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Problem Description

Traditionally, mathematical models for hydraulic power plants, normally found in relevant
literature and power system analysis tools are often simplified models. Approaches based on
approximate linear models assuming an ideal lossless turbine and ignoring the elasticity of the
conduit system, are not suitable for the accurate study of the interaction between hydraulic system
and power system. This implies that these models only reflect part of the real situations and as
such could have a limited application.
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Absitract

This Master’s Thesis work deals with the development of improved hydro turbine models for the
evaluation of a hydraulic power generating system performance in response to small disturbances
in power system analysis tool. These improved models must be able to reflect the possible
interaction between the hydraulic system and power system in the computer simulations of a
power plant equipped with Francis turbines.

The accuracy of a Hydraulic Power Generating System is studied by means of analysis of the
dynamic behaviour of different models of the hydraulic machine and conduit system. The stability
study of different models for Synchronous Machines and Turbine Governing System are beyond
the scope of this work.

Appropriate representations of the hydraulic turbine and conduit system are developed in various
models of varying degrees of detail. Firstly, nonlinear models for a simple turbine without surge
tank considering the inelastic and elastic travelling wave effects have been developed. After that,
nonlinear models considering the inelastic and elastic travelling wave effects for a turbine with
surge tank for Hydropower Systems with long length penstocks are implemented. Finally, the
nonlinear models for a turbine with long length penstocks are linearized at an operating point
considering both the nonlinear turbine characteristics and the travelling wave effects.

The Master’s Thesis work is divided into three parts. The first part, comprising Chapters 2 to 8,
reviews the physical characteristics and mathematical models of the components of a hydraulic
power generating system. The influence of each component of the power system by means of
appropriate mathematical models is essential for the understanding of system stability. The
second part, comprising Chapters 9 to 11, deals with the dynamic study of the system stability
characteristics of the different hydraulic power generating system models implemented in
SIMPOW and LVTrans. Finally, the third part, Chapter 12 and Chapter 13, presents the discussion
of the simulation results of the hydroelectric power system models, and draws general conclusions
on this work and suggests possibilities for the approach further work, respectively.

It was concluded that approaches based on nonlinear and linear models including the elasticity of
the conduit system and the nonlinear turbine characteristics extracted from the Hill Charts, are
the most accurate models for any acceptable study of the interaction between hydraulic system
and power system.

The study of dynamic performance and interaction between the hydraulic system and power
system of these extended linear and nonlinear models including the elastic water hammer effect
and varying the nonlinear characteristics of the hydraulic turbine must be studied in detail.
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Preface

In January 2005, an internal project called “Turbine and hydropower modelling” was started at
SINTEF Energy Research. That project was concerned about the study of dynamic performance and
possible interaction between the hydraulic system and power system of a power plant equipped
with Francis turbines. Traditionally, mathematical models for hydraulic power plants, normally
found in relevant literature and power system analysis tools are often simplified models.
Approaches based on approximate linear models assuming an ideal lossless turbine and ignoring
the elasticity of the conduit system, are not suitable for the accurate study of the interaction
between hydraulic system and power system. This implies that these models only reflect part of
the real situations and as such could have a limited application.

The Master’s Thesis work develops improved hydro turbine models of a typical hydraulic power
generating system for their representation in dynamic studies of power systems in response to
any small disturbance. These improved models must be able to reflect the possible interaction
between the hydraulic system and power system in the computer simulations of a power plant
equipped with Francis turbines.

The study of dynamic performance and interaction of hydraulic system and power system of a
power plant equipped with Francis turbines in the Master’s Thesis work is based on the textbook
Power System Stability and Control by P. Kundur, and the paper “Hydraulic Turbine and Turbine
Control Models for System Dynamic Studies” by IEEE Working Group.

The precision of the representation of a hydraulic power generating system in dynamic studies is
examined by means of analysis of the dynamic behaviour of different models of the hydraulic
machine and conduit system. The stability study of different models for Synchronous Machines
and Turbine Governing System are beyond of the scope of this Master’s Thesis work.

Appropriate representations of the hydraulic turbine and water conduit system are developed in
models of varying degrees of detail. Firstly, nonlinear models for a simple turbine without surge
tank considering the inelastic and elastic travelling wave effects have been developed. After that,
nonlinear models considering the inelastic and elastic travelling wave effects for a turbine with
surge tank for hydraulic power systems with long length penstocks are implemented. Finally, the
nonlinear models for a turbine with long length penstocks are linearized at an operating point
considering both the nonlinear turbine characteristics and the travelling wave effects.

The stability analysis of these implemented models contains power-flow calculation, linear
analysis and time-domain simulation in the simulation software SIMPOW and the dynamic
simulation tool LVTrans.

The Master’s Thesis work is divided into three parts. The first part, comprising Chapters 2 to 8,
reviews the physical characteristics and mathematical models of the components of a hydraulic
power generating system. The influence of each component of the power system by means of
appropriate mathematical models is essential for the understanding of system stability. The
second part, comprising Chapters 9 to 11, deals with the dynamic study of the system stability
characteristics of the different hydraulic power generating system models implemented in
SIMPOW and LVTrans. Finally, the third part, Chapter 12 and Chapter 13, presents the discussion
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of the simulation results of the hydroelectric power system models, and draws general conclusions
on this work and suggests possibilities for the approach further work, respectively.

Chapter 2 to 5 present the physical description and the mathematical deduction of the equations
describing appropriate models of the conduit systems and pressure control systems considering
the water-hammer theory and friction head losses, hydraulic turbines, synchronous generators
and turbine governing systems, respectively, for their representation in power system dynamic
studies. Chapter 6 deals with the development of improved mathematical models of each
component of a typical Hydraulic Power Generating System equipped with Francis turbines for
their representation in power system dynamic studies. Chapter 7 shows an alternative method of
Hydroelectric Power Plant modelling for stability studies. Chapter 8 describes fundamental aspects
and analytical techniques in the study of small-signal stability of dynamic, and identifies factors
influencing them.

Chapter 9 presents the physical characteristics and capability of the components of the test
system. The general configuration of the test system consists of a single synchronous machine
connected to a large power system through a transmission line. Chapter 10 deals with the study of
the system stability characteristics of the different Hydraulic Turbine models within a typical
Hydraulic Power Generating System implemented in the software SIMPOW. Chapter 11 studies
the dynamic system characteristics of the Hydraulic System modelled in the dynamic simulation
tool LVTrans.

The development of this work has the main contribution of Trond Toftevaag, Bjgrnar Svingen,
Kjetil Uhlen, and Lars Lindquist, STRI Sweden, who have assisted me in the dynamic study of the
different models and their implementation in the simulation software SIMPOW® and the dynamic
simulation tool LVTrans.

I would like to thank Trond Toftevaag, Bjgrnar Svingen and Kjetil Uhlen for their continuous
support in the project. A special thanks to Trond Toftevaag, who was always there to listen and to
give advice. He showed me different ways to approach a research problem and the need to be
persistent to accomplish any goal, and to ask me good questions to help me think through my
problems (whether philosophical, analytical or computational).

Alexandra Lucero T.

Trondheim, June 15" 2010
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Notation

List of Symbols

Upper case symbols normally denote physical values.
Lower case symbols normally denote per-unit values.
The suffix 0 denotes an initial steady-state value.
The prefix A denotes small deviations.

Symbols

p(xt)

Q(x,t)
Qi1
ant

Ra
Re
Re
Rr

Pressure wave velocity, [m/s]

Penstock cross-section area, [m?]

Surge Tank cross-section area, [m?]

constant proportionality factor, [-]

Pipe internal diameter, [m]

Pipe wall thickness, [m]

Young’s modulus of elasticity, [N/m?]
Darcy-Weisbach friction factor, [-]

Acceleration due to gravity, [m/s?]

Piezometric head (HGL) or water free surface level, [m]
Inertia Constant, [MWs/MVA]

Head losses due to friction effects in the conduit, [m]
Current flowing in the d-axis armature coil, [pu]
Current flowing in the g-axis armature coil, [pu]
Bulk modulus of elasticity, [N/m?]
Damping-torque coefficient, [-]

Derivative gain, [s]

Transient synchronizing power coefficient, [-]
Integral gain, [s™']

Proportional gain, [pu]

Servomotor gain, [-]

Length of the conduit, [m]

Mutual inductance between the stator and rotor windings
Self-Inductance of the d-axis armature windings
Self-Inductance of the g-axis armature windings
Hydraulic turbine Unit torque

Electromagnetic torque, [Nm]

Mechanical torque, [Nm]

pressure, [Pa]

Mechanical power on the turbine shaft, [MW]
Flow discharge, [m>/s]

Hydraulic turbine unit flow rate

water flow at zero electrical power, [-]

Pipe radius, [m]

Stator resistance, [pu]

Reynolds number, [-]

Permanent speed droop, [pul]

Temporary speed droop, [pul]

Laplace operator
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Sn

t

T

Tao', Tao”

V(x,t)

VsV,

Vs

X
Xa, Xd', Xd”
X, Xd' Xd”’

7 77
Xq, Xq, Xq
Xs
Xt

N <<

SV I M >R

Yo, Ya
Va, Vg
Yr

Wy

(]
Wnat

Ws

Rated apparent power, [MVA]

Time, [s]

Gate closing time constant, [s]

open-circuit d-axis transient and subtransient time constant, [s]
Wave travel time, [s]

Main Servomotor time constant [s]

Mechanical starting time Ty=2H, [s]

Pilot valve and servomotor time constant, [s]

Open-circuit g-axis subtransient time constant, [s]

Reset time or dashpot time constant, [s]

Surge Tank Filling Time, [s]

Water time constant or water starting time, [s]

average Velocity, [m/s]

Kinematics viscosity of the fluid, [m?/s]

Voltage across the fictitious d- and g- axis armature coils, [pu]

Voltage at the generator terminals

Infinite bus bar voltage

Distance measured along the pipe axis, [m]

Stator leakage reactance, [pu]

direct-axis synchronous, transient and subtransient reactance, [pu]
Total direct-axis synchronous, transient and subtransient reactance between
(and including) a generator and an infinite busbar, [pu]

guadrature-axis synchronous, transient and subtransient reactance, [pul]
Internal reactance of an infinite busbar, [pu]

Series reactance of a transformer, [pu]

Turbine wicket gate position, [-]

Elevation of the pipe centreline, [m]

Slope of the pipe axis, [°]

Power angle with respect to an infinite busbar

Internal pipe roughness, [m]

Damping ratio, [-]

Turbine efficiency

Eigenvalue

Fluid mass density, [kg/m?]

Shear force between the fluid and the conduit walls, [N/m?]
Runner blade angle

Total flux linkages of damper windings in d -axis and g-axis

Total d-axis and g-axis flux linkages

Total flux linkage of the field winding

Damped natural frequency of rotor swings, [rad/s]

Normalized velocity of the unit, [pul]

Undamped natural frequency of rotor swings for small oscillations, [rad/s]
angular velocity of the generator, [electrical radians]
Synchronous angular velocity (equal to 27z 1), [electrical radians]
Conduit wall tensile strain
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1 Introduction

1.1 Background information

In January 2005, an internal project called “Turbine and hydropower modelling” was started at
SINTEF Energy Research. This project was concerned about the study of dynamic performance
and possible interaction between the hydraulic system and power system of a power plant
equipped with Francis turbines. Traditionally, mathematical models for hydraulic power plants,
normally found in relevant literature and power system analysis tools are often simplified
models. Approaches based on approximate linear models assuming an ideal lossless turbine
and ignoring the elasticity of the conduit system, are not suitable for the accurate study of the
interaction between hydraulic system and power system. This implies that these models only
reflect part of the real situations and as such could have a limited application.

1.2 Objective

The purpose of this Master’s Thesis work is to develop improved hydraulic turbine models of a
typical hydraulic power generating system for their representation in dynamic studies of power
systems in response to any small disturbance. These improved models must be able to reflect
the possible interaction between the hydraulic system and power system in the computer
simulations of a power plant equipped with Francis turbines.

1.3 Scope

The precision of the representation of a Hydraulic Power Generating System in dynamic studies
is examined by means of analysis of the dynamic behaviour of different models of the hydraulic
machine and water conduit system. The stability study of different models for Synchronous
Machines and Turbine Governing System are beyond of the scope of this Master’s Thesis work.

Appropriate representations of the hydraulic turbine and water conduit system are developed
in models of varying degrees of detail. Firstly, nonlinear models for a simple turbine without
surge tank considering the inelastic and elastic travelling wave effects have been developed.
After that, nonlinear models considering the inelastic and elastic travelling wave effects for a
turbine with surge tank for hydraulic power systems with long length penstocks are
implemented. Finally, the nonlinear models for a turbine with long length penstocks are
linearized at an operating point considering both the nonlinear turbine characteristics and the
travelling wave effects.

The stability analysis of these implemented models contains power-flow calculation, linear
analysis and time-domain simulation in the simulation software SIMPOW and the dynamic
simulation tool LVTrans.
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1.4 Outline of the project

Chapter 2 contains the mathematical deduction of the equations of continuity and momentum
describing the transient state flows in closed-conduit systems and pressure control systems
including travelling wave effects and friction losses.

Chapter 3, Chapter 4 and Chapter 5 presents the physical description and the mathematical
deduction of the equations describing appropriate models of hydraulic turbines, synchronous
generators and turbine governing systems, respectively, for their representation in power
system dynamic studies. Standard models are normally found in considerable number of
relevant literature related to hydraulic power generating system modelling. These chapters
represent the basis for the dynamic modelling of the different configurations of the test system.

Chapter 6 deals with the development of improved mathematical models of each component of
a typical hydraulic power generating system equipped with Francis turbines for their
representation in power system dynamic studies.

Chapter 7 shows an alternative method of Hydroelectric Power Plant modelling for stability
studies. The hydraulic turbine and hydroelectric power plant may be modelled by the Structure
Matrix Method. This model covers a wide range of parameters such as influence of the turbine
characteristics, frictional damping of oscillatory flow in elastic conduits, influence of the
generator load and the analysis of the turbine governing system.

Chapter 8 describes fundamental aspects and analytical techniques in the study of small-signal
stability of dynamic, and identifies factors influencing them. The stability of the generator-
infinite busbar system following a small disturbance is discussed.

Chapter 9 presents the physical characteristics and capability of the components of the test
system such as water upstream tunnel, surge tank, penstock, hydraulic turbine, speed
governor, generator, and electrical network. The general configuration of the test system
consists of a single synchronous machine connected to a large power system through a
transmission line.

Chapter 10 deals with the study of the system stability characteristics of the different Hydraulic
Turbine models within a typical Hydraulic Power Generating System implemented in the
software SIMPOW. The objective of the dynamic modelling of the test system is to analyze the
stability characteristics of the Hydro Power System about the steady-state operating condition
following a three-phase fault to ground.

Chapter 11 studies the dynamic system characteristics of the Hydraulic System, described in
Chapter 9, modelled in the dynamic simulation tool LVTrans. The dynamic behaviour of the
Hydraulic Power System is analyzed in the program LVTrans version LVTrans8_1.1.2 and version
LVTrans86_1.3.1_T.

Finally, Chapter 12 presents the discussion of the simulation results of the hydroelectric power
system models implemented in SIMPOW and LVtrans, and Chapter 13 draws general
conclusions on the Master’s Thesis work and suggests possibilities for the approach and scope
for further work.
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2 Pressure Water Conduit System

Depending on the site, the conduit system is composed of a water-diverting structure; a canal
to carry the water flow to the reservoir; a surge tank; a penstock pipe to convey the water to
the powerhouse; and, a tailrace through which the water is released back to the river. Hydraulic
transients in closed-conduits consist of pressure disturbances when the system undergoes a
change from one operational steady-state condition to another. The disturbances in a
hydroelectric plant are initiated by an adjustment in the setting of a control valve or the change
in operation of the hydro turbines. The damping of pressure transients is achieved when the
system energy loss occurs in the form of conduit friction or minor losses.

Hydroelectric power plants with long conduits may have severe water hammer and governing
stability problems. The classical solution is to insert a surge tank upstream or/and downstream
the power plant to minimize the hydraulic transient effects.

This chapter contains the mathematical deduction of the equations describing the transient
state flows in the surge tank and closed-conduit systems including travelling wave effects and
friction losses. These equations are usually referred to as equations of continuity and
momentum. Hydraulic transient analysis is essential to good design and operation of conduit
systems.

2.1 Hydraulic Transients Fundamentals

Hydraulic transient refers to the pressure fluctuations in the water caused during a change in
mean flow conditions. The main components of the disturbances are pressure and flow changes
at a rated point that causes propagation of pressure waves throughout the system. The
pressure waves travel with the velocity of sound, which depends on the characteristics of the
conduit system and on the water elasticity. When a closed conduit is filled with moving water,
the law governing the changes of pressure and discharge depends upon the conditions under
which the flow occurs. [3-7]

Any disturbance in the water caused during a change in mean flow conditions initiates a
sequence of transient pressure. Typical events of the causes of transients in engineering
systems include:

X/
L X4

Pump start-up or shutdown;

Valve opening, closing or “chattering”;

Changes in boundary pressures;

Hydraulic turbine start-up, accepting or rejecting load;

Vibrations of the vanes of a runner or an impeller;

Sudden changes in the canal inflow or outflow by opening or closing the control gate;
Dam failure or collapse;

X/
X4

L)

X/
X4

L)

X/
X4
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2.1.1 Pressure wave velocity in conduits

The pressure wave velocity a depends upon the characteristics of the liquid, such as the Bulk
modulus and density, the characteristics of the pipe material, including the conduit size, wall
thickness and wall material; the external constraints include the type of supports and the
freedom of conduit movement in the longitudinal direction. The wave velocity in a thin-walled
elastic conduit with multiple joints is given by the classical Korteweg’s equation. [1, 6, 8-9]

(2.1)

Expressions for a for different support conditions and for other conduit parameters are given in
Section 22 of the textbook “Davis’ Handbook of Applied Hydraulics”. [9]

The wave velocity for a perfectly rigid pipe, where E is infinite, simplifies to

a=

K (2.2)
Yo,

Typical values for wave velocity are in the range of 1000 to 1200 m/s.

2.1.2 Wave propagation and reflections in the conduit

The wave transmission phenomenon due to the gate closure is characterized by the wave
propagation and reflection along a pipeline until they are damped out by friction. According to
the water hammer theory developed by Allievi in the early 1900’s, pressure waves may arise in
long penstocks propagating with wave velocity a. [3, 6, 10-12]

The time taken for the pressure wave to travel the length of the penstock to the open surface is
given by

T =

e

L
L (2.3)
a

Considering a pipeline in which the flow is initially steady. A sudden rise in the pipe adjacent
gate will be produced when an instantaneous gate closure takes place at the lower end of the

pipe. The wave transmission phenomenon due to the gate closure is analyzed thoroughly in the
textbook “Waterhammer Analysis”. [3]

The theoretical period Ty for a conduit having constant diameter, constant wall thickness is
given by

T, =—= (2.4)
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The sequence of events following the valve closure is explained briefly below.

Table 2-1: Propagation of pressure waves caused by instantaneous closure of valve

Stage Events

0<t< L/a The flow velocity at the valve is reduced to zero,

The pipe is expanded,

The fluid density is increased

Lla<t<2L/a | The fluid starts to flow from the pipeline into the reservoir.

A negative wave travels toward the valve.

2L/a<t<3L/a | The velocity is instantaneously changed due to the valve is
completely closed.

The pressure is reduced and the negative wave propagates in
the upstream direction.

3L/a<t£4L/a The fluid flows towards the valve and the pressure head is
restored.

2.1.3 Head losses due to Friction

The head loss is a measure of the reduction in the total head of the fluid as it moves through a
pipeline. Head losses are present due to the friction of the fluid against the pipe walls. The head
losses are usually the result of boundary losses and form losses. Boundary losses are those
arising from the effects associated with the cross-sectional shape that affect the ratio of the
flow area to the wetted perimeter, and from shear forces between the fluid and the boundary
materials. Form losses arise from recirculating eddies produced by the geometry of the
containing vessel such as bends and either expanding or contracting transitions. [9-10, 13-14]

Head losses along the pipe wall are called friction losses or head losses due to friction. The head
loss due to friction Hf in a given conduit for a given discharge is usually determined by the
Darcy-Weisbach equation.

LV?
H, =f——— 2.5
= b2 (2.5)

The dimensionless friction factor fis a function of velocity, roughness, viscosity of the fluid and
conduit diameter. The evaluation of the friction factor under these widely varying conditions
has been made possible by the contribution of Reynolds. The Reynolds criterion relates the
inertial forces per unit of volume to the viscous forces per unit of volume. The Reynolds
number for full flowing circular pipes can be expressed as

R _D (2.6)
A%

The friction factor f in a laminar regime is independent of the wall roughness and inversely

proportional to the Reynolds number. The friction factor for a laminar flow is calculated from
the Hagen-Poiseuille equation as

f== (2.7)
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For turbulent flow ( R, >4000), the friction factor f is a function of the Reynolds number R, and

the relative roughness height (&/ D). Colebrook-White equation relates the friction factor to
the Reynolds number and relative roughness as

e 251 J
(2.8)

1
F =2 logw (ﬁ"i‘—Re\/?

2.2 Closed-Conduit Systems

2.2.1 Basic Assumptions

Hydraulic transients arise as a consequence of rapid variations in the flow conditions in
pressure conduits. Due to the elasticity of the material and the compressibility of the fluid, such
variations in the pressure and/or flow velocity propagate in the conduits at very high speeds.

In order to obtain the basic physical laws of the hydraulic transients in a closed conduit, it is
assumed that:

% The pipe is uniform and flow is one-dimensional; for quasi-incompressible fluids, the

velocity and pressure distributions are uniform in each cross section of the conduit.

» Pipe deformations are proportional to the stresses (Hooke’s law) and the liquid
compressibility effects can be characterized by a constant bulk modulus.
No vaporization of the liquid occurs during the hydraulic transient.
The formulas used for the calculation of head losses in steady state flow remains valid
during transient conditions.
No distributed lateral flows are considered.

K/

DS

e

%

e

%

>

o
25

The analysis of transients in closed conduit is subdivided in two types: distributed systems and
lumped systems. In the former case, the transient phenomenon occurs in form of travelling
waves. Any change in the flow condition is assumed to take place instantaneously throughout
the system in a lumped system.

Mathematically, the transients in the distributed systems are represented by partial differential
equations, whereas the transients in the lumped systems are described by ordinary differential
equations. The system may be analyzed as a lumped system when a)L/a is much less than 1.

2.2.2 Basic Differential Equations for Transient Flow

Equations for the conservation of mass and momentum describe the transient state flows in
closed conduits. The condition of dynamic equilibrium requires that Newton’s second law of
motion be satisfied. The condition of continuity for the element requires that all available space
inside the boundaries of the conduit be occupied by water at all times. [3]

The partial differential equations of continuity and motion are expressed in terms of two
dependent variables, the pressure p(x,t) and flow velocity V(x,t) and two independent variables
time (t) and displacement (x).
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2.2.2.1 Equation of Continuity

The continuity differential equation, which takes into account the water compressibility and the
tube elasticity, is based in the conservation mass law for a control volume. The radial velocity
due to radial expansion and contraction is not included in the analysis. The distance x, flow
discharge Q and velocity V will be considered positive from the left (upstream) to right
(downstream). Heads H are measured relatively to a horizontal datum to which will be also
referred elevations z and slope a of the pipe axis. The slope is considered positive for a rising
pipe in the positive direction of x, as shown in Figure 2-1. The pipe cross sectional area A and
the liquid mass density p are both function of pressure p(x,t). [6, 8-9, 15-16]

Hydraulic grade line

Datum

Figure 2-1: Control volume for the derivation of the equation of continuity
The equation of continuity of a control volume V_ at an instant t, shown in Figure 2-1, yields
0
pAV=pAV+5pAV(Ax) (2.9)

Expanding Equation (2.9):

0

ox

(,oAV)zA%—'?+pa—A+pAa—V+pVa—A+AV8—p (2.10)

5
9 (4
(pA)+ ot o P

ot

Rearranging terms, using expressions for the total derivatives and dividing throughout by p4,
Equation (2.9) may be written as:

ldd tdp oV _

+ + 0 )
Adt pdt ox (2.11)

For a circular conduit having radius r,

dr
dt dt

(2.12)
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In terms of the conduit wall tensile strain €, Equation (2.12) can be written as

a_, d_,, d< (2.13)
dt dt dt

Assuming that the conduit walls area linearly elastic, then

de__ 1 D
dt  p_PD 2e dt (2.14)
2e

The first term of Equation (2.11) refers to change in conduit are with time becomes

ldd__ 1 Ddp
Adt p_pDedt (2.15)
2e

The second term of Equation (2.11) refers to the rate of change of fluid density. The bulk
modulus of elasticity of a fluid is by definition

dp dp
K = =
(dv/Y) (dplp) (2.18)

and the second term of Equation (2.11) becomes

ldp 1dp
- 2.17
pdt Kdt (2.17)
Substituting Equation (2.15) and (2.17) into Equation (2.11) gives
1 1 dp oV
2. @ L9 2.18
K eE pldt ox (2.18)
D 2
Since p/2 < eE/D in most applications, Equation (2.18) gives
1 1 |dp oV
21 @9 (2.19)

K| eE |dt ox
DK

Substituting Equation (2.1) and the expression for the total derivative into Equation (2.19) gives

8_p+V8_p+pa28_V:0

(2.20)
Ot Oox Oox

|8
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2.2.2.2 Equation of Motion
The differential equation of motion for a transient flow is given applying the second Newton's
law for a fluid element inside a tube. [17]

Datum

Figure 2-2: Control volume for the derivation of the equation of motion

The equation of motion for the control volume defined in Figure 2-2 at a given instant t, when
the pipe is deformed due to transient forces

pA— p_@_pr A+ p+la—pr a—AAx—TO7ZDAx—,0gAAxsin05=,oAAxﬂ (2.21)
ox 2 ox ox dt

Omitting Ax” _Equation (2.21) yields

Aa—p+ro7rD+pgAsina+pAd—V:O (2.22)
ox dt

The force resulting from the shear stress 7 may be defined in terms of the Darcy-Weisbach
expression for friction losses for a turbulent pipe flow.

1
7, =§fpV|V| (2.23)

Substituting Equation (2.23) into Equation (2.22) and dividing throughout p 4, yields

1 :
8V+V8—V+—a—p+gsma+%|lf|=0

Z 2.24
ot ox pox 2 ( )
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2.2.2.3 General Remarks
In many engineering applications, the convective acceleration terms V(@p/@x) and V(@V/@x)

are usually considered negligible in comparison with the remaining terms. The slope term is
also possible neglect. The system parameters p and D remain constant with respect to time.
Therefore, eliminating these terms from the general Equations (2.20) and (2.24) become

op , oV
o P o (2.25)

ST =0

ot pox 2D (2.26)

In the analysis of hydraulic transients, the pressures in the pipelines are usually expressed in
terms of the piezometric head, H, above a specified datum. Additionally the flow velocity is
replaced by the discharge, Q. The pressure and the flow velocity may be written as

p=pg(H-z) (2.27)
0=VA (2.28)

Assuming the fluid is slightly compressible and the conduit walls are slightly deformable and
neglecting the variation of p and flow area A due to variation of the inside pressure. The small
variations of p and flow area A are indirectly taken into account by considering the wave speed
a have a finite value. Substituting Equations (2.27) and (2.28) into Equations (2.25) and (2.26)
give

(a—H—@j <0 _ (2.29)
o ot gA ox
100 (oH o
A ot g(@x axj 2DA2|Q| (2.30)

If the pipe axis is fixed 0z/0r=0 and 0z/Ox=sina. It is possible to eliminate the tube
inclination effect, dz/0x =sina =0. Therefore, Equations (2.29) and (2.30) become

90 g dH _ (2.31)
ox a° dt
LI Slol=o (2.32)

o gA dt 2gA2

| 10
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Equations (2.31) and (2.32) can be normalized by substituting for the relative terms 4 =H/H0
and ¢=0/0Q, , giving

Oq , gdH, 0h_,

ox a Q, ot (2.33)

Oh 0 :
h, G %, J &q|q|=0 (2.34)
ox gAH, ot 2gA°D H,

The water time constant or water starting time, Ty, is associated with the acceleration time for
water in the penstock between the turbine inlet and the reservoir or the surge tank, if one
exists. The equation for water starting time is:

L O
T, =—=" 2.35
Y Gd H, (2.35)
Introducing the water time constant Ty, in Equation (2.33) and (2.34)
og 1 L Oh
——+———=0
ox a* T, ot (2.36)
oh T, o T

ox L ot L 24D

2.2.3 Mathematical Model

The analysis of transients in hydroelectric systems is subdivided in mass-oscillation response
and waterhammer response. Ordinary differential equations describe the mathematical model
for mass-oscillation (or rigid water column) between the reservoir and the surge tank. Partial
differential equations show the mathematical model for waterhammer along the penstock and
draft tube. [15-20]

The mathematical model of the conduit system taking into account the waterhammer theory
and considering the head losses is based on the linearized Equation (2.36) and (2.37), and on

sinusoidal flow and pressure fluctuations.

Using the Laplace transform to express Equations (2.36) and (2.37) in the frequency domain

0 1 L +
6h S T + TW 0
)T sgto)a(0)) 1ot} -0 (39

|11



Hydro Turbine and Governor Modelling

The third term in Equation (2.39) is related to the head losses due to friction. Assuming an
initial steady state situation, % (0+ ) =0 and q(O+ ) =0, Equation (2.38) and (2.39) gives

%(s) 1L oy
PR T sh(s)=0 (2.40)
oh(s) T, 0
ai )+T(S+f$)q(s):0 (2.41)

Differentiating Equation (2.41) with respect to x yields

2
O 1, @) e
Oox L 24D ) ox

Substituting aq(s)/(?x by Equation (2.40) into Equation (2.42)

0*h
8x(2S) =%(s2 +f%SJh(S) (2.43)

Introducing the variable z

s,
2DA

=5+ (2.44)

The general solution for the second order homogeneous Equation (2.43) is

h(s)= Clegx + Cze_;x (2.45)

By differentiating equation (2.45) with respect to x yields

Oh Zx “x
(s) P (2.46)
Oox a a

Substituting Gh(s)/ﬁx by equation (2.46) into equation (2.41) gives

q(s)= iﬁ[qe"x - Cze_“x] (2.47)

| 12
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The water pressure and the flow rate of upstream inlet of the tube at x=0is

hy (s)=C+C, (2.48)
L
9y (s) =E§(C1 -G,) (2.49)

hy(s)=Ce* +Cye « (2.50)
L s = =L

s)l=——| Ce* —C,e “ 2.51

a5 (s) aT, Z[ 1 2 J (2.51)

1 L laTl, z =L

C =3¢ “h, (s)+ETW§e “q,(s) (2.52)
1 °L laTl, z L

C, :Ee“ hy, (s)—ETW;e” qp(9) (2.53)

The substitution of the values of T,, C; and C, from Equations (2.3), (2.52) and (2.53) into
Equations (2.48) and (2.49) yield

—Z. Z! 1 T —Z =
hU(S):E(e Te+eTf)hD(s)+5TW§(e e —eT“)qD(s) (2.54)

1T _ B 1, . 2
qU(S)ZETe 5(6 L_o TE)hD(s)+§(e T te Te)qD(s) (2.55)

|13
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The transfer function of flow rate and water pressure of upstream inlet and downstream outlet
of the tube, expressed in the matrix notation, is

{hU (S)}: cosh(zT))  —Zsinh(zT)) {h (S)}

1 . 2.56
qy () —7smh(zTe) cosh(zT}) || g,(s) (2.36)
In which the characteristic impedance for the pipe is
T, z
7 == 2.57
"7 s (2.57)

The classical wave solution given by an analysis of the partial differential equations in time and
space defining pressure and flow rate at each point in the conduit taking into account the
elastic water hammer theory and considering hydraulic loss as a hyperbolic tangent function is

I 12 12
(s) = —T—W(H&j tanh (sz +s&J T, (2.58)
q(s) T.\' 2DAs 2DA
Neglecting the hydraulic friction losses, Equation (2.58) can be simplified as
h(s T
( ) — ——Wtal'lh(ST;) (259)
q(s) T,

The penstock is modelled assuming an incompressible fluid and a rigid conduit for hydroelectric

power plants with short or medium penstock where the travelling pressure wave effects are

relatively insignificant. With the assumption of an inelastic water column effect,

tanh(s7,) ~s7,, Equation (2.58) for small variations around an operating point can be
simplified as

=-T,s—H (2.60)
S
q(s)
Neglecting the hydraulic friction losses, Equation (2.60) yields
h(s
( ) =-T,s (2.61)
q(s)

| 14
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2.3 Pressure Control Systems

Hydroelectric power plants with long conduits may have severe water hammer and governing
stability problems. In a reaction turbine having long pressure tunnels, the dynamic response of
both upstream and downstream water columns must be studied in order to avoid excessive
pressure or over speed problems. Pressure transients will only be produced at upstream side in
an action turbine; at downstream there will be a canal with a transient free surface flow. The
classical solution is to insert a surge tank upstream or/and downstream the power plant to
minimize the hydraulic transient effects. However, the surge tank may be very costly structure
or cause some environmental problems. [6, 8]

A surge tank is an open standpipe connected to the conduits of the hydroelectric power plant.
The main functions of a surge tank are reduce the amplitude of pressure fluctuations by
reflecting the incoming pressure waves; improve the regulating characteristics of a hydraulic
turbine; and, store or provide water.

Depending upon the requirement of the hydroelectric plants, the surge tank can be placed at
upstream and/or downstream side of the powerhouse.

Depending upon its configuration, a surge tank may be classified as:

s Simple Surge Tank is a tank or an open shaft directly connected to the pipeline, and there
is very little head loss between the tank and the pipeline.

¢ An Orifice Surge Tank that is a simple surge tank with the entrance restricted by means of

an orifice.

A Differential Surge Tank is an orifice tank having a riser.

In a One-way Tank; the liquid flows from the tank into the pipeline only when the

pressure in the pipeline drop below the liquid level in the surge tank.

% A Closed Surge Tank has the top of the tank closed and there is compressed air between

the water surface and the top of the tank.

X/

S

X3

S

&

2.3.1 Governing Equations
To simplify the derivation of the dynamic and continuity equations that describe the oscillations
of the water level in the tank the following assumptions are made; [6]

®,

4 The conduit walls are rigid and the liquid is compressible. This means that a flow change
at any point in the system is transmitted instantaneously throughout the system, and the
liquid moves like a solid slug

4+ The inertia of the liquid in the surge tank is small compared to that of the liquid in the
tunnel and can therefore be neglected.

4 The heads losses in the system during the transient state can be computed by using the

steady-state formulas for the corresponding flow velocities.

Figure 2-3 depicted a typical simple surge tank system. In a simple tank, the tank is directly
connected to the pipeline. A flow variation results in the oscillation of the liquid level in the
surge tank.

|15
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Figure 2-3: Simple surge tank, [6]

The dynamic equation is given applying the Newton’s second law of motion; the rate of change
of momentum is equal to the resultant force. The dynamic equation for a simple surge tank is
given as follows

d0, _ 84 (4 _
—= (H-z+10|0]|) (2.62)

The equation of continuity for the junction of the tunnel and the surge tank, shown in Figure
2-3, may be written as

Qt :Qs +Qtur (263)

where Qs is the flow into the surge tank, Q. is the turbine flow. Since O, = 4, (a’z/dt), Equation
(2.63) becomes

1
dt A

N

(Qt _Qtur) (264)

Equations (2.62) and (2.64) are for a simple surge tank located at the upstream side of a
turbine. These equations are valid for a tailrace surge tank.

The period and the amplitude of the oscillations of the water surface in the surge tank for a
frictionless system are given by:

T=2r 5% (2.65)
g
Z=0, gALA, (2.66)
S
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2.3.2 Surge Tank Mathematical Model

In a simple reservoir-surge tank system the unsteady flow can be modelled by a simple ordinary
differential equation. The inclusion of surge tank effects is warranted in cases where dynamic
performance is being simulated over many seconds to minutes. The surge tank equation is
derived from the continuity of flow at the two junctions, Equation (2.64), and where the
hydraulic losses at orifices of the surge tank are neglected. Normalizing Equation (2.64) yields

_ A, dh 2.67
0, di (267)
The surge tank filling time, T, is defined as
AH
T == 0 (2.68)
0
The transfer function of flow rate and water pressure of upstream the surge tank is
h(s) 1
= 2.69
a(s) 5T 269
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3 Hydraulic Turbines

This chapter contains the physical description of the hydraulic turbines and the deduction of
the equations describing the appropriate mathematical models of the hydraulic turbine for
their representation in power system dynamic studies. The turbine dynamics are characterized
by the variations in flow and output mechanical torque with respect to turbine speed, gate
opening, runner blade movement and the difference in pressure between the turbine inlet and
outlet. Standard models are normally found in considerable number of relevant literature
related hydropower plants modelling. Approaches based on approximate linear models
assuming an ideal lossless turbine and ignoring the elasticity of the conduit system, are not
suitable for the accurate study of the interaction between the hydraulic system and power
system.

3.1 Hydraulic Turbines Overview

Hydraulic turbines derive the potential energy of the fluid into kinetic energy and a conversion
of kinetic energy, or both kinetic and potential energy, into useful work. Hydraulic turbines
derive power from the force exerted by water as it falls from an upper to a lower reservoir.
Hydraulic turbines are divided according to their hydraulic action into two main classes: impulse
turbines and reaction turbines. [1, 6, 8, 10, 21-22]

3.1.1 Impulse turbines

An impulse turbine has a runner with numerous spoon-shaped “buckets” attached to its
periphery, which are driven by one or more jets of water issuing from fixed or adjustable
nozzles. The kinetic energy is in the form of a high-speed jet that strikes the buckets, mounted
on the periphery of the runner. As the water after striking the buckets falls into the tail water
with little remaining energy, the casing can be light and serves the purpose of preventing
splashing. Many impulse turbines use deflectors to allow rapid reduction of the power
delivered to the turbine runner in cases where the flow cannot be changed quickly.

Needle valve ‘

Figure 3-1: Impulse Turbine
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Impulse or action type turbines are represented by the Pelton water-wheel, Turgo turbines and
Cross-flow turbines. Impulse turbines are used in high-head, 300 meters or more, hydroelectric
power plants.

Pressure transients in impulse turbine will only be induced at upstream side; at downstream
there will be a canal with a transient free surface flow. Each nozzle will then actuate like a flow
control valve.

3.1.2 Reaction Turbines

In reaction turbines, the entire flow from the headwater to tailwater takes place in a closed
conduit system. Reaction turbines extract power from the kinetic energy of water because of
the difference in pressure between the front and the back of each runner blade as the water
flows through the runner. The water pressure can apply a force on the face of the runner
blades. The turbine casing, with the runner fully immersed in water, must be strong enough to
withstand the operating pressure.

Reaction turbines are represented by radial-flow Francis turbines; axial-flow Kaplan turbines
with adjustable runner blades; axial-flow propeller turbines with fixed runner blades; diagonal-
flow Deriaz turbines with adjustable runner blades.

Genator

Stator J.B
_Turbine *
Rotor —|Generator Shaft
e \Turbine|
Wicket
Gate

K

Turbine Blades

Figure 3-2: Francis Turbine

Upstream and downstream water columns are sensitive to flow disturbances at reaction type
turbine. Pressure regulators or relief valves are used to temporarily allow part of the water to
bypass the runner by flowing from the turbine spiral case directly to the tailrace during the
quick closure of the wicket gates. The pressure regulators or relief valves prevent excessive
water hammer, which is a severe pressure rise that results from rapid deceleration of the
penstock water column.
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3.2 General Technical Aspects

The hydroelectric generation is extremely site dependent because it depends on falling water.
The basic elements of the Hydraulic Power Plant are depicted in Figure 3-3. The turbine proper
is, according to standard practice, taken to begin at the entrance to the turbine casing and to
end at a section of the tailrace just beyond the physical end of the draft tube. [9]

( Inside a Hydropower Plant

Dam Powerhouse

Reservoir

Power Lines

Transformer

s Generator

Qutflow
©2001 HowStuffWorks

Intake cagttg" Penstock  Turbine

Figure 3-3: Schematic of Hydraulic Power Plant with a reaction turbine

3.2.1 Neat Head, Power and Efficiency
The Neat Head is the vertical height between the entrance level into the penstock and the
discharge level from the turbine draft tube.

The mechanical power developed by the turbine is proportional to the product of the flow rate,
the head and the efficiency. The power is controlled by regulating the flow into the turbine by
wicket gates on the reaction turbines and by a needle on the impulse turbine. The nominal
power is given by the following equation

P=pgQOHn (3.1)

The turbine efficiency 1 represents the actual utilization of the available potential energy of
the system. The turbine efficiency depends on the working fluid flow rate and the turbine
characteristics. The turbine efficiency is defined as the ratio of power supplied by the turbine
(mechanical power transmitted by the turbine shaft) to the absorbed power (hydraulic power
equivalent to the measured discharge under the net head). [23]

The generator efficiency is usually considered constant over a wide operating range. However,
the hydraulic efficiency depends significantly on both the water discharge and the net head.
These relationships are generally represented in the so-called Turbine Hill Chart.

| 20



Hydro Turbine and Governor Modelling

3.2.2 Turbine Hill Charts

The mathematical modelling of the data for the flow and power output of a Francis turbine, and
its transient behaviour is based on the characteristic curve of the hydraulic machine called Hill
Charts. The Turbine Characteristics are curves representing the relationship between the net
head and discharge. Although such curves are seldom used in specifications due to of
difficulties of measurement, the speed-torque characteristics of a wide variety of hydraulic
turbines have the general form with the torque falling off roughly in proportion to speed over
wide ranges of speed and gate opening position. [6, 18, 24-27]

Static characteristic relationships of hydraulic turbines can be studied through the so-called hill
charts. The plots of the prototype turbine characteristics are based in steady-state model test
results. These turbine characteristics are assumed valid during the transient state. The turbine
efficiency for any operating point given by runner speed, net head and gate position can be
extracted from the hill charts.

An operating point of a hydraulic turbine is characterized by the specific energy, the discharge,
the rotational speed, the torque and the gate opening position. Therefore, the graphical
representation of a turbine characteristic requires the elimination of one of these quantities by
the use of the hydraulic machines similitude laws. For transient analysis, it is more convenient
to use dimensional factors where the specific energy is eliminated, [20]. The mathematical
model of the characteristic of hydraulic turbine may be written as:

0, :f(nll’y) (3.2)

Mn:f(”n’y) (3.3)

However, there are still no detailed and precise mathematical models that can describe the unit
flow rate Qi; and unit torque M;;. Q;; and My are usually obtained by interpolation method.
The expression for the unit rotation speed n;;, and unit flow Q;; may be written as follows

nD,,
n, = \/ﬁ (3.4)
__ 0
0, Dif\/?n (3.5)
M
M, =— (3.6)
D}?ean

The characteristic curves are extrapolated for small wicket-gate openings. Therefore, the flow
should be known when the turbine rotational speed is zero. The windage and friction losses
should be known at wicket-gate openings below the speed no-load gate. The no-load gate is the
lowest gate opening at which turbine rotates at synchronous speed with zero output. [6]

A typical Hill Chart for a Francis turbine is shown on Figure 5.2 of Chapter 5, page 131, of the
textbook “Applied Hydraulic Transients”. [6]
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3.3 Hydraulic Turbine Modelling

The hydraulic turbine dynamics have a considerable influence on the dynamic stability of the
power system. The block diagram of Figure 3-4 shows the basic elements of a hydro turbine
within the power system environment.

~—» Turbine Control L Turbine Mechanical )
. - Torque Rotor Dynamics
Dynamics > Dynamics > >
—p gate Speed
Assigned unit pressure flow Electrical
generation Torque
Conduit
Dynamics

Figure 3-4: Functional Block Diagram of the hydro turbine, [1, 28]

The power developed by the turbine is a function of the water flow, the runner blade angle and
the net head. The flow through the turbine is a function of the net head, rotational speed, gate
opening position and runner blade angle. The nonlinear characteristic of a Francis turbine can
be written as, [1, 6, 8, 16, 23, 25, 28-31]

p=1,(hny,¢) (3.7)

q=1,(hny.¢) (3.8)

The effect of the runner blade movement is not considered in the modelling of turbines with
fixed blades, such as Francis turbines. The flow in an impulse turbine depends upon the head
and the nozzle opening only.

The turbine dynamics is related to the generator dynamics through mechanical power P,
produced by the turbine. The relation between mechanical power P,, and mechanical torque
M,,, expressed in per unit, is given by

n

pm :;mm (3.9)

N

Normally, a simplifying assumption made is that n = @, at synchronous speed. This is not the

same as saying that the speed is constant, it assumes that speed changes are small and do not
have a significant effect. Thus, equation (3.9) yields

D, =m, (3.10)
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3.3.1 Simplified Nonlinear Turbine model

The nominal power obtained by a hydraulic turbine is proportional to the potential energy lost
by the falling fluid. Due to the turbine is not 100% efficient, the no-load flow gy, is subtracted
from the actual flow. A damping effect that is dependent on gate opening is also present, so
that at any load condition the turbine power can be expressed by

pm:ATh(q_qNL)ﬂ_KD(a)N_l)y (3.11)

Detailed information is available from turbine manufacturers on the variation of the turbine
efficiency m with variation in the steady operating point of a turbine. The use of this data
involves the use of a stored table and an interpolation procedure. Neglecting the variation of
turbine efficiency, Equation (3.11) yields

P :Arh(q_qNL)_KD(a)N_l)y (3.12)

The constant proportionality factor A; is calculated using the turbine MW rating and generator
MVA base. A; is calculated by

1 turbine power (M W)
h (q —qn ) generator MVA rating

A = (3.13)

The pressure head across the turbine is related to the per unit flow rate by assuming that the
turbine can be represented by the valve characteristic

g=wIh (3.14)

3.3.2 The linearized hydro turbine model

The most common hydraulic turbine representation for system stability studies consists of a
transfer function obtained by linearizing the turbine characteristic curves around an operating
point. The dynamics of the analyzed system with respect to the operating point can be
observed by changing operating point. For the controller synthesis using linear synthesis
method, Equations (3.7) and (3.8) can be represented by the Taylor series approximation for
small variations in the vicinity of an operating point as, [25-26, 32-37]

om om om
Am =2 A0+ An+ 22 A
"o T (3.15)
qua—th+a—qAn+a—qu (3.16)

Oh on oy
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The partial derivatives of flow and torque with respect to head, rotational speed and gate
position are called Turbine Coefficients. The turbine coefficients represent the nonlinear
characteristics of a hydraulic turbine. The partial derivatives vary with the operating conditions
of the turbine relative to gate opening position y and unit rotational speed ny;.

The influence of the turbine coefficients on the model accuracy is critical. These values have to
be measured accurately on the field or taken from model tests.

The turbine coefficients of any operating point can be obtained by interpolation before
simulation. For deviations around rated speed and pressure head, the turbine coefficients are
deduced by differentiation of Equations (3.1) and (3.14), [11]. Differentiating Equations (3.12)
and (3.14), the turbine coefficients are deduced for models neglecting the variation of the
turbine efficiency, [37]. These parameters are detailed in Table 3-1.

Table 3-1: Turbine coefficients, [11, 37]

Partial IEEE IEEE
Derivatives | Model, [11] Model, [37]
oq Y
— 0.5 —
oq
— 0.0 0.0
on
0
= 1.0 Jh
9y
om 3
= 1.57 3, At(gy\/z—qmj
om
— 0.0 -D,
on g
om %
o n Ah”? =D, (wy —1)

The partial derivative of torque with respect to gate position, dm/dy, is called Turbine Gain.
Turbine Gain is a critical parameter for an accurate approximation of hydro power plants
dynamics, and has to be measured precisely in the field. The partial derivative of flow with
respect to rotational speed, 8q/8n, is usually considered to be negligible. The deviation of
mechanical torque with rotational speed, am/an, is known as Turbine Self Regulation. The
value of the turbine self regulation is negative with an absolute value usually near unity.

Standard values for an ideal lossless turbine at full load and three linearized values of the
turbine coefficients are shown in of Table 3-2. More accurate values of turbine parameters can
be deduced from the Characteristic Curves of the turbine so-called Hill Charts, detailed in
Chapter 3.2.2.
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Table 3-2: Turbine Coefficients, [32]

Partial Generator Operating Conditions IEEE
Derivatives | 22.5 (MW) | 84.3 (MW) | 112.0 (MW) | model

a—q 0.06 0.20 0.24 0.50
o . . . .
oq
— 0.13 0.38 0.62 0.00
on
oq
- 0.80 0.40 0.38 1.00
Oy
% 0.00 0.30 0.69 0.00
o . . . .
om 0.40 1.20 1.50 1.50
o . . . .
om
—_— -0.39 -0.86 -0.75 0.00
on
om
- 0.88 0.90 0.34 1.00
Oy
om 0.00 0.50 0.52 0.00
Y ) ) ) )
o¢
- 0.00 2.30 1.00 0.00
oy

It is worthy to notice that the linear models implemented in the Master’s Thesis work uses the
standard values according to IEEE model detailed in Table 3-2.
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4‘ Synchronous Machine

This chapter deals with the mathematical modelling of the synchronous generator.
Synchronous machines play an important role in power system stability. The physical
characteristics of the synchronous generators and their performance affect the system stability.
The complete mathematical modelling of the synchronous machine is fairly complex system for
stability analysis of power systems. The classical model is used for simplified analysis of power
system dynamics.

4.1 Synchronous Generator

Synchronous generators are the main source of electric energy in power systems. Hence,
understanding of the theory and performance of the synchronous machines is fundamental to
the study of power system stability. Synchronous generators can be classified as either high-
speed generators, called turbo generators, driven by steam or gas, or low-speed generators
driven by hydraulic turbines.

The synchronous machine is assumed to have a three-phase stator armature winding, a rotor
field winding and two rotor damper winding —one in the d-axis and one in the g-axis. The
armature winding carries the load current and supplies the power to the system. The armature
winding usually operates at a voltage considerable higher than the field voltage. The rotor
excitation winding is supplied with a direct current to produce a rotating magnetic flux. The
rotor damper winding helps damp mechanical oscillations of the rotor. The notation follows the
normal IEEE convention.

The following assumptions are made in order to develop the mathematical model of a
synchronous machine. [2, 22, 38-40]

a) The three-phase stator winding is symmetrical distributed.

b) The capacitance of all the windings can be neglected.

c) Each of the distributed windings may be represented by a concentrated winding.

d) The change in the inductance of the stator windings due to rotor position is sinusoidal
and does not contain higher harmonics.

e) Hysteresis loss is negligible but the influence of eddy currents can be included in the
model of the damper windings.

f) Inthe transient and subtransient states the rotor speed is near synchronous speed.

g) The magnetic circuits are linear (not saturated) and the inductance values do not
depend on the current.
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4.2 Synchronous Generator Equations

The generator windings are magnetically coupled, hence, the flux in each winding depends on
the currents in all the windings. The electrical dynamic performance of the machine is
described by the flux-current relations and the voltage equations. The transformation of all the
generator windings into the rotor reference frame is referred as the 0dqg transformation or
Park’s transformation. [41-43]

The electrical dynamic performance of the machine in terms of the dg0 coordinate system may
be described by the following set of equations.

Flux linkage equations

Vol [La+L 0 0 L, Ly, 0 Ly
v, 0 L,+L 0O 0 0 L, =i,
v, 0 L 0 0 0 —i
"= ' ! (4.1)
v, L, 0 0 L,+L, L, i
l//D Lad 0 0 Lad Lad + Z’D 0 iD
Y, 0 L, 0 0 0 L,+L,| i
Stator voltage equations:
Va Va W, R0 0]
1 d w .
q = ;E l//q l//d - O Ra O lq (4'2)
v, ’ v, 'O 0 0 R |i
Rotor voltage equations:
v, L4 v, R, 0 0114
0|=— E wp |+ 0 R, 0 14, (4.3)
0 : Yo 0 0 R,

The transformer emfs, the dl///dt terms, are referred to the armature emfs proportional to the

rate change of the flux. The transformer emfs are due to changing currents in coils on the same
axis as the one considered.

In addition to the equations describing the electrical dynamic performance, an expression for
the electromechanical torque is required.

m, :%[‘//diq _‘//qid] (4.4)
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Rotor mechanical Equations:
The rotor mechanical dynamic are given by the swing equation, which can be expressed via, [2]:

dAw o,

— 2H(mm —m, —K,Aw) (4.5)
ﬁzAa):a)—a)v (4.6)
ot ‘

In the above equations, all quantities are in per unit except time that is in seconds and w and w;
which are in rad/sec. In some literature, per unit speed @, =@/®, is used. Therefore,
Equations (4.5) and (4.6) yield

dAw, 1

dt _E(mm —m,~K, (@ -1) (47)
00
E—Q’s (a)N _1) (4.8)

4.3 Synchronous Generator Models

The mathematical model of a synchronous machine is made up of Park’s equations for the
electrical dynamics, Equations (4.1), (4.2) and (4.3), and, two equations for mechanical
dynamics, Equations (4.5) and (4.6). [44-45]

The larger number of differential equations required in the model, the greater the model
complexity and the greater the time required to solve the differential equations. The complete
ninth order nonlinear model is a complex system for stability analysis of power systems. It is
highly desirable, to rephrase and simplify the full set of generator model in order to get a more
acceptable form and easier to interface to the power system network equations, [22]. Some of
the essential simplifications are:

% There are no zero-sequence currents in balanced operations.
% Changes in the generator speed are small, ®= o, .

< The transformer emfs (dy,/dt and dl//q/dl‘) are neglected because are small

compared with the rotation emfs (-oy, and +oy, ).

The differential equations for the electrical dynamics, expressed in orthogonal phase quantities,
used to model a number of different models are

. dE

T, =E,—E, +(X,-X,)1, (4.9)
o =EiE, -(x,-x,)1, (4.10)
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- dE, , ,

T~ =E,—E,+(X,-X,)1, (4.12)
. dE, : :

T, = =E, -(x,-X,)1, (4.12)

4.3.1 Synchronous Machine Represented by the Classical Model

The second-order synchronous generator model, referred to as the “classical” model, is widely
used for simplified analysis of power system dynamics. In the classical model all the voltages,
emfs and the currents are phasors in the network reference frame rather than their
components resolved along the d- and g- axis.

Assume that the generator is connected to the infinite bus as shown in Figure 4-1 and that all
the resistances and shunt impedances associated with the transformer and network are

neglected. The time constant 720 is relatively long and the changes in Ef and Iy are small.
Additionally the rotor transient saliency is neglected.

s

[

E /S Vs

Figure 4-1: Equivalent circuit of the classical model of the generator

The classical synchronous generator model assumes that neither the d-axis armature current /4
nor the internal emf Ef representing the excitation voltage change very much during the
transient state. In this model, the generator is represented by a constant emf E” throughout the
study period behind the transient reactance X,” and the rotor inertia equations, Equations (4.5)
and (4.6). [22]

The equation describing the armature voltage yields

vV =(E.+jE})-jX,(1,+jl,)=E - jX,I (4.13)
The simplest second-order model is very approximate and only suitable for representing
remote machines in the analysis of very large interconnected power systems or generators

located a long way from the point of disturbance. It can also be useful for evaluating generator
behaviour during the first rotor swing.
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5 Turbine Governing Systems

The governing system is a system that regulates the turbine-governor speed and hence the
frequency and the active power in response to load variation. The turbine governor regulates
the inlet of water into a turbine, which in turn rotates the generator to produce electricity. This
chapter details the modelling of the mechanical-hydraulic and electro-hydraulic turbine
governing system.

5.1 Governing System

The main function of the turbine governing system is to regulate the turbine-generator speed
and hence the frequency and the active power in response to load variation. The speed control
mechanism includes equipment such as relays, servomotors, pressure or power amplifying
devices, levers and linkages between the speed governor and governor-controlled gates. The
speed governor normally actuates the governor-controlled gates that regulate the water input
to the turbine through the speed control mechanism. [1-2, 6, 21-22, 46-49]

Hydro turbine governing systems are strongly influenced by the effects of water inertia and, as
a result, two servomotors are used to provide the required force to move the control gate. The
first pilot servomotor, low power, operates the distributor or relay valve of the second main
gate servomotor, high-power. The pilot servomotor has a pilot valve that is controlled either by
a mechanical governor or by an electronic regulator. The output of the speed-sensing devices is
the deviation from the reference speed. [22]

The permanent speed droop Ry determines the amount of change in output a unit produces in
response to a change in unit speed. The permanent speed droop can be developed either by
using the wicket gate position or by using the unit output power. For isolated or islanded
operation, the permanent speed droop can help to stabilize the unit speed control by providing
an intermediate feedback that limits the over travel of the turbine control servomotors while
controlling the unit speed. The permanent speed droop determines the amount of participation
the unit produces when responding to disturbances in system frequency in operation while
synchronized to an interconnected power system.

The temporary droop Ry is used to limit overshoot of the turbine control servomotor during a
transient condition. The temporary droop may be developed either connecting a dashpot from
the wicket gate position to the governor error summing point, or adding a filtered derivative of
wicket gate position to the governor error summing point.

Hydro turbine governors are designed to have relatively large transient droop compensation
with long resetting times. This ensures stable frequency regulation under isolated operating
conditions. The response of a hydro turbine to speed changes or to changes in speed-changer
setting is relatively slow.
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5.2 Mechanical-hydraulic Governor

The Mechanical-Hydraulic Governing System uses the Watt centrifugal mechanism as the speed
governor. Speed sensing, permanent droop feedback and computing functions are achieved
through mechanical components and functions involving higher power are achieved through
hydraulic components. The dashpot feedback is required in order to achieve stable
performance. The schematic diagram of the mechanical-hydraulic governing system is shown in
Figure 5-1.

SPEED-CONTROL MECHANISM
Governor  — I
Speed | |
ggz;%ir : Pilot Val q Distribuitor Valve | Governor-
7 ISOerVva?)t?)? and Gate L » Controlled —p Gate
—> Servomotor : Gates Position
| A A I
: 4{ Feedback % :
' |
! |
- - - - ____
Speed Speed Governor «———Speed
Governor
Position

Figure 5-1: Schematic diagram of the Governing System, [48]

The main disadvantages of the Watt centrifugal governor are the present of deadbands and a
relatively low accuracy. The size of the deadbands also tends to increase with time due to wear
in the moving mechanical elements. The conventional mechanical-hydraulic governing system
has been replaced by an electro-hydraulic governor.

5.2.1 Mathematical Modelling

Figure 5-2 shows a simplified mechanical-hydraulic governor. The variables used in the
derivation of the transfer functions are per-unit derivatives from the initial steady-state values.
[2, 22, 47]

FLYBALLS
TRANSIENT DROOP
ADJUSTER-—,
ing
) f' MEEDLE
?vm.vz
DDMPENSATING
. FILOT SERVO DASHFOT
< tnp-oez
at %o,
5 SPEED
=
-— 1o n PERMANENT DROOP
r ADJUSTER
PILOT VALVE bi
-—
—

2
z :“ RESTORING CABLE

DISTRIBUTING VALWVE

GATE SERVOMOTOR

Figure 5-2: Mechanical-Hydraulic Governing System. [47]
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The transfer function of the distributing valve and gate servomotor is

Y 1
22 5.1
P (5.1)

The transfer function of the pilot valve and pilot servomotor is

— K2
a 1+Tps

(5.2)

where K; is determined by the feedback lever ratio and T, by the port areas of the pilot valve
and K»>. Combining Equations (5.1) and (5.2) yields

Y _ KK, K,

a_s(l+TPs):s(1+TPs) (5.3)

The servomotor gain K is determined by the pilot valve feedback lever ratio and the port areas
of the distributing valve and gate servomotor. The governor response time, Tg :I/KS, is

related to the gate closing time T, where T, is the time required for full-gate travel with the
gates moving at maximum velocity, typically 5 to 10 seconds.

Assuming that the flow of dashpot fluid through the needle valve is proportional to the dashpot
pressure, the dashpot transfer function is

c T.s
R R
y Tl-I—TRS (5.4)

The temporary droop Rris determined by the selection of pivot-point for the lever connected to
the input piston. The reset time Ty is determined by the needle valve setting.

The pilot valve input signal is produced adding the action of a system of floating levers, the
reference speed, shaft speed, permanent droop, and temporary droop signals.

T,s
a=wo,, —o,—R,y—R, —=£
ref K Py T 1+TRS (55)
A combination of Equations (5.3), (5.4) and (5.5) gives
b (14 Tps)
Yy _ R, 56
0, ~0, T,T,s (T,+T,)T,s> (T, +Ty(R,+R,))s | (5-6)
+
R R R
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The block diagram of a typical hydro turbine governing system suitable for stability analysis is
shown in Figure 5-3.

Pilot valve R Maximum
And max. open Gate=1
Servomotor
1 1 1
Gate
1 Ks = . %
+sT, s +s7,
Gate
R ! Minimum servomotor
max. close
Gate=0
R, -
Permanent
Droop
sT,
14T, |
R | Transient
Droop

Figure 5-3: Model of governor for hydraulic turbines, [2]

As the pilot valve and servomotor time constant Tp is several times smaller than the time
constants T, and T, it may be neglected to give the second-order transfer function

1
—(1+T,s
O, — O, [1+Tg+TR (RP+RT)s][1+ T.T, SJ .
R, T,+T, (R, +R,;)

For stable operation under islanding conditions, the optimum choice of the temporary droop Rt
and reset time Ty is given by; [2, 50]

R, =[23-(T, —1.0)0.15];—W (5.8)

T, =[5.00—(7;, —1.00)0.50 |7, (5.9)

Table 5-1 gives typical values and range of parameters for hydraulic governors.

Table 5-1: Typical values and range of Parameters, [47]

Typical values Range
Tr 5.00 2.50-25.0
Ty 0.20 0.20-0.40
Tw 1.00 0.50-5.00
Tv (2H) 8.00 6.00-12.0
T, 5.00 5.00-10.0
Rp 0.04 0.03 -0.06
Rt 0.31 0.20-1.00
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5.3 Electro-Hydraulic Governing System

The Electro-Hydraulic Governing System operation is very similar to that of mechanical-
hydraulic governors. Speed sensing, droop compensation, and computing functions are
performed electrically. The output signal drives an electrical-mechanical transducer, which
operates a pilot valve and pilot-valve servomotor. The turbine rotor speed is measured
electronically with high accuracy. [2, 18, 47-49]

5.3.1 Mathematical Model

The Electro-Hydraulic governor uses the three-term controllers with proportional-integral-
derivative action, PID-controller, to perform the low-power functions. The proportional term
produces a control action proportional to the size of the error input, and an immediate
response to an error level input. The proportional term response has a significant influence on
the stability of the governed system. The integral term produces a control action that
accumulates at a rate proportional to the size of the error input. The integral term also trims
out the error input to the governor controller to determine the steady-state accuracy of the
governed system. The derivative term produces a control action that is proportional to the rate
of change of the error input. The derivative term helps to extend the stability limits of the
governed system by allowing higher proportional and integral gains while maintaining a stable
control system. [1, 21, 35, 40, 47, 51-52]

The block diagram of a PID controller is shown in Figure 5-4. The permanent-droop feedback
may be obtained from generator terminal power rather than from gate position to eliminate
the nonlinearity of the gate-position versus power curve. [47]

Ke
Speed
+
Ref. 4 + K| o+ Pilot Gate Gate
N . S Servo Servo
_ - +
Speed sKy

Re

Figure 5-4: Typical PID Governor Controller, [2]
The transfer function of the PID governor expressed in terms of proportional, integral and
derivative gains, is

y 1 K,s’+K s+K,
—w, R, de2+(Kp+1/RP)s+Ki

(5.10)
10

ref s
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The optimum parameters suggested in [53] are expressed as follows

T,

K, =0.80—2 (5.11)
TW

K, =0240 (5.12)
TW

K, =027T, (5.13)

The use of a high derivative gain will result in excessive oscillations and possibly instability when
the generating unit is connected to an interconnected system. When the derivative gain is set
to zero, the transfer function of PID-controller is equivalent to that of the mechanical-hydraulic
governor. The design is based on linear control theory at one load condition and then de-tuned
for worst operating conditions. This controller design does not guarantee the close loop system
to remain stable at all operating conditions. The transfer function of the Pl governor yields

y 1 KpS-i—Ki

a)rcff _ws - RP 1 (514)
Kp +R7 S +Ki

P

Adding a small time constant, Equation (5.14) may be improved as

1+ L5

i

1
o, -0, R, (1 K,R,+1 (5.15)

+[<iRPS](1+O.IS)2
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6 Hydraulic Power Plant Models

Hydroelectric power generating system is a high-order, uncertain and nonlinear system. The
power output of a hydro power plant varies constantly according to the network needs that
involve a reaction of the control system. The representation of each component of the power
system by means of appropriate mathematical models is essential for the understanding of
system stability.

This chapter deals with the development of advanced mathematical models of each component
of a typical Hydraulic Power Generating System equipped with Francis turbines for their
representation in power system dynamic studies.

The stability analysis of different models for synchronous machines and turbine governing
system are beyond of the scope of the Master’s Thesis work. The enhancement of the hydraulic
power generating system is studied by means of analysis of the dynamic behaviour of different
models of the hydraulic machine and water conduit system.

Appropriate models of the hydraulic turbine and water conduit system are implemented in
various degrees of detail. Firstly, nonlinear models for a simple turbine without surge tank
considering the inelastic and elastic travelling wave effects have been developed. After that,
nonlinear models considering the inelastic and elastic travelling wave effects for a turbine with
surge tank for Hydropower Systems with long length penstocks are implemented. Finally, the
nonlinear models for a turbine with long length penstocks are linearized at an operating point
are developed considering the nonlinear turbine characteristics and the travelling wave effects.

6.1 Hydropower Plant Models

A hydroelectric development includes in some form a water-diverting structure, conduit to
carry the water to the turbines and governors, generators, control and switching apparatus,
housing for the equipment, transformers, and electrical network. Depending upon the
requirement of the hydroelectric plants, a surge tank can be placed at upstream and/or
downstream side of the powerhouse.

A hydroelectric power plant may be considered as a system consisting of several subsystems:
the penstock including any surge chamber, the hydraulic machine, the speed governor, the
tailrace and, finally, the generator and electrical network. The diagram of Figure 6-1 depicts the
functional blocks for the elements of a Hydraulic Turbine Generating System.

The turbine governing system is modelled by a mechanical-hydraulic turbine governing model
and it is detailed in Chapter 5. The subsystem of the governor control considers the turbine
speed dead zone, valve saturation, and limitation. The block diagram of a typical hydro turbine
governing system used for the stability analysis is depicted in Figure 5-3. The transfer function
of a mechanical-hydraulic governor is given by Equation (5.6).
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For stability and control studies, the synchronous generator is modelled by a detailed model
with damping, which consists of one field winding, one damper winding in d-axis and one
damper winding in g-axis with saturation included. The modelling of the synchronous machine
is detailed in Chapter 4.

Speed Mechanical
Turbine Control Turbine Torque Rotor Speed
Dynamics d Dynamics i Dynamics v
Y gate y ) y l
. Pressure flow
Compensation 4
@y
Conduit Electrical S
Dynamics Torque
Electrical System Angle
| | 1. Generators 3
2. Network -
3. Load

Figure 6-1: Functional Block Diagram of the Hydraulic Turbine Generating System

The most common classification of the hydraulic power plant models consists in linear and
nonlinear models. This classification is based on the complexity of the equations involved in the
models. The accurate mathematical models of the hydraulic components of a hydro power
plant include the dynamic representation of penstock, surge tank, upstream and/or
downstream tunnel and the hydraulic losses of all these elements. [1, 6, 11, 18, 24, 28-29, 31-
32,36-37, 42, 46, 48, 50, 54-64]

The hydraulic power generating system for the stability analysis has been designed with a third-
order synchronous generator model, a mechanical-hydraulic governing system model, and a
hydraulic turbine.

The hydraulic turbine is modelled with varying degrees of detail. The mathematical models of
the hydraulic turbine developed for the stability analysis of a Hydraulic Power Generating
System are

%+ Simplified Nonlinear Turbine Model

“* Nonlinear Turbine Model without Surge Tank assuming Inelastic Water Column

“* Nonlinear Turbine Model without Surge Tank including Elastic Water Column Effect

< Nonlinear Turbine Model with Surge Tank assuming Inelastic Water Columns in
Penstock and Tunnel

% Nonlinear Turbine Model with Surge Tank assuming Elastic Water Column in Penstock
and Inelastic Water Column in Tunnel

% Linear Turbine Model with Surge Tank considering Inelastic Water Columns in Penstock
and Tunnel and, turbine characteristics

% Linear Turbine Model with Surge Tank including Elastic Water Column in Penstock and

turbine characteristics
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6.2 Nonlinear Turbine Models

Nonlinear turbine models are required when speed and power changes are large during an
islanding, load rejection and system restoration conditions. Hydrodynamics and mechanic-
electric dynamics are involved in nonlinear systems. It is important in a system with long
penstock.

The nonlinear models of the hydraulic turbine developed and studied are

" Simplified Nonlinear Turbine Model

%+ Nonlinear Turbine Model without Surge Tank assuming Inelastic Water Column

% Nonlinear Turbine Model without Surge Tank including Elastic Water Column Effect

+* Nonlinear Turbine Model with Surge Tank assuming Inelastic Water Columns in
Penstock and Tunnel

% Nonlinear Turbine Model with Surge Tank assuming Elastic Water Column in Penstock

and Inelastic Water Column in Tunnel

6.2.1 Simplified Nonlinear Turbine Model

The Simplified Nonlinear Turbine Model is based upon a simple hydraulic turbine with a short
length penstock, unrestricted head and tailrace, and without surge tank. The penstock is
modelled assuming an inelastic conduit and incompressible fluid. Neglecting friction losses in
the penstock, the transfer function of flow rate and water pressure of a simple Penstock system
is described by Equation (2.61).

In the modelling of the turbine itself, both its hydraulic characteristics and mechanical output
power must be modelled. The nonlinear characteristics of hydraulic turbine are neglected in
this model. The hydraulic turbine model is described by Equations (3.12) and (3.14).

The block diagram representing the dynamic characteristics of a simplified nonlinear turbine
model is shown in Figure 6-2. Equating (2.61), (3.12) and (3.14) gives the transfer function for a
simplified nonlinear turbine model. The input and output signal of the transfer function are the
per unit deviations in gate opening position and turbine output torque, respectively.

Gate > Head 1 +
=] - :% Tws flow
+ -

1

Figure 6-2: Simplified Nonlinear Turbine Model
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6.2.2 Nonlinear Model without Surge Tank assuming Inelastic Water Column

The Nonlinear Model without Surge Tank assuming Inelastic Water Column is based upon the
Simplified Nonlinear Turbine Model, described in Chapter 6.2.1. The penstock is modelled
assuming an inelastic conduit and incompressible fluid where the travelling pressure wave
effects are relatively insignificant.

The head losses hy are proportional to flow squared and depends on the conduit dimensions
and friction coefficient f,. It suffices in this model assume that the head losses are proportional
to flow squared and the head loss coefficient. The transfer function relating the flow rate and
water pressure of a simple Penstock system is described by Equation (2.60).

In the modelling of the turbine itself, both its hydraulic characteristics and mechanical output
power must be modelled. The hydraulic turbine model is described by Equations (3.12) and
(3.14). Figure 6-3 shows the block diagram of a Nonlinear Model without Surge Tank assuming
Inelastic Water Column.

Equating (2.60), (3.12) and (3.14) gives the transfer function for a nonlinear model without
surge tank assuming inelastic water column. The input and output signal of the transfer
function are the per unit deviations in gate opening position and turbine output torque,
respectively. This model is depicted in Figure 2 in the report “Hydraulic Turbine and Turbine
Control Models for System Dynamic Studies”. [1]

Gate

Tws flow

3

Figure 6-3: Nonlinear Model without Surge Tank assuming Inelastic Water Column

6.2.3 Nonlinear Model without surge tank including Elastic Water Column Effect

The modelling of inelastic water column effect is adequate only in short or medium length
penstocks. The travelling wave effects and the travel time of the pressure are considered in
hydropower plant models with long penstocks. Penstock is modelled taking into account the
elastic water hammer theory and neglecting the hydraulic friction losses.

The classical wave solution taking into account the elastic water hammer theory is described in
Equation (2.59). The water hammer occurrence in penstock in mathematical terminology is

represented by a delay e inthe hydraulic structure.
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The mechanical power output and hydraulic characteristics of a turbine are described by
Equations (3.12) and (3.14), respectively. The block diagram of the Nonlinear Model without
Surge Tank including Elastic Water Column Effect is shown in Figure 6-4.

Equating (2.59), (3.12) and (3.14), the transfer function for a Nonlinear Model without Surge
Tank including Elastic Water Column Effect relating the turbine output torque to the deviations
in gate position is gotten. This model is depicted in Figure 4 in the report “Hydraulic Turbine and
Turbine Control Models for System Dynamic Studies”. [1]

X fp

Gate
@ co» Z > Tanh(Tes) —

A

Figure 6-4: Nonlinear Model without surge tank including Elastic Water Column Effect

6.2.4 Nonlinear Model with Surge Tank assuming Inelastic Water Columns

Hydro power plants with long conduits use surge tank to provide some hydraulic isolation of
the turbine from the head deviations generated by transients in the conduit. The Nonlinear
Model with Surge Tank assuming Inelastic Water Columns is based upon a simple turbine with
an upstream water tunnel, a surge tank and a long length penstock.

The block diagram of the Nonlinear Model with Surge Tank assuming Inelastic Water Columns is
shown in Figure 6-5. The upstream water tunnel and penstock are modelled assuming an
incompressible fluid and a rigid conduit where the travelling pressure wave effects are
relatively insignificantly. It suffices in this model assume that the upstream water tunnel and
penstock head losses are proportional to flow squared through loss coefficients f,; and f,2,
respectively. The transfer function relating the flow rate and water pressure of a simple
Penstock system is described by Equation (2.60).

The mechanical power output and hydraulic characteristics of a turbine are described by
Equations (3.12) and (3.14), respectively. The nonlinear characteristics of hydraulic turbine are
considered in this model.
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The hydraulic model of the surge tank includes an orifice that dissipates the energy of hydraulic
oscillations and produces damping. Head losses in the orifice of the surge tank are proportional
to loss coefficients f, times flow rate times absolute value of flow rate to maintain the direction
of head loss. The transfer function of flow rate and water pressure of the surge tank is
described by Equation (2.69).

Equating (2.60), (2.69), (3.12) and (3.14) gives the transfer function for a Nonlinear Model with
Surge Tank assuming Inelastic Water Columns. The input and output signal of the transfer
function are the per unit deviations in gate opening position and turbine torque, respectively.
This model is depicted in Figure 5 in the report “Hydraulic Turbine and Turbine Control Models
for System Dynamic Studies”. [1]

Figure 6-5: Nonlinear Model with Surge Tank assuming Inelastic Water Columns

6.2.5 Nonlinear Model with Surge Tank assuming Elastic Water Column in Penstock

and Inelastic Water Column in Upstream Tunnel
The Nonlinear Model with Surge Tank assuming Elastic Water Column in Penstock and Inelastic
Water Column in Upstream Tunnel is based upon a Nonlinear Model with Surge Tank assuming
Inelastic Water Columns in cases where the travelling wave effects in the penstock are
essential. The block diagram of Figure 6-5 is modified to a block diagram that represents the
dynamic characteristic of a simple turbine with an upstream inelastic tunnel, a surge tank and a
long length elastic penstock. Figure 6-6 shows the block diagram of a nonlinear model with
surge tank including elastic water column in penstock and inelastic water column in upstream
tunnel.

The dynamic effects of the upper tunnel contribute with low frequency oscillations, in the order
of 0.10 Hz. The dynamic behaviour of the penstock contributes with high frequency oscillation
due to the penstock is subject to abrupt gate or flow changes.
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The hydraulic model of the surge tank includes an orifice, which dissipates the energy of
hydraulic oscillations and produces damping. Head losses in the orifice of the surge tank are
proportional to loss coefficients f, times flow rate times absolute value of flow rate to maintain
the direction of head loss.

The transfer function of flow deviation and water pressure deviation of the upstream water
tunnel is described by Equation (2.60). The transfer function of the penstock taking into account
the elastic water hammer theory is described in Equation (2.59). The transfer function of flow
rate and water pressure of the surge tank is described by Equation (2.69). The mechanical
power output and hydraulic characteristics of a turbine are described by Equations (3.12) and
(3.14), respectively. The nonlinear characteristics of hydraulic turbine are not considered in this
model.

Equating (2.59), (2.60), (2.69), (3.12) and (3.14) gives the transfer function for a Nonlinear
Model with Surge Tank assuming Elastic Water Column in Penstock and Inelastic Water Column
in Upstream Tunnel. The input and output signal of the transfer function are the per unit
deviations in gate opening position and turbine torque, respectively. This model is depicted in
Figure 6 in the report “Hydraulic Turbine and Turbine Control Models for System Dynamic
Studies”. [1]

qnl

Gate

Figure 6-6: Nonlinear Model with surge tank assuming elastic water column in penstock and inelastic
water column in upstream tunnel
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6.3 Hydro Turbine Linear Models

The nonlinear characteristics of the hydro power plant models can be approximated by linear
models. Linear equations or lower step transfer function are used for studies of control system
stability limited to small perturbations around a stable operating point. The dynamics of the
analyzed system with respect to the operating point can be observed by changing operating
point. The nonlinear turbine characteristics and the travelling wave effects are considered in
these models. [15, 18, 33]

The linear models of the hydraulic turbine, including the nonlinear turbine characteristics
extracted from the Hill Charts, developed and studied are

++ Linear Turbine Model with Surge Tank considering Inelastic Water Columns in Penstock
and Tunnel and, turbine characteristics

% Linear Turbine Model with Surge Tank including Elastic Water Column in Penstock and
turbine characteristics

These linear models of the hydraulic turbine consider its characteristic curves and coefficients
that must be extracted and calculated from the Hill Charts of the test model.

6.3.1 Linear Turbine Model with Surge Tank assuming Inelastic Water Columns

The Linear Model with Surge Tank assuming Inelastic Water Columns is based upon a simple
turbine with an upstream tunnel, a surge tank and a penstock. The upstream tunnel and
penstock are modelled assuming an inelastic conduit and incompressible fluid where the
travelling pressure wave effects are relatively insignificant. The nonlinear characteristics of
hydraulic turbine and the inelastic water hammer effect are considered in this model. This
model is based on the paper “Basic Modelling and Simulation Tool for Analysis of Hydraulic
Transients in Hydroelectric Power Plants”. [18]

The transfer function of flow deviation and water pressure deviation of the outlet of the
upstream water tunnel is described by Equation (2.60). The transfer function relating
incremental water pressure and flow of penstock can be written as

(Twzs"'H‘f’z)% :_(hz_hl) (6.1)

where the suffix 1 is related to the upstream tunnel and the suffix 2 corresponds to Penstock.

The transfer function of flow rate and water pressure of the surge tank is described by Equation
(2.69) where the hydraulic losses in the orifice are neglected.

The mathematical model of the Francis turbine is represented by Equations (3.15) and (3.16) for
small variations in the vicinity of an operating point. The six partial derivatives, which represent
the nonlinear characteristic of the turbine, are taken from model tests. Prototype turbine
characteristics are plotted in the Hill Charts. The turbine efficiency for any operating point
given by runner speed, pressure head and gate position can be extracted from the Hill Charts.
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Figure 6-7: Linear Model with Surge Tank assuming Inelastic Water Columns

Equating (2.60), (2.69), (3.15), (3.16) and (6.1) gives the transfer function relating the per unit
deviations turbine torque to gate position for a Linear Model with Surge Tank assuming
Inelastic Water Columns. Figure 6-7 shows the block diagram of a Linear Model with Surge Tank
assuming Inelastic Water Columns.

6.3.2 Linear Turbine Model with Surge Tank assuming Elastic Water Column in
Penstock

The Linear Model with Surge Tank assuming Elastic Water Column in Penstock is based upon a
simple turbine with an upstream tunnel, a surge tank and a penstock. The upstream tunnel is
modelled assuming an inelastic conduit and incompressible fluid where the travelling pressure
wave effects are relatively insignificant. Penstock is modelled taking into account the elastic
water hammer theory and neglecting the hydraulic friction losses. The nonlinear characteristics
of hydraulic turbine are considered in this model. This model is based on the paper “Basic
Modelling and Simulation Tool for Analysis of Hydraulic Transients in Hydroelectric Power
Plants”. [18]

The block diagram of Figure 6-7 is modified to a block diagram that represents the dynamic
characteristic of a simple turbine with an inelastic upstream tunnel, a surge tank and an elastic
penstock. Figure 6-8 shows the block diagram of a Linear Model with Surge Tank assuming
Elastic Water Column in Penstock.
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Figure 6-8: Linear Model with Surge Tank assuming Elastic Water Column in Penstock

The transfer function of flow deviation and water pressure deviation of the outlet of the
upstream water tunnel is described by Equation (2.60). The transfer function relating
incremental water pressure and flow of penstock can be written as

(%tanh(sﬂ)} q,=—(h,—h) (6.2)

Where the suffix 1 is related to the upstream tunnel and the suffix 2 corresponds to Penstock.

The transfer function of flow rate and water pressure of the surge tank is described by Equation
(2.69) where the hydraulic losses in the orifice are neglected.

The mathematical model of the Francis turbine is represented by Equations (3.15) and (3.16) for
small variations in the vicinity of an operating point. The six partial derivatives which represent
the nonlinear characteristic of the turbine are taken from model tests. Prototype turbine
characteristics are plotted in the Hill Charts. The turbine efficiency for any operating point
given by runner speed, pressure head and gate position can be extracted from the Hill Charts.

Equating (2.60), (2.69), (3.15), (3.16) and (6.2) gives the transfer function relating the per unit
deviations turbine torque to gate position for a Linear Model with Surge Tank assuming Elastic
Water Column in Penstock.
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7 Hydroelectric Power Plant Modelling by
Structure Matrix Method

This chapter shows an alternative method of Hydroelectric Power Plant modelling for stability
studies. The Hydroelectric power plant is modelled by the Structure Matrix Method. Hermod
Brekke introduced this mathematical method. This improved model covers a wide range of
parameters such as influence of the turbine characteristics, frictional damping of oscillatory
flow in elastic conduits, influence of the generator load and the analysis of the turbine
governing system.

The Hydroelectric Power Plant mathematical model may consist of many different elements.
The representation of each component of the Hydro Power System is presented by means of
appropriate block diagrams. The Structure Matrix Method uses the Laplace transformed
equations for the system stability study. The turbine characteristics are linearized at an
operating point. The stability study of a dynamic system is based in the frequency response
analysis and free vibration analysis. This method is only presented for illustration purposes.

7.1 Definition of the Method

The Structure Matrix Method was introduced by Hermod Brekke for the governing stability
analysis and the study of frictional damping of oscillatory flow in complex conduits. The
combination of isolated operation, long transmission lines, and long and complex tunnel
systems require a thorough stability analysis of the speed control of the units in the systems.
The origin of the Structure Matrix Method may be traced to the Structure Analysis theory and
terminologies such as “Element”, "Node" as well as "Local" and "Global" matrices have been
used. Element Matrix representations of each of the elements for the modelling of the overall
system are used as “bricks” to construct the Global Structure Matrix. [6, 16, 30]

An Element Matrix representation has the following general form
A(s)b=c (7.1)

The dimension of the Element Matrix A(s) is mxn. The vector b, dimension nx1, is often referred
to as the “pressure vector”. The vector ¢ of dimension mx1 is referred to as “flow vector”. The
Element Matrix is the lowest level of the Structure Matrix.

A matrix representation of the group of elements interconnected may be established by
incorporating all the Element Matrices together. The Global Structure Matrix, which is normally
regular, can be solved if the number of known components in the vector b is equal to the
number of unknown components in the vector c.
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7.2 Matrix representations of the Basic Elements in Hydro Power
Systems

The Structure Matrix method is based on the same functional equations that Transfer Method
and Impedance Method. The essential part of the Structure Matrix Method is to establish the
Element Structure Matrices of each component. The Hydro Power Plant mathematical model
may consist of many different elements such as tunnels, surge tanks, throttles, junctions,
pumps, turbine sets and so on. The representation of each component of the Hydro Power
System is presented by means of appropriate block diagrams.

7.2.1 Pipes and Tunnels

The pipe or tunnel is one of the most important elements of the hydropower plant modelling.
The dynamic behaviour of the elastic fluid in a closed-conduit is described in Chapter 2.2. The
Element Matrix representation for a pipe based on the transfer function detailed in Equation
(2.56) is

1 1
 Z tanh(zT))  Z,sinh(zT)) { h(s) } { q,(s) }
= (7.2)
1 _ 1 ., (S) qin (S)
Z.sinh(zT,)  Z, tanh(zT)
Using the following expressions:
B 1
Z, tanh(zT,) (7.3)
1
(7.4)

§—— -
Z, sinh(zTQ)

The general pipe matrix, Equation (7.2) yields
T S &(s) | 4 (s)
{ s TL (sﬂ L (5) e

7.2.2 Surge tanks or air accumulators

The Element Matrix expression for surge tank or air accumulator may be written as either a
one-terminal element or a virtual two-terminal element. The Element matrix for a surge tank
written as one-terminal element is

B )] 0] z
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The Element matrix expression for a surge tank written as a virtual two-terminal element,
considering h;,; = gj+; =0, is

o -t | "

For a free water surface of an open surge tank, the most convenient representation for a surge
tank is a two-terminal Element by incorporating Equations (7.6) and (7.7) together.

{_T; . —STW(())HqO (s)} (7.8)

where
H A
T,=——s (7.9)
o

7.2.3 Local Losses
The Element Matrix describing the damping caused by local variations in cross sections of the
conduit or for fixed partial open valves may be established as follows

1 1
Kre Kre |: hi (S) :|:|: qi (S) :| (710)
L _L B (S) qin (S)
K}’C K}”E
For throttles, K. is given by
00, [ 1 1
K ==—/—=¢ ——— .
=gl g 77 (7.11)

In Equation (7.11), A, is the smallest cross section and A, is the largest cross section. A loss
constant § is included.

For T joints, K. is given by

k0. 00,

e = q (7.12)
3gAS2H0 gA;Ho

In Equation (7.12), k is the geometry constant.

| 48



Hydro Turbine and Governor Modelling

7.2.4 Hydro Turbine

The analysis of the stability is valid for frequencies domains normally up to about 6 rad/sec, and
resonance frequencies in the turbine runner and guide vane system can be neglected. In this
frequency range, the influence from the turbine may be evaluated from the turbine
characteristic diagram, which is assumed valid for small oscillations with low frequencies
around a steady state value. A linearization around the steady state may also be carried out
within acceptable accuracy.

7.2.4.1 Hydro Turbine Characteristics
The mechanical power developed by the turbine is given by differentiating Equation (3.1)

sza—PdQ+§—ZdH+a—Pd77 (7.13)

o0 on
Dividing through by F, = pgH 1,0,, Equation (7.13) yields
Ap=Aq+Ah+An (7.14)

The values of Aq, 4h and 4n may be found by studying the characteristic diagram of the
turbine.

The flow through a Francis turbine depends upon the net head, rotational speed of the turbine
and wicket-gate opening position. The equation of the flow yields

quQyAy+QnAn—%(1—Qn)Ah+Q¢A¢ (7.15)

The values Q,, Q, and Q4 may be determined by means of the turbine characteristic diagram.
The expressions for Q,, Q, and Qgare

o0, (”11)0
0= 7.16
n, ), (1), 7:36)
_anl YO
0, 53 0, (7.17)
_90, &

The efficiency is defined as the ratio of power supplied by the turbine to the absorbed power.
The relative efficiency can be expressed as follows

1
An:Equ—E(Eq —E,) M+ E,An+E,A¢ (7.19)
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The values E,, E, and E;may be determined by means of the turbine characteristic diagram. The
expressions for E,, E,and Esare

Eq:ﬁ 9 (7.20)
o0, o o

En:ﬁ (), (7.21)
a”110 7
on| ¢,

E,=—| — 7.22

y 26| (7.22)

The runner blade servomotor has a time constant T, that describes the runner blades
movement as a function of the guide vane movement. The transfer function describing the
runner blades movement is

K

—_ ™
* 1+Ts

(7.23)

The runner blades normally are stopped mechanically before the guide vanes are fully closed.
The cam transmission constant K, must take into account only about 75% of the guide vane
stroke regarded versus the runner blade stroke.

For turbines with fixed runner blades, such as Francis turbines, the runner blade movement is
zero, ¢=0.

7.2.4.2 Hydro Turbine Matrix Representation

Consider the flow positive out of the turbine on both sides and rising pressure to be positive in
the same way as for pipe elements. The pressure 4h in Equations (7.15) and (7.19) is regarded
to pressure difference between the right hand side and the left hand side. The equations of
continuity for flow through the turbine, head upstream and downstream of the turbine is given

by

Agq=Aq, (7.24)
Ag,,, +Aq, =0 (7.25)
Ah=Ah  —Ah, (7.26)
Substituting 77 and h from Equations (7.19) and (7.26) into Equation (7.14), yields
1
(1+Eq)Aq+(1_5(Eq +E, )j(AhHl _Ahi)+E:1An+E¢A¢_Ap =0 (7.27)
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Further by substituting ¢, g and h by Equations (7.23) and (7.26) into Equation (7.15), yields
1
(1—5(Eq +En))(Ahi+l —Ab)+E,An+E,F Ay -Ap—(1+E, ) Aq,,, =0 (7.28)

Substituting ¢ and g h by Equations (7.23), (7.24), (7.25) and (7.26) into Equation (7.27), yields

1 1
S(1-0,) M, +0,0n+(0, - O,F, ) Av=—(1-0,) A, = Ag, (7.29)
1 1

E(l—Qﬂ)AhM +0,An+(0Q, —Q¢F;,)Ay—§(l—Qn)Ahl. =—Aq, (7.30)

The complete turbine matrix may be established by means of Equations (7.28), (7.29) and (7.30)

_hi+1_
-8B -C B -0 0| y| |4
J L -J K M| h|=|0 (7.31)
B C -B Q 0] n| |aq

L P ]

The turbine matrix will be established with vectors describing all inputs and variables which
have to be solved; where

1
B :E(I_Q") (7.32)
C=0, +Q¢F;5 (7.33)
0=0, (7.34)
=3—En—<1+Eq)Qn 7,35
2(1+E,) '
En
K=0, + I+E, (7.36)
L=0, +0,F,+ By (7.37)
1+Eq
1
M =—
I £ (7.38)
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7.2.5 The synchronous generator and the electric grid

As a first approach, the synchronous generator model for a generator-infinite bus system may
be simplified. The simplified generator model only includes the analysis of the hydraulic system
with the influence of the frictional damping and the turbine characteristics. The synchronous
generator model for a generator-infinite bus system may be simplified by assuming:

+* The electric load is pure resistive and there is no rotating mass (except the generator
itself) in the system,

+* The transients of the electric system are much faster than those of hydraulic-mechanic
system, and therefore may be ignored.

The simplified equation of the generator taking account of load characteristic may be simplified
by the following simple function

p-p,=(T,s+F,)n (7.39)

The transfer function F, is the adjusting load coefficient which describes an isolated load
condition or a grid system. Ta is inertia mass time constant of the generator (mechanical inertia
constant).

For a frequency response analysis for w<2 rad/sec, the transfer function, described in Equation
(7.39) may be simplified to be F, =e¢,, where e, is the permanent load droop (voltage droop)
or self-regulating in the load as a function of the speed droop of the generator. The worst
scenario is a resistive load F, =0.

The simplified Element Matrix yields:

B ﬂ{p}(is)} :Lﬁjs)} (7.40)

N=—(T,s+F,) (7.41)

For studies of the interaction of hydraulic system and power systems, it is possible to establish
a complete sub matrix for the electric grid including the torque-angle oscillations of the
synchronous machine. This matrix may be included in the global matrix of the system.

| 52



Hydro Turbine and Governor Modelling

7.2.6 Turbine Speed Governor

Despite of the large variety of turbine governors, there is no great difference on the general
mathematical representation for them. The most common used governors may be divided into
two types:

+* Mechanical dashpot governor (Pl type)
+¢ Electric-Hydraulic PID governor

7.2.6.1 Traditional Governor
The traditional governor is described with the following equations

GR, +1

an _RPpr + y = nref (742)

prgf-"-pa):pr (7.43)

where
1
= 1+Tps (7.44)
1+T,s
G= D
RT,s (7.45)

Assuming p,=0 in Equation (7.43) if there is no power adjustment signal from the water level
controller. Equations (7.42) and (7.43) in matrix form yield

n
Fo g GRetl .
cG || p |=| " (7.46)
0 1 O y pref

Equation (7.46) may be simplified assuming P.s as a possible port of excitation of little
importance in stability or vibration analysis. Hence, Equation (7.46) yields

{Fn GIEPGH}B} =[n,,] (7.47)
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7.2.6.2 PID Governor
The following equations describe the turbine governing system when the turbine governor is
assumed a PID type.

n
K, E F o |- N,y (7.48)
0O 1 0 ' Drer '
Yy
Where
1
E= —(Rp +5J (7.49)
GR +1
F=—2 (7.50)
GC
C = ! (7.51)
(1+Tys)(l+sz)
K.
G=K,+—+Ks (7.52)

N

Assuming p,=pr.s, Equation (7.48) yields

[K, F]{n} =[] (7.53)

It should be noted that the constant K, is used for choosing between open and closed loop
analysis. It is assumed K, = 0 for the open loop analysis, and K,=1 for close loop analysis.
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7.3 Composition of the Global Structure Matrix

The Structure Matrix of a complex system could be built from Element and Local Matrixes.
Every element in the system is designed in order with an element number. The points where
the elements terminals join are referred as nodes. The Element Matrixes are connected
together in series or in parallel according to some general rules. The Element Matrixes are
incorporated into the Global System Structure Matrix according to the system indexing.

The general rules for the composition of the System Structure Matrix are detailed below.

1. The dimension of a Global Structure Matrix A is equal to the number of nodes of the
complete system.

2. An m-dimension element has connection to m nodes.

3. Two elements may share m common nodes if they share m common variables.

4. The Global Structure Matrix A has a dimension of nxn. Each of its entries Ajj is equal to
the sum of Element Structure Matrixes.

5. A group of elements, incorporated together, may be treated as an element, and the
Local Structure Matrix can be used as the Element Matrix.

In stability analysis for hydro power plants, the following boundary conditions have been
established in order to built the Complete Structure Matrix

>

+» For open water surfaces, the vector h is equal to zero (h = 0),
+* For closed ends, the vector g is equal to 0 (q = 0)

L)

*0

7.4 Structure Matrix of the Hydro Turbine Unit

The Group Structure Matrix for a hydro turbine set includes the hydraulic turbine, generator
and turbine speed governor. The Element Matrixes of the turbine, generator and PID governor
have been described in Equations (7.31), (7.40) and (7.48), respectively. The Structure Matrix
for the hydro turbine set is built by incorporating Equations (7.31), (7.40) and (7.48) together.
There are six nodes connected to six independent variables for the complete turbine set.

Numbering the variables as hg=1, n=2, y=3, p,=4, p=5 and h;=6. The Structure Matrix may be
determined as

-B -0 —-C 0 0 B h(s)] [gqx(s)
0 K, F E 0 0 n N
J K L 0 M —-J|| vy 0
= (7.54)
0O 0 o0 1 0 O D, Py
O N 0 O 1 0 p(s) P, (s)
LB O C 0 0 -Bjhn (S)_ KD (s)_
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7.5 Hydro Power Plant Structure Matrix
The hydro power plant chosen for this study is shown in Figure 7-1. This hydro power plant
consists of 5 elements. The elements can be written in matrixes according to the indexing.

Surge Tank

Tunnel @

Turbine
4,5,6,7,89

®

Figure 7-1: Layout of Hydro Power Plant for Structure Matrix Method Modelling

The Element 1 is the tunnel connecting to the reservoir and the surge tank (node 1 and 3)

I i

The Element 2 is the surge tank, node number 2, connected to node 3

5 S L0k

The Element 3 is the tunnel connecting to the surge tank and the turbine, (node 3 and 4)
S, T || h (S) 44 (S)

The Element 4 is the Structure Matrix for the Hydro Turbine Unit. The Group Structure Matrix
for a hydro turbine set is described in Chapter 7.4. Numbering the nodes as follows hg=4, n=5,
y=6, p,=7, p=8 and h;=9.

-B -0 -C 0 0 hy(s) q,(s)
0 K, F E 0 0 n N
J K L 0 M -Jj| vy 0
= (7.58)
O o o0 1 0 O D, Dy
O N 0 0 1 p(s) P, (s)
LB O C 0 0 -Bjh (S)_ | 9 (s)_
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The Element 5 is the tailrace, connecting to node 9 to 10
{_Ts Ss }{}’9(‘9)}:{%(‘?)} (7.59)
Ss —Ii || by (S) i (S)

The Global Structure Matrix expression for the Hydro Power Plant, shown in Figure 7-1,
according to the indexing is

-T 0 S 0 0 0 0 0 0 0]lo q,
0 -T.,-T s, 0 0 0 0 0 0 || A, 0
S s, -T-T,-T S, 0 0 0 0 0 0 || A 0
0 0 S, T-B -Q -C 0 0 B 0 || A, 0
0 0 0 0 K F E 0 0 0ol n| |n,
0 0 0 J K L oM -7 ol y|]o (7.60)
0 0 0 0 0 0 1 0 0 olp| |p,
0 0 0 0 N 0 0 1 0 01l p P,
0 0 0 B 0 C 0 0 -B-T S ||h 0
|0 0 0 0 o o o o s -T]Lo] |q,]

In stability studies for hydro power plants, the system responses to power reference setting are
often ignored. Hence, Equation (7.60) can be reduced as

-T 0 S, 0 0O 0 0 0 0107 [gq
0 -T, -T, S, 0 O 0 0 0 0 |ln| | o
S, s, -T-T-T, S, 0 0 0 0 0 |[n| | o0
0 0 S, T-B -Q -C 0 B 0 ||h| |O
0 0 0 o K F 0 0 0 || n|=|n, (7.61)
0 0 0 J K L M -J ofly||o
0 0 0 o N 0 1 0 0llp| |p
0 0 0 B Q C 0 -B-T. S, |[h| |oO
0 0 0 0 o o o s -T]o] |g,
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For an ideal lossless, Q, = 1, Q,=0 and 7=constant. Equation (7.61) is simplified to

|
~
(=]
th
(=]

1 1 0 0 0 007 [4q
0 -T,-T, s, 0 0 0 0 0 0 |ln| | o0
S, s, -T-T,-T, &, 0 0 0 0 0 |ln| | o
0 0 S, T-05 0 -C 0 05 0 |ln| |0
0 0 0 0o K F 0 0 0 || n|=|n, (7.62)
0 0 0 15 0 1 -1 15 o ly| |0
0 0 0 0 N 0 1 0 o flp| |p
0 0 0 05 0 1 0 -05-T S |&h| |0
0 0 0 0 o o o s -T]o] |g,]

7.6 Dynamic Analysis
The stability analysis of a dynamic system is based in the frequency response analysis and free
vibration analysis.

7.6.1 Frequency Response Analysis

The frequency response analysis is based on the study of the steady-oscillatory flow responses
to a large harmonic excitation over a range of frequencies. The frequency response of the
system is determined directly with s replaced by jw. The frequency response of the system to
the excitation can be obtained by solving Equation (7.1) repeatedly with a selected w within the
frequency range wi1< w > w,.

The input signal may be applied to any device and the outputs are studied. A constant, usually
1, must be assigned to one of the components in vector q in Equation (7.1) according to where
the excitation is imposed.

The frequency responses to load disturbances can be calculated assuming py = 1 and n,s = 0.
The response n/pg is the most important measure to study the stability of the system.

The open-loop speed response to speed setting can be evaluated by the criteria of Nyquist-
Bode on open-loop n — n,s responses. The n — n,f responses can be measured setting n.s = 1
andpy=01.

7.6.2 Free Vibration Analysis

The free vibration analysis is a study of the dynamic characteristics of the system assuming no
external excitation imposed on the system. The dynamic characteristic of a linear system
depend on its eigenvalues and the mode shapes. The eigenvalues determine the natural
frequencies and damping of the system, and the modes determine the shape of the vibrations.
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8 Power System Stability Analysis

Stability problems in a power system may be manifested in different ways depending on the
system configuration and operating mode. Analysis of elementary power system configurations
by means of idealized models illustrates some of the fundamental stability properties of power
systems. Small-signal stability is the ability of a power system to reach a steady-state operating
point, which is identical, or close to, the initial condition after being subjected to small
disturbances. Small-signal analysis uses linear techniques to provide valuable information about
the dynamic characteristics of the power system.

This chapter describes fundamental aspects and analytical techniques in the study of stability of
dynamic systems, and identifies factors influencing them. The stability of the generator-infinite
busbar system following a small disturbance is discussed.

8.1 Power System Stability

Power System Stability is defined as the ability of a power system to remain in a state of
operating equilibrium under normal conditions and to regain an acceptable state of equilibrium
after being subjected to a physical disturbance. An electrical power system is composed of
many individual elements connected together to form a large, complex and dynamic system
that is able to generate, transmits and distribute energy over a geographical area. The two main
causes of power system dynamic are the behaviour of the system to both a changing power
demand and to various types of disturbances. [2, 22, 45, 65-66]

The power system stability can be divided into rotor angle stability, frequency stability and
voltage stability. Rotor angle and voltage stability can be study into small- and large disturbance
stability.

8.1.1 Small-Signal Stability Analysis

A system is steady state stable for a particular operating point if, following any small
disturbance, it reaches a steady-state operating point which is identical, or close to, the
predisturbance condition. This is known as small-signal stability. Small-signal analysis uses
linear techniques to provide valuable information about the dynamic characteristics of the
power system. Instability may be a result of steady increase in rotor angle due to lack of
sufficient synchronous torque, or rotor oscillations of increasing amplitude due to lack of
sufficient damping torque. [22, 67]

The dynamics of the generator, and its stability, are affected by automatic control of the
generator and the turbine. The stability of a linear system is independent of the input, and the
state of a stable system with zero input will always return to the origin of the state space. The
stability of a nonlinear system depends on the type and magnitude of input and the initial state.
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8.2 Fundamentals of Power System Stability
The behaviour of a dynamic power system is described by a set of n first order nonlinear
differential equations. This set of equations can be written in the form

x=f(x,u,¢) (8.1)
The vector x is referred as the state vector, and its entries x; as state variables. The inputs of the
system are represented by the vector u. The derivate of a state variable x with respect to time t
is denoted by Xx. The state of a system is the minimum amount of information of the system at

any instant in time. The system is autonomous when the derivatives of the state variables are
not explicit functions of time. Equation (8.1) is simplified to

x=f(x,u) (8.2)

To observe the output variables of the system, the state variables and the input variables can
be expressed in the following form

y=g(x.u) (8.3)

The outputs of the system are represented by vector y. The vector g is a vector of the nonlinear
functions relating state and input variables to output variables.

The singular or equilibrium points are the characteristic of the dynamic system behaviour. The
singular point must satisfy the following equation

f(x,)=0 (8.4)

A linear system has only one equilibrium state. There may be more than one equilibrium point
for a nonlinear system.

The linearized forms of Equations (8.2) and (8.3), evaluated at the equilibrium point about
which the small disturbance is analyzed, are

Ax = AAx+ BAu (8.5)

Ay = CAx+DAu (8.6)

The Laplace transforms of Ax and Ay are the Laplace transforms of the free and zero-state
components of the state and output vectors. These Laplace transforms have a component
dependent on the initial conditions and other component dependent on the inputs. The poles
of Ax and Ay are the roots of the equation

det[sI-A]=0 (8.7)

Equation (8.7) is referred to as the characteristic equation of matrix A. The values of s that
satisfy the characteristic equation are known as eigenvalues of the matrix A.
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8.3 Eigenvalue Analysis

8.3.1 Eigenvalues and Eigenvectors

A scalar parameter A is called eigenvalue of a matrix A if there is a nonzero column vector ®
satisfying

AD=1D (8.8)
A non-trivial solution of Equation (8.8) is given by

det[A—AI]=0 (8.9)

For every eigenvalues A, the vector ®@; which satisfies Equation (8.8) is called the right
eigenvector associated with A the eigenvalue A;. Therefore,

AD, = 1D, (8.10)

Similarly, the left eigenvector associated with the eigenvalue A; is the vector ¥ which satisfies
Equation (8.11)

YA=1Y (8.11)

The left and right eigenvectors corresponding to different eigenvalues are orthogonal. The
eigenvectors can be normalized. The product of the normalized left and right eigenvectors
corresponding to the same eigenvalue is

Yo, =1 (8.12)

8.3.2 Eigenvalue Analysis

The time dependent characteristic of a mode corresponding to an eigenvalue A; is given by e,
The eigenvalues of Equation (8.7) leads to the following conclusions, which are important for
the analysis of the power system dynamics:

A. The original system is asymptotically stable when the eigenvalues have negative real
parts.

B. The original system is unstable when at least one of the eigenvalues has a positive real
part.

C. The stability of the original system is not possible to determinate when the eigenvalues
have real parts equal to zero.

D. A real eigenvalue corresponds to a non-oscillatory mode. A negative real eigenvalue
represents a decaying mode. The larger its magnitude, the faster the decay. A positive
real eigenvalue represents aperiodic stability.

E. Each conjugate pair of complex eigenvalues introduces to the response oscillatory
modes. The oscillatory mode is stable is the real part of the eigenvalue is negative.
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A complex eigenvalue A is represented by
A=octjw (8.13)

The real component of the eigenvalues gives the damping and the imaginary component gives
the frequency of oscillation.

The damping ratio determines the rate of decay of the amplitude of the oscillation. The
damping ratio is given by

(o}

§=——F—— 8.14
Jor+ o’ (6.14)

Eigenvalue Analysis is performed using special linear power systems analysis programs. These
determinate the eigenvalues and eigenvectors associated with the system model. Local modes
of oscillation have natural frequencies of about 1 to 2 Hz.

In practice, damping of rotor swings is considered to be satisfactory if the damping ratio
¢ >0.05.

8.3.3 Modal and Sensitivity Analysis

The left eigenvectors carry information about the controllability of the individual modal variable
by individual state variables. The left eigenvector weights the contribution of the activity of the
state variables to mode i.

The right eigenvectors carry information about the observability of the individual modal
variable by individual state variables. The right eigenvector gives the mode shape. The mode
shape represents the relative activity of the state variables when a particular mode is excited.
The mode shape represents an inherent feature of a linear dynamic system and does not
depend of the disturbance applied.

The sensitivity of an eigenvalue A; to the elements of the state matrix is equal to the product of
the left eigenvector element and the right eigenvector element. Multiplying the right and left
eigenvectors as follows

The participation factor matrix combines the right and left eigenvalues as a measure of the
relationship between the state variables and the modes.

Dy =9, Y, (8.15)
Coefficients py; are referred to as the participation factors. Each participation factor is a product
of the kth element of the ith left and right eigenvectors. It quantifies the sensibility of the ith
eigenvalue to the kth diagonal element of the state matrix. Participation factor contains

information about the observability and controllability.

Participation factors can be used to determine enhancing system stability.
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8.4 Small-Signal Stability Analysis of a generator-infinite bus system
Assume that the generator is connected to the infinite busbar, with the generator represented
by the synchronous machine classical model detailed in Chapter 4.3.1. The initial disturbed

conditions are Aé(t = O+)= AS,#0 and Aw=0. The incremental swing equation, Equations

(4.7) and (4.8), written in the matrix form becomes

aAa“’N Ky _Kilra, 1
t TNy A1 N g

= 2H 2H +| 2H |Am 8.16
OAS {Aé} " (8.16)
@0 0 0

ot

The transient synchronizing power coefficient KE, by definition is:

_Ok _EV;
00 x,

K, cos o (8.17)

where x, =X, +X and X =X, + X, is the combined reactance of the step up transformer and
the equivalent network.

The eigenvalues of this state matrix can be determined from solving

K K X ©
det 2H 2H |=A+—L22+0,—L£=0 (8.18)
o ) 2H ‘2H

Equation (8.18) may be rewritten as the standard second-order differential equation

A +2lw A+, =0 (8.19)

nat nat

Thus, the undamped natural frequency o, , of rotor swings for small oscillations is given by

a)S
at = 1| K 2 (8.20)

The damping ratio { determines the amount of damping present in the system response

expressing how quickly the amplitude of rotor swings decreases during subsequent periods.
The damping ratio is

1 K, 1 K,

;_52Ha)m - 2 /K, 2Hw, (8:21)
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The damped natural frequency @, of rotor swings is

W, = 0, 1-¢7 (8.22)

The characteristic equation has two roots A; and A, given by

/11,2 = nat _] nat V (823)

The results of the roots A; ; depends on the actual values of K¢, Kp and H. The inertia constant H
is constant while both Kp and K¢ depends on the generator loading.

8.5 Dynamic Analysis

The dynamic behaviour of a hydraulic power plant may be analyzed either in the time domain
by using Method of the Characteristics or in the frequency domain. The best-known methods
for frequency domain analysis are Impedance Method and Transfer Matrix Method.

The partial differential equations describing the unsteady flow are converted into ordinary
differential equations in the Time Domain Analysis. The nonlinear friction losses and the
nonlinear boundary conditions may be included in the Method of the Characteristics.

The equations describing the unsteady flow in the time domain are converted into the
Frequency Time Domain by assuming a sinusoidal variation of the pressure head and the flow.
The nonlinear friction losses and the nonlinear boundary conditions are linearized for solution
in these methods. The system response is determined by superposition of individual responses.
As the frequency response for the analysis is small, these methods are suitable for general
studies.

The analysis of transients in the Hydraulic Power System Model is subdivided in water-hammer
response and mass-oscillation response.

«» The elastic pressure frequency describes the oscillation along the penstock. The
characteristic frequency does not vary with the load and depends only upon the
dimensions of the penstock. The natural frequency is typically in the order of 1.00 Hz.

% The natural frequency resulting from the pendulum action between the reservoir and
the surge shaft called mass-oscillations. The mass-oscillations can take several minutes
to get the steady-state.

8.5.1 Natural frequency analysis

The analysis of transients in hydroelectric systems is subdivided in mass-oscillation response
and waterhammer response. Ordinary differential equations describe the mathematical model
for mass-oscillation (or rigid water column) between the reservoir and the surge tank. Partial
differential equations show the mathematical model for waterhammer along the penstock and
draft tube. [15-20, 56, 58]
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The first natural frequency of the penstock corresponds to the frequency corresponding to the
fundamental period of the system, described in Equation (2.4). The first natural frequency of
the penstock can be written as

a

f, = (8.24)

The period of oscillation of the water surface in a simple surge tank is described in Equation
(2.65). The natural frequency of the mass-oscillation between the upstream reservoir and the
surge tank is given by

11
fomoe
2z |L 4 (8.25)
g 4,

8.5.2 Frequency Response Analysis

The frequency response of a system is the steady-state response of the system to a sinusoidal
input signal. The transfer function of a system can by determined experimentally by frequency
response tests. The design of a system in the frequency response method provides the designer
with control over the system bandwidth and over the effect of noise and disturbance on the
system response. [43]

The response of a linear time-invariant system to sinusoidal input () = Asin(wt) is given by
c(t):A‘G(ja))‘sin[a)t+6’(a))] (8.26)

Where the transfer function G(jw) is obtained by substituting jw for s in the expression for G(s).
The most common graphical representation of a frequency response function is the Bode Plot.

The frequency response characteristics of the operational parameters and related them to
standard parameters can be examined in SIMPOW. Such characteristics provide useful insight
into the dynamic behaviour of the machine. To demonstrate the dynamic nonlinear effects, a
perturbation signal is applied to any input device in open loop conditions. The input and
outputs may be associated with the network equations as well as the dynamic devices. [2]
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9 Test System Model

A hydroelectric development includes in some form a water-diverting structure, conduit to
carry water to the turbines and governors, generators, control and switching apparatus,
housing for the equipment, transformers, and transmission lines to electrical network. In some
cases, a surge tank is provided to minimize the hydraulic transient effects.

The general configuration of the test Electric Power System consists of a single synchronous
machine connected to a large system through a transmission line. The synchronous machine is
driven by a hydraulic turbine type Francis. For the purpose of stability analysis, the system was
reduced to a single machine infinite bus bar configuration.

This chapter presents the physical characteristics and capability of the components of the test
system such as water upstream tunnel, surge tank, penstock, a hydraulic turbine, speed
governor, generator, and electrical network. The dynamic behaviour of these components is
described by a set of nonlinear equations and is modelled in the power simulation software
SIMPOW.

9.1 Overview of the test System

The test system model used for stability studies is composed of a synchronous machine infinite
bus power system shown in Figure 9-1. The hydraulic turbine is connected to a synchronous
generator and the generator is connected to an infinite bus through a transmission line. The
generated power is fed into the transmission system via a step-up transformer. The
transmission system nominal voltage is 132kV.

Hydraulic Generator Transformer Transmission
Turbine line

e A0

Figure 9-1: Single machine infinite bus power system

Infinite Bus

The network reactances of the test system, depicted in Figure 9-1 are in per unit on 50MVA,
24kV base. The network reactance values are based on the exercise 12.2 of the Chapter 12,
page 732, of the textbook “Power System Stability and Control”, [2]. Resistances are assumed
negligible. The system parameters and initial operating condition of the electrical network are
as follows.
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Table 9-1: System parameters and operating conditions

Generator Rated apparent power 45.00 + j15.00 [MVA]
Rated phase to phase voltage 24.00£36.01° [kV]
Frequency 50.00 [Hz]
Number of pairs of poles 6.00 [-]
Inertia Time Constant 2.70 [MWs/MVA]
Transformer Reactance 0.15 [pu]
Rated Voltage 24.00/132.00 [kV]
Transmission line | Reactance 0.50 [pu]
Infinite Bus Rated voltage 0.995 £0.00° [pu]

9.2 Models of the different components

9.2.1 Power Plant Model

The hydroelectric power plant includes a canal to carry the water flow from the reservoir, a
surge tank, a penstock to convey the water to the powerhouse, a powerhouse for the turbine
and generator, and a tailrace. The synchronous generator is mechanically coupled to the
turbine, and the electrical output power of the generator is carried by the transmission lines to
the electric grid. A governing system is provided to correct any changes in the system frequency
by opening or closing the wicket gates of the turbine. [6, 10]

Reservoir
Surge Tank

_—— Tunnel

Generator
Penstock

Hydro-turbine

Turbine gate

Figure 9-2: A general Layout of Hydro Power Plant, [19]

The layout of hydroelectric power plant used for the stability studies is shown in Figure 9-2. The
water conduit system has a static head between 220.0 m and 200.0 m. The power plant is
composed of an upstream reservoir, a 1307 meters long gallery, a surge tank, a 435 meters long
penstock, a turbine and 100 meters long discharge tailrace. The power plant has a Francis unit.
The main parameters of the hydraulic circuit are summarized in Table 9-2.
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Table 9-2: Hydraulic Power Plant Model

Tunnel Length 1307.00 [m]
Diameter 3.90 [m]
Friction constant, f 0.06 []
Surge Tank Diameter 5.00 [m]
Water level measured 300.00 [m]
Friction constant, f 0.05 []
Penstock Length 435.00 [m]
Diameter 2.00 [m]
Friction constant, f 0.01 []
Francis Turbine | Rated mechanical power 46.15 [MW]
Rated speed 500.00 [rpm]
Rated discharge 25.00 [m3/s]
Rated head 200.00 [m]
Reference diameter 3.90 [m]
Hydraulic efficiency 0.96 [-]
Rated efficiency 0.94 []
Tailrace/outlet | Length 100.00 [m]
Diameter 3.90 [m]
Friction constant, f 0.06 []

The value considered for the pressure wave velocity a is 1200 m/s. The dimensionless pipe
friction factor is a function of the Reynolds number and the relative roughness height,

described in Chapter 2.1.3. The friction factor is selected from the Moody diagram.

9.2.2 Hydraulic Turbine

The hydraulic turbine is a type Francis. In a reaction turbine having long pressure tunnels, the
dynamic response of both upstream and downstream water columns must be studied in order
to avoid excessive pressure or over speed problems.

The hydraulic turbine is designed by models of varying degrees of detail for the stability analysis
of The Hydraulic Power Generating System. The hydraulic turbine parameters used in the
modelling and simulation of the hydro turbine models are given in Table 9-3.

Table 9-3: Hydraulic Turbine Parameters

Parameter Value
Turbine Damping Kp 0.500 [-]
Gate Position at Rated Condition 0.900 [pu]
Gate Opening at Full Load VFL 0.960 [pu]
Gate Opening at No-Load YnL 0.172 [pu]
No-load Load Qu; 4.300 [m3/s]
Constant Proportionality A; 1.250 [-]
Water Time Constant in Penstock Twi1 1.764 [s]
Water Time Constant in Upstream Tunnel | Ty, 1.394 [s]
Surge Tank Filling Time Ts | 157.079 [s]
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The mathematical models of the hydraulic turbine developed, simulated and analyzed for the
stability analysis of a hydraulic power generating system are listed in Table 9-4. It is worthy to
notice that the linear models uses the typical values recommend by IEEE, detailed in Table 3-2.

Table 9-4: Hydraulic Turbine Models

Model Description

1 Simplified Nonlinear Turbine Model assuming Inelastic Water Column

2 Nonlinear Turbine Model without Surge Tank assuming Inelastic Water
Column

3 Nonlinear Turbine Model without Surge Tank including Elastic Water
Column Effect

4 Nonlinear Turbine Model with Surge Tank assuming Inelastic Water
Columns in Penstock and Tunnel

5 Nonlinear Turbine Model with Surge Tank assuming Elastic Water Column
in Penstock and Inelastic Water Column in Tunnel

6 Linear Turbine Model with Surge Tank considering Inelastic Water Columns
in Penstock and Tunnel, and turbine coefficients recommend by IEEE

7 Linear Turbine Model with Surge Tank including Elastic Water Column in

Penstock, and turbine coefficients recommend by IEEE

9.2.3 Synchronous Generator

The synchronous generator is modelled by a detailed model with damping, TYPE 2, which
consists of one field winding, one damper winding in d-axis and one damper winding in g-axis
with saturation included. The synchronous machine is modelled without automatic voltage
regulator. This synchronous machine model TYPE 2 is a standard component in the simulation
software SIMPOW that is described in detail in the SIMPOW User Manual.

The synchronous machine parameters used in the modelling of the synchronous generator are
shown in Table 9-5. These parameters are based on typical values of standard parameters
detailed in the Table 4.2 of the Chapter 4 of the textbook “Power System Stability and Control”,
[2]. The reactance values are in per unit using the machine rated values as the base values and
the time constants are in seconds.

Table 9-5: Synchronous machine Parameters

Parameter Value

Stator Resistance R, 0.003 [pu]
Direct-axis synchronous reactance Xd 1.174 [pu]
Direct-axis transient reactance X4 0.300 [pu]
Direct-axis subtransient reactance x4’ 0.215 [pu]
Quadrature-axis synchronous reactance Xq 0.770 [pu]
Quadrature-axis subtransient reactance Xq 0.150 [pu]
Stator leakage reactance X 0.101 [pul]
Open-circuit d-axis transient time constant Tao” 8.500 [sec]
Open-circuit d-axis subtransient time constant | Ty” 0.050 [sec]
Open-circuit g-axis subtransient time constant | To0” | 0.250 [sec]
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9.2.4 Governing Systems for Hydraulic Turbines

The turbine governing system is modelled by a general speed-governing model TYPE SG1. The
physical characteristics and capability of the turbine governing system are detailed in Chapter 5.
The governor model type SG1 is available in the DSL-libraries in the software SIMPOW that is
documented in the SIMPOW User Manual. The rotor speed w;, is set as the input speed signal.
The input signal for the permanent droop compensation is the pilot or main servomotor
position y.

The turbine governing system parameters used on the test system are based on the governor

model detailed in the Figure 9.10 of the Chapter 9 of the textbook in Reference [2]. These
values are shown in given as typical values in Table 9-6.

Table 9-6: Typical Values of parameters of turbine governing system

Parameter Value
Pilot valve time constant T 0.05 [s]
Servo gain K 5.00 [-]
Main servomotor time constant | T, 0.20 [s]
Permanent droop Rp 0.04 [-]
Temporary droop Rt 0.40 []
Reset time Tr 5.00 [sec]
Maximum gate opening rate YPMAX 0.10 [pu/s]
Maximum gate closing rate YPMIN | -0.10 [pu/s]
Maximum gate position limit YMAX 1.00 []
Minimum gate position limit YMIN 0.00 [-]

9.3 Power Flow Analysis

The power flow analysis involves the study of the flow of active and reactive power, losses, and
the voltage profile for normal symmetrical steady operating condition in the given system. The
Power Flow module OPTPOW, part of SIMPOW, calculates initial power flows in the network.

The test system, shown in Figure 9-1, contains three buses. The synchronous generator is
connected in the bus 1. The generation at bus 1 is modelled as UP-node. The transformer is
connected between bus 1 and bus 2. Bus 3 is the swing bus and represents an infinite bus.
Table 9-7 shows the power-flow results from the OPTPOW calculation.

Table 9-7: Power Flow results

Name Up.u. U kv Fl(u) Deg. PILMW Q1 Mvar P2 MW Q2 Mvar
BUS1 1.0000 24.0000 36.0109

TR2 BUS1 BUS2 0 -45.0000 -15.0107 45.0000 8.2597
PROD SYNKRONGEN 45.0000 15.0107 0.0000 0.0000
BUS2 0.9645 127.3090 27.9646

LINE BUS2 BUS3 0 -45.0000 -8.2597 45.0000 -14.2433
TR2 BUS1 BUS2 0 -45.0000 -15.0107 45.0000 8.2597
BUS3 0.9950 131.3400 0.0000

LINE BUS2 BUS3 0 -45.0000 -8.2597 45.0000 -14.2433
PROD SWING -45.0000 14.2433 0.0000 0.0000
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9.4 Power System Stability Analysis - Theoretical Results

9.4.1 Eigenvalue Analysis

The circuit model representing the initial operating condition with all the parameters expressed
in per unit is shown in Figure 9-3. The synchronous generator is modelled by the classical model

and all the resistances neglected.

j0.30 j0.15 j0.50

AR T N AR N I AN

ez () BUS1 BUS2

BUS3 (

) Vs

Figure 9-3: Circuit model of the test system

Assuming the generator voltage to be reference, the generator stator current is

[ | 29| _P=j@_ 0907j030 _ o400 17 5760
v v, 100Z-3601

g

The internal voltage for the transient state is:

E =V, +jX,I,=(1.00£36.01')+ j0.3-(0.95£17.58 ) =1.1229.£49.9234

The transient synchronizing power coefficient Ky, is:

~1.123-0.995

K. = cosd c0s49.92° =0.7572

Linearized system equations, from Equation (8.16), give

OAw,
ot -0.1852K, -0.1402 || Aw, 0.1852
= + Am,,
OAO 1007 0 Ao 0
ot

The eigenvalues of the state matrix, Equation (9.4), are given by

-A-0.1852K,, -0.1402
det
1007 -1

}: A*+0.1852K , A +14.02127 =0

(9.1)

(9.2)

(9.3)

(9.4)

(9.5)
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The undamped natural frequency, from Equation (8.20), gives

O,y = ,[0.1402 1007 _ ¢ 6372 rad/s = 1.0563 Hz (9.6)
2%2.7

The damping ratio, from Equation (8.21), is

1 K
22%2.7%6.6372

e =0.0140K, (9.7)

The theoretical results for this test system for different values of K are detailed in Table 9-8.

Table 9-8: Results of the Synchronous machine represented by Classical Model

Description Results
Eigenvalues, A 0.00 £j6.6372 | -0.0463 +j6.6371 | -0.0926 + 6.6366
Damping coefficient, Kp 0.00 0.50 1.00
Damping Ratio, ¢ 0.00 0.0070 0.0140
Damped frequency, wqg 1.0563 [Hz] 1.0563 [Hz] 1.0562 [Hz]
Undamped natural frequency, wn: | 1.0563 [Hz] 1.0563 [Hz] 1.0563 [Hz]

9.4.2 Natural frequency analysis

The first natural frequency of the penstock corresponds to the frequency corresponding to the
fundamental period of the system, described in Equation (2.4). The first natural frequency of
the penstock is

f=—= 1200 _ 6305 (9.8)

T AL 4%435

The natural frequency of the mass-oscillation between the upstream reservoir and the surge
tank is given by

1 1 L ! =0.010755

f;):— =
2z LA 27 1307.00(2.50)2 (9.9)
g 4, 9.81 \3.90
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1 O Dynamic Simulations in SIMPOW

Once the Hydro Power Plant models are established, the different models are implemented,
simulated and studied in the software SIMPOW. SIMPOW is a software system for digital
Simulation and analysis of electrical Power systems. Digital models, static and dynamic, of most
elements in a power system are available for the conventional calculation of power flow, fault
currents and time simulation of short-term dynamics. SIMPOW has been designed with a
numerical technique and events handling, which are robust and give accurate results.

This chapter deals with the study of the system stability characteristics of the different hydro
turbine models within a typical hydraulic power generating system implemented in the
software SIMPOW. The objective of the dynamic modelling of the test system is to analyze the
stability characteristics of the Hydro Power System about the steady-state operating condition
following a three-phase fault to ground at t=1 s. This disturbance is simulated for a period of 5.0
ms. The sampling period is 50 seconds.

The hydraulic power generating system for the stability analysis has been designed with a
detailed synchronous generator model with damping, a general speed-governing model, and a
turbine. The hydraulic turbine is modelled with varying degrees of detail. The mathematical
models of the hydraulic turbine are detailed in Table 9-4, and listed below

Model 1 Simplified Nonlinear Turbine Model

Model 2 Nonlinear Turbine Model without Surge Tank assuming Inelastic Water Column

Model 3 Nonlinear Turbine Model without Surge Tank including Elastic Water Column Effect

Model 4 Nonlinear Turbine Model with Surge Tank assuming Inelastic Water Columns

Model 5 Nonlinear Turbine Model with Surge Tank assuming Elastic Water Column in
Penstock and Inelastic Water Column in Upstream Tunnel

Model 6 Linear Turbine Model with Surge Tank considering Inelastic Water Columns in
Penstock and Tunnel, and turbine characteristics based in the turbine coefficients
recommend by IEEE

Model 7 Linear Turbine Model with Surge Tank including Elastic Water Column in Penstock,
and turbine characteristics based in the turbine coefficients recommend by IEEE

Frequency response analysis as well as transient analysis is performed to evaluate the effects of
the detailed modelling of the turbine and conduit system to the stability analysis and the
dynamic performance of the hydraulic power generating system.

The dynamic performance of the different Hydro Power System models has been investigated
utilizing the eigenvalue analysis to analyze the behaviour of a single unit connected to a power
system. The computed eigenvalues are analyzed in Dynpow of the software SIMPOW. The
values of the real part of the eigenvalues are measured in [1/s] and the imaginary part is
measured in [Hz].
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10.1 MODEL 1: Simplified Nonlinear Turbine Model

The hydraulic turbine in the model 1 is design by a Simplified Nonlinear Turbine Model,
described in Chapter 6.2.1. The penstock is modelled assuming an inelastic conduit,
incompressible fluid and neglecting friction losses. The nonlinear characteristics of hydraulic
turbine are neglected in this model. The block diagram of this hydro power plant model is
shown in Figure 6-2.

The parameters of the hydro power plant and operating conditions are detailed in Chapter 9.
The simplified nonlinear turbine model, type HYTUR, is available in the SIMPOW DSL-library
that is documented in the SIMPOW User’s Manual.

10.1.1 Eigenvalue Analysis

Table 10-1 shows the real-valued eigenvalues, non-real-valued eigenvalues and the state
variables that have the highest participation of the test system with a simplified nonlinear
turbine model.

Table 10-1: Eigenvalues and the state variable for a model 1

Eigenvalue Damping | Frequency Dominant
Real, [1/s]| Imag, [Hz] Ratio [Hz] States
1| -23.0168 0.0000 - - Avyp
2| -17.5102 0.0000 - -
3,4 -0.4073| 1.0538| 0.06140 1.05383 Aw and Ad
5 -6.7770 0.0000 - - Avyqg
6,7 -3.7911(+ 0.1221| 0.98015 0.12205
8 -1.2927 0.0000 - -
9 -0.0167 0.0000 - -
10 -0.1773 0.0000 - - Ay
11 -1.0000 0.0000 - -

It is seen in Table 10-1 that

% All eigenvalues have negative real part.

%+ The system is stable.

< A1, A2, As, Ag, A9, A1p and Ay; influence the dynamic system with pure damping,

¢ A3, and Ag 7 influence the dynamic simulation with both damping and oscillation.

%+ The oscillatory mode A3 4 have a damped frequency of 1.0538 Hz. The oscillations decay
with a time constant of 1/0.4073 seconds. This corresponds to a damping ratio C of
0.0614.

The magnitudes of the participation factors, computed in SIMPOW, are shown in Table 10-2.
The angles of the participation factors do not provide any useful information. From the
participation matrix, Ad and Aw have a high participation in the oscillatory mode associated to
the eigenvalues A3 4. The field flux linkage has a high participation in the non-oscillatory mode
represented by the eigenvalue L. The d-axis flux linkage has a high participation on the non-
oscillatory mode represented by the eigenvalue A;. The g-axis flux linkage has a high
participation on the non-oscillatory mode represented by the eigenvalue As.
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M

A

Table 10-2: Participation matrix for a model 1

A

A

As

As

A

As

A

}‘10

Ad

0.00627

0.00037

0.54104

0.54104

0.02714

0.22094

0.22094

0.06553

0.00391

0.00088

A®

0.00582

0.00290

0.53081

0.53081

0.01898

0.08866

0.08866

0.00244

0.00043

Ay

0.00575

0.00001

0.00751

0.00751

0.00036

0.00849

0.00849

0.00812

0.00016

0.98838

Ay

1.00647

0.00044

0.01323

0.01323

0.00085

0.00455

0.00455

0.00015

0.00000

0.00888

Ayq

0.00004

0.00006

0.03267

0.03267

10.1.2 Dynamic Simulation Analysis
Figure 10-1 shows the result of simulating a three-phase fault to ground on bus BUS2 at t=1 s.
This disturbance is simulated for a period of 5.0 ms. The simulation results of a simple turbine
without surge tank represented by model 1 shows the dynamic behaviour of the angle, speed,
mechanical torque, gate position, flow rate and head pressure.
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Figure 10-1: Fault simulation results: (a) angle, (b) speed, (c) mechanical torque, (d) gate position, (e)

flow rate and (f) head pressure of Model 1

The initial value of the Mechanical Power is 45.5214 MW. After the fault is simulated, the
mechanical power drops to 0.00 MW. The mechanical power oscillates for a period of 6

seconds, approximately.
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The electrical angle oscillates for a period of 7.80 seconds. The minimum value is 64.9139° at
1.74 seconds and the maximum value is 68.51° at 1.22 seconds. The value of the electrical
angle at steady-state is 66.61°.

The rotational speed oscillates between the values of 0.9993 pu and 1.0008 pu. The rotational
speed recovers stability after 8 seconds, demonstrating that the dynamic response of the hydro
power plant is efficient.

The initial value of Mechanical Torque and Electric Torque are 45.67 MNm and -45.66 MNm,
respectively. The Mechanic Torque oscillates for a period of 8 seconds, between the values of
45.62 MNm and 45.70 MNm. The Mechanical Torque at steady state is 45.6678 MNm. The
period of oscillation of Electrical Torque is 5.50 seconds, approximately. Electrical Torque
oscillates between the values of -47.08 MNm and -1.38 MNm. The Electrical Torque at steady
state is -45.67 MNm.

The variables such as gate opening, flow rate and water pressure head are measured in per
unit. The gate position oscillates between 0.9024 and 0.9030. The flow rate varies between
0.9025 and 0.9027. The pressure head oscillates between 0.9993 and 1.0005. The values of gate
position, flow rate and water pressure at steady-state are 0.9027, 0.9027 and 1.0000,
respectively.

10.1.3 Frequency Response Analysis

The magnitude and phase of the transfer function from gate position to Mechanical Power of a
Simplified Nonlinear Model are plotted in Figure 10-2. The perturbation signal is applied to the
gate position in open loop conditions and the signal mechanical power is monitored.
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Figure 10-2: Frequency response of the transfer function from Gate position to Mechanical Power of
model 1
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The relationship between the mechanical torque and the variation of gate position is studied in

order to analyze the dynamic behaviour of the system. The perturbation signal is applied to the

gate position in open loop conditions and the signal mechanical torque is monitored. The
magnitude and phase of the frequency response of the transfer function of the hydraulic

turbine are plotted in Figure 10-3.

i At Rt St
T I
| | | |
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~ © wn < el

Frequency [Hz]
Figure 10-3: Frequency response of the transfer function from Gate position to Mechanical Torque of

Model 1

Figure 10-4 plots the computed frequency response of the transfer function of the conduit

system of a Simplified Nonlinear Turbine Model. The transfer function of the conduit system

relates the water pressure to gate position.
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Figure 10-4: Frequency response of the transfer function of the conduit system of Model 1
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Figure 10-5 plots the magnitude and phase of the transfer function from gate position to

Electrical Power Angle.
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Figure 10-5: Frequency response of the transfer function from gate position to electrical angle of

-400
Simplified Nonlinear Model are plotted in Figure 10-6. The transfer function of the governor

The magnitude and phase of the transfer function of the mechanical-hydraulic governor of a
relates the gate position to speed changes.
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10.2 MODEL 2: Nonlinear Turbine Model without Surge Tank assuming
Inelastic Water Column

The hydraulic turbine in the model 2 is represented by a Nonlinear Turbine Model without

Surge Tank assuming Inelastic Water Column, described in Chapter 6.2.2. The Penstock is

modelled assuming an inelastic conduit and incompressible fluid where the travelling pressure

wave effects are relatively insignificant. The nonlinear characteristics of the hydraulic turbine

are neglected in this model. The block diagram of this configuration is shown in Figure 6-3.

The parameters of the Hydro Power Plant and operating conditions are detailed in Chapter 9.
This model was implemented in DSL Code Generator which is a tool used for making self-
defined dynamic models for dynamic simulation in SIMPOW.

10.2.1 Eigenvalue Analysis

Table 10-3 shows the real-valued eigenvalues, non-real-valued eigenvalues and the state
variables that have the highest participation of the test system with a Nonlinear Turbine Model
without Surge Tank assuming Inelastic Water Column.

Table 10-3: Eigenvalues and the state variable for Model 2

Eigenvalue Damping | Frequency Dominant
Real, [1/s]| Imag, [Hz] Ratio [Hz] States
1| -23.0319 0.0000 - - Ayp
2| -17.5091 0.0000 - -
3,4 -0.4203|+ 1.0649| 0.06270 1.06485 Awand AS
-6.7511 0.0000 - - Ayq
6,7 -3.7861| + 0.1176| 0.98148 0.11762
-1.2895 0.0000 - - Agq
-0.0167 0.0000 - -
10 -0.1814 0.0000 - - N
11 -1.0000 0.0000 - -

It is seen in Table 10-3 that

¢ All eigenvalues have negative real part.

% The system is stable.

< A1, A2, As, Ag, g, 1o, and Ay1 influence the dynamic system with pure damping.

% X34, and Ag; influence the dynamic simulation with both damping and oscillation.

¢ The oscillatory mode i34 have a damped frequency of 1.0649 Hz. The oscillations decay
with a time constant of 1/0.4203 s. This corresponds to a damping ratio C of 0.0627.

The magnitudes of the participation factors, computed in SIMPOW, are shown in Table 10-4.
The angles of the participation factors do not provide any useful information. From the
participation matrix, Ad and Aw have a high participation in the oscillatory mode associated to
the eigenvalues A3 4. The field flux linkage has a high participation in the non-oscillatory mode
represented by the eigenvalue L. The d-axis flux linkage has a high participation on the non-
oscillatory mode represented by the eigenvalue A;. The g-axis flux linkage has a high
participation on the non-oscillatory mode represented by the eigenvalue As.
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Table 10-4: Participation factors matrix of a turbine Model 2

M A A M As As A As A Ao
A8 | 0.0061 | 0.0004 | 0.5412 | 0.5412 | 0.0291 | 0.2246 | 0.2246 | 0.0636 | 0.0036 | 0.0008
A® | 0.0057 | 0.0028 | 0.5316 | 0.5316 | 0.0203 | 0.0893 | 0.0893 | 0.0023 0.0004
Ay, | 0.0057 | 0.0000 | 0.0071 | 0.0071 | 0.0004 | 0.0084 | 0.0084 | 0.0077 | 0.0001 | 0.9886
Ayp| 1.0062 | 0.0004 | 0.0128 | 0.0128 | 0.0009 | 0.0045 | 0.0045 | 0.0001 | 0.0000 | 0.0087
Ay | 0.0000 | 0.0001 | 0.0350 | 0.0350 | 0.9947 | 0.0801 | 0.0801 | 0.0021 | 0.0000 | 0.0019

10.2.2 Dynamic Response Analysis
Figure 10-7 shows the result of simulating a three-phase fault to ground on bus BUS2 at t=1 s.
This disturbance is simulated for a period of 5.0 ms. The simulation results of a simple turbine
without surge tank represented by model 2 shows the dynamic behaviour of the power angle,
rotational speed, mechanical torque, gate position, flow rate and head pressure.
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Figure 10-7: Fault simulation Results: (a) Power angle, (b) Speed, (c) Mechanical Torque, (d) Gate
Position, (e) Flow Rate and (f) Head Pressure of Model 2

The initial value of the Mechanical Power is 45.00 MW. After the fault is simulated, the
Mechanical Power drops to 0.00 MW. The Mechanical Power oscillates for a period of 5.2

seconds, approximately.
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The electrical angle oscillates for a period of 7.60 seconds. The minimum value is 63.5775° at
1.69 seconds and the maximum value is 67.2254° at 1.22 seconds. The value of the electrical
angle at steady-state is 65.16°.

The rotational speed oscillates between the values of 0.9993 pu and 1.0008 pu. The rotational
speed recovers stability after 8 seconds, demonstrating that the dynamic response of the hydro
power plant is efficient.

The initial value of Mechanical Torque and Electric Torque are 45.07 MNm and -45.14 MNm,
respectively. The Mechanic Torque oscillates for a period of 8 seconds, between the values of
45.03 MNm and 45.10 MNm. The Mechanical Torque at steady state is 45.0732 MNm. The
period of oscillation of Electrical Torque is 5.50 seconds, approximately. Electrical Torque
oscillates between the values of -46.49 MNm and -1.38 MNm. The Electrical Torque at steady
state is -45.07 MNm.

The variables Gate Opening, Flow rate and Pressure Head are measured in per unit. Gate
opening oscillates between 0.9024 and 0.9030. The flow varies between 0.8989 and 0.8991.
The pressure head oscillates between 0.9919 and 0.9925. The values of Gate position, Flow rate
and Pressure Head at steady-state are 0.9027, 0.8990 and 0.9919, respectively.

10.2.3 Frequency Response Analysis

The magnitude and phase of the transfer function from gate position to Mechanical Power of a
Nonlinear Turbine Model without Surge Tank assuming Inelastic Water Column are plotted in
Figure 10-8. The perturbation signal is applied to the gate position in open loop conditions and
the signal mechanical power is monitored.
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Figure 10-8: Frequency response of the transfer function from Gate position to Mechanical Power of
Model 2
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The relationship between the mechanical torque and the variation of gate position is studied in

order to analyze the dynamic behaviour of the system. The perturbation signal is applied to the

gate position in open loop conditions and the signal mechanical torque is monitored. The
magnitude and phase of the frequency response of the transfer function of the hydraulic

turbine are plotted in Figure 10-9.
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Figure 10-9: Frequency response of the transfer function from Gate position to Mechanical Torque of

Model 2

Figure 10-10 plots the computed frequency response of the transfer function of the conduit

system of the Model 2. The transfer function of the conduit system relates the Pressure Head

to gate position.
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Figure 10-10: Frequency response of the transfer function of the conduit system of Model 2
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Figure 10-11 plots the magnitude and phase of the transfer function from gate position to

Electrical Power Angle.
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Figure 10-11: Frequency response of the transfer function from Gate position to Electrical Angle of

Model 2

The magnitude and phase of the transfer function of the mechanical-hydraulic governor are

plotted in Figure 10-12. The transfer function of the governor relates the gate position to speed

changes.
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10.3 MODEL 3: Nonlinear Turbine Model without Surge Tank including

Elastic Water Column Effects
The hydraulic turbine in the model 3 is represented by a Nonlinear Turbine Model without
Surge Tank including Elastic Water Column Effects, described in Chapter 6.2.3. The Penstock is
modelled taking into account the elastic water hammer theory and the hydraulic friction losses.
The nonlinear characteristics of the hydraulic turbine are neglected in this model. The block
diagram of this configuration is shown in Figure 6-4.

The parameters of the Hydro Power Plant and operating conditions are detailed in Chapter 9.
This model was implemented in DSL Code Generator which is a tool used for making self-
defined dynamic models for dynamic simulation in SIMPOW.

10.3.1 Eigenvalue Analysis

Table 10-5 shows the real-valued eigenvalues, non-real-valued eigenvalues and the state
variables that have the highest participation of the test system with a Nonlinear Turbine Model
without Surge Tank including Elastic Water Column Effects.

Table 10-5: Eigenvalues and the state variable for the Turbine Model 3

Eigenvalue Damping | Frequency Dominant
Real, [1/s]| Imag, [Hz] Ratio [Hz] States
1/ -23.0313 0.0000 - - Avyp
2| -17.5710 0.0000 - - Ay
3,4 -0.5188| + 1.0587| 0.07775 1.05872 Aw and AS
5 -6.8018 0.0000 - - Avyq
6,7 -3.6763| £ 0.2128| 0.93977 0.21280 Ay
8 -1.3377 0.0000 - -
9 -0.0167 0.0000 - - Ay
10 -0.1814 0.0000 - - Avys
11 -1.0000 0.0000 - -

It is seen in Table 10-5 that

All eigenvalues have negative real part.

The system is stable.

A1, A2, As, Ag, Ao, A1g, and Aq; influence the dynamic system with pure damping.

A3, and Ag 7 influence the dynamic simulation with both damping and oscillation.

The oscillatory mode A3 4 have a damped frequency of 1.0587 Hz. The oscillations decay
with a time constant of 1/0.5188 s. This corresponds to a damping ratio C of 0.0778.

X/ X/
L XA X4

X3

AS

X3

*

X/
°e

The magnitudes of the participation factors, computed in SIMPOW, are shown in Table 10-6.
The angles of the participation factors do not provide any useful information. From the
participation matrix, Ad and Aw have a high participation in the oscillatory mode associated to
the eigenvalues A3 4. The field flux linkage has a high participation in the non-oscillatory mode
represented by the eigenvalue L. The d-axis flux linkage has a high participation on the non-
oscillatory mode represented by the eigenvalue A;. The g-axis flux linkage has a high
participation on the non-oscillatory mode represented by the eigenvalue As.
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Table 10-6: Participation factors matrix of a Turbine Model 3

M A

}\3, }\4

As

}‘61 }\7

As A Ao

Ad

0.00614 | 0.00076

0.55712

0.02676

0.22299

0.10336 | 0.00337 | 0.00081

A®

0.00572 | 0.00584

0.54235

0.01463

0.08774

0.00410 0.00042

Ay

0.00572 | 0.00002

0.00742

0.00027

0.00784

0.01188 | 0.00013 | 0.98850

Ayp

1.00644 | 0.00087

0.01325

0.00064

0.00436

0.00025 | 0.00000 | 0.00873

Ayq

10.3.2 Dynamic Simulation Analysis

0.00004 | 0.00013

0.03659

0.97540

0.06619

0.00365 | 0.00000 | 0.00192

Figure 10-13 shows the result of simulating a three-phase fault to ground on bus BUS2 at t=1s.
This disturbance is simulated for a period of 5.0 ms. The simulation results of a simple turbine
without surge tank represented by model 3 shows the dynamic behaviour of the power angle,
rotational speed, mechanical torque, gate position, flow rate and head pressure.
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Figure 10-13: Fault simulation results: (a) angle, (b) speed, (c) mechanical torque, (d) gate position, (e)
flow rate and (f) water pressure of Model 3

The initial value of the Mechanical Power is 44.94 MW. After the fault is simulated, the
Mechanical Power drops to 0.00 MW. The Mechanical Power oscillates for a period of 5.5
seconds, approximately.
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The electrical angle oscillates for a period of 7.60 seconds. The minimum value is 63.6860° at
1.72 seconds and the maximum value is 67.2146° at 1.21 seconds. The value of the electrical
angle at steady-state is 65.16°.

The rotational speed oscillates between the values of 0.9993 pu and 1.0008 pu. The rotational
speed recovers stability after 8 seconds, demonstrating that the dynamic response of the hydro
power plant is efficient.

The initial value of Mechanical Torque and Electric Torque are 45.07 MNm and -45.14 MNm,
respectively. The Mechanic Torque oscillates for a period of 8 seconds, between the values of
45.04 MNm and 45.11 MNm. The Mechanical Torque at steady state is 45.0730 MNm. The
period of oscillation of Electrical Torque is 5.50 seconds, approximately. Electrical Torque
oscillates between the values of -46.49 MNm and -1.38 MNm. The Electrical Torque at steady
state is -45.07 MNm.

The variables Gate Opening, Flow rate and Pressure Head are measured in per unit. Gate
opening oscillates between 0.9024 and 0.9030. The flow varies between 0.8989 and 0.8991.
The pressure head oscillates between 0.9913 and 0.9923. The values of Gate position, Flow rate
and Pressure Head at steady-state are 0.9027, 0.8990 and 0.9919, respectively.

10.3.3 Frequency Response Analysis

The magnitude and phase of the transfer function from gate position to Mechanical Power of a
Nonlinear Turbine Model without Surge Tank including Elastic Water Column Effects are plotted
in Figure 10-8. The perturbation signal is applied to the gate position in open loop conditions
and the signal mechanical power is monitored.

MW/GATE - Magnitude (dB)

MW/GATE - Phase(deg)

Frequency [Hz]

Figure 10-14: Frequency response of the transfer function from Gate position to Mechanical Power of
Model 3
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gate position in open loop conditions and the signal mechanical torque is monitored. The
magnitude and phase of the frequency response of the transfer function of the hydraulic

order to analyze the dynamic behaviour of the system. The perturbation signal is applied to the
turbine are plotted in Figure 10-15.

The relationship between the mechanical torque and the variation of gate position is studied in
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system of the Model 3. The transfer function of the conduit system relates the water pressure

Figure 10-16 plots the computed frequency response of the transfer function of the conduit
to gate position.

Figure 10-15: Frequency response of the transfer function from Gate position to Mechanical Torque of
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Figure 10-17 plots the magnitude and phase of the transfer function from gate position to

Electrical Power Angle.
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Model 3

The magnitude and phase of the transfer function of the mechanical-hydraulic governor are

plotted in Figure 10-18. The transfer function of the governor relates the gate position to speed

changes.
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Figure 10-18: Frequency Response of the transfer function of the mechanical-hydraulic governor of

Model 3
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10.4 MODEL 4: Nonlinear Turbine Model with Surge Tank assuming

Inelastic Water Columns

The hydraulic turbine in the model 4 is represented by a Nonlinear Turbine Model with Surge
Tank assuming Inelastic Water Columns in Penstock and Tunnel, described in Chapter 6.2.4. The
upstream tunnel and penstock are modelled assuming an incompressible fluid and a rigid
conduit where the travelling pressure wave effects are relatively insignificantly. The nonlinear
characteristics of hydraulic turbine are neglected in this model. The block diagram of this
configuration is shown in Figure 6-5. The parameters of the Hydro Power Plant and operating
conditions are detailed in Chapter 9. This model was implemented in DSL Code Generator
which is a tool used for making self-defined dynamic models for dynamic simulation in
SIMPOW.

10.4.1 Eigenvalue Analysis

Table 10-7 shows the real-valued eigenvalues, non-real-valued eigenvalues and the state
variables that have the highest participation of the test system with a Nonlinear Turbine Model
with Surge Tank Assuming Inelastic Water Columns in Penstock and Tunnel.

Table 10-7: Eigenvalues and the state variable for the turbine Model 4

Eigenvalue Damping | Frequency Dominant
Real, [1/s]| Imag, [Hz] Ratio [Hz] States
1| -23.1362 0.0000 - - Avyp
2| -17.5026 0.0000 - -
3,4 -0.5102|+ 1.1313| 0.07160 1.13126 Aw and AS
5 -6.5735 0.0000 - - Avyq
6,7 -3.7469| + 0.0840( 0.99021 0.08405 Ay
8 -1.1626 0.0000 - -
9 -0.0167 0.0000 - -
10,11 -0.0392| + 0.0091| 0.56646 0.00909
12 -0.2060 0.0000 - - Ay
13 -1.0000 0.0000 - -

It is seen Table 10-7 that

X3

%

All eigenvalues have negative real part.

The system is stable.

M, A2, As, Ag, Ao, A1z, and Ay3 influence the dynamic system with pure damping.

A3,4, Ae,7 and Aqg,11 influence the dynamic simulation with both damping and oscillation.
The oscillatory mode A3 4 have a damped frequency of 1.1313 Hz. The oscillations decay
with a time constant of 1/0.5102 s. This corresponds to a damping ratio C of 0.0716.

X3

%

X/ X/
L XA X4

X3

%

The magnitudes of the participation factors, computed in SIMPOW, are shown in Table 10-8.
The angles of the participation factors do not provide any useful information. From the
participation matrix, Ad and Aw have a high participation in the oscillatory mode associated to
the eigenvalues A3 4. The field flux linkage has a high participation in the non-oscillatory mode
represented by the eigenvalue A1,. The d-axis flux linkage has a high participation on the non-
oscillatory mode represented by the eigenvalue A;. The g-axis flux linkage has a high
participation on the non-oscillatory mode represented by the eigenvalue As.

| 89



Hydro Turbine and Governor Modelling

Table 10-8: Participation factors matrix of a hydraulic turbine Model 4

}\1 }\2 }\31 }\4 }\5 AG! }\7 }\8 }‘9 }\101 }\11 }\12
A3 | 0.00508 | 0.00041 | 0.54296 | 0.04179 | 0.27162 | 0.04706 | 0.00244 | 0.00032 | 0.00048
Ao | 0.00465 | 0.00244 | 0.53682 | 0.02836 | 0.10359 | 0.00131 0.00035
Ay, | 0.00556 | 0.00001 | 0.00514 | 0.00049 | 0.00893 | 0.00540 | 0.00006 | 0.00004 | 0.98932
Ay, | 1.00424 | 0.00030 | 0.01042 | 0.00106 | 0.00451 | 0.00006 0.00785
Ay q| 0.00005 | 0.00008 | 0.04992 | 0.98495 | 0.14922 | 0.00199 | 0.00000 0.00223

10.4.2 Dynamic Simulation Analysis
Figure 10-19 shows the result of simulating a three-phase fault to ground on bus BUS2 at t=1s.
This disturbance is simulated for a period of 5.0 ms. The simulation results of a simple turbine
with surge tank represented by model 4 show the dynamic behaviour of the power angle,
rotational speed, mechanical torque, gate position, flow rate and head pressure.

100081
5950 100061
o 59.001 1.0004-
3 —
= 3
100021
& s8.50 =
s Q
w 1 1.00001
@ 58.001 o
Z |
z 0.9998
57.50
0.9996|
57.00] 05004
00 20 40 60 80 100 120 140 00 20 40 6.0 80 100 120 140
TIME SECONDS
0.9031-
_ 77
£ |
E 09030
Z 41.76] 2
5 )
3 2 0.9029
© 41.75] S
o w
o S
o
S 4174 Wy 09028
g <
I
o o
o 41.73] 0.0027]
=
41.72]
T T T T T T T T 090267\ T T T T T T
00 20 40 60 80 100 120 140 00 20 40 60 80 100 120 140
TIME SECONDS TIME SECONDS
0878161 0.9464
Z
0878144 £09462
e =)
w =
T .
S osrsiz o 9460
«
H =]
9 @
T 0.87810 i 0-94581
o
o
0.9456
0.87808
00 20 40 60 80 100 120 140 00 20 40 60 80 100 120 140
TIME SECONDS TIME SECONDS

Figure 10-19: Fault simulation results: (a) angle, (b) Speed, (c) Mechanical Torque, (d) Gate Position,
(e) Flow Rate and (f) Head Pressure of Model 4

The initial value of the Mechanical Power is 41.64 MW. After the fault is simulated, the
Mechanical Power drops to 0.00 MW. The Mechanical Power oscillates for a period of 5.3
seconds, approximately.
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The electrical angle oscillates for a period of 8.90 seconds. The minimum value is 56.8832° at
1.63 seconds and the maximum value is 59.8531° at 1.20 seconds. The value of the electrical
angle at steady-state is 58.00°.

The rotational speed oscillates between the values of 0.9994 pu and 1.0007 pu. The rotational
speed recovers stability after 8 seconds, demonstrating that the dynamic response of the hydro
power plant is efficient.

The initial value of Mechanical Torque and Electric Torque are 41.75 MNm and -41.75 MNm,
respectively. The Mechanic Torque oscillates for a period of 8 seconds, between the values of
41.7182 MNm and 41.7776 MNm. The Mechanical Torque at steady state is 41.7492 MNm. The
period of oscillation of Electrical Torque is 5.50 seconds, approximately. Electrical Torque
oscillates between the values of -43.1007 MNm and -1.43839 MNm. The Electrical Torque at
steady state is -41.7492 MNm.

The variables Gate Opening, Flow rate and Pressure Head are measured in per unit. Gate
opening oscillates between 0.9026 and 0.9030. The flow varies between 0.878059 and
0.878164. The pressure head oscillates between 0.945495 and 0.946452. The values of Gate
position, Flow rate and Pressure Head at steady-state are 0.9028, 0.8781 and 0.946032,
respectively.

10.4.3 Frequency Response Analysis

The magnitude and phase of the transfer function from gate position to Mechanical Power of a
Nonlinear Turbine Model with Surge Tank assuming Inelastic Water Columns in Penstock and
Tunnel are plotted in Figure 10-20. The perturbation signal is applied to the gate position in
open loop conditions and the signal mechanical power is monitored.
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Figure 10-20: Frequency response of the transfer function from Gate position to Mechanical Power of
Model 4
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The relationship between the mechanical torque and the variation of gate position is studied in

order to analyze the dynamic behaviour of the system. The perturbation signal is applied to the

gate position in open loop conditions and the signal mechanical torque is monitored. The
magnitude and phase of the frequency response of the transfer function of the hydraulic

turbine are plotted in Figure 10-21.
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Figure 10-21: Frequency response of the transfer function from Gate position to Mechanical Torque of

Model 4

Figure 10-22 plots the computed frequency response of the transfer function of the conduit

system of model 4. The transfer function of the conduit system relates the Pressure Head to

gate position.
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Figure 10-22: Frequency Response of the transfer function of the conduit system of Model 4

| 92




Hydro Turbine and Governor Modelling

Figure 10-23 plots the magnitude and phase of the transfer function from gate position to

Electrical Power Angle.
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Figure 10-23: Frequency response of the transfer function from Gate position to Electrical Angle of
Model 4

©

‘o
- o

3501 - - -

[
[
[
[
[
[

o 9 o

S © O

§ g @

100}~ ~ - —
1501~ — — —

=}
o)
)

-400

(gp) epnyube - 31vO/vV13L (Bap)aseyd - 3LVO/VLIL Ud - 33dS/aLVO

plotted in Figure 10-24. The transfer function of the governor relates the gate position to speed

The magnitude and phase of the transfer function of the mechanical-hydraulic governor are
changes.

10'
| 93

Frequency [Hz]
Model 4

10°

Figure 10-24: Frequency Response of the transfer function of the mechanical-hydraulic governor of




Hydro Turbine and Governor Modelling

10.5 MODEL 5: Nonlinear Model with Surge Tank assuming Elastic Water

Column in Penstock and Inelastic Water Column in Tunnel

The hydraulic turbine in the model 5 is represented by a Nonlinear Turbine Model with Surge
Tank assuming Elastic Water Column in Penstock and Inelastic Water Column in Tunnel,
described in Chapter 6.2.5. Penstock is modelled taking into account the elastic water hammer
theory. The nonlinear characteristics of hydraulic turbine are not considered in this model. The
block diagram of this configuration is shown in Figure 6-6. This model was implemented in DSL
Code Generator which is a tool used for making self-defined dynamic models for dynamic
simulation in SIMPOW. The parameters of the Hydro Power Plant and operating conditions are
detailed in Chapter 9.

10.5.1 Eigenvalue Analysis

Table 10-9 shows the real-valued eigenvalues, non-real-valued eigenvalues and the state
variables that have the highest participation of the test system with a Nonlinear Model with
Surge Tank assuming Elastic Water Column in Penstock and Inelastic Water Column in Tunnel.

Table 10-9: Eigenvalues and state variables for Model 5

Eigenvalue Damping | Frequency Dominant
Real, [1/s]| Imag, [Hz] Ratio [Hz] States
1f -23.1350 0.0000 - - Ayp
2| -17.5566 0.0000 - - Ay
34| -0.5933|+  1.1269 0.08350 | 1.12692 Aw and A
5| -6.6476 0.0000 - - Avyq
6,7 -3.6479|  0.1899| 0.95044 | 0.18991 Ay
8| -1.3158 0.0000 - -
9,10 -0.0392| £ 0.0091| 0.56646 0.00909
11| -0.0167 0.0000 - - Ay
12 -0.2059 0.0000 - - Ay
13| -1.0000 0.0000 - -

Itis seen in Table 10-9 that

X3

%

All eigenvalues have negative real part.

The system is stable.

M, A2, As, Ag, A11, A12, and A3 influence the dynamic system with pure damping.

A3,4, Ae7 and Ag 10 influence the dynamic simulation with both damping and oscillation.
The oscillatory mode A3 4 have a damped frequency of 1.1269 Hz. The oscillations decay
with a time constant of 1/0.5933 s. This corresponds to a damping ratio C of 0.0835.

X3

AS

7 X/ X/
L X X X g

The magnitudes of the participation factors, computed in SIMPOW, are shown in Table 10-10.
The angles of the participation factors do not provide any useful information. From the
participation matrix, Ad and Aw have a high participation in the oscillatory mode associated to
the eigenvalues A3 4. The field flux linkage has a high participation in the non-oscillatory mode
represented by the eigenvalue A1,. The d-axis flux linkage has a high participation on the non-
oscillatory mode represented by the eigenvalue A;. The g-axis flux linkage has a high
participation on the non-oscillatory mode represented by the eigenvalue As.
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Table 10-10: Participation factors matrix for Model 5

}\1 }\2 }\3' }\4 }\5 }\6' }\7 }\8 }\9; }\10 }\11 }\12
A3 ] 0.00510 | 0.00083 | 0.55426 | 0.03864 | 0.21962 | 0.09201 | 0.00019 | 0.00225 | 0.00049
Aw | 0.00469 | 0.00500 | 0.54516 | 0.02059 | 0.08119 | 0.00334 0.00035
Ay, | 0.00556 | 0.00001 | 0.00528 | 0.00034 | 0.00662 | 0.00887 | 0.00002 | 0.00006 | 0.98932
Ay, | 1.00443 | 0.00062 | 0.01068 | 0.00077 | 0.00349 | 0.00017 0.00785
Ay q| 0.00005 | 0.00017 | 0.05161 | 0.95721 | 0.09945 | 0.00473 0.00000 | 0.00223

10.5.2 Dynamic Simulation Analysis

Figure 10-25 shows the result of simulating a three-phase fault to ground on bus BUS2 at t=1s.
This disturbance is simulated for a period of 5.0 ms. The simulation results of a simple turbine
with surge tank represented by model 5 shows the dynamic behaviour of the power angle,
rotational speed, mechanical torque, gate position, flow rate and head pressure.
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Figure 10-25: Fault simulation Results: (a) angle, (b) Speed, (c) mechanical torque, (d) gate position, (e)
flow rate and (f) water pressure of Model 5

The initial value of the Mechanical Power is 41.64 MW. After the fault is simulated, the
Mechanical Power drops to 0.00 MW. The Mechanical Power oscillates for a period of 4.4
seconds, approximately.
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The electrical angle oscillates for a period of 7.60 seconds. The minimum value is 56.8765° at
1.65 seconds and the maximum value is 59.8244° at 1.21 seconds. The value of the electrical
angle at steady-state is 57.99°.

The rotational speed oscillates between the values of 0.9994 pu and 1.0008 pu. The rotational
speed recovers stability after 8 seconds, demonstrating that the dynamic response of the hydro
power plant is efficient.

The initial value of Mechanical Torque and Electric Torque are 41.7515 MNm and -41.75 MNm,
respectively. The Mechanic Torque oscillates for a period of 8 seconds, between the values of
41.7245 MNm and 41.7753 MNm. The Mechanical Torque at steady state is 41.7493 MNm. The
period of oscillation of Electrical Torque is 5.50 seconds, approximately. Electrical Torque
oscillates between the values of -43.1092 MNm and -1.43937 MNm. The Electrical Torque at
steady state is -41.7493 MNm.

The variables Gate Opening, Flow rate and Pressure Head are measured in per unit. Gate
opening oscillates between 0.9026 and 0.9031. The flow varies between 0.8780 and 0.8782.
The pressure head oscillates between 0.9457 and 0.9464. The values of Gate position, Flow rate
and Pressure Head at steady-state are 0.9028, 0.8780 and 0.9460, respectively.

10.5.3 Frequency Response Analysis

The magnitude and phase of the transfer function from gate position to Mechanical Power of a
Nonlinear Model with Surge Tank assuming Elastic Water Column in Penstock and Inelastic
Water Column in Upstream Tunnel are plotted in Figure 10-26. The perturbation signal is
applied to the gate position in open loop conditions and the signal mechanical power is
monitored.
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Figure 10-26: Frequency response of the transfer function from Gate position to Mechanical Power of
Model 5
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The relationship between the mechanical torque and the variation of gate position is studied in

order to analyze the dynamic behaviour of the system. The perturbation signal is applied to the

gate position in open loop conditions and the signal mechanical torque is monitored. The
magnitude and phase of the frequency response of the transfer function of the hydraulic

turbine are plotted in Figure 10-27.
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Figure 10-27: Frequency response of the transfer function from Gate position to Mechanical Torque of

Model 5

Figure 10-28 plots the computed frequency response of the transfer function of the conduit

system of model 5. The transfer function of the conduit system relates the Pressure Head to

gate position.
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Figure 10-28: Frequency Response of the transfer function of the conduit system of Model 5
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are plotted in Figure 10-30. The transfer function of the governor relates the gate position to

The magnitude ratio and phase of the transfer function of the mechanical-hydraulic governor
speed changes.

Figure 10-29 plots the magnitude and phase of the transfer function from gate position to

Electrical Power Angle.
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10.6 MODEL 6: Linear Turbine Model with Surge Tank assuming

Inelastic Water Columns

The hydraulic turbine in the model 6 is represented by a Linear Turbine Model with Surge Tank
assuming Inelastic Water Columns in Penstock and Tunnel, described in Chapter 6.3.1. The
nonlinear characteristics of hydraulic turbine and the inelastic water hammer effect are
considered in this model. The block diagram of this configuration is shown in Figure 6-7. The
parameters of the Hydro Power Plant and operating conditions are detailed in Chapter 9. This
model was implemented in DSL Code Generator which is a tool used for making self-defined
dynamic models for dynamic simulation in SIMPOW.

10.6.1 Eigenvalue Analysis

Table 10-11 shows the real-valued eigenvalues, non-real-valued eigenvalues and the state
variables that have the highest participation of the test system with a Linear Turbine Model
with Surge Tank assuming Inelastic Water Columns in Penstock and Tunnel.

Table 10-11: Eigenvalues and the state variable for Model 6

Eigenvalue Damping | Frequency Dominant
Real, [1/s]| Imag, [Hz] Ratio [Hz] States
1| -23.0473 0.0000 - - Avyp
2| -17.4271 0.0000 - - Ay
3,4 -0.2925|+ 1.0890| 0.04270 1.08896 Aw and AS
5 -6.5781 0.0000 - - Avyq
6 -5.2853 0.0000 - - Ay
7 -2.5995 0.0000 - - Ay
8 -0.0167 0.0000 - -
9, 10 -0.0037| 0.0108| 0.05513 0.01076
11 -0.1851 0.0000 - - Ay
12 -1.0000 0.0000 - -

It is seen in Table 10-11 that

% All eigenvalues have negative real part.

The system is stable.

M, A2, As, Mg, A7, Ag, A11, and A1, influence the dynamic system with pure damping.

A3,4 and Ag 10 influence the dynamic simulation with both damping and oscillation.

The oscillatory mode A3 4 have a damped frequency of 1.0890 Hz. The oscillations decay
with a time constant of 1/0.2925 s. This corresponds to a damping ratio C of 0.0470.

X3

%

X/
°

X/
SR X4

X/

%

The magnitudes of the participation factors, computed in SIMPOW, are shown in Table 10-12.
The angles of the participation factors do not provide any useful information. From the
participation matrix, Ad and Aw have a high participation in the oscillatory mode associated to
the eigenvalues A3 4. The field flux linkage has a high participation in the non-oscillatory mode
represented by the eigenvalue A11. The d-axis flux linkage has a high participation on the non-
oscillatory mode represented by the eigenvalue A;. The g-axis flux linkage has a high
participation on the non-oscillatory mode represented by the eigenvalue As.
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Table 10-12: Participation factors matrix of a Model 6

A A A A As As A As As, Mo Ay
A3 | 0.00592 | 0.00018 | 0.51300 | 0.03538 | 0.02546 | 0.03901 | 0.00290 | 0.00038 | 0.00088
Ao | 0.00543 | 0.00127 | 0.51623 | 0.04673 | 0.02780 | 0.00641 0.00041
Ay, | 0.00570 | 0.00000 | 0.00634 | 0.00092 | 0.00102 | 0.00203 | 0.00010 | 0.00004 | 0.98949
Ay, | 1.00554 | 0.00018 | 0.01184 | 0.00200 | 0.00124 | 0.00037 | 0.00000 0.00860
Ay q| 0.00004 | 0.00003 | 0.03431 | 1.13006 | 0.06890 | 0.00521 | 0.00000 0.00198

10.6.2 Dynamic Simulation Analysis

Figure 10-31 shows the result of simulating a three-phase fault to ground on bus BUS2 at t=1s.
This disturbance is simulated for a period of 5.0 ms. The simulation results of a simple turbine
with surge tank represented by model 5 shows the dynamic behaviour of the power angle,
rotational speed, mechanical torque, gate position, flow rate and head pressure.
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Figure 10-31: Fault simulation Results: (a) angle, (b) speed, (c) mechanical torque, (d) gate position, (e)
flow rate and (f) water pressure of Model 6

The initial value of the Mechanical Power is 44.53 MW. After the fault is simulated, the
Mechanical Power drops to 0.00 MW. The Mechanical Power oscillates for a period of 5.5
seconds, approximately.
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The electrical angle oscillates for a period of 6.80 seconds. The minimum value is 62.696° at
1.69 seconds and the maximum value is 66.20° at 1.19 seconds. The value of the electrical
angle at steady-state is 64.19°.

The rotational speed oscillates between the values of 0.9993 pu and 1.0008 pu. The rotational
speed recovers stability after 7.8 seconds, demonstrating that the dynamic response of the
hydro power plant is efficient.

The initial value of Mechanical Torque and Electric Torque are 44.66 MNm and -44.66 MNm,
respectively. The Mechanic Torque oscillates for a period of 8 seconds, between the values of
44.6507 MNm and 44.6795 MNm. The Mechanical Torque at steady state is 44.6636 MNm. The
Electrical Torque oscillates between the values of -46.0743 MNm and -1.3905 MNm. The
Electrical Torque at steady state is -44.6633 MNm.

The variables Gate Opening and Flow rate are measured in per unit. Gate opening oscillates
between 0.9024 and 0.9030. The flow varies between 0.8993 and 0.8999. The values of Gate
position and Flow rate at steady-state are 0.8996, and 1.0794, respectively.

10.6.3 Frequency Response Analysis

The magnitude and phase of the transfer function from gate position to Mechanical Power of a
Linear Turbine Model with Surge Tank assuming Inelastic Water Columns in Penstock and
Upstream tunnel are plotted in Figure 10-32. The perturbation signal is applied to the gate
position in open loop conditions and the signal mechanical power is monitored.
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Figure 10-32: Frequency response of the transfer function from Gate position to Mechanical Power of
Model 6
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The relationship between the mechanical torque and the variation of gate position is studied in

order to analyze the dynamic behaviour of the system. The perturbation signal is applied to the

gate position in open loop conditions and the signal mechanical torque is monitored. The

magnitude and phase of the frequency response of the transfer function of the hydraulic

turbine are plotted in Figure 10-33.

=} =)
L -1 1T T _ I~ [-___ | N O N O
[C-[--i--J---Cc--79 [-Z-C [ R I
N I A ER R B [ I

| I i I i |
\\\\\\\ T-TTOT T Tro 7 -~ -~ "r---T1-7|7 1
\\\\\\\ T T S R

I I I I I I
\\\\\\\ e N S e e e e B

I I I I I I
Lo b __c__4 L ___ - __L___1__|-4

| I | I | |

I I I I I I

| I I I I |
N N [ I H

I I I I I I

I I I I I I

I I I I I I

I I I I I I
L _L__ 1__ I __L__J% | ______L___1__|-J%
\\\\\\\ U VR
\\\\\\\ e — ) R
\\\\\\\ TR T S T
o L __ |-

| I | I I |
\\\\\\\ T4 F-——-i———-r-—-1--|-

I I I I I I
\\\\\\\ T-TTOT T -~ -~ "r---T1-7|7 1

I I I I I I
\\\\\\\ e N S e e e e

I I I I I I

I I I I I I
\\\\\\\ T B N Y N N R

| I I I I |

I I I I I I

I I I I I I

I I I I I I

I I I - I I I -
=--F-- t-——-——F--——9 [——-—-———-F--—-t--|-—©
\\\\\\\ e e e et Bl e il i N
\\\\\\\ T-TTOT T Tro 7 - - r-—-71-7["1
\\\\\\\ T -r-—7 - ——-—r-—-717--[-1
\\\\\\\ B | Ty .

I I I I I I
O e (I R I
o - ___L___1_ ]

| I | I I |

| | I I I |

(ap) apnyuben - 31VO/LIN

Frequency [Hz]

Figure 10-33: Frequency response of the transfer function from Gate position to Mechanical Torque of

Model 6

Figure 10-34 plots the computed frequency response of the transfer function of the conduit
system of a Linear Turbine Model with Surge Tank assuming Inelastic Water Columns. The

transfer function of the water supply system relates the Pressure Head to gate position.
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Figure 10-34: Frequency Response of the transfer function of the conduit system of Model 6
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Figure 10-35 plots the magnitude and phase of the transfer function from gate position to

Electrical Power Angle.
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Figure 10-35: Frequency response of the transfer function from Gate position to Electrical Angle of

Model 6

The magnitude ratio and phase of the transfer function of the mechanical-hydraulic governor

are plotted in Figure 10-36. The transfer function of the governor relates the gate position to

speed changes.
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Model 6
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10.7 MODEL 7: Linear Turbine Model with Surge Tank assuming Elastic

Water Column in Penstock

The hydraulic turbine in the model 7 is modelled by a Linear Model with Surge Tank assuming
Elastic Water Column in Penstock, described in Chapter 6.3.2. The Penstock is modelled taking
into account the elastic water hammer theory and neglecting the hydraulic friction losses. The
nonlinear characteristics of hydraulic turbine are considered in this model. The block diagram of
this configuration is shown in Figure 6-8. The parameters of the Hydro Power Plant and
operating conditions are detailed in Chapter 9. This model was implemented in DSL Code
Generator which is a tool used for making self-defined dynamic models for dynamic simulation
in SIMPOW.

10.7.1 Eigenvalue Analysis

Table 10-13 shows the real-valued eigenvalues, non-real-valued eigenvalues and the state
variables that have the highest participation of the test system with a Linear Model with Surge
Tank assuming Elastic Water Column in Penstock.

Table 10-13: Eigenvalues and the state variable for the Model 7

Eigenvalue Damping | Frequency Dominant
Real, [1/s]| Imag, [Hz] Ratio [Hz] States
1| -23.0440 0.0000 - - Ayp
2| -17.5548 0.0000 - - Ay
3,4 -0.4674| 1.0695( 0.06939 1.06950 Aw and A3
5 -6.7715 0.0000 - - Ay
6,7 -3.6698| + 0.1773| 0.95688 0.17731 Ay
8 -1.2029 0.0000 - -
9 -0.0167 0.0000 - - Ay
10,11 -0.0037| £ 0.0108| 0.05504 0.01077
12 -0.1846 0.0000 - - Ay
13 -1.0000 0.0000 - -

It is seen in Table 10-13 that

X/
L X4

All eigenvalues have negative real part.

The system is stable.

A1, A2, As, Ag, Ao, A12, and Aq3 influence the dynamic system with pure damping.

A3,4, Ae7 and Aq0,11 influence the dynamic simulation with both damping and oscillation.
The oscillatory mode A3 4 have a damped frequency of 1.0695 Hz. The oscillations decay
with a time constant of 1/0.4674 s. This corresponds to a damping ratio C of 0.06939.

X3

S

X3

%

X/ 7
L XA X4

The magnitudes of the participation factors, computed in SIMPOW, are shown in Table 10-14.
The angles of the participation factors do not provide any useful information. From the
participation matrix, Ad and Aw have a high participation in the oscillatory mode associated to
the eigenvalues A3 4. The field flux linkage has a high participation in the non-oscillatory mode
represented by the eigenvalue A;,. The d-axis flux linkage has a high participation on the non-
oscillatory mode represented by the eigenvalue A;. The g-axis flux linkage has a high
participation on the non-oscillatory mode represented by the eigenvalue As.
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Table 10-14: Participation factors matrix of a Model 7

}\1 }\2 }\3' }\4 }\S }\6' }\7 }\8 }‘9 }\10' }\11 }\12
A3 | 0.00599 | 0.00068 | 0.55228 | 0.02888 | 0.22085 | 0.07832 | 0.00280 | 0.00019 | 0.00094
A® | 0.00555 | 0.00502 | 0.53969 | 0.01667 | 0.08406 | 0.00245 0.00041
Ay, | 0.00570 | 0.00002 | 0.00704 | 0.00030 | 0.00789 | 0.01018 | 0.00010 | 0.00002 | 0.98890
Ay, | 1.00608 | 0.00073 | 0.01279 | 0.00072 | 0.00415 | 0.00014 | 0.00000 0.00862
Ay q| 0.00004 | 0.00012 | 0.03773 | 0.97929 | 0.07153 | 0.00246 | 0.00000 0.00197

10.7.2 Dynamic Simulation Analysis

Figure 10-37 shows the result of simulating a three-phase fault to ground on bus BUS2 at t=1s.
This disturbance is simulated for a period of 5.0 ms. The simulation results of a simple turbine
with surge tank represented by model 7 show the dynamic behaviour of the power angle,
rotational speed, mechanical torque, gate position, flow rate and head pressure.
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Figure 10-37: Fault simulation Results: (a) Power angle, (b) Speed, (c) Mechanical Torque, (d) Gate
Position, (e) Flow Rate and (f) Head Pressure of Model 7

| 105




Hydro Turbine and Governor Modelling

The initial value of the Mechanical Power is 44.59 MW. After the fault is simulated, the
Mechanical Power drops to 0.00 MW. The Mechanical Power oscillates for a period of 5.5
seconds, approximately.

The electrical angle oscillates for a period of 6.80 seconds. The minimum value is 64.8585° at
1.66 seconds and the maximum value is 66.39° at 1.24 seconds. The value of the electrical
angle at steady-state is 64.35°.

The rotational speed oscillates between the values of 0.9993 pu and 1.0008 pu. The rotational
speed recovers stability after 7.0 seconds, demonstrating that the dynamic response of the
hydro power plant is efficient.

The initial value of Mechanical Torque and Electric Torque are 44.71 MNm and -44.72 MNm,
respectively. The Mechanic Torque oscillates for a period of 8 seconds, between the values of
44,708 MNm and 44.756 MNm. The Mechanical Torque at steady state is 44.731 MNm. The
Electrical Torque oscillates between the values of -46.146 MNm and -1.389 MNm. The Electrical
Torgue at steady state is -44.7304 MNm.

The variables Gate Opening and Flow rate are measured in per unit. Gate opening oscillates
between 0.9025 and 0.9030. The flow varies between 0.8999 and 0.9001. The values of Gate
position and Flow rate at steady-state are 0.9027, and 0.9000, respectively.

10.7.3 Frequency Response Analysis

The magnitude and phase of the transfer function from gate position to Mechanical Power of a
Linear Model with Surge Tank assuming Elastic Water Column in Penstock are plotted in Figure
10-38. The perturbation signal is applied to the gate position in open loop conditions and the
signal mechanical power is monitored.
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Figure 10-38: Frequency response of the transfer function from Gate position to Mechanical Power of
Model 7
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The relationship between the mechanical torque and the variation of gate position is studied in

order to analyze the dynamic behaviour of the system. The perturbation signal is applied to the

gate position in open loop conditions and the signal mechanical torque is monitored. The
magnitude and phase of the frequency response of the transfer function of the hydraulic

turbine are plotted in Figure 10-39.
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Figure 10-39: Frequency response of the transfer function from Gate position to Mechanical Torque of

Model 7

Figure 10-40 plots the computed frequency response of the transfer function of the conduit

system of a Linear Model with Surge Tank assuming Elastic Water Column in Penstock. The

transfer function of the conduit system relates the Pressure Head to gate position.
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Figure 10-40: Frequency Response of the transfer function of the conduit system of Model 7
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Figure 10-41 plots the magnitude and phase of the transfer function from gate position to

Electrical Power Angle.
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Figure 10-41: Frequency response of the transfer function from Gate position to Electrical Angle of

Model 7

The magnitude and phase of the transfer function of the mechanical-hydraulic governor are

plotted in Figure 10-42. The transfer function of the governor relates the gate position to speed

changes.
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Figure 10-42: Frequency Response of the transfer function of the mechanical-hydraulic governor of

Model 7
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1 1 Power System Modelled in LVTrans

LVTrans is a general hydraulic dynamic simulation tool used to calculate all kinds of systems
consisting mainly of fluid-filled pipes and open channels. The general configuration of the Hydro
Power Plant modelled in LVTrans contains the essential components of a hydraulic power
system such as reservoir, an upstream tunnel to carry the water from the reservoir, a surge
tank, a penstock, a hydraulic turbine, speed governor and a tailrace through the water is
released back to the river.

This chapter studies the system dynamic characteristics of the test hydraulic system, detailed in
Chapter 9, modelled in the dynamic simulation tool LVTrans. The dynamic behaviour of the
hydraulic power system is analyzed in the program LVTrans version LVTrans8 1.1.2 and version
LVTrans86_1.3.1_T. Afterwards, the frequency response of the transfer function relating the
Pressure Head to Gate position simulated in the two different versions are compared and
studied.

11.1 Description of LVTrans

LVTrans is a general hydraulic dynamic simulation tool built in Lab VIEW. LVTrans may be used
to calculate all kinds of systems consisting mainly of fluid-filled pipes and open channels. It can
also be used to calculate the acoustics of gas-filled tubes. LVTrans uses the Method of
Characteristic to solve the differential equations describing the hydraulic conduits. A detailed
one-dimension Euler equation system is used to calculate the full dynamic behaviour of the test
system. LVTrans has been used in several projects in the North Sea, including the fire water
system, acoustic calculations in gas pipes on Heidrun, cooling water system for Ormen Lange.
Hydropower is a special field for LVTrans, as most items are custom made for this purpose. [68]

LVTrans has had many enhancements. The dynamic behaviour of the test Hydraulic Power
System is simulated and analyzed in two versions of LVTrans.

LVTrans version LVTrans8_1.1.2 is a version created specifically for the study of the dynamic
performance and interaction between the hydraulic system and power system of a power plant
equipped with Francis units. This version was specially designed for detailed grid/waterway
interaction in January 2005.

LVTrans version LVTrans86_1.3.1 T is the newest version of the program. LVTrans version
86 _1.3.1_Tincludes many upgrades to the front panel, block diagram and related functionality
to the study of the dynamic performance of the hydraulic system. The new version of LVTrans
does not have some of the tools developed in the version LVTrans8_1.1.2.
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11.2 Hydraulic System Modelling

The general configuration of the Hydro Power Plant modelled in LVTrans contains the essential
components of a hydraulic power system such as a reservoir, an upstream tunnel, a surge tank,
a penstock, a hydraulic turbine, speed governor and a tailrace through the water is released
back to the river. The power plant has a Francis unit. The simplified sketch of a typical hydraulic
power system is depicted in Figure 9-2. The accuracy of the dynamic analysis of the Hydro
Power Plant modelled in LVTrans is at least 90% due to the damping of these elements can be
adjusted.

Figure 11-1 shows the block diagram of the test system modelled in LVTrans. The elements
needed in the block diagram to model the sketch, shown in Figure 9-2, such as pipes, surge
shaft, turbine and PID control, are dragged and dropped from Function Palette >> LVTrans in
the block diagram. These elements must be wired after all the elements are inserted and
named. Each element must have a unique name. The main parameters of the hydraulic circuit
are summarized in Table 9-2.

PIC
Let this be like this
ermor in (no emor) | |emor out Enabled™ -
[(Catk Yoo :
: I i
H FID
H Turki
A

Figure 11-1: Block Diagram of the Hydraulic System Model

The data must be set up for each element before the simulation begins. The data are stored in
separate data files. LVTrans sets initial values for each element after running the program for
first time. These data files are edited directly in each element while the program is run by press
the indicator data in the window of each element or in a plain text editor.

The input data used for each of the components of the test system model are described in
detail in Chapter 9. The given parameters are set according to the Hydraulic Grade Line (HGL),
which shows the height corresponding to elevation and pressure head. The HGL is the height to
which the liquid would rise in a piezometer tube attached to the flow. [14]

The value considered for the pressure wave velocity a is 1200 m/s. The dimensionless pipe
friction factor is a function of the Reynolds number and the relative roughness height,
described in Chapter 2.1.3. The friction factor is selected from the Moody diagram.
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11.3 Dynamic Simulation

The frequency response analysis as well as transient response analysis to evaluate the dynamic
performance of the Hydraulic Power System Model, depicted in Figure 11-1, is implemented in
the dynamic simulation tool LVTrans version LVTrans8_1.1.2 and version LVTrans86_1.3.1 T.
The Hydraulic Power System Model is simulated with and without droop in LVTrans8 1.1.2. The
frequency response of the transfer function relating the water pressure to gate opening
position implemented in the different versions are compared and studied.

The feedback from the gate opening position to the controller is included when the simulation
is performed with droop. The droop is usually 4% to 8%.

The analysis of transients in the Hydraulic Power System Model is subdivided in water-hammer

response and mass-oscillation response.
«» The elastic pressure frequency describes the oscillation along the penstock. The
characteristic frequency does not vary with the load and depends only upon the
dimensions of the penstock. The natural frequency is typically in the order of 1.00 Hz.

% The natural frequency resulting from the pendulum action between the reservoir and
the surge shaft called mass-oscillations. The mass-oscillations can take several minutes
to get the steady-state.

Both the water-hammer and mass-oscillation responses are calculated by shutting down the
turbine in the interface and block diagram. The water-hammer and mass-oscillations responses
depend of the length of the conduit. The oscillation mode could be analyzed at the graph of the
Penstock and Turbine in the block diagram.

Figure 11-2 shows the oscillations of the hydraulic power plant modelled in LVTrans86_1.3.1 _T.
The parameters of the Hydro Power Plant and operating conditions are detailed in Chapter 9.
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Figure 11-2: Simulation Results: (a) gate opening position, (b) Pressure Head of the Hydraulic Test
Model in LVTrans86_1.3.1_ T
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The frequency response of the transfer function from gate position to pressure head of the

hydraulic power plant modelled without droop in LVTrans8_1.1.2 is shown in Figure 11-3.

11.3.1 Frequency Response Analysis computed in LVTrans8_1.1.2
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Figure 11-4 shows the magnitude and phase of the frequency response of the hydraulic power

Figure 11-3: Frequency Response of the transfer function from gate position to pressure head of the
plant modelled with droop in LVTrans8_1.1.2.
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Figure 11-4: Frequency Response of the transfer function from gate position to pressure head of the
hydraulic power plant simulated with droop in LVTrans8_1.1.2
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Comparison between the magnitude and phase of the frequency response of the transfer
functions from gate position to pressure head of the hydraulic system model simulated with
and without droop can be examined in Figure 11-5.

In Figure 11-5, the dynamic performance of the blue solid line represents the hydraulic system
model simulated without droop, and the green dashed line represents the hydraulic system
model simulated with droop.

The hydraulic system model without droop agrees well with the hydraulic system model with
droop representation model. The magnitudes of both models reach a peak at a resonance
frequency around 0.01 Hz. This frequency corresponds to the natural frequency of the mass-
oscillation between the reservoir and the surge tank. The magnitudes of both models reach a
higher peak at a resonance frequency around 0.8 Hz. This frequency corresponds to the first
natural frequency of the penstock. The effects of the droop has very little different on the

phase.

The oscillations at higher frequencies are due to the elasticity of the conduit system.

N
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T T
— without droop
----- with droop

o

N
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Head/Gate - Phase(deg)

Frequency [Hz]

Figure 11-5: Frequency Response of the transfer function from gate position to pressure head of the
hydraulic power plant simulated without and with droop in LVTrans8_1.1.2

The feedback from the gate opening position to the controller is included when the simulation
is performed with droop. The droop is usually 4% to 8%.
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11.3.2 Frequency Response Analysis computed in LVTrans86_1.3.1_T
The magnitude and phase of the frequency response of the transfer function from gate position
to Pressure Head of the Hydraulic Power System is plotted in Figure 11-6.

The magnitude of the transfer function reaches a peak value at 0.01 Hz that corresponds to the
natural frequency of the mass-oscillation between the reservoir and the surge tank. The
theoretical value is given by Equation (9.9). The magnitude reaches a second peak value at
approximate 1 Hz. This value corresponds to the resonance frequency of the penstock which

theoretical value is given by Equation (9.8).
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Figure 11-6: Frequency Response of the transfer function from gate position to pressure head of the
hydraulic power plant simulated in LVTrans86_1.3.1 T

11.3.3 Comparison of the Frequency Response Analysis of the Hydraulic Power Plant
computed in LVTrans8_1.1.2 and LVTrans86_1.3.1_T

The frequency response of the hydraulic power system model has been simulated and analyzed

in the dynamic tool LVTrans version LVTrans8_1.1.2 and LVTrans86_1.3.1 T. The hydraulic

power system model includes the essential components such as the reservoir, upstream tunnel,

a surge tank, a penstock, a Francis turbine, a PID governor and tailrace.

In Figure 11-7 and Figure 11-8, the blue solid line represents the frequency response of the
hydraulic power generating system simulated in LVTrans8_1.1.2 and the green dashed line is
the hydraulic power plant simulated in LVTrans86_1.3.1_T.

The magnitude and phase of the relationship between the gate opening position and water
pressure head of the hydraulic power generating system simulated without droop in
LVTrans8_1.1.2 and computed in LVTrans86_1.3.1 T can be compared in Figure 11-7. The
magnitude of the hydraulic power generating system simulated in LVTrans8_1.1.2 is slightly
different to that computed in LVTrans86_1.3.1 T.
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In Figure 11-7 and Figure 11-8, the magnitude of the transfer function of the hydraulic power
generating system simulated in LVTrans8_1.1.2 is a little different to that computed in
LVTrans86_1.3.1_T. The frequency response of the hydraulic power generating system
simulated in LVTrans86_1.3.1_T has more damping.

LVTrans8_1.1.2 is a version created specifically for the detailed grid/waterway interaction.
LVTrans8_1.1.2 has more details than the newest version LVTrans86_1.3.1_T. The modelling of
the generator, grid and PID governor is more detailed in LVTrans version LVTrans8_1.1.2.

The magnitude of the hydraulic power generating system simulated LVTrans86_1.3.1 T has a
lower value at the early frequency range but slowly increases. The magnitude of the model
simulated in LVTrans86_1.3.1 T reaches higher values than the magnitude of the model
simulated in LVTrans8_1.1.2.

The magnitudes of both models reach a peak at a resonance frequency around 0.01 Hz. This
frequency corresponds to the natural frequency of the mass-oscillation between the reservoir
and the surge tank. The magnitudes of both models reach a higher peak at a resonance
frequency around 0.8 Hz. This frequency corresponds to the first natural frequency of the
penstock. The oscillations at higher frequencies are due to the elasticity of the conduit system.
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1 2 Discussion

The simulation system of a typical hydroelectric power plant has been implemented in the
software SIMPOW and the simulaton tool LVTrans. The hydroelectric power system has a
reservoir, an upstream tunnel, a long length penstock with an upstream surge tank and is
equipped with a Francis turbine. In order to test the accuracy and effectiveness of the hydraulic
power system, some simulations have been conducted.

This chapter presents the summary of the results of the frequency response analysis as well as
transient response analysis of the models implemented in SIMPOW and LVTrans. The models
implemented in SIMPOW are compared and analyzed. After that, these models are compared
with the models developed in LVTrans8_1.1.2.

12.1 Summary of Simulation Results of the models computed in SIMPOW
The hydraulic power generating system, which is developed in this work for the stability
analysis, has been implemented in SIMPOW with a detailed synchronous generator model with
damping, a general speed-governing model, and a hydraulic turbine. The hydraulic turbine is
modelled with varying degrees of detail. The mathematical models of the hydraulic turbine are
detailed in Table 9-4, and listed below

Model 1 Simplified Nonlinear Turbine Model

Model 2 Nonlinear Turbine Model without Surge Tank assuming Inelastic Water Column

Model 3 Nonlinear Turbine Model without Surge Tank including Elastic Water Column Effect

Model 4 Nonlinear Turbine Model with Surge Tank assuming Inelastic Water Columns

Model 5 Nonlinear Turbine Model with Surge Tank assuming Elastic Water Column in
Penstock and Inelastic Water Column in Upstream Tunnel

Model 6 Linear Turbine Model with Surge Tank considering Inelastic Water Columns in
Penstock and Tunnel, and turbine characteristics based in the turbine coefficients
recommend by IEEE

Model 7 Linear Turbine Model with Surge Tank including Elastic Water Column in Penstock,
and turbine characteristics based in the turbine coefficients recommend by IEEE

In order to test the accuracy and effectiveness of the hydro power generating system,
frequency response analysis as well as transient response analysis is performed to evaluate the
effects of the detailed modelling of the turbine and conduit system to the stability analysis and
the dynamic performance.

The frequency response analysis has been performed to the relationships of the mechanical
power, mechanical torque, and pressure head to gate position. The angular frequency of the
input sinusoidal was varied between 0.001 and 10 Hz.
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12.2 Summary of the Eigenvalue analysis computed in SIMPOW
The dynamic performance of the models implemented in SIMPOW is investigated utilizing the
Eigenvalue analysis. The Eigenvalue analysis of the models shows that the all the models have
one oscillatory mode associated with the rotor angle and speed. This mode is called
electromechanical oscillatory mode and corresponds to the synchronous machine natural
frequency that depends on rotating inertias. Table 12-1 shows the electromechanical oscillatory
mode of the models of the Hydro Power System implemented in Chapter 10.

Table 12-1: Summary of the electromechanical oscillatory mode of the models of the models

Models Eigenvalue Damp.lng Frequency
Ratio [Hz]
1|Simplified Nonlinear Turbine Model -0.4073 + j 6.6214| 0.06140 | 1.05383
2(Nonlinear Turbine Model without Surge Tank assuming .
. -0.4203 = j 6.6906( 0.06270 | 1.06485
Inelastic Water Column
3|Nonlinear Turbine Model without Surge Tank including .
. -0.5188 + j 6.6521| 0.07775 | 1.05872
Elastic Water Column Effect
4[Nonlinear Turbine Model with Surge Tank assuming )
. -0.5102 + j 7.1079| 0.07160 | 1.13126
Inelastic Water Columns
5|Nonlinear Turbine Model with Surge Tank assuming .
. . -0.5933 + j 7.0806( 0.08350 | 1.12692
Elastic Water Column in Penstock
6|Li Turbine Model with S Tank ideri
near turoine Viodel With SUrge  lank considering| 45925 + j 6.8421| 0.04270 | 1.08896
Inelastic Water Columns, and turbine characteristics
7|Linear Turbine Model with Surge Tank including Elastic .
. . L -0.4674 + j 6.7198( 0.06939 | 1.06950
Water Column in Penstock, and turbine characteristics

The error in the frequency of oscillation between the calculated eigenvalues with Kp=0.50,
Table 9-8, and the computed eigenvalues of the different models are shown in Table 12-2. The
error calculated between the computed models and the calculated eigenvalues is less that the
10% in all the representations.

Table 12-2: Error between the calculated eigenvalues and the computed eigenvalues

Error, [%]

Model

Simplified Nonlinear Turbine Model

Nonlinear Turbine Model without Surge Tank
assuming Inelastic Water Column

Nonlinear Turbine Model without Surge Tank
including Elastic Water Column Effect

Nonlinear Turbine Model with Surge Tank
assuming Inelastic Water Columns

Nonlinear Turbine Model with Surge Tank
assuming Elastic Water Column in Penstock
Linear Turbine Model with Surge Tank considering

Inelastic Water Columns, and turbine characteristics

Linear Turbine Model with Surge Tank including

Elastic Water Column in Penstock, and turbine characteristics

0.1450
0.9068

0.3193

7.1986

6.7817

3.1904

1.3427
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12.3 Comparison of the results of the models in SIMPOW

Frequency response analysis is developed by “Frequency Scanning” in Linear Analysis in
DYNPOW in order to identify the transfer function and other parameters of the models of the
hydraulic turbine and conduit system, detailed in Table 9-4. To demonstrate the dynamic
nonlinear effects, a perturbation signal is applied to the gate opening position in open loop
conditions. The open loop condition is obtained by assuming H=9999999 for the synchronous
machine model. That means that the effects of the speed in the block diagram can be omitted.

12.3.1 Comparison of Nonlinear Turbine Models without surge tank

Herein, frequency response analysis as well as transient response analysis is performed to
evaluate the effects to the stability analysis of a simple hydraulic turbine without surge tank
modelled by

% the simplified nonlinear model (Model 1),
+* the nonlinear model assuming inelastic water column (Model 2) and
+* the nonlinear model including elastic water column effects (Model 3)

In Figure 12-1 to Figure 12-4, the dynamic performance of the blue solid line represents the
simplified nonlinear turbine model (Model 1), the green dashed line represents the nonlinear
model assuming inelastic water column (Model 2), and the red dash-dotted line represents the
nonlinear model including elastic water column effects (Model 3).

Comparison between the dynamic behaviour of variables such as power angle, rotational
speed, mechanical torque, gate position, flow rate and head pressure of a hydraulic power
system model simulated by Model 1, 2 and 3 can be examined in Figure 12-1. The stability
analysis of the hydraulic power system model is tested by simulating a three-phase fault to
ground at t=1 s. This disturbance is simulated for a period of 5.0 ms.
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Figure 12-1: Fault Simulation Results of hydraulic turbine represented by model 1, 2 and 3
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It is seen from Figure 12-1, the angle and speed of the generator are almost the same for
models 2 and 3, and is slightly different for model 1. It means that the effect of different hydro
turbine models on the power system transient stability simulation is comparatively small. The
variables such as mechanical torque, flux rate, and pressure head that are closely related to the
conduit system have a little difference between model 1, and models 2 and 3. The speed of the
generator and gate position are almost the same for the three models. The gate opening
position in the hydraulic power system model changes slightly.

The dynamic behaviour of Model 2 and Model 3 are very similar. It can be concluded that the
simulation results of Model 1 is slightly different. The difference between model 1 and model 2
and 3 is small. The difference between models 1, and model 2 and 3 is little different because of
the simplified nonlinear model neglects the hydraulic losses.

The static behaviour is established by the relationship between the steady-state values of gate
position and turbine developed power. Figure 12-2 compares the gate position-turbine
developed power relationship of the hydraulic turbine model 1, 2 and 3. There is a good
agreement between the magnitude of the transfer functions of model 2 and 3. The magnitude
of the transfer functions of model 1 and, model 2 and 3 have a little difference due to the head
losses. It is observed a significant difference in the phase of model 1, 2 and 3 at very low
frequencies up to 0.002 Hz. The phase is slightly different for the rest of the bandwidth.
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Figure 12-2: Frequency response of the transfer functions from Gate position to Mechanical Power of
a simple hydraulic turbine represented by Model 1, 2 and 3

Figure 12-3 compares the magnitude and phase of the transfer function relating the mechanical
torque to variations of the gate position of the hydraulic power system represented by model 1,
2 and 3. It is observed that model 1, 2 and 3 have a slight difference between each other at low
frequencies up to 0.7 Hz. However, significant difference in model 3 is observed at high
frequencies. Model 3 shows oscillations due to the elasticity of the conduit system. The natural
frequencies corresponding to higher modes of the conduit system oscillations are visible.
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Figure 12-3: Frequency response of the transfer function from Gate position to Mechanical Torque of a

hydraulic turbine represented by Model 1, 2 and 3

The frequency responses of transfer function of head pressure and gate position of a hydraulic

turbine represented by model 1, 2 and 3 are compared in Figure 12-4. The magnitude and
phase of the three transfer functions are similar for frequencies up to 1.0 Hz. The transfer

function features the first natural frequency of the penstock with a high amplitude at 0.7 Hz.

For higher frequencies, the transfer functions of model 1 and 2 cannot represent the conduit
dynamics with any acceptable degree of accuracy. This is evident when observing the frequency

response between 1 and 10 Hz.
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Figure 12-4: Frequency response of the transfer functions of the conduit system of Model 1, 2 and 3
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12.3.2 Comparison of Turbine Models with Surge Tank

The following studies involve frequency response analysis as well as transient response analysis
to evaluate the effects to the stability analysis of a simple hydraulic turbine with surge tank
modelled by

K/
L X4

the nonlinear model assuming Inelastic water columns in penstock and tunnel (Model 4)
the nonlinear model assuming elastic water column in penstock (Model 5)

the linear model assuming inelastic water columns in penstock and tunnel (Model 6)
the linear model including elastic water column effects in the penstock (Model 7)

X3

%

K/ K/
R X X4

In Figure 12-5 to Figure 12-8, the dynamic performance of the blue solid line represents the
model 4, the green dashed line represents the model 5, the red dotted line represents the
model 6, and the turquoise dash-dotted line represents the model 7.

Comparison between the dynamic behaviour of variables such as power angle, rotational
speed, mechanical torque, gate position, flow rate and head pressure of the hydraulic system
model simulated by Model 4, 5, 6 and 7 can be examined in Figure 12-5. The stability analysis of
the hydraulic power generating system is tested by simulating a three-phase fault to ground at
t=1s. This disturbance is simulated for a period of 5.0 ms. The sampling period is 50 s.
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Figure 12-5: Fault Simulation Results of hydraulic turbine represented by Model 4, 5, 6 and 7

It is seen from Figure 12-5, the angle of the generator are almost the same for model 4 and 5,
and is slightly different for the model 6 and 7. The speed of the generator is very similar for
model 4, 5, 6 and 7; this means that the effect of different hydro turbine models on the power
system transient stability simulation is comparatively small. The variables such as mechanical
torque, flux rate, and pressure head that are closely related to the conduit system have a little
difference between nonlinear models and linear models.

The changes of speed of the generator and the gate position are almost the same for the four
models. The gate opening position in the hydraulic power system model changes slightly. The
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dynamic behaviour of the linear models, model 6 and 7, are very similar. It can be concluded

that the simulation results of the nonlinear models are slightly different of the linear models.
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Figure 12-6: Frequency response of the transfer function from gate position to Mechanical Power of

Model 4, 5,6 and 7

Figure 12-6 compares the gate position-turbine developed power relationship of the hydraulic
turbine model 4, 5, 6 and 7. The magnitude of the transfer functions of model 4, 5, 6 and 7 are

very similar in the entire bandwidth. Model 4, 5, 6 and 7 shows significant difference in the

phase.
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Figure 12-7: Frequency Response of the transfer function from Gate position to Mechanical Torque of

a simple hydraulic turbine represented by Model 4, 5, 6 and 7
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Figure 12-7 compares the magnitude and phase of the transfer function relating the mechanical
torque to the gate position of the turbine represented by model 4, 5, 6 and 7. It is observed
that model 4, 5 and 7 have a slight difference at low frequencies up to 0.8 Hz. However,
significant difference is observed at high frequencies. The natural frequencies corresponding to
higher modes of the conduit system of model 5 and 7 are shown.
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Figure 12-8: Frequency response of the transfer function of the conduit system of Model 4, 5, 6 and 7

The frequency response of the transfer function of head pressure and gate position of a simple
hydraulic turbine with surge tank represented by model 4, 5, 6 and 7 are compared in Figure
12-8. It can easily be noticed that the frequency responses of the elastic models, model 5 and 7,
are similar even though their parametric models are significantly different. A large difference in
the phase of model 4 and 6 are shown.

The transfer functions of model 6 and 7 feature a natural frequency with a high amplitude at
0.01 Hz. This frequency corresponds to the natural frequency of the mass-oscillation between
the reservoir and the surge tank. The calculated natural frequency of the mass-oscillation is
given by Equation (9.9). The transfer functions of model 4, 5 and 7 feature the natural
frequency of the penstock with a higher amplitude at 0.8 Hz. The natural frequency of the
penstock is described in Equation (9.8). For higher frequencies, the transfer function of model 4
and 6 cannot represent the conduit dynamics with any acceptable degree of accuracy. This is
evident when observing the frequency response between 1 and 10 Hz.

The simulation results of Model 4 and 5 do not show the natural frequency of the mass-
oscillation between the reservoir and the surge tank. The implementation of Model 4 and 5
must be checked in order to obtain a better fit with the results in LVTrans.

Model 6 and 7 should be studied in detail, varying the values of the turbine coefficients. These
coefficients, which represent the nonlinear characteristic of the turbine, have to be extracted
from the Hill Charts.
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12.4 Comparison of the simulation results computed in SIMPOW and
LVTrans

The following studies involve frequency response analysis to evaluate the effects to the stability

analysis of hydraulic power generating system implemented in SIMPOW and LVTrans. The

hydro turbine implemented in SIMPOW is modelled by

the nonlinear model assuming Inelastic water columns in penstock and tunnel (Model 4)
the nonlinear model assuming elastic water column in penstock (Model 5)

the linear model assuming inelastic water columns in penstock and tunnel (Model 6)
the linear model including elastic water column effects in the penstock (Model 7)

X/ X/ X/
R X X X4

X/
°e

The frequency response of the hydraulic power system model has been simulated and analyzed
with droop and without droop in the dynamic tool LVTrans version LVTrans8_1.1.2. The
feedback from the gate opening position to the controller is included when the simulation is
performed with droop. The droop is usually 4% to 8%.

In Figure 12-9 and Figure 12-10, the dynamic performance of the blue solid line represents the
hydropower generating system without droop and with droop computed in LVTrans,
respectively. The green dashed line represents the model 4, the red dash-dotted line represents
the model 5, the turquoise dotted line represents the model 6, and the purple dashed line
represents the model 7.

Figure 12-9 compares the magnitude and phase of the transfer function of water pressure and
gate opening of a hydraulic power system represented by model 4, 5, 6 and 7, in SIMPOW, and
the hydraulic power system model without droop in LVTrans. It is observed that both models in
SIMPOW and model in LVTrans has a slightly difference in the magnitude at low frequencies.
However, significant difference is observed in the phase.

HEAD/GATE - Magnitude (dB)

HEAD/GATE - Phase(deg)

Frequency [Hz]

Figure 12-9: Frequency Responses of the transfer function of the conduit system of Hydraulic Power
System Models implemented in SIMPOW and LVTrans (without droop)
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Figure 12-10 compares the magnitude and phase of the transfer function of water pressure and
gate opening of a hydraulic power system represented by model 4, 5, 6 and 7, in SIMPOW, and
model with droop implemented in LVTrans. It is observed that both models in SIMPOW and
model in LVTrans has a slightly difference in the magnitude at low frequencies. However,
significant difference is observed in the phase. The oscillations at high frequency of the model 5
and 7, and the model computed in LVTrans are due to the elasticity of the conduit system.
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Figure 12-10: Frequency Responses of the transfer function of the conduit system of Hydraulic Power
System Models implemented in SIMPOW and LVTrans (with droop)

From the models implemented in LVTrans, it can be concluded that the hydraulic system model
without droop agrees well with the hydraulic system model with droop. The magnitude of both
transfer functions shows two peaks at a resonance frequency of 0.01 Hz and 0.9 Hz. These
frequencies correspond to the natural frequencies of the mass-oscillation and penstock,
respectively. The effect of the droop has very little influence on the phase. The oscillations at
higher frequencies are due to the elasticity of the conduit system.

The transfer functions of model 6, 7 in SIMPOW, and models in LVTrans feature a natural
frequency with a high amplitude at 0.01 Hz. This frequency corresponds to the natural
frequency of the mass-oscillation between the reservoir and the surge tank. The transfer
functions of model 4, 5 and 7 in SIMPOW, and models in LVTrans, all of them, feature a high
amplitude at 0.8 Hz that is the natural frequency of the penstock. For higher frequencies, the
transfer functions of model 4 and 6 cannot represent the conduit dynamics with any acceptable
degree of accuracy. This is evident when observing the frequency response between 1 and 10
Hz.

It is interesting to note that the magnitude of Model 7, which represents the most complete
model until this stage, and model in LVTrans show a good fit. Model 7 features a lower peak in
magnitude at 0.8 Hz. This could be due to the influence of the values of the turbine coefficients
used in this model.
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1 3 Conclusions

13.1 Conclusions

This Master’s Thesis work deals with the development of improved hydro turbine models for
the evaluation of a hydraulic power generating system performance in response to small
disturbances in power system analysis tool. These improved models must be able to reflect the
possible interaction between the hydraulic system and power system in the computer
simulations of a power plant equipped with Francis turbines. Traditionally, mathematical
models for hydraulic power generating systems, normally found in relevant literature and
power system analysis tools, are simplified models. This implies that these models only reflect
part of the real situations and as such could have a limited application.

The dynamics of hydraulic turbines have a considerable influence on the dynamic stability of
the power system. The mathematical modelling of the flow and power output of a Francis
turbine, and its transient behaviour is based on the characteristic curve of the hydraulic
machine called Hill Charts. The turbine efficiency for any operating point given by runner speed,
net head and gate position can be extracted from the Hill Charts. These values have to be
measured precisely via field tests or taken from model tests. Although such curves are seldom
used in specifications due to difficulties of measurement, the speed-torque characteristics of a
wide variety of hydraulic turbines have the general form with the torque falling off roughly in
proportion to speed over wide ranges of speed and gate opening position. The influence of the
turbine coefficients on the model accuracy is critical.

The hydraulic power generating system model, which is developed in this Thesis work for the
stability analysis, has been designed with a third-order synchronous generator model, a
mechanical-hydraulic governing system model, and a hydraulic turbine. The hydraulic turbine is
modelled with varying degrees of detail. The effect of the hydraulic power generating system is
studied by means of analysis of the dynamic behaviour of the models of the hydraulic machine
and conduit system about the steady-state operating condition following a small disturbance.
The models of the hydraulic machine and conduit system developed as part of this study and
implemented in SIMPOW, are listed below:

Model 1 Simplified Nonlinear Turbine Model

Model 2 Nonlinear Turbine Model without Surge Tank assuming Inelastic Water Column

Model 3 Nonlinear Turbine Model without Surge Tank including Elastic Water Column Effect

Model 4 Nonlinear Turbine Model with Surge Tank assuming Inelastic Water Columns

Model 5 Nonlinear Turbine Model with Surge Tank assuming Elastic Water Column in
Penstock and Inelastic Water Column in Upstream Tunnel

Model 6 Linear Turbine Model with Surge Tank considering Inelastic Water Columns in
Penstock and Tunnel, and turbine characteristics based in the turbine coefficients
recommend by IEEE

Model 7 Linear Turbine Model with Surge Tank including Elastic Water Column in Penstock,
and turbine characteristics based in the turbine coefficients recommend by IEEE
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Frequency response analysis as well as transient analysis is performed to evaluate the effects of
the detailed modelling of the turbine and conduit system to the stability analysis and the
dynamic performance of the hydraulic power generating system. The hydraulic power
generating system has also been implemented in the hydraulic system analysis tool LVTrans.

Eigenvalue analysis

The dynamic performance of the different Hydro Power System models connected to a power
system has been investigated utilizing Eigenvalue analysis. The theoretical eigenvalues are
determined via analytical approach for a classical simplified power system represented by the
second-order synchronous machine model connected to an infinite busbar. Eigenvalues are also
determined in Dynpow of the software SIMPOW. The error in the frequency of oscillation
between the theoretical eigenvalues with Kp=0.50 and the computed eigenvalues of the
different models is less that the 10% in all the representations.

Time-domain analysis

The dynamic behaviour of the hydraulic turbine represented by model 1, 2 and 3 are similar. It
can be concluded that the simulation results of model 1 is slightly different. It means that the
effect of different hydro turbine models on the power system transient stability simulation is
comparatively small. The variables such as mechanical torque, flux rate and pressure head that
are closely related to the conduit system have a little difference between model 1, and model 2
and 3. The changes in speed of the generator and gate position are almost the same for the
three models.

The changes in speed of the generator is very similar for model 4, 5, 6 and 7; this means that
the effect of different models of hydro turbine with surge tank on the power system transient
stability simulation is comparatively small. The speed of the generator and the gate position are
almost the same for the four models. The gate opening position in the test system changes
slightly. The dynamic behaviour of the linear models, model 6 and 7, is very similar. It can be
concluded that the simulation results of the nonlinear models are slightly different of the linear
models.

Frequency Response Analysis

There is a good agreement between the frequency response of the three transfer functions of
head pressure and gate position of a hydraulic turbine represented by model 1, 2 and 3. The
transfer function features a natural frequency with a high amplitude at 0.8 Hz. This frequency
corresponds to the first natural frequency of the penstock. For higher frequencies, the transfer
functions of model 1 and 2 cannot represent the conduit dynamics with any acceptable degree
of accuracy.

The frequency response of the transfer function of head pressure and gate position of a simple
hydraulic turbine with surge tank represented by models 4, 5, 6 and 7 show differences at low
frequencies. Transfer functions of model 4 and 5 shows an excellent fit at low frequencies up to
1 Hz. The transfer functions of model 6 and 7 feature a natural frequency with a high amplitude
at 0.01 Hz. This frequency corresponds to the natural frequency of the mass-oscillation
between the reservoir and the surge tank. The transfer functions of model 4, 5 and 7 feature
the natural frequency of the penstock with a higher amplitude at 0.8 Hz. For higher frequencies,
the transfer function of model 4 and 6 cannot represent the conduit dynamics with any
acceptable degree of accuracy.
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The dynamic behaviour of the Hydraulic Power System has been analyzed in the program
LVTrans version LVTrans8_1.1.2 and version LVTrans86_1.3.1_T. LVTrans8_1.1.2 is a version
created specifically for the detailed grid/waterway interaction. The frequency response of the
hydraulic power generating system simulated in LVTrans8_1.1.2 is slightly different to that
computed in LVTrans86_1.3.1 T. The frequency response of the hydraulic power generating
system simulated in LVTrans86_1.3.1 T has more damping. Based on the simulation results
from the models implemented in LVTrans, it can be concluded that the hydraulic system model
without droop agrees well with the hydraulic system model with droop. The magnitude of both
models show two peaks at a resonance frequency of 0.01 Hz and 0.9 Hz. These frequencies
correspond to the natural frequencies of the mass-oscillation and penstock, respectively. The
effect of the droop has very little influence on the phase. The oscillations at higher frequencies
are due to the elasticity of the conduit system.

The transfer functions of model 6, 7 in SIMPOW, and models in LVTrans feature a natural
frequency with a high amplitude at 0.01 Hz. This frequency corresponds to the natural
frequency of the mass-oscillation between the reservoir and the surge tank. The transfer
functions of model 4, 5 and 7 in SIMPOW, and models in LVTrans, all of them, feature a high
amplitude at 0.8 Hz that is the natural frequency of the penstock. For higher frequencies, the
transfer function of model 4 and 6 cannot represent the conduit dynamics with any acceptable
degree of accuracy.

The simulation results of Model 4 and 5 do not show the natural frequency of the mass-
oscillation between the reservoir and the surge tank. The implementation of Model 4 and 5
must be checked in order to obtain a better fit with the results in LVTrans.

Model 6 and 7 should be studied in detail, varying the values of the turbine coefficients. These
coefficients, which represent the nonlinear characteristic of the turbine, have to be extracted
from the Hill Charts.

It is interesting to note that the magnitude of Model 7, which represents the most complete
model until this stage, and model in LVTrans show a good fit. Model 7 features a lower peak in
magnitude at 0.8 Hz. This could be due to the influence of the values of the turbine coefficients
used in this model.

13.2 Further Work

The implementation of Model 4 and 5 must be checked in order to obtain a better fit with the
results in LVTrans. The effects of the surge tank must be better represented in the model to
develop in SIMPOW. Additionally, these models could be improved, including the nonlinear
characteristics of the turbine extracted from the Hill Charts.

Model 6 and 7 should be studied in detail, varying the nonlinear characteristics of the hydraulic
turbine, in order to draw more accurate conclusions about the dynamic behaviour of the
models. The influence of the turbine coefficients on the model accuracy is critical and these
values should be extracted from the Hill Charts and linearized around an operating point.

Additionally, the hydroelectric power plant system may be modelled by the Structure Matrix
Method, and be compared with the models implemented in SIMPOW and LVTrans.
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