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ABSTRACT: The power transformer serves as a critical hub equipment in the electric power industry, performing
the core functions of voltage transformation and power transmission in power grids. Among various potential
hazards, through-fault short-circuit impacts are particularly destructive, capable of inducing severe deformation of the
transformer windings and even triggering internal faults, thereby posing a major threat to grid stability. Consequently,
accurate diagnosis of transformer damage after short-circuit impacts and scientific formulation of targeted overhaul
strategies are of vital practical significance for ensuring safe and reliable power supply. In this paper, a comprehensive
diagnostic analysis method for transformer turn-to-turn short circuits is proposed, based on the electromagnetic
coupling principle of the leakage circuit. To verify the method’s effectiveness, two typical tripping events of 220 kV
transformers caused by internal winding turn-to-turn short circuit faults are investigated as case studies. During on-
site diagnostic tests, it is found that individual test items yield inconsistent fault indications, making it impossible
to accurately locate the fault location and root cause relying on a single testing approach. Therefore, by integrating
fault recording file analysis and multi-dimensional diagnostic test data, combined with in-depth research on the
transformer’s electrical and magnetic circuit fault mechanisms, this study successfully identifies turn-to-turn short
circuit faults occurring in different windings of the transformers and determines their exact positions. The validity and
feasibility of the proposed comprehensive diagnostic analysis method are fully confirmed by the results of subsequent
on-site dismantling inspections.

KEYWORDS: Transformer; diagnostic electrical test; turn-to-turn short circuit; winding deformation; electromagnetic
coupling

1 Introduction

As a core component of the electric power industry, the reliability of transformer operation is crucial
for maintaining the safety and reliability of the power grid. Turn-to-turn faults in transformer windings,
as a common internal insulation problem, are particularly prominent in large transformers. According
to statistics, such failures account for 60% to 70% of power system faults [I-4]. Therefore, transformer
winding turn-to-turn short-circuit has become an important type of fault in the power industry that cannot
be ignored, and how to effectively detect and diagnose this fault has also become an urgent research
hotspot [5-9].
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According to the test items stipulated in the power industry standard of the PRC, DL/T596-2021 [10],
“Preventive Test Procedures for Electric Power Equipment’”, the fault detection encompasses various aspects,
including gas chromatography in oil, DC resistance test of winding, insulation resistance test of winding,
dielectric loss angle tangent measurement of insulation, oil quality detection, partial discharge detection
and insulation voltage withstand test in many aspects [11-14]. Different test methods for the detection of
various types of transformer faults have different relevance [15-17]. When the test results are contradictory
or inconsistent, it is necessary to comprehensively consider the test results, potential causes of faults,
transformer structural characteristics, and simulation data [18-20], in order to realize the comprehensive
diagnosis and analysis of transformer faults [21,22].

This paper presents two actual cases of a transformer turn-to-turn short-circuit fault initiated by an
external short-circuit. Under this circumstance, the transformer’s medium voltage side of winding suffered
a near-zone short circuit that caused the transformer to trip. During the diagnostic tests performed in the
field, there was variability in the indication of the fault by each test [23]. By considering the cause of the near-
zone short-circuit, the results of the oil chromatography analysis, and the results of the tests, and analyzing
the inverse of the diagnostic test data with different indications, we successfully determined that there was a
turn-to-turn short-circuit within the winding of the MV side of the transformer. This case not only provides a
practical basis for transformer fault analysis but also accumulates valuable experience for the comprehensive
diagnosis of transformers [24].

2 Power Transformer Inter-Turn Short Circuit Diagnosis Analysis
2.1 Winding Turn Insulation and Electromagnetic Equivalent Model

The electrical characteristics of the transformer turn-to-turn insulating material can be equivalently
described by a parallel circuit, as shown in Fig. 1. Where the resistance Ry,,, denotes the resistive component
of the dielectric material, which reflects the insulation loss characteristics of the turn-to-turn medium; Cy,,,
represents the capacitance of the dielectric; Iy is the resistive leakage current flowing through the resistance
Riurns Ic is the capacitive leakage current flowing through the capacitance C;;.

I I N® turn

R Ct urn,

(N+1)h
turn

Figure 1: Parallel equivalent circuit with interturn insulation.

Transformer turn-to-turn insulation is good, the resistance R.,;; is very large, and the current I is
almost zero, at this time the turn-to-turn leakage current is dominated by the capacitive component I¢, and
the energy loss of the insulating medium is negligible. With the deterioration of turn-to-turn insulation
caused by electrical stress, thermal aging or mechanical damage, the resistance Ry, is getting smaller and
smaller, the resistive leakage current Ir increases sharply, and the Joule heat generated by the resistive
current leads to a significant increase in the energy loss of the insulating medium, forming a vicious circle
of further insulation degradation. When a short-circuit occurs due to insulation breakdown between turns,
Riyrn decreases rapidly to a very low value, and the resistive leakage current I far exceeds the capacitive
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leakage current I¢, the equivalent parallel capacitive reactance branch is negligible at this point, and the
turn-to-turn equivalent circuit is approximately a pure resistive short-circuit loop.

The turn-to-turn insulation resistance Ry, is related to the material properties and thickness of the
insulation paper. For mineral oil-immersed transformers, the initial value of Ry, is usually greater than 10'*
Q. When the insulation deteriorates due to thermal aging or electrical stress, Ry,,, decreases exponentially.
The capacitive reactance of Cy,,,, is much larger than Ry,,, under power frequency conditions, so the leakage
current is mainly resistive. When Ry,,, drops below 10° Q, the resistive current Iz increases significantly,
leading to local overheating and further insulation degradation.

2.2 Interturn Short Circuit Electromagnetic Coupling Model

Taking the double-winding transformer as an example, when a turn-to-turn short circuit occurs, the
fault equivalent circuit is shown in Fig. 2. Fig. 2: U,, I, for the primary winding phase voltage, phase current;
U, for the secondary winding phase voltage, I; for the secondary winding phase current, Z; for the secondary
winding load impedance; Is¢ for the short-circuit coil through the short-circuit turn-to-turn current, R, for
the short-circuit turn-to-turn contact resistance.

U
oo, L1
R

Figure 2: Equivalent model of inter-turn short circuit in transformer winding.

Normally, R, is negligible, then at this time, the primary and secondary side voltage ratio variable k. is:

UP - USC
Us

where U, is the impedance voltage of the short-circuit winding converted to the primary winding. It can
be seen, whether the primary side or secondary side of the winding turn-to-turn short-circuit, short-circuit
winding forms a closed independent short-circuit coil. The existence of a short-circuit coil changes the
transformer’s internal magnetic circuit relationship, which also affects the voltage ratio, no-load, and other
diagnostic test data.

The derivation of the voltage ratio ki is as follows: According to the electromagnetic induction law,
the induced electromotive force of the primary winding is U, = 4.44fN, ®,,, and the induced electromotive
force of the short-circuit winding is U, = 4.44fN ®,,, where N, is the number of primary winding turns,
N;. is the number of shorted turns, and ®,, is the main magnetic flux. Therefore, k. = U,/Usc = N,/N;..
When the short-circuit winding forms a closed loop, the short-circuit current I;. generates a demagnetizing
magnetic flux, which reduces the main magnetic flux @,, and affects the no-load current and voltage ratio
of the transformer.
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2.3 Diagnosis and Analysis of Inter-Turn Short Circuit

When the transformer fault trips, the historical operation and monitoring data of the transformer
should be collected in time, and diagnostic tests should be carried out. In the field diagnostic test process,
different test data show different fault indications, through a single test can not make a reasonable explanation
of the location and cause of the transformer fault. Therefore, it is necessary to analyze the fault recording file,
comprehensive diagnostic test data, etc., to establish an expert comprehensive diagnostic system to realize
the comprehensive analysis based on the transformer electrical and magnetic circuit fault mechanism, and
determine the transformer fault cause and fault location, as shown in Fig. 3.

I Operation monitoring data l

Fault or not

I Diagnostic test data

Indicates the fault
type

’ Electromagnetic coupling model l

Fault location

Diagnosis of turn-to-turn short
circuit

Figure 3: Expert comprehensive diagnosis system of transformer inter-turn short circuit fault.

2.4 Applicability and Limitations of the Model

The electromagnetic coupling model proposed in this paper is mainly applicable to 110-220 kV double-
winding oil-immersed power transformers with a radial winding structure. The model is valid when the
number of shorted turns is less than 5% of the total turns of the winding, because the demagnetizing effect
of the short-circuit current is relatively weak and the magnetic circuit can be approximately linear.

The limitations of the model are as follows:

(1) Itis not applicable to dry-type transformers or transformers with special winding structures (such as
interleaved windings or continuous windings with multiple parallel branches), as the leakage magnetic
field distribution of these transformers is more complex;

(2)  When the number of shorted turns exceeds 10%, the demagnetizing magnetic flux generated by the
short-circuit current is significant, leading to severe nonlinear distortion of the magnetic circuit, and
the model’s prediction accuracy will decrease;

(3) 'The model does not consider the influence of temperature rise on the insulation resistance and short-
circuit impedance. In actual applications, the operating temperature of the transformer should be
considered for correction;

(4) The model assumes that the short-circuit contact resistance R, is zero, but in practice, R;. may be in the
range of 0.1-1Q2, which will affect the magnitude of the short-circuit current and needs to be calibrated
according to actual test data.
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3 Failure Case and Diagnosis of Medium Voltage Winding

3.1 Fault Profile

At 21:23 on 03 November 2022, a 110 kV outgoing line (fault line) of a 220 kV substation, #1 tower C-
phase cable terminal head insulation breakdown triggered a single-phase grounding fault. Subsequently, the
transformer tripped due to the turn-to-turn short circuit fault induced by the external short-circuit impact,
with the line protection tripping the line switch after 41 ms, the #2 transformer differential protection acting
after 120 ms, and the three-side switches of the #2 transformer being tripped after 170 ms.

After the transformer tripped, on-site visual inspection was immediately carried out, and the appear-
ances of the #2 transformer body and the primary equipment in the three-side intervals were found to be
normal; the gas relay of the transformer body had no gas accumulation, the pressure relief valves of the
transformer body and the on-load tap-changer did not act, and no oil spraying phenomenon was found on
the ground.

Checking the on-site recording files and reports, on 03 November, at 21:23:01 228 ms 110 kV line fault
occurred, 8 ms later, line switching protection was activated; 11 ms later, #2 transformer B set differential
protection was activated; 15 ms later, line longitudinal differential protection was exported; 41 ms later, line
longitudinal differential protection action jumped 118 switch; 120 ms later, #2 B set differential protection
of transformer exits; 170 ms later, #2 transformer differential protection action jumps the three-side switch;
588 ms later, #2 transformer heavy gas protection action; 1063 ms later, 118 switch recloses on the permanent
fault, and then accelerates to jump open the switch again. The protection action time sequence is shown
in Fig. 4.

11ms 120ms 150ms 170ms 588ms 3286ms

#2 TR differential #2 TR differential || #2 TR differential #2 TR three— #2 TR heavy gas #2 TR light
protection (B set) protection (B set) || protection (A set) side switch protection gas protection
STARTUP TRIP STARTUP TRIP TRIP ALARM

] | |

21:23:01:228 i |
(Labeled as Oms) I ...............

| I — 1L

8ms 15ms 41ms 1063ms 1111ms 1160ms

TL differential TL differential TL protection TL reclosing TL reclosing TL acceleration
protection protection switch protection switch switch

STARTUP TRIP TRIP TRIP TRIP TRIP

Figure 4: Sequence diagram of protection action.

Check the bus fault recording, fault line C phase line single-phase ground fault, after converting a
fault current RMS value of 5.702 kA, the fault 110 kV system C-phase voltage drops to 0, line fault removal
110 kV system C-phase voltage back to normal. Line voltage and current waveforms at the moment of fault
are shown in Fig. 5.
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Figure 5: Voltage and current waveform at the time of the line fault.

Checking the transformer fault recording, #1, #2 transformer high and medium voltage short-circuit
inrush current exists, the peak short-circuit current is shown in Table 1, of which the peak short-circuit
current of phase C of the medium voltage side of #1, #2 transformer is 8.724 and 11.297 kA, respectively.
At the same time as the line fault occurs, the fault transformer’s winding generates a differential current
(0.2961e), but the differential current does not reach the fixed value (0.5Ie+ratio braking), and the differential
current gradually increases until 120 ms of transformer B set longitudinal differential protection action. The
transformer differential current gradually increases until 120 ms transformer B set longitudinal differential
protection action, longitudinal differential current maximum 0.6091e. transformer fault moment recording
waveforms as shown in Fig. 6a,b.

Table 1: Peak short circuit current of transformer.

Placement Phase A Phase B Phase C
#1 Transformer high voltage side - - 1.057
#1 Transformer medium voltage side 3.021 3.622 8.724
#2 Transformer high voltage side - - 2.518

#2 Transformer medium voltage side 4.347 4.054 11.297
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Figure 6: Recorded waveform of transformer at the moment of fault; (a) Fault current waveforms of the high and

(b)

medium voltage sides of the #2 transformer; (b) Waveform of current at the MV side of #1 transformer.

3.2 Transformer Test Conditions
3.2.1 Detection of Dissolved Gases in Oil

2 h after the transformer trip, take the transformer body C-phase winding side of the lower oil samples to
carry out oil chromatography: oil dissolved gas C,H, content 0£198.6 uL/L, H2 content of 663.7 uL/L, the total
hydrocarbon content of 476.2 uL/L. Transformer trip 24 h later, once again in the same location to take the
oil chromatograms, the characteristics of the other content is slightly reduced (Table 2).According to DL/T
722-2014. Guide to the analysis and the diagnosis of gasses dissolved in transformer oil, the contents of C2H2,

H2 and total hydrocarbons dissolved in the transformer oil have all exceeded the limit significantly [25].
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Table 2: #2 Main Transformer C-phase body Insulating Oil Chromatography.

Component Content (uL/L)

Sample Name
H, CO CO, CH, C,Hg GCH, GH, Total Hydrocarbon
November 3rd 663.7 605.7 5023.9 134.9 13.3 129.2 198.7 476.2
November 4th 413.4 475.2 4682.0 69.6 8.1 65.7 99.2 242.9

Oil samples were collected using a vacuum oil sampler (model: ZJ-100) from the lower part of the
C-phase winding side of the transformer body. The test was performed using an HP 7890A gas chromato-
graph with a detection limit of 0.1 uL/L. Each sample was analyzed for 45 min, including sample injection,
separation, and detection. The test environment temperature was 25 + 2°C, and the relative humidity was
less than 60%.

3.2.2 Diagnostic Tests

A short-circuit impedance test was carried out on the transformer, in which the test value of short-circuit
impedance of the center-to-low winding was 7.415%, and the difference from the initial value was —2.43%
(Table 3). The test was strictly implemented in accordance with DL/T 596-2021 Preventive Test Procedures for
Electric Power Equipment, and the specific operation procedure was as follows: (1) The transformer was in a
no-load state, and the non-tested winding was short-circuited at the outlet terminal; (2) The tested winding
was supplied with 50 Hz rated frequency alternating current, and the voltage was adjusted to make the tested
winding reach the rated current; (3) Record the stable voltage value U; and current value I; at the inlet end
of the tested winding; (4) Calculate the short-circuit impedance value according to Z; = U,/I;, and repeat the
test 3 times for each gear position, taking the average value as the final test result; (5) The test was carried
out at the ambient temperature of 25 + 2°C, and the test data was corrected to the reference temperature of
75°C in accordance with the standard to ensure the comparability with the initial test data.

Table 3: Short-circuit impedance test data.

High-Medium High-Low Medium-Low
Gear Initial Test Initial Value Initial Test Initial Value Initial  Test Initial Value
Position Value Value Difference Value Value Difference Value Value Difference
1 15.05 14.99 -0.40% 24.55 24.46 -0.37% - - -
9 14.18 14.35 1.20% 23.73 23.58 -0.63% 7.6 7.415 —-2.43%
17 13.8 13.83 0.22% 23.46 23.29 -0.72% - - -

The short-circuit impedance test was carried out using the voltage-drop method in accordance with
DL/T 596-2021. The test power supply was an AC 50 Hz variable voltage source with a rated current of 10 A.
Before the test, the instrument was preheated for 30 min to ensure stable operation. For each gear position,
the test was repeated three times, and the average value was taken as the final test result. The measurement
error of the test instrument is +0.01%.

The high-to-medium and high-to-low-voltage ratios of all the C-phase gears are increased by 15%-20%,
and there is no abnormality in the medium-to-low-voltage ratios. Low-voltage no-load test is conducted on
the low-voltage side, in which the current reaches 3.98 A when the ac phase is pressurized to 10.8 V, and the
current reaches 4.25 A when the bc phase is pressurized to 11.6 V, which is much higher than that of 0.347 A
when the ab phase is pressurized to 101 V (seeing Table 4).
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Table 4: Low-voltage no-load test.

Test Location Pressurized Terminals Shorting Terminal Voltage/V Current/A
a-b b-c 101 0.347
Low voltage side b-c c-a 11.6 4.25
a-c a-b 10.8 3.98

Comparison of pre-failure routine test and post-failure diagnostic test winding deformation data found
that the pre-failure high, medium and low voltage three-phase winding between the three phases of the
frequency response curve coincidence degree is high, the peaks and valleys corresponding to the amplitude
and frequency of basically the same; after the failure of the C-phase three-side three-phase winding, whether
it is a horizontal comparison of the A, B two-phase, or vertical comparison of the pre-failure C-phase data,
the frequency response curve in the mid-frequency and low-frequency band has a significant deviation.
The frequency response curve in the mid-frequency and low-frequency bands has an obvious offset, with
a low degree of coincidence, and there is no abnormality in the data of A and B-phase windings. The
frequency response test was implemented in accordance with DL/T 911-2016 Frequency Response Analysis
on Winding Deformation of Power Transformers, adopting the end-to-end test method, and the specific
procedure was as follows: (1) Disconnect the transformer from the power grid and discharge the winding
to the ground to ensure zero residual voltage; (2) Connect the test signal generator to the high-voltage
end of the tested winding, and connect the low-voltage end and the non-tested winding to the ground;
(3) Output 1~1 MHz sinusoidal sweep excitation signal, collect the voltage signal at the test end and the
reference end synchronously, and calculate the transfer function H (f) = Uyt (f)/ Uiy (f); (4) Complete
the frequency response test of A, B, C three phases in turn, and ensure the same test connection mode,
instrument parameters and ambient conditions for each phase test; (5) Use the correlation coefficient method
to compare the similarity of the frequency response curves before and after the fault, with the correlation
coefficient lower than 0.9 indicating a significant deviation of the winding characteristics.

The frequency response test was performed using a transformer winding deformation tester (model:
FRA-600) with a frequency range of 1-1 MHz. The excitation signal was a sinusoidal sweep signal with an
amplitude of 5 V. The data acquisition interval was 10 Hz per point, and the test duration for each phase was
15 min. The test was carried out under no-load conditions, and the winding terminals were connected in
accordance with the manufacturer’s specifications.

3.3 Comprehensive Diagnostic Analysis
3.3.1 Analysis of the Protection Situation

The No. 2 transformer differential protection recording shows that after the line tripping, the second
harmonic current of the C-phase longitudinal difference current of the MV side occurs at 10, 41, 52
and 170 ms, respectively, as shown in Fig. 7, of which 41 and 170 ms correspond to the two moments
of the line fault resection and transformer tripping, respectively, and at this time, the second harmonic
is the transformer’s internal because of the excitation inrush formed by the core of the magnetic flux in the
transformer reaching saturation. The second harmonic is caused by the saturation of the magnetic flux in the
core of the transformer. Related literature [16] shows that in the transformer in the inter-turn short-circuit
state, the core excitation saturation near the short-circuit turn, will produce the second harmonic inside
the winding, judging that the second harmonic in the 10 and 52 ms differential currents are related to the
inter-turn short-circuit and its development process, respectively.
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Figure 7: C-phase longitudinal difference current second harmonic generation time.

3.3.2 Variable Ratio Test Analysis

Ratio test results show that the C-phase HV- MV and HV-LV gearratios are increased by 15%-20%,
MV-low-voltage ratio results are normal, only from the surface of the data, it may be that the high-voltage
windings have anomalies, but through an in-depth analysis of the transformer electrical and magnetic circuit
structure, the transformer is judged to exist in the MV side of the turn-to-turn short-circuit, the analysis is
as follows:

Failure of the transformer high-voltage turns 750 turns, medium-voltage turns 412 turns, low-voltage
turns 62 turns, high-voltage winding turns to increase is impossible, if the short-circuit turns is caused by
the high-medium-voltage and medium-low-voltage ratio is the direct cause of the bias of the large, to be
satisfied at the same time the medium-voltage windings and low-voltage windings short-circuited between
the turns of the total turns of 15%-20% (medium-voltage short-circuit of about 60 turns, short-circuit low-
voltage of about 10 turns), the possibility of both the fault recording information or direct resistance test data
can not be supported, and the number of short-circuited turns within the coil fault is generally very small
(short-circuit between turns is 1, short-circuit between disks is 4). This possibility is not supported by either
the fault recording information or the direct resistance test data, and the number of short-circuited turns in
case of short-circuiting faults inside the coil is generally very small (1 for a turn-to-turn short-circuit, and 4
for a disk-to-disk short-circuit).

Therefore, the reasons for the increase of high-MV and high-low voltage ratio are analyzed as follows:
there is a short circuit between turns within the MV winding, when the number of short-circuit turns is
very small, the short circuit itself is very small on the straight resistance and ratio test, but the short circuit
is formed in the transformer MV winding short-circuit ring, due to the short-circuit ring at the two ends of
the winding isotropic, can be divided into short-circuit winding on the MV side of the winding and the non-
short-circuit winding, the short-circuit winding short-circuited at both ends, the non-faulty The short-circuit
winding is short-circuited at both ends, and the non-fault winding is open-circuited at both ends. Therefore,
the transformer phase C can be equivalent to a four-winding transformer consisting of high-voltage (HV)
winding, medium-voltage (MV) non-fault winding, short-circuit (SC) winding, low-voltage (LV) winding,
the number of winding turns were NH, NM-AN, AN, NL, as shown in Fig. 8.
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Figure 8: Schematic diagram of the effect of short-circuit loops on the variable ratio test.

When testing the high-medium winding ratio, the relationship between the measured ratio k7 and
the actual ratio kgp when the pressurized end is the high voltage side is shown in
Ny
Uy ————+Zc_g%-U
MRS

Un )

kr_pm
Ny
=———— +kgy - Zo—g%
Ny — AN | 1M Lot

~ kHM (1 + Zc—H%)

When testing the high-low winding ratio, when the pressurized end is the high voltage side, the
relationship between the measured ratio Ky gy and the actual ratio Ky is shown in

N
U - N_H +ZC—H%' Uy

Kr_gr = L U (2)
L

= kHL (l + Zc—H%)

When testing the medium-low winding ratio, the relationship between the measured ratio Kr.p, and

the actual ratio Ky is shown in when the pressurized end is the medium voltage side.
Ny — AN
U, -2 = 4 Z % Uy
Krowr = i 3)
T-ML U,

N kML (1 + Zc—M%)
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where: Z. ;% is the short-circuit impedance of the short-circuit winding to the high-voltage winding, Z. /%
is the short-circuit impedance of the short-circuit winding to the medium-voltage winding.

From the above equation, it can be seen that the measurement deviation of the ratios of the high-
medium and high-low windings is the same and is determined by Z..;%, and the measurement deviation of
the ratio of the medium-low winding is determined by Z,_ /%, whereas the short-circuit winding is embedded
in the medium-voltage winding itself, and there is almost no leakage of magnetism between the two windings,
and the corresponding Z. 5% is also very small. It can be seen that in the case of an inter-turn short-circuit
in the MV winding of phase C, the ratio of HV-MV and HV-LV increases, while the ratio of MV-LV changes
very little. Therefore, based on the results of the ratio test, it can be inferred that there is an inter-turn
short-circuit within the C-phase medium-voltage winding.

3.3.3 Frequency Response Method Winding Deformation and Short Circuit Impedance

From the frequency response method winding deformation data, the C-phase winding, whether
compared horizontally or vertically, in which the location of the peak and trough of the low-frequency band
changed significantly, according to DL/T911-2016 of China’s power industry standards [26], when the change
of the peak or trough of the low-frequency band “usually predicts a change in the inductance of the windings,
the A turn-to-turn short circuit may exist”

At the same time, the short circuit between turns inside the winding will change the leakage distribution,
that is, the short-circuit impedance will change. At this time, the short-circuit impedance change does not
mean that the winding must have deformation, but may be the leakage of magnetic changes caused by
the short-circuit impedance measurement error. Therefore, the change of short-circuit impedance in the
middle-low short-circuit impedance changes with the short-circuit between the disk caused by the leakage
of magnetic changes in the fault coincide.

3.3.4 Joint Diagnostic Criteria

The comprehensive diagnosis of turn-to-turn short circuit faults relies on the complementary infor-
mation from multiple test indicators. Oil chromatography analysis can quickly determine the presence of
electrical discharge faults; the variable ratio test and low-voltage no-load test can reflect the change in the
number of effective turns of the winding; the frequency response test and short-circuit impedance test can
detect the change in the magnetic circuit and leakage magnetic field. Only by integrating these test results and
combining the electromagnetic coupling mechanism can the fault location and cause be accurately identified.

3.4 Deconstruction and Inspection

According to the test and investigation, it was judged that there was a turn-to-turn short circuit on
the medium voltage side of the #2 transformer, and the #2 transformer was dismantled and inspected on-
site. Combined with the comprehensive diagnosis conclusion of multi-source test data, the disassembly
inspection focused on the C-phase medium-voltage winding, and the following typical fault phenomena
were found in turn:

There are insulation cracks in four pressure bowls on the top of the C-phase coils, and the insulation
paper at the bottom of one of the pressure bowls is completely broken and detached, as shown in Fig. 9a. The
top of each of the three-phase coils is equipped with 12 nails, 12 nails are arranged symmetrically on both
sides of the coil, and the position of the nails and the cracked bowls are arranged as shown in Fig. 9b, and
the 4 cracked bowls are located in the upper part of the medium-voltage winding.
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Figure 9: Installation and cracking of the pressure bowl. (a)The broken bowl. (b) The installation and cracking situation
of the bowl.

The windings were pulled out sequentially at the scene, and obvious discharge traces such as damage,
broken strands, deformation, carbonization, etc. were found in the middle of the C-phase MV-side winding,
as shown in Fig. 10a. This fault phenomenon is highly consistent with the conclusion of the frequency
response test that the “C-phase medium-voltage winding has low-medium frequency band curve deviation
and inductance change’, and also verifies the judgment of turn-to-turn short circuit fault in the medium-
voltage winding derived from the variable ratio test and low-voltage no-load test.

- o ) .: s :
Interdisk
short circuit

Figure 10: Inspection of medium-voltage windings. (a) Discharge position; (b) Short circuit between disks; (c) Broken
strands.

Strip the faulty winding inside, inspection found that the C-phase medium-voltage side of the winding
of the 59th disk to 61st disk occurred inter-disk short circuit, see Fig. 10b, 60th disk first turn within the first
half-turn conductor broken strand fault, see Fig. 10¢, the fault schematic diagram shown in Fig. 11.

According to the dismantling inspection, the first half-turn of the first turn of the 60th disk of the C-
phase medium-voltage winding has the most serious disconnection and damage, which is determined as
the initial fault location of the turn-to-turn short circuit. it is inferred that the location of the fault starting
position, in the external short-circuit current generated by the axial force of the 59th disk and 60th disk first
occurred between the two disk short-circuit, then induced a short-circuit fault with the 61st disk three disks.
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Figure 11: Schematic diagram of winding failure.

4 Failure Case and Diagnosis of High Voltage Winding
4.1 Fault Overview

On 24 June 2024, at 9:58:53, a 220 kV transformer carried out voltage regulation operation of 9-10
gears, and the gears were adjusted in place at 9:59:08. Fifty-one seconds later, the differential protection for
Transformers A and B operated, the Buchholz gas protection activated, and the circuit breakers on all three
sides tripped. 10 kV self-transmission correctly acted, causing no load loss. The weather was clear at the time
of failure.

4.2 Recorded Wave Inspection

There is no fault current in phase A and B of the high voltage side of this transformer, and there is no fault
current in the medium and low voltage side. The current in phase C of the high voltage side surges (4.196 A in
the secondary side, converted to 1.342 kA in the primary side) and there is a zero-sequence current (3.701 A
in the secondary side, converted to 1.184 kA in the primary side), and the fault current reaches the value of the
action of differential protection, and the transformer protection A set and B set are correctly operated. The
secondary voltage of phase C on the high-voltage side dropped to 57.15 V (converted to primary 125.73 kV),
and phases A and B were 59.81 V (converted to primary 131.58 kV). Combined with the main transformer
non-electricity body weight gas, body pressure release action, analyze the fault point in the main transformer
internal high-voltage side C phase. Fault wave recording is shown in Fig. 12.
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Figure 12: Recorded current waveform of main transformer A set protection.

4.3 Fault Diagnosis Test Analysis

After the failure, oil samples were taken from the middle and lower parts of the #2 main transformer
body and the on-load tap-changer, and oleochemical tests were carried out. It was found that the oil
chromatographic data of the middle and lower parts of the main transformer body were unqualified, and that
the acetylene in the oil was seriously exceeded (47.63 uL/L in the lower part, 55.88 puL/L in the middle part),
and the three-ratio value coded 102, which was judged to be an electric arc discharge. On-load tap-changer
oil chromatographic data hydrogen in oil exceeds the standard with no acetylene.

Diagnostic tests are conducted, and the items include insulation resistance of the winding together with
the casing, dielectric loss and capacitance of the winding together with the casing, transformation ratio, DC
resistance, insulation resistance of the iron core and clamping parts, low-voltage short-circuit impedance,
low-voltage no-load test, and deformation test of the winding by frequency response method. The details are
as follows:

(1) Frequency response method of winding deformation test. The low frequency correlation of high,
medium and low winding of phase C does not meet the standard requirements, the correlation of high
and medium frequency bands meets the requirements, and there is no abnormality in the data of the
winding of phase A and B. Winding deformation low frequency band abnormality usually predicts the
change of inductance.

(2) Variable ratio test. The phase A and B voltage ratio is normal, while HV to MV and HV to LV phase C
data are abnormal; MV to LV test is unable to be measured due to current overload; the data is shown
in Table 5.
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(3) The no-load current of phase C is large, exceeding the requirement of “the difference of no-load
current should not exceed 10%” in Q/GDW 1168-2013 “Test Procedures for Conditional Maintenance of
Transmission and Substation Equipment”. Analyze the existence of a short-circuit loop in the C-phase
winding, resulting in a large no-load current.

(4) Winding insulation, DC resistance, dielectric loss, and capacitance test data are normal.

Table 5: Example 2: variable ratio test.

Placement Phase A Phase B Phase C
HV-MV 1.975 1.976 4.32
HV-LV 12.64 12.64 27.63
MV-LV 6.41 6.40 -

According to the diagnostic test results and the established expert diagnosis system, in the event of a
turn-to-turn short-circuit, the HV winding to MV winding ratio and high-voltage winding-to-low-voltage
ratio offset are determined by the short-circuiting turn-to-high-voltage winding leakage magnetism (i.e.,
Z..11%), whereas the medium-voltage winding-to-low-voltage winding ratio is determined by the short-
circuiting turn-to-medium-voltage winding leakage magnetism (i.e., Z..\1%), and therefore it is judged that
a turn-to-turn short-circuit exists in the C-phase winding, and combined with the fault recording, the fault
point is in the high-voltage winding, and it is judged that the turn-to-turn short-circuit is in the C-phase
high-voltage side. Therefore, it is judged that the C-phase winding is short-circuited between turns (cakes),
and combined with the fault recording, the fault point is in the high-voltage winding, and it is judged that
the short-circuited between turns (cakes) is in the high-voltage side of the C-phase. As the DC resistance
test is qualified, it is judged that the short-circuit between turns (cakes) is in the regulator winding on the
high-voltage side of the C phase [27,28].

4.4 Disintegration Inspection

According to the test and investigation, the transformer regulator winding was judged to have an inter-
turn short circuit, and the transformer was disassembled and inspected on the spot. Inspection found that
the transformer C-phase regulator coil is seriously damaged, with coil deformation of large areas, scattered,
in the upper part of the two discharge traces found, judging the fault regulator winding occurred in the turn-
to-turn short-circuit discharge, dismantling and inspection verified the validity of the diagnostic analysis,
show in Fig. 13.
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Figure 13: Location of the interturn short circuit fault.

5 Conclusion

This paper gives the electromagnetic coupling model of turn-to-turn short circuit inside the trans-
former, establishes the expert analysis system of transformer turn-to-turn short circuit diagnostic test, and
verifies the accuracy of the model through the analysis of two fault cases.

The results show that after the occurrence of the fault, due to the different test data appear to be certain
different indications, which interfere with the judgment of the fault cause and location. A single test method
can only reflect a certain aspect of the fault characteristics and cannot make an accurate and comprehensive
judgment of the transformer internal fault state; it is necessary to take the fault trigger source (external
short-circuit impact) as the starting point, combine the transformer internal electromagnetic circuit fault
mechanism, and integrate the multi-dimensional diagnostic test data (including oil dissolved gas analysis,
electrical test, fault recording, etc.) for systematic comprehensive analysis, so as to accurately lock the fault
winding and determine the specific fault location.

It should be noted that the current research is limited by the number of actual fault cases, and the
verification of the proposed method is mainly focused on C-phase turn-to-turn short circuits. For faults in
A-phase, B-phase, and different winding locations, further verification with more actual cases is needed. In
future research, we will collect more fault data, optimize the diagnostic method, and explore the integration
of Al algorithms to develop a real-time fault diagnosis system, so as to provide more efficient and economical
technical support for transformer fault handling and maintenance.
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6 Discussion on Fault Diagnosis Extension and Future Prospects
6.1 Limitation of Current Fault Case Coverage

The comprehensive diagnostic method proposed in this paper is verified based on two actual cases of
turn-to-turn short circuit faults (one in the medium-voltage winding and one in the high-voltage winding,
both in C-phase). Due to the low occurrence probability of transformer turn-to-turn short circuit faults
and the difficulty in collecting complete on-site test data and disassembly results, the current research lacks
sufficient actual engineering cases involving faults in A-phase, B-phase, and different winding locations
(upper, lower parts of the winding). Therefore, the applicability of the proposed method to faults in other
phases and locations has not been fully verified through actual cases.

6.2 Prospects for Fault Diagnosis in Different Phases and Locations

For turn-to-turn short circuit faults in different phases (A-phase, B-phase), the core electromagnetic
mechanism remains consistent: the short-circuit loop formed by the fault will change the effective number
of winding turns, distort the internal magnetic circuit, and thus affect test indicators such as oil dissolved gas
content, short-circuit impedance, variable ratio, and frequency response curve. In future research, we will
focus on collecting on-site fault data of transformers with A-phase and B-phase turn-to-turn short circuits,
and verify whether the diagnostic criteria established in this paper (such as C,H, content exceeding the
alarm threshold, short-circuit impedance variation exceeding +2%, frequency response curve deviation in
low-medium frequency band) are equally applicable to these faults. For faults in different winding locations
(upper, lower parts), the distribution of leakage magnetic field and the degree of winding deformation may
differ, leading to differences in the sensitivity of each test indicator. We will collect relevant fault cases
to analyze the variation characteristics of key indicators under different location faults, and optimize the
diagnostic weight of each indicator to improve the accuracy of location identification.

6.3 Prospect of AI-Based Real-Time Diagnosis System

In response to the demand for rapid fault identification after transformer tripping, future research
will focus on integrating the diagnostic indicators proposed in this paper (oil chromatographic parameters,
short-circuit impedance variation, variable ratio deviation, no-load current ratio, frequency response curve
characteristics) with Al algorithms. We plan to use machine learning models such as random forest and deep
learning to train a multi-dimensional fault diagnosis model based on a large amount of fault data. This model
will realize the following functions: (1) Real-time acquisition of fault recording data (phase voltage, phase
current), on-site test data, and oil chromatographic data after the transformer trips; (2) Automatic analysis of
the variation of each diagnostic indicator, and rapid identification of the fault phase, location, and type; (3)
Display of diagnostic results in real time, providing clear maintenance suggestions for power grid operators.
This system will help reduce the time cost of fault diagnosis and maintenance, and improve the economic
efficiency of transformer renewal and operation for suppliers and power grid enterprises.

6.4 Summary

The current research provides a feasible comprehensive diagnostic method for transformer turn-to-
turn short circuit faults based on existing cases, which takes the electromagnetic coupling principle as the
theoretical basis and multi-source test data fusion as the core means. The practical application of two actual
cases shows that this method can effectively solve the problem of inconsistent fault indications of a single
test, and the diagnostic conclusion can be highly matched with the on-site disassembly inspection results. In
the future, we will address the limitation of insufficient case coverage, further expand the application scope
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of the method, and explore the integration with AI technology to enhance the real-time and practicality of
fault diagnosis, making greater contributions to the safe and reliable operation of the power grid.

Acknowledgement: The authors acknowledge the Science and Technology Project of State Grid (Grant: 5500-
202455344 A-2-1-ZX and 52182025000M).

Funding Statement: This research was funded by the Science and Technology Project of State Grid, grant number
5500-202455344A-2-1-ZX and 52182025000M.

Author Contributions: Conceptualization, Tao Tong; methodology, Peng Wang; validation, Chen Cao; formal analysis,
Tao Tong; investigation, Ke Wang; resources, Tao Tong; data curation, Xiaolin Zhao; writing—original draft preparation,
Tao Tong; writing—review and editing, Zhigang Zhao; visualization, Tao Tong; supervision, Xincai Ming; project
administration, Tao Tong; funding acquisition, Tao Tong. All authors reviewed and approved the final version of
the manuscript.

Availability of Data and Materials: The original contributions presented in this study are included in the article.
Further inquiries can be directed to the corresponding author.

Ethics Approval: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Leal HGG, Meira M, Bossio GR, Ruschetti CR, Verucchi CJ. Inter-turn short-circuit detection through differential
admittance monitoring in transformers. IEEE Trans Instrum Meas. 2024;73:1-8. doi:10.1109/tim.2024.3390202.

2. Moradzadeh A, Moayyed H, Mohammadi-Ivatloo B, Gharehpetian GB, Aguiar AP. Turn-to-turn short circuit
fault localization in transformer winding via image processing and deep learning method. IEEE Trans Ind Inform.
2022;18(7):4417-26. d0i:10.1109/T11.2021.3105932.

3. Glazyrin G, Mitrofanov N, Rusina A, Fyodorova V, Arestova A. Simulation of transients in an autonomous power
system considering the generator and transformer magnetic core saturation. Energy Rep. 2023;9(12):444-51. doi:10.
1016/j.egyr.2022.11.031.

4. LiZ,Sun W, Li D, Chen D, Cai L, Yang X, et al. Research on electromagnetic vibration and noise of transformer
under short circuit conditions. AIP Adv. 2025;15(3):035018. d0i:10.1063/5.0248074.

5. LiX, Yang C, Shuai Y, Wu D, Zhang Z, Yang L. Experimental methods and equivalence research on inter-turn short
circuits in power transformers. Energies. 2025;18(20):5453. doi:10.3390/en18205453.

6. Ding H, Zhao W, Diao C, Li M. Electromagnetic vibration characteristics of inter-turn short circuits in high
frequency transformer. Electronics. 2023;12(8):1884. doi:10.3390/electronics12081884.

7. Arehpanahi M, Orouji A, Meshgin Kelk H. An improved online minor turn-turn winding fault diagnosis in
a single-phase transformer based on instantaneous induced voltages and primary current locus. Measurement.
2024;226(1):114153. d0i:10.1016/j.measurement.2024.114153.

8. Shanmugam N, Madanmohan B, Rajamani R. Influence of the load on the impulse frequency response approach
based diagnosis of transformer’s inter-turn short-circuit. IEEE Access. 2020;8:39454-63. doi:10.1109/ACCESS.
2020.2976157.

9. Zhang X, Du Q, Ma C, Ma S, Xu J, Geng H, et al. Nd-Fe-B permanent magnet generator and voltage stabilizing
control technology for vehicles. Adv Mech Eng. 2016;8(9):1687814016669637. doi:10.1177/1687814016669637.

10. DL/T596-2021. Preventive testing regulations for power equipment. Beijing, China: National Energy Administra-
tion; 2021. (In Chinese).

1. Han M, Zhu M, Gu Z, Zhang Q, Zhao R, Liu H. Investigating pressure patterns in transformer tanks after an
interturn short circuit: a finite element approach. Energies. 2024;17(3):564. doi:10.3390/en17030564.


https://doi.org/10.1109/tim.2024.3390202
https://doi.org/10.1109/TII.2021.3105932
https://doi.org/10.1016/j.egyr.2022.11.031
https://doi.org/10.1016/j.egyr.2022.11.031
https://doi.org/10.1063/5.0248074
https://doi.org/10.3390/en18205453
https://doi.org/10.3390/electronics12081884
https://doi.org/10.1016/j.measurement.2024.114153
https://doi.org/10.1109/ACCESS.2020.2976157
https://doi.org/10.1109/ACCESS.2020.2976157
https://doi.org/10.1177/1687814016669637
https://doi.org/10.3390/en17030564

20

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Energy Eng. 2026;123(10):21

Becker C, Da Luz MVE, Leite JV. Design of a transverse flux permanent magnet generator using a reluctance circuit.
IEEE Access. 2021;9:145161-74. doi:10.1109/ACCESS.2021.3119567.

He D, Jia Z, Lin Z, Luo H, Miao B, Gan L, et al. Pre-diagnosis technology for short-circuit withstand capability of
distribution transformer based on big data. Int ] Emerg Electr Power Syst. 2022;23(1):1-10. doi:10.1515/ijeeps-2020-
0155.

Zhang X, Yang K, Zheng L. Transformer fault diagnosis method based on TimesNet and informer. Actuators.
2024;13(2):74. doi:10.3390/act13020074.

LiuY, Yu M, Wang ], Bao P, Zu W, Deng Y, et al. Fault diagnosis method for excitation dry-type transformer based
on multi-channel vibration signal and visual feature fusion. Sensors. 2025;25(24):7460. doi:10.3390/525247460.
Ahmadi SA, Sanaye-Pasand M, Abedini M, Samimi MH. Online sensitive turn-to-turn fault detection in power
transformers. IEEE Trans Ind Electron. 2022;69(12):13555-64. d0i:10.1109/TIE.2022.3140504.

Emadaleslami M, Azzouz M, Moradzadeh A. Differential fault diagnosis in power transformers under limited data
condition via few-shot learning. IEEE Trans Ind Inform. 2025;21(11):8727-38. doi:10.1109/T11.2025.3586057.
Kumar A, Bhalja BR, Kumbhar GB. Novel technique for location identification and estimation of extent of turn-
to-turn fault in transformer winding. IEEE Trans Ind Electron. 2023;70(7):7382-92. doi:10.1109/T1E.2022.32013009.
Abbasi AR, Mahmoudi MR. Application of statistical control charts to discriminate transformer winding defects.
Electr Power Syst Res. 2021;191(3):106890. doi:10.1016/j.epsr.2020.106890.

Zhao Z, Chen E Lan P, Peng Y, Yin X, Dong X. How to mine the abnormal information of power trans-
formers: an efficient tool for quantifying the fault characteristics via multi-vibration signals. Adv Eng Inform.
2024;62(10):102561. d0i:10.1016/j.aei.2024.102561.

Arumugam S. Investigations on using white noise as a test signal for performing frequency response measurements
on transformers. Electr Power Syst Res. 2022;202(18):107586. d0i:10.1016/j.epsr.2021.107586.

LiH, Shi T, Yan Y, Xia C. A method of prior feature extraction based on successive sparse estimation for inter-turn
short circuit faults in PMSM. Adv Eng Inform. 2025;68(23):103799. doi:10.1016/j.a€1.2025.103799.

Ou Q, Luo L, Li Y, Han R, Peng Y. An improved radial buckling analysis method and test investigation for power
transformer under short circuit impact. IEEE Trans Power Deliv. 2023;38(4):2854-63. doi:10.1109/TPWRD.2023.
3264249.

Zhao X, Wu G, Yang D, Xu G, Xing Y, Yao C, et al. Enhanced detection of power transformer winding faults through
3D FRA signatures and image processing techniques. Electr Power Syst Res. 2025;242(2):111433. doi:10.1016/j.epsr.
2025.111433.

DL/T 722-2014. Guide to the analysis and the diagnosis of gasses dissolved in transformer oil. Beijing, China:
National Energy Administration; 2014. (In Chinese).

DL/T 911-2016. Frequency response analysis on winding deformation of power transformers. Beijing, China:
National Energy Administration; 2016. (In Chinese).

Yang X, Chen W, Li A, Yang C, Xie Z, Dong H. BA-PNN-based methods for power transformer fault diagnosis.
Adv Eng Inform. 2019;39(2):178-85. d0i:10.1016/j.a€i.2019.01.001.

Abbasi AR, Parkash C. Innovative diagnosis of transformer winding defects using fuzzy and neutrosophic cross
entropy measures. Adv Eng Inform. 2025;65(2):103196. doi:10.1016/j.aei.2025.103196.


https://doi.org/10.1109/ACCESS.2021.3119567
https://doi.org/10.1515/ijeeps-2020-0155
https://doi.org/10.1515/ijeeps-2020-0155
https://doi.org/10.3390/act13020074
https://doi.org/10.3390/s25247460
https://doi.org/10.1109/TIE.2022.3140504
https://doi.org/10.1109/TII.2025.3586057
https://doi.org/10.1109/TIE.2022.3201309
https://doi.org/10.1016/j.epsr.2020.106890
https://doi.org/10.1016/j.aei.2024.102561
https://doi.org/10.1016/j.epsr.2021.107586
https://doi.org/10.1016/j.aei.2025.103799
https://doi.org/10.1109/TPWRD.2023.3264249
https://doi.org/10.1109/TPWRD.2023.3264249
https://doi.org/10.1016/j.epsr.2025.111433
https://doi.org/10.1016/j.epsr.2025.111433
https://doi.org/10.1016/j.aei.2019.01.001
https://doi.org/10.1016/j.aei.2025.103196

	Electromagnetic Coupling and Diagnostic Test Analysis of Power Transformer Turn-to-Turn Short Circuit
	1 Introduction
	2 Power Transformer Inter-Turn Short Circuit Diagnosis Analysis
	3 Failure Case and Diagnosis of Medium Voltage Winding
	4 Failure Case and Diagnosis of High Voltage Winding
	5 Conclusion
	6 Discussion on Fault Diagnosis Extension and Future Prospects
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


