and mutual impedances of the six ports. Let:

U, I, Z I I Z16
U 1 z Z, Z z
2 2 20 2 Iy 2
| U s =1 s - ZO/ : - Z/
U6_ I Zg0 Ze1  Zen Zgs
(- ’ r
Iy Zin Iy
Z’ Z' e ZI
2 Zn 2% | _ T
: R LY [Zm Zp Zoa] =Z,.
! r e r
L %61 Z62 Zg6

We then obtain

Y Z Z7Z,][1
= . 7
_Uo Zg Zgy | | Lo @
U=ZI+1Z, (8)
U, = ZOTI + 21y (9)

U=-z,1 (0
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Combining (8) and (10) to eliminate U, we obtain
(Z+Z0ut)1 = _IOZO (11)
Combining (11) and (9) to eliminate I, we get
-1
U, =1, [zOO -2y (Z+Z,,) Zo] (12)

We then establish the network function Hi:

H, =20 log{;]—o} =-20log |:ZOO - Zg (Z+Z0m )_l ZO} (13)

0

Network function Hi is the function of the impedances of the windings and the outside network.
If the impedance matrix of the outside network remains unchanged, this network function can be
used to identify winding deformations using only the measured values of the neutral-point voltage
Uo and the current Jo. However, this cannot distinguish in which winding the deformation exists.
Combining (11) and (9) to eliminate lo, we obtain

-1
I=u, (ZoZg —Zoli— ZOOZ0ut) Z, (14)
From (14), we then establish the network function H2:
1. -1
H, = ZOIOg{U—’} = —201og[{(zoz§ — 202~z Ly, ) Zo} } (15)
0 J

where:j=1, 2, 3,4, 5, 6, corresponds to each of the three phases; and {*}; is the jth element of *. Function
H> also has a relationship with the outside network. This can be obtained by measuring the neutral-
point voltage Uo and the winding-terminal current I;. This can distinguish the winding in which the
deformation exists.

By combining (12) and (14) to eliminate Uo, we can obtain the transfer function Hs:

H,=20log {f’} = 2010{;[2OO -Z;(Z+Z,, )-1 ZOJ (16)
0

+2010g|:{(Z0Z§ 2y Z-2Z,,) ZO}]

If the transformer has nine windings, the windings form an independent ten-port network.
Therefore, the matrices in (5) and (6) must expand their elements to adapt to the ten-port network;
(7)—(16) can then still be used, and the functions Hi and Hz are applicable to the entire transformer.

3.2. Windings with a Non-Grounded Neutral Point or No Neutral Point

For some 110-kV and 35-kV windings, star connections are used but the neutral points are not
grounded. For some 35-kV windings and all lower-voltage windings, triangle connection is often
used without neutral-point. Therefore, excitation signals must be injected into windings through the
HV terminal. A schematic diagram of this electrical configuration is shown in Figure 7.

( - w
‘ HV network Outside network LV network | |
"W n " Ve Vs Vil
1 |
¢6 ¢15 :
|
|
Ly |
N \\ m
Exciting ~_ Current
coil sensor \Y
— T f
Excitation Measurement device
source

Figure 7. Schematic diagram of windings without grounded neutral point.
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The three-phase HV and LV windings form an independent seven-port network and connect
with the external power grid through these ports. This gives the impedance equations

U, N Zn ot 2 I,

U, | F Zm 2y I,
N HAN M (17)

1 Us Za Ze "t Zes I

The transformer of the outside network has the impedance equations

’ ! r
4 n Zn 4 -1,
’ ’ ’
v, | F Zm 2y -1,
O Y M (18)
’ ! !
Vs Za Ze " Zes -1

In Figure 7, the excitation coil is installed at the bushing root of the No. 1 port. Then,

U, 4 Au
U, v, 0

SUE T s ] (19)
u | (v |o

where Au is the induced voltage of the excitation coil.
Combining (17), (18), and (19) to eliminate port voltages, we obtain

’ ’ ’
Z Znp vttt Zy Zy Zn ottt Zyg I, Au
’ ’ !
Zy Zy ot Z Z,, Z e Z I 0
2 Zn 26 0 o 26 2
. . R o T I el (20)
’ r ’
Z6 Zea "t Zes Ze1 Zea "t Zes I 0
Let:
’ ’ ! -1
Iyt Zptzp v Zgtzig Y Y o e
r ’ r
ZntZy Zptzy v IgtZ | | Va Yoo ot Vi -Y (1)
r ’ !
ZatZg ZotZg tt Zeo T Zes Yo Voo 0 Ves
We get
I, i Yoot Vi || Au
1 y y Py y
2 21 22 26
E O Sl (22)
1, Yoo Yo ' Vel 0

From (22), we then get the network function Hs:

7 (23)
H,=20log {—’”} =201log {M}
I ynl

wherem=2,3,4,5,6,n=2,3,4,5,6,and m #n.

Function Hs also has a relationship with the external network. It can be obtained from the
measured values of currents Im and In at the terminals of the windings. If the excitation signal is
injected into another port (port No. 2, for instance) of the winding network (that is, a different phase),

the corresponding function Hs with respect to I and Is can be obtained. This function can then be
used to locate the deformed windings.

4. Second Kind of Network Function for Online FRA

The transformer functions Hi, Hz, Hs, and Hs include the impedance of the outside network;
therefore, they must be affected by the outside network. When they are used to diagnose winding

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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deformations, the outside network must remain in the same configuration. In this section, network
functions that are not affected by the outside network are proposed.

4.1. Single-Phase Winding with Grounded Neutral Point

For a single-phase transformer, the neutral terminal of the winding usually exits the tank of the
transformer through a bushing. Then, the currents at the HV and neutral terminals can be measured
at the same time. If the excitation signal is injected at the HV terminal and the neutral terminal is
grounded, it has the impedance equation of a two-port network:

U Z, Z 1
1 — 11 10 X 1 (24)
0 Zo Zw) \o
with the condition that the effect of the LV network is ignored. Therefore,
0=z,1,*z4l, (25)
From (25), network function Hs is then established:
1
H, =20log| = |=20log| =22 | (26)
1, 00

Clearly, Hs only involves the impedances zo and zo1 of the windings, and it does not involve any
parameters of the outside network. Thus, Hs is easy to obtain, and it only requires measurement of
the currents at the two terminals of the winding.

4.2. Multiple Windings with Grounded Neutral Point

For a three-phase transformer, the neutral terminals of the windings are usually connected each
other before exiting the tank of the transformer through a single bushing. Therefore, the current on
the neutral grounding line is the sum of the three winding currents. If the excitation signal is injected
at the HV terminal, as shown in Figure 8, and with the condition that the effect of the LV network is
ignored, (9) becomes

ZX+z,1,=0 27)

From (27), the network function Hs is established:

H6:2010g|:f[i’Q’...’Qj:|—2010g|:f[zﬂ’Zﬂ’...’zﬁ]:|
1, I, 1, Zot 2o Zos (28)

__ Current_

Uy
Sensor <

~

~

Excitation || Exciting coil

source

Measurement device

Figure 8. Schematic diagram of windings with grounded neutral point and injection at the HV terminal of the

winding.

Function Hs is different from the previous functions Hi—Hs in that it is multivariate; a plot of the
amplitude of Hs against frequency is not a two-dimensional curve but a surface in multi-dimensional

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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space. However, He only involves the impedances zo, zo1, zo2, and zos of the windings, and it does not
involve any parameters of the outside network. Thus, Hs can be obtained by measuring the currents
at the four ports.

5. Feasibility Simulation Analysis

5.1. Transformer Simulation Model

A model of three-phase transformer with HV windings of 121 kV and LV windings of 38.5 kV
was established. This model is referred to as a real SFSZ11-220kV/121kV/38.5kV, 180 MV A power
transformer. The geometrical and electrical parameters of the windings in the model were the same
as those in the real power transformer, including the iron core, oil tank, and oil-paper insulation
system. A series of finite-element models of individual phase windings were established to calculate
the distributions of self-inductance, self-capacitance, mutual inductance, and mutual capacitance,
with different deformations (one bulge was on one of the HV windings, and the radius  of the bulge
was 15 mm, 20 mm, or 30 mm). Both the HV and LV windings were included in a single model,

therefore the mutual coupling between them was considered. One of the models is shown in Figure
9.

Figure 9. Finite-element model of one-phase windings.

Multi-conductor transmission-line theory was used to obtain the port characteristic of the one-
phase windings. Furthermore, three-phase HV and LV windings were connected in a star- or triangle-
type configuration, and the above network functions were calculated with the outside network
displaced by a grounding resistance of 337 Q) at each port except the neutral point. The value of 337
Q) was chosen from the wave impedance of normal transmission lines.

5.2. Curves of Each Network Function

For each network function, the configuration of excitation-signal injection and response-signal
measurement was performed according to the above corresponding schematic diagrams.

Some simulated results of the amplitude—frequency curves of the network functions are shown
in Figures 10-12. The results show that these network functions can be obtained from the
configurations and can effectively identify winding deformations.

40 -
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Figure 10. Amplitude—frequency curve of Hz ( j=1. It was about the A phase HV winding. The bulge was on the

A phase HV winding ).
S
=Naormal
w3 phnse, 1=30 mm
.é“ _4/%,—4 A A ooty uAV[
PN

4] 2(K) 400 600 KK 1000
Frequency (kHz)

Figure 11. Amplitude-frequency curve of Hs (The excitation signal was injected at the HV terminal of the A
phase. The response currents were meausred at the HV terminals of the B phase and C phase. The bulge was on
the B phase HV winding ).

40
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20

=20
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-40

-6l
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Frequency (kHz)
Figure 12. Amplitude—frequency curve of Hs ( It was about the A phase HV winding. The bulge was on the A
phase HV winding ).

6. Experiments

We conducted experiments to test the proposed transfer functions in comparison with prevalent
transfer functions on a transformer with a rated voltage of 110 kV. Due to limitations imposed by
time and the experimental conditions, we were able to conduct only partial tests to provide a
preliminary validation of the feasibility of our proposal.

6.1. Setting-Up the Experiments

The test object was a transformer that was not yet operational. Its type was SSZ11-50000/110,
and its rated voltage was 110 kV/38.5 kV/10.5 kV. The transformer and the scenario of sensor
installation are shown in Figure 13. The results of offline measurements of the transfer function H of
the transformer are shown in Figure 14.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 13. Current sensor of the Rogowski coil at the root of the HV bushing.
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Figure 14. Curves of the transfer function Ho of the transformer in Figure 7 when measured offline.

6.2. Injection of Excitation Signal into Neutral Point

When we were allowed to carry out our test, the transformer was not connected to the network
of its substation. Therefore, the HV terminals of each winding were connected to the ground through
50 Q) resistors. These values of resistance were taken as the input impedances of each port of the
external network. That is, the external network was represented by the resistors.

The neutral points of windings with voltages of 35 kV and 110 kV were connected to the ground,
while the excitation coil was installed on the grounding line of the neutral point, as shown in Fig . 15.
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Figure 15. Scenario of installation of the excitation coil at the bushing of the neutral point of the windings with
a voltage of 35 kV.

A voltage source was used to generate Vs, with a sweeping frequency of a sine signal and an
amplitude of 100 V. When Vs was applied to the excitation coil, a potential of approximately 5 V was
induced at the neutral point. Some typical waveforms of the sine signals are shown in Figure 16,
where the currents Is, Is, and Is are the response currents at the HV terminals of the 35 kV windings
of phases A, B, and C, respectively. The results of experiments on the power transformer showed that
the excitation signal can be injected into the windings through the Rogowski coil, and the response
signals of the current are measurable.

The transfer functions H: were established by using signals of the voltage Uo and current lo at
the neutral point of the 35 kV and 110 kV windings respectively, and their amplitude—frequency
curves are shown in Figure 17. Transfer function H> was established by using Uo and [;, and its
amplitude—frequency curves are shown in Figures 18-20. Transfer function Hs was established by
using signals of the currents Io at the neutral point and i at the HV terminal of the windings, and its
amplitude—frequency curves are shown in Figure 21.
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Figure 16. Signals of the excitation voltage and the response current at 302 kHz on 35 kV windings.
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Figure 17. Amplitude—frequency curves of transfer function Hi.
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Figure 18. Amplitude—frequency curves of transfer function Hz of windings with a rated voltage of 35 kV (the
excitation coil was located at the neutral point of the winding).
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Figure 19. Amplitude—frequency curves of transfer function Hz of 35 kV windings (the excitation coil was
located at the neutral point of the 110 kV windings).
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Figure 20. Amplitude-frequency curves of transfer function H2 of 10 kV windings (the excitation coil was

located at the neutral point of the 110 kV windings).
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Figure 21. Amplitude-frequency curves of transfer function Hs of 110 kV windings (the excitation coil was

located at the neutral point of the 110 kV windings).

6.3. Injection of Excitation Signal into HV Terminal of Windings

The excitation coil was installed on the HV terminal of the windings, at the root of the bushing,
when the neutral point was not connected to the ground. The HV terminals were still grounded
through 50 Q resistors (used as equivalent input impedances of the external network). We placed the
excitation coil on the terminal of the phase A of 35 kV windings. Transfer function Hs was established
by using the current signal Is of the B-phase winding and the current signal /6 of the C-phase winding
of the 35 kV windings. The amplitude—frequency curve of Hs is shown in Figure 22.
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Figure 22. Amplitude—frequency curve of transfer function Hs of 35 kV windings (the excitation coil was located
at the HV terminal of the A-phase windings).

7. Discussion

7.1. Analysis of Signal Measurability and Stability

The definition of Hi1 shows that the input impedance at the neutral point of the port of the
network consisted of the impedances of the transformer and the external network, primarily that of
the former. By combining this with the amplitude of H: in Figure 17, we know that the input
impedance was in the range of 200 Q) ~ 2 kQ at the neutral point of the 35 kV windings, and in the
range of 30 Q) ~ 500 Q at the neutral point of the 110 kV windings. Therefore, the induced potential
Uo needed to be high enough to render the current o measurable.

It is clear from Figure 2, in conjunction with the electromagnetic theory of the Rogowski coil,
that a higher Urq requires fewer turns of the coil when Vs is fixed. Because the maximum Vs of the
source of voltage was 100 V and its output power was lower than 100 W, the excitation coil had a
small number of turns. This led to poor performance of the coil at low frequencies. The current signals
at frequencies under 30 kHz were too small to be measurable.

The current signals were measurable and stable at frequencies above 30 kHz. This is evident
from the clear sine-type waveform of the signals shown in Figure 16, as well as from the consistency
between the transfer functions of the three phase windings shown in Figures 18~21.
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Of course, the curves of the three phase windings were not completely consistent with one
another. Wires in the circuit affected the high-frequency characteristics of the circuit according to the
length and arrangement of the wires. Therefore, it is normal that these curves were inconsistent at
high frequencies. However, the reason for the significant difference among the curves at middle and
low frequencies remains unclear, and this requires further experiments.

7.2. Capabilities of the New Transfer Functions

We assessed the capability of the proposed transfer functions to identify deformations in the
windings of a transformer. It is clear from the definition of each function that its components are
different. Therefore, functions Hi1~ Hs have different values from those of the normal function Ho.
However, the transfer functions of the same windings have some features in common, such as
identical extreme points that represent the inductance—capacitance resonance in the windings.

The results of comparison of the transfer functions based on the signals of the 35 kV windings
are shown in Figure 23. In the curve of function Hz (excitation coil the neutral point of the at 35 kV
windings), the number and frequencies of the resonances were consistent with that of the offline
measurements of Ho.

Offline
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Figure 23. Corresponding resonance points of the transfer functions based on signals of 35 kV windings.

When the excitation signal was at the neutral point of the 110 kV windings and the response
signals were at the HV terminal of the 35 kV windings, the curve of function Hz was different from
that of function Ho at the same resonance, because the signal needed to cross the capacitance between
the 110 kV and 35 kV windings to reach the latter.

For the same reason, the curve of Hs was different from that of Ho. However, the zero-crossing
points on the curve of Hi corresponded to the local maxima or minima of the curves of the other
transfer functions.

Furthermore, regardless of whether the measurements were conducted online and the type of
transfer function used, the electromagnetic resonances inside in winding and between windings
could be obtained from the transfer functions. Each function had varying degrees of sensitivity to
different types of resonances.

The results of comparison of the transfer functions based on signals from the 110 kV and 10 kV
windings are shown in Figures 24 and 25, respectively. The frequencies of some resonances between
the curves of the transfer functions were consistent with one another. Some local maxima on the curve
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of Hi of the 110 kV windings corresponded precisely to the local minima on the curve of Hs. Few
corresponding resonances were observed between functions Ho and H: of the 10 kV windings because
the excitation signal was at the neutral point of the 110 kV windings when H: was measured.
However, the local extrema on the curve of Hz near 120 kHz and 450 kHz were clearer than those on
the curve of Ho.

A
Y10 kV widings

100 1000
Frequency (kHz)

Figure 24. Corresponding resonance points of the transfer functions based on signals of 110 kV windings.
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Figure 25. Corresponding resonance points of the transfer functions based on signals of 10 kV windings.

The relationships between the frequency and quality factors of the points of resonance of the
transfer functions were complex, and require further research. Our experiment nonetheless proved
that the resonant frequency of each function exhibited a certain consistency. Therefore, each transfer
function can be used to identify deformations in the windings by the changes of the points of the
resonance frequency.

7.3. Factors Influencing Online FRA

In addition to geometrical winding deformations, there are many other factors that affect the
inductance and capacitance of a winding, including the magnetic field in the iron core (especially at
low frequencies) [20], the temperature and the moisture of the oil-paper insulation system [21-23],
and the outside network [24] (which only affects Hi—H4).

In offline FRA measurements, the transformer is in almost the same condition during each
measurement; therefore, the results of each measurement are usually directly comparable. However,
in online FRA measurement, the transformers can be in different conditions during different
measurements. The baseline of the amplitude —frequency curves of the network function should thus
be selected carefully to maintain the same condition as when the deformation diagnosis was

performed.
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8. Conclusions

To apply online FRA, new network functions must be established that are not only suited to the
configuration of online measurement but are also uninfluenced by the external equipment directly
connected to the transformer.Based on multi-port circuit network analysis with comprehensive
consideration of the transformers and external electric power grid, three types of network functions,
represented by Hi—Hs, are proposed here. The corresponding suitable conditions and configuration
of application are presented.

Functions Hi-Hs include the winding neutral-point voltage and current, winding-terminal
current, or excitation voltage. They involve the impedances of the outside network, and the outside
network must maintain the same configuration.Functions Hs and Hs include the winding neutral-
point current and the winding-terminal current. They are unaffected by the outside network, but they
require a grounded neutral point.Function.

Simulations based on an three phase transformer model ( refering to a real SFSZ11-
220kV/121kV/38.5kV transformer ) were carried out to confirm the feasibility of the above network
functions. Sensitivity analyses based on circuit network analysis were carried out. Functions H1 and
H: have less sensitivity than function Ho for offline FRA, and Hs has the same sensitivity as function
Ho. The results of experiments on a SSZ11-50000/110 transformer showed that the proposed functions
contain the same information on electromagnetic resonance as the normal function used in offline
FRA. This information can be used to identify defective windings in the transformer while it is
operating.
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