Accepted Manuscript

Renewable Energy

AN INTERNATIONAL JOURNAL

Editor-in-Chief: AAM. Sayigh

Mathematical model and parametric uncertainty analysis of a hydraulic generating
system

Beibei Xu, Diyi Chen, Edoardo Patelli, Haijun Shen, Jae-Hyun Park

PII: S0960-1481(18)31169-8
DOI: 10.1016/j.renene.2018.09.095
Reference: RENE 10635

To appearin:  Renewable Energy

Received Date: 1 November 2017
Revised Date: 21 May 2018
Accepted Date: 26 September 2018

Please cite this article as: Xu B, Chen D, Patelli E, Shen H, Park J-H, Mathematical model and
parametric uncertainty analysis of a hydraulic generating system, Renewable Energy (2018), doi: https://
doi.org/10.1016/j.renene.2018.09.095.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.renene.2018.09.095

O 00 N oo U b

10
11
12
13
14
15
16
17

18
19

20

21

22

23

24

25

26

27

28

29

M athematical model and parametric uncertainty analysisof a

hydraulic generating system

Beibei XU, Diyi Chen**® Edoardo Pateflj Haijun Shefy Jae-Hyun Pafk

4Institute of Water Resources and Hydropower Rese&torthwest A&F University, Shaanxi
Yangling 712100, P. R. China

PKey Laboratory of Agricultural Soil and Water Engering in Arid and Semiarid Areas, Ministry of
Education, Northwest A & F University, Shaanxi Margy712100, P. R. China

“Institute for Risk and Uncertainty, Chadwick Builgj University of Liverpool, Peach Street,
Liverpool L69 7ZF, United Kingdom

“The Yellow River Qinghai Hydropower Development Cul., Qinghai Xining 810000, P. R. China
®School of Computer Science and Engineering, Churngniversity, 84 Heukseok-Ro,
Dongjak-Ku, Seoul 06974, Republic of Korea

Corresponding author: Diyi Chen

Mailing Address: Institute of Water Resources and Hydropower RebedNorthwest A&F University, Shaanxi
Yangling 712100, China

Telephones: 086-181-6198-0277

E-mail: diyichen@nwsuaf.edu.cn

Abstract: Conversion efficiency and unit vibration are twopontant indexes in evaluating the
stability of hydraulic generating systems (HGSspsMof related studies have been carried out in
the deterministic theory framework. As running tsye# HGS increased, understanding uncertainties
and limitations of model parameters are importantaccurate modeling and stability evaluation. In
this study, first, we establish an integrated maafeh HGS by proposing unbalanced hydraulic
forces based on the Kutta-Zhoukowski assumptiorcos® global sensitivity and parametric
interactions for conversion efficiency and unitraition are investigated based on this model. Rinall
the novel unified model is verified with two conwiemal models. This integrated and accurate
mathematical model is a major advance in the disignand prediction of failures in hydropower

operation.
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1. Introduction

In the next 30 years, global hydropower capacity lvé doubled roughly from the current 1 billion
kW to 2 billion kW [1, 2]. The ongoing challengettvincreasing number of hydropower stations is
stability evaluation of HGSs. Conversion efficieranyd unit vibration are two important indexes in
evaluating the stability of a HGS. Historicallyakility modeling has been split in two directions
(see Fig. 1), focusing on the hydro-turbine govagrsystems (HTGSs) [3] and the shaft systems of

hydro-turbine generator units (SSHTGS) [4].

Bearing [

——————— V\/\/‘E y
Rotor Stator

Turbine | Q Hydro-turbine

scroll

Coupling

Y/

(@) A hydro-turbine governing system (b) A hyduobine generator set

Fig. 1 The two important research directions of thelraulic generating system. e.g. (a) the hydrbite

governing system (HTGS); and (b) the shaft systefig/dro-turbine generator units (SSHTG). The twacture

show that HTGS models are designed to providehleligervices to the grid by controlling the turbspeed, but
ignore shaft axis vibration; conversely, SSHTG nliodeattempts to control vibrations rather thanespeBlock of
[0 means that the two direction models can be unifigdome common factors in the SSHTG. VarialeHl, v, f,

andPg refer to the turbine flow, the head water, thedguiane opening, the rotational frequency, andyémerator
magnetic power, respectively.

Runner / -4

The HTGS consists of penstocks, hydro-turbines,eguws, generators, and surge tanks. The
configurations of subsystems are various for eaeitdpower station. Since most of the differences
come from penstocks and generators, we sum uprthacis of these two subsystems on dynamic
characteristics of HTGS in Tab. 1 and Tab. 2. TH&B models that have been recently developed
provide new theories to design controller usinchhdgmensional equations. Sarasua et al. proposed

two governor tuning criteria for a long penstockmped-storage plant [5]. Li et al. introduced
2
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Hamiltonian theory to investigate transient stapilbf a HGS [6]. Riasi et al made sensitivity
analysis of transient flow and numerical analys$ighe hydraulic transient response [7, 8].

The SSHTG is usually simplified as the generattorygenerator shaft, turbine runner, and turbine
shaft. The SSHTG models are established basedediorttes, which usually include oil film forces
[4], asymmetric magnetic pull forces [23], and damgpforces [24]. The main target of SSHTG
models was studied to improve the modeling accurdayet al. proposed a fractional order model
that broadens ranges of amplitude responses byguihe value of the fractional order [23]. Zeng et
al. integrated the SSHTG into the framework of glemeralized Hamiltonian system to investigate
its vibration characteristics [19].

For the HTGS models, they concern with structurefyalropower stations and ignore dynamic
forces acting on the SSHTG. By the way, such SSiidgdels involved with the forces and neglect
structures of penstocks. They also independeniljiedt the stability for each subsystem. Also, they
assumed that parameters were deterministic. Inp@akr stations, some parameters of HTGS and
SSHTG are not precisely known or cannot be measurédvhich the uncertainties make a
difference in efficiency and vibration.

Motivated by the above discussions, first, we pegpexpressions of unbalanced hydraulic forces on
the unit shafting to model hydraulic generatingtesys We consider both the structures and the
forces to make the model. Second, we investigatelevbensitivity and uncertainty of parameters
regarding for conversion efficiency and unit vilwat Third, we verify the model with two

proposed conventional models.

Tab. 1 Penstock models for HTGS.

Penstock simulation Advantages Drawbacks

Modeling inaccuracy when length of
penstock_> 200m
First order elastic  Modeling accuracy relates tplangth of the  First oscillation modes betweenrhytic

Rigid model [9, 10] Simple calculation and suffiti@ccuracy.

3



model [11-13] penstock. system and mechanic syaterignored

Second order elastic Second oscillation modes of )
) ) Complex calculation process
model [14] hydro-mechanic-electric factors are reflected.
Third order elastic  Higher oscillation modes of coupling factors i
Complex calculation process
model [15] are reflected.
75  Tab. 2 generator models for HTGS.
Generator simulation Advantages Drawbacks
First-order model [19, . . Modeling inaccuracy, especially in the transient
Simple calculation
20] process.
Second-order model Consider the electromagnetic ) ) { ,
i ) Transient electric potential remains unchanged.
[10, 15, 21] reaction ofQ axis
Third-order model [12, Modeling accuracy relate to Ignoring the electromagnetic reaction of the
22-24] stable operation equivalentD axis and th&) axis
Modeling accuracy in transient
Fifth-order model [25] ¢ proces: Complex calculation process

76  This paper is structured as follows. We preserti@$ model in Section 2. In Section 3, we analyze
77  the parameters in the model. In Section 4, we tiga®e the sensitivity and uncertainty analysis of
78  the parameters for conversion efficiency and uifiration and explain the HGS model in the
79  uncertainty theory framework. Finally, conclusi@re given in Section 5.

so 2. Modd of HGS

81 2.1 Turbinerunner modeling

82

83  Fig. 2 Hydraulic forces acting on the blade oftilmbine runner. Variables W, n andP are the average circulation
84  of the blade, the relative velocity around the blatthe generator speed, and the pressure in passapetween
85 the two blades. Symbol€D” and “O” indicate that the pressure at the side@F s larger than that of the side of
86 “@”.

87  The lift force of flowing water acting on a runridade is [25]

88 R=pW,I ., (1)
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where W__ is the average value of the relative vejoertound the bladef , is the average
circulation. Hydraulic forces acting on the bladé tbe turbine runner see Fig. 2. Under

Kutta-Joukowski condition, the joint force of thiadbe is [25]

p = yC,FW, 2cos(,,~ A) | 2)
2g cosi

where J is the liquid weight around the runner bladg; is the lift coefficient of the runner blade;

C, is the resistance coefficient of runner blades arctanci; F is the maximum area of the
y

runner blade;w_ is the average relative velocity of the turbinarer, W, =(WxW; W, is the

Q. W, is the relative velocity at point 2 (see Fig.

2
1

relative velocity at point 1 (see Fig. 43}y, =

4a); B, Is the angle between the average relative veldquify) and convected velocityJj (see
Fig. 4c);
When the Reynolds number changes in the inten@| (@F), the resistance coefficief and the

radio A are expressed as [26]

arcsinC
C, =2sin( 5 LY
arcsinc, ., .
c 2sin( Ly (3)
A =arctan= = arctan
C C

y y

The velocity at point 1 or 2 (see Fig. 3a) is restlto the relative velocity expressed by symhbl
the convected velocity represented Wyand the absolute velocity ® [ is the angle between
the relative velocityw and the velocityd. a is the angle between the absolute velo¢ignd the
velocity U. Subscript 1 refers to the velocities at the rurinket, and the subscript 2 refers to the

velocities at the runner outlet.
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(a) Velocity triangle of the turbine runner. (bphalanced hydraulic forces of blades 1 and 13. Vécity
triangle of the blade.

Fig. 3 Francis turbine runner and the velocityngie of the blade. Variabldd, V, andW are the convected
velocity, absolute velocity, and relative velocity the blade at the inlet, respectivelyjs the angle betweew
andU; « is the angle betweevi andU; Subscripts 1 and 2 refer to the runner inlet @midet pointsPy, andPys3
are both the unbalanced hydraulic forces of a gfaiunner blades (Number 1 and 13);anda,3 are the position
angles of blades 1 and 13, respectivglyis the angle between the average relative vel@eity and convected
velocity (U); Wy, is the average relative velocity of the turbinerrer.

The relative flow velocity at the inlet is [26]

weom e 2 (4)
sing, s D, sing,
whereQ is the hydro-turbine flows; is the excretion coefficient at point i is the height of the

blade; 5, is the angle betweew; andU; (see Fig. 3a)D; is the diameter of the hydro-turbine

runner at the inlet. From Fig. 3c, the relativermlieelocity at the outlet is

szs\i;m;
2
5
mE D.2
2 SZ” 2

Let us define the direction of the convected vejoas thex-axis (see Fig. 3c). Then, the coordinates

of the velocityW;, W,, andW, are fVicosp:, Wisings), (Wacogsz, Wasing,), and WicoB1+WLco52,

Wising+Wosing,), respectively. Hence, the absolute valug\gfis

W, =W + W +2 W Weod B,- B,) - (6)
The angle between the velocity,, and the convected velocity is

B, -arcsleSm’giv:r/\f\é Sing, | (7)




128  With Eq. (6) and Eq. (7), Eg. (2) is detailed as

b= yC,Fcos(B,-1)
" 2g cosi

129 (W2 + W +2WWeog B~ B,)) - (8)
130 If the initial angle of the blade i%, then the position angle of the blade at tinee

131 a=a,+at. 9)

132 The component forces &%, in theX-direction andy-direction are

P, =P, cosa
133 { om (20)
P, = B,sina

134  Theoretically, the water flowing in the turbine nam is the axisymmetric spatial flow. In actual
135  situations, there are radial asymmetry forces ik@ato the center of turbine runner due to the
136  manufacturing deviations of the blades at the b@ttlges. For example, assuming a pair of runner
137  blades (numbered 1 and 13) exists the manufactdemgtion.

138  Let us define the relative velocity at the outldge ash.;, and define the angle between the relative
139  velocity and the circumferential direction of blatleasf,: (see Fig. 3c). Also, let us define the
140 relative velocity for another blade W, and define the angle between the relative veiauid the

141  circumferential direction of convected velocity fitre blade ig2, (see Fig. 3c). Let us define the
142 angle between the velocity,; and the convected velocity #s. In light of Egs. (1-10), the

143 expression ofm; is

Slnﬂl + VV21 SInIBZI

W

145  Similarly, if we define the angle between the vélpd\,, and the convected velocity for other

144 B = arcsin (11)

146 blades agm, then we can derive as

147 B, =arcsin 13'”’81I\XIV\|/22 sm,Bzz' (12)
m2

148  In light of the above analysis, the unbalanced awyiilc forces (see Fig. B)) are



F|cosa
P =P, cosa, - P, cor,,= y(; | |[Al cobB, ;1) = A, cdB, )]
gcosi
149 ' (13)

Fisina
P, = Pysina, - B;sina ;= %[Acoiﬂmr/‘)‘ AZCO(Sﬂmz‘/‘)}

A= Q2 + Q2 + 2Q2 Cos(lgl _:821)
(s7rD? sinﬁ1)2 (7703 sinﬁ21)2 s s O DZsin B, sinB,,

A2 = Q2 + Q2 + 2Q2 Coilgl _1822)
(slan sin,Bl)2 (szﬂDg sinﬁzz)2 s ST OF Dsin B, sinB,,

150 where

151  From ref. [25], the torque of the hydraulic turbise

_ i _ :p_Q cota + 2
152 m—Pzﬂz(rl r,) 7 H b Fg Otﬁm]Q M} (14)

153  whereZ is the blade number. The torque of the hydraulibibe caused by the unbalanced hydraulic

154  forces is rewritten as

1 o 0@, B Lo-we|+Loq | Lol B Lo wr
155 mn—ZPQK b +F2¢COt'821jZQ w5:|+ Zp({[ h + F2¢00t1822j ZQ_w5:|- (15)

156  Hence, the torque of the hydraulic turbine is

m=z 2 Q{[Cmﬁﬁ tﬂﬂ] Q—wﬁ}%

157 - v ) L L . (16)
£71 ol Lo o Loz |+ 2 cotr o _wr?
= pQH o +F2¢00tﬁ21}ZQ wfz} ZPQK b B tﬂzzJ Q we}

158  The basic equation of the generator speed is [9]
=2 (m-m)
159 T : (17)
=Ah(q-q)- Dw

160 wherem is the electromagnetic momeiity, is the inertia time constant of the generafgris the
161  turbine gain;h; is the water head of hydro-turbing; is the hydro-turbine flow;q, is the
162  hydro-turbine flow at the no-load conditioD; is the damping coefficient of generatar;is the
163  generator speedy; is the hydro-turbine torque, which is proposedlBE Group in 1992 and then

164  widely used in modeling the hydro-turbine governgygtem. In this manuscript, the torgue is

8
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replaced by Eq. (16). Hence, the generator spefedtier detailed as

. 1
w==—(m-m-ew

Tab
1|12 cow _ 1] o ' (18)
= fb{EpQH b) 22; COt/le] ZQ :| 130QK > COtﬁzz] 1Q rzz:| -m- %w:l

2.2. Model of SSHTG

The SSHTG is divided into four parts, namely theagator rotor, the generator shaft, the turbine
runner and the turbine shaft as shown in Fig. al&fsm andm, are respectively defined as the
quality of the generator rotor and the turbine mm&ymbolgO; andO, are respectively defined as
the centroid of the generator rotor and the turbimaer. Symbob is defined as the misalignment
angle of the generator shaft and the turbine sk&ftnbold is the misalignment distance of the
generator shaft and the turbine shaft. Symbgland k, represent the bearing stiffness of the

generator rotor and the turbine runner.

Bearing [

Rotor

Runner

Fig. 4 The shaft system of a hydro-turbine genenait
Tab. 3 Forces acting on different parts of thetshyftem of a hydro-turbine generator unit

Rub Oil-film Damping Asymmetric Unbalanced
Number Part i . .
impact force force magnetic pull hydraulic forces

1 Bearing \

2 Rotor v v v

3 Rotor shaft v

4 Turbine shaft v

5 Turbine runner v v

As summarized in Tab. 3, five forces are actinghanparts of the SSHTG. We evaluate these
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forces as the following:

1) The rub-impact forces [23, 28]: Because of the $peed and great mass of the SSHTG, it is
regarded that the system remains rigid during tiiksmon. Hence, the bilinear stiffness model is
adopted here.

2) The nonlinear film-oil forces [24, 29]: The psese acting on the axle diameter is obtained
by solving the Reynolds equation.

3) The symmetric magnetic pull [30]: The analytieapression of the asymmetric magnetic
pull is obtained by expanding the air gap permeamceFourier series.

4) The unbalanced hydraulic forces [25]: We use (£8). It is notable that the other SSHTG
models treated such forces.

In this manuscript, we adopted the basic systememmiodref. [23]. Taking into account the forces
acting on the parts (Equation description see Agp@nby combing all equations into a matrix form,

we obtain the dynamic equations of the SSHTG as

{(nl-i-rQ) X+ CX'-( ll(+ g) )C( mle- En?p‘)zcow_ 2k00§+ W CO§+ x—L:mp+ xF x—rub+ X
(rr!|_+m) y+ Cy+( l1(+ g) )t( mle- EnMSin¢— ZkSin6+ W Sir€+ y—lrJ:mp+ yF yLrub+ y|

(19)
wherex andy are the derivation of the generator rotox4iaxis andy-axis; m andm, are the mass
of the generator rotor and the turbine runner, eesyely; k; andk, are the bearing stiffness of the
generator rotor and the turbine runner, respegtiveis the damping coefficient; ande, are the
mass eccentricity of the generator rotor and t@rbimnerw is the generator spee@landg are the
position angle of turbine runner and the generabtor; r is the distance between the center of
generator rotor and hydro-turbine runnt.ump and Fy.ump (Equations see Appendix) are the

symmetric magnetic pull forces in x-axis and y-axigspectively;F, and F, (Equations see

10
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Appendix) are the film-oil forceskx.w and Fy.p (Equations see Appendix) are the rub-impact
forces;Px andPy are the unbalanced hydraulic forces. Detailedutalion process of this model is
obtained from ref. [23].

2.3 Penstock modeling

The unsteady flow in a pressure penstock is expdely the following partial differential equation

[31]:

2
H,10Q, fQ _

ox EA\E ZgDAE N (20)
0Q gAdH _

— 4+ = _— =0

ot a’ ox

From Eq. (20), the relative deviation of water h@athe penstock caused by the change of flow is
derived as:

h, = Z,qtanh(T, 9 (21)
whereZ, is the normalized value of hydraulic surge impe#aof the penstock, @ =aQ /(Aag I—L) :
a is water hammer spee@; is the rated turbine flowH, is the rated turbine head. is the sectional
area of the penstockg is the acceleration of gravitg.is the relative flow in the penstock; is the
elastic time constant of the pensto€isL/a. L is the length of the penstock.

According to Laplace transform theorem, the hydcawirbine flow is written as:

X = X%
T 1
X, = =5 %+ o (hy— ff - b (22)
X3 TOlX2 ZOlTOl(h0 )
C_ 4 R
q= 3"2)(2+201T01(h’ fcf - h)

The conversion efficiency of the hydro-turbine is

nSZ H 15 nSZH 15

o = z .
9.81(300)) o 895.472/Q

(23)

The first-order of Eq. (23) is rewritten as:

11
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c__nAHY (@ Q \__ n’HY (20, aQ
T = 59547 Zan+an2]_ 895.47L w'Q +a)2Q2] (24)

wherens is the specific speed of the hydraulic turbineis the angular velocity ah=wmpX. By

combing all equations into a matrix form, we obti#ia dynamic equations of the HGS as

X =%
X, =%
. i
T )
4= -37% +———(h - i - h)
o COTO' Mo 2 COU 1o (IS . 25
w T LS QH b, F¢COI’821j Q- wr2}+13,oQ|:[ F¢cot,822j 13Q a)rz} m, e,;w} ( )
(m + m) x+cx+(k + k) x=(me+ mga’cosp— kcod+ maw’ cod+ F, .+ F F,+ P
(rnl-‘-nb) y+ Cy“-( lf+ K) }E( mlel- mﬁ‘fs"w‘ 2k3in9+ W sin9+ y—EJmp+ F y—Frub+ yP
,70:_n52H1'5 , @, Q )__ n'H" (2w,.0, dQ
895.472 &’Q w?’Q? 895.472 &*Q @*Q?

2.4 Uncertainty analysis method
Uncertainty analysis is an effective method to quanthe parametric uncertainty on the system
outputs. IndicesS and Sy are the quantitative indicators from the Extendedirfer Amplitude
Sensitivity Text (EFAST) [32, 33]. The corresporglinvo symbols indicate the single contribution
of parameters to the output uncertainty and theraation effect of multi-parameters on the output
uncertainty. Specific calculation process of the symbols is briefly presented as follows.
Firstly, a suitable search functi@is defined to transform the system mowel(x,, X2, ...,X,) to the
type ofy=f(s):
= G[sin(w 9]

77(1— >q2)05 PG—— dq ( ) @
wherei is the parameter numbeg: (1, n); {w} is defined as the frequency of the intedgerjs the
probability density function of the uncertain paeter x. The system model=f(s) is expressed

using Fourier transform method as:
12



j:+oo

236 y=1(9="3 Acos [+ B si i @

j=—c0

Ns_l.~--,0,--~,+ Ns_l}. Ns is the
2 2

237 where A :%Tj_”” f(s)cos( js) ds, B =_=[" f(s)sin( s ds, jD{-

238  sampling number. Fourier series spectrum curvedoasdeg. (2) is

239 N =N+B. (3)

240  The variance of uncertainty output caused by patemes

241 V = Zi/\icq : (22)
=

242  The total variance of uncertainty output is

243 (EDNEONED I RN AV (23)

i#] i#) & i
244 whereV; is the variance of parameteraffected byx;; Vim is the variance of parametgraffected
245 by the coupling of; andxm. Vi, is variance of parameter affected by the coupling ofi, xo,
246 Xg,..., andx,.
247  In light of the above analysis, the main eff§as
Vi
248 S =y (24)

249  The total effecty is

250 S, = =Ny (25)
251 whereV, does not include the sum of variance regarding

252 3. Parametric Uncertainty

253  The model of the turbine runner is a link betwelea penstock model and SSHTG model. Since
254  uncertainty in runner model parameters is not takém account, it is expected that there would
255  exist some inaccuracy when the runner blade andlaivng water interrelate in operation. Based
256  on the proposed model of Eq. (25), we choose #icalrparameters from the turbine runner model:

257  the relative height of the guide vane&by/D;), the diameter ratiopf=D,/D,), the anglel{,=23,,),

13
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the excretion coefficients(), the manufacturing angle error of the symmetridatles = 2,, - 5,,),

and the lift coefficient,). Also, the gross water hedah) and the excitation currenif)(are selected

to perform the following studies.

Uncertainty also exists in the models of the pearisiand SSHTG. For example, the gross water
head fi) in the penstock model is essentially changingabse of the uncertain difference of the
incoming flow and out-coming flow correspondingthe reservoir; the excitation curremy) {n the
SSHTG changes with the fluctuation of the eledfyitbad in a narrow range. Hence, the gross water
head (o) and the excitation currenf)(are also selected to perform the following stadie
Considering parametetx, from Ref. [38], its value changes in the interf@ll2, 0.315]. Here, the
reference value of parameter is attempted to be multiplied by a random factdhwa probability
law centered on 0.25, which is shown in Figa)6(About parametepp, the different type
corresponds to a different diameter ratio. In stisdy, we mainly investigate the Francis turbine
runner operating at middle or high water head. lderis value is always less than 1. Its distributio
is assumed similar with parameteq as shown in Fig. 6§. For parametei, its impact in different
intervals has been investigated by many resear¢Bér29]. Here, the reference value is attempted
to be multiplied by a random factor with a probaypilaw centered on 750 (unit A), which is shown
in Fig. 6(). This interval is widely acceptable by most hyzbwer stations. From Ref. [34] and the
interval of parametexkx, the reference value of paramefgs is attempted to be multiplied by a
random factor with a probability law centered o65).and its distribution law is shown in Figdi(

Similarly, the distributions of parametess b, C, andh, are respectively shown in Figs. 6(e)}6(

14
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Fig. 6 Probability density functions and samplin§she eight uncertain parameters.

4. Simulation results

4.1 Uncertainty outputs

Combining the models of the turbine runner, the 3&Hand the penstock, the mathematical model
of HGS is established considering parametric uagdast As we all know, there is a close
correspondence between the conversion efficiendyttaa unit vibration. Hence, it is very important
to understand their relationship by the probabitltgtributions under the impact of the uncertain
parameters. Here, calculate ten thousand timeshdontodel to obtain the probability density
function of the conversion efficiency and the cuativie density function of axis offsets, which are

shown in Fig. 7.
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(a) Probability density function of conversion eféaicy.
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Fig. 7 Uncertainty outputs of conversion efficierasyd unit vibration.

From Fig. 78), the uncertainty distribution of the conversidficeency approximately matches the
normal distribution. The average value is 0.786] #re standard deviation is 0.106. The highest
frequency interval is [0.7, 0.82]. In the viewpouwit engineering, the conversion efficiency of the
generating system operating in the interval [0.82Dhas the maximum probability, and stability
with standard deviation 0.106 is sufficiently rélia.

From Figs. 7, c), the uncertainty outputs of the axis offsetxiaxis andy-axis approximately
match stable distribution. Specifically, the detiva of x in the interval (2@m, 100Qum) shows a
high probability, and the derivation gfin the interval (94m, 400Qum) is likely to happen. From

GB/T 8564-2003 of Technical code for installatidrhgdraulic turbines in China, the limited value
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312 of the axis offset ix-axis andy-axis should not exceed 3@@. Obviously, the outputs ofandy to

313  the eight uncertain parameters in some intervasbasically meet the standard requirements of
314  hydropower stations.

315 In light of the above analysis, the definitionsimtervals of the eight parameters are reasonable. |
316  the next section, we present how the uncertainnpetier impacts on unit vibration and conversion

317  efficiency. In addition, the other parameters in &%) can be obtained from Tab. 3.

318 Tab. 3 Specification of the hydropower stationdionulation.

Component Parameter Symbol Value Unit
Penstock Material: Steel
Length L 216 m
Diameter D, 5 m
Hydro-turbine Type: HLD294-LJ-178
Maximum head Hmax 113.5 m
Rated head H:ated 103 m
Rated power Piated 29000 Kw
Rated speed Nrated 428.6 r/min
Rated flow Qrated 32.86 ni/s
Zero load flow Qni 45 /s
Guide vane opening Ymax 205 mm
Zero load guide vane opening Yni 21% -
the mass of the hydro-turbine runner mp 1.1x1d kg
the damping coefficient C 6.5x1d N-s/m
the bearing stiffness of the runner ko 6.5x10" N/m
the eccentric mass of the runner & 0.0005 m
the initial phase o 0.8 rad/s
moment of inertia for the runner Jo 3.5x10 kg-nf
command signal s 10° -
Generator Type: FS29-14/4000
Active power Pe-rated 29 MW
Direct axis synchronous reactance X4 0.9736 Q
Direct axis transient reactance Xq 0.2836 Q
Quadrature synchronous axis reactance Xq 0.6169 Q
Quadrature transient axis reactance Xq 0.6169 Q
Rated terminal voltage Us-rated 6.3 kV
Damping factor Dy 5 -
Transient time constant of axis Tdao 5.4 S
Mass of the rotor for the generator my 1.5x1d kg
the bearing stiffness of the rotor ky 8.5x10’ N-s/m
the eccentric mass of the rotor e 0.0005 m
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329

330
331

moment of inertia for the rotor Ji 7.9x10 kg- nf

Governor Type: CVT-80-4 (PID)
Permanent speed droop by 0~10% -
proportional gain Ko 0.5~20 s
integral gain ki 0.05~10 s
differential gain Ky 0~5

4.2 Global sensitivity analysis

The uncertain outputs presented above make thdusomes sensitive to uncertainties regarding the
conversion efficiency and unit vibration. Also, tgenerator speed is a key parameter that directly
affects the connected stability of the generatakitig to the electric power system. Hence, in the
following, the global sensitivities of the eightaamtain parameters to the conversion efficiencit, un
vibration and generator speed are analyzed.

Currently, there is so far no unified standard gensitivity index. Here, a standard for sensitivity
analysis proposed by EDJONGFE is adopted. Fromstaedard requirement, the parameter is
sensitive to the outputs wh&»0.05,5;;>0.1. Using Monte Carlo method [35, 36] and EFABIE,
first order and total order sensitivity analysisuks of HGS with eight uncertain random parameters

are presented in Fig. 8.

Estimations of the sensitivity indices
Confidence Intervals: 0.05% 0.95%

2 047 BMain effect
3 [ Total effect
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O > (=}

% - S @ &) =

(a) Sensitivity analysis results of the conversidiceincy.
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338 Fig. 8 First order and total order sensitivity a3& results of the hydraulic generating systerh wight uncertain
339 random parameters.

340 From Fig. 84), for the conversion efficiency, there are thresameters of which the first order
341  sensitivity and the total order sensitivity excéleel standard requirement, namely the relative heigh
342  of the guide vanex{), the diameter ratiopp), and the gross water hedw)( Specifically, values of
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360

S and Sy to parametersx, pp andhg are respectively (0.285, 0.0728), (0.333, 0.091) @.155,
0.063), which are obviously greater than that dfeotparameters. In other words, the impact of
parametersx, pp andhy on the conversion efficiency is enormous and cteldised to improve the
modeling accuracy of a HGS.

Regarding the unit vibration, the values of thetforder sensitivity and the total order sensiiaite
both less than the standard requirement (see &ifgs.d)). Obviously, using the standard proposed
by EDJONGFE is not appropriate. To obtain the implegree of eight uncertain parameters on unit

vibration, the sensitivity values of each paramatet their ranges are present in Tab. 2.

Tab. 2 Sensitivity values and ranges of uncertaiameters concerning unit vibration.

Parameter S Range Sri Range

XX 0.008935 2 0.0268821 2

pPp 0.009294 6 0.0300927 7

ij 0.009261 5 0.028664 5

b, 0.009050 4 0.02823019 3

s 0.009028 3 0.0283079 4

b 0.015140 8 0.082501 8
C, 0.009449 7 0.029459 6
HO 0.008550 1 0.0233837 1

For the generator speed, the parameters of wheliirdt-order sensitivity index is more than 0.5
includexx, pp, andhg that are the same as the sensitive parametemeérsion efficiency.
Summarized the above analysis, first, the conversfticiency and generator speed have the same
sensitive parameters, which ave pp, andho. Their ranges to impact degreepi>xx>hy. Second,
from the sensitivity analysis of unit vibration, vean conclude the vibration is a comprehensive
problem. The ranges to impact degrebgisxx<s;<b.<ij<pp<C,<b. The ranges to interaction impact
degree ip<xx<b,<s; <i;<Cy<pp<b.

4.3 Interaction contributions

The contribution of the first order and interacBanf eight parameters to conversion efficiency and
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unit vibration is shown in Fig. 9. The contributioh the first order and interactions of the sum of
eight parameters to conversion efficiency and wuibitation is shown in Fig. 10. By comparing the
sensitive parameters of conversion efficiency amtwibration in Fig. 9, the deciding factors ofiun
vibration are more than that of conversion efficierOn the other hand, from the calculated results
of total sensitivity analysis, the interactions tbe deciding factors for unit vibration are much
greater. Obviously, the contribution rate of theseertain parameters to conversion efficiency and
unit vibration mainly comes from the direction adlmition rate of each parameter, and the
contribution rate of parameters to interactionsmach less. However, the distribution rate of

interaction to unit vibration is much higher thdwat of conversion efficiency, which proportion are

M First order Interaction

Conversio

respectively 70%, 30%, 22% and 78%, as shown inlg
n

72% 70%
Efficiency J
l B l l l ? l

Vibration

75% 76% 76%

Fig. 9 Contributions of the first order and intdiais of eight parameters to conversion efficieang unit
vibration.

M First order M First order

Interaction Interaction
78%

Conversion Efficiency Unit Vibration

Fig. 10 Contribution of the first order and intefans of the sum of the eight parameters to cowersfficiency
and unit vibration.

4.4 Modé verification and New Challenges

The ability of the HGS containing uncertain randparameters to simulate the HTGS'’s responses
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and SSHTG's vibration is performed. Simulations presented using two conversational models:
the HTGS’ model published in ref. 9, and the SSHT@bdel presented in ref. 37. Comparisons of
HTGS's responses and modal results performed frnffereht models are presented in Figs. 11, 12
and Tab. 4, respectively. Regarding the SSHTG'pamses, the software of Pro/E is used to
establish the 3D shafting model, and the elemdid®®is adopted for its mesh generation. The grid

includes 59022 units and 28879 nodes.

Turbine flow {q) from HTGS

Generator speed (o) from HIGE =~ sessuss Turbine flow (q)
0.2
Guide vane opering () sessses (enerator speed{o)
0
0 100 200 300 400 500 600 700 800 200 1000
Time [10%5)

Fig. 11 Comparison of dynamic evolutions with retpe hydro-turbine flow, generator speed, and guidne
opening. The three dynamic parameterso(cand y) without words “from HTGS” come from simtiden results of
the model proposed in this study. The three dyngaiemeters (g», and y) with words “from HTGS” come from
simulation results of ref. 9. Symbot=>" refers to the modeling difference from this paped ref. 37, which
indicates that the interaction effect of HTGS asH$G changes the responsesjab, andy in this part.

15296

B

g

il

1
2
3
4
s
——— Mode - &
7
s
L| —&—— Mode-3

1

Frequency (Hz)

——&—— Mode - 10
—— RATIO = 1
a CRITICAL SPEED

0. 125. 250. 375. 5S00. 625. 750. 875. 1000.

Rotational Velocity (rad/s)
(a) Structural model of SSHTG (b) Campbelbdien

Fig. 12 Modal analysis results calculated from ANSSYbftware. This model comes from ref. 37. Thevemie of

Pro/E is used to establish the 3D shafting modwl, the element solid95 is adopted for its mesh igeioa. The

grid includes 185699 units and 1023789 nodes.

Table 4 The comparison of the natural frequenci@® the unified model and the model of ref. 3.

Source First-order mode (HZ) Second order mode (HZ)

The unified model 16.85 20.45
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Ref. () 16.62 20.72

From Fig. 11, the main difference in the transipatt is caused by the interaction of HTGS and
SSHTG. The modeling results of the two models arela to each other, except for the transient
part labeled with symbol<->". Hence, the proposed model in modeling HTGS'oeses is
verified. From Fig. 12 and Tab. 4, the natural @reocies calculated from the proposed model
correspond closely to the frequencies of the FEWdehavhich verifies the correctness of the model
proposed in modeling the SSHTG’s responses. Theretbe model proposed in this study is
verified

From the above analysis, two challenges to briegdraulic turbine model into uncertainty theory
framework are proposed. One challenge in modelgHGS is the uncertainty in hydropower
stations because of the run seconds or increasegears changing parameters. Monitoring systems
can capture operation data of HGS, which may or nwdyoe representative of uncertain parameters.
The other challenge is the increasing model conifyleBoth penstock systems and electrical
systems have interactions. Establishing an intedratodel would have the ability to access the
impact of one system on the other, while the drakbaare the simulated accuracy in stable
operation and transient operations, as establishis study.

5. Conclusions

A rigorous study on parametric uncertainties in plog) HGS is presented. First, the hydro-turbine
runner-a key component of the mathematical modiissproposed considering the inlet and outlet
velocity vectors as well as the unbalanced hydrafdrces based on the Kutta-Zhoukowski
condition. Second, uncertain outputs of convergfiitiency and unit vibration are investigated,
and a normal distribution (i.e., average value=6,78nd the standard deviation is 0.106) for

conversion efficiency is obtained. Third, the globensitivity method is used to study the impact of
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parametric uncertainties on the conversion efficgeand unit vibration. The results verify that the
most critical parameters for conversion efficieracg the relative height of the guide varg),(the
diameter ratio fp) and the gross water healb)( The evaluation order of importance to unit
vibration: the gross water healh) < the relative height of the guide vane)(< the excretion
coefficient &) < the angle Ify) < the excitation current;f < the diameter ratiopf) < the lift
coefficient Cy) < the manufacturing angle error of the symmekridades ). Fourth, the new
model is verified against two conventional models.

Appendix

The rub-impact forces: When the vibration amplitude of the rotor excedus gap between the
generator stator and rotor, there will be collisiand we assume that it is elastic collision tyfiee
effect of the friction heat is not considered ie tollision process, and the stator radial stifniss
assumed to be a constant value. Then the rub-inipaets are written as [24]

{Fm - (e=a)k "

F, = fF,
wheree is the radial displacement;:m; do is the initial gap between the generator statdr an
rotor; k. is the radial stiffness of the statdris the friction coefficientf,; andFy are radial and
tangential components of the rub-impact forcespeesvely. The radial componeift,; can be
further reduced to the rub-impact forcesddirection andy-direction as:

Frono =—H(e=0) 2 (o - 1)

@)

y-rub —

Fan = H(e=0) 2 (e vy

0 x<O0
where H(x)_{1 (>l
The film-oil forces. The film-oil forces adopt the same expressionsduseref. [23], and the

expressions are
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3)

{FX =F,tk X+ kxyy+ d, D x+ dxylj y
F,=F, +kyxx+ kyyy+ dny7 x+ dyylj )

whereF, andFo are the oil-film forces at the quiescent operapoimt. Variablesky, Ky, Kyx Ky,

Oxx, Oyx, Oxy, @nddyy in EQ. (3) are

K = (E)z 4g'[21 + (16— 11 )'? ]
* TN (1-e?)[16e + P (1€ 7))
B\, i[-17° +21°&'* + (16— 11°)e' ]
Y (1-£2)5[166' 2+ 12(1- £' %))
By, 777 + (% +32)e'2+ 2(16- 12 ']
Py (1- £2)25[16 2+ 171 £' )]
_ B, 4g'[m + (i +32)e'? +2(16- 11 ']
R U TR o T T (4)
4 = (E)2 2n(ie + 2" - 166'2)
TR (1-e2)L6e’ 2+ (1 €' 2)]
4 = (E)Z 8e' (i’ + 2" - 166'%)
YotdT (1-£?)’ e+ P (1-£'%)]
dyx = dxy
B,, 2m(m*+121°€'*- 1&'%)
P (1-£?Y[1662+ 7 (1-£'2)]

kxyz(

I(yx:(

d, =(
whereB/d is the width-diameter ratio of the bearingjs the eccentricity ratiog’=e,/C; e, is the
eccentricity of the bearing; is the radial gap of the bearing.

The symmetric magnetic pull forces:

We adopted the model of the symmetric magneticfputles as [23]:

rLrk 21 2
R A A A P B L
. m
5
rLrk 2l .2 _ ©)
e = g AN AN F AN s
y-ump ,Uo

wherer is the generator rotor radius,:m; x; andy; are coordinates of the generator rotor in
x-axis and y-axis, respectivell;is the length of the generator rotas.is the magnetic permeability
of the air;k; is the coefficient of magneticmotive force for flamental wavel; is the exciting
current of the generator; Moreover, there are fotermediate variables and no physical meaning,
which are
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456  wheredy is the initial gap between the generator statdrrator;e is eccentricity ratiog=r/d.
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1. We propose expressions of unbalanced hydraulic forces
2. A integrated model of hydraulic generating system is proposed.
3. Global sensitivity and parametric interactions on the system output are quantized.

4. We verify the model with two proposed conventional models.



