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DIFFERENTIAL PROTECTION OF POWER TRANSFORMERS BASED ON NEGATIVE
SEQUENCE CURRENTS DETECTION
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ABSTRACT: Due to the current increase of electrical power consumption from the mining equipment, followed by corresponding increase of fault current the
subsequent damage and deterioration of reliable power supply have to be expected. In order to reduce the damage caused by internal faults and to prevent cases of
false operations, protection devises with high sensitivity, selectivity and minimal operation time are required. Solution to the problems of differential protection relay
sensitivity and speed requires the selection and validation of informative parameters from the operating signals of relay protection followed by development of internal
damage detection algorithms and evaluation of tripping. This paper represents the dynamic current signals analysis using the generalized symmetrical components.
The dynamic behavior of positive and negative sequence amplitudes of the differential currents for the cases of internal and external faults, transformer inrush
currents and the supply voltage was studied. Analysis of relation between positive and negative sequence amplitudes of the differential currents for cases of various
transients in power transformer allowed formulating algorithm for inter turn fault detection. On the basis of the phase shift between the negative sequences
components of the first harmonic of currents in transformer high and low voltage was formulated. Developed and tested model of differential protection based on
phase criteria, have the sensitivity 0.1% of the transformer rated current, which corresponds to 1% of the short-circuited turns of transformer winding. Time of the
computation by protection device does not exceed the half of supply voltage period.

Key words: differential protection, transformer, negative sequence.
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PE3IOME: opaan 3acuneHoto noTpebrnieHne Ha enekTPOEHepTs OT MUHHOTO 0BOpyABaHe, NOCMEABAHO OT CLOTBETHOTO yBeNW4aBaHe Ha TOK Mpy MoBpefa,
TpsiGBa ja ce oYaksa M NocneABalla NoBpeaa v BRoLLaBaHe Ha HAIeXHOTO eNlekTpo3axpaHBaHe. 3a fa ce HaMarnsT WeTUTe OT BLTPELUHU KbCY ChefIMHEHHS 1 4a Ce
MpedoTBpaTAT clyyau Ha (haniumeu paboTHU onepaLuy, Ca HYXHW Npesnastu YCTPOCTBA C BUCOKA YYBCTBUTENHOCT, M3GMPATENHOCT U MUHMMANHO Bpeme 3a
paGoTa. PeluaBaHeTo Ha MpoBnemMuTe C YyBCTBUTENHOCTTA M CKOPOCTTA Ha peneTata 3a AudepeHUManta 3aluuTa uavckea noabupaHeTo W BanuaupaHeTo Ha
WH(OPMATVBHW MapameTpu OT paGoTHUTE CUrHanmW Ha MPEeanasHoTo pene, NOCMeACTBaHN OT pa3paboTBaHETO Ha BBLTPELUHM anropuTMU 3a pasriosHaBaHe Ha
noBpesarta W OLEHKA Ha MPeKbCBAHETO Ha 3axpaHBaHeTo. [JoknadbT MPeAcTaBsi aHanus Ha AMHAMAYHW TOKOBW CUTHanM, M3nomnasaitkv 0GOBLIEHM CAMETPUYHN
KOMNOHEHTU. Pa3rneaaHu ca AMHaMUYHOTO MOBEAEHWE HA MONOXUTENHW W OTPULATENHM aMniMTyaM Ha BepuraTta oT AvdepeHuManHu TokoBe Mpu Cryvayu Ha
BBTPELLHN 1 BBHLUHN KbCH CbeAMHEHIS, OTCKOKA Ha Toka MpW TpaHCHOpMaTopy M 3axpaHBaLLOTO HanpexeHue. AHanu3bT Ha Bpb3akata Mexay MONoXUTENHUTE U
OTPULIATENHUTE aMNNUTYOW Ha Bepurata OT AMepeHUManHu TOKOBe MpW CRyvan Ha pasfuuHM MPOMEHNMBM B 3axpaHBalUns TPaHCHOpMAaTop MO3BOMsBa
(hOPMYNMPAHETO Ha anropuTbM 3a YCTAHOBSIBAHE HA MEXIyHABMBKOBO KbCO CbeauHeHMe. Bb3 OcHOBA Ha cMsHata Ha (pasuTe Mexay KOMMOHEHTUTe Ha
oTpULiaTenHaTa Bepura Ha mbpBaTa XapMOHU4Ha (hYHKLWS Ha TokoBeTe B TpaHcdopmaTtopa, ce (popMynMpaT BUCOKOTO U HUCKOTO HarmpexeHue. PaspaboTeHmsT u
TecTBaH MoAen 3a AudepeHLManta 3aluTa, OCHOBaH Ha KpuTepusi thasa, uMa YyBcTauTenHocT 0.1% OT HOMUHaNHUS TOK Ha TpaHC(opMaTopa, KOETo CbOTBETCTBA
Ha 1% OT CbeaMHEHUTE Ha KbCO HaMOTKW Ha TpaHcdopmaTopa. BpemeTo 3a M3uMcnsiBaHe C NPeanasHyu YCTPoCTBa He HafiBWLiaBa MonoBiMHaTa OT nepuosa Ha
38XPaHBALLOTO HanpexeHue.

KntouoBu gymu: audepeHumanta saluTa, TpaHcopmaTop, OTpULATENHA Bepura.

Introduction advent of the three-phase asymmetry of the system outside the
protected zone.

Power transformers are critical elements of the electric power

System7 which |arge|y affect the efﬁciency and re||ab|||ty of ThUS, during the examination of 9302 transformers rated at
power supply of consumers. However, the transformer 110kV by power company UES Russia in the year 2009 the
reliability is not sufficient to ensure continuous operation of ~ number of recorded accidents reached 542, and in 320 cases
plants. This is due to the imperfection of relay operation. transformer failures were caused by windings turn-to-turn
Disadvantages are manifested in the refusal of the relay if faults. In another test group of 3020 transformers rated from 35
there is an internal fault in the transformer and in unjustified to 110kV protection devices failed to operate properly in 168
tripping due to the emergence of false signals caused by the cases per year (Konovalova E.V., 2003). According to CIGRE
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statistic, failures or false tripping of protective devices take
place in every three cases out of a hundred.

In connection with the current trend of growing capacity of
mining equipment, the negative consequences of failing the
relay performance will lead to further vulnerability of power
transformers due to a corresponding increase in fault currents
leading to a large-scale damage to the transformer.

In order to reduce the damage along with preventing the
shutdowns of equipment due to false relay operations,
protection devices should have high level of sensitivity and
selectivity to detect the fault at early stages of its development
in the background of noise signals along with the necessity of
short response time 5 - 14ms (Alexsandrov A.M., 2011) to
exclude the melting of short circuited turns.

The most widespread digital differential relays use
percentage linear-wise restraint curves that are characterized
by threshold of sensitivity 20-30% of rated transformer current.

This value of threshold is too large for detecting the initial stage
of the fault which is accompanied by differential current less
than 5% of rated current.

To meet the stringent requirements of sensitivity and
selectivity digital differential relays start to use special handling
of current signals designed to identify the components that are
more sensitive to internal defects and less sensitive to false
differential currents (Gaji¢ Z. et al., 2005; Abniki H. et al., 2010;
Guzman A. et al., 2011).

The paper considers analysis of power transformer currents
under various conditions of operation, including inner and outer
faults, on the basis of generalized symmetrical components
and working out of differential relay algorithm that uses
amplitude and phase criteria of tripping

Modeling the power transformer performance
under different operational conditions

Analysis of power supply system and differential relay of the
power transformer 35\6kV, 6MVA (Fig.1) has been carried out
with assistance of computer models built up in Simulink
MatLab environment. Transformers, lines, breakers and faults
outside the protected zone were modeled with appropriate
elements from SimPowerSystems library. Internal faults were
reproduced by a short-circuiting of taps of the transformer
windings.

''''''''''''''''''''''''''''''' Power distribution
Y/D-11 system
—
E—
Protection|, " | Correction
device block -

tripping ]
signal

Fig. 1. Differential protection system of a power transformer

In order to compensate for amplitude and phase differences
between current transformers outputs i =[i,, i, ]
E = [iza
normal modes of operation close to zero the protection device

i;c]l and to make a differential current in
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involves a correction block that implements transformation
i, > i, [5] so that differential current i, =i —i; in ideal case

would be equal to zero. However, input signals of the
protection device are unbalanced due to the following reasons:
errors of current transformers CT1, CT2, imprecision of
amplitude and phase correction of currents |1,|2 , finite value of

the power transformer excitation current, no constant value of
a transformation ratio due to regulation of output voltage of the
power transformer via switching taps of windings. Finite value

of the differential current of a healthy transformer | :m

defines the lower limit of detecting internal faults.

Conditions of tripping may occur for a healthy transformer in
some power system operational modes such as energizing the
transformer with inrush currents, increase in an input voltage,
switching off a damaged line etc. Elimination of tripping in case
of false differential currents is achieved by several methods
using for instance comparison of spectrum of real and false
differential currents currents (lvanchenko D.l., Shonin O.B.,
2012; Guzman A. et al., 2000).

In the protection device (Fig. 1) the analysis of input signals
i,,i; and differential signal i, =i —i; has been carried out on

the basis of their decomposition into series of generalized
symmetrical components of positivei® (t), negative i (t)

and zero i (t) sequences (Haque M.T., Hosseini S.H.,

2001). The applied method covers analysis of asymmetrical
no sinusoidal currents and three-phase transient processes.

The analysis has been implemented with assistance of a 3-
phase sequence analyzer block which includes a Fourier
analysis over a sliding window of one cycle of the specified
frequency that is used for three input signals processing.
Harmonics phasors derived from a windowed Fourier transform
are functions of time due to sliding a window by different
fragments of a signal with a complex form. lllustration of
Fourier analyzer data as applied to the inrush current j_(t)in

phase a is given in Fig. 2.
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Fig. 2. Spectrum of inrush current at the beginning of transient process -
a) and in a steady state mode - b)

At the beginning of the transient process the current’s
spectrum consists of a DC — component, odd and even
harmonics (Fig. 2a) while in a steady state (Fig. 2b) it has only
odd components. Because spectra of currents i_(t),i (t),i_(t)

are different, a set of 3-phase signals of each harmonic K is
unbalanced and can be decomposed into symmetrical

componentsi(*(t), i (t) andi(® (t) characterized by time-
dependent phasors | W(t), [6) (), 119 (t)ywhich are outputs of
3-phase sequence analyzer.



An example of reproducing negative sequence currents of
harmonics k =1,2,4of inrush currents is shown in Fig. 3.

The purpose of a power transformer study is to reveal the
peculiarities of amplitude and phase relationships between
dynamic phasors of symmetrical components of differential
current of fundamental harmonic in order to increase in the
relay’s sensitivity and to facilitate the discrimination between
useful and false signals. Data used for analysis are amplitudes
and phases of first harmonic’s symmetrical components of the
protection device input currents and the same components of
differential current obtained at the advent of different kinds of
the 3-phase system S asymmetry
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Fig. 3. Negative sequence components of first (1), second (2) and forth
(3) harmonic of the transformer inrush current

An amplitude criterion for tripping the
transformer with internal faults

Comparative analysis of positive and negative sequences of a
differential current has been carried out for the following
modes: short circuiting of w,_ turns of the secondary winding

w, in the range B=W, /W, =0.01,0.02,0.050.1,

energizing a no loaded transformer, increment of input voltage,
phase-to-phase short circuiting outside the protected zone It
was found that the ratio of amplitudes of negative |()and

positive Im sequences is sensitive to the type of 3-phase

asymmetry.

Results of simulation demonstrate (Fig. 4) that an internal
fault such as short-circuiting 5% turns of the secondary winding

leads to asymmetrical 3-phase differential currents i__,i,, , i, in

contrast to the form of a healthy transformer excitation current
which is a part of an unbalanced differential current.
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Fig. 4. Three-phase differential currents due to turn-to-turn short-
circuiting 5% of the secondary winding in the background of healthy
transformer excitation currents

Fig. 5 shows instantaneous curves of negative and positive
components of a differential current (Fig. 5a) and changing of
amplitudes of corresponding sequences resulted from internal
short circuiting (Fig. 5b). As it is seen from Fig. 5a the negative
sequence component (curve 2) of the unbalanced differential
current is negligibly small as compared to a positive one
(curve 1). This is due to a filtering effect of decomposing the
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current into symmetrical components which results in changing
the number of harmonics in compared currents from

k=123,57...to k =51117... and this leads to an appropriate
decrease in RMS value.
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Fig. 5. Instantaneous current’s forms of positive (1) and negative (2)
sequences - a) and their amplitudes’ change because of internal short
circuiting

Fig. 5b shows that amplitudes of negative and positive
components are practically equal so that | ) = 1) /10 ~1
This value of ratio () keeps valid if the number of short

circuited turns is more than two percent, i.e. if g >0.02.

Results of simulation for other modes of the transformer
operation in the form used in Fig. 4 and Fig. 5 have shown that
relationship 1) ~1 is not the case for false differential

<05.
The inequality frgf) <1 in varying degrees holds for other types
of false differential currents: in case of external fault1 ) < 0.4,
in case of 30% increment of input voltage 1) < 0.2.

currents. For instance, for inrush currents we have fr(n*)

To use the obtained results for internal fault identification it is
helpful to refer to a complex informative parameter expressed
in the form (1):

() (i)

1+ (IF

Dynamics of the parameter behavior during different kinds of
faults is shown in Fig. 6.
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Fig. 6. A threshold value (5) and amplitude criteria behavior for the
transformer over-voltage (1), transformer energizing (2), external fault (3),
inter-turn fault in the transformer winding (4).

Examination of curves allows identifying two regions of the
relay operation relatively to a threshold value S, = 0.05. An

area of the relay operation due to internal faults is defined by a
condition G(i{)<s, . Another area G(i\)> s, corresponds

to false differential currents caused by external faults, inrush
currents, transformer over excitation etc. In this case relay
operation is blocked. Algorithm of digital protection relay
operation based on revealed amplitude relations between
negative and positive components of the transformer
differential currents is presented in Fig. 7.
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Fig. 7. Block-diagram of the algorithm for detecting internal faults in a
power transformer

Seqfilter

Detecting internal faults of the transformer on
the basis of a current's phase shift angle
criterion

The distribution of currents in equivalent circuits for
symmetrical components depends on whether an equivalent
voltage source is located in the protected zone or not.
Consequently, a phase shift between transformer currents of
negative sequence should be sensitive to the location of the
fault relatively to the protected zone (Gaji¢ Z. et al., 2005;
(Ilvanchenko D.l., Shonin O.B., 2012).
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Fig. 8. The phase shift angle between the negative sequences of first
harmonic of currents in case of internal fault — a) and in case of input
voltage increment - b)

Substantiation of a phase angle criterion for detecting internal
faults of power transformer has been conducted via
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measurement and analysis of a phase shift between negative
sequence components of the transformer input and output
currents y, =y —y) . Indexes 1, 2 relate to high and low

voltage sides of the transformer, respectively. The phase shift
was determined by means of two blocks «Sequence Analyzer»
and a block «Summer». Results of simulation have shown that
at internal faults the phase shift angle is ,, =135°(Fig. 8a).

In ideal, RL elements-free network, the phase shift becomes
close to y,, =180°. This reflects the fact that the fictitious

sources of negative sequence voltage are at the point of
occurrence of the asymmetry of the three-phase system within
the protected zone. In this case, the transformer currents
caused by these sources will have opposite directions. In case
of energizing the transformer an average value of the phase
shift angle is y,, =-20°, in case of primary winding

overvoltage - y,, = —80° (Fig. 8.b)

The obtained results show that measuring the phase angle
between the negative sequences of the transformer phase
currents enables to construct a criterion of internal fault's
detection in the form of an inequality 125° < y,, < 235°which

has been used in a digital relay algorithm shown in Fig. 9.

- AD Neg Seq dizseic
i | comverter filter S
vt

Fig. 9. Structural diagram of a transformer's differential relay based on
the phase criterion of internal faults detection.

Consider the algorithm for measuring the phase shift between
the currents of negative sequences. The phase criterion for
relay operation can be rewritten as follows: Wl >v, where

w, =125° is a threshold value. Conversions of negative

sequence signals, the phase shift measurement and
comparison of obtained results with the threshold are
represented in fig. 10.

i,
- 0=
i

Fig. 10. Calculation of trapping’s signal for a case of the transformer’s
internal fault with 4% short-circuited turns in secondary winding



In order to illustrate operation of the protection algorithm
Fig. 10 shows several cycles of measurement cycles and
generation of tripping signals without energizing the circuit
breakers. In order to measure the phase shift between
negative sequence components of input signals of the
protection devicei)(t), i{")(t) the signals are converted into a

sequence of bipolar rectangular pulses | pl(t), | pz(t) according

to the formula:

1L i >1s,

I, (=10, —Is, <if” <lIs,,
-1, i <-ls, 2)
Loiy) > s,

1, (t)=10, —Is, <i{ <Is,

i
-1 i, <-ls,

The protection algorithm activation threshold Is, corresponds
to 1% of short circuited secondary winding turns.

The difference between signa|3|p](t),| (t) is converted

p2
into a sequence of rectangular pulses of unit amplitude Cft) in
accordance with the expression:

L lu®-1,0m=2
0, |Iu®—1,()#2

C, (0= ©

The duration of the signal C(t) corresponds to the time
interval during which the signals il)(t), i{)(t) in any half-
cycle are of opposite signs.

Integration of the signal C(t) over half a period
T, =T/2gives the value of a phase shift . . If the calculation
of the time delay AT and corresponding phase angle y,, is
performed in discrete form, the operation of integration is
replaced by summation of discrete values C; of the signal

with a predetermined sampling period T, .

T

AT :Z(Ts 'an)’ Vi :A_I_l.lgoo

i1 i

(4)

By comparing the measured values y/,, with the set point y_
the tripping signal U ,, is formed.

Results of calculation represented in Fig. 10 have been
obtained with a Matlab S-function written in the C++
programming language. Signal processing time does not
exceed half a period of the system voltage T, <10ms .

Conclusion

1. The paper deals with analysis of the power transformer’s
currents under different conditions of operation using a
SimPowerSystems’ model and Matlab S-functions. Analysis
was carried out on the basis of decomposition of analyzed
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currents to generalized symmetrical components by means of
a sequence analyzer which output signals in the form of
dynamic phasors of each harmonic which were used to
reconstruct instantaneous values of currents’ positive, negative
and zero sequences.

2. Comparative analysis of dynamic phasors enabled to reveal
the sensitivity of the negative and positive sequences'
amplitude ratio to the origin of differential currents which
allowed suggesting algorithm for detecting internal faults in the
transformer windings in the background of false differential
currents.

3. It has been shown that the reliable detection of 1-2% short-
circuited turns of the transformer winding can be realized by
comparing the set point with the measured phase angle
between positive and negative sequences of the input and the
output currents of the transformer. Signal processing in the
relay is illustrated by a series of transformations performed by
using S-function, specially compiled in the programming
language C ++.

4. Both algorithms can be used separately or simultaneously
for improvement of the relay operation reliability.
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