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Nomenclature

A, - constant cross section area of the conduit, m*
A - area of surge tank, m*

D - machine diameter, m

Fy - friction force, N

Fyp, - friction force for penstock

fc - fanning friction factor for conduit

f. - fanning friction factor for surge volume, m*
fs - system frequency, Hz

fref -desired frequency of network, Hz

J. - moment of inertia for aggregate, kg m”

hs - height of surge tank, m

H; - turbine head, m

H,, - height of penstock, m

H - resultant magnetomotive force vector at the rotor axis measured in the stator reference frame,

A.turns

H,(H,, H.) — resultant magnetomotive force of the current flowing in the “a”(“b”, “c”’) winding

measured in the stator reference frame, A.turns
Hy (1—7;) — magnitude of projection of H onto the “d”(“q”) axis, m”

I, - RMS value of terminal phase current at steady state, A
I;, - phasor of output current of generator at steady state, A

kq- friction factor for aggregate bearings
Kp - convective kinetic power upstream from the gate, W
L. -length of conduit, m

L, - length of penstock, m

m, - mass flow in conduit, m/s

mi, - mass of water in penstock, kg/s

N - rotational velocity of the machine, m/s
n, - number of poles in generator

DPq - atmospheric pressure, Pa

Dex - intersection pressure between conduit, surge tank and penstock, Pa

Dsx - outflow pressure in surge tan, Pa



Dpx - outflow pressure in penstock, Pa

P,, — hydraulic power transferred to turbine, W

P,ut — active electric power output at terminals of generator, W
Poss — power losses through turbine and generator, W

P, - an active power at steady state condition, W

Q; - turbine volumetric discharge, m*/sec

Q, - areactive power at steady state condition, rVA

S  -droop,%

Sg - rated power of generator, MVA

u; - valve opening, p.u.

u4(ug) - unit vector along the “d”(*q”)

u,(up, u.) — unit vector along the “a”(“b”, “c”) axis
V. - volumetric flow rate in conduit, m*/s

v, - constant velocity across the cross section, m/s
v, - velocity in penstock, m/s

V - volumetric flow rate through the machine, m*/s
V; - volumetric flow rate in surge volume, m®/s

vs - velocity in surge tank, m/s

V; - phase bus voltage, V

Vi - terminal voltage, V

W - produced mechanical power,W

W, - mechanical power consumed to produce electric power in generator, W
Greek symbols

Ap - pressure drop over the machine,Pa

Ap,, - pressure drop inside the penstock, Pa

Ap, - turbine gate pressure drop, Pa

8., —electrical rotor angle, rad

ng —overall efficiency of generator

7. - turbine efficiency at 85% flow of maximal water flow rate
p. - density , kg/m’

ps - density in surge volume, m*

P, - perimeter of the surge tank cross section area, m*



P, - perimeter of the conduit cross section area, m
P, - perimeter of the penstock cross section area, m
w, - angular velocity of aggregate, rad/sec

¢, -apower angle at steady state, rad

W - flux produced by the current in the generator winding, mol-m *-s™*



1 Introduction

1.1 Background

With increasing demand of electrical energy and its growing trade volumes the problems of electricity
efficient and optimized usage is of high importance in nowadays society. Especially this question is
crucial in Norway, where 96 per cent of electricity production (compared to 11 per cent in European
Union) is covered by hydropower(Gonzalez David; KilincAygiin; Weidmann Nicole). That is why
questions of operation optimization of different parts of hydro power plants are of great research

interest.

That is why different usage of modeling and simulation tools, structures and object-oriented models is
highly motivated. Because of complexity of hydro power systems the problem of complete model

library development can be viewed from two perspectives:

- Modeling , which gives mathematical understanding of processes that are run in each part of the
hydro power plant depending on type of equipment that is installed there, emergency situation,
environment conditions;

- Simulation, which focuses on implementation of modeling part within specific programming
language, taking into consideration language particularities and possible ways of model

realization.

The thesis focuses on building of new library for hydro power plant using open sources/freeware. It can
be used further for studying of possible automation and optimization at hydro power plants. For this
other Modelica tools can be used: OpenModelica is used for connecting units. Moreover it is expected
that the option of changing the level of details will be also available at newly built library. The

developed library is going to be tested using Sundsbarm Hydro Power Plant data as a specific case.

1.2 Previous work

The programming tools with similar problem understanding have already been presented.

One of such tools that was developed for hydro power plant operation modeling is Hydro Power
Library, a Modelica® Model Library, which is more into practical issues solving. Hydro Power Library
allows to analyze control strategies that to decrease the influence of noncontrollable sources of energy
(for example renewable ones).
According to the web-site of developers (Modelon) the range of possible simulation tools is suitable for:

- Hydro power plant design and analysis;

- Planning of commissioning tests;

- Estimation of waterway dynamics;

- Identification of objectives for the water level control;

- Analysis of extreme working conditions of the plant.
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Hydro Power Library was developed and works together Dymola, Dynamic Modeling Laboratory,
which “a complete tool for modeling and simulation of integrated and complex systems for use within
automotive, aerospace, robotics, process and other applications”’(Dymola, 2002-2013). Dymola by itself
also uses Modelica®, open modeling language, suitable for describing the problems related to power
production, in which there is a possibility to develop a new library for specific case using Modelica
Standard Library.

The big drawback of Hydro Power Library and Dymola is that both of them are commercial and, hence,
are of limited access for educational purposes (that also means impossibility to have a look “inside”
some parts of the library and see how specific commands, loops are written there). Also the case that
Hydro Power Library works only with Dymola, but not with other Modelica free programming
environments such as OpenModelica, which is not-commercial Modelica-based modeling and
simulation source, or JModelica.org, which is also not-commercial Modelica-based source for
optimization, simulation, analysis of complex dynamics systems(JModelica.org, 2009). However those

softwares have some practical issues while simulation (for example difficulties with Phyton support).

However described above library is not the only one tool that is used for modeling and simulation of
hydro power plants. Swedish company Solvina has also introduced their simulator like SolvSim Power
Plant(Solvina) at the market, which has more user friendly interface and similar range of problems to be
solved, but the software is more suitable for training either than to practical implementation of the

received results.

Taking into the account everything mentioned above, it would be of great benefit to omit mentioned
drawbacks in newly developing model library, at the same time keeping in mind purposes of Hydro

Power Library and SolvSim.

1.3 Report structure

Chapter 2 shows the example of already developed code for study case, Sundsbarm plant, model inputs

and initial conditions are stated.

Chapter 3 gives detailed model of each block of the system: penstock, turbine, head-water, tail-water

system, turbine controller and electrical part (synchronous generator).

In Chapter 4 model library structure is given. Simulation particularities of developed in Chapter 3
model in OpenModelica environment are presented. The results of newly built library running for

Sundsbarm case are also presented within this chapter.

Chapter 5 is focused on discussion of problems that appeared while model implementation, possible

ways of their fixing, future extension, improvements that can be done in developed library.
Chapter contains conclusions along with recommendations for future work.
Appendix A contains the task description that was agreed and signed at the commencement of the thesis.

Appendix B has the operational values of Sundsbarm hydro power plant.

11



Appendix C shows the code of simplified model of Sundsbarm hydro power plant where inelastic

waterway and aggregate are taken into account.

In Appendix D the code of the model library is presented.

12



2 Example of Simplified Hydro Power Plant Modelling
and Simulation

The previous thesis work (Shaheri, 2011) , despite of its detailed theoretical overview of the hydro
power system modeling, has a huge drawback, which is the complexity of mathematical model that was
used. That is why the purpose of future library, that is going to be implemented in OpenMdelica
environment, is not only to cover the system demands, but to be “user friendly”, structured and
theoretically understandable. Ruled by the mentioned above principles and based on the approximate
values and assumptions, a model for hydro power plant was developed in OpenModelica by professor
Bernt Lie, Telemark University Collage. The model is simplified and it does not take into consideration

compressibility of water and elasticity of penstock’.

2.1 Case description

The purpose of any hydro power plant is to convert the kinetic energy of water into electricity. The
sketch of hydropower system and typical process diagram of hydro power plant are shown on Figure 2-1
and Figure 2-2.

. headwater
I
1y, E intake race
W .3
FESEFOIF Py

i Vi

Figure 2-1 Hydropower systemj

'Bernt Lie, presentation «Optimal vannkraftproduksjon, modellering» at Skagerak Energi, January 29th, 2013
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Figure 2-2 Process diagram of hydro power plant'

The hydro power plant can be divided into the following main parts each of which have specific

requirements:

- Waterway consists of penstock system, reservoir, surge, and conduit. It worth to mention that
waterway can be divided into three parts:
1) From environment to reservoir
2) From precipitation region to reservoir

3) From reservoir to the hydro power turbine

Taking into account the complexity of the model and the metaphysics nature of the system, which is
going to be mechanistic and it is of great interest to develop a switch between incompressible/non-

elastic model.

- Aggregate (hydro-turbine and generator) is responsible for conversion of “energy from water to
rotational energy of turbine””. According to the task of thesis the library should solve a wide
range of problems (control, optimization and faulty situations), that is why a model of this part
of plant has to be detailed that to also take into account the model of three phases. Moreover the
needed moving force for operating the hydro-turbine opening is high, that is why it is crucial to
use servo motor that will allow not only to move vanes in turbine, but also will influence on
operation dynamics.

- Electrical grid needs to take into account different types of loads from different types of

consumers.

The operational values for simplified model of Sundsbarm hydro power plant are given in Appendix B.

! Bernt Lie, presentation «Optimal vannkraftproduksjon, modellering» at Skagerak Energi, January 29th, 2013

? Bernt Lie, ongoing report ”"Modeling and Simulation of Sustainable Energy Systems. Process System Simulation”, August
2013
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2.2 Modeling part

The schematic waterway of hydro power plant is shown on Figure 2-3.

Pa
A1 | surge shaft o W
.I!'.!.._‘ij g aggregate Uu‘:. 4 | 11711
g Ppi— We, Wi
¥,

Figure 2-3 Schematic waterway of hydropower"

For conduit it was assumed that the water density p, is constant, A, is constant cross section area of the
conduit, v, is constant velocity across the cross section'. Consequently volumetric flow rate can be
calculated as:

V.= A, (2-1)
Mass flow is defined as:
me = .cpc (2-2)

Following Newton’s law the momentum balance can be written:

%mcvc = (Pci — Pex)Ac + Mg cos O — Fp, (2-3)
where
Dex — intersection pressure between conduit, surge tank and penstock, that can be calculated:
Pex = Pa + PGy (2-4)
Fy — friction force, that can be determined according to the following equation:
(2-5)

P
ch = fc?chcvclvcl

where
fc — fanning friction factor for conduit,

P. - perimeter of the conduit cross section area,

" Bernt Lie, presentation «Optimal vannkraftproduksjon, modellering» at Skagerak Energi, January 29th, 2013
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L. — length of conduit.

For the surge volume® with constant p, , which is density of water for inelastic case, mass balance leads

can be described as:

dm : (2-6)
dts = pSI/S

Then the momentum balance can be presented as:

d (2-7)
a (msvg) = (psi - psx)As —msg — Ffs
where outflow pressure in surge tank is calculated:
mgg -
Psx = Pa T AS (2-8)
S

where
Pq — atmospheric pressure,
A — area of surge tank,

Velocity v, changes its direction under normal operation® that is why friction force for surge volume can

be written:
P, (2-9)
Ffs = fs?pshsvslvsl
where
fs — fanning friction factor for surge volume,
P, - perimeter of the surge tank cross section area,
hg — height of surge tank.
For penstock® the mass of water in waterway is constant.
The momentum balance is:
(2-10)

d
a(mpvp) = (ppi - ppx)Ap —mpgcost — Fp,

where

! Bernt Lie, ongoing report "Modeling and Simulation of Sustainable Energy Systems. Process System Simulation”, August
2013

? Bernt Lie, ongoing report "Modeling and Simulation of Sustainable Energy Systems. Process System Simulation”, August
2013

? Bernt Lie, ongoing report ”"Modeling and Simulation of Sustainable Energy Systems. Process System Simulation”, August
2013
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H 2-11
cos 6, = L—p ( )
where
H,, — height of penstock,
L,, — length of penstock.

Friction force for penstock can be calculated by the following formula:

Frp = fp %pphpvpz (312
where
fs — fanning friction factor for penstock,
P, - perimeter of the penstock cross section area,
hs — height of penstock,
v, - velocity in penstock.
Outflow pressure in penstock is:

Ppx = Pa + ADy (2-13)

where Ap,, — pressure drop inside the penstock.

The main principle equation for manifold" is based on preservation of mass in steady state, that is why,

with constant density assumption:

Vo=V, +V, (2-14)

where V}, — penstock volumetric flow rate.

Using Bernoulli’s equation and assuming steady state conservation of mechanical energy, for valve the
following equation for calculation of convective kinetic power at the exit of the hydro power turbine can

be applied:

! Bernt Lie, ongoing report "Modeling and Simulation of Sustainable Energy Systems. Process System Simulation”, August
2013
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Kne = ApeVy + K, (2-15)

where

Ap.- turbine gate pressure drop,

K, — convective kinetic power upstream from the gate.

.1 (2-16)
K, = Empvg

where 7, — mass of water in penstock.

It is also worth to mention the next statement: the flow through the valve depends on the valve opening

u, and this dependency can be expressed:

V, = F(ur)y/Ap; (2-17)
where
V2 (2-18)
Ap = ——
Fe(ue)

Application of energy balance to aggregate leads to:

dwg
dt

1 . . 1 _
= 7o (1eKne = We = 5 kpawy) (2-19)

where

w, — angular velocity of aggregate,

J. — moment of inertia for aggregate,

1 — turbine efficiency at 85% flow of maximal water flow rate,

W, — mechanical power consumed to produce electric power in generator,
ksq — friction factor for aggregate bearings.

The main focus in the developed model has been put in combination of penstock and the turbine model.
For this sub-models were combined':

! Bernt Lie, ongoing report "Modeling and Simulation of Sustainable Energy Systems. Process System Simulation”, August
2013
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d V. H, Ve |Ve (2-20)
dt C A (pCl pr)A + mcg L f‘C 2 pC c A AC
i v Vi [Ve (2-21)
(mS A ) (pSl pr)A + msg f.;' 2 pS S A AS
A H, v, 1% (2-22)
( pA = (Ppi = Ppx) 4y +mp9 fp > Pl pA A_‘
dw, 1 | (2-23)

i oo (MeKpe — W, — Ekfa(‘)g)

2.3 Simulation results

The results of the simulation are graphs that demonstrate the working parameters of the system during
the selected period of operation (1000seconds): hydro turbine kinetic flow (Figure 2-4), volumetric flow

rate, aggregate angular velocity. The graphs are shown on Figure 2-4, Figure 2-5, Figure 2-6.

36 4 W Vdp

34::
32::
30::
28::
26::
24::
22::

20—

time

Figure 2-4 Change of penstock volumetric flow rate Vdp , m*/sec
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For further model implementation and synchronisation between parts of the whole system during

simulation, it is worth to put the following assumptions:

where

Dex —outflow pressure in conduit,

20

Pex = Psx = Ppx

(2-24)



Psx — outflow pressure in surge tan
Ppx — outflow pressure in penstock,

and surge volume level:

_Ms (2-25)
PsAs

S

It is worth to mention that this type of model has taken into account simplified combination of penstock
and turbine.

The simulation program implemented in OpenModelica is shown in Appendix C.

First that is seen from the graphs that the calculation crashes at 100sec, probably it is related to some
uncertainties among fanning friction factors. There was an attempt to udjust these values, but it was not
really successful. It is also visible from Figure 2-6 that the values are increasing with time, that is also
quite impossible . It is “expected” that it can be increase, but still after some time they should stabilize

around 50.

It is also worth to mention that this type of model has taken into account simplified combination of
penstock and turbine. And for the future library it is of great importance to show the synchronised work
of the whole parts of the system and show the influence of different types of regimes that can appear and
level of detail of station performance. Despite of example simplicity, it has not taken into consideration
electric part of the system and its possible control, which also is a crucial source of sufficient influence
on working regimes. That is why the newly appearing requirement for the extended library is not only to
save the simplicity, but to be able to cover most of possible station working modes, such as short circuit

or system overload.
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3 Hydro Power Plant Modeling

3.1 Overview

The main purpose of detailed hydro power plant is to have a look into each part of plant separately. For
sure that partially has been done in previous section, but here the look will be put into possible way to
extend the library. The theoretical base for such extended hydro power model was presented in previous
master thesis related to this topic (Shaheri, 2011). Some parts of model will stay the same (penstock,
tailor water, control system), as it was shown at previous chapter. But the current mathematical model
with possible options for extension of some its parts (turbine) will be described further.

3.2 Modeling of Hydro Power Plant Parts

3.2.1 Waterway with Penstock

As it was mentioned above the model for waterway with penstock' can be taken the same it was
described in section 2.2, equations (2-21), (2-22), (2-23), (2-24). The above model is valid for the

system with inelastic penstock, that is going to be used for further simulation.

For further modelling and model library specification the model of waterway way with elastic penstock

can be also evaluated.

3.2.2 Turbine

Turbine can be named one of the most complicated parts of hydro power plant, not only because of
different types that can be installed, but also because of different methods of its investigation and
calculation.
As it was researched while work on model for case study hydro power plant rotational turbine is used.
Its particularity is that “the working fluid completely fills the passageways through which it flows”
(Bruce R.Munson, 2013). There are two types of rotational turbines:

- Francis turbine (the one that is used at Sundsbarm plant) is mixed-flow hydraulic turbine (Bruce

R.Munson, 2013), shown on Figure 3-1;

- Kaplan turbine is “the most efficient type of turbine” at very low heads the most efficient type
of turbine and is the axial flow or propeller turbine (Bruce R.Munson, 2013).

! Bernt Lie, ongoing report "Modeling and Simulation of Sustainable Energy Systems. Process System Simulation”, August
2013
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Figure 3-1 Francis turbine construction': 1)Volute 2)Fixed guide vanes 3)Adjustable guide vanes
3)Runner 4)Draft tube 5)Support bearing

In Chapter 2 model of Pelton turbine, that is “a classical example of an impulse turbine” (Bruce

R.Munson, 2013), was described. For the following thesis case Francis turbine is going to be evaluated.

In the example model in section 2.2.1 the turbine that was used is a Pelton one. In the remaining of the
thesis Francis turbine will be used.

There are a few methods of turbine work investigation:

- Using dimensionless analysis;

- Using “velocity triangle”.
In case of dimensionless analysis the important parameters that can be determined by turbine are the
pressure drop 4p and the mechanical power W. For their calculation volumetric flow through the

machine, rotational speed of the aggregate and actuator signal should be known”. That is why for steady

state operation of the machine the following relationship must be satisfied:
fi(8p,V,N,W,p,u,3,D,Y) = 0,j = {1,2} (3-1)

where

! Dr.Ir.Harinaldi, M.Eng, Mechanical Engineering Department of Engineering University of Infdonesia, presentation
«Reaction Turbines», Mechanical Engineering Courses

® Bernt Lie, ongoing report ”"Modeling and Simulation of Sustainable Energy Systems. Process System Simulation”, August
2013
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Ap is the pressure drop over the machine,

V is the volumetric flow rate through the machine,
N is the rotational velocity of the machine,

W is the produced mechanical power,

p is the fluid density, u is the fluid viscosity,

B is the fluid compressibility,

D is machine diameter,

Y is dimensionless actuator signal.

Using the set of basic dimensions A= (mass, length, time), the dimensions of the 9 arguments
q = (Ap,V,N,W,p,u, 3, D,Y) of function f; can be shown as follows:

[Ap] = masstlength™ltime™?2 (3-2)
[V] = mass®length3time ™1

[N] = mass®length®time !

[W] = masstlength®time™3

[p] = masstlength™3time®

[u] = masstlength~time™?
[B] = mass~tlength'time?
[D] = mass®lengthltime®

[Y] = mass®length®time®

For description of turbo machines the following sets of dimensionless numbers can be used Table 3-1).
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Table 3-1 Sets of dimensionless numbers for turbine’

Dimensionless numbers Comments
v -
Ty = = Flow coefficient
ND3
Ap ..
Trp = = Pressure coefficient
N2D?p
w -
Ty = — Power coefficient
N3D5p
ND?
TTre = P Reynolds number
U
TTpa = pBD2N? Mach number
u .
Ty =Y = T Dimensionless actuator signal

This form allows choosing a number of alternative dimensionless numbers,that come from combination
of several above mentioned numbers. For turbine two dimensionless numbers are calculated, that is
shown in Table 3-2.

Table 3-2 Calculation of two dimensionless numbers”

Alternative dimensionless numbers Comments
iy 114 Turbine efficiency
T = = —
T omyma,  ApV
1 . Qo
()2 N Specific speed
Ty 5 T
(TIAp) 4 (AP)"I’
1
piwz

For turbine model simplification it is worth to use principles of Buckingham’s theorem, which allows

writing similarity model:

! Bernt Lie, ongoing report "Modeling and Simulation of Sustainable Energy Systems. Process System Simulation”, August
2013
® Bernt Lie, ongoing report ”"Modeling and Simulation of Sustainable Energy Systems. Process System Simulation”, August

2013
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A W  ND? . (3-3)
Fi(e—,—— —— =2 ppp2N2y) =0
ND3'N2D2p’ N3D5p K

from which applying “decoupling” and mathematical simplifications with regard to dimensionless
numbers from which W can be found. Using Hill charts efficiency of turbine can be estimated. Further
Hill chart explanation will be provided

Another method that is used for defining turbine produced mechanical power and efficiency is “velocity
triangle”. The movement of water particle from the guide vanes till the moment it leaves the runner is
shown on Figure 3-2.

L.J‘]
| 11'”/:]
=~ S i
) H Cri

Figure 3-2 Movement of a water particle in turbine’

From mentioned above figure with Euler equation’ energy given to the runner can be estimated:

! Dr.Ir.Harinaldi, M.Eng, Mechanical Engineering Department of Engineering University of Infdonesia, presentation
«Reaction Turbines», Mechanical Engineering Courses

? Dr.Ir.Harinaldi, M.Eng, Mechanical Engineering Department of Engineering University of Infdonesia, presentation
«Reaction Turbines», Mechanical Engineering Courses
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g W _ WiGn = UsCo) (3-4)
mg g

where

Q is flow rate through the runner, [m>/sec]

Cy1 =——2 _and Cyz = are flow velocities, [m/s]

2TL'T1b1 anzbz
b - runner height, [m].

For reaction turbines effective head, Hg, which is relative to the surface of the tailrace (Dixon, 1998),
together with “kinetic, potential and pressure energies” forms the following energy balance at entry to
the runner:

- 1 3-5
Pz pa+—c§+g22 (3-5)

g(Hg — AHy) = 2

where AH), is the loss of head due to friction in the volute and guide vanes and p, is the absolute static

pressure at inlet to the runner, as it is stated in (Dixon, 1998).

For runner outlet it can be stated, that:

— 1
Ps~ Pa + §C322 + 923

g(Hz — AHy — AHp) — AW = (3-6)

where gAHpis friction work in the runner, AW is the specific work, p5 is the absolute static pressure at

runner exit.

From (3-4)(3-4)and (3-5) the specific work is calculated:
Poz2 — Po3 3-7
szT_g(Zz_Zﬂ_gAHR (3-7)
where pg,, po3 are absolute total pressures at inlet and exit runner respectively,

Z4 is the vertical distance between the exit plane of the runner and the free surface of the tailrace
(Dixon, 1998).
The expression for hydraulic efficiency is the following formula and The hydraulic efficiency of
turbines is shown on Figure 3-3:

AW (3-8)

= Gty
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Figure 3-3 Comparison of Hydraulic Turbine Efficiencies’

For sure method based on basic calculations is more simple, but it gives not so accurate estimation of
turbine working regimes and do not take into account the parameters that are used in dimensionless
analysis.

For the turbine design it is of great value to use of “hill charts”, that provides efficiency as “a function of
the turbine volumetric flow and head at design speed for a specific series of turbines” (Shaheri, 2011).
As it was mentioned above hill chart is a turbine efficiency charts that are defined for different types of
turbines can have different origin, for example®:

- From experiments that are run with investigated turbine. After that information is tabled, that
allows further to use interpolation.

- From experiments that are run for turbine of similar type, and the received data is generalized by
using similarity models for the turbine that is investigated. Benefit is that this method can be
used for a number of different turbines.

- From computational fluid dynamics methods with a usage of detailed simulations of the turbine.

For Francis turbine the following set of design operational values, (V°, H°, N°, 1 ' Y), where Ap°® =

pgH° and Wo = Ty Ap? Vo, form the hill chart, that is shown on Figure 3-4.

! Dr.Ir.Harinaldi, M.Eng, Mechanical Engineering Department of Engineering University of Infdonesia, presentation

«Reaction Turbines», Mechanical Engineering Courses

? Bernt Lie, ongoing report ”"Modeling and Simulation of Sustainable Energy Systems. Prosess System Simulation”, August
2013
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Despite of the fact that the chart shown on Figure 2.8 does not utilize the idea of similarity, the
following procedure can be followed':

1. The actual flow rate V, the actual rotational speed N and the actual actuator signal ¥ should be
known.

Hypothetical volumetric flow rate VV* is calculated using similarity principles:

Actual pressure drop can be calculated using dimensionless number:

% Vv < N )2 (3-9)
Ty =Ap =Ap* | =

= ND3 = N*D3 NO

Efficiency is a dimensionless number in the similarity model. But due to the fact that large size turbines

are usually more efficient than the smaller one, some deviations from the computed value are accepted.

! Bernt Lie, ongoing report "Modeling and Simulation of Sustainable Energy Systems. Prosess System Simulation”, August
2013
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Figure 3-4 Hill chart for Francis turbine

For case study of this thesis the experience from (Shaheri, 2011) was taken into consideration and the
hill chart was tabulated for specific turbine using relationship between position data (R,%, 6, degree)

“of a particular point in the hill chart and corresponding values” can be calculated (Shaheri, 2011):
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Rcos(72.04° +60) =32.2+Q (3-10)
) 134
Rsin(72.04° + 0) = 331.6 + (H — 6O)W
where Q is percent discharge, H is percent head, 6 is guide vane opening in percent measured in

clockwise direction. Table 3-3 demonstrates 8 for the range of vane openings.

Table 3-3 The angle 0 for different guide vane openings (Shaheri, 2011)

0, degrees 0 0.64 1.5 2.56 3.3 5.3 6.76 8.16 10.09
Guide vane 1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2
opening, p.u
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Figure 3-5 Relationship between turbime head and guide vane opening (Shaheri, 2011)
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3.2.3Turbine controller

In (Shaheri, 2011) the wide explonation of turbine controller was given. The basics for the controller

theory (according to (Shaheri, 2011)) lay in “swing equation” and “speed drop”.

The “swing equatio ““ outcome has already been used in Chapter 2, and also is going to be applied for
synchronous generator (where it is going to be explained more detailed). It is known, that the electrical
frequency changes depending on “the balance between the total generated and consumed power in
network™ (Shaheri, 2011). The generator is used for its correction by variation of output power. Due to

turbine governor this effect becomes possible.
According to (Shaheri, 2011) droop, or a regulation, can be calculated as:

Af/fref (3'11)

S =-100
AP /Sg

where
S is a droop,[%]
fres is a desired frequency of network, [Hz]

Sg is a rated power of generator, [MVA].

Block diagram of transient droop controller for hydropower turbines is shown on Figure 3-6 Block
Diagram of Transient Droop Controller. As it is seen this system consists of two servomors: pilot one,
which is responsible for relay valve operation , that is connected to the main servomotor, which is
responsible for the guide vanes opening position and is “modeled as an integrator with limit on the
output and also on the rate of change of the guide output in both directions (increasing-decreasing)”
(Shaheri, 2011). The drawback of such governor is “the feedback for implementing the steady state
droop is taken from the guide vanes position instead of generator output active power” (Shaheri, 2011).

r—- -~ -~ - T T" T MAINSERVO _ _ _ _ _ _ _ __

I + : :_ _:

. Y o G 1 PILOT | . M |

! + | SERVO | Yov 1|

I +, o )€ ' o —L | u; ] /Y J !

! Y I | —— ov |2 -

: fu’lr f_—c[ A o | ]+ 'T‘Pi,’ | Tg _' _/ 1‘! + / _:__.. YI:.'\.
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o R | o 0

! I L . = N
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\ Met d 0 Ts |

. ' 1+ Ts |

| + |
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Figure 3-6 Block Diagram of Transient Droop Controller (Machowski, 2008)
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From (Machowski, 2008) values for parameter of transient droop are taken:
Tp = 0.04[sec], T, = 0.04[sec], T, = 5Ty, 8 = 2.5T,, /T,

where
T,, is water starting time, [sec]
T, is mechanical time constant.

For future simulation the transient droop controller model can be stated as in (Shaheri, 2011) and
shown in Table 3-4.

Table 3-4Transient Droop Controller Model (Shaheri, 2011)

d= SYGV — Xy
f
e = G(YGVref - ch) - (f_ - 1) —d
ref
dx;
Tra + Xy = SYGV
du
Tp E +u=e
ODYGV <0 orYGV >1
dYey | Y& u/T, = Y&
dt _ '(I;I{}H’Ti S _Yg{}n
g
Else TV — 4
dt Ty
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3.2.4 Electrical part: Synchronous generator

The library implementation is not possible without description of electrical part of hydropower system,
which is quite complex. But for developing model library it was simplified taking into account its main
part, synchronous generator, which is 12-pole. It is shown on Figure 3-7.

LEGGEND
&y Cunont fowing parmandouie
T e s

(%) Cumont fowing perpanicLie
crwards of o paga

m, Numbeer of pode

"&" Pola

! Direction

of
Aotabion

Figure 3-7 Cross-section area of a 12-poles synchronous generator (Shaheri, 2011)

({92

It is of great importance to understand the meaning of denotations of Figure 3-7. For phase “a” stator
slots are denoted as a;, a,, a3 (Shaheri, 2011) The same notation is applied for phases “b”” and “c”.
Phases “a”, “b” and “c” are “armature windings and are responsible for “the generator output current
and producing terminal voltages” (Shaheri, 2011). “Field windings” are marked by “F”. Constant direct
current (DC, or so called “field current”, “rotor magnetizing current” is carried through “F” and
responsible for steady-state. D and Q, “Damper Windings”, are “short circuited windings which stabilize
the generator operation during rapid changes in operating conditions” (Shaheri, 2011). The armature of
the machine is mounted on the stator and consists of a number of phase turn windings in such way that
to connect the flux from the rotor winding. As the rotor turns, the variation of flux from the rotor

induces a voltage in the armature windings.

The theory of synchronous generator is quite complicated. Its brief explanation will be given further in

range required for the future model library.

The Inductance Matrix

According to electromagnetism theory, the flux linkage in each of the machine windings can be
considered “as a linear function of the machine currents” (Shaheri, 2011). In case if “saturation and
hysteresis effects can be neglected” (Machowski, 2008):
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'W,1 [Laa La» Lac Lar Lap  Lag ] (g (3-12)
W, Loa Lpp Lpc Lor Lpp Lpg |]i,
ch Lca ch Lcc LCF LcD LCQ ic
Prl |Lpa Lep Lpc Lrr Lep  Lpq||ir
Lpa Lpp Lpe Lpr Lpp LDQ ?D
Lo Lop Loc Lor Lop Loglte-

Using values of each matrix’s “L” given in (Machowski, 2008) for two-pole machine, the following
relations can be used for a general machine with n,, poles (Shaheri, 2011):

n, 2T 21
0, ZGm?'Ge 206_?;®e =0, +?

Lge = Lg + L, cos(20,)
Lpp = Lg + L, cos(20;)
Ly, = Lg + L, cos(20y)

T
Lap = Lpq = —M; — Ly, cos (20, + 5)

T
Lye = Ly = —M; = Ly, cos (20} + §)

s
Lac = Lac = =M, — Ly, cos (207 + §)

Lar = Lpa = Mp cos(©,)
Lpr = Lpp = Mg cos(O¢)
Ler = Lpe = Mg cos(©¢)
Lap = Lpa = Mp cos(0,)
Lpp = Lpp = Mp cos(0;)
Lep = Lpe = Mp cos(0;)
Lag = Lga = Mg cos(0,)

(3-13)

Lyg = Lon = Mg cos(@¢)
Leg = Lgc = Mg cos(@g)
Lpr = Lp, Lpp = Lp, LQQ = LQ
Lrp = Lpr = Mg

LFQ =LQF =LDQ =LQD =O

where Lg, L, Mg, Mg, Mp, L, Lp, Ly and Mg, are positive real values of mutual inductances, ©,, rotor

angle which can “be measured from axes “a” to the nearest “N” pole in counter/clockwise direction”
(Shaheri, 2011).
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The conventional direction of current in the “Q” winding can be chosen differently, as it was shown in
(Machowski, 2008) and (Andersson, 2012). But for the investigating case for multi-pole machine the
experience of (Shaheri, 2011) will be used, where relations (3-6) were studied . The main principle that
was used is that relations were explained by describing the magnetomotive forces and flux line paths for

different cases and rotor angles:

Lgq: Figure 3-8 demonstrates the flux paths and magnetomotive forces generated by a constant

dc in the winding “a” for various rotor angles:

2k . o . .
1) 0, = = (k =0,1,..) when the poles are in one direction with magnetomotive forces,
p

induced by “a” windings. That causes the least rotor reluctance for “a” windings, and that is

why L., has its highest value.
2) For 0, = (2k+1)m (k = 0,1, ...) because of the symmetry no flux is generated (Shaheri,

Mp
2011) in rotor, hence the rotor magnetic circuit has the largest reluctance that leads to

minimum value of L.
5

| !

e e——
- \a@p
- )
\;] L4
mmf o \‘// 2 HI"-
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!, we Lines=) g f*"‘ III.- \
I | .
|III |III g; I].... ]
{a) {b)

Figure 3-8 Flux lines generated by the current in "a" windings for different rotor positions (Shaheri,
2011)
- Lgp: the case when the flux path is induced by dc currents in the “a” and “b” windings for two
different rotor angles and current directions (Shaheri, 2011) (shown on Figure 3-9):
1) 0, = (2km + z?n) /np (k=0,1,...) that gives equal and positive currents both in “a” and
“b” windings, the highest positive linkage with the “b” winding is due to the current in “a”
winding
2) 0, =2kt — g) /np (k =1, ...) that gives equal currents both in “a” and “b” windings, but
“a” goes with positive sign, “b” — negative. For this case the flux linkage reaches maximum

and negative value.
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:lt" (b) JGD

(a)

Figure 3-9Flux lines generated merely by the current in "a" windings for different rotor positions

- Lyrand L,p: for various rotor angles the flux path is induced by positive dc current in “a”

windings (Shaheri, 2011), Figure 3-10:

L Flux Linas
of \ﬁ"lﬂinliings

(d

(ch

Figure 3-10 Flux lines generated by the current in "F" windings and linking the "a" windings for

different rotor positions

1) ©,, = 4kn/n, (k = 0,1,...): the maximum magnitude are given by the flux linkages in the

“F” windings. The direction of flux that passes the “F” windings and the flux that was
induced by “F” windings are the same, that leads to positive mutual inductance.
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2) 0, = (4km + m)/ny, (k = 0,1, ...): no flux linkage in the “F” windings because of the

symmetry.

3) 0,, = (4km + 3m)/n, (k = 0,1, ...): no flux linkage in the “F”” windings because of the
symmetry.

4) 0, = (4km + 2m) /n, (k = 0,1, ...): the maximum magnitude are given by the flux linkages
in the “F” windings. The direction of flux that passes the “F” windings and the flux that was
induced by “F” windings are opposite, that leads to negative mutual inductance.

- Lqg, Lpg and Lpg: for various rotor angles the flux path is induced by positive dc current in “Q”

windings (Shaheri, 2011), Figure 3-11 :

Figure 3-11 Flux lines generated by the current in "Q" windings and linking the "a" windings for

different rotor positions

1) 0y, = 2kn/ny, (k = 0,1, ...): no flux linkage between “Q” and “F”, “Q” and “D” windings,
hence Lgy = Lpy = 0. No flux linkage between “Q” and “a” windings due to symmetry.

2) 0y, = (4km + m)/ny, (k = 0,1, ...): no flux linkage between “Q” and “F”, “Q” and “D”
windings, hence Lgy = Lpg = 0. The direction of the induced flux by a current flowing into
“a” winding is the same as the flux induced by current in “Q” windings. That is explaining
the positive sign of mutual inductance L, .

3) 0y, = (4km + 3m) /ny, (k = 0,1, ...): no flux linkage between “Q” and “F”, “Q” and “D”
windings, hence Lgy = Lpg = 0. The direction of the induced flux by a current flowing into
“a” winding is the same as the flux induced by current in “Q” windings. That is explaining
the negative sign of mutual inductance L, for this case.
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The Park’s Transformation

For description of steady state operation of synchronous generator Park’s transformation are going to be
used. The idea of such type of transformation is that “to formulate the rotating magnetic field produced
by 3-phase sinusoidal current flowing in the armature windings in a coordinate system fixed to the
rotor” (Shaheri, 2011). It is possible to model the stator magnetic field as the result of fractious windings
fixed to the rotor and carrying dc currents because of stator magnetic self- inductances of the fictitious
windings and their mutual inductance with rotor windings will no longer depend on the rotor angle. To
obtain the projection of the stator magnetomotive force onto the rotor frame the following expression is
going to be used:

H=H,u, + Hyu, + H.u, (3-14)

where:

H — resultant magnetomotive force vector at the rotor axis measured in the stator reference frame
[A.turns]

H,(Hy, H,) — resultant magnetomotive force of the current flowing in the “a”(“b”, “c”) winding

measured in the stator reference frame [A.turns]
u,(up, u.) — unit vector along the “a”(“b”, “c”) axis
For rotor reference frame H can be shown as:
H = Hyjuy + Hyu, (3-15)
where:
Hy (I-PIT]) — magnitude of projection of H onto the “d”(“q”) axis, m”
u4(ug) — unit vector along the “d”(“q”)

Terms of u4 and u, will be used to rewrite unit vectors u,, Uy, U, to calculate H, and H:, :

n,0 n,0
ua=cos( p2m>ud+sin( pzm)uq

n,o 2m n,o 2

Up =COS( pzm—?)ud+sin( pzm—?>uq (3-16)
n,o 2 n,o 21

uc=COS( p2m+?>ud+sin( p2m+?)uq

Putting (3-16) to (3-17) the following expression is received:

n,o n,0 21 n,o 2m
H = [Hacos( pzm)+Hbcos< pzm——)+Hccos( p2m+—)]ud

3 3

n, o n, o 2T n, o 2T
+[Hasin< p2m>+Hbsin( pzm—?)+Hcsin( p2m+?>]uq

(3-17)

(3-16) can be rewritten as:

40



It is known, that:

. [30 1T
PPT = |2 glandP 1 =[
02 1 0

3 2 2 3 2 3
n,0m ) (an Zn) _ <np0m 2n>
sm( 5 ) sin | — sin | — +
1 0 0
PPT=PTP=]0 1 0
0 0 1
H,
Applying the transform P to | Hj, |, the following can be obtained:
H,
\/g (Ha + Hb + Hc)
HO 5 Ha
Hd = _Hd =P Hb
3
H, H,
2 ~
Jim

H,
H,
H (3-18)
(3-19)
(3-20)
(3-21)

In the current operation case the sum (H, + H, + H.) is equal to zero because of (Shaheri, 2011):

1) The armature windings are star connected, no ground connection
2) No saturation effect or no imbalance armature currents.

If the values of (Hy, ﬁ;) are known, the values of set (H,, Hy, H:) can be determined any time then,

and vice versa.

Application of correction factor \/; , Hy and H, allows preserving the direction of stator magnetic field

H,
H,
H,

measured in rotor frame and preserving its strength. Moreover
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current flowing in the armature windings on the magnetic field seen by the rotor” (Shaheri, 2011).

current vector . That allows usage of transform P “to study the effects of a three phase sinusoidal

Transform P can also be applied to transform voltages across the armature into the rotor frame.

The Park’s transform matrix can be rewritten in the following way, inserting (3-21):

1 L
G5 7 - (3-22)
3|cos(B8,) cos(B)) cos(8))

sin(8,) sin(6,) sin(6;)

Flux Linkage Equations
Park’s transformation matrix can be written as:

P 03)(3
Pext = [03><3 13><3]'P£xtpext = Pextpgxt =1 (3'23)

Combining (3-22) with (3-23) allows receiving the following:

Wo Wa] 1a] o]

Va U ip Iq

lqu q’c ic T iq

l-IJF - Pext lIJF - PextL lF - PextLPext lF (3_24)
Up Up ip ip
[Wol [Wol i ig.

where L is new inductance matrix in the rotor frame (Shaheri, 2011).

L can be independent from rotor angle, that makes possible to rewrite flux equations:

Wol Lo O o 0 0 0 7 ri
l,|Jd 0 Ld 0 kMF kMD 0 14
Ug[_[0 0 Ly 0 0 kMg |ig
Ur 0 kMg 0 Lr Mg 0 ip (3-25)
ol 10 kM, o M, 1L, o0 | |ip

where:

Lo = Ly — 2Mg, Ly = Lg + Mg + k2L, Ly =Ls+Ms+k2Lm'k=\/§

Voltage equations
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The electrical connections can be explained using the conventional directions for currents and voltages.

Taking into account dependence of mutual inductances on the rotor angle, the equation for voltage

directions can be written:

Vb
VC
—Vg
0
0

[ 2
|

‘l [ r
I

FQ_

R

dt

Using extended Park’s transform to (3-25) , the following will be result:

[
|
|
|-
I
|

(PextLPext

<
)

<
=3

<
s>}
e e
I I

<
a

o o

_Pext

Shortly it can be expressed as:

PextPext

Consequently the voltage equations are:

Vo
Vq

I_VFI_

10

_ia_
Ip
ic
(PextLPext iF -
ip
1]
_ljJO_
Yq
$‘* + Pl
F
Up
o |

—

ppPT
03X3

T
p ext

03><3
03><3]

I'p

rQ_

The Swing Equation
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For description of amount of energy available in rotating parts of hydropower plant, rate of its change

can be given as (Shaheri, 2011):

dwpy
Jom T = Pin — Ploss — Pout = ngntngtQt Pout
_ doy,
R NT:

where

P, — hydraulic power transferred to turbine, W

P,ut — active electric power output at terminals of generator, W
Poss — power losses through turbine and generator, W

H; - turbine head, m

Q; — turbine volumetric discharge, m*/sec

ng — overall efficiency of generator

N — overall efficiency of turbine (hydraulic and mechanical).

Active electric power output is:

Val® [ia
Pout = ValatVpip + Veie = Vb ib =

T
= Volatvglp + Vgic

Generator Model Simplification
The following equations are used to form a model:

- the flux linkage equation (3.16)
- the voltage equation (3.18)

- the Park’s transformation (3.13)
- the swing equation (3.19)

To decrease order of the equations the following assumption can be used:

[Wa| < |weWql, g « lwedql

According to (Machowski, 2008) it can be assumed that:

- in (3-30) terms g, lqu are ignored

(3-28)

(3-29)

(3-30)

- currents and voltages are balanced, consequently v, and i, , and hence s, and s, will be equal to
zero. That leads to removal of the flux linkage and the voltage equation along the “0” axis to reduce

model order.

44



- Existence of one or both damping of the damper windings can be ignored
- Ignoring of y allows ignoring of dynamics of changes in the field current in (3-30). As the result
the steady state of generator voltage-current relationship can be received.

Applying all mentioned above towards (3.27) the following can be obtained:
o D P | o
0 (‘)eq-’d
[1d] [ —a)e(Lq q T KMqiq
i we (Lgig + kMgip + kMpip)

(3-31)

For stable operating network the value of w,, generator frequency, is not constant, and is characterized
by zero-mean oscillations around the system center of inertia frequency fs(t). As it is mention in
(Andersson, 2012): “Normally fs(t) has very slow variations and can be regarded constant if the time

duration for studying the generator dynamics is not too long.”

The following formula can be used for calculation of the rotor electrical angle of generator:

0.(t) = 2mf,t + 8,(t)

t t (3-32)
8. (1) = 6.(0) +f [we(T) — 2mfg]dT = 6.(0) +J Aw.(T)dT
0 0
It can be assumed:
[Awe (V)| K wg = 2T (3-33)
where fg almost constant system frequency.
Applying above mentioned assumptions, the following is obtained:
[ ] _ _[ [%d]+[ wskMqi
Vq X4 T'lllq] lwskMpip + wskMpip) (3-34)

Xq = wglyg, Xq = wslyq

It is worth to mention that time accumulation of Aw.(t) influences on the system model’s voltage-
current relationship due to changes in the Park’s transform. If generator is in parallel with ideal three-
phase voltage source, the terminal voltages can be calculated as:

v, (t) = Vsinwgt, vy (t) = Vsin(wgt — 2?”), v.(t) = Vsin(wgt + 2?”).

Vsind

], that is a confirmation of the fact that
Vcosd

\%
So transformed voltages can be rewritten as [V ] = [
q

v
Aw, (1) influences on [VZ] by changing rotor angle.

Generator Steady-State
It is known that steady state field current value i is calculated as v¢/r¢, transient term in the field

current is Aig, that is why it can be written if = ? + Ai;. That allows the following transformation:
f
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ig _ .
[Vd] _ _[ r Xq 0 ] iy +[ (f)SkMQlQ | (3-35)
Vq —Xd r —ooskMF/rF Vi (l)SkMFAlf + (l)SkMDlD)

That is an output equation for system with three inputs, two outputs and three states (ig, iq and Aif which
tend to zero as the system reaches a steady—state condition) (Shaheri, 2011). The following
combinations can be chosen as independent variables: (ig, ig, V& ), (Va, iq> V¥ ), (ia, Vg» VF )s (Va, Vs VE)-
The other variables are chosen as outputs for each case. Some correlations are possible, such as (ig, iq)
and (vq, v4) because of the load dynamics, or vg and (vq, vq) because of the system excitation.

Obviously it is expected that any disturbance of the system will lead to change of variables’ values. The
changes, for example in the load, can be in form of step, that allows the system getting a new steady
state conditions, while terms iq, ip and Ai¢ vanish. Then the following steady state values (ig, ig, Va,

Vg, V) should meet the following equation:

14
[Vd] _ _[ r  Xq 0 ] iy (3-36)
Vq —Xq T —wgkMg/rg Ve

e——

which can be shown as:

Vd _ r Xq id 0
[Vq] T [_Xd I‘] [iq]+[eq] (3_37)
eq = 0,6, = ef = wskMg/rg

To explain the simplest generator model the swing equations, the Park’s transformation and equation
(3-37) can be used. In this case damper windings are neglected and transient currents induced.

Operations’ Assumptions

As it was mentioned above, system will experience different operational states. That is why it is crucial
to set operations’ assumptions with a view to the fact that “after any disturbance system will reach a
new steady-state condition as the induced currents iy, ip and Aif vanish” (Shaheri, 2011):

- The most fast going phenomena in generator is reduction of induced current in the damper (the order
of time constant is from 0,01 to 0,1seconds). That is why all duration variables, except from iq and ip,
can be taken as constant. Consequently the generator operation within this time interval can be named as

“subtransient”.

- The generator operation after damper currents disappeared till the moment when generator reaches the
new steady state ( time interval for this period within field windings has an order from 1 to 10) is named

as “transient”.
These two assumptions lead to further simplifications that will be explained further.

In case of “generator dynamics with transient phenomenon’ model above stated assumptions can be
more detailed with taking into account transient field current effect on the generator voltage-current
characteristics. Neglecting the damper currents, it can be got:
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[ZZ] == [—id qu] [ij]*[wsk?vmp] (3-38)

Neglecting damper current ip the following is received:

: . . 1 kMg |
Yr = kMgiptLpip = i = L Vr— L—FFld
(3-39)
: ; : V., 1
Vg =Tplp + Yp= Ip = —ig—— Wp
F F
Combining (3-38) and (3-39) the following voltage equations can be obtained:
Vg r  Xq|[ia] req
[Vq] T l—x’ r l [i ]+[€']
d q q
Xg = wsLly , Xq = Xq
Lg=Lq —
Lr
, , kMg
eq = 0,eq = (USL_‘IJF
F
Eliminating ir from both of (3-39) equations, it can be received:
\%: 1 . _ 1 kMF .
re lq e Yp = L Yr L lq
Multiplying both sides by wskMg, allows obtaining of the following:
L kMg . kMg k2MZ . Vg
Ews L lIJF'|'(‘-)SL_FqJF_O‘)s v 1d_wskMFg
It can be written:
! de(’l ! ! :
Tdo% =—eqgte; +(Xq —Xq)iq
Lp (3-41)

T
Tdo -
I'p

Assumption: wg = 0

According to (3-41) it can be said that system frequency wg is almost constant, that is why the

. . deq d kM kMg
following statement will work: —% = < (ws —FL|JF) = ws—Yp .
dat  dt Lp Lp
Consequently, (3-41) swing equations, Park’s transform and definitions x4 ,X4 ,€4 and ey form the
transient model of generator in which variations of the field current are used.
To formulate “generator dynamics with both transient and subtransient phenomena” equation (3-38) will

be analyzed without neglecting of any terms. Using terms of ig,ig, W, Wp and Yq, ig, ip and iy can be

evaluated:
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kMQ

(. LD(‘IJF — kMgig) — Mp(Yp — kMpig) i
. . i | I = 7 (3 42)
lIJF = kMFId + LFIF + MRlD } :4 LFLD - MR
Yp = kMpig + Mrir + Lpip . Lp(yp — kMpig) — Mr(Yr — kMgig)
Ip = 7
L LgLp — Mg

Applying (3-42) towards (3-38), the following can be received:

== ]

"no_ LII, =1L —
Xq = Wshg, Lq q Lg
(3-43)

LpMZ+LgM3 -2MgMpMg

xg = wslg, Lg = Lag — K*( LrLp—M} )
eq = wsk 2 Yr + wsk 2 Up
LgLp — Mg LgLp — Mg

Using relations from (3-43) towards (3-25) and relations (3-43)allows getting of the following

. 17 ",
expressions for eq and ey ’:

! de:'ll ! 145 ! n
Qg ~ Cd T €d + (Xq —Xq) Iq
" Mg, 1 (3-44)
Tgo = (bp =) =
L
143 Q
T} = =2
o rQ

Assumption: wg = 0

Consequently, (3-43), (3-44) ,swing equations, Park’s transform and definitions xg, Xq, eq and eg form

the complete model of generator.

Generator Models
As it is seen there are three models of generator work for which it can be done one general assumption
(Shaheri, 2011) that generator efficiency ng involves resistive losses in armature windings:

Pout = 3[Valg + Vglq + r(13 + 1] (3-45)

Formula (3-45) is going to be used further for Voltage-Current relations for generator models.

Based on theoretical explanations that were shown above the following generator models can be

formulated:
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1. Steady state generator model is the simplest model, in which transient effect is neglected. The
model is shown in Table 3-5.

Table 3-5 Steady state generator model

Vd . r Xq Id Ed
Vq] T [_Xd r ] Iq]+[Eq]’
where:

e w kMg v
Eq=0Eg=FE =—+=—""F7T  x/ = wlp, xq = wslyq

Ff\/§

P

Ve = e/’ (Vg + jVa) —phasor of terminal voltage in the system reference frame

Iy = e’ (Iq + jla) - phasor of output current in the system reference frame

With assumption , that v, = i, = 0 and taking into account that V4 = :'/—% and the same can

be applied for other voltages and currents, Py, = [Edld + Eqlg + (Xq —Xq )Iqld]
The Swing Equation (steady state):
Pout = NgnepgHQy, 8 = const

2. Transient state generator model
The model is shown in Table 3-6.
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Table 3-6 Transient state generator model

!

E
Tio—— = —Eq + Eq + (Xq —x9) Ig

dt
Lg wskMp v¢ wskMp v¢
TI — —, EI — E — _ EI - ,
e Y S Y S

Xq = wgLg,Xg = wsLy

d — Hd I F
[Vd] l r X(,ql [Id] Ecli]
"q —X('j r Iq Eé

Xq = Xq = WsLq, Eg =0
Ve = e’ (Vg + jV4) —phasor of terminal voltage in the system reference frame
Iy = e’ (I + jla) - phasor of output current in the system reference frame

With assumption , that v, = i, = 0 and taking into account that V4 = :;—% and the same can

be applied for other voltages and currents, Py, = [E(’lld + Eglg + (x4 — x{l)lqld]
The Swing Equation (steady state):
dwp,
Jom T = ngntngtQt — Pout

np dé,
we=7oom, Awe = We — g = It

It is worth to mention that from experience of (Shaheri, 2011) for transient state explanation
“any current or voltage signal within the system” can be shown as:

[ cos(2rf; + a(t))
2
s(t) = V25(1) cos(2rfs — ?T[ + a(t))
cos(2mf; + 2?71 + a(t))

where f; is agreed reference frequency in the power system which is fixed or varies slowly
(Andersson, 2012), S(t) is he “root mean square (rms) value of each of the entries of the vector
s(t)" (Shaheri, 2011).

That is why for steady state operation or operating point (Shaheri, 2011):

Qo ;
lto = ——=5—, 9, = arctan—, I, = I;,e7/%° 3-46
to 3VS Do arctan PO to to€ ( )

where
P, - an active power at steady state condition, [W]

Q, - areactive power at steady state condition, [FVA]
@,- a power angle at steady state, [radian]
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I, is RMS value of terminal phase current at steady state, [A]

I;, is phasor of out put current of generator at steady state, [A]
Putting [, to Table 3-5 Steady state generator model will give the values for currents:

lgo = — I sin(@, + 8,0)

do to Do eo (3_ 47)
Iqo = It COS((po + 6@0)

where §,, is electrical rotor angle, [radian]

8., can be calculated taking into in consideration Table 3-6 and be written as:
Ito (Xq + Xe)COS(pO — I, (r + r.)sing,

Vi + I, (r + ro)cose, + I, (Xq + XE)COS(pO

d., = arctan (3-48)

where V is phase bus voltage, [V]
The voltage across the field winding using transfer function can be expressed as:
Efo = Vs5€058¢0 + 140 (r+r.) — lao(Xa + Xe) (3-49)

Terminal voltage is voltage reference set point for the exciter, which controls voltage across the

field winding with transfer function[V], can be calculated as:
_ Efo
Vtr -_ VtO + — (3'50)
Kg
where
K is excitation system gain
V;, is phasor of terminal voltage of generator at steady state, [V]

Subtransient state generator model

This model is the most complete and takes into account subtransien calcult phenomenon in

damper windings. The model details are shown in Table 3-7:
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Table 3-7 Subtransient state generator model

n

17 q I " I 17

do gt =Eq_Eq+(Xd_Xd)Id

" dE(Ii’ ’ " ’ "
TqOT = Ed - Ed - (Xq —Xq) Iq

Mg\ 1 Lg kMg
T = (L _ _R)_ T/ =22 ¢ — 1M=L, —
do d 4o Ty ¥a T Wsbg Lq T Lq T

"o_ 7 "o_ L2 LpMZ+LgM3—2MgrMp Mg
Xg = wsLg, Lg = Lgq —Kk°C LrLp—MZ )
’ ’ ’ / kZM% ’
Xq = Xq = (‘)qu»Xd = a)sLd ’Ld = Ld - LF , Ed =0
’ q ’ ’
Tao g = “EatEq + (Xa —%a) I
LF a)skMF A%
T, = E = = ,y Xg — w L
do I'g q f I'F\/§ d shd
[Vd] L l r xg{l Id]+[E,;’]
Vq —Xa’ r Iq El,],

Ve = e’ (Vg + jV4) —phasor of terminal voltage in the system reference frame
Iy = e’ (I4 + jla) - phasor of output current in the system reference frame

With assumption , that v, = i, = 0 and taking into account that V4 = ://—% and the same can

be applied for other voltages and currents, Pyyc = [Ef1q + Eylq + (x§ —Xxq )Iqld]
The Swing Equation (steady state):
dw

Jom _tm = ngntngtQt — Pout
n, dé,
We = 7wm, Awe = We — g = s
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4 Simulation of Hydro Power Plant library: structure

4.1 Modelica Basic Definitions

As it was stated earlier, before the following master thesis some attempts to build model library were
done, for example (Shaheri, 2011), which was implemented using MATLAB as programming
environment. In the following case OpenModelica will be used, which is “an open-source environment
for modeling, simulation, and development of Modelica® applications” (Fritzson, 2005). Its properties
are (Fritzson P. , 2006):

Declarative and object-oriented, what means usage of acausal classes

Equation-based

Parallel process modeling of real-time applications according to synchronous data flow principle
Functions with algorithms

Class structure: models, functions, packages, parameterized classes etc.

For further work some definitions that are widely used regarding OpenModelica should be sated
(Fritzson P. , 2006):

Model is a class that cannot be used as connector class.

Block is a class with fixed input-output causality.

Function is a special kind of restricted class with some extensions. It can be called with arguments.
Connector is an example of connector classes.

Package is a container or name space for names of classes, functions, constants and other allowed
definitions. While package designing some principles, such as the name of package, structuring of
the package into subpackages, reusability and encapsulation of the package, dependencies on other
packages should be taken into account.

Modelica® packages and subpackages are used to structure hierarchical model libraries, the example of

which is Modelica library (Fritzson P. , 2006). It consists from sublibraries from different application

fields, for example constants, electrical, icons, maths, mechanics, SI units, thermal etc.

The translation process in Modelica® environment is shown on Figure 4-1.
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I fModelica-
~ Source code
<~ - 4mmm Modelica Model

Flat model

Sorted equations

Optimized sorted
equations

C Code

Executable

Figure 4-1 The translation process in Modelica environment (Fritzson P. , 2006)

Nowadays Modelica has a great range of environments. Modelon and Dymola were mentioned in
section 1.2, but of current interest OpenModelica is, because it is free software for modelling and
simulation of industrial processes (as hydrology is). However OpenModelica is open source
implementation and is under constant development, that is why some sort of mistakes are expected to be

faced.

4.2 Structure of Library

Considering example and previous studies for a future library it is worth to divide it into sub-libraries:
hydraulic and electrical. The hydraulic sub-library will focus on the waterway and the turbine. Electrical
sub-library will focus on the synchronous generator, the grid and the load. Taking in account possible
difficulties that can be caused by software limitations, it is possible that the turbine and the aggregate
can be put into separate sub-libraries.

Taking into account particularities of hydro power plant system that were described in Chapter 2, plus
literature overview on this topic and previous works , and discussion with thesis supervisor, primary
the following model library structure was offered (Figure 4-2).
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' Hydraulic part

e Waterway with penstock:

-incompressible
- compressible
inelastic flow
- elastic flow
e Surge tank:
- open to atmosphere
- closed to atmosphere
e Turbine:

-

-

-~

Electric part

* Generator:
- synchronous
- asynchronous
- detilised synchronous
- detilised asynchronous
e Grid
e Load
* Transformator
e Error situations:

- Pelton - shot circuit
- Francis - overload
- Kaplan | | .

Figure 4-2 Primary model library structure for hydro power plant

Obviously, that this system will be connected with control system that will allow switching between its
parts, its regimes and allows implementation of work synchronisation.

The presented model can be defiantly specified further, but taking into account example shown in
Chapter 2 and the mathematical models of each hydro power plant part, presented in Chapter 3, the

simplified model structure shown on Figure 3-2 will be implemented.

Waterway Guide vane
oL . . . Synchronous
with inelastic opening Turbine
generator
penstock controller

Figure 4-3 Simplified model library structure

After revision of models that has already been implemented (for example the one presented in (Shaheri,
2011) and again taking into consideration theoretical modeling it had been expected that the model

library could have been presented as it is shown on Figure 4-4.
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“Head” model

Main model from where all functions are
called and which collects the final outputs. It
also contains all constant parameters of the
library

Generator Function

Calculates time derivatives of
generator (power, angle,
current)

Inputs: time, controller
function outputs

Outputs: electrical rotor angle,

voltage, power, electrical
current, frequency

Guide Vane Opening Function

Calculates gate opening at

certain time period
mputstime :>

QOutputs:guide vane opening

Controller Function

Calculates time derivatives of
transient droop controller

Inputs: angular speed of
turbine

Outputs: guide vane opening,
transient droop state

Head of Turbine Function

Calculates head value
corresponding to guide vane
opening and discharge
Inputs: guide vane opening,
water flow

Waterway with Inelastic Penstock

Shows changes of parameters in a
waterway with inelastic penstock.
Inputs:guide vane
opening,angular speed of turbine,
turbine efficiency

Qutputs: turbine power, change of
flow with a time, pressure drops

Turbine Efficiency Function

Calculates efficiency as the function
of head and guide-vane opening

Inputs: guide vane opening, turbine
head

QOutputs: turbine efficiency (which is

read from tabulated hill chart for

Outputs: turbine head
turbine)

Figure 4-4 Schematic model library for hydro power plant

4.3 Model Library Realization in OpenModelica

Primary there was an attempt to use OpenModelica package definition towards
Figure 4-4. Obviously mathematical models for each part of the system, presented in Chapter 3, have
been followed. As it has already been mentioned in section 4.1, package is by itself a frame for potential

library. That is why it was used here for model and functions combination in library.

As it was highly recommended by experienced Modelica people and moreover to implement correct

interpolation, parts related to turbine efficiency and head of turbine calculation (hill charts)

Figure 4-4) were put as blocks from standard Modelica library (Figure 4-6). But due to some
difficulties, which will be explained further in Chapter 5, the implementation of those tables has not
been realized yet. It was assumed that angle of position that needs to be verified will be taken as

constant value that equals 1.5. That also caused that efficiency was also taken constant and equals 0.88.

One other issue that has not allowed full library implementation was related to the great amount of
variables and equations that appeared while library design, and OpenModelica mistake related to
mismatch of number of variables and equations was shown several times while package modification

and adjustments.
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That is why it was made a decision to use “one model” structure (simply saying write the code in one
file) and to avoid usage of “package structure”. It came out that in this case the example shown in
Chapter 2 needed to be extended with primal controller and generator.

Anyway the structure, shown on

Figure 4-3, has been followed and simulation were run.

E OMEdit - DpenMchﬁmE onnection Editor

'EOEHA XEAE QaqQiiwd

Libraries Browser e

Libraries
[+ Complex
# 77 Modelica

# @ ModelicaReference

[# Modelicabervices
[+ OpenModelica
: i fleersii
= myHydro & C/fUzersTul
e g% C/Users/ul
II! ControllerOutputs_function :
E : B¢ T /UsersfIul
I_I ¥YiGVReference_function rsflu
!_'_u WaterwaylnelasticOutputs & C/UsersTul
s C/Users/Tul
@ C/Users/ul

Figure 4-5 Package structure in OpenModelica: Hydro_main .mo— main model from which functions

ControllerOutputs_function.mo,YGVRefererence_function.mo, WaterwaylInelasticOutputs.mo are called

D11l AT Cas] &, T 1ApUTS2 1l JLll e T Ll
Modelica.Blocks.Tables.CombiTablelD ThetaTable(takle =

¥ . T 0.8 C o O.4,0.3 0.9 0.64,1.5.2.56 3.5.93 6, 8.16.,10.0%))
[1;0.%;,0.8,0.7,0.6;0.5,0.4,0.3,0.2:0,0.64,1.5,£.56,3-.3,5.3,6.76,8.16,10.0%]);:

Figure 4-6 Tables realisation in OpenModelica

4.4 Simulation results

The results of the simulation are graphs that demonstrate the working parameters of the system during

the selected period of operation (1000seconds): volumetric flow rate (Figure 4-7), gate signal (

Figure 4-8), hydro turbine kinetic flow (Figure 4-9), aggregate angular velocity ( Figure 4-10). It was

also assumed that guide vane opening change happens at t=200sec.

The similar graphs were built in Chapter 2 for simplified model. The first thing that can be observed that

model does not crash, and is run for all simulation intervals. That is of great benefit of this model in
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comparison with previous one. Moreover most of the received values seem to be quite relevant to

realistic (for example volumetric flow rate, guide vane opening).

However absence of some tools required for such types of systems in Open Modelica ( hill chart for

turbine) makes this model incomplete and requires further development.
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Figure 4-7 Change of penstock volumetric flow rate for model with generator, m*/sec

1,5 B

0,5

0,5-

0,3 4f -

W ol

0.5

f T T i T T T T T T i - v 4 ¥ v , - ¥ = |
T 400 L Bon 1000
Linme

Figure 4-8 Gate signal for model with generator, p.u.
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Figure 4-9 Change of hydro turbine kinetic flow, MW
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Figure 4-10 Aggregate angular velocity, rad/sec

For the extended case it is also worth to observe the reference guide vane changing (Figure 4-11) and
variation of turbine active power, electrical active power, and losses (Figure 4-12). The shape of Figure
4-11 is very realistic and probably can be smoother at t=200sec. But at Figure 4-12 received values of
active electric power do not look relevant to expected realistic. It can be caused firstly by imperfection
of the model for electrical generator , and also values of resistances, voltage parameters need to be
checked and verified.
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Figure 4-11 Reference guide vane opening, p.u.
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Figure 4-12 Comparison of turbine power(Turb_power), active electrical power(Pe), losses(Wdla), W
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5 Discussion

If modeling part of report has demonstrated the different possibilities of model library specification,
simulation part of modeling implementation has shown range of issues that can appear on this way.

First of all, while turbine modeling it was presented in Chapter 3 of this report, a lot was told about hill
chart theory and their importance of application for turbine design. And it was expected that for turbine
simulation one of the most important thing is to input “hill charts” into OpenModelica environment.
Moreover the charts should be specific for turbine (or sets of them). Originally data for charts was
tabulated in previous works related to similar topic (Shaheri, 2011). OpenModelica by itself has the
block «Tables.CombiTable2D» between available Standard Library tools. It was supposed that its usage
allows this block implementation for gate vane opening and head values as inputs and efficiency value
as an output, using interpolation if it is required. There is also another block, called
«Tables.CombiTable1D», that was expected to be used for angle evaluation based on theory. But
unfortunately primary testing of «Tables.CombiTable1D» block has shown unexpected interpolation

results. The example (not relevant to hydro power problem) was tested and is shown on Figure 5-1.

X E Test® |

Hh gi .I @ ‘ Writeable | Mode! ‘ Modelica Text View ‘ C: Users/Tuliia /DesktopMaster thesis/HydroPowerPlant/Test.mo

model Test
Eeal opening = 50 "opening of the guide wvanes";
Eeal power "Power of turbine™;
4 Modelica.Blocks.Tables.CombiTablelD ThetaTable (table =
[100,D;BD,64;BD,150;?0,256;60,330;50,530;40,6?6;30,816;20,1009]];

//Modelica.Blocks.Tables.CombiTablelD ThetaTable (table = [0.0,0.5;0.1,0.01);
eguation
ThetaTable.ul[l]l = opening;

power = ThetaTable.y[1];
end Test;

Figure 5-1Test model for block «Tables.CombiTable1D» in OpenModelica

As it is seen from the Figure 5-1 the input value is 50, and it was expected to get 530 as the output from
the table, that was put in model. However after running the simulation the following was got (Figure
5-2). It is clearly seen that output result equals zero. That is totally irrelevant to expected block output.
After numerous manipulations with table and block it was decided to use stated values and omit
interpolation. Surely it has simplified the model library and greatly influenced on library simulation
results. However it is expected that further improvement of these interpolation blocks will come and it

will become possible to implement them for model library.

Another issue that has influenced on received results was absence of validate data (for example hill chart

data) to estimate working accuracy of model.

61



Wroes

W g

tirpe

Figure 5-2 Simulation results from running of test model for block «Tables.CombiTable1D» in
OpenModelica

Last, but not least, difficulty that was faced while working in OpenModelica environment, is it nightly
updating. OpenModelica needs to be updated regularly (and it is not done automatically), otherwise
some standard library tools cannot function properly.
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6 Conclusion and Recommendations for Future Work

Nowadays, at times of high energy demands, it is of great interest to develop software tools for process
observation and control and finding the ways of its optimization. The range of tools are already
available at the marked, but developing of free available alternative, a model library for instance, is a

way to find the best solution for specific case. For this free OpenModelica environment can be used.

Building a model library for hydro power plant is a complex problem that requires deep understanding
of both modeling and simulation sides of the investigated case. That is why firstly theoretical overview
of hydro power plant parts was run, and base on this overview their mathematical models were
suggested.

After that the possibility of their implementation and simulation in OpenModelica was studied. For this
previous experience attempts were tested. After this the simulations models of different level of

specification were developed. OpenModelica has almost all tools available for this.

Model library further implementation was followed by the range of technical issues , part of which was
successfully overcame and results were shown in graphical form within the report. Discussion part of

report gives detailed explanation on some of them.
Despite of this the wide ranges of future work recommendations have come out:

1) Modeling part:

- Hill chart tables for specific turbine need to be available for more accurate case study.

- Electrical load of the existing electrical grid is one of the main factors that will influence on the
work of the whole system. For the case of hydropower plant load is all the customers that are
connected to the grid that is supplied by this plant. At previous works this part of the system has not
been taken into account. That is why for developing library this part can be used as extension by
separate sublibrary which will sufficiently influence on work of total system and will increase the
level of its detailing.

- The point of the model library is that the system can choose the level of accuracy automatically.
That is why this opportunity needs to be revised also.

- The question of turbine involvement to hydraulic part: probably the turbine unit needs to stand
separately from hydraulic and electric parts, because by itself it is dependent on functioning of both
hydraulic and electrical part, and its efficiency depends on governor functioning.

2) Simulation part:

- Creating separate block for input constants for the functions and main model of the library. After
struggling with great amount of variables within the library it is recommended to make separate
block with constant parameters and variables, which can be connected to all models and function
within the package.

- The possibility of connectors’ usage within the package needs to be studied and applied. It is
expected that it will optimize model library structure.

- After reviewing of most of already created Modelica libraries it was observed that they have user

friendly interface. That can be also developed for library model.
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- It would be also interesting to make a model in OpenModelica using its Standard Library tools and

its qualities of object oriented programing environment.

All mentioned above can be the base for further library development and its implementation within

educational process.
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Appendix A: Task Description

LT[ O) b 7 9 3%
Telemark University College
Faculty of Technology

FMHG606 Master’s Thesis

Title: Building a model library in Modelica — case study: Sundsbarm power plant
TUC supervisor: Bemt Lie (main supervisor), Dietmar Winkler (co-supervisor)

External partner:

Task description:

The following describes the thesis:

1. Anoverview should be given of basic elements/units in a hydro power Library,
examplified by what is needed to describe the Sundsbarm power plant.

2. An overview should be given of how to build acausal models. models with different
levels of detail, and how to connect unit models in Modelica should be given.

3. A minimal model library should contain a model for an intake conduit, a surge fank, a
penstock. a mrbine w/ servo system. a basic generator. a simple grid/transmission line,
and load/consumer.

4. The library should be tested by describing a simple hydro power plant such as the

Sundsbamm power plant. 1.e. with numerical values similar to that of the Sundsbarm

plant.

5. The vse of the mode! library in a basic control (automation) problem should be
tlustrated.
6. The work should be documented in a report.

Task background:

Models of dynamic systems are important in the analysis and operation of systems. Although 1t
15 important to be able to develop dynamic models from an understanding of balance laws, real
systems are often so complex that it is necessary to jump-start the modeling by using a suitable
library of vt models in the development of complete model. Some requirements of a model
library are thus:
¢ Umit models should be acausal, 1e. they should be not prespecify what is input and what
15 output in the model. Thus, 1t is of particular importance to make the model valid
independent of the direction of mass flow,

# The modeling language/tool should support conmectizng pre-made unit models,

Address: P.O Box 203, NO-3918 Porsgrunn, Morway. Phone: 35 57 50 00.
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* The modeling tool should allow for specifying the level of defail 1n a unit model, e.g. by
letting a parameter value switch between different model detailing levels. This 1s
important if one wants to use the same unit for different applications. e g a simple
model for optinuzation, a more detailed model for control synthesis, and a complex
model for studying error situations,

* The modeling language should have mmlti physics qualities. and allow for mixing
models from different physical regimes such as fluid mechanics, electrical engineering,
efc.

Modelica 15 a language that supports all of the above requirements, and more. Telemark
Umiversity College has an on-going cooperation with Skagerak Energi regarding automation
and optimization of hydro power systems. To advance the study, it 1s of interest to develop a
basic library for studying hydro power systems. A basic library could support a model for
conduits of differing diameters, manifolds (for merging several conduits or for splitting a
conduit), a surge tank, a penstock, a turbine. an aggregate, an electric generator, a
grid/transmission line, and a consumer/load. For a realistic system, it should be possible to
attach several generator to the same electric grid.

For some hydro power systems, it is necessary to consider compressible water and elastic walls
in a penstock, while for other systems. an incompressible/non-elastic model suffices. Thus it is
of interest to be able to switch between different levels of model detail. For a generator, 1t may
be of mterest to consider a detailed model of all three phases m a faulty situation, while for
normal operation a simplified dynamic or steady state model may suffice. Again, it is of interest
to be able to switch between different umt models depending on the application.

In a model library as indicated above. it 1s of particular importance that the models are prepared
for being used in control studies and in optimization studies. Such studies may, e.g. be
coordmated from MATLAB or from Python

In educational studies, it 15 of particular interest that the models can be used with open
source/freeware tools. OpenModelica is a free Modelica tool that supports graphical methods
for connecting units. JModelica org is a free Modelica tool with particular support for being run
via Python (and MATLAB).

The outcome from the thesis should be (1) and general understanding of how to build unit
models using Modelica, and (2) a basic library for use in hydro power models, (3) and
understanding of how the library can be integrated in a control/optimization study.

Student categorv:

The main topic of the thesis 15 modeling of a dynamic system (a hydro power plant), where
SCE. EET, and PT students have equally good background. Next, a part of the thesis deals with
implementing the models 1n Modelica. For the Modelica part, knowledge of (basic) object
oriented programming is useful Thus, it is an advantage, but not a requirement. to have been
exposed fo the course Modeling and Simulation of Hydro Power Systems.

Practical amrangements:

The working place will be Telemark University College, Campus Kjolnes in Porsgrunn.

Signatures:



JLARFARE

Student (date and signature): .4'-" &t [’ }a !/:’ﬂ‘/ A /1:-‘ .:ny oor 20/ j

Supervisor (date and signature): . ﬁev'd :’ﬂ‘l - /25“'25& .................



Appendix B: The Operational Values for Simplified
Model for Sundsbarm Hydro Power Plant

Table B.1 Approximate operational values for simple penstock model of Sundsbarm hydro power plant

Steady variable Value Description
Vs 20m3/s Conduit volumetric flow rate
ms = py(hs + Hy)As — Mass in surge volume
hS 100m Steady reservoir level above conduit entrance

Table B.2 Approximate operational values for simple penstock model of Sundsbarm hydro power plant

Parameter Vahle DeSCFiption
H, 400m Height of penstock
L, 700m Length of penstock
A, 100m? Cross sectional area of penstock
103kg/m3 Density of water
g ~ 10 m/s? Acceleration of gravity
£ 0.005 Fanning friction factor for penstock
T, is Turbine servo system time constant
10
C, V5 Turbine pressure constant (deduced)
125
e 0.95 Turbine efficiency at 85% flow of maximal
water flow rate
216 x 10* Moment of inertia for aggregate (deduced
Ja ————kg m*rad~? geregate ( )
s
216 Friction factor f te beari deduced
krq 0w s*rad= riction factor for aggregate bearings (deduced)

T
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Table B.3 Approximate parameter values for simple penstock model of Sundsbarm hydropower plant

(conduit)
Parameter Value Description
H, 50m Height of conduit
L. 6600m Length of conduit
A, 20m? Cross sectional area of conduit
Pe 103kg/m3 Density of (conduit) water
Ps 103kg/m3 Density of (surge volume) water
Pa 105Pa Atmospheric pressure
f. 0.005 Fanning friction factor for conduit
s 0.005 Fanning friction factor for surge volume
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Appendix C: Modelica Code for for Simplified Model of
Sundsbarm Hydro Power Plant

model iWWModel

// Simulation of inelastic water way system

// Author: Bernt Lie

/I Telemark University College, Porsgrunn, Norway

// February 4, 2013

//

///Editted by Vinnik, June 2013

// Parameter values with type and descriptive text

parameter Real hrs = 50 "Steady state reservoir level, m";

parameter Real Hc = 50 "Conduit height, m";

parameter Real Lc = 6600 "Conduit length, m";

parameter Real Ac = 20 "Conduit cross sectional area, m2";

parameter Real As = 30 "Surge tank cross sectional area, m2";

parameter Real Hp = 400 "Penstock height, m";

parameter Real Lp = 700 "Penstock length, m";

parameter Real Ap = 10 "Penstock cross sectional area, m";

parameter Real rhor = 1000.0 "Reservoir water density, kg/m3";

parameter Real rhoc = rhor "Conduit water density, kg/m3";

parameter Real rhos = rhor "Surge tank water density, kg/m3";

parameter Real rhop = rhor "Penstock water density, kg/m3";

parameter Real g = 10 "Acceleration of gravity, m/s2";

parameter Real pa = 100000.0 "Atmospheric pressure, Pa";

parameter Real fc = 0.005 "Fanning friction factor in conduit, -";
parameter Real fs = fc "Fanning friction factor in surge tank, -";

parameter Real fp = fc "Fanning friction factor in penstock, -";

parameter Real Tg = 0.1 "Time constant, gate servo system, s";

parameter Real Cg = sqrt(5) / 125 "gate valve constant, ?";

parameter Real etaht = 0.95 "Hydro turbine efficiency, -";

parameter Real Ja = 2160000.0 / 3.14 A 2 "Moment of inertia for aggregate, kg*m2/rad2";
parameter Real kfa = 216/ 3.14 A 3 "Friction factor in aggregate bearings, Ws3/rad3";
parameter Real perc = 2 * 3.14 * sqrt(Ac / 3.14) "Conduit perimeter, m";
parameter Real pers = 2 * 3.14 * sqrt(As / 3.14) "Surge tank perimeter, m";
parameter Real perp = 2 * 3.14 * sqrt(Ap / 3.14) "Penstock perimeter, m";
parameter Real cKp = 1 "Selector for Kp, -";

// Initial state parameters:

parameter Real Vdc0 = 20 "Initial conduit volumetric flow rate, m3/s";
parameter Real VdpO = VdcO0 "Initial penstock volumetric flow rate, m3/s";
parameter Real ms0 = rhos * (hrs + Hc) * As "Initial surge tank mass, kg";
parameter Real ug0 = 1/ 2 "Initial gate signal, -";

parameter Real wa0 = 50 * 3.14 / 3 "Initial aggregate angular velocity, rad/s";
// Setting initial values for states:

Real Vdc(start = VdcO0, fixed = true);

Real Vdp(start = Vdp0, fixed = true);

Real ms(start = ms0, fixed = true);

Real ug(start = ug0, fixed = true);

Real wa(start = wa0, fixed = true);
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// Algebraic variables

Real pci "Conduit inlet pressure, Pa";

Real mc "Conduit mass, kg";

Real mp "Penstock mass, kg";

Real psx "Surge tank exit pressure, Pa";

Real Fug "gate signal function value, ?";

Real dpg "Turbine gate pressure drop, Pa";

Real ppx "Penstock exit pressure, Pa";

Real mdp "Penstock mass flow rate, kg/s";

Real Kdp "Penstock kinetic flow, J/s";

Real Kdht "Hydro turbine kinetic flow, J/s";

Real Vds "Surge tank volumetric flow rate, m3/s";
Real hs "Surge tank level, m";

Real p0 "Node inlet-surge tank-penstock pressure, Pa";
// Defining input variables:

Real us;

Real Wde;

Real hr;

// input Real us "Control input, -";

// input Real Wde "Electric power consumption, W";

// input Real hr "Reservoir level, m";

equation

// Input signals

us=1/2;

Wde = 100000000.0;

hr = 10000;

/I Algebraic equations

pci = pa + rhor * g * hr;

mc = rhoc * Lc * Ac;

mp = rhop * Lp * Ap;

pSX = pa;

Fug = Cg * ug;

dpg = Vdp N 2/ Fug " 2;

ppx = pa + dpg;

mdp = rhop * Vdp;
Kdp=1/2*mdp * (Vdp/ Ap) A 2;

Kdht = dpg * Vdp + cKp * Kdp;

Vds = Vdc - Vdp;

hs = ms /rhos / As;

// Differential equations

der(mc * Vdc / Ac) = (pci - p0) * Ac + mc * g * Hc / Lc - fc * perc/ 2 * rhoc * Lc * abs(Vdc / Ac) *
Vdc / Ac;

der(ms) = rhos * Vds;

der(ms * Vds / As) = (p0 - psx) * As - ms * g - fs * pers / 2 * rhos * hs * abs(Vds / As) * Vds / As;
der(mp * Vdp / Ap) = (pO - ppx) * Ap+mp *g* Hp/Lp - fp * perp /2 * rhop * Lp * (Vdp / Ap) " 2;
der(ug) = (us - ug) / Tg;

der(wa) =1/ (Ja * wa) * (etaht * Kdht - Wde - 1/ 2 * kfa * wa A 3);
end iWWDModel;
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Appendix D: Modelica Code for Extended Model of
Sundsbarm Hydro Power Plant

model Hydro

// Simulation of inelastic water way system

// Author: Bernt Lie

/I Telemark University College, Porsgrunn, Norway

// February 4, 2013

//

// Parameter values with type and descriptive text

///Editted by Vinnik, June 2013

// electrical generator was added; modified turbine

//for further work Modelica.Blocks.Tables.CombiTable2D should be added
parameter Real hrs = 50 "Steady state reservoir level, m";

parameter Real Hc = 50 "Conduit height, m";

parameter Real Lc = 6600 "Conduit length, m";

parameter Real Ac = 20 "Conduit cross sectional area, m2";

parameter Real As = 30 "Surge tank cross sectional area, m2";

parameter Real Hp = 400 "Penstock height, m";

parameter Real Lp = 700 "Penstock length, m";

parameter Real Ap = 10 "Penstock cross sectional area, m";

parameter Real rhor = 1000.0 "Reservoir water density, kg/m3";

parameter Real rhoc = rhor "Conduit water density, kg/m3";

parameter Real rhos = rhor "Surge tank water density, kg/m3";

parameter Real rhop = rhor "Penstock water density, kg/m3";

parameter Real g = 10 "Acceleration of gravity, m/s2";

parameter Real pa = 101325 "Atmospheric pressure, Pa";

parameter Real fc = 0.005 "Fanning friction factor in conduit, -";

parameter Real fs = fc "Fanning friction factor in surge tank, -";

parameter Real fp = fc "Fanning friction factor in penstock, -";

parameter Real Tg = 0.1 "Time constant, gate servo system, s";

parameter Real Cg = sqrt(5) / 125 "gate valve constant, ?";

parameter Real etaht = 0.95 "Hydro turbine efficiency, -";

parameter Real Ja = 2160000.0 / 3.14 A 2 "Moment of inertia for aggregate, kg*m2/rad2";
parameter Real kfa =216/ 3.14 A 3 "Friction factor in aggregate bearings, Ws3/rad3";
parameter Real perc = 2 * 3.14 * sqrt(Ac / 3.14) "Conduit perimeter, m";
parameter Real pers = 2 * 3.14 * sqrt(As / 3.14) "Surge tank perimeter, m";
parameter Real perp = 2 * 3.14 * sqrt(Ap / 3.14) "Penstock perimeter, m";
parameter Real cKp = 1 "Selector for Kp, -";

///Editting

parameter Real wm_design = 50 * 3.14 / 180 "Angular speed designed";
//parameter Real Modelica.Blocks.Tables.CombiTable2D Efficiency_Turb_Interpolant(table =

[0.0,70,73,78,100,112.0,116.5,118.5;0.3,73,75.8,77.5,81,81,80.6,80.4;0.4,78.8,81,83.7,87,87,86.9,86.5;0
.5,84.7,86.2,87.8,91,90.7,90.3,90.1,0.6,87.2,88.3,89.8,92,92,91.6,91.3;0.7,87.8,89.0,90.0,92,91.2,90.9,9
0;0.8,87,87.6,89,91,90.7,90.4,90.2;0.9,86,86.7,87.5,89,88.9,88.2,87.9;1.0,85,86,87,88,87,86,85]) "Hill

chart table,two inputs: ul-guide vane opening,u2-turbine head; output:y1-turbine efficiency"
parameter Real Gen_xq = 12 "q_axis reactance [Ohms]";

parameter Real Gen_xd = 12 "d_axis reactance [Ohms]";

parameter Real Gen_Ra = 0.01 "Phase winding resistance [Ohms]";

74



parameter Real Gen_Re = 0.1 "Equivalent network resistance [Ohms]";

parameter Real Gen_xxd = 1.7 "d_axis transient reactance [Ohms]";

parameter Real Gen_xxq = 1.7 "q_axis transient reactance [Ohms]";

parameter Real Gen_xe = 1.4 "Equivalent network reactance [Ohms]";

parameter Real Vs = 15000 "Network rms voltage [V]";

parameter Real P_op = 80000000.0 "Active power drawn from generator at steady state operating
condition";

parameter Real Q_op = 50000000.0 "Reactive power drawn from generator at steady state operating
condition";

parameter Real PHI = atan(Q_op / P_op) "Power angle at steady state";

parameter Real Delta = atan((I0 * (Gen_xq + Gen_xe) * cos(PHI) - I0 * Gen_Ra + Gen_Re) * sin(PHI) /
(Vs + 10 * (Gen_Ra + Gen_Re) * cos(PHI) + I0 * (Gen_xq + Gen_xe) * sin(PHI))) "Electrical rotor
angle";

parameter Real Ef = Vs. * cos(Delta) + (Gen_Ra + Gen_Re) * Iq0 - (Gen_xd + Gen_xe) * 1d0;
// Initial state parameters:

parameter Real Vdc0 = 20 "Initial conduit volumetric flow rate, m3/s";

parameter Real Vdp0O = Vdc0 "Initial penstock volumetric flow rate, m3/s";

parameter Real ms0O = rhos * (hrs + Hc) * As "Initial surge tank mass, kg";

parameter Real ug0 = 1/ 2 "Initial gate signal, -";

parameter Real wa0 = 50 * 3.14 / 3 "Initial aggregate angular velocity, rad/s";

///Generator part

parameter Real 10 = 3 * Vs / sqrt(P_op A 2 + Q_op A 2) "RMS(root mean square) current (per phase) of
generator";

parameter Real Iq0 = I0 * cos(Delta + PHI) "";

parameter Real Id0 = -I0 * sin(Delta + PHI) "Initial";

// Setting initial values for states:

Real Vdc(start = VdcO0, fixed = true);

Real Vdp(start = VdpO0, fixed = true);

Real ms(start = ms0, fixed = true);

Real ug(start = ug0, fixed = true);

Real wa(start = wa0, fixed = true);

/I Algebraic variables

Real pci "Conduit inlet pressure, Pa";

Real mc "Conduit mass, kg";

Real mp "Penstock mass, kg";

Real psx "Surge tank exit pressure, Pa";

Real Fug "gate signal function value, ?";

Real dpg "Turbine gate pressure drop, Pa";

Real ppx "Penstock exit pressure, Pa";

Real mdp "Penstock mass flow rate, kg/s";

Real Kdp "Penstock kinetic flow, J/s";

Real Kdht "Hydro turbine kinetic flow, J/s";

Real Vds "Surge tank volumetric flow rate, m3/s";

Real hs "Surge tank level, m";

Real p0 "Node inlet-surge tank-penstock pressure, Pa";

///Editting

///Controller part

Real y_ref "Guide vane opening";

Real theta "Angle of position";

///Turbine part

Real Q_turb "Turbine volumetric flow rated";
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Real Turb_Head "Head of turbine";

Real Turb_Head_Rated "Head of turbine rated";
Real Turb_Eff "Turbine efficiency, ideally is calculated from the table Efficiency_Turb_Interpolant";
Real Turb_Power "Power of turbine, [W]";
///Generator part

Real Iq;

Real Id;

Real Eq;

Real Ed;

Real Pe;

// Defining input variables:

Real us;

Real Wde;

Real Wdla;

Real hr;

// input Real us "Control input, -";

// input Real Wde "Electric power consumption, W";
// input Real hr "Reservoir level, m";

equation

// Input signals

us=1/2;

Wde = sqrt(P_op A 2 + Q_op /N 2);

//100000000.0;

hr = 1000;

// Algebraic equations

pci = pa + rhor * g * hr;

mc = rhoc * Lc * Ac;

mp = rhop * Lp * Ap;

pSX = pa;

Fug = Cg * ug;

dpg = Vdp N2/ Fug " 2;

ppx = pa + dpg;

mdp = rhop * Vdp;
Kdp=1/2*mdp * (Vdp/ Ap) " 2;

Kdht = dpg * Vdp + cKp * Kdp;

Vds = Vdc - Vdp;

hs = ms /rhos / As;

///Editting

///Controller part

if time >= 200 then

y_ref =0.7;

theta = 2.56;

else

y_ref =0.79;

theta = 1.5;

end if;

///Turbine part

Q_turb = Vdp / wa * wm_design "assume turbine flow equals penstock flow";
Turb_Head = 70 / 134 * ((Q_turb + 32.2) * tan(theta) - 331.6 + 60 * 134 / 70);
Turb_Head_Rated = Turb_Head * wa /A 2 / wm_design A 2;
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Turb_Eff = 0.88 "because of the problems in CombiTable2D interpolation, the value was taken
specifically for the current case according to y_ref=0.79 and theta=1.5";

Turb_Power = rhop * g * Turb_Head_Rated * Q_turb;

///Generator part

Ed = (Gen_xxd - Gen_xq) * Ig;

Eq = Ef + (Gen_xd - Gen_xxd) * Id;

{{Gen_Re + Gen_Ra,Gen_xe + Gen_xxd},{-Gen_xe - Gen_xxd,Gen_Re + Gen_Ra}} * {Id,Ig} = {Vs *
sin(Delta) + Ed,-Vs * cos(Delta) + Eq};

Pe=3*(Ed *Id + Eq * Iq);

Wdla=1/2 *kfa*waA 3 "losses";

// Qe =sqrt(9 * VtA2 * It A2 - Pe A 2);

///Waterway part

// Differential equations

der(mc * Vdc / Ac) = (pci - p0) * Ac + mc * g * Hc / Lc - fc * perc / 2 * rhoc * Lc * abs(Vdc / Ac) *
Vdc / Ac;

der(ms) = rhos * Vds;

der(ms * Vds / As) = (p0 - psx) * As - ms * g - fs * pers / 2 * rhos * hs * abs(Vds / As) * Vds / As;
der(mp * Vdp / Ap) = (pO - ppx) * Ap+mp * g * Hp/Lp - fp * perp /2 * rhop * Lp * (Vdp / Ap) " 2;
der(ug) = (us - ug) / Tg;

///swing equation

der(wa) =1/ (Ja * wa) * (etaht * Kdht - Wde - Wdla);

annotation(experiment(StartTime = 0.0, StopTime = 1000.0, Tolerance = 0.0001));

end Hydro;
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