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SYMBOL

L2t

LETTER SYMBOLS AND OUANT!TIES

QUANTITY

Tangential acceleration at the shaft = #ny
surface

Shaft outside diameter in inches

Damping proportionality constant for
internal damping of shaft section §,

Damping proportionality constant for
internal damping of the shaft con-
necting the turbine runner to the gen-
erator rotor o

Tota} normalized damping. including
turbine-runner, generator, and in-
ternal shaft damping '

Shaft outside diameter in meters

Time derivative

Naperian logarithm base ‘

Damped torsional oscillation frequency
in hertz

Unddmped natural mcﬂlatmn frequencv
in hertz

~Gravitational constant {acceleration)

(vcles per second in hertz.
J2amping factor

~Horsepower _
" Moment of inertia in kg'm

=1, 2. 3, . Moment of inertia ith -
rotating mass in kg'm
Shaf1 torsional L,pring constant
Shaft torsional spring constant of shaft
section S5,
Per unit shaft torsional spring constant
Synchronizing coefficient of the swing
cquation tn per unit torgue per elec-
trical degree :
Qverall shaft length in inches
Qverall shaft length in meters
Moment or torque
Rated moment or torque
Generator rotor airgap torque
i=1 23 ... Moment or torque ap-
plicd to the ith rotating mass 2
Turbine runner mechanical input torque
Torquc disturbance
Per unit torque
Per unit Lorque applied to the ith rotai-
ing mass :
Torque transmitted {rony the ith mass 6
to the jth mass by the shaft section §,
Per unit reaction torque on the /th mass ¢,
in response to torques transmitted by . =
the shaft from the (/-1 th mass
Per unit reaction torque on the /th mass
in response to torques transmitted by
the shaft from the {(/+[)th mass

M

(0,-0,)IC

QUANTHY

Rated speed in rvmm (revolunnns per
minute) )

Generator rated power output in meéd-‘
walts

_Dampm;: proportlonalm constant nf

rotating mass

Damping prOportmnahtv constant or
the penerator rotor

i=1,23. ... Damping prOporuonalnv
constant of the ith rotating mass

.Pamping proportionality constant of

the turbmu. rinner

“Shalt :scetion connectmg mass {10

mass:

Shaft surface deflection per unit length
at rated generator output power

La Place operator

Shaft surface deflection per. unit length
due to torsional oscillation

Mechanical starting time

Mechanical starting time of the genera-
tor rotor '

i=1,2, 3%, Mechanical starting time
of the lth rotalmg mass

Mechanical stariing time of the LurblnL o

runner

. Time

Moment of inertia in Ib-{t"

Momenc ol merlla of Iht. ith" mass in
tb-ft*

Capacitive reactance

Inductive reactance

Angular accclerati on of the Ecnerator
roLOY

Angular dcceieranon of 1he lurhme
runner

~ Svnchronous machine internal lorquc _

angle -
Generator efficiency

- Constant angular shalt deflection for

rated generator outpui

Constant angular deflection of the gen-
erator rotor -

i=1,2 3. Constantangular deflec-
tion of the ith mass

Constant angular deﬂectlon of the j[h
mass

Constant angular dellection of the tur-
binc runner )

Initial condition of angular displace-
ment differcnce {Note: All abowve
angles {®) are measured with respect
to a synchronously rotating reference
frame.) ~




- 'LETTER SYMBOLS AND QUANTITIES — Continued

3.141 59, ..

Summation

Logarithmic decrement factor _

Inttial condition ol the angular velocity

Angular velocity of the generator rotor |

f=1, 2, 3,... Angular velocity of the
ith rotating mass ‘ ' .

JF= 1,2, 3,... Angular velocity of the

=i Lith rotating mass _

n= 1,2, 3... -Angular velocity of the
nth device. < ' -

Rated angular velocity -

[nitial condition of the angular velocity
of the turbing runner- B

Angular velocity of the turbine runner

Ohms ‘

Thousand ohms .

Megawatt

Milliampere .

tength equal to 171000 inch
Picofarad or 107" farad
Microfarad or 107" farad
Volt




‘PURPOSE

The purposes ol the research reported here were 1o
analyze. model, and instrument the torsional oscil-

lations of hvdrogenerator shaits to gain additional .

insight into the torsional behavior of hydrogenera-
tors and to assess the influence of modern high-
initial-response static excitation.systems upon the
damping of the torsional oscillations.”

CONCLUSIONS

-.J"

1. Shaf! torsional phenomena have been modelingd
by appropriate mathematical equations from which

block diagram and andlog computer models have

been developed.

2, Hydrogenerators are generally characterized by
a single shaft torsional mode of oscillation which is
adequately damped duc to viscous waterwhee!
damme ‘

3. The large inertia of hydrogenerator roiors very
cffectively limits the influence of the clectrical:svs-
tem upon the mechanical shaft torsional vibrations.
Consequently. it is relatively difficult to cxcite shaft

torsional osciltations by disturbances appliced to the,

generator. Moreover, Ecnuralordampmg:s;:enwrdil\
ineffective in damping the torsional oscillations of
the shait because of the large generator inertia, As
a result, a hvdrogenerator excitation systt m gen-

erally has negligible inlluence upon the sha.t. tor- -~

sional oscillations.

4, An instrumentation system for prototype field

measurcment of shaft tormona] behavior has been -

developed and utilized to obtain shaft torsional data
from scveral units,

APPLICATIONS

The information presented in this report is specific- -

;ally applicable to hydrogenerators. However. most
of the results are equally applicable to other types
of generators providing suitable consideration is
given to inherent design differences. The tests at
Grand Coulee Powerplant demonstrate the limited
influence which the excitation system may exert

upon the shaft torsional oscillations. Consequently.

the investigators plan no additional work on shaft
torsional oscillations. However, the instrumentation
system may be further applied in measuring steady-
state shaft torque (turbine output).

|NTHODUCTION
In recent vears much mtcrcst has been focuv‘d an )
the natural torsional oscillations within the shafts
of synchronous machines. There are two basic
phenomcna whlch have spurred this interest:

I, The prdcnce of employing SEI‘L&S—CdpdC Lar
. compensation to extend the stability. limits of
long EHV (extra-high voltage)-transmission lines
_ I'ddldllnL from large gencrating stalions ean
introduce wbwn(.hronum currents {of {requency
60 VX /X ) onthe transmission lines. Asa result

= the generlor experiences pulsating torques at {re-

- quenc;zs equal 10 the sum and difference of nor-
mal system frequency {60 Hz) and the. suh-
sync;ironous Trequency: - Should the frequency
of these “pulsating torgues lie close to a natural,
mechanical torsional 1requ-.ncv of the shaft.”
dangerously severe stressés may occur in the shaft -~
and ult:matelv lead to its failure. Although the -
sum frequencv is well removed from the torsional
frequencies. the difference frequency may lndLEd
lie c[ose to a. torsmna! [requeney.”
2. The. natural shaft 1orsional frequencies are
gencrally?very lightlv damped: hydrogenerators
_ arc. however, usually better damped than'steam-
“ driven machines. The recent availability of high
voltage power thyristors has led to control SVE-
tems such as HVDC (high voltage direct-current)
conveiters and HIR (high-initial-response) exci-
tation Systems which are sufficiently potent and
responsive as to influence shaft torsional oscilla-
tions. The broad band.capability ol § gse. static
control svsiems has madg:it possible to° Excite the
orsional modes of the shaft through.normal con- .
trol action. Although the Burcau of Reclamation
has no. HVDC transmission [acilities. several HIR -
excitation systems have’ ‘been acquired in recentt
vears. Such excitation systems — particularly
when equipped with PSS {powEi=system stabiliz-
ers) — may indeed excite or aggravate the natural
torsional modes resulting.in undue shaft stresses.

To assess the influence upon the natural:torsional
-modes of the shalt from.either of these sources. it is

first necessary to understand the physies of the tor-
sional vibrations. This report describes-efforts 107

" anatyze. model. and instrument shaft torsional oscil-

lations in order to asscss the influence ol modern;
HIR excitation systems equipped with 'S5 upon

“the torsional oscillations of hvdrogencrator shafis.

However, most of the results arc equally appllCdb]t -.f‘j-:'

-to other types of generators,




MECHANICS GF
SHAFT TORSIGNAL OSCILLATIONS

The shalt of a synchranous g__anrdmr generally con-
nects several rotating masses. including the gencrator
rotor, turbine rotors.-and sometimes the rotor of
rotating exciter as illustrated in figure 1. Each sec-
tion §, of the shaft has a characteristic torsional
spring constant A, and some inherent damping D,
In addition. the rotating masses generally contribute
their own damping R, duc to losses such as friction.

windage. viscous damping. and frequency-dependent -
clectrical loads on the gencrator, The resulting sys-

tem constitutes a- coupled. torsional, spring-inass
system which is characterized by 17 nodes of oscilla-
tion. wherc # is the number of shaft sections. The
equations appropriate for describing the systemn of
tigure 1 oare developed in appendix A and a block
diagram representation of this system is prescnted
in figure Al. The system of figure 1 is typical of
steam driven alternators where thee generally are
several cascaded steam turbines and. therefore,
several characteristic modeés of oscillation. Fortu-
nately, most hydrogeneraters have only ane turbine
runner (the waterwheel). a generator rotor. and pos-
sibly a rotating exciter. The hvdrogenemlors o[
particular concern are those with HIR excitation”
systems which dre often not shaft mounted. Thesé
systems thus possess only two rotating masses — that
of the turbine runner and the generator rotor. There-
fore. the remainder of this report shall concern only
two mass systems, It should be noted. however, that -

the addition of a rotating exciter will merely serve =

10 introduce an additional mode of oscillation
(between the gencrator and exeiter rotors) which is
essentially independent of the osciliation between
the gencrator rotor and the turbine runner.

TORSIONAL OSCILLATIONS
OF A HYDROGENERATOR SHAFT

Analog Modeclling

As pointed out in the prcccozng section. hydrogen-
erators typicaily exhibit a single principal mode of
torsional oscillation. A simplified diagram of the

turbine runner-shalt-generator rotor system of a ver--

tical waterwheel generator is presented in Qgure 2.
This system may be described as in appendix A by
cquations 4a. 4b. and 8a. From those equations. the
analog computér model of figure 3 was developed
to investigate the torsional mede of oscillation and
to provide msu,ht into the Lor51ona[ phenomena,

Generally. the mechanical startln;__ times of the g E,crr
erator rator I,,,g and of the turbine runner T a8

well as the torsional spring constant K, of the shaft,
may be determined analytically for inclusion in the
anazlog model. The' damping coeflicients (turbinc
runner damping R. generator damping R,.. and
internal shaft damping [} are, however.
accurately. known and must be estimated, Realistic
practical values for R, und R, have been taken us
2.5 and 1.0. respectively. in stability studies and
cxcitation and governiiig system studies. To reason-
ably represent the modest iniernal damping of the
shalt 'Stlpc] a damping coclficient of approximately
5 percer;s of that corresponding te critical ddmpm;,
mav be used.

Ananalog study of the torsional mode of a 108-MW
unit in the Grand Couleé Powerplant was conducted
using thé model and constants shown in figure 3.
Digital analysis of the characteristic equation of this
system revealed that the damping -factor { usej in

the study was actually 0.044, consequently cseilla-

tions diminish to 10 percent in 8.3 cveles.

Several interesting conclusions from that study are

presented in the following. Analytical relations per-
tinent to the torsional behavior ol a hydrogenerator

~are presented in appendix B.

For typical damping coefficients, the .observed
damped torsional lrequency /= f, VI -~ [* differs
very little from the naturalifrequency /, which. as
presented in appendix B. depends only upon the tur-

hing’ runner and generator rotor inertias and the .
~torsitnal sprmb constant of the shaft.

“An expression for the relative d'lmplng, influences in

the dndloo system of h_l_.,ure 3is ;:wen by:
D [ [ [m + m) rm R + 7Jm P + [) (Yru + !m }

Becauqe of the'distribution of the inertia ina h\fd ro-

generator it is readily concluded that generator

damping R, will be much less influential in damping
shalt torsional oscillations than either waterwheel
damping R, or internal shalt damping D,,. This was
indeed substantiated by the study, Generator damp-
ing has an insignificant influence on the decrement
of the shaft 1orsional oscillations because the large
mass of the generator rotor prevents it fromrespond-
ing with the shaft oscillations. In the study. increasing
R, {rom zero to 50 resulted 1n only a 4-percent
increase in the damping rate. Turbine runner damp-
ing wus, however. quite effective in damping the
shaft torsional oscillations. For example. as turbine
runner damping R, was increased Irom zcro to 10 in
the analog study. the damping rate increased more
than six-fold {{ increased from 0.044 t0 0.282). Usc of

the realistic hvdraulic turbine scli-regulation (or”

damping} coefficient of 1.0 suggested In a preceding

seldom |
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5;;— Shaft section connecting the ith and jth rototing maises.

M; —Moment or torque applied to the ith rotating mass.

W; —Angular velocity of the ith rolating mass. .

I; ~Momen? of Inartia of the ith rototing moss. ' )
Kij-Torsionul spring constant of the shafi seclion sij- "
Dij-—Do_mpinq proportionality constont for the internal domping -of shaft saction Sij.
R; —Domping "proportionality constant far tha ith rotating moss, .

Figure 1. - General wersional spring-omss syslem.




Generator rotor
= Mechanical storting time.
: Damping coefficient
: Airgap torque .
: Angulor velogity of the
genarator rotor

Shaft
Kp, : Shaft torsionc! spring constant
Dtg : Damping proportionality constant
for internal damping of the shaft
connecting the furbine runner to
the generator rotor

Turbine runner
Tm¢: Mechanical starting time
Ry : Damping coefficient
My : Input torque
Wy  Angular velocity of the turhine runner

. Figure 2,—Simplified diagram of the torsional system of a vertica] waterwheel generator.
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paragraph increased the damping rate approxi-
mately 50 percent ({ = 0.066) over that obtained
with no turbine runner damping. It is noted that
steam-driven generators are characterized by little
or no turbine impeller damping which contributes
to their acute torsional problems.

The amplitude of the shalt torsional mode excited
by u specitic torque disturbance is shown in appen-
dix B to be similarly related to the distribution of
the svstem inertia. That 1s. a one per unit torque
input via the waterwheel couples energy into the
shaft 1orsional mode much more effectivelv than a
one per unit torque input from the generator: in
fact, the torsional amplitudes are related inversely
as the inertias. Consequently, electrical disturbances
to the gencrator (such as faults, load rejections. out-
of-step synchronizing'eic.} stress the shaft muoeh
less severely than hydraulic disturbances {such as
dralt tube. penstock. or waterhammer surges) of
similar amplitude. The large gencrator inertia verv
cffectively attentuates disturhances applied to the
shalt across the air gap of the generator, A sample

shaft torsional response from the analog study is”

presented in figure 4, The observed frequency of
oscillation compares well with analytical predictions.

The shaft torsional frequencies of hydrogenerators
generally lie in the range 5 to 15 Hz although some-
what higher frequencies ol oscillation mayv be ob-

served for high-speed units,- Table 1 summarizes

calculated data related to the torsional modes of
several Burcau of Reclamation hyvdrogenerators. It
ts particularly interesting to note that cven though
the ratings of the units listed in the table vary widely,
the per unit shaft torsional spring constant K,,; only
varies [rom 1.2 to 2.7 per unit per mechanical depree.
Ficld measurements have been made on some of the
units listed and arce discussed in table 1.

Field experience

To assess the rate at which the torsional oscillations -

ol a hydrogencrator are damped. and more specifi-
cally. to assure that the damping rate is not dimin-
ished by excitation control, an effort was made 1o
develop instrumentation suitable for recording the
torsional oscillations of the shaft. Three possible
signal sources were considered: differential speed
measured across the shaft, tangential acceleration
al the surface of the shaft, and mechanical sirain of
the shaft. The differential guality needed to extract
the small torsional component of speed from the
output of available specd transduccrs made that
scheme unattraetive. Transdueers (accelerometers)
suitable {or recording the shaft torsional osciliations
by measuring tangential acceleration were available.

but the instrumentation (particularly the charge
amplifier) commonly applied to convert the acceler-
omctcr output to a usclul signal was less attractive
than that used in the other schemes.

Consequently. mechanical shaft strain. as measured
by strain gages attached to the rotating shaft, was
selected as the signal source for recording torsional
oscillations of the shaft. ' B

In May 1975, an instrumentation svstem that had
been developed in the laboratory was initially field
tested on unit | at Flatiron Powerplant (fig. 5).
Those preliminary tests demonstrated both the feasi-
bility of the instrumentation technique and the suit-
ability of the strain signal for recording shaft tor-
sional oscillations. The torsional oscillation of fig-
ure 6 resulted from the very small electrical dis-
turbance which occurred when the unit was tripped
from the line during a normal shutdown sequence
bv the operator. The measured shaft strainisaccord-
ingly quite small. but sufficient to determine the
natural {requency of oscillation and the damping
factor. Both the natural frequency of oscillation and
the damping rate are higher than generally expected,
presumably because of the relatively high speed of
the Fiatiron unit (514 r/ min).

With only minor scaling modifications. the same
instrumentation system was used at Grand Coulee
in Scptember 1975 to record the torsional oscilla-
tions of the shaft of generating unit G19 inthe Third
Powerplant (fig. 7). The torsional oscillations re-
corded during a 600 MW load rcjection’ test are
presented in figure 8. A particularly interesting
observation from that test concerns an increase
noted in the natural frequency of oscillation after

“the wicket gates have closed and as the draft tube
_ pulls a vacuum, efiectively unwatering the turbine.

The observed rise in {requency is similar to that of
the “wet™ and “dry” turhines in table 1. The natural
frequency and damping rate of the torsional oscilla-
tions shown in“figure 8 are more typical of a hydro-
generator than those of figure 6 as explained above.
Tests on unit G19 at Grand Coulee verified that the
influence of exeitation control upon the shaft tor-
sional onscillations is indeed negligible due to the
huge inertia of the generator rotor. Excitation con-
trol generally neither improves nor diminishes the

;damping of shaft torsional oscillations of hydro-

generators. Unit G19 tesis also verified that the shaft
torsional mode is excited much easier. from the tur-
bine than from the generator — hydranlic disturb-
ances continually excite the shaft mode. Specifically,
it was observed that the strongest shaft torsional
oscillations were excited during breakaway. when a
substamial (possibly 10 to 25 pereent) torgue is
quickly applied directly to the turbine,




8, — 8, , degrees

ACCELERATION, g's

In an effort to evaluate the performance of several
pumps in the Southern Nevada Water Project sys-
tem, simultaneous recordings of electrical power,

shaft torque, speed, and hydraulic pressure were |

desired, Of these signals, only shaft torque was not
readily available, although it was suspected that the
shaft torsional instrumentation system might be
adapted to provide that signal. To accomplish the
measurement of pump shaft torque, the torsional
instrumentation system had to be modified to pro-
vide steady-state absolute torque rather than merely
torque deviations and the physical size of the rotat-
ing portion of the measurement system had to be
markedly reduced to [it it on the small exposed por-
tion of the pump shaft. The resulting instrumenta-
tion system shown in figure 9 was applied at the
pumping plants in January 1978. Figure 10 is a rec-
ord of the torsional oscillation which resulted when
the pump was started. The recorded oscillation was
obtained by differentiating the steady-state torque
signal, Because the shaft of the particular pump
examined (fig. 10} is unusually long and slender,
the torsional spring constant is accordingly rather

0.2 second —3m|

Fipure 4 —Torsional response of the analog systém (1.0 per unit disturbance applied 10
the peneratar, R, = 1.0, R, = 2.5).

small resulting in unusually large torsional ampli-
tudes and a rather low natural torsional frequency
for such a high-speed unit {900 r/ min).

The modified instrumentation system suitable for
steady-state torque or torsional measurements is
schematically presented and described in the follow-
ing section,

SHAFT TORSIONAL .
INSTRUMENTATION SYSTEM

General Description

The instrumentation system is functionally divided
into two main parts (fig. 11), One portionis attached
1o the shaft and rotates with it, while the other
rernains stationary. The portion of the system on
the shaft consists of a strain gage bridge incorporat-
ing four active gages oriented to sense torsional
strain in the shaft, an instrumentation-type differ-
ence amplifier, an FM (frequency-modulated) pulse




Table 1.--Calculated shaft torsional data — metric usity

Term

Glen Canvon

Gl -GN

Flatiron
I und 2

CGrand Coulee
G159, G, G2

Grand Caulee (F - GIR

Grrand Coulee
PGT &P GH

Generator Rated output

1525

Rauted speed smin 150
Turbine rated power* 115

Shait nominal outside diameter 16

16

Shaft nominal inside diameter 203

(N-m/rad) 0¥
per unit/deg

Torsional spring constant
Normalized torsional spring constant ...

CGienerator HR°
Turbine W&?
Turbine H'R* -

thgm® e
(kg'm ] [?
ikg'mn’) 107

CGeneritar mechanical starting time
Turbine mechanical starting time — dry
Turhine mechaniea! starting time. .. ..........0... 5

Natuyral torsional frequency — dry
Natural torsional frequency

Rated moment {torgue) (Nm) 10"
Angular shalt defleetion at rated output depree
Total shaft surface defdection a1 rated output ... mm

Peak angular shaft torsianal deflection:
Fram | per unit generator 1orgue
From t per unit wrbine 1orque

degree
degree

Peak total shaft torstonal surfaee deflection:
From [ per unit gencrator torgue
From | per unit turbine torque

0,595
2.181

3.034

196.8
141.2

6.65
03

043

12,96
11.08

716
0.46
4,191

(1L.02K
0.43

0.249
RES K

35
514
358

. 4R3 .
162

1079
2,120

0075
5.900
19461

6.25
0.33
0.49

23.06
19.12

0.65
0.47
1.981

0.034
0.44

0.144
|.844

600
72
6189

2540

2124
12.059
2.652

e
%428
5562

1014
0.53
080

7.61
6.26

79.59
0.38
8357

0.028
0.35

0.610
7.747

108
120
NN

111K
305

0712
1.45

7.332

303
227

10.72 -

0.3}
0.44

9.04
7.87

8.60
0.69
6,756

1,027
{166

0.269
6.477

f12ay*

129

(1.25)

9.95)
(0.8
(7.798)

10032}

A0.77)

(0.310)

(7.490

50
200
506.7

- hRO
160

0.208
152

4.653

90,60
bli.68

5.73
.53
.79

974
K14

2.39
0.66
3937

.08
(h.5%

1.480
3.454

* Rerated constants shown in parentheses.

* Assuming a generator cfficiency of 0.97.
k%

mass ol the turhine.

generator, and a transmitter cail. The difference
amplifter serves to amplify the bridge unbalance
due to torsion and provides the voltage signal used
1o modulate the frequency of the pulse generator
via a VCO {voltage eoptrolled oscillator), The pulse
generator output is delivered to the primary of a
caupling transformer (coil) made up of a few turns
of insulated wire wound around the shaft and rotat-
ing with it. The stationary part of the system. which
bepins at the secondary of the transformer and is
necessarily located -in close proximity to the shaft.
is comprised of & pulse recciver, an FM demodula-
tor. an output-amplificr, and signal filters. Both
high- and low-pass filters are available to bracket
the expected frequency range of the analdg signal.
The filters are not always necessary.

To avoid the signal noise and sliding contact prob-
lems commonly associated with the use of slip rings
in strain gage bridge circuits, an alternative method
using transformer coupling for transmitting the

Unless specifically indicated as dry, all data are given far a watered turbine with the mass of the water mcludcd with the

signal from the shaft to the stationary recording
device was selected. To obtain a rc]atlvelv long
battery life (i.e., more than 24 hours of continuous
operation) from a suitably small battery pack re-
quired unusually low bridge currents. The system
designed has operated satisfactorily with a bridge
current as low as 4 milliamperes (30 to 35 mA is
common in conventional strain gape bridges).

The low duty cycle (less than ] percent) allows rela-
tively large amplitude current pulses to be circulated
in the coupling transformer while maintaining low |
battery drain. Variations in amplitude of the coupled
- pulses — as the primary of the coupling transformer
rotates — are inconsequential because the informa-
tion is carried in the frequency of the coupled pulses
rather than their amplitude. The symmetry of the
bridge circuit and the high common-mode rejection
of the difference amplifizr provide sufficient sta-
bility that adequate sensitivity to reliably detect
torsional oscillations may be realized.




Table l.—Calculated shaft torsivnal data — U.S. customary units

Glen Canvon
m

Gt - GR

Flatiron
| and 2

Grand Coutler
GI19. G20, (521

Grand Coulee GF - GIS

Grand Coulee
P07 & PGR

Generator Rated output
Rated speed
Turhine rated power* . .,.... e aeannaney

Shaft nominal outside diameter

Shaft nominal inside diameter

Torsional spring constant {1b-inj rad) 10¢
Normalized t1orsional spring constant .. .. per'unit/deg

" Gencrator MR e (b e
Furbine WR? oo (Ibf) 100
Turhine WR? - (Ib-ft°) 10v

Generator mechaanicsl starting time
Turbine mechanical starting time — dry
Turbine mechanical starting time

Matural torsional frequency — dry
Natural torsianal frequency

Rated mament {(torque) 1\B~1‘t) 10
Angular shalt deflection at rated output degrec
Total shaft surface deflection at rated output .... mils

Peak angular shaft torsional deflection:
From | per unit generator torque
From 1 per unit turbine torque

degree
degree

Peak total shaft 1orsional surface deflection:
From 1 per unit gencrator torque
From [ per unit turbine torgue

112.5
150
155

40
8
7192
2,181

20

4.67 -

33

6.63
031
0.43

i2.96
1.08

528
0.46
165

0.028
043

9.8
150.1

35
514
48

19

-

0.699
~2.120

1.79
0.14
0.094

625
0.33
.49

23.06
19.12

0.48-
047
78

0.034
0.44

5.67
726

600
72
830

100

.84

107
2.652

2540
200
i32

1014

0.53
0.80

1.61
6.26

587
0.38
329

0.028
135

24.0
305

108
120
149

44

12
63
1.45

174 -

7.2

5.4

10.72
033
0.44

5.04
7.87

6.34
0.69
266

0.027

(.66

10.6
255

{125yt

SRAFENS

" 9:28)
0.29)

(0.38)..

{7.34)
(0.80)
C30m

(0.032)

{0.77)

(12.2)
(295)

50
200

152

15.5
215
144

573
0.53
0.79

9.74%,
8147

176
0.66
155

0.08
0.58 -

18.9
136

+ Rerated constants shown in parentheses.
* Assuming o generator cfficiency of 0.97.

** Unless specifieally indicated as dry. all data are given far a watered turbine with the mass of 1he water ineluded with the

mass of the turhine,

Circuit Description

Strain gage bridge, amplifier, and pulse generator—

The circuit configuration shown in figure 12 follows
common practice; however, the use of integrated
circuits together with a very low duty cycle pulse
generator allows a small package with low battery
drain (around 20 to 25 mA., toltal).

The bridge amplifier (Deviee 521) operates with a
gain of 1000 and provides the signal that modulates
the frequency of the YCO (Device 566). The square
wave output of the YCO is differentiated by the
'47pF capacitor and the negative excursion of the
differentiator output momentarily turns on the tran-
sistor pair. The output transistor discharges the
0.005 upF capacitor through the primary of. the
coupling transformer. The oscillator operates at a
nominal center frequency of 10 kHz with a modula-
tion sensitivity of approximately 4.6 kHz/ V.

Pulce receiver.—

The pulse receiver of ligure 13 consists of the recciver
coil {translormer secondary), a ficld elfect transistor
input amplifier {Qi). and flour additiona! discrete
transistor stages in complimentary pairs. The output
from the final transistor is a ]0-kHz pulse signal
which drives a 4518 CMOS digital divider. The
divider output provides a symmetric [requency-
modulated square wave at a nominal frequency of
5 kHz which is routed to the demodulator circuitry,

Demodulator.—

The demodulator of {igure 14 is a frequency-to-
voltage converter, commonly called a [lrequency
transducer. The positive excursion of the 5-kHz
square wave signal from the pulse recciver closes
analog switch B (of Device 7510) connecting a nega-
tive rclerence voltage [rom the power. supply to
operational amplilier OAl which iz connected as
an integrator.




Receiver
coil ¥,
\

2 e

ot

Fipure 5.—Shaft torsional instrumentation sys-
tem applied to Unit | at Flatiron Power-
plant — May 1975. Photo C801-D-79091

estimated amplitude
1 1 1 1 1

5B

1 ] 1
1.7u inches/inch, ' 7
peak-to-peak

T

0.6
A
=
= 0.3
W
a
A=y
Q
= 0
3
z
ity
'_
(7
-0.6

estimated crest - 5

<~ 0.04 second .

I I T I T

1

f
f,=26Hz { = 0.15

T

Figure f.—Torsional oscillation of Unit | at Flaticon Powerplant — Muy 29, 1975

wak
-¢Battery and trans:
“mitter pack.

Figure 7.— Shaft torsional instrumentation svs-
tem applied to Unit GI9 at Grand Coulee —
September 1975. Photo C801-D-79092
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STRAIN, u inches/inch

Figure 10.—Shaft torsional escillation of Unit 6 of Southern Nevada Water Project, Pumping Plant No. 1 — January 13, 1978,

Figure 9.—Modified shall toryue instrumen-
tation system applied to Unit 6 of Pumping
Plant No. | of the Southern Nevada Water
Project — January 1978. Photo CR01-D-
79093

0.2 second

‘——Rurulinq with shatft

T T Tin T T T T T T 1

STRAIN
GAGE
BRIDGE

DIFFERENCE
AMPLIFIER

FREQUENCY
MODULATED
PULSE
GENERATOR

M= == L8 2 D=

r—on
AM<—MOMD

Stotionary >
PULSE FREQUENCY ACTIVE
RECEIVER DEMODULATOR FILTERS

Figure 1l,—Block diagram of the shafl torsional instrumentation system.
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The [inal value at the output of the integrator is pro-
portional to the time of one-half of the period of the
3-kHz squarc wave. Two other scctions (C and D)
of the analog switch together with operational
amplifier OA2 comprise a sample-hold circuit which
transfers the voitage from OAI to output amplifier
OA3. The remaining analog switch section (A) resets
the integrator prior to the next posilive excursion.
Output amplifier OA3 provides d-¢c vollage pro-
portional 10 strain. -

Filter circuits,—

Two second-order high-pass and 2 second-order
low-pass tunable’ active filters shown on figure 15

—m IOk~

— A .

Corner frequen“cy = 3-35Hz
Second-order high pass filter

-+ & Circuit common

are-used to process the torsional output signal befors
recording. The. filter configuration easily permits
selection of any or all of the filters by simple patch-
ing’ connections. Cascade connection of all of the.
available filter stages results in a fourth-order ba nd-.
pass type of filter with adjustable low and high cut-

_ cff frequencies. The resulting filter exhibits pood
. transient response (with little or no ringing or over-
-Shoot) ‘and "may be easily adjusted to the specilic

torsional mode sought. :

Corner frequency == 5-60Hz
-Second-order. . fow

poss fiiter

Figure 15.— Schematic diagrams of the active filters.
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APPENDIX A
GENERAL SHAFT |
TORSIONAL DYNAMICS

Constdering masses / and j and connecting shaft
section S, on figure !, the following equations mav
be written:

For the dynamics of the ith mass

_ l "

expressing equation (1) in per unit’

M, Zm, = luw, do,
dr

where M, and w, are rated torque and rated angular
velocity, respectively,

rearranging equation {2)

N

—_ .[lwn'\' (!wt"
iy IR, =

114 I Wh

From the definition of the mechanical starting time
of the ith mass 5

7. PEORRY |
o 1.6 X 10"hp M,

seconds

therefore, equation (3) becomes

el
2 m, = T, ’
cft

or in Laplace notaticn
Z m, = T, s,

rearranging

Z "= w, (4}

C T, s

4

The torques applied to the ith rotating mass include
the external torque s, the shaft reaction torques
M, and m1,,,, and a damping torque Ruw;

Thus for mass 1:

(i = m: — Rwy) = wi  {4a)
Ty s

and for mass 2:

?l—(m; + m: - mn = Rww) = w: (4b)
IR A

ete.

For the dynamics of connecting shaft section §,. the
internally transmitted torgue is proportional to the
angular torsional deflection (@, — ©,) of the shaft and
the internal loss is proportional to differential shaft
velocity. le.,

a, = K (6, -6) + D, lw —w) {5

But
w ~ o= L@ -0)y=s0 -0) (©
clt

or

B -0 = L (@ - w
Y

so that cquation (3) may be written

’"E; = [E{.— + D"F] (ml_ w;} (8)

For example, the torque transmitted by shaft sec-
tion §\; irom mass | to mass 2 is given by:

A = [K'Il + Dl::| {wn — w:) (8a)

v

Equation 4a, 4b. and 8a which describe the dynamies
of masses | and 2 and the connecting shaft section
$i> are modelled in the block diagram of figure Al.
Similar equations describing the motion of the other
masses and shaft sections may be written and
modelled as shawn in figure Al for the five element
systemn of figure 1.

The dashed portions of figure Al”are included'to

.show hew the shaft torsional model may be inte-

grated into stability studies or- dynamic studies of
the excitation or governing systems to assess the
interaction of those systems with the shaft torsional
modes.

DERrIVED RELATIONS FOR SyarT TORSIONALS

Shaft torsional oscillations of a two mass. single

_shaft system similar to that of figure 2 are charac-

terized by simple harmonic motion for which the
following equations may be shown to apply.




m -

Prima mover
and spead my; 4
control system

|
|
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!
|
1
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|
|

Mg 34

A
l
|
|
I

o
I
|

M3 +

- : .
|Eu:i|ufion_I _ 1 21600 _ B
| systam g . : 1 § !

Figure Al.—Block diagram of the torsional system of figure |.




Natural frequency f, of the torsional oscillations:

1 6”RKpu(Tm, + ng)

j;' - 27 Tmr (ng) ’

Hz  [6]

Angular amplitude (8.~ 0.}, of the torsional oscil-
lations resulting from a normalized torque (moment)
m input throug™ the generator:

Crwm
8, ~ Odpear = m , .degrees

'

1., m
6".‘?](,0"( Tm, + ng)

, per unit 7

(@f_@g)pmk = ___7_”2—
@rf) T,

per unit, where 1 per unit = 6n, degrees
Assuming no damping, the shaft torsional osciila-
tions may be represented by the following function
of time:
@~ 0, = (0,— 0,),., sin 27f,, degrees 8]
Damping may be included by multiplying equa-

tion [8] by ¢ ™ where o = 2nf,, is the decrement
factor.

From equation [8], the differential angular velocity
{w, — w,) may be obtained as

d
ay T, = 'a."'(@.' - @g)

= 27rfn(8: - eg)pml cos 27Tfnf [9]

Substituting from equations [6] and [7] and simpli-
fying

m
w - w, =

cos 2nf,t, per unit
" 2T, s P

= —6’1"’—"1—005 2mf.t, degree/second

2 Trf;,ng

And the differential angular acceleration (e, — &)
becomes

)

d—
L5 P s ‘: EF (9,'@2)

== @ af) (O,~ Oy sin 2nfy  [10]

Substituting from equations [6] and [7] and simpli-
fying:

o —a =~ 6;_”"’ sin 2 7f,t, degree/second®

- My

sin 27,1, per unit/second

Mg

The tangential acceleration a at the surface of the
shaft then may be found as

wH

a = —r
30

"ﬂ (af - ag)
_ TanRm

=30 T, sin 27f,t, feet/second®

_ WDHRN’I . .
7 ]84TmK sin 2mfit, g's f11]

The shaft surface deflection As per unit length due
to the shaft torsional oscillations is determined by -

D
As = - (—) 8, -9,
S = oz \z) @

. (%) (2:;;”;;‘”3 sin 2mf,1, mils/inch [12]

All the preceding relations written for a normalized
torque (moment) m input through the penerator
may likewise be written for an input through the tur-
bine by interchanging 7, with T, throughout the
procedure. '

Also, all of the equations may be converted to the
metric equivalents:by replacing 6n, and (D/ L) with
180, and (d/1), réspectively.
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 APPENDIX B
SIGNIFICANT SHAFT TORSIONAL
PARAMETERS AND RELATIONS

CONSTANTS AND STEADY-STATE PARAMETERS
Rated moment M, (torque)

M= 17.043 X 10" Pp/n, pound-leet .
U.S. customary

M, = 10" P./w, newton-meters . . . metric

where
rated speed in revolutions per minute
gencrator rating in megawalts

rated angular velocity in radians per -

second

Shaft torsional spring constant l\“, in per unit
torque per mechanical degree,

K,

~ K. in pound-inches/ radian)
2]60 My
per unit/mechanical degree ... U.S.

T (K. in newton-meters/ radian)
180 M,

per unit/mechanical degree . . . metric
The constant angular shaft deflection ©, at rated
generator output is

6, = degrees

A’.l e

where :
M. = generator elficiency

The shaft surface deflection AS per unlt length at
raled generator output is

-Mechanical starting time

(‘) .
";.3(: (%) mils/inch ... U.8.

T (2) . mils{inch . .. U.S.
0.36K,., 1. _

@, ( d N millimeters .
o3 | 7 ) —— .. metric

0.36 meter

millimeters
meter: .

. metric

o (4)
036K, 7.\ 1}

shaft outside diameter in inches.

shaft outside diameter in meters.

overall shaft length in inches. and
overall shaft length in meters.

wmn

Note: The overall shaft length is measured between
the centroids of the turbine runner and generator
rotar,

7., of the turbine runner
and/or generator rotor is

(1Y (W R
1.615 X 10"hp

= 0462 (0’ (WR) 107
Py

. seconds {5]

?:u = _.! (m‘r"): lO-h

. metric
P,

. seconds . .

!

Note: The (WR') or 7 is that appropriate for the
rotating mass {or which 7,, is being sought,

GPO B52 -394




