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Abstract. Hydropower shoulders important responsibility fargulation and control of power systems with
intermittent renewable energy sources. The quafityegulation required for hydropower units hasrbeereasing,
and the interaction between hydropower plants (HRRE power systems is of great importance. Thigkwaims to
conduct a fundamental study on hydraulic-mechasgtsdtrical coupling mechanism for small signalbgity of
HPPs. The main focus is the impact of hydraulicimaaical factors on the local mode oscillation irsiagle-
Machine-Infinite-Bus system. A twelfth-order statetrix is established for theoretical eigen-analyas the core
approach. Meanwhile, a simulation model based amulik/SimPowerSystems is built for validation. The
influencing mechanisms of water column elasticggyernor mechanical component, and water inertastudied
under different control modes of the turbine gowerriThe results show considerable influence frordraylic-

mechanical factors, and the effect of turbine goeerctions is no longer ignorabldso, the damping performance
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under power system stabilizers can be considerddgted. Insights into interactions among physoantities in

various conditions are obtained as well.

Key words: small signal stability; hydropower plant; turbine governor; eigenvaluepower system stabilizer
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Unit
[pu]

[m/s]

[pu]

[pu]

[pu]

[pu]

[pu]

Description
turbine governor parameter: for droop

pressure propagation speed in penstock

partial derivative of turbine discharge wittspect to guide vane opening, speed and head

partial derivative of turbine power outputtivirespect to guide vane opening, speed and

head

g-axis component of the transient internal gmdportional to the field winding flux
linkages

d-axis component of the sub-transient inteeraf proportional to the total flux linkages
in the g-axis damper winding and g-axis solid ste&r body

g-axis component of the sub-transient inteeraf proportional to the total flux linkages
in the d-axis damper winding and the field winding

excitation emf proportional to the excitativoltage

rated frequency of power system (50 Hz in tréper)

frequency of oscillation corresponding to agemvalue

derivative of water head with respect to time

water head

d- and g-axis component of the armature eurre

gain of exitation system (automatic voltaggulator)

turbine governor parameters: for proporticteain

turbine governor parameters: for integral term
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Vpss

Xa, Xa, Xi
X, Xq

Xs

Xds Xos
y

Yei

[pu]
[pu]
[(m]

[pu]
[pu]
[s]

[pu]
[pu]
[pu]
[pu]
[pu]
[pu]
[pu]
[pu]
[pu]
[pu]
[pu]
[pu]

[pu]

gain of power system stabilizer for selectdifferent input

gain of power system stabilizer

length of penstock

electromagnetic active power and mechanicalgro

reactive power of generator

parameters of power system stabilizer

open-circuit d-axis transient and sub-transtane constants
open-circuit d-axis sub-transient time constant

time constant of water column elasticity,= L/c

mechanical time constant

time constant of surge (in surge tank or gasdts etc.)

time constant in exitation system (automatittage regulator)

water starting time constant

servo time constant

voltage at the generator terminal

d- and g-axis component of the voltage atgéeerator terminal

d- and g-axis component of the infinite busagé

infinite bus voltage

signal between washout and phase compendaitigk in power system stabilizer
output signal of power system stabilizer

d-axis synchronous, transient and sub-tramseactance of generator
g-axis synchronous and sub-transient reactahgenerator

total reactance of transmission line (betwgenerator and infinite bus)
Xify = XY + Xg1 Xfjs = Xo/ + X,

guide vane opening

guide vane opening signal between Pl termssando

elasticity coefficient of penstock
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0 [rad] power (or rotor) angle

1) [rad] power factor angle at the generator terminal

& / damping ratio of oscillation corresponding toeagenvalue

10} [pu] angular velocity of the generator

wo [rad/s] synchronous angular velocity in electricaians (equals t2rfg)
A / stands for the deviation from the initial value

1. Introduction

Hydropower has played an important role in the afi@n of electric power systems for a long timewsdwer, new
challenges for this relatively mature technologg atill emerging. First, the amount of electricggnerated by
intermittent renewable energy sources has beentamdhs growing [1, 2]. Hydropower, as the largesobal
renewable energy source, shoulders a large pasfitimee work related to regulation and balancingafver systems.
Second, the generator size and the complexity demway systems in hydropower plants (HPPs) haven bee
increasing. Especially in China [3], dozens of HRh at least 1000 MW capacity are being planrdssigned,
constructed or operated. Third, many large HPP#oaeged far away from load centers, forming thdrbydominant
power system [4, 5] in China and Sweden. Hence,diéamand on the quality of regulation emanating from
hydropower units has been increasing. Stable dparaf HPPs and their interaction with power systémof great
importance. Especially in recent years, the respaapidity of frequency control is needed [6], ahié would

enlarge the interaction between hydraulic-mechasigasystem and electrical subsystem.

Previous research on the stability and dynamicesees of HPPs can be divided into three categdfig3he first
category focuses on the electrical perspectiveitmplgying the hydraulic and mechanical systems] #mnis is the
standard approach for small signal stability arialys textbooks [7, 8]. In studies on inter-areadamscillation [9-
12], the hydro turbine model is very simple. (2)¢T8econd category is to simplify the electrical-sytem with the
first-order swing equation of generating units, lrsues studies on modeling and transients of the awidr

mechanical system [13-19] and the frequency comtré1lPPs [6, 20-32]. (3) In recent years, studiesoupling of

the hydraulic-mechanical-electrical subsystems wlatively detailed models of all three subsystdrase been

4
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active. The comprehensive modeling and correspgngimulations of the dynamic processes were coeduict
[33-39]. Various controllers were proposed or ojed for enhancing system stability in [40-45]. &igalue
analysis on the stability of HPPs were performed4i6-48] based on phase variables a, b, c instéad, g-
components. An eigen-analysis was conducted forosiodlatory instability of a HPP, and influence tbie water
conduit dynamics was discussed in [49]. The seardéyr oscillation mode of hydropower systems waslistl in
[50] based on a linear elastic model and modalyaigalHowever, there are still limitations in thestedies. Most of
the previous works only conducted numerical simoiet and did not theoretically explain the osditlat
mechanism. While in case of works that include thtcal analysis, the hydraulic-mechanical-eleefrgubsystems
is still relatively simple, and only limited fac®are discussed. Hence, a fundamental and compgiebesiudy on

the stability of the multi-variable hydropower systs is very important.

This paper aims to conduct a fundamental study yahraulic-mechanical-electrical coupling mechanisn $mall
signal stability of HPPs. The main focus is on itiftuence from hydraulic-mechanical factors. Fog tbcal mode
oscillation [7] in a Single-Machine-Infinite-Bus NBB) system, the theoretical eigen-analysis is ¢bee approach
and a twelfth-order state matrix is establishedimulation model based on Simulink/SimPowerSystenimuilt for
validation. The common ranges of some standard tiomstants in hydropower systems are presentedjime-1,
for indicating the interactions among the multipleysical quantities. Time constants regarding tleetecal sub-
system (generator) are in red, and time constagarding hydraulic and mechanical sub-systemsrakduie. The
definitions of the symbols are in Nomenclature.€ghprincipal time constants for water column etésti(T,), water
inertia (T,,), and servo ;) in the hydraulic-mechanical subsystem are thenmstidy objects. They are analyzed
under two modes of frequency control (opening feeltand power feedback) without the power systexhilster
(PSS). However, the surge in surge tanks (indichyetl) has a relatively slow oscillation and it is exddd in this

work. Besides, the influence from the hydraulic-hmtical subsystem on the PSS is investigated.



74
75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

7,:10.0—400.0s [

T,:0.02—05s

P 7001155

| 75:0.01— 0095
| Ti:0.01— 0055

0 2 4 6 8 10
Time [s]

Figure 1. Common ranges of some standard time constants in the hydropower system

The content of this paper is organized as follows. Section 2 describes the models and methods for theoretical analysis
and numerical simulation. Section 3 presents the eigen-analysis for exploring the theoretical mechanism and the
simulation to support the theoretical analysis. In Section 4, discussions are conducted and the future works are

suggested. In Section 5, the main conclusions and significance of this work are summarized.

2. Models and methods

The objective of this study is to propose a SMIB system with an extended model of a hydropower plant. In this
section, first, a state matrix of the system is built and the analysis method is briefly introduced. Second, the
numerical model based on Simulink/SimPowerSystems and the basic simulation settings are demonstrated. Then, a

real case of a Swedish HPP is examined as a case study.

2.1 State matrix and eigen-analysis

The approach of the state space modeling and eigen-analysis on a SMIB system is introduced in detail in [7].

2.1.1 Generator and network
In order to study the SMIB system, the models of the generator and the network are described by the classical fifth-

order model [8], as shown in (1) and (2) respectively. Resistance in the systems is ignored. The transformer and
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96  2.1.2 Automatic voltage regulator and power sysséabilizer

97  Astandard first-order model [7] of automatic vgkaregulator (AVR) is adopted, as described ira(R) Figure 2.

dAE,
Tt = AR + K -V, +A Vg 3)
_AI/Q + AVPSS . Ka AEfd
1 14Ts i
98
99 Figure 2. Block diagram of the excitation system
100

101 A second-order power system stabilizer model [@pplied, as described in (4) and Figure 3. In ¢ri]y the input
102  of speed deviationAw) is considered while in this study, the input loé tdeviation of the electromagnetic power
103 (AP is also included, for the practical case of the@ish HPP (Section 2.3).

104
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dt T, d T T
Phase
Washout compensation
STD AVl | 1+ STl AVPSS
1+5T 1+ sT,

105

106 Figure 3. Block diagram of the PSS
107

108 2.1.3 Hydro turbine and elastic penstock
109 Alinearized hydro turbine model is applied, by ptitog the standard method with six coefficients @ shown in
110 (5). The elasticity of the water column [7] is cmiesed, as described in (6), and the frictionaslis ignored here.

111

Aq=gAy+ gAw+ Al

Turbine characteristic{ (5)

AP =eAy+ eAw+ @A h

Elastic water columnﬁ = i 6
Aq 1+aT’e ©)
112  From (5) and (6), the differential equation (8) tendeduced based on (7).
dAh
—=A 7
dt " "
dAh 1 dAy dAw dAh
—= -Ah-T + + 8
dt an{ W(q‘y at - Tdr % gy ﬂ ®)

113

114  2.1.4 Governor system
115 For the theoretical analysis, the linear modehef governor system with a proportional-integra) (@introller with
116  droop and the servo is shown in Figure 4. The neali components with dashed outline are only agptiethe

117  simulation model. The equations of frequency cdntith opening feedback (OF) and power feedbacK (R€] are
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(9) and (10) respectively. It is worth noting thia¢ power feedback signal here is the electromagpetver, not the

mechanical power.

: . dAy; _ dAw
Opening feedback(1+ bp KP)TPI + bp KAY,, =-— KPF - KAw (9)
Power feedback% =-b,K, daR _ b, KAR - Kpdﬂ) - KAw (10)
dt dt dt
Servo: T, %/ =Ay,, —Ay (11)
Ky Saturation ljilai:;g Servo Backlash
—Aw T Ayp 1 Ay
/. 4 % T % 1 +Tys #

K;
s
by 7] 4P,

Figure 4. Block diagram of the governor system.

2.1.5 State matrix of the whole system
The free motion of a system can be described by

Ax = AAX. (11)
Here, the column vectormeans the state vector and the derivative ofttite sariable with respect to timexisA is
the state matrix of the system, and it is the adrihis paper because the small signal stabilitthefsystem can be
analyzed by investigating the eigenvalues of thgesmatrix. There are twelve differential equatiémsthe whole
system presented above, i.e. five equations fogdmerator, one equation for the AVR, two equatifamshe PSS,
two equations for the turbine with the waterwayteys and two equations for the governor system. Eletveelve

corresponding state variables are applied, as sho{?).
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AR, a,, 0 a, a, 0 0O O O O O 0 OfA.E
AE; a, O 0 0 a; O 0O oO 0 0 0 0 || AE;
AEfd _ a, O 0 &, as ag O 0 0 0 0 3, ||AE, (12)
A\ &, &, a; a, a; 0 a;; a;z 0 a,,,0 O 0 Ay,
Ay 0 0 0 0 0 0 a;; a4, 0 0 0 0 Ay
Ahl 8, &, 0 &, as; 0 a8, as 85, 8y O 0 Ah
AR 0 0 0 0 0 0 0 0 ay, 0 0 01l Anh
A\/’l 8, &y, 8y Ay, ays O 0 ayug O @50 &y O AV,
AV | B21 Qpp A &, Apps 0 0 aps 0 a,, apy, a 12,;12_AVPSSJ

| B Vpss |

133

134  Here, all the non-zero elements,, of the state matrix are shown in Appendix. Frowe $tate matrix, one can obtain
135 the eigenvaluesi{ = a; + jf;), which are the main indicators of system stahiland the corresponding main
136  participating variables. From an eigenvalug,(the frequencyf() and the damping rati@;() of the corresponding

137  oscillation can be obtained [51]:

f = B (13)

¢ = ﬁ (14)

i (
138 Analyses in the next section involve damping ratiosresponding to different eigenvalues in the eaysfor each
139 case. The smallest damping ratio is selected am#ie indicator of the system stability.
140
141 2.2 Numerical model and simulation case
142  In order to validate the theoretical eigen-analyise-domain simulation of the system under adtpbase fault is
143  conducted. The numerical simulation is implementedimulink/SimPowerSystem, and the overall modelt t
144  contains several subsystems is illustrated in EidgurThe inputs of reference values are not shdwm. signal of

145  rotational speedd) is in blue, and the signal of electromagnetic o) is in red. The numerical model of the

10
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governor is presented in Figure 4, including thelimear components with a dashed outline. The liatiéation,
backlash and servo are important because theyadeeent influence on the response of guide vaariong (GVO)
that affects mechanical power of the turbine. Theerical turbine and waterway system model is lgtiddar (Figure
6), corresponding to the theoretical model desdrime (5) and (6). The numerical models of the AvRI ghe PSS
have the same structure as the theoretical modbés.existing blocks “Synchronous Machine” and “Téghase
Transformer (two windings)” from the SimPowerSystéibrary are applied. Compared to a standard exampl
“Synchronous Machine” existing in SimPowerSysten todel built in this study can be regarded asxaension

with the PSS added and with more detailed govetodsine and waterway models.

EX
Governor Turbine & P, Three phase
¥ | water way | fault
e
Synchronous [
Generator |— Line
@ AVpsg ) Ey Transformer
PSS > AVR Infinite
P, I—’ Vg bus

Figure5. Block diagram of the SM 1B system with the extended hydropower plant model

]

€p

:

e,

qh

:

wS

1+ aT?s?

Figure 6. Block diagram of thelinear hydro turbine model

The simulation case is a three phase fault thapdrapon the terminal of infinite bus (in Figurea®)1.0 s, and the
clearance time is 0.1 s. In the Simulink model, fdndt is implemented by inserting a voltage disaurce that is
applying a “Three-Phase Programmable Voltage Sdunoek; another option is to adopt the “Three-Phase Fault”

block from the Simulink library, and these two nath are equivalent.

11
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2.3 Study case: a Swedish HPP

The engineering case of this study is a Swedish BlRRed by Vattenfall, the largest hydropower opmran
Sweden. The HPP contains four generating units kiéimcis turbines, and one of the units is taketh@study case.
The values of main parameters are shown in Apperidig values of the generator parameters are dstinfilom
field simulations of standard tests in [52, 53]talampedance of the transformer and the transonidéie (X) is set
to 0.3 pu. The tunable operating settings (e.dinggst of turbine governor, AVR, and PSS) of the HRiBht be not

exactly the same as the values in the practicalscasd the default settings are given in Appendix.

3. Results

In this section, the coupling mechanism of multigleantities and the influence of three importandraulic-
mechanical factors are analyzed under two moddseqfiency control (opening feedback and power faeklp
without PSS. Then, the influence from hydraulic-tretcal subsystems on the PSS is investigated.defeult

parameter settings are in Appendix.

3.1 Water column elasticity (Te)

Under different conditions of water column elassicand governor feedback modes, eigenvalues and the
corresponding main participating variables of tseiltation modes are shown in Table I, without émgagement of
PSS. Three oscillation modes occurred in theseitions, the electro-mechanical mode and the exeitede are
well-known [7], and the water elasticity mode h&sodeen observed in [49]. When power feedbaclpjdied, the
interaction between variables is stronger than ungening feedback. Note that a very small valu€.dg.g. 0.01s)
indicates that either the length of waterway isrsbo the effect of water column elasticity is igad as in many

previous studies.

A more exact analysis is illustrated in Figure ReTsmallest damping rati@)(of all oscillation modes is plotted for
each case (one combination of the valu&,pandT,) under two feedback modes (OF and PF). As showiigare 7
(a), when the value df, is small (short penstock), the increased resprasdity of the frequency control (indicated

by an increase of thi€, value) with OF leads to a smaller damping ratidhef system. On the contrary, when the
12
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200
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203
204

205

206

207

208

value ofT, is larger than a certain value, the system beconwee stable with stronger frequency control. Mee¥p
the trend is inverted when the governor appliespihwerfeedback; the increased strength of the frequency control
stabilizes the system with the small valueTef It also corresponds to the relationship betweigerwalues of
electro-mechanical mode in Table | under the twerlfmck modes. Besides, PF generally leads to hiddgraping

ratios than OF.

Tablel. Eigenvalues of the system under different conditions of water column elasticity and gover nor

feedback modes.

No PSSK,, =0, Kpe =0)

Mode Rigid water columnT,=0.01 s) Elastic water columfig=1.0 s)
Governor with OF Governor with PF Governor with OF Governor with PF
A Variable A Variable A Variable A Variable
Electro- 0.0523 -0.4585 + -0.1654+ -0.1115 +
mechanical  8.3022] 20480 7g13g]  AdAO ghgag A% Aw 8.7312] A3, Ao
Exciter -6.1036 * AEg, -6.1826 + AE,, AE;, -6.0891+ AEg, -6.0604 + AEy,
8.3635]  AEy, AEgq 8.3576j AEgg 8.3883j AEg, AEgy 8.3982j AEg, AEy
Water -0.9635+ -0.5807 +  Ahy, Ah, A4,
elasticity / / / 4 14875 A AN aaea Ayen Ay

1. The corresponding main participation variabldgtme oscillation mode are presented in the coltUWariable”.
2. The “OF” and “PF” stand for opening feedback amdwer feedback respectively.
3. Other parameter settings adopt the default vaineAppendix.

. -
Damping ratio, £ Damping ratio,

o
[N]

., 004 0.15 . 015
g s
002 g 018
2 0.1 @ 01
=8 04 £
5 E 005
S .0.02 a &

0.05 (o P

0
@) (b)

Figure 7. The smallest damping ratio (£) under different cases and feedback modes. (a) OF; (b) PF.

The observations above are further validated bg tilmmain simulations. As shown in Figure 8, theebione shows

a medium situation under the original valueTgfwithout frequency control while the black line repents a higher
13



209  damping ratio, i.e. oscillation is dampened within 7 s; the red line represents oscillation under a less stable condition.
210  The simulation results of these three sets of parameters fit the damping ratio well (the result validates the cases in
211  Figure 7). In short, the impact of water column elasticity is important and it differs from the feedback mode of the

212 frequency control.

213
1.015 - 0.93
Te=0.115s, Kp=0, Ki=0 Te=0.115s, Kp=0, Ki=0
101 — —Te=0.30s, Kp=9, Ki=5, PF 0.92 — —Te=0.30s, Kp=9, Ki=5, PF
_ Te=0.01s, Kp=9, Ki=5,0F Te=0.01s, Kp=9, Ki=5, OF
2 1.005
°
Q)
g 1
wv
0.995
0.99 0.88
0 2 4 6 8 10
Time [s] Time [s]
(@ (b)
214 Figure 8. Simulation of the process after the three phase fault: (a) Rotational speed (b) Turbine GVO.
215

216 3.2 Mechanical components in governor system (7))

217  The mechanical components (servo, backlash, rate limiter, etc.) in the governor system determine the rapidity of the
218  GVO response. In the state matrix, these components are simplified and represented by the servo time constant (7},).
219  Figure 9 shows the damping ratio under different values of servo time constant (7)) in various conditions. A small
220  value of T, leads to a quicker response of GVO, and brings clearer influence on system stability. The influence of 7,
221  is more obvious when K, is larger. A time domain simulation for OF in Figure 10 (a) demonstrates the influence and
222 it corresponds to the result in Figure 9 (b).

223

224  Besides, the linear theoretical model can result in negative damping ratios (Table I, Figure 7 and Figure 9). However,
225  the oscillations are not divergent in the simulations. The reason is the added damping by the nonlinear components in
226  the numerical model, mainly from the rate limiter, as shown in Figure 10 (b). While detailed investigation of various

227  nonlinear factors in the governor is out of the scope of this work, it could be an interesting future work.

228

14
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Figure 9. The smallest damping ratio () under different cases and feedback modes. (a) OF, 7, =1.0; (b) OF,

T,=0.01; (¢) PF, T, = 1.0; (d) PF, 7, = 0.01.
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' i I‘| 'l‘|
1.01 101 IR Rt £l il [
] h ! ]
AL bl
— 1.005 — 1.005 i -1
3 =) U Y\ [
=2 = 1 \ 'Y
B 1 T 1 ; VRVEVE
(7] (7] N Vi WV IV Y VE
& & A TR R R
0.995 0.995 "::""':'.'::1.'":'
TR T AR N E A R
0.99 0.99 A T R A s B YR T A
v ! (R A A T A AR T I T
0.985 0.985 -
0 2 4 6 8 10 0 2 4 6 8 10
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(a) (b)

Figure 10. Simulation of rotational speed after the three phase fault. (a) cases under different values of T,; (b)

cases with and without rate limiter

3.3 Water inertia (7,)

The water inertia, represented by the water starting time constant (7,,), is normally regarded as adverse to system
stability, especially in islanding operating conditions [24, 25]. While for the SMIB system, the influence of water
inertia is not monotonic, as shown in Figure 11 and Figure 12. It is shown that the effect of water inertia differs from

that of water column elasticity. Figure 12 shows that a larger value of 7, leads to smaller damping ratio when the

15



241  value of water column elasticity (7,) is around 0.4 and this can be observed in Figure 11 (a). However, the increase
242  of T, results in slightly more stable cases when the value of 7, is large or small, as demonstrated in Figure 12 and
243  Figure 11 (b). When the governor adopts the power feedback, the system is more stable under larger water inertia in

244  this case, and this is validated by time domain simulations: the result in Figure 13 validates the cases in Figure 11

245  (d).
246
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248 Figure 11. The smallest damping ratio (¢) under different cases and feedback modes. (a) OF, T, = 0.4; (b) OF,

249 T,=0.01; (c) PF, T, = 0.4; (d) PF, 7, = 0.01.
250
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Figure 12. The smallest damping ratio (&) of all the Figure 13. Simulated rotational speed after the three

oscillation modes under different cases (under OF). phase fault under different values of 7, (under PF).
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3.4 Influence on tuning of PSS

In this subsection, the influence of hydraulic-megical factors on tuning of the PSS is investigalidte damping
effects of a PSS with different settings of pararst andT, under various conditions are shown in Figure 1d an
Figure 15 respectively. First, the optimal paramet@lues vary with different types of feedback.rislexactly, for
achieving the largest damping ratio, tevalue differs in four cases, shown in Figure 14-(&d); this also applies
to the value off,, as presented in Figure 15 (The varying rangek afe different for two types of PSS). Note that
the optimal values oKs and T, change with different types of PSS. Meanwhile, Waer column elasticity also
affects the tuning. Second, the stability margiargfes considerably under various conditions. Téguency control
with the power feedback generally leads to a higiemping ratio, and this is validated by the tinmmdin
simulations in Figure 16: the PSS adopts speed iapdi the gaif, is set to 4.0, and the result validates the cases
Figure 14 (a) and (c). It can be observed thaktigestill room for optimizing the parameter andfgpenance of the
PSS by considering the effect of the hydraulic-na@dtel factors. It is worth noting that the anadysnly aims to
demonstrate that the performance of PSS can bédevably affected, and the detailed parameter tuisrout of the

scope.

(b) £
1, - 0.4
) )
[0) i [0} 0.5
= = 0.3
0 ;
0 10 20
Ks Ks 0.2
(c) (d)
o, () 0.1
o 0.5 o YO
e -
0 . . _
0 10 20 10 20 0
Ks Ks

Figure 14. The smallest damping ratio (¢) under different cases: (a) OF, speed input in PSS; (b) OF, power

input in PSS; (c) PF, speed input in PSS; (d)PF, power input in PSS.

17



271
272

273

274

275
276

277

278

279

280

281

282

283

284

(b) g

1 1 ‘ 0.4
2 05 2 05
o Y[ [0}
= = - I‘ 0.3
0 0
0 0 1 2 3 4 5
T2 0.2
(d)
10 m J— J——
30'5' _ﬁ,o.s ‘
o- 0 — 0
0 0.1 0.2 0o 1 2 3 4 5
T2 T2

Figure 15. The smallest damping ratio (£) under different cases: (a) OF, speed input in PSS; (b) OF, power

input in PSS; (c) PF, speed input in PSS; (d)PF, power input in PSS.
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Figure 16. Simulated rotational speed after the three phase fault under different feedback modes of governor

4. Discussion

A key point of this study is whether the governor response is quick enough to trigger an obvious coupling effect
between the hydraulic-mechanical subsystem and the electrical subsystem. Previously the effect of turbine governor
has often been ignored in the small signal stability analysis [7]; however in recent years, the rapidity of primary
frequency control has been demanded in order to ensure quick response, according to requirements of TSOs [6]. For
example, in a huge hydropower plant in China, values of the governor parameters K, and K; are in practice set to 9.0

and 8.0 respectively, leading to very fast GVO response. Hence, the value of X, is also set to 9.0 in this work.
18



285 Meanwhile, the quick GVO response after a threesptfault can also be found in simulation casesrevipus
286  research [40, 41, 44]. Especially in [44], the f@stO change process is clearly demonstrated ield éxperiment.
287  What's more, in this work, practical nonlinear campnts (servo, backlash, rate limit) are included the values
288  are set according to real engineering cases. Aflelactors tend to slow the governor responsgharnt, the concern
289  on the rapidity of governor response is fully colesed in this study, and the cases are practichéaen stricter than
290  previous works.

291

292  Besides, this work could be extended in the follayvaspects. (1) An ideal future work is a morenedi simulation
293 study and physical experiments on the coupling meism of the hydraulic-mechanical-electrical systéimis
294  necessary to conduct a specific study on the inflaefrom turbine characteristics, especially fomped storage
295  HPPs in which stability of operations is relativetpre problematic [54]. (2) A specific study on g@eter tuning of
296 AVR and PSS, by considering the influences of tigdraulic-mechanical system, could be meaningfu). A8
297  ultimate goal is to study the stability of systewith multiple hydro units and the inter-area modeiltations.

298

299 5. Conclusions

300 In this work, a fundamental study on the hydrauafiechanical-electrical coupling mechanism is coneldiéor small
301 signal stability of HPPs. A twelfth-order state matis established and a simulation model based on
302  Simulink/SimPowerSystems is introduced. New insgire found and the conclusions are as follows.

303

304 (1) The influence from the hydraulic-mechanicalstgbem on the electrical subsystem is analyzedjraatactions
305 between multiple physical variables are demonsirafbe effect of turbine governor actions is nogenignorable
306 for the local mode oscillation due to the increggiapidity of frequency control nowadays. (2) Poes studies have
307 mainly investigated the influencing factor (e.g.tevainertia) individually, without much consideiati of the
308 coupling effect between diverse variables undeiediht conditions of governor control. In this wptkased on
309 comprehensive modeling and analysis, it is show itifluences from single factors are not monotarid depend
310 on the interactions with other factors. Openingdfeck and power feedback mode of frequency cofead to

311  different performances, and their impacts mainffediaccording to the water column elasticity. Tdomsideration of
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water column elasticity T¢) is of great importance, and it significantly aff® other factors. The mechanical
component in the governof§, which determines the rapidity of GVO respondsp das a non-ignorable effect.
The influence of water inertidl(), which is normally regarded as adverse to thé&egaystability, varies in different
conditions, and it can contribute to the systerbikta in certain cases. (3) There is still roont fmarameter tuning
of controllers (e.g. turbine governor, AVR, and P®% considering the influence of the hydraulic-imecical

factors.

A core contribution of this work is the state matill elements in the state matrix are demonstratearly for other
scholars to conveniently conduct further investma. It could be an efficient approach for furtmesearch and
engineering applications, such as controller patartanings (e.g. PSS, governor and AVR) for déferHPPs with
various conditions of the hydraulic-mechanical sgst This study also supplies new insights and kaygood

foundation for research on systems with multipldrbyunits and the inter-area mode oscillation.
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Appendix

A. Elements of the state matrix:

o _e K g _&
=w,=2mrf , e == =—_2, =—-_3, =2, =—,
a, b 08, ] &, TJ a,, T 3,5 T a,, T ;10 T]
K4(Xd X('j) = 1 KS(Xd_X('i) = _1 K4(X:1_Xg) - 1
85, = ; Q= Ty, = ; 16 =gy, = p Q3=
' Tqo T Tao Too Tio Tso
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For power feedback:
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The values of the state variables in the coeffisigh — Kjpare initial steady-state values.

B. Parameter values of the HPP

Generator: the nominal apparent power is 206 M\ the line-to-line voltage is 21 kV.

X4 =0.768,X}; =0.249 X/=0.187 X, =0.512 X/'=0.189,T;, =7.880,T4, =0.049,T;5 =0.0283,T,=7.0s;

Transformer and transmission ling;=0.3Q
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366  Turbine characteristic (for a normal operating ppoiey, =0.66,e,, =0.1,&y, =0.47,8,=0.5,g, =-0.96,§, =1.45;

367 Penstock:T, =1.34 s (calculated under the rated conditionchdisge is 275.0 #s and water head is 73.0 m),
368 a=0.33,T.=0.115 s (length of the penstock is 115 m).

369

370 C. Operating settings of the HPP

371 Initial steady-state conditiof’e =0.90 pucosy =0.90 Q, =0.436),Vs =1.00 py

372  Turbine governor (for both two feedback moddg)=0.04,K, =9.0,K; =5.0,T, =0.2 s, Backlash=0.001 pu, Limiting
373 rate=0.1 pu/s

374  AVR: T, =0.05,K, =100, the regulator output limit i 2.0 py

375 PSS (speed inputk,, =1, Kee =0, Ks =9.5, To =1.4,T; =0.154,T, =0.033;

376 PSS (power input),, =0, Kpe =1, Ks =2.5, Tp =1.4,T; =0.154,T, =3.0.

377
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Highlights
A fundamental study on small signal stability of hydropower plantsis conducted.
Hydraulic-mechanical-electrical coupling mechanism in hydropower system is studied.
A twelfth-order state matrix is developed for eigen-anaysis.
Considerable influence from hydraulic-mechanical factorsis shown.

Potential room on better parameter tunings (governor, AVR and PSS) is presented.



