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Abstract

This paper proposes a digital computer technique based on wavelet transform for generator incomplete differential protection scheme.
Exploitation of the fault-generated high frequency currents, the new scheme can provide fault detection with high sensitivity and is also
capable of discriminating between internal and external faults. The effectiveness of the proposed scheme was verified both in the experiment
and in the field. The results show that the scheme can detect the generator fault with high sensitivity and selectivity during all operation
conditions.
© 2004-Elsevier B.V. All rights reserved.
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1. Introduction first branch in phase A (termed as al), the transient currents
are very small, all schemes are unable to detect.

Stator winding faults of synchronous generator are con-  Most differential protection schemes in use today are ei-
sidered serious problems because of the damage associatetier static relay or microcomputer-based types, which have
with high fault currents, mechanical damage and high cost a long history of providing reliable protection, and continue
of maintenancd1,2]. Differential protection is the most to be applied. These schemes generally rely on extracting
common type of method used to protect the stator of large fundamental frequency current signals to detect f48k§].
synchronous machine. Three Gorges Hydropower StationAs a fault in a generator produces wideband signals and/or
will be one of the largest power stations in the world. Be- effective current waves, we can propose a new form of differ-
cause the generators there have huge size and great cosgntial current relaying which exploits those high frequency
the various faults such as the internal faults may causesignals. Much of those signals are outside the bandwidth of
serious result to machine owing to severe mechanical andreceptiblity of present generation of protection. As a recent
heat damage. Thus, the requirements need to be fulfilled argechnique, wavelet transform has been successfully used for
stringent for their generator protective systems. In order to developing new protection. In referenf, it is employed
develop the optimum protective equipment for the genera- for measurement of fault-generated high frequency signal in
tors, great efforts had been done. Research results illustratedault generator. In contrast to the traditional Fourier analysis
that the employed schemes including differential protection that averages frequency features both in time and frequency
scheme, cut-phase transverse differential protection schemalomains, wavelets allow the decomposition of a signal into
and unit transverse differential protection scheme would different levels of resolution (frequency octaves). This pa-
have a blind zond2]. For example for the short circuit per the first time presents on-line digital computer scheme
happened between 81.25 (from neutral) and 89.58% in thewith wavelet transform for incomplete differential protec-

tion of a synchronous generator based on the high frequency
currents. The effectiveness of the scheme is verified both in
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section 3presents a general introduction of wavelet trans- Stator Winding
form and the proposed incomplete differential scheme based [ =L !';;: B :_v_w__\'! 2L
on the high frequency currentsection 4demonstrates and [ :_ J'
discusses the experimental and field test results, finally the | —~— — 77 7
conclusions are given igection 5 l l
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Protection

2. Principle of wavelet-based incomplete
differential protection

Fig. 1. Schematic diagram of traditional differential protection.

2.1. High frequency analysis of a fault generator
transformer mismatch are neglected, during normal oper-

The steady-state and transient behaviour of large genera-ation and for external faults, the curremt, entering the
tors have been studied under a variety of representative faultwinding is equal to the currenty, leaving the winding. In
conditions in referenced,2,7—10] Based on the different practical case the differential current, which is proportional
mathematical models, simulation results have indicated thatto the vector difference df, andl> would be small. And a
when an internal fault occurs on a stator winding, not only restraining current (average current) could make the scheme
the airgap field harmonics are very strong, but also fractional 0perate correctly on different conditions, which is propor-
harmonics are yielded, except for both odd and even har-tional to the vector sum of the currenisandl,. At the same
monics. Harmonic analysis of the simulated results shows time, the scheme can also be realized with only the sampling
that the distortion of the currents is significant. For exam- Vvalues of the curreriy andi,. Accomplished directly with
ple the excitation current contains large second-order andthe sampling values, the differential protection could achieve
fourth-order harmonics in addition to the dc current compo- accuracy and high speed of fault detection. Different from
nent. Similarly, the stator currents contain large third-order the Fig. 1, the incomplete differential protection comprises
and fifth-order harmonics in addition to the fundamental cur- the phase current at the terminal and corresponding partial
rent component. In referend@0], measured results have branch current at the neutral as showrFig. 2 In Fig. 2,
revealed that a salient synchronous machine with internal the partial branch currentgn, lon andlcn are comprised by
faults appears important harmonic current features. The gen-the currents in branch 1, 2 and 3 of the corresponding phase.
erator has three branches per phase and 36 slots a branch. In this study, the fault-generated high frequency current
For example, when five slots is shorted, the third-, fifth- and Signals are captured by a specially designed relay hard-
seventh-order harmonics of the stator current are 14.99, 5.9ware/software, which is utilized to determine whether a fault
and 16.44%, respectively, of the fundamental current compo-is internal or external to the protected generatég. 2
nent. In summary, harmonic current components in both the Shows the basic arrangement of this technique. As shown,
stator and the rotor can be much larger under internal fault the current transformer is specially designed for the band
conditions than those under normal operation conditions. On ©f high frequency currents. Connected to the CT, the high
normal conditions, there exists almost no harmonic compo- frequency A/D module captures the signgis|s, Ic of the
nent because of the generator symmetry. However, the phas@enerator terminals, andp, lon, Icn Of the generator neu-
windings are no longer intact under internal fault conditions, tral, which are then first processed by the wavelet transform.
and both simulated and measured results have revealed thafVith the wavelet analysis (listed below), the fundamental
the harmonic current contained in the stator winding can be current component and the background noise are effectively
very significant. Therefore, attention should be paid to the removed. The currents are then represented to be the sam-
effect of such harmonic current components caused by in-Pling currents with high frequency bands. The differential
ternal faults and the appropriate protection scheme can beand average signals are derived as
provided on the basis of this principle. . . . . . .
ig=li1—i2[ and it = [i1] + lig|
2.2. Principle of wavelet-based differential protection wherei is sampling current on generator terminalsijs

onal . h I | sampling current on generator neuttiglis differential cur-
Conventional protection schemes generally rely on ex- rent, it is average current.

tracting voltage and current signals around the power system - e criterion to discriminate between internal and external
frequency to detect a fault. The wideband high frequency ¢, ,its is as below:
signals in a generator created by a fault are usually outside
the bandwidth of most current transformers. Thus, almost | id > ido
no work has been reported in use of the high frequency for | ;4 > kit
generator protection purpose.

A traditional differential protection schematic diagram for For improving the reliability, the above equation should be
one phase of a generator stator is illustrated=ig. 1 If calculated at leashtimes ¢z > 16) in one cycle repeatedly.

(1)
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Fig. 2. Protection circuit of the wavelet-based incomplete differential protection scheme. (al) Waveforms of thd cuatréimé terminal; (a2) waveforms
of the sum of currentay, la; andlaz at the neutral; (b1) the WT results of the curréntat the terminal; (b2) the WT results of the sum of current

laz, laz andlag at the neutral; (c1) the differential current and average current for the traditional protection scheme; (c2) the high frequency differential

current and average current for the proposed protection scheme.

Only if n (n > 12) times satisfied, the fault trip signal can
be sent out.

3. Processing and coding the wavelet-transform
coefficients
3.1. Wavelet analysis

In wavelet analysis, any continuous functibwith finite
energy can be expanded to its wavelet series:

2/min—1 J-12-1
L= e 0+ Y D dlvim ()
k=0 j=Jmin k=0

Dilated by 2 and translated b, ¢;(x) and ¥ x(x)
are generated respectively from scaling functigw) and
mother wavelety(x). The coefficientc,]( represents the

parameters in different resolution bands. At the same time,
it is proven that the noise can be detected from the wavelet
transform modulus maxima with special characterigtids.
Thus, we also can develop a denoising algorithm based on
wavelet to remove the noise, which the protection scheme
is not needed.

After the corresponding scales and modulus maxima
masking, the noise fluctuations and fundamental current
signals would be effectively removed in the reconstructed
currents according to the algorithm described in reference
[11]. Thus, the fault-generated transient high frequency
currents could be obtained and be used in incomplete dif-
ferential protection scheme.

3.2. Choice of analyzing wavelets

The wavelet transform scheme developed in this paper is
composed of two stages: first, select the wavelet filter and

smooth information of original signal, while the coefficient transform the measured current into its wavelet representa-

di represents the detail information. According to that, tion. Secondly, perform signal processing on the transformed

a given signal can be decomposed into its detailed andcurrent, by which the noise and the fundamental current

smoothed versions with multiresolution analysis (MRA). component are effectively removed.

They have two important properties: one is the localization

property in time domain; the other is the partitioning of the 3.2.1. Selection of the wavelet filter

signal energy at different frequency bands. By adopting the multiresolution analysis decomposition
As wavelets allow the decomposition of a signal into dif- algorithm, implementation of the wavelet transform was

ferent levels of resolution (frequency octaves). A new filter done. It was found that one way of improving the perfor-

can be designed based on wavelet with different maskingmance of the scheme is to select a proper wavelet filter.
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The quality of a wavelet-based signal representation depends Then, the high frequency current could be obtained, which
heavily on the choice of the analyzing wavelets. There are can be used in generator incomplete differential protection.
two criteria for the selection of the mother wavelet in gen- Suppose is the ratio between the number of turns from the
erator protection. At first, the shape and the mathematical neutral to the fault point and the total number of turns in
expression of the wavelet must be selected correctly so thatseries for one phas€ig. 3is simulation result of a gener-
the physical interpretation of wavelet coefficients is easy. ator in three gorges hydropower station. Equivalent circuits
Secondly, the chosen wavelet must allow a fast computationfor the fault currents of a generator are based on reference
of wavelet coefficients. [1]. According to the reference, the currents are acquired
Because different fault signals have different optimal fil- considering various fault conditionEig. 3 shows the de-
ters, it is critical to select the right wavelet filter. Instead tection of the internal faults wheay 86.81% shorted with
of trying to compute the optimal wavelet coefficients for a a; 84.03%, herea; indicates the first branch in phase A
given current, the wavelet scheme tries to find the “best” and the sampling rate is 12,000 Hz. There are 240 sample
(rather than optimal) wavelet filter from a reservoir of avail- points in one fundamental cycle, which ensures the correct
able filters. The best filter is identified using the filter se- calculation of the high frequency currentsig. 3(al) and
lection module. The filter selection module tries out each (a2) refer respectively to the simulated waveforms of the
of the available filter on the current by processing only the stator phase curremg, at the terminal and the sum of cur-
first level detailed subcurrent of the MRA decomposition for rent 2?21 I at the neutral of branchy, ap andaz in the
each of the filters. The first level subcurrent is then quan- same phase, which is made up of the incomplete differential
tized in a crude but systematic manner. More specifically, protection. Their corresponding results of WT are shown as
experiments have shown that a quantization step size of fourin Fig. 3(b1) and (b2)And Fig. 3(c1) and (c2xompares
in current decomposition gives a reliable measure of the in- the differential and average waveforms between the tradi-
formation representation given by a specific wavelet filter. tional protection scheme and the proposed scheme. It can
The filter selection module then selects the specific waveletbe seen from the figures that the average currents ensure
filter that yielded the smallest number of non-zero wavelet the scheme’s reliability on normal conditions. With the fault
coefficients. That filter has a quick computation speed for happening, the currents present the singularities and are re-
the particular current. solved into fundamental and many harmonic components.
The choice of filters used by the filter selection mod- In Fig. 3(cl) as fault currents are small in comparison with
ule is restricted to include only the short Daubechies filters, prefault load currents, differential current will be small in
mainly because of their easiness of implementation and theircomparison with the average current. Therefore, the fault
good performance. Actually, different wavelet basis func- could not be detected. However, it is important to recognize
tions have been proposed and selected in refergtite that the differential current increases greatlyFig. 3(c2)
Each has its feasibility depending on the application require- and the fault could be detected easily. The reason is that
ment. However, investigated in the laboratory with a long the new scheme is mainly based on the high frequency cur-
time, the Daubechies wavelets have been proven to be veryrent component. As there exists no high frequency harmonic
efficient in signal analysis. Daubechies wavelet filters longer component on normal condition, the prefault load harmonic
than 12 taps are not used since it was found that these longecurrents can be very small compared with the prefault load
filters did not perform better than the shorter ones. And in currents in the traditional scheme. When the fault happened,
the proposed scheme, the Daubechies five-order orthogonaharmonic components of current under internal fault con-
wavelet is exploited after comparison. Furthermore, the stan-ditions are larger than those under normal conditions, thus
dard deviation curves at different resolution levels are used. differential current is larger in contrast with the average cur-
rent. So the new scheme could ensure higher sensitivity. On
3.2.2. Signal processing the other hand, under some situations without fault (for ex-
As mentioned above, a current signal is decomposed intoample, switching), high frequency component are present.
different levels of resolution, and different frequency com- But it could not affect the correct operation of the scheme.
ponents are projected into those different levels. Thus, only Because the differential current is small, and the restrain-
incorporating the masking parameter with the correspondinging current could ensure the scheme not operate on that
level, the power system frequency component could be ef- condition.
fectively removed. At the same time, by selecting the wavelet In summarizing the analysis results obtained above,
transform modulus maxima that correspond to the noise, de-sufficient evidences can be provided to detect generator
noising algorithm can also be developed. internal faults when applying the fault-generated high fre-
Because the reconstruction process is essentially based oquency current filtered with the wavelet analysis. So the
iteratively adding the detailed components to the scaled-uphigh frequency current components can be used in differ-
subcurrent, it is crucial that subcurrent in different levels ential protection scheme. The results listed below show
preserved perfectly in order to allow very high reconstructed that the new technique could detect the internal fault
current quality, except the levels which contain the power with high sensitivity and selectivity during all operation
system frequency component. conditions.
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Fig. 3. Transient response of;Ax = 86.

4. Experimental and field test results

According to the above, the new protection relay with the

81% shorted with A o = 84.03%.

relaying functions are automatically disconnected when the
watchdog fails to provide the appropriate normal signal.The
prototype contains:

proposed scheme was developed. As Daubechies five-order

orthonormal wavelet is easy to be realized in the real-time
application, it is used in the scheme. To illustrate the effi-

ciency of the new protection principle, it has been tested both
in the experiment and the field situations. The protection re- ®

o digital signal processor TMS320F206, 1 M bits of RAM,
a 1 M bits of FLASH RAM for fault recording, and 16 K
bytes of EEPROM for storing set values;

voltage or current measuring circuits depending on the

lay was coupled to a commercial sequential-events recorder field requirements;

and installed in a model generator in Gehey Hydropower
Station. The generator has the following characteristics:

rated power: 125 MW with a power factor of 0.875;
rated output voltage: 13.8kV;
rated speed: 96 rpm at 50 Hz;
winding capacitance to ground per phase: 1.398 uf.

4.1. Relay hardware

The relay hardware, described[B], is a multi-processor

system comprising a master controller and one or more mi-

croprocessors (TMS320F206). One of typical relay hard-
ware is shown irFig. 4 The DSP card has been designed
according to the low-cost principle but provides sufficient
computing ability. And a watchdog has been fitted to the

e input/output circuit comprising display, relay output sig-
nals, etc. .;

e adual-port static SRAM (CY7C136) for port-to-port com-
munication between DSP and MP80C51. Two ports are
provided to permit independent access to any location in
memory. It is the solution to applications requiring shared
or buffered data in multiprocessor design;

e communication and managing system: a microprocessor
80C51 (MP80C51) for local user interface, LCD, com-
munication unit and so on.

The device receives all of the signals both in normal
operation and disturbances, stores all the incoming infor-
mation such as settings, currents and voltages, recorded
events and disturbances, and can print the information out
or display them on LCD. For example, all the details of a

master microprocessor to check its operation. Outputs from short circuit can be shown, including its waveform and all
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Fig. 4. Block diagram of one of typical relay hardware. (al) Waveforms of the culikeat the terminal; (a2) waveforms of the sum of curret, lay
and lag at the neutral; (b1) the WT results of the currégqtat the terminal; (b2) the WT results of the sum of currknt, la; and lag at the neutral;
(c1) the differential current and average current for the traditional protection scheme; (c2) the high frequency differential current andueesriafye ¢
the proposed protection scheme.

the system parameters (current, voltage, frequency, powercurrents on the generator terminals and the branch current
etc.). This system can also be linked up to the supervisory at the neutral were recorded as showirig. 5(al) and (a2)
station control system via communication such as fiber in which the fault point located at A« = 81.25% and A
optic links. The protection functions always operate au- « = 89.58%, and the comparison results of the fault data
tonomously, or independently of the communication and has been shown ifrig. 5(c1) and (c2)respectively. The
managing system. For this reason, the managing systencorresponding WT results are shownFig. 5(b1) and (b2)
would provide only the fault event report and evaluation In this case, the conventional protection schemes could not
when certain protection operates. Any abnormality occur- find the fault. However, the recording results indicate that
ring in the communication and managing system has nothe new scheme operates correctly as showRign 5. In
possibility to disturb the protection function operation. Thus Fig. 5(c2)there is a significant differential currei com-
the operation and performance of the proposed schemeponent, but it is so small that it surely cannot send out the
are determined only by the related hardware and softwaretrip signal inFig. 5(cl) This is reasonable because when
program. A1 a = 81.25% shorted with A« = 89.58%, the generator
According to the above hardware design, digital signal symmetry is not seriously destroyed. So compared with the
processing algorithms are used to obtain the high frequencynormal currents, the corresponding differential current ap-
currents and estimate the parameter setting required for thepears not so much distinguishedrig. 5(c1) However, due
relay. Since the new scheme is based on differential principle to existence of no high frequency harmonics component on
and has few variables, the setting operation had been madaormal condition, the differential current is larger than the
as simple as possible. average currents. So the new scheme could ensure higher
An experimental prototype has been installed and tested,sensitivity. At the same time, because of their periodical fea-
cooperated with the traditional protection scheme. Connec-tures, those fundamental frequency current components can
tion of the protection device is shown Fg. 2 Where G be removed in the new scheme by software program eas-
is the generator, T is main transformer and N is neutral ily, so they cannot affect the reliability of the new scheme.
point. The generator is grounded through a distribution Experimental results under various situations show that the
transformer T1 with a resistance loaded secondary. Theproposed method can keep high sensitivity without malop-
scheme comprises the phase current at the terminals anckration during all operation conditions.
the branch currentds:, Iy, Ip3 in corresponding phase. It is important to indicate that oversensitivity will be a
Here, ¢ respects phases A, B and C, respectively. It should problem in the field, such as the maloperation. To overcome
be indicated that, the traditional differential and incomplete this disadvantage, some measures should be applied. First,
differential scheme are also verified on the generator for for improving the reliability, the scheme should be evaluated

the performance comparison. at least 16 times in one cycle repeatedly, and only if above
12 times satisfied, the fault trip signal can be sent out. Sec-
4.2. Experimental results ond, the coefficientyg andk can be enlarged to reduce the

sensitivity when it is needed in the field. At last, good hard-
Many laboratory tests were conducted to validate the new ware and software design could ensure the high reliability
scheme before the prototype is installed. The fault phaseof the scheme.
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Fig. 5. Transient response ofjAx = 81.25% shorted with A o = 89.58%.

4.3. Field results ysis, the fault current component around the power system
frequency and the background noise are effectively removed.
On 16 August 2001, the protection relay was evaluated The currents are then represented to be the sampling cur-
according to the simulated field condition. Since that time, rents with high frequency band, which contain important
the relay has operated flawlessly on various field conditions. fault information. This feature demonstrates that the ability
Here, various field conditions include not only different of the WT to discriminate the generator internal fault from
internal faults but also field regulator malfunction under the distorted signals.
normal operations, power swings, and so on. During that Based on that technique presented above, a new gener-
period, three internal faults were found successfully. It is ator internal fault protection scheme is developed and the
important to point out that one of the fault is single-phase-to- practical implementation of the protection equipment is also
ground fault, and it is grounded with a 7.Qkresistance. = demonstrated. From the test results, this paper shows that the
However, the conventional protection schemes cannotproposed approach is successful in detecting the generator
catch it. This situation is the same as we expected andinternal fault, and could have high sensitivity and selectivity
indicates that the new scheme has high sensitivity andduring all operation conditions. It also reveals the feasibility
reliability. of the scheme as a potential alternative in generator internal
fault protection application.

5. Conclusions
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