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of blades in the LP steam turbine. The first nin@s of blades

Abstract—Single-pole switching scheme is widely used in there shrouded and the last two rows of blades aestanding

Extra High Voltage system. However, the substantiabative-
sequence current injected to the turbine-generatoyzoses the
electromagnetic (E/M) torque of double system- dety
components during the dead time (between single-pigaring and
line reclosing). This would induce supersynchronaesonance
(SPSR) torque amplifications on low pressure twbgenerator
blades and even lead to fatigue damage. This paq@oses the
design of a mechanical filter (MF) with naturaldtency close to
double-system frequency. From the simulation rssitlis found that
such a filter not only successfully damps the rasorffect, but also
has the characteristics of feasibility and compact.
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filter.

I. INTRODUCTION

T is well-known that the advantages of single-piétching

techniqgue on respective line [1-4], resulting frotime

frequent single-line to ground fault. A great bénen
enhancing transient stability is gained. Howevehe t
persistently negative-sequence currents injecesoby turbine
generators during the dead time. An increasing eéone the
induced electromagnetic disturbing torque with dewdystem
frequency component, which could excite SPSR efted
damaging torques on LP final row (LO) or next-todfi (L1)
row turbine-generator blades [2, 4].

To limit such an SPSR effect on blades is theivation
behind the development of our proposed method. Abko
system-frequency filter is designed and rendersvaihertia
constant during normal system operations. Only ndutihe
dead time, does the filter resonant and producenaiderable
inertia that combined with generator-rotor one takm the
turbine system, especially the blades, less seasiti the E/M
torque disturbance of double system-frequency faqy.
Thereby, the SPSR torque magnification in turbifedés is
damped effectively.

Il. SYSTEM STUDIED
Fig. 1 schematically shows the one line diagram tfar
investigations of this paper. The practical stearbihe unit,
including a high-pressure stage (HP) and two loaspure (LP)
stage steam turbines, analysed in this study isse-coupled
and cross-compound reheat unit. The rated capaoftdhe
generator, installed in 1984, is 951MW. There desan rows

structures in which the tip diameter of the longkktde is
4531mm and its length is 1166mm. The simulatiorctatzal

and mechanical data can be obtained from [2]. Mafin
Power System program is adopted for studied system
simulation [5].
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Fig. 1. Studied system

[ll. FREQUENCY SCANNING [2]

In this paper, the vibration modes of the turbiystam
have been analyzed by using the frequency-scammatfod.
Suppose that the terminal of generator rotor ifiaker with
electromagnetic torque of one per unit, the fregyestanning
inspects the natural frequencies of steam turbiresa 0.01
Hz to 140 Hz with a interval of 0.01 Hz. Ten vibhoat modes
are then present in the turbine system, whichistedl in Table
1. The scanning results are shown in Fig. 2, wiillostrates
the torque responses of blades of LP1R and LP2Rshaft
section of LP2R-GEN. It can be observed that theation
modes 7 and 8 are next to the double-frequencyH2R(5].
Consequently, the SPSR effect in blades is explkectab
However, such an effect in shafts is insignificanting to the
low response of the 120Hz. The SPSR phenomenownl cadl
take place in turbine shafts.

TABLE | VIBRATION MODES (HZ)

1 2 3 4 5
19.40 37.39 40.25 47.01 100.22
7 8 9 10
102.1¢ 119.7¢ 119.9¢ 127.7¢ 129.0¢
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Fig. 2. Results of frequency scanning
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IV. MECHANICAL FILTER DESIGN

It is known that augmenting the inertia of the geter
rotor is a solution for depressing turbine shaft arlade
vibrations under the excitation of all frequendigs However,
this makes the generator rotor clumsier. This agpgho
conflicts with the tendency for generator desigd affects the
generating efficiency. In contrast, the authorsppsed a
concept of virtual extra inertia adding to the gaber rotor
only under double system frequency excitationptaciple is
to design a double system-frequency mechanicakr filt
consisting of proper flywheel inertia and shafifséss.

The filter is installed between the generator drarectifier
rotor shown in Fig. 3(a). According to the
electromechanical similarity [7], the mass-spriragrging
model of turbine can be transferred to inductaragacitance
reciprocal-resistance model as drawn in Fig. 3fzcording
to the negligible quantity of inertia and stiffnessthe rectifier
and exciter sections ((nearly short-circuited), fiker can be
designed independently and become a parallel resairauit.
Aimed at the depression of the double system-freque
excitation, this mechanical filter with 120Hz Péehlresonant
frequency provides very large impedance, combinime self
impedance of generator rotor. This effect is simila add
generator inertia and called virtual inertia instipaper. Thus
the voltage drop under the 120Hz excitation on ®la
(analogous to blade torque vibration) is signifityameduced.
For a turbine-generator with 4 poles and 60Hz, rdsonant
frequency of the filter can be deduced by
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where the kenve and Hye are the stiffness coefficient of
GEN-Mechanical Filter shaft and the inertia constahthe

Flywheel of mechanical filter rotor, respectivessume that
Keenve IS 325.2832 MW/MVA-rad, and then
corresponding filter inertia and resonant frequemalf be

rules of
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0.0505 sec and 124Hz, respectively. After equippwtd this
proposed filter, the double system-frequency peaiquie
responses for all the blades have seen significalaiinped as
compared from Figs. 2 and 4. Further comparing rothe
frequency bands except more than resonant frequeney
their responses almost remain unchanged. Thisésitiat the
filter will not affect the normal operation due tioe distinct
frequency excitation.
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Fig. 3. The proposed mechanical filter (a)mechmicadlel (b)
analogous electrical model
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Fig. 4. As for Fig. 2, but with proposed mechanfdger.
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V. TIME DOMAIN SIMULATION RESULTS
In order to demonstrate the effect of the desigdiilest, a
puccessful reclosing of a 3-60 cycle’s single-phasground
fault occurred at the front end of the transmisdioa near the
CB after 0.1 s in Fig. 1 is applied. The E/M dising toque
and blade vibrations with and without the filtersarvice are
depicted in Fig. 5, in which one can see that,niuthe dead
time (between single-pole tripping and line rectesu
0.15~1.15s), the main component E/M torque is cdH2
which imposes SPSR torque amplification on eachleblam
Fig. 5(a). Then the successful damping resultsbyproposed
filter is illustrated in Fig. 5(b), which agreestivithe deduction
of section 4. It should be noted that the bladerations
imposed by the fault inception to single-line tiipgp
(0.1~0.15) cannot be effectively suppressed folhawithe
main system-frequency excitation of E/M torque.
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5.1. Effect of the filter resonant frequency

The relationship between the resonant frequentleofilter
and peak-to-peak torque vibrations is illustrated-ig. 6. By
maintaining constant stiffness coefficient on th&NSMF
shaft, the effectiveness on damping torque is erdtras
resonant frequency of the filter decreases by asing the
flywheel inertia constant. However, if the resonfiejuency
of the filter is too close to the double systengirency. A
large torque level will be imposed in the filteraffh may
damaging the mechanical filter. Therefore, a compsed
between effectiveness and filter stresses shoulchdde. Fig.
6(b) examines the relationship between the torineisced in
the filter shaft and in the blades. It is recomnezhdhat the
filter shaft stresses be not beyond other turbiradts.

Therefore, it is worth noting that a mechanicatefilis not
designed to eliminate the blade vibrations buthars them.
Therefore, the capacity of the mechanical filter smibe
carefully designed to endure this sharing stressethe shaft
against fatigue damage. Fortunately, shaft sedsi@bviously
easy to strengthen than blade sections. Therafergroposed
filter equipped in rotor-and-shaft section is asfbe method.
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Fig. 7. The effect of generator rotor inertia.

5.2. Comparison between the practical and virtueirtia

Fig. 7 shows the blade vibration torques reductam
practice inertia of generator rotor increases. Caning to Fig.
6(a), the proposed filter requires only one-teitith practical
inertia to be added to obtain the same suppresgiantity on
the blade vibrations. (0.26 pu for LP2R blade) Pheposed

mechanical filter has the advantages of compact lasd
weight.

VI. CONCLUSIONS

From the simulation study results,
conclusions can be drawn.

Since the single-phase to ground fault represents ithan
90% of transmission line faults, the LP turbineddslades of
nearby generators connected to single-pole swiichin
transmission systems suffer possibility of supechyonous
resonance. The virtual inertia produced by a doslkem-
frequency mechanical filter does damp the SPSRgrhenon
of blades. Based on equal depression goal, theopeabfilter
only needs one-tenth inertia as compared to thé&iaoal one
of a practical generator rotor.

The function of the proposed compact mechanictrfiks
not to depress the blade vibrations but to shaeentto its
filter shaft. The resonant frequency should be adealy apart
from the double system-frequency against the higbsses
exciting in self-shaft.

In fact, high cost needs to be paid to change bfederal
frequency to escape the SPSR zone by tuning thie limeertia
or stiffness. The proposed filter provides a felasibethod.

the following
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Fig. 5. Electromagnetic toque and blade vibratimsng successful single-pole reclosing of a 3-¥fl&s single-phase to ground fault (a)
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without and (b) with the proposed mechanical filteservice.
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