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Abstract. Hydropower shoulders important responsibility for regulation and control of power systems with 13 

intermittent renewable energy sources. The quality of regulation required for hydropower units has been increasing, 14 

and the interaction between hydropower plants (HPPs) and power systems is of great importance. This work aims to 15 

conduct a fundamental study on hydraulic-mechanical-electrical coupling mechanism for small signal stability of 16 

HPPs. The main focus is the impact of hydraulic-mechanical factors on the local mode oscillation in a Single-17 

Machine-Infinite-Bus system. A twelfth-order state matrix is established for theoretical eigen-analysis as the core 18 

approach. Meanwhile, a simulation model based on Simulink/SimPowerSystems is built for validation. The 19 

influencing mechanisms of water column elasticity, governor mechanical component, and water inertia are studied 20 

under different control modes of the turbine governor. The results show considerable influence from hydraulic-21 

mechanical factors, and the effect of turbine governor actions is no longer ignorable; also, the damping performance 22 
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under power system stabilizers can be considerably affected. Insights into interactions among physical quantities in 23 

various conditions are obtained as well.  24 

 25 

Key words: small signal stability; hydropower plant; turbine governor; eigenvalue; power system stabilizer  26 

 27 

Nomenclature 28 

Symbol  Unit Description 

bp [pu] turbine governor parameter: for droop  

c [m/s] pressure propagation speed in penstock  

eqy ,eqω ,eqh [pu] partial derivative of turbine discharge with respect to guide vane opening, speed and head 

ey ,eω ,eh [pu] partial derivative of turbine power output with respect to guide vane opening, speed and 

head  

��
�  [pu] q-axis component of the transient internal emf proportional to the field winding flux 

linkages 

��
�� [pu] d-axis component of the sub-transient internal emf proportional to the total flux linkages 

in the q-axis damper winding and q-axis solid steel rotor body 

��
�� [pu] q-axis component of the sub-transient internal emf proportional to the total flux linkages 

in the d-axis damper winding and the field winding 

Efd [pu] excitation emf proportional to the excitation voltage 

f0 [Hz] rated frequency of power system (50 Hz in this paper) 

fi [Hz] frequency of oscillation corresponding to an eigenvalue 

h1 [s-1] derivative of water head with respect to time 

h [pu] water head  

Id, Iq [pu] d- and q-axis component of the armature current 

Ka [pu] gain of exitation system (automatic voltage regulator)  

Kp [pu] turbine governor parameters: for proportional term  

Ki [pu] turbine governor parameters: for integral term  
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Kω, KPe [pu] gain of power system stabilizer for selecting different input 

Ks,  [pu] gain of power system stabilizer  

L [m] length of penstock 

Pe, Pm [pu] electromagnetic active power and mechanical power 

Qg [pu] reactive power of generator 

T0, T1, T2 [s] parameters of power system stabilizer 

���
� ,	���

��  [s] open-circuit d-axis transient and sub-transient time constants 

���
��  [s] open-circuit d-axis sub-transient time constants 

Te [s] time constant of water column elasticity, Te = L/c  

Tj [s] mechanical time constant 

Ts [s] time constant of surge (in surge tank or gate shaft, etc.) 

Tr [s] time constant in exitation system (automatic voltage regulator) 

Tw [s] water starting time constant 

Ty [s] servo time constant 

Vg [pu] voltage at the generator terminal 

Vgd, Vgq [pu] d- and q-axis component of the voltage at the generator terminal 

Vsd, Vsq [pu] d- and q-axis component of the infinite bus voltage 

Vs [pu] infinite bus voltage 

V1 [pu] signal between washout and phase compensation block in power system stabilizer 

VPSS [pu] output signal of power system stabilizer 

Xd,	��
� ,	��

�� [pu] d-axis synchronous, transient and sub-transient reactance of generator 

Xq, ��
�� [pu] q-axis synchronous and sub-transient reactance of generator 

Xs [pu] total reactance of transmission line (between generator and infinite bus) 

��	
�� , ��	

��  [pu] ��	
�� = ��

�� + ��  ; ��	
�� = ��

�� + �� 

y [pu] guide vane opening 

yPI [pu] guide vane opening signal between PI terms and servo 

α [pu] elasticity coefficient of penstock 
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δ [rad] power (or rotor) angle 

φ [rad] power factor angle at the generator terminal 

ξi / damping ratio of oscillation corresponding to an eigenvalue 

ω [pu] angular velocity of the generator 

ω0 [rad/s] synchronous angular velocity in electrical radians (equals to 2πf0) 

∆ / stands for the deviation from the initial value 

 29 

1. Introduction 30 

Hydropower has played an important role in the operation of electric power systems for a long time. However, new 31 

challenges for this relatively mature technology are still emerging. First, the amount of electricity generated by 32 

intermittent renewable energy sources has been constantly growing [1, 2]. Hydropower, as the largest global 33 

renewable energy source, shoulders a large portion of the work related to regulation and balancing of power systems. 34 

Second, the generator size and the complexity of waterway systems in hydropower plants (HPPs) have been 35 

increasing. Especially in China [3], dozens of HPPs with at least 1000 MW capacity are being planned, designed, 36 

constructed or operated. Third, many large HPPs are located far away from load centers, forming the hydro-dominant 37 

power system [4, 5] in China and Sweden. Hence, the demand on the quality of regulation emanating from 38 

hydropower units has been increasing. Stable operation of HPPs and their interaction with power systems is of great 39 

importance. Especially in recent years, the response rapidity of frequency control is needed [6], and this would 40 

enlarge the interaction between hydraulic-mechanical subsystem and electrical subsystem.  41 

 42 

Previous research on the stability and dynamic processes of HPPs can be divided into three categories. (1) The first 43 

category focuses on the electrical perspective by simplifying the hydraulic and mechanical systems, and this is the 44 

standard approach for small signal stability analysis in textbooks [7, 8]. In studies on inter-area mode oscillation [9-45 

12], the hydro turbine model is very simple. (2) The second category is to simplify the electrical sub-system with the 46 

first-order swing equation of generating units, such as studies on modeling and transients of the hydraulic-47 

mechanical system [13-19] and the frequency control of HPPs [6, 20-32]. (3) In recent years, studies on coupling of 48 

the hydraulic-mechanical-electrical subsystems with relatively detailed models of all three subsystems have been 49 
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active. The comprehensive modeling and corresponding simulations of the dynamic processes were conducted in 50 

[33-39]. Various controllers were proposed or optimized for enhancing system stability in [40-45]. Eigenvalue 51 

analysis on the stability of HPPs were performed in [46-48] based on phase variables a, b, c instead of d, q-52 

components. An eigen-analysis was conducted for the oscillatory instability of a HPP, and influence of the water 53 

conduit dynamics was discussed in [49]. The second-order oscillation mode of hydropower systems was studied in 54 

[50] based on a linear elastic model and modal analysis. However, there are still limitations in these studies. Most of 55 

the previous works only conducted numerical simulations and did not theoretically explain the oscillation 56 

mechanism. While in case of works that include theoretical analysis, the hydraulic-mechanical-electrical subsystems 57 

is still relatively simple, and only limited factors are discussed. Hence, a fundamental and comprehensive study on 58 

the stability of the multi-variable hydropower systems is very important.  59 

 60 

This paper aims to conduct a fundamental study on hydraulic-mechanical-electrical coupling mechanism for small 61 

signal stability of HPPs. The main focus is on the influence from hydraulic-mechanical factors. For the local mode 62 

oscillation [7] in a Single-Machine-Infinite-Bus (SMIB) system, the theoretical eigen-analysis is the core approach 63 

and a twelfth-order state matrix is established. A simulation model based on Simulink/SimPowerSystems is built for 64 

validation. The common ranges of some standard time constants in hydropower systems are presented in Figure 1, 65 

for indicating the interactions among the multiple physical quantities. Time constants regarding the electrical sub-66 

system (generator) are in red, and time constants regarding hydraulic and mechanical sub-systems are in blue. The 67 

definitions of the symbols are in Nomenclature. Three principal time constants for water column elasticity (Te), water 68 

inertia (Tw), and servo (Ty) in the hydraulic-mechanical subsystem are the main study objects. They are analyzed 69 

under two modes of frequency control (opening feedback and power feedback) without the power system stabilizer 70 

(PSS). However, the surge in surge tanks (indicated by Ts) has a relatively slow oscillation and it is excluded in this 71 

work. Besides, the influence from the hydraulic-mechanical subsystem on the PSS is investigated.  72 

 73 
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 74 

Figure 1. Common ranges of some standard time constants in the hydropower system 75 

 76 

The content of this paper is organized as follows. Section 2 describes the models and methods for theoretical analysis 77 

and numerical simulation. Section 3 presents the eigen-analysis for exploring the theoretical mechanism and the 78 

simulation to support the theoretical analysis. In Section 4, discussions are conducted and the future works are 79 

suggested. In Section 5, the main conclusions and significance of this work are summarized.  80 

 81 

2. Models and methods   82 

The objective of this study is to propose a SMIB system with an extended model of a hydropower plant. In this 83 

section, first, a state matrix of the system is built and the analysis method is briefly introduced. Second, the 84 

numerical model based on Simulink/SimPowerSystems and the basic simulation settings are demonstrated. Then, a 85 

real case of a Swedish HPP is examined as a case study.  86 

 87 

2.1 State matrix and eigen-analysis  88 

The approach of the state space modeling and eigen-analysis on a SMIB system is introduced in detail in [7].  89 

 90 

2.1.1 Generator and network 91 

In order to study the SMIB system, the models of the generator and the network are described by the classical fifth-92 

order model [8], as shown in (1) and (2) respectively. Resistance in the systems is ignored. The transformer and 93 
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transmission line are simplified as a reactance (Xs).  94 

( ) 0
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(2) 

 95 

2.1.2 Automatic voltage regulator and power system stabilizer 96 

A standard first-order model [7] of automatic voltage regulator (AVR) is adopted, as described in (3) and Figure 2.  97 

( )fd
r fd a g PSS

d E
T E K V V

dt

∆
= −∆ + −∆ + ∆  (3) 

 98 

Figure 2. Block diagram of the excitation system 99 

 100 

A second-order power system stabilizer model [7] is applied, as described in (4) and Figure 3. In [7], only the input 101 

of speed deviation (∆ω) is considered while in this study, the input of the deviation of the electromagnetic power 102 

(∆Pe) is also included, for the practical case of the Swedish HPP (Section 2.3).  103 

 104 
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1 1

0

1 1 1

2 2 2

,  ( )PSS
s PSS Pe e

PSS PSS

d Id V V
K I K K P

dt dt T

d V VT d V V

dt T dt T T

ω ω∆∆ ∆ = − ∆ = ∆ − ∆

 ∆ ∆∆ ∆ = ⋅ + −


 (4) 

 105 

Figure 3. Block diagram of the PSS 106 

 107 

2.1.3 Hydro turbine and elastic penstock 108 

A linearized hydro turbine model is applied, by adopting the standard method with six coefficients [7], as shown in 109 

(5). The elasticity of the water column [7] is considered, as described in (6), and  the frictional loss is ignored here.  110 

  111 

Turbine characteristic: 
qy q qh

m y h

q e y e e h

P e y e e h

ω

ω

ω
ω

∆ = ∆ + ∆ + ∆
∆ = ∆ + ∆ + ∆

 (5) 

Elastic water column: 
2 21

w

e

T sh

q T sα
−∆ =

∆ +
 (6) 

From (5) and (6), the differential equation (8) can be deduced based on (7).  112 

1

d h
h

dt

∆ = ∆  (7) 

1
2

1
w qy q qh

r

d h d y d d h
h T e e e

dt T dt dt dtω
ω

α
∆  ∆ ∆ ∆  = −∆ − + +  

  
 (8) 

 113 

2.1.4 Governor system 114 

For the theoretical analysis, the linear model of the governor system with a proportional–integral (PI) controller with 115 

droop and the servo is shown in Figure 4. The nonlinear components with dashed outline are only applied in the 116 

simulation model. The equations of frequency control with opening feedback (OF) and power feedback (PF) [16] are 117 
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(9) and (10) respectively. It is worth noting that the power feedback signal here is the electromagnetic power, not the 118 

mechanical power.  119 

 120 

Opening feedback: ( )1 PI
p p p i PI p i

d y d
b K b K y K K

dt dt

ω ω∆ ∆+ + ∆ = − − ∆  (9) 

Power feedback: ePI
p p p i e p i

d Pd y d
b K b K P K K

dt dt dt

ω ω∆∆ ∆= − − ∆ − − ∆  (10) 

Servo: y PI

d y
T y y

dt

∆ = ∆ − ∆  (11) 

 121 

Figure 4. Block diagram of the governor system.  122 

 123 

2.1.5 State matrix of the whole system 124 

The free motion of a system can be described by  125 

x A x∆ = ∆& . (11) 

Here, the column vector x means the state vector and the derivative of the state variable with respect to time is 
� . A is 126 

the state matrix of the system, and it is the core of this paper because the small signal stability of the system can be 127 

analyzed by investigating the eigenvalues of the state matrix. There are twelve differential equations for the whole 128 

system presented above, i.e. five equations for the generator, one equation for the AVR, two equations for the PSS, 129 

two equations for the turbine with the waterway system and two equations for the governor system. Hence, twelve 130 

corresponding state variables are applied, as shown in (12).   131 

 132 
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0 0 0 0 0 0

0 0 0 0 0 0 0 0
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0 0 0 0 0
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y

h

h
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a a a a a a V

δ
ω

∆  
   ∆  

′ ∆ 
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   ′′∆  
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   ∆  
   ∆
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∆  
   ∆  
 ∆ 
   ∆   

 (12) 

 133 

Here, all the non-zero elements,	��,�, of the state matrix are shown in Appendix. From the state matrix, one can obtain 134 

the eigenvalues (�� =	�� + ��� ), which are the main indicators of system stability, and the corresponding main 135 

participating variables. From an eigenvalue (λi ), the frequency (fi ) and the damping ratio (ξi ) of the corresponding 136 

oscillation can be obtained [51]:  137 

2
i

if
β
π

=  (13) 

2 2

i
i

i i

αξ
α β

−=
+

 (14) 

Analyses in the next section involve damping ratios corresponding to different eigenvalues in the system for each 138 

case. The smallest damping ratio is selected as the main indicator of the system stability.  139 

 140 

2.2 Numerical model and simulation case  141 

In order to validate the theoretical eigen-analysis, time-domain simulation of the system under a three phase fault is 142 

conducted. The numerical simulation is implemented in Simulink/SimPowerSystem, and the overall model that 143 

contains several subsystems is illustrated in Figure 5. The inputs of reference values are not shown. The signal of 144 

rotational speed (ω) is in blue, and the signal of electromagnetic power (Pe) is in red. The numerical model of the 145 
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governor is presented in Figure 4, including the nonlinear components with a dashed outline. The rate limitation, 146 

backlash and servo are important because they have a decent influence on the response of guide vane opening (GVO) 147 

that affects mechanical power of the turbine. The numerical turbine and waterway system model is still linear (Figure 148 

6), corresponding to the theoretical model described by (5) and (6). The numerical models of the AVR and the PSS 149 

have the same structure as the theoretical models. The existing blocks “Synchronous Machine” and “Three-Phase 150 

Transformer (two windings)” from the SimPowerSystem library are applied. Compared to a standard example 151 

“Synchronous Machine” existing in SimPowerSystem, the model built in this study can be regarded as an extension 152 

with the PSS added and with more detailed governor, turbine and waterway models.  153 

 154 

 155 

Figure 5. Block diagram of the SMIB system with the extended hydropower plant model 156 

 157 

 158 

Figure 6. Block diagram of the linear hydro turbine model  159 

 160 

The simulation case is a three phase fault that happens on the terminal of infinite bus (in Figure 5) at 1.0 s, and the 161 

clearance time is 0.1 s. In the Simulink model, the fault is implemented by inserting a voltage disturbance that is 162 

applying a “Three-Phase Programmable Voltage Source” block; another option is to adopt the “Three-Phase Fault” 163 

block from the Simulink library, and these two methods are equivalent.   164 
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 165 

2.3 Study case: a Swedish HPP 166 

The engineering case of this study is a Swedish HPP owned by Vattenfall, the largest hydropower operator in 167 

Sweden. The HPP contains four generating units with Francis turbines, and one of the units is taken as the study case. 168 

The values of main parameters are shown in Appendix. The values of the generator parameters are estimated from 169 

field simulations of standard tests in [52, 53]. Total impedance of the transformer and the transmission line (Xs) is set 170 

to 0.3 pu. The tunable operating settings (e.g. settings of turbine governor, AVR, and PSS) of the HPP might be not 171 

exactly the same as the values in the practical cases, and the default settings are given in Appendix.  172 

 173 

3. Results  174 

In this section, the coupling mechanism of multiple quantities and the influence of three important hydraulic-175 

mechanical factors are analyzed under two modes of frequency control (opening feedback and power feedback) 176 

without PSS. Then, the influence from hydraulic-mechanical subsystems on the PSS is investigated. The default 177 

parameter settings are in Appendix.  178 

 179 

3.1 Water column elasticity (Te) 180 

Under different conditions of water column elasticity and governor feedback modes, eigenvalues and the 181 

corresponding main participating variables of the oscillation modes are shown in Table I, without the engagement of 182 

PSS. Three oscillation modes occurred in these conditions, the electro-mechanical mode and the exciter mode are 183 

well-known [7], and the water elasticity mode has also been observed in [49]. When power feedback is applied, the 184 

interaction between variables is stronger than under opening feedback. Note that a very small value of Te (e.g. 0.01s) 185 

indicates that either the length of waterway is short or the effect of water column elasticity is ignored as in many 186 

previous studies.  187 

 188 
A more exact analysis is illustrated in Figure 7. The smallest damping ratio (ξ) of all oscillation modes is plotted for 189 

each case (one combination of the value of Kp and Te) under two feedback modes (OF and PF). As shown in Figure 7 190 

(a), when the value of Te is small (short penstock), the increased response rapidity of the frequency control (indicated 191 

by an increase of the Kp value) with OF leads to a smaller damping ratio of the system. On the contrary, when the 192 
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value of Te is larger than a certain value, the system becomes more stable with stronger frequency control. Moreover, 193 

the trend is inverted when the governor applies the power feedback; the increased strength of the frequency control 194 

stabilizes the system with the small value of Te. It also corresponds to the relationship between eigenvalues of 195 

electro-mechanical mode in Table I under the two feedback modes. Besides, PF generally leads to higher damping 196 

ratios than OF.  197 

 198 

Table I. Eigenvalues of the system under different conditions of water column elasticity and governor 199 

feedback modes.  200 

Mode 

No PSS (Kω =0, KPe =0) 

Rigid water column (Te =0.01 s) Elastic water column (Te =1.0 s) 

Governor with OF Governor with PF Governor with OF Governor with PF 

λ Variable λ Variable λ Variable λ Variable 

Electro-
mechanical 

0.0523 ± 
8.3022j 

∆δ, ∆ω 
-0.4585 ± 
7.8138j 

∆δ, ∆ω 
-0.1654± 
8.4933j 

∆δ, ∆ω 
-0.1115 ± 
8.7312j 

∆δ, ∆ω 

Exciter  
-6.1036 ± 
8.3635j 

Δ��
� , 

Δ��
��,	∆Efd 

-6.1826 ± 
8.3576j 

Δ��
� , Δ��

��, 
	∆Efd 

-6.0891± 
8.3883j 

Δ��
� , 

Δ��
��,	∆Efd 

-6.0604 ± 
8.3982j 

Δ��
� , 

Δ��
��,	∆Efd 

Water 
elasticity 

/ / / / 
-0.9635± 
1.4875j 

∆h1, ∆h 
-0.5807 ± 
1.3384j 

∆h1, ∆h, ∆δ, 
∆yPI, ∆y 

1. The corresponding main participation variables of the oscillation mode are presented in the column “Variable”.  201 
2. The “OF” and “PF” stand for opening feedback and power feedback respectively.  202 
3. Other parameter settings adopt the default values in Appendix. 203 
 204 

 

(a) 

 

(b) 

Figure 7. The smallest damping ratio (ξ) under different cases and feedback modes. (a) OF; (b) PF.  205 

 206 

The observations above are further validated by time domain simulations. As shown in Figure 8, the blue line shows 207 

a medium situation under the original value of Te without frequency control while the black line represents a higher 208 
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damping ratio, i.e. oscillation is dampened within 7 s; the red line represents oscillation under a less stable condition. 209 

The simulation results of these three sets of parameters fit the damping ratio well (the result validates the cases in 210 

Figure 7). In short, the impact of water column elasticity is important and it differs from the feedback mode of the 211 

frequency control.  212 

 213 

 

(a) 

 

(b) 

Figure 8. Simulation of the process after the three phase fault: (a) Rotational speed (b) Turbine GVO.  214 

 215 

3.2 Mechanical components in governor system (Ty) 216 

The mechanical components (servo, backlash, rate limiter, etc.) in the governor system determine the rapidity of the 217 

GVO response. In the state matrix, these components are simplified and represented by the servo time constant (Ty). 218 

Figure 9 shows the damping ratio under different values of servo time constant (Ty) in various conditions. A small 219 

value of Ty leads to a quicker response of GVO, and brings clearer influence on system stability. The influence of Ty 220 

is more obvious when Kp is larger. A time domain simulation for OF in Figure 10 (a) demonstrates the influence and 221 

it corresponds to the result in Figure 9 (b).  222 

 223 

Besides, the linear theoretical model can result in negative damping ratios (Table I, Figure 7 and Figure 9). However, 224 

the oscillations are not divergent in the simulations. The reason is the added damping by the nonlinear components in 225 

the numerical model, mainly from the rate limiter, as shown in Figure 10 (b). While detailed investigation of various 226 

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

 228 
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 229 

Figure 9. The smallest damping ratio (ξ) under different cases and feedback modes. (a) OF, Te = 1.0; (b) OF, 230 

Te = 0.01; (c) PF, Te = 1.0; (d) PF, Te = 0.01.  231 

 232 

 

(a) 

 

(b) 

Figure 10. Simulation of rotational speed after the three phase fault. (a) cases under different values of Ty; (b) 233 

cases with and without rate limiter 234 

 235 

3.3 Water inertia (Tw)  236 

The water inertia, represented by the water starting time constant (Tw), is normally regarded as adverse to system 237 

stability, especially in islanding operating conditions [24, 25]. While for the SMIB system, the influence of water 238 

inertia is not monotonic, as shown in Figure 11 and Figure 12. It is shown that the effect of water inertia differs from 239 

that of water column elasticity. Figure 12 shows that a larger value of Tw leads to smaller damping ratio when the 240 
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value of water column elasticity (Te) is around 0.4 and this can be observed in Figure 11 (a). However, the increase 241 

of Tw results in slightly more stable cases when the value of Te is large or small, as demonstrated in Figure 12 and 242 

Figure 11 (b). When the governor adopts the power feedback, the system is more stable under larger water inertia in 243 

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

(d).  245 

 246 

 247 

Figure 11. The smallest damping ratio (ξ) under different cases and feedback modes. (a) OF, Te = 0.4; (b) OF, 248 

Te = 0.01; (c) PF, Te = 0.4; (d) PF, Te = 0.01.  249 

 250 

 

Figure 12. The smallest damping ratio (ξ) of all the 

oscillation modes under different cases (under OF).  

 

Figure 13. Simulated rotational speed after the three 

phase fault under different values of Tw (under PF).  

 251 
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3.4 Influence on tuning of PSS  252 

In this subsection, the influence of hydraulic-mechanical factors on tuning of the PSS is investigated. The damping 253 

effects of a PSS with different settings of parameters Ks and T2 under various conditions are shown in Figure 14 and 254 

Figure 15 respectively. First, the optimal parameters values vary with different types of feedback. More exactly, for 255 

achieving the largest damping ratio, the Ks value differs in four cases, shown in Figure 14 (a) - (d); this also applies 256 

to the value of T2, as presented in Figure 15 (The varying ranges of T2 are different for two types of PSS). Note that 257 

the optimal values of Ks and T2 change with different types of PSS. Meanwhile, the water column elasticity also 258 

affects the tuning. Second, the stability margin changes considerably under various conditions. The frequency control 259 

with the power feedback generally leads to a higher damping ratio, and this is validated by the time domain 260 

simulations in Figure 16: the PSS adopts speed input and the gain Ks is set to 4.0, and the result validates the cases in 261 

Figure 14 (a) and (c). It can be observed that there is still room for optimizing the parameter and performance of the 262 

PSS by considering the effect of the hydraulic-mechanical factors. It is worth noting that the analysis only aims to 263 

demonstrate that the performance of PSS can be considerably affected, and the detailed parameter tuning is out of the 264 

scope.  265 

 266 

 267 

Figure 14. The smallest damping ratio (ξ) under different cases: (a) OF, speed input in PSS; (b) OF, power 268 

input in PSS; (c) PF, speed input in PSS; (d)PF, power input in PSS.  269 

 270 
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 271 

Figure 15. The smallest damping ratio (ξ) under different cases: (a) OF, speed input in PSS; (b) OF, power 272 

input in PSS; (c) PF, speed input in PSS; (d)PF, power input in PSS.   273 

 274 

 275 

Figure 16. Simulated rotational speed after the three phase fault under different feedback modes of governor  276 

 277 

4. Discussion 278 

A key point of this study is whether the governor response is quick enough to trigger an obvious coupling effect 279 

between the hydraulic-mechanical subsystem and the electrical subsystem. Previously the effect of turbine governor 280 

has often been ignored in the small signal stability analysis [7]; however in recent years, the rapidity of primary 281 

frequency control has been demanded in order to ensure quick response, according to requirements of TSOs [6]. For 282 

example, in a huge hydropower plant in China, values of the governor parameters Kp and Ki are in practice set to 9.0 283 

and 8.0 respectively, leading to very fast GVO response. Hence, the value of Kp is also set to 9.0 in this work. 284 
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Meanwhile, the quick GVO response after a three phase fault can also be found in simulation cases in previous 285 

research [40, 41, 44]. Especially in [44], the fast GVO change process is clearly demonstrated in a field experiment. 286 

What’s more, in this work, practical nonlinear components (servo, backlash, rate limit) are included and the values 287 

are set according to real engineering cases. All these factors tend to slow the governor response. In short, the concern 288 

on the rapidity of governor response is fully considered in this study, and the cases are practical and even stricter than 289 

previous works.  290 

 291 

Besides, this work could be extended in the following aspects. (1) An ideal future work is a more refined simulation 292 

study and physical experiments on the coupling mechanism of the hydraulic-mechanical-electrical system. It is 293 

necessary to conduct a specific study on the influence from turbine characteristics, especially for pumped storage 294 

HPPs in which stability of operations is relatively more problematic [54]. (2) A specific study on parameter tuning of 295 

AVR and PSS, by considering the influences of the hydraulic-mechanical system, could be meaningful. (3) An 296 

ultimate goal is to study the stability of systems with multiple hydro units and the inter-area mode oscillations.  297 

 298 

5. Conclusions  299 

In this work, a fundamental study on the hydraulic-mechanical-electrical coupling mechanism is conducted for small 300 

signal stability of HPPs. A twelfth-order state matrix is established and a simulation model based on 301 

Simulink/SimPowerSystems is introduced. New insights are found and the conclusions are as follows.  302 

 303 

(1) The influence from the hydraulic-mechanical subsystem on the electrical subsystem is analyzed, and interactions 304 

between multiple physical variables are demonstrated. The effect of turbine governor actions is no longer ignorable 305 

for the local mode oscillation due to the increasing rapidity of frequency control nowadays. (2) Previous studies have 306 

mainly investigated the influencing factor (e.g. water inertia) individually, without much consideration of the 307 

coupling effect between diverse variables under different conditions of governor control. In this work, based on 308 

comprehensive modeling and analysis, it is shown that influences from single factors are not monotonic and depend 309 

on the interactions with other factors. Opening feedback and power feedback mode of frequency control lead to 310 

different performances, and their impacts mainly differ according to the water column elasticity. The consideration of 311 
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water column elasticity (Te) is of great importance, and it significantly affects other factors. The mechanical 312 

component in the governor (Ty), which determines the rapidity of GVO response, also has a non-ignorable effect. 313 

The influence of water inertia (Tw), which is normally regarded as adverse to the system stability, varies in different 314 

conditions, and it can contribute to the system stability in certain cases. (3) There is still room for parameter tuning 315 

of controllers (e.g. turbine governor, AVR, and PSS) by considering the influence of the hydraulic-mechanical 316 

factors.  317 

 318 

A core contribution of this work is the state matrix. All elements in the state matrix are demonstrated clearly for other 319 

scholars to conveniently conduct further investigations. It could be an efficient approach for further research and 320 

engineering applications, such as controller parameter tunings (e.g. PSS, governor and AVR) for different HPPs with 321 

various conditions of the hydraulic-mechanical system. This study also supplies new insights and lays a good 322 

foundation for research on systems with multiple hydro units and the inter-area mode oscillation.  323 
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Appendix 332 

A. Elements of the state matrix:  333 
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 344 

For opening feedback: 345 
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 348 

For power feedback: 349 

( )7,1 1 3 5,1 2 4,1 2,1PF p i p p p p pa b K K b K K a b K K a K a= − − − − , ( )7,2 1 1,2 2,2PF p i p ia b K K a K a K= − − − ,350 

( )7,3 2 4,3PF p pa b K K a= − , ( )7,4 2 2 4,4 2,4PF p i p p pa b K K b K K a K a= − − − ,351 

( )7,5 3 3 5,5 2,5PF p i p p pa b K K b K K a K a= − − − , ( )7,7 0PFa = , ( )7,8 2,8PF pa K a= − , ( )7,10 2,10PF pa K a= − . 352 
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Here, K1 – K10 are: 354 
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The values of the state variables in the coefficients K1 – K10 are initial steady-state values.  360 

 361 

B. Parameter values of the HPP 362 

Generator: the nominal apparent power is 206 MVA, and the line-to-line voltage is 21 kV.  363 

Xd =0.768, ��
�  =0.249,	��

��=0.187, Xq =0.512, ��
��=0.189, ���

�  =7.880, ���
��  =0.049,	���

��  =0.0283, Tj =7.0 s;  364 

Transformer and transmission line: Xs =0.30;  365 
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Turbine characteristic (for a normal operating point): eqy =0.66, eqω =0.1, eqh =0.47, ey =0.5, eω =-0.96, eh =1.45; 366 

Penstock: Tw =1.34 s (calculated under the rated condition: discharge is 275.0 m3/s and water head is 73.0 m), 367 

α=0.33, Te =0.115 s (length of the penstock is 115 m).  368 

 369 

C. Operating settings of the HPP 370 

Initial steady-state condition: Pe =0.90 pu, cosφ =0.90 (Qg =0.436), Vs =1.00 pu; 371 

Turbine governor (for both two feedback modes): bp =0.04, Kp =9.0, Ki =5.0, Ty =0.2 s, Backlash=0.001 pu, Limiting 372 

rate=0.1 pu/s;  373 

AVR: Tr =0.05, Ka =100, the regulator output limit is ±2.0 pu;  374 

PSS (speed input): Kω =1, KPe =0, Ks =9.5, T0 =1.4, T1 =0.154, T2 =0.033;  375 

PSS (power input): Kω =0, KPe =1, Ks =2.5, T0 =1.4, T1 =0.154, T2 =3.0.  376 

 377 
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Highlights 
 
A fundamental study on small signal stability of hydropower plants is conducted.  
 
Hydraulic-mechanical-electrical coupling mechanism in hydropower system is studied.  
 
A twelfth-order state matrix is developed for eigen-analysis. 
 
Considerable influence from hydraulic-mechanical factors is shown.  
 
Potential room on better parameter tunings (governor, AVR and PSS) is presented.  
 
 


