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Abstract

Hydroelectric power generation supplies about 20 percent of the world’s
electricity and is the most important renewable energy converting industry.
The installed capacity of Hydro-electrical power generation is approximately
700GW with a production of 2600TWh/year. The technically feasible poten-
tial of hydro power is 14000TWh/year. In many countries, the hydroelectric
generation where build in the 20th century on a regulated energy market,
where the units served base load. Nowadays hydroelectric generation are
more and more used to serve intermittent load on a deregulated market.
This has lead to a new way to use old constructions, and it becomes inter-
esting to study the characteristics of these machines, used for the demands
of the 21th century. The aim of the research project of this thesis is to char-
acterise, model and simulate old in service hydro electrical power generating
units, to improve the design to the demands of today.

This thesis presents three different models for hydro power rotor systems.
The first model is developed to study the fundamental dynamics of the whole
rotor system and includes simplified models for the unsymmetrical electro-
magnetic field and the fluid interaction in the turbine. The model has been
evaluated with on-site measurements. From the first model it has been shown
that the fundamental excitation frequencies due to the electro-magnetic field
can be described on a simple form. The results from this model also indicate
that the fluid dynamical interaction in the turbine has to be model more in
detail to determine both amplitudes and frequencies of excitations.

The second model is concerning the generator of the rotor system. The
model is divided into one electro-magnetic finite element model and one
simplified mechanical model. Simulation and analysis are carried out due to
the reactive power produced by the generator. It has been shown that the
reactive power influence the natural frequencies, steady state response and
stability of the rotor system.



The third model presented in the thesis is developed for characterisation
of hydro power rotor systems by use of the electro-mechanical interaction
in the generator. The model consists of a finite element model with rotor
dynamical applications. Simulations are carried out for one commercial hydro
power unit and the results are compared with measurements. The results
indicates that the suggested method excite a few eigenfrequencies. It is
concluded that the method needs to be improved in order to separate response
due to electro-mechanical and fluid dynamical excitations.
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Chapter 1

Introduction

Hydroelectric power generation supplies about 20 percent of the worlds elec-
tricity and is the most important renewable energy converting industry.
The installed capacity of Hydro-electrical power generation is approximately
700GW with an production of 2600TWh/year. The technically feasible po-
tential of hydro power is 14000TWh/year. Most of the feasible potential is
in development countries in Africa, Asia and South America. The benefits of
hydroelectric power generation are not only by environmental issues. Abil-
ity to meet moment to moment fluctuations, voltage control, energy storage,
high efficiency and black start capability are valuable characteristics of hy-
droelectric power generation. To the disadvantages of hydro-electrical power
generation are the environmental impacts such as sedimentation, water qual-
ity and water ways for fish and the social aspects for example of displacement
of people living near dams [1].

In many countries, the hydroelectric generation where build in the 20th
century on a regulated energy market, where the units served as base load.
Nowadays hydroelectric generation are frequently used to serve as intermit-
tent load on a deregulated market. This has lead to a new way to use old
constructions, and it becomes interesting to study the characteristics of old
designs of these machines, used for the demands of the 21th century. In
the future, hydro power units are expected to more frequently regulate re-
newable sources, for example wind-power. This will lead to more frequently
starts and stops of hydroelectric units, which will influence of the lifetime
of the machine components. Redesign is expensive and time consuming, it
is therefore important for an owner of a hydroelectric power plant to decide
what upgrade that are necessarily in order to improve the usability of the
machine. The aim of the research project of this thesis is to characterise,
model and simulate old in service hydro-electrical power generating units, to
improve operation conditions and the design to the demands of today.

11
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1.1 The hydroelectric power generating unit

The hydroelectric power generating units converts potential energy of the
water in the reservoir via mechanical energy in the turbine-generator rotor
system to electrical energy in the generator. A overview of a hydroelec-
tric power plant is shown in 1.1 The rotor system is supported by thrust-
and guide-bearings. The physics of the converting components are normally
separated into different disciplines. Waterways and turbine technology are
described by fluid dynamic theory, bearings by theory of tribology, generator
by theory of electricity and motions of the rotor system by theory of rotor-
dynamics. In the design and redesign of a hydroelectric power generating
unit, one needs to concern all of these disciplines, for example to determine
all forces acting on the system components. The rotor system includes both
the generator and the turbine, hence rotor-dynamics is of certain interest in
order to analyse different components in the whole system.

Figure 1.1: Overview of a hydroelectric power plant. Obtained from: Cer-
vantes, M. J., 2003. Effects of Boundary Conditions and Unsteadiness on
Draft Tube Flow. Doctoral thesis, Lule̊a University of Technology, Lule̊a,
Sweden, 2003.

1.2 Rotor-dynamics

Rotating machines have a wide scope of applications, for example power
generating units and manufacturing units. The research on rotating machines
started with Rankine’s paper [2] on whirling motions of a rotor in 1869. He
used Newton’s second law incorrectly in a rotating coordinate system and
therefore concluded that a rotating machine will never be able to operate



1.3. THE RESEARCH PROBLEM 13

above the first critical speed. De Laval showed around 1900 that it is possible
to operate above the critical speed, with his one-stage steam turbine. A
paper [3] by Jeffcott in 1919 is the first recorded theory of rotor dynamics.
He derived the theory which shows that it is possible for rotating machines
to exceed the critical speeds. De Laval’s and Jeffcott’s names are still in
our days the name of the simplified fundamental rotor model with the disc
in the middle of the shaft. In 1924, the influence of gyroscopic effects was
presented by Stodola [4]. Green[5] continued the work with gyroscopic effect
1948 with his four degree of freedom overhung rotor. Bishop et.al. [6] started
the research of continuous rotors in 1959. Booker and Ruhl [7] where the first
to use finite element method in the area of rotor dynamics 1972. Nelson and
McVaugh [8] generalised this model 1976 by also include gyroscopic moment,
rotating inertia and axial force.

Rotor-dynamics are normally consider as a separate area within struc-
tural dynamics. The two major differences from structural dynamics are
that the eigenfrequencies are depended on the whirling speed due to the gy-
roscopic effect and that the direction of the vibrations is important in order
to determine forward and backward whirl. Development and research in the
field of rotor dynamics have historically been focused on high-speed turbo
machinery. In the area of hydroelectric rotor systems the electro-mechanical
interactions due to the small air-gap, interactions of vertical journal bearings
and fluid excitations are of certain interest. Only a few papers are published
in this area e.g. [9]-[17].

1.3 The research problem

Going from base load to intermittent load, cost for service, maintains and
failures are increasing. The hydroelectric industry is therefore interested of
improvement of the generating units to better serve intermittent loads, to
increase usability, and decrease cost and time for maintains and service. In a
future perspective, the industry needs to know which units that are suitable
for intermittent load, how to optimise transient behaviours etc.

1.3.1 Aim and scope

The industrial problem is divided into three phases:
1. Modelling and analysis of the rotor system for normal operating condi-
tions, e.g. no change of the load.
2. Modelling and analysis of the rotor system for transient conditions, such
as start-up, close down and changing the load.
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3. Estimation of life length and optimisation for different operating condi-
tions, maintains, usability and design.
In this research project the focus is on the first phase and concerning the
whole rotor system including generator, turbine and bearings. This phase is
divided into four parts:
1a. Identification of the loads on the rotor system.
1b. Modelling the electro mechanical interaction in the generator.
1c. Modelling the fluid interaction in the turbine.
1d. Simulating the whole rotor system.
The scope of this thesis is concentrated to 1a and 1b.

The aim with the research project is to develop rotor dynamical models
to be used by the hydro power and power utility industry in order to improve
operations, usability, maintainability and design.

1.3.2 The research question

To focus on the research problem one research question has been formulated:
How should multiphysical interactions in a hydro power rotor system be mod-
elled, simulated and evaluated, in order to predict the dynamical behaviour?

1.3.3 Collaboration within the research group

The research problem in this thesis is shared by other research projects within
hydro power research. To improve the models the researcher and research
students are working closely together with these problems. The research
group contains of four senior researcher and five research students at Divi-
sion of Computer Aided Design at Lule̊a University of Technology, Division
for Electricity and Lightning Research at Uppsala University and Vattenfall
Utveckling AB. The author of this thesis has a responsibility in the research
group for whole rotor system modelling and simulations and for the fluid
interaction in the turbine. For the whole system simulations, it has been
important to model the fluid interaction as well as the electro mechanical
interaction. The project started with modelling the electro mechanical inter-
action and will continue during 2006 with the fluid interaction in the turbine.

1.4 Approach

The approach is described with the following steps:
1) A industrial problem is identified and an academic research question is
formulated
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2) The governing equations are derived with physical relationships and the
modelling is documented.
3) The governing equations are simulated with numerical algorithms in MAT-
LAB and the results are evaluated.
4) The results are compared with measurements.
5) The models and results are discussed with an objective perspective.
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Chapter 2

Modelling

In this thesis three different rotor dynamical models for hydro power rotor
systems are presented. The models are used for different purposes, for exam-
ple analysing interaction between the generator and the turbine, analyse the
stability of the generator due to different electric loads and to analyse full
system measurements. The models are applied to different force models, such
as electro-mechanical interaction and fluid dynamical excitation of the rotor
system. In this chapter the modelling of the rotor system and the boundary
forces are described.

2.1 Equation of motion for a rotating rigid

body

Figure 2.1 shows a rotating disc with mass m, polar moment of inertia JP ,
diametric moment of inertia JD, some amount of mass unbalance ε with the
phase α and inclination κ shown. The external forces and moments Fx, Fy,
Fz, Mx, My and Mz denotes forces due to the elastic reaction of the shaft,
damping and external excitations. The kinetic energy for this system is [18]

T = 1
2
m

{
ẋ2 + ẏ2 + ż2 + ε2θ̇2 + 2εθ [−ẋsin(θ + α) + ẏcos(θ + α)]

}
+

1
2
JD

(
φ̇x′

2
+ φ̇y

2
+ κ2θ̇2

)
+ 1

2
JP

(
θ̇2 + 2θ̇φ̇x′φy

)
+

θ̇κ(JP − JD)
[
φ̇x′cos(θ) + φ̇ysin(θ)

]
(2.1)

17
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Figure 2.1: A rotating disc in the X-Y-plane. Fx, Fy and Mz denotes forces
and moments due to the shaft and the boundary conditions. P is the point of
the unbalance, C is the geometrical centre and ε the distance between them.
z, φy and φx denotes the position of the disc in Z, and the rotation around
Y and X.

The virtual work for the system is

δL = Fxδx + Fyδy + Fzδz + [Mxcos(φy) + Mysin(φx′)]δφx′ + Myδφy + Mzδθ.
(2.2)

The equations of motion for the rigid body are derived with Lagrange’s equa-
tion:

d

dt

(
∂T

∂q̇i

)
− ∂T

∂qi

=
∂δL

∂δqi

(2.3)
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Figure 2.2: A rotating disc in the Z-X/Y-plane. Fz, My and Mx denotes
forces and moments due to the shaft and the boundary conditions. P is the
point of the unbalance, C is the geometrical centre and κ is the inclination.
x, y and ω denotes the position of the disc in X and Y, and the rotation
around Z.

and solving this with respect to each coordinate, qi yields in:

(M + Mu)−̈→x + θ̇G−̇→x −−→
F u =

−→
F

mz̈ = Fz

(2.4)

where the latter is the axial behaviour, which is uncoupled from the rest
of the system. The mass matrix, M , the mass unbalance matrix, Mu, the
gyroscopic matrix, G, the unbalance vector,

−→
F u, the external force vector,
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−→
F and displacement vector, −→x , are defined as:

M =

⎛
⎜⎜⎜⎜⎝

m 0 0 0 0
0 m 0 0 0
0 0 JD 0 0
0 0 0 JD 0
0 0 0 0 JP

⎞
⎟⎟⎟⎟⎠ , (2.5)

Mu,n =

⎛
⎜⎜⎜⎜⎝

0 0 0
0 0 0
0 0 0 ...
0 0 0

mεsin(θ) mεcos(θ) −κ(JD − JT )cos(θ)

0 −mεsin(θ + α)
0 mεcos(θ + α)

... 0 −κ(JD − JT )cos(θ)
0 −κ(JD − JT )sin(θ)

−κ(JD − JT )sin(θ) JT κ2 + mε2

⎞
⎟⎟⎟⎟⎠ ,

(2.6)

G =

⎛
⎜⎜⎜⎜⎝

0 0 0 0 0
0 0 0 0 0
0 0 0 JP 0
0 0 −JP 0 0
0 0 0 0 0

⎞
⎟⎟⎟⎟⎠ , (2.7)

−−→
Fu,n =

⎛
⎜⎜⎜⎜⎝

mεθ̇2cos(θ + α)

mεθ̇2sin(θ + α)

κ(JD − JT )θ̇2sin(θ)

κ(JD − JT )θ̇2cos(θ)
0

⎞
⎟⎟⎟⎟⎠ , (2.8)

−→
F =

⎛
⎜⎜⎜⎜⎝

Fx

Fy

Mx

My

Mz

⎞
⎟⎟⎟⎟⎠ , (2.9)

−→xn =
(

x y ϕx ϕy θ
)T

. (2.10)

In many cases, one can assume a stiff torsional behaviour, e.g. θ̈ = 0 and
ω = θ̇, then the equations of motion becomes:

M−̈→x + ωG−̇→x −−→
Fu =

−→
F . (2.11)
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In this equation, the fifth row and columns of matrices and vectors could be
ignored due to assuming steady torsional behaviour.

In the next sections, the forces due to supporting shaft and bearings,
electro-mechanical and fluid interactions will be derived.

2.2 Discretisation of the rotor shaft

In this thesis two different methods for discretisation of the rotor shaft are
suggested; lumped parameter and finite element approaches. In some appli-
cations a combination of these two methods could be used, but this is not
consider in this thesis. Assume a system with neither unbalance or inclina-
tion, the equations of motion are

M−̈→x + θ̇G−̇→x =
−→
F . (2.12)

Forces due to the shaft and support are introduced as:

−→
F = −K−→x − C−̇→x +

−→
F interactions, (2.13)

where K is the stiffness matrix, C the damping matrix and Finteractions inter-
actions of magnetic field and turbine flow. Assuming that the latter is zero,
yielding in the Equations of motion:

M−̈→x + (C + θ̇G)−̇→x + K−→x =
−→
0 . (2.14)

2.2.1 Lumped parameter models

In the lumped parameter models, the rotor system is modelled as a mass-less
elastic shaft with one or more rigid bodies. Also assume that the shaft is
torsional stiff and that axial behaviour is uncoupled as before and hence each
disc has four degree of freedom. The mass matrix has only diagonal entries
with mass and inertia properties for each rigid body. The gyroscopic matrix
contains polar inertia for each rigid body. The stiffness matrix is derived
using Castligiano’s theorem [19] and the expression for the elastic energy of
the beam:

δi =
∂W

∂Pi

, (2.15)

where δi is the displacement or rotation in the direction of the force or mo-
ment Pi. Solving this equation yields in

δi =
∑

j

αi,jPj, (2.16)
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which could be written with matrix formulation:

−→
δ = α

−→
P , (2.17)

and finally the stiffness matrix is derived by multiplying the latter with the
inverse of the flexibility matrix, K = α

K
−→
δ =

−→
P . (2.18)

The interested reader can follow each step in this procedure by reading [20].
The lumped parameter model with eight respectively four degrees of freedom
are used in Paper A and Paper B and are shown in Figure 2.3 and Figure
2.4.

Figure 2.3: A four degree of freedom model of a hydro power generator,
obtained from Paper B.

2.2.2 Finite element model for lateral-torsional vibra-
tions

The finite element method could be used to derive the equations of motion
for the rotor shaft and boundaries. In this method the shaft is divided into
several elements with nodes in the intersections. The elements mass, inertia,
elastic behaviour and external forces are described by equations for each node.
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Figure 2.4: A eight degree of freedom model of a hydro power rotor system,
obtained from Paper A.

The matrix equation of the shaft is described by consistent mass, stiffness
and gyroscopic matrices. There are several references in the literature for
the interested reader [21], [18], [22]. In paper C, the finite element method
is used to derive lateral and torsional equations of motion, a illustration of
how the shaft is divided into elements is shown in Figure 2.5.

After deriving each element matrices and assembling to global matrices,
extra mass and inertia are added for the generator and the turbine in corre-
sponding diagonal entry in the mass matrix. The change of stiffness due to
the generator and turbine has not been taken into consideration.

For each node, the unbalance will be derived in a similar way as in Equa-
tion 2.4. The finite element method gives a physically better description of
the rotor system due to the consistent matrices, but the method has higher
computational cost in comparison with the lumped parameter model. The
selection of method depends on the analysis that will be carried out. For ex-
ample use the lumped parameter model to study tendencies of the dynamics
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Figure 2.5: Discretisation of the rotor shaft into elements and nodes.

and the finite element method for detailed system simulations and analysis
of measurements.

2.2.3 Modelling the bearings and damping of the sys-
tem

In the appended papers the bearings has been modelled as elastic springs
connected to the shaft. Damping has been modelled either as proportional
to the whole stiffness matrix (Paper A and B) or as viscous dampers in
parallel with the springs (Paper C).

2.3 Multiphysical interactions

Multiphysical interaction such as electro-mechanics and fluid interactions
are important in dynamical models of hydro power rotor systems. Hydro
power generators have relatively small air-gaps, which results in large electro-
mechanical forces. Also turbine forces are significant and has to be included
in the rotor dynamical model.
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2.3.1 Fluid forces

Hydro power turbines and flow channels are large size hydraulic machines.
It is more or less impossible to build a large machine with perfect geometry,
hence the flow into the turbine could not be consider as axisymmetric. A
non axisymmetric flow will influence the lateral vibrations of the turbine.
Also the mass and inertia of the flowing water becomes interesting from a
rotor-dynamical point of view. In this section a suggestion of a simplified
turbine model is presented.

Excitations

A simple model for the fluid excitations where introduced in Paper A. The
model includes excitation frequencies due to runner vane passage, guide vane
wakes and swirling vortex rope. In this model the amplitudes and phases of
the fluid excitations are not considered. The frequency content of the fluid is
assumed according to published papers and reports in the scientific literature
[23]-[30]. The fluid excitation force becomes:

Fj(t) =
∑

i

Famp,isin(ziωt), (2.19)

where index j is the coordinate of the force, indexi is the type of excitation
(for example runner vane passage), Famp,i is the amplitude of the excitation
force, zi is the frequency coefficient of the excitation and ω is the driving
frequency.

Added mass, inertia and damping

The mass and inertia of the water flowing in the turbine are added to the mass
and gyroscopic matrices according to rules of thumb used at the industry.
In Paper C the damping of the water flow have been introduced in order to
investigate how high the damping can be in order to successfully characterise
the system.

Torque

The torque of the turbine is, if torsional vibrations is included, modelled as
a function of a given power PTurbine, e.g.:

TTurbine =
PTurbine

θ̇Turbine

, (2.20)

where the power is depended of the head and flow, hence fluctuations of the
torque is not taken into considerations.
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2.3.2 Electro-mechanical interaction

In an electrical machine, the air-gap flux induces attraction forces between
the generator’s stator and rotor. In a symmetric machine the sum of all forces
will be zero. However, hydro power generators are normally not perfectly
symmetric and therefore the generator rotor will be affected by a magnetic
pull. The asymmetry of the air-gap in a hydro power generator will be
eccentricity and the shapes of rotor and stator. Eccentricity occurs when
the centre of rotor and stator does not coincide, which is the case in most
manufactured generators. Eccentricity also occurs dynamically due to the
displacement of the rotor and due to thermal expansion. In Figure 2.6 a
static eccentricity, e, in the y-direction is illustrated.

Figure 2.6: A rotor with eccentricity, e, in the y-direction inside the stator.
Or and Os denotes the origin of the rotor and the stator.

The electromagnetic field is solved separately and the electromagnetic
forces could be calculated either by use of Maxwell’s stress tensor or Colomb’s
method based on the principle of virtual work. The forces according to
Maxwell’s stress tensor can be computed as a surface integral in the air-gap,
where the integration surface is a band placed in the middle of the air-gap
between the rotor and the stator in the two-dimensional cross section. The
surface integral is defined as:
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−→
F =

1

D

∫
Sd

[
1

μ0

BrBϕ
−→ϕ +

1

2μ0

(B2
r − B2

ϕ)−→r
]

dS, (2.21)

where Br, Bϕ are the radial and tangential components of the magnetic flux
density, D is the with of the air-gap band, Sd is the cross sectional area
of the air-gap band. This method has shown to give an accurate result
[31]. Coulomb [32] presented a method to calculate the forces based on the
principle of virtual work. The electromagnetic force is defined using the
magnetic co-energy,

Wc =

∫
V

(∫ H

0

−→
Bd

−→
H

)
dV. (2.22)

In the two dimensional model the volume integral become a surface integral
over the air-gap. The forces are calculated as the derivatives of the co-energy
in the air-gap as

Fx =
∂Wc

∂x
, Fy =

∂Wc

∂y
. (2.23)

Magnetic stiffness

For the case where the variations of the air-gap are smaller than 10% of the
air-gap, the magnetic force equations may be linearised. In Figure 2.7 the
non-dimensional error is presented when the non-linear and linear forces due
to eccentricity is compared. Assume that the variations of the air-gap are
small and that the magnetic field has the same strength in all directions.
Then the magnetic forces will be expressed by the variations of the air-gap
and the magnetic stiffness. If the rotor is displaced with the distance e in
the y-direction, a linearised force due to the magnetic field could be written as

Fy = kM,re, (2.24)

Fx = kM,te, (2.25)
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where kM,r and kM,t are the radial and tangential magnetic stiffness obtained
from electromagnetic calculations. The radial magnetic stiffness is the stiff-
ness in the eccentricity direction and the tangential magnetic stiffness is the
stiffness in the perpendicular direction of the eccentricity direction due to
the magnetic pull. The magnetic stiffness is modelled as a magnetic stiffness
matrix KM , and the total stiffness for the system is:

Ktot = K − KM . (2.26)

Figure 2.7: Error of the non-linear approximation to the electro-mechanical
force due to eccentricity.

Generator shape

In Paper A a model for deviation of generator’s rotor and stator shape is
introduced. The force due to the shape of the air-gap is derived as the
resultant of difference from nominal air-gap multiplied with the magnetic
stiffness. Since the rotor is rotating and the stator is modelled to be stiff,
the force due to the air-gap shape has to be calculated in each time step or
be expressed as a Fourier series. The difference from nominal air-gap can be
expressed as

Δgap(i, j) = Δr(i, j) − Δs(i, j), (2.27)

where Δr(i, j) and Δs(i, j) are the differences from nominal rotor and stator
radius, i is the index of rotor pole and j is the order of the rotor rotation.
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The rotor contains of n poles and one measure the shape at each pole and
corresponding stator section. Hence, there exists n different rotor-stator
configurations. The angular distance between each configuration is given by:

ψ =
1

n
2π, (2.28)

The magnetic forces in x and y direction can now be expressed as

Fx(j) =
n∑

i=1

Δgap(i, j)cos((i − 1)
1

n
2π)

km,r

2π
n, (2.29)

Fy(j) =
n∑

i=1

Δgap(i, j)sin((i − 1)
1

n
2π)

km,r

2π
n. (2.30)

The latter equations could be solved in each time-step or expressed as a
Fourier series. In Paper A, only radial magnetic stiffness is taken under
consideration, hence the tangential term is cancelled in the equations for the
shape.

Reactive power

In Paper B an analysis due to different reactive load is carried out. In this
model, the electromagnetic forces are solved for different amount of reactive
power and the magnetic stiffness for different reactive power is calculated
as in Equations 2.24 and 2.25. In Figure 2.8 the electro magnetic force at
22% eccentricity for a 11MVA hydro power generator is shown. Two different
electromagnetic models are compared, one with damper windings in the rotor
poles and one without the damper windings.

Electro-mechanical torque

In the model containing torsional vibrations, the torque due to the electro-
magnetic field is modelled as equal to the torque in the turbine, but with
opposite sign, minus the losses in the bearings.

TGenerator = −TTurbine + LBearings, (2.31)

where LBearings are the bearing losses:

LBearings =
∑ {

ciθ̇i

}
, (2.32)

and ci are the damping in rotational axis.
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Figure 2.8: Electro-mechanical force at different amount of reactive power

2.4 Equations of motion of the rotor system

On matrix form, the governing equation of motion for a hydro power rotor
system is:

(M + Mu)−̈→x + (θ̇G + C)−̇→x + (K − KM)−→x =
−→
F u +

−→
F f +

−→
F s +

−→
T , (2.33)

where
−→
F f are the fluid interaction,

−→
F s are the generator shape interactions

and
−→
T the torque vector. In the appended papers different parts of this

equation have been ignored in order to analyse specific phenomenas. In the
next chapter the analysis of these equations will be described.
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Analysis

The governing equations derived in the previous chapter are analysed either
by direct or iterative methods. The linear equations are normally solved
with a direct method and the non-linear equations by a iterative method.
In dynamics both the homogeneous and the particular part of equation of
motion has to be analysed. The homogeneous part is analysed with the
eigenvalue problem to determine system characteristics. The particular or
the total solution are normally solved in time-space. The latter could be
analysed by a several methods. In the next sections the method being used
in the appended papers are presented.

3.1 Eigenfrequencies and stability

The system characteristics are determine by the free vibrations of the system,
e.g. equations of motion without any time depended excitations. Consider
Equation (2.14) transferred to a system of first order equations:

( −I N
N M

) ( −→̇
x−→̈
x

)
+

(
N I

K − Km ωG + C

) ( −→x−→̇
x

)
=

( −→
B−→
F

)
, (3.1)

where N and
−→
B are zero valued matrix respective vector. With matrix

notation Equation (3.1) becomes:

−S
−→̇
y + R−→y =

−→
H, (3.2)

The homogeneous solution to Equation (3.2) is:
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−→y h(t) =
n∑

i=1

Di
−→
Yie

λit, (3.3)

where
−→
Yi are the eigenvectors corresponding to the eigenvalues λi and Di are

constants determined by initial conditions. The eigenvalues are complex and
are expressed as:

λi = τi + iωd,i, (3.4)

where τi is the decay rate and ωd,i the damped eigenfrequency of the sys-
tem. The system is stable if all eigenvalues have negative decay rate. The
eigenvectors contains information about whirling direction for each node and
mode-shape.

3.2 Forced vibration

As described in the previous chapter, different excitations of the hydro power
rotor system are modelled. In this section the methods of analysing these
excitations are briefly described.

3.2.1 Unbalance response

If the excitation force is harmonic, the particular solution corresponds to the
solution to the equations of motion when all transients have died out, e.g.
the steady state solution. The steady state solution is of interest in order to
determine how the system responds to a harmonic excitation, for example
amplitude and phases for different frequencies. For harmonic excitation, the
load

−→
H in Equation 3.2 can be written as

−→
H (t) =

−→
H ssin(ωt) +

−→
H ccos(ωt), (3.5)

where
−→
H s and

−→
H c are the amplitudes of the harmonic excitations. The

particular solution to Equation (3.2) can then be assumed as

−→y p(t) = −→a sin(ωt) +
−→
b cos(ωt), (3.6)
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Then solution can be found by matrix operations

−→a = [ω2SR
−1

S + R]−1[
−→
Hs − ωSR−1−→Hc] (3.7)

−→
b = R

−1
[
−→
Hc + ωS−→a ] (3.8)

The unbalance response is used in Paper B, where different amount of
reactive power affects the electro-mechanical forces.

3.2.2 Non-harmonic excitation

In cases when the equations of motion are non-linear or if the excitation of
the rotor system is non-harmonic (for example the generator shape model
in Paper A), the equation of motion are normally solved by a numerical
integration scheme, for example a Runge-Kutta algorithm [34]. In the ap-
pended papers, the response due to non-linear and non-harmonic excitations
are analysed in the frequency spectrum of the response, described in the next
section.

3.3 Frequency spectrum

The frequency spectrum is normally given by the fast Fourier transform
(FFT), which is a special case for the discrete Fourier transform (DFT) when
the size of the data can be written as N = 2m. The FFT algorithm gives in-
formation of frequency, magnitude and phase. In rotor-dynamics, one is also
interested in the direction of whirling, since both forward and backward whirl
exist. Yamamoto et.al. [22] suggested a method using a complex FFT algo-
rithm for rotor-dynamical applications. Two signals in xk- and yk-directions
can in complex form be written as zk = xk + iyk. Applying the complex FFT
algorithm on this complex signal will give the frequency, the magnitude, the
phase and the whirling direction (positive frequencies corresponds to forward
whirl and negative frequencies corresponds to backward whirl).

The frequency content of a response signal gives information about the
system and the exciting forces. In structural dynamics the analysis of a re-
sponse signal are normally separated into two fields, signal analysis and sys-
tem analysis [35]. In signal analysis, one determine the response of a system
due to some generally unknown excitations. In system analysis, one deter-
mine the response due to some known excitations. In structural dynamics,
where eigenfrequencies are not depended of the operational frequency, sys-
tem analysis is relatively easy to carry out. In rotor-dynamics, the system



34 CHAPTER 3. ANALYSIS

has to be rotating during the system analysis due to the eigenfrequencies
dependency of rotational speed. Since rotor systems are normally also ex-
cited by forces during operation, the system analysis becomes more difficult
in comparison with structural dynamics. A hybrid method of signal and sys-
tem analysis can be carried out, e.g. one analyse how the response of the
unknown excitations changes when applying a known excitation.

In rotor-dynamics, both system and signal analysis are normally carried
out for different rotational speeds. System analysis is used to predict eigen-
frequencies for each rotational speed. Signal analysis is used in order to
determine if the excitations depended on the rotational speed, for example
harmonics of the rotational speed. In Paper A signal analysis are used to
analyse the frequency content of the unknown excitations of the generator
and turbine. In Paper C a new approach is presented on how to excite a
hydro power rotor system in order to carry out system analysis.

3.4 Measurements

The focus of this thesis is the modelling of hydro power rotor systems. The
models have been compared with on-site industrial measurements. Since
these measurements are carried out in an industrial environment there have
been limitations on the amount of measurements. Therefore the measure-
ments are not as detailed as one scientifically desire. However, in some sense
the measurements indicate if the models can predict the tendency of the real
system.

In Paper A, the acceleration measurements are performed in x- and y-
direction on the bearing house of each bearing. The problem with this
method is that one is actually measuring the dynamics of the bearing house
rather than the rotor system. The source of bearing vibrations is the rotor
system, hence to analyse sources of vibrations, this method is acceptable.

In Paper C, the displacement are carried out by use of inductive sensors
on the shaft. With this method, the motions from measurements and simu-
lations could be compared. The measurements in Paper C are carried out in
order to use the data for future work with characterising a hydro power rotor
system. Therefore sensors for strain and displacements in bearing brack-
ets, moments and torsional vibrations of the shaft has been included in the
measurements. The measurements are carried out for different operations.
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3.5 Numerical and computational problems

The computational problems within this thesis are solved with in-house
scripts written in the Matlab environment. The scripts have been evaluated
by comparing with known results. Numerical routines that have been used
are standard Matlab routines. All matrices in matrix-operations have been
well conditioned. In Paper C the use of adaptive time-step of the numerical
integration scheme satisfies that error will be small.
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Chapter 4

Results

In this thesis three different force models are applied to hydro power rotor
systems. In the next section a summary of the most important results are
presented.

4.1 Fluid excitations

In Figure 4.1 simulated frequency spectrum (positive y-axis) are compared
with measurements (negative y-axis) for the turbine excitations model, see
Equations 2.19. In Paper A, it was noted that some of the frequencies in
the model also had corresponding peak in the measurements. Peaks in the
measurements are determined near the calculated eigenfrequencies (dashed
red lines). One can see that the model contains frequencies that are not
found in the measurements.

4.2 Generator shape

In Figure 4.2 are the frequency spectrum for simulations (positive y-axis)
compared with measurements (negative y-axis) for the generator shape model.
In Paper A, it was noted that most of the frequencies in the model had cor-
responding peaks in the measurements, e.g. 2:nd, 3:rd, 5:th, 6:th, 7:th and
9:th harmonics of the driving frequency f . Peaks in the measurements are
determined near the calculated eigenfrequencies (doted red lines). Measure-
ments where also carried out without the magnetic field and then the peaks
disappears.
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Figure 4.1: Frequency peaks of simulation of the fluid model (positive y-
axis), measurement (negative y-axis) and eigenfrequencies (dashed lines) for
higher frequencies.

Figure 4.2: Frequency peaks of simulation of the electro mechanical
model (positive y-axis), measurement (negative y-axis) and eigenfrequencies
(dashed lines).
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4.3 Reactive power

The results from the model with reactive power indicate that reactive power
influence the dynamics of the rotor system. In Figure 4.3 are the natural fre-
quencies and maximum steady state response shown as a function of reactive
power. In Figure 4.4 four different stability regions are presented.

Figure 4.3: Natural frequencies and unbalance response for the models influ-
enced by reactive power

Figure 4.4: Stability regions for the models influenced by reactive power. In
Region 1 is the system stable, in Region 2 is the system stable for the model
with damper winding and unstable for the model without damper winding
and in Region 3 is the system unstable.
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4.4 Characterisation

In Paper C a new method for experimental characterisation of a hydro power
rotor system was introduced and evaluated. The idea is to use the suddenly
change of moment and magnetic pull when the generator is closed down
from production to excite the eigenfrequencies. In Figure 4.5 and 4.6 are
the frequency spectrum presented for the generator lower bearing in the
simulated and measured model direct after the generator close down.

Figure 4.5: Frequency spectrum after a close down of the generator, simula-
tion

Figure 4.6: Frequency spectrum after a close down of the generator, mea-
surement
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Discussion

The mechanical systems presented in this thesis contain several simplifica-
tions. The generator and turbine are modelled as rigid bodies. Bearings are
modelled as linear elastic springs in parallel with viscous dampers (or with
proportional damping) and the geometry of the shaft is simplified. However,
the results in Paper A and Paper C indicates that the models with these
simplifications acceptably predict the system characteristics.

Unbalances are assumed to be equal in magnitude and phase in turbine
and generator and the inclination is set to zero. The electro mechanical
models are linearised and determined from static electromagnetic conditions.
Measurements indicate that the models predict the tendency of the electro
mechanical forces. The fluid model is strongly simplified because the model
is based on geometry rather than a physical description. Measurements in-
dicate that this model does not acceptably describe the physics of the flow.
The model is suggested to be improved, for example using CFD-results to
model the system and excitation forces on the turbine. The multi physical
models are acceptable only for predicting tendency of the rotor system, but
for detailed calculations, some improvements must be carried out.

The influences of multi physical interactions are important to model in
order to predict the dynamics of hydro power rotors. The results in Paper
A shows that the generator shape and turbine flow are possible sources of
excitations of the rotor systems. The high magnification of some frequencies
indicate that the excitation frequencies are close to the eigenfrequencies of
the system. Hence, for design and redesign, it is important to know about
the sources of excitations and corresponding frequencies in order to prevent
high vibrations. The result in Paper B shows that the forces due to electro
mechanical interactions have to be calculated for different load cases. In the
case of increasing reactive power, the unbalance response is increasing, the
natural frequencies are decreasing and the system becomes less stable. When
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comparing the electro-mechanical models with and without damper winding
one important observation was made. For the model with damper winding
the natural frequencies are increasing and steady state response is decreas-
ing in comparison with the model without damper winding. However, the
mechanical system becomes less stable for the model with damper windings.
Traditionally, damper winding have not been included in electro-mechanical
simulation of synchronous generators.

The results in Paper C shows that it is possible to determine a few of the
eigenfrequencies of the rotor system. The possibilities with this method are
influenced by the damping in the turbine and the amplitude of the electro-
mechanical force. The main problem with the suggested characterisation
model is that not only the forces and moments at the generator will change,
but also the moment and forces at the turbine. Bearing characteristics are
assumed to be constant for different rotational speeds, which might be a
to simple assumption. An improvement of the model can be made by first
measuring the bearing characteristics for different rotational speeds and the
turbine excitations for different flows. When the bearing characteristics and
turbine excitations are known the method should be able to characterise a
hydro power rotor system. If the turbine excitations is known for different
flows, it should also be possible to characterise the system during operation
with a sudden change of the turbine flow.

The measurements carried out in the appended papers are carried out
in industrial environments. In the same power station as the ‘experimental
units’ there have been other units in operation with close downs and start
ups during the measurements. Since measurements are carried out in an
industrial environment, it is not always possible to measure every signal in
an optimal position. These facts might have been affected the measurements.

5.1 Conclusion

One can conclude that a rotor dynamical model for hydro power applications
have to include multi physical interactions due to the electro-magnetic field
in the generator and the flowing water in the turbine in order to predict
the dynamical behaviour. For best dynamical design of a hydro power unit,
one need to work interdisciplinary to develop a complete system rather than
several different components. This will be more important in the future
when the machines are expected to be exploit harder due to intermittent
operations.

The electro-mechanical interactions in the generator significantly affect
the rotor system. Shapes of the rotor and stator excite the rotor system with



5.2. FUTURE WORK 43

a broad spectrum of frequencies. Production of reactive power does influence
unbalance response, natural frequencies and stability of the rotor system.
From the models with and without damper winding, one can conclude that
it is important to model the damper winding in order to predict the electro-
mechanical forces.

It is shown that the fluid forces in the turbine excite the rotor system
with a broad spectrum of frequencies. Some of these frequencies are near to
the rotor systems natural frequencies, which might be dangerous. However,
the fluid model presented in this thesis needs to be improved in order to
analyse the dynamic behaviour due to fluid interaction in more detail.

The results indicates that the suggested method in Paper C will excite
some of the eigenfrequencies clearly. However, the suggested method could be
improved if one separate which response that is excited by the sudden close
down of the generator and which response that is excited by the turbine flow.

Finally, one can conclude that a simplified rotor dynamical model in-
cluding multi physical interactions predict the tendency of the real physical
system.

5.2 Future work

Better rotor dynamical model is needed to improve both design and optimi-
sation of operations. There are four major areas of future work:
1. Improving the electro-magnetic model for the generator.
2. Developing a model for vertical tilting-pad bearings.
3. Developing a turbine flow model.
4. Characterisation.

For the electro-mechanical interaction, a general expression for the forces
due to the generator’s damping winding has to be determined in order to
analyse general dynamic behaviour of hydro power generators. Three di-
mensional effects, for example a tilted rotor, are of interest to investigate.
Also the electro-mechanical excitations, such as armature effects, magnetic
over-wave and improvement of generator shape, have to be identified and
modelled in more detail. For simulation of start up and synchronisation on
to the electrical grid, the inertia and stiffness of the grid has to be modelled.

Software for bearing simulations are normally developed for horizontal
bearings where the gravity induce a preload. However hydro power bearings
are not preloaded by gravity and it becomes interesting to develop more
general simulation models for bearing simulations.

In Paper A and Paper C it have been noted that the fluid interaction
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in the turbine is significant. Today, there exist no model of how the fluid
interaction influence the system and how it excite the system. In the future
work in this area analysis of how inertia, mass, rigidity and damping of the
flowing water can be modelled and how the excitations due to wakes and
separation in the flow should be included in rotor dynamical models.

The work with the characterisation has to be continued. Methods for
using the turbine flow, magnetisation and synchronisation to characterise
the system, have to be developed.

5.3 Academic and industrial contribution

A researcher should be able to work individually and together with other
researchers and industrial partners. In the appended paper one or more
co-writers have been involved in the work. It is necessary to describe the
contribution in each paper by the author of this thesis (below called the
Author). The idea of Paper A where formulated by the Author together with
Jan-Olov Aidanpää. In this paper the modelling, simulation and analysis
where carried out by author with advice from Jan-Olov Aidanpää. During
the work with Paper A, one industrial partner informed about higher level of
vibration when operating on higher amount of reactive power. The author
suggested a study of reactive power together with the cooperation university,
Uppsala University. The result of this study is presented in Paper B. In this
paper the Author carried out the mechanical modelling, calculation, analysis
and the idea of how to use the electromagnetic results in the mechanical
model. Jan-Olov Aidanpää mainly contributed in this work by advising
how to present the results and in the discussion of what electromagnetic
calculation that has to be carried out. The idea of Paper C has been discussed
in the research group for a while. The Author carried out the modelling and
simulation. The measurements where carried out by the Author together
with an industrial partner. The analysis of simulations and measurements
where carried out by the Author with support of Jan-Olov Aidanpää.

5.3.1 Scientific contribution

The research question in this thesis is; How should multiphysical interac-
tions in a hydro power rotor systems be modelled, simulated and evaluated,
in order to predict dynamical behaviour? In Paper A the influence of the
generator shape together with a simplified model for the turbine flow was
introduced. The modelling of the generator shape has initially indicated
acceptable results in order to predict vibrations due to the generator’s ro-
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tor and stator shape. It has also been concluded that the model for the
turbine excitation is to simple and needs to be improved in the future. In
Paper B it was shown that reactive power influences the rotor dynamics of
a synchronous generator. Including the effects of reactive power in rotor
dynamical model for synchronous generator have shown that the eigenfre-
quencies, the unbalance response and the stability of the rotor system will
be affected. In Paper C, a new method where suggested of how to use the
electro-mechanical interaction in a hydro power rotor system to characterise
the mechanical system.

5.3.2 Industrial importance

The industrial importance of the this thesis can be summarised as an im-
provement of rotor dynamical models for hydro power rotor system. With
improved models, better decisions can be made regarding operations, main-
tenance, diagnostic and redesign. For example, the results regarding the
influence of reactive load (Paper B) could be used during planning of pro-
ductions, so reactive power will be produced in a unit where the influence of
reactive load will be relative small. The model for the generator shape (Paper
A) could be used to analyse possible sources of vibrations in measurements
and avoiding excitations. The method for characterisation (Paper C) needs
to be improved in order to separate turbine and generator excitations. The
idea to use multi physical interactions for characterisation is expected to be
useful for industrial measurements for characterisation of systems as a part
of machine diagnostics.

However, this and other project have recently started and the industrial
importance of the work will hopefully increase in the future. In the future
process, the models presented in this thesis will serve as a base for improving
rotor-dynamical models for hydroelectric units. The whole process with this
and other research projects within hydro power technology are also a con-
tinuous knowledge building process both in the academy and the industry.
Project meetings, on-site measurements, workshops and other collaborating
activities are important for the industry in order to improve the knowledge
in the industry as well as at the universities.
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M. (2005): Influence on the stability of generator rotors due to radial and
tangential magnetic pull force. Submitted to IEE Proceedings Electric
Power Applications.
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ABSTRACT

Hydro power rotors are subjected to fluid and

electromagnetic forces. In this paper measurements and

simulations are shown for a hydro power rotor system. The

simulation includes the influence of fluid forces in the turbine

as well as the electro magnetic pull in the generator.

The mechanical rotor system is modelled with the

generator and the turbine treated as two rigid bodies,

connected to an elastic shaft supported by three bearings.

The fluid model in the turbine is based on results from the

scientific literature. A model is suggested for the electro

magnetic pull due to eccentricity and the shape of the stator

core and the rotor rim.

Results from the simulation are compared and analyzed

with frequency spectrum from vibrations measurements. One

can conclude that the unbalance together with geometric

properties of the turbine and generator, are possible sources

of the most dominant frequency peaks in the measurements. �

�

INTRODUCTION
�������������������������������	������������� ������!�

�"������
��������!��"��	��!���������������������	�
�#�

$����  �!����������������	����"�	����������� ��	���	��������
����	�� ��	��	� 	���#�%����"�������"�������������������	���

�����������������������" �	�����	�� ���������	���	��������#���

����"������������	����	����	��������������� ���������

�����  ������	����"�������
" ������	����������"���" �

	�������	��������� �&����������	�	��������������	����#�%���

�	����	����	������������������������������������������

������"��������'"���	��!������������� �&�����������������

���'"���	���������������"������������������	�� ������	�"�����
������"����#��(����	����������� ��	���������"�����������

�	����	������������	����"�!�����������	�������	�����������������

����������������������	�� "���#��

(�������	� ���������� "	�������	��!��������'"�������������

�������������	�
���������"��	���	�����	�������#���������	������

�����	����	������� �����	��	����)����	���"��	���	��
	����	��

*�+#�%���	�� "���������������"����"�
��������	��"�����	��*�+#�

�	�" ��	��������"��	��������	���  �����	���	�������	�������

����	��������������������������	����"��	��*,-.+�����"��������

��������������	����"��	��*/-0+#��

�����	�� �������������
����������������� ��	������  ��	�-


������������������������������������������	�#�$����  �!�

������ ��
��
������������������������� ���������	�#�%�	��

���" ���	�� ��
��� ������������	�� ��������	������
��������#�(��

*��+��� 	����	&������� �����������������	��"���������� �&������
���	�����������������������������������"���������	������

�����	���������	�	��#�

(����	���������������������	������ �	�� "�	�
������ "	��

�������1�	��"�����	��������	���	�	�� 	�����"��2���������� ������

������	�� �������	���"

�����#�%���� ������������	�� ����� �

	��*��+�	��"�����������	�	������	�� "��������������������


��������#�%���3���	��"�������	��������	�����	�����	
��������

���"�������	���	�� 	�	������� ���������	���������� �����	�� �

������#��

�

�
�

�

�



� �� �����	
�����������������

NOMENCLATURE

�� �����	�	���!� ��
��� �#�.0.�

�� �����	�	���!� ��
��� �#�4/4�

�� �����	�	���!� ��
���� �#,,���

��
����	���������	�	����


���������
�#�������

�
�

� ����	���������	�	���������� �

�� �����	�	���!� ��
��� �#�45��

��� �����	�	���!�����	�
� ,��-��

��� �����	�	���!����	�
� �#������

�� 6�����	�
������� �4#�5����7��

�
� 8"	�����������'"����� �5�#.����7��

��� 9"�������������'"����� �00#0�����7��

����
9��	�
���� �����

����
4#/.����7��

����
9��	�
�����	
�����

���'"�����
0!������7��

	
���
:	�����������������	�� ��

�	�-
���
*�+�

	��
:	�����������������	�� �

���������	"��
*�+�

	��
:	�����������������	�� �

����������	"��
*�+�

�� )��'"����� *;&+�

�<� :�	�	�
����'"����� �#�/;&�

�!�	!�=� (���>� �

3�!?!�� ?���	�
���	������� �����$7��

3�� ��
���	����	������� �4/#,��$7��

�8� ����!�
��������� 05�.��3
�

�%� ����!��"��	��� �,�,��3
�

�� $"���������� ��� 44�

�� 9��	"��������������� �#�/����

������� 9��������	"�� �#/.����

�������� ����������	"�� �#//����

x
�

� :	�� ��������������� �

D � :���	�
�����	>� �

�� @�"�
A�����" "�� ����8B��

G � 8�������	������	>� �

(�
���������������	����	�!��

����������
�#��4���4�

)���� ��� 	�"������� "	��������� ��3$�

eccF
�

�
)�������������"���������	��

�������	�	���
�

)� "	��
)������"������ "	��

�������
*$+�

fluidF
�

�
)�������������"������ "	��

�������
�

shapeF
�

�
)�������������"������


����������������
�

uF
�

�
)�������������"�����

"��� �����
�

)>�
)������"�����
���������

������	��>-�	����	���
*$+�

)��
)������"�����
����������

������	���-�	����	���
*$+�

C:8�
:	�����	������������
	����	�!�
���������

��.,5��3
���

C:%�
:	�����	������������

	����	�!��"��	���
��5/��3
���

CB8�
B� �������������	����	�!�


���������
4,�����3
���

CB%�
B� �������������	����	�!�

�"��	���
,�00��3
���

K � ��	�����������	>� �

mK �
��
���	����	�������
����	>�

�

M � ���������	>� �

MECHANICAL MODEL
%���������	�� ��������������	������  ����	����������

 ��������"�	������ ���	���������	��� ��
��� !�@�"�
A�����" "��

����������������	����	��(#�%���������	���"���������	���

����	�
���	�����	�������3�!�3������3�#�%���������	������������

�������
��������������"��	�����	�����������������������	
	��

�	�����	���������8������%!��� ��������������	����	��CB8�����

CB%������	�����	�� ������������	����	��C:8�����C:%#�%���
������	�� ����� �	��	  "��������	��)	
"����#�

������	������������ ����	�������	����	���!�>������!�����

����������"�����������#�;���������������������������	
���

��
��������������#��'"��	���������	���������	���������	��

���	����	��*��+D�

uFxKxDGxM
������� ���� 21� , 1�2

������ M 	���������������	>!� G ����
�������	������	>!�

D ��������	�
�����	>!� K ������	�����������	>!� x
�

�����

�	�� ��������������!� uF
�

�����"��� ������������������1'"� 	���


���������� ���	�
�8.#,2������ ����������	��� ������#�%���

��	�����������	>�	�����	�������"�����"����������	
 	���A��

�������#�B������	��� ��>����� �����	�
�	��"����������	�
����

KMD �� �� �� !� 1�2�

������ �� ����� �� �������������#��



� ,� �����	
�����������������

�
)	
"����#�(EEF�%9�%(6$�6)�%;�����;�$(��E�

96%69��@�%�����

INFLUENCE OF FLUID DYNAMICS
%���� "	������ �	��������"���	�������������������" ���

����������	��*�-0+#�B���	� ���������	�������"��	������D�

- ������	�	�
����'"�����

- �������'"���	����"����������"���������"�����

- �������'"���	����"����������"��������
"	���������

- ���� ����������	
����9��	�
����1�������"�����	� 2�
���'"���	���

- ������	������������	�	�
����'"����!��"��������

�"���������
"	������������������	
����9��	�
����
���'"����#��

%���� "	��������������������D�

22�	�12�	�1

2�	�121�	�1

22�	�121�	�1

�

��

�

�

thth

thth

ttFF

rs

gr

h

rampfluid

�����

������

������

�
�

��

��

��

�� 1,2�

������ AmpF �	��������� 	�"�����������>�������������!���	����

	���
����
!�����
"	�����������'"����!���������"����������

���'"��������� �r� ���� �r� �����9��	�
�������'"���	��D�

��
,

�
� �r � 142�

��
,

�
� �r � 1�2�

(����	������������ "	����������������"���������������������

��� 	�"������������#��'"��	���������	�����������D�

fluidu FFxKxDGxM
�������� ����� 21� !� 1.2�

����� fluidF
�

�����	���&������>�������������'"��	���������	���

���������"��	��������� fluidF ������	��������� "	�� ���#�

�

�

INFLUENCE OF MAGNETIC PULL
(������ ����	�� �����	��!������	�-
���� ">�	��"�������	� �

�������	����������������������
��������A������������������#�(����

�������	������	��������"������  ���������	  ����&���#�

;������!�������������
�������������������  ������������� ��

�������	��*��+�������������������
����������������	  ����

����������������
���	���"  #�%���������������������	�-
���	��

��������������
����������	  �����������	�	��������������������

������������������������#��������	�	������"�������������������

�������������������������������	��	��!���	���	�����������	��

�����������������
���������#��������	�	������"�������	������

�����	��1�"���������"��� �����������������2#��

)�������������������������	��	������������	�-
�������

���  ����������G���������	�-
��!�������
���	���������'"��	����

������� 	����	&���*��+#����"���������������	��	������������	�-


����������  ����������������
���	���	� ���������������

�����
���	���  ��	����	���#�%����������
���	����������	  ����

�>������������������	��	������������	�-
�������������
���	��

��	������#�)�������	�� "���������������	�	��������'"��	�������

���	��������������

eccfluidu

m

FFF

xKKxDGxM
���

������

��

�	��� 2121�
!� 1/2�

����� mK 	��������
���	����	�����������	>����� eccF
�

�����������

�"���������	���������	�	��!��#
#�

�
��
�� mecc kF !� 152�

������ mk 	��������
���	����	������������
�

�	�������������	�	���

����������	���������)	
"����#�

%����������"�����������������������	�-
���	�����	�����������

���" ���������	�����������������	�� ��	�-
����" �	� 	����	���

������
���	����	���������������������	���������������#�)����

����"�����������!������	�����������������	�� ����	"�����

�������� �������������	�" ��������������	�������
	���#�%���

�	�����������������	�� ��	�-
�����������>�����������

2!12!12!1 jijiji srgap 
	
�
 !� 102�

������ r
 ���� s
 ����������	������������������	�� �����������

����������	"�!�	�	������	���>������������ ������=�	���������������

���������������	��#�%����������	  ���������	�
����	����	��	�������

���������������������	����	  ���� rad
n

��
�
� !���������	��

�"���������������� ��#�

���

���

���

�����	����
��

���

��

���

����

��

���

�����	����
��

��������



� 4� �����	
�����������������

�

)	
"����#�(EEF�%9�%(6$�6)�%;���(9-8�B#��

�

�

%�����
���	���������	��>��������	����	��������������

�>�����������

n
k

n
ijijF m

n

i

gapx ����	�
��
� �

�
�

2�
�

2����112!121
�

�1��2�

n
k

n
ijijF m

n

i

gapy ����	�
��
� �

�
�

2�
�

2��	�112!121
�

� 1��2�

F�	�
�)�"�	������ ��	���'"��	���1��2�����1��2��������

�>������������	��-������������	��	���"���	���!� 21tFx �����

21tFy !����������'"��	���������	�����������D�

shapeeccfluidu

m

FFFF

xKKxDGxM
����

������

���

�	��� 2121�
!� 1��2� � � 1�52�����1�52�

����� shapeF
�

������	���&������>�������������'"��	�������

���	�����������
������������������ 21tFx ����� 21tFy �

�����	���������������"�����
��������������#��

%�������"������������������������������������������

����	����"��������������������������������������
��������#�(��

��	��������������������������������#�(���������	�����������

���������������������������������������������	�-
���������

"������������������������������������������
���������	��

���	���#�(�������?������������������������������������������

����
������������������������������ ��������������������
�����������	�
����"���������������������
��������#�

�

�

MEASUREMENT
:���������	�" ��	������������"��������������3��������

H�I�
�����8��	��9	�����3�  ����I�J �#��%����	����	����

����"����������������	����"�������
" ������	��*��+#�%���

����"����������������	������$I	��������������������������

�������������������� ��	��	������$I	�����������������#�%���

 ������������������4����������	��������3���������������	�
#�

0 5 10 15 20 25 30 35 40 45
-3

-2

-1

0

1

2

3

4
x 10

-4

Pole number

D
iff

er
en

c
e

fr
om

n
om

in
a
lr

a
di

us
[m

]

Rotor shape

�
)	
"���,#�:())�9�$���)96��$6�($�E�9�:(F��)69�

%6B�1E($�:2��$:�?6%%6��1:��;�:2�6)�%;��

96%69#��

�

�

0 5 10 15 20 25 30 35 40 45
-8

-6

-4

-2

0

2

4

6
x 10

-4

Section number

D
iff

e
re

nc
e

fr
om

no
m

in
al

ra
di

us
[m

]

Stator shape

�
�

)	
"���4#�:())�9�$���)96��$6�($�E�9�:(F��)69�

%6B�1E($�:2��$:�?6%%6��1:��;�:2�6)�%;��

�%�%69#�
�

�

�������������	���!���������������
��������A������������

���������������"����*�,+#�%���������"����	���'"��	���102#�

(  "�����	�������������������������������������������������������

	��)	
"���,-4#�

�

�

NUMERICAL SIMULATION
�'"��	���1��2�	���� ����"�	�
���9"�
�-H"����������"��#��

%����	����	����	����������	�
����������	����"����������� ��	���

��������������������"������	�� ����������������	
	�����	���

���������������	����������	�
��*��+#�

�

�������

��������



� �� �����	
�����������������

RESULTS
%����	�" ������� ��	�	�����������������	�������

����"������ ��	�	����������������	����������	�
�#�(��)	
"����-/�

�������" �����������	�" ��	�����	������������� "	�-	�������	���

����� �����-������	�� �	�������	����������������������������
��
�������	�����������"�������#�(��)	
"���5-����������" ������

�����	�" ��	�����	������������� "	�-	�������	�������� �����-

������	�� �	�������	������������?�����������������
�������	���

��������"�������#�

�

�

0 1 2 3 4 5 6 7 8 9 10

-1

0

1
x 10

-4

A
m

pl
itu

de
[m

/s
]

Frequency [f*/f]

Bearing in position A

�

)	
"����#�)9�KF�$�@�B��H��($�?��9($8���6)�

�(�FE�%(6$�6)�%;���6�BE�%���6:�E�)69������

��1B6�(%(L��@-�M(�2!�����F9���$%��1$�8�%(L��

@-�M(�2��$:��(8�$)9�KF�$�(���1:��;�:�E($��2#��

�
�

1 2 3 4 5 6 7 8 9 10

-1

0

1

x 10
-4

A
m

pl
itu

de
[m

/s
]

Frequency [f*/f]

Bearing in position C

�

)	
"���.#�)9�KF�$�@�B��H��($�?��9($8���6)�

�(�FE�%(6$�6)�%;���6�BE�%���6:�E�)69������

��1B6�(%(L��@-�M(�2!�����F9���$%��1$�8�%(L��

@-�M(�2��$:��(8�$)9�KF�$�(���1:��;�:�E($��2#�

0 5 10 15

-1

0

1

x 10
-4

A
m

pl
itu

de
[m

/s
]

Frequency [f*/f]

Bearing in position D

�

)	
"���/#�)9�KF�$�@�B��H��($�?��9($8�:�6)�

�(�FE�%(6$�6)�%;���6�BE�%���6:�E�)69������

��1B6�(%(L��@-�M(�2!�����F9���$%��1$�8�%(L��

@-�M(�2��$:��(8�$)9�KF�$�(���1:��;�:�E($��2#��

�
�

0 1 2 3 4 5 6 7 8 9

-1

0

1

x 10
-4

A
m

pl
itu

d
e

[m
/s

]

Frequency [f*/f]

Bearing in position A

�
)	
"���5#�)9�KF�$�@�B��H��($�?��9($8���6)�

�(�FE�%(6$�6)�%;���6�BE�%���6:�E�)69������

?�1B6�(%(L��@-�M(�2!�����F9���$%��1$�8�%(L��

@-�M(�2��$:��(8�$)9�KF�$�(���1:��;�:�E($��2#��

�
�

The fluid model

%����"�����	������'"���	��������������"�������������

����������"��	����������	� ����"���!�����"������������

����������	����	�" ��	�������������� �����-������	�� �

	�������	���	����
 �����#�%������" ���������������	�" ��	����

��������������	��)	
"�����-�������%�� ���#�

������	�
����%�� ����������������������������'"���	���

�	��������"��	��������"����	�������	�" ��	������������ �����

9��	�
�������'"���	��!�����������	����������	
����



� .� �����	
�����������������

9��	�
�������'"���	��!�9"��������������'"���	�������	���

������	�������
"	�����������'"���	��#�6������" ������������
����������	�����������	
����9��	�
�������'"��������������

����������������������'"���	�������������	�" ��	�������

����"������#���
�

�

0 1 2 3 4 5 6 7 8 9 10

-1

0

1

x 10
-4

A
m

pl
itu

de
[m

/s
]

Frequency [f*/f]

Bearing in position C

�

)	
"���0#�)9�KF�$�@�B��H��($�?��9($8���6)�

�(�FE�%(6$�6)�%;���6�BE�%���6:�E�)69������
?�1B6�(%(L��@-�M(�2!�����F9���$%��1$�8�%(L��

@-�M(�2��$:��(8�$)9�KF�$�(���1:��;�:�E($��2#�

�
�

0 2 4 6 8 10 12 14 16

-1

0

1

x 10
-4

A
m

pl
itu

de
[m

/s
]

Frequency [f*/f]

Bearing in position D

)	
"�����#�)9�KF�$�@�B��H��($�?��9($8�:�6)�

�(�FE�%(6$�6)�%;���6�BE�%���6:�E�)69������

?�1B6�(%(L��@-�M(�2!�����F9���$%��1$�8�%(L��

@-�M(�2��$:��(8�$)9�KF�$�(���1:��;�:�E($��2#�

�
�

0 1 2 3 4 5 6 7

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

x 10
-5

A
m

pl
itu

de
[m

/s
]

Frequency [f*/f]

Bearing in position D

�

)	
"�����#�)9�KF�$�@�B��H��6)��(�FE�%(6$�6)�

%;��)EF(:��6:�E�1B6�(%(L��@-�M(�2!�

����F9���$%��1$�8�%(L��@-�M(�2��$:�

�(8�$)9�KF�$�(���1:��;�:�E($��2�)69�E6N�9�

)9�KF�$�(��#��

�
�

15 20 25 30 35 40

-6

-4

-2

0

2

4

6

x 10
-5

A
m

pl
itu

de
[m

/s
]

Frequency [f*/f]

Bearing in position D

�

)	
"�����#�)9�KF�$�@�B��H��6)��(�FE�%(6$�6)�

%;��)EF(:��6:�E�1B6�(%(L��@-�M(�2!�

����F9���$%��1$�8�%(L��@-�M(�2��$:�

�(8�$)9�KF�$�(���1:��;�:�E($��2�)69�;(8;�9�

)9�KF�$�(��#�

�
�
The electro-mechanical models

%����"�����	������'"���	��������������"�������������

���������
����������������������	� ����"���!�����"��������

��������������	����	�" ��	�������������� "	�-������	�� �

	�������	���	����
 �����#�%������" ���������������	�" ��	����



� /� �����	
�����������������

��������������	��)	
"����,�����%�� �������������������	��

)	
"����4�����%�� ��,����������?#�
������	�
���������%�� ��������,����������������������

���������'"���	����"�����������������������	�-
������������

�����������?��	  �������"������" �	� 	����	���������	�	�
�
���'"����#�6������" ������������������������'"���	�����" ��

��	��	����	������'"���	������������� "	������ #����

�

%�� ���#�6��F99�$����6)�)9�KF�$�@�B��H��($�

����F9���$%���$:��(�FE�%(6$�)69�%;��)EF(:�
�6:�E#�

)��'"�����

�7�<�
����"������� �	�" ��	��� �>� ����	���

O�7,� PP� P� 9��	�
���� �����

O�7,� PP� -� 9��	�
�����	
����

O�<�7,� Q� 1P2�
;�����	������

9��	�
�����	
����

�4� P� PP� 9"�����������

�� PP� PP� F��� �����

��� -� P� 8"	���������

�<�4� P� P�
;�����	������

�"�����������

�<��� -� P�
;�����	������


"	���������

Plus sign means occurs (+) and occurs strongly (++) and

minus sign mean does not occurs (-). Question mark means

that it is insecure if the frequency occurs or not.
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Abstract

Asymmetry of the magnetic field in a synchronous generator will
induce a magnetic unbalance pull. In this paper a hydro power rotor
system is modelled and the influence of electro-mechanical forces due
to different amount of reactive power is analysed. The electromag-
netic field is solved with the finite element method. Two electromag-
netic models are compared, one with damper winding and one without
damper winding. The mechanical model of the generator consists of
a four degree of freedom rigid disc connected to an elastic shaft sup-
ported by two bearings with linear properties. It has been found that
the unbalance magnetic pull increases for a higher amount of reactive
load which leads to a decrease of natural frequencies and increase of
unbalance response. Comparing the electromagnetic models, one can
see that when damper winding is included, the total electromagnetic
pull will decrease compared to the model without damper winding.
One can also see that for the model including damper winding, there
exists a radial component as well as a tangential component in the
electromagnetic pull. Due to the tangential component, the stability
of the mechanical system will decrease in comparison with the model
without damper winding.

1 Introduction

Asymmetry of the magnetic circuit in electrical machines can give rise to
vibrations. An off-centred rotor in a generator results in asymmetry in the
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air-gap. The rotor will be affected by forces due to the asymmetrical mag-
netic field around the air gap. In order to determine the forces due to the
asymmetrical magnetic field the magnetic flux density must be determined
in the whole air gap region around the rotor. Determination of magnetic
forces has been carried out for more than a century.

Early papers by Behrend [1], Gray [2] and Robinson [3] suggested lin-
ear equations for magnetic pull. The saturation of the magnetic curve was
taken into account by Covo [4] and Ohishi [5] to improve the equations of
magnetic pull. Früchtenicht observed that there exist two components of the
electromechanical force when the rotor performs a circular motion; one ra-
dial and one tangential [6]. An analytical model for vibrations in inductions
motors where presented by Belmans et. al. [7], [8]. Smith et. al. [9] derived
analytical equations for unbalance magnetic pull in induction motors, using
air-gap permeance approach including stator and rotor MMF harmonics. Ar-
rkio et.al. [10] solved the magnetic field for a cage induction motors using
time-stepping finite element analysis to numerically determine a linearised
electromagnetic force for rotor dynamic analysis. Tenhunen [11], [12], [13],
[14] has together with co-writers used the same technique to develop the
electro-mechanical force calculations for rotor-dynamical analysis.

Most papers published in the area of unbalance magnetic pull are con-
cerning asynchronous motors, in the area of synchronous generators, there
are yet only a few papers published. Gustavsson et. al. suggested a linear
[15] and a non-linear model [16] for radial magnetic pull in a hydro power
synchronous generator. In these models, the distance between the generator
rotor rim and spider hub where also considered. Karlsson et.al [17] presented
a linear model for the radial force due to the discrete shape of the genera-
tor’s rotor and stator. Lundström et.al. [18] presented a continuous radial
force model due to the generator’s rotor and stator shape. Normally, only
radial magnetic forces are considered in dynamical models of synchronous
machines. Lundström et.al [19] showed that there exist a tangential mag-
netic force component in synchronous machines due to the damping winding
and used a linearised model to analyse the rotor dynamical behaviour of
these forces. Hydro power generators are large electrical machines affected
by forces due to asymmetrical magnetic field. These generators have capa-
bility to serve different loads of real and reactive power. In Tampion et.al.
[20] analysis of stator vibrations of a turbo generator stator core was carried
out due to reactive load and it is shown that the reactive load affect the
vibrations of the stator core. In this paper an analysis of reactive load for a
hydroelectric synchronous generator rotor is carried out.
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2 Modelling and simulation

The mechanical and electromagnetic system are modelled separately. First
simulations are carried out for the electromagnetic field to obtain a force due
to a static eccentricity. The rotor centre is displaced relative to the stator
centre with a distance e, see Figure 1. The relative eccentricity is defined as

ε =
e

δ
, (1)

where δ is the nominal air-gap length without eccentricity. The result of the
electromagnetic force is presented in two directions, one in the direction of
the eccentricity and one perpendicular to the eccentricity directions. These
forces are then used in the mechanical model.

Figure 1: Static rotor eccentricity

2.1 Mechanical system

The mechanical rotor system is modelled as a Stodala-Green rigid disc, con-
nected to an uniform elastic and mass-less shaft supported by two linear-
elastic bearings with bearing stiffness kA and kB. The shaft has the length
L, Young’s modulus, E, and area moment of inertia, I, and the position of
the rotor rim geometrical centre (and centre of gravity) is in position αL,
where α is a non-dimensional number (α < 1). The disc represent the phys-
ical properties of a generator with the mass of rotor rim mr and rotor poles
mp, polar moment of inertia JP and diametrical moment of inertia JD. The
disc spins with angular velocity, ω, and has an unbalance, u, in the lateral
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directions. The poles geometrical centre and centre of gravity is displaced
distance l from the centre of the rotor rim. The mechanical model is illus-
trated in Figure 2. The disc can translate in two directions, x and y, and
rotate around the same. Hence the rotor system has four degree of freedom.
The equation of motion for this system is derived using Lagrange’s Equation,
and with matrix notation, this system of equations becomes:

M−̈→x + (ωG + C)−̇→x + K−→x =
−→
F , (2)

where the mass- and moments of inertia matrix, gyroscopic matrix and stiff-
ness matrix are

M =

⎛
⎜⎜⎝

m 0 0 0
0 m 0 0
0 0 J 0
0 0 0 J

⎞
⎟⎟⎠ , G =

⎛
⎜⎜⎝

0 0 0 0
0 0 0 0
0 0 0 JP

0 0 −JP 0

⎞
⎟⎟⎠ ,

K =

⎛
⎜⎜⎝

k11 0 0 k12

0 k11 −k12 0
0 −k12 k22 0

k12 0 0 k22

⎞
⎟⎟⎠ ,

(3)

where m = mr + mp and J = JD + mpl
2. The stiffness matrix is derived by

the inverse of the flexibility matrix

Λ =

⎛
⎜⎜⎝

Υ 0 0 −Φ
0 Υ Φ 0
0 Φ Ψ 0
−Φ 0 0 Ψ

⎞
⎟⎟⎠ , (4)

where the coefficients:

Υ =
L3α2β2

3EI
+

α2

kB

+
β2

kA

, (5)

Φ =
L2αβ(α − β)

3EI
− 1

L

(
α

kB

− β

kA

)
, (6)

Ψ =
L(1 − 3αβ)

3EI
+

1

L2

(
1

kB

+
1

kA

)
, (7)
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are determined using beam theory and β = 1 − α. The damping matrix is
determined by proportional damping according to

C = κ1K + κ2M. (8)

The displacement vector is

−→x =
(

x y ϕx ϕy

)T
, (9)

where x and y are lateral displacements and ϕx and ϕy are rotation around
the x- and y-axis. The unbalance force vector is

−→
F =

(
muω2cos(ωt) muω2sin(ωt) 0 0

)T
, (10)

where t is the time.

Figure 2: Rotor geometry

2.2 Computing the Electromagnetic Field

The electromagnetic field in the generator is solved for a two-dimensional
axial cross section. A non-linear magnetic material with a single-valued
B-H curve for the rotor and the stator is used. Coil end impedance are
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approximately included by circuit equations. The magnetic field is solved
using a time-stepping finite element technique for a rotating field. The field
current obtained from stationary calculations is used as an input for the
time-dependent problem. In the time-varying solution the magnetic field is
viewed from a fixed co-ordinate system in the stator and from a rotating
system in the rotor. The time-dependence of the rotating field is taken care
of by time-depending boundary conditions in a line placed in the middle of
the air-gap between the rotor and the stator. Circuit equations connect the
field solution to the coil end impedance and the external load. The voltages,
currents and electromagnetic torque are obtained from combined field- and
circuit equations solved simultaneously with the time-stepping finite element
technique.

Due to the asymmetrical geometry, created by the eccentric rotor, the
whole generator must be modelled, which results in extensive computations.
A typical mesh contains about 85.000 elements. Figure 3 shows the finite
element mesh of the generator The mesh is more detailed in areas of special

Figure 3: Computational mesh for the electric field

interest such as the air gap, stator teeth and the damper winding. The mesh
is coarser in areas of less importance such as the stator yoke and the rotor
rim to save computational time.

The two-dimensional model enables the magnetic vector potential to be
expressed as

−→
A = Az(x, y, t)−→z , (11)

The magnetic vector potential is solved for every node in the domain accord-
ing to
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σ
∂Az

∂t
= ∇

(
1

μ0μr

∇Az

)
− σ

∂V

∂z
, (12)

where σ is the conductivity, μ0μr is the magnetic permeability and ∂V/∂z
is the applied potential. The applied potential is a source term that con-
nects external circuits to the field equations. The magnetic flux density is
calculated from the magnetic potential according to

−→
B = rot(

−→
A ). (13)

Figure 4 shows the magnetic field lines in a synchronous generator obtained
from the finite element calculations.

Figure 4: Magnetic field obtained from calculations

The model contains some simplifications. The damper winding forms
a squirrel cage in the rotor in a synchronous generator. In this paper the
damper winding is modelled as infinitely long bars short-circuited individu-
ally, and not connected to each other. So current will flow in the bars but
not between the bars. Parallel paths of the stator winding is not considered,
equalising currents in the parallel paths have a damping effect of the UMP
in electrical machines [10], [21]. However since the electromagnetic field is
calculated by the finite element method saturation, stator slotting and a very
detailed model of the geometry are taken into consideration.

In order to compute the electromagnetic forces, acting between the rotor
and the stator, numerically either energy methods or Maxwell’s stress tensor
can be applied. The methods give the same result for a sufficiently accurate
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mesh. The forces according to Maxwell’s stress tensor can be computed as
a surface integral in the air-gap, where the integration surface is a band
placed in the middle of the air-gap between the rotor and the stator in the
two-dimensional cross section. The surface integral is defined as.

−→
F =

1

D

∫
Sd

[
1

μ0

BrBϕ
−→ϕ +

1

2μ0

(B2
r − B2

ϕ)−→r
]

dS, (14)

where Br, Bϕ are the radial and tangential components of he magnetic flux
density, D is the with of the air-gap band, Sd is the cross sectional area of
the air-gap band. This method has shown to give an accurate result [22].

Coulomb [23] presented a method to calculate the forces based on the
principle of virtual work. The electromagnetic force is defined using the
magnetic coenergy,

Wc =

∫
V

(∫ H

0

−→
Bd

−→
H

)
dV. (15)

In the two dimensional model the volume integral become a surface integral
over the air-gap region. The forces are calculated as the derivatives of the
coenergy in the air-gap as

Fx =
∂Wc

∂x
, Fy =

∂Wc

∂y
. (16)

The forces used in this article have been calculated with both Maxwell stress
tensor and Coulombs method and they have given the same result with suf-
ficient accuracy.

2.3 Interaction with the mechanical system

If the rotor is displaced with a distance e in the y-direction, a linearised force
due to the magnetic field can be written as

Fy = kM,re, (17)

Fx = kM,te, (18)
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where kM,r and kM,t are the radial and tangential magnetic stiffness obtained
from electromagnetic calculations. The radial magnetic stiffness is the stiff-
ness in the eccentricity direction and the tangential magnetic stiffness is the
stiffness in the perpendicular direction of the eccentricity due to the mag-
netic pull. The electromechanical forces and moments,

−→
FM on the rotor will

be depended of the rotor displacement, x and y, the inclination of the rotor
ϕx and ϕy and the distance, l, between rotor spider hub and the geometrical
centre of the rotor rim. These forces and moments are obtained by integra-
tion of radial and tangential force distribution over the rotor height, h:

−→
FM =

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

∫ l+h
2

l−h
2

(
kM,rx

h
+

kM,ty

h
+

kM,rϕy

h
ζ − kM,tϕx

h
ζ
)

dζ∫ l+h
2

l−h
2

(
kM,ry

h
− kM,tx

h
− kM,rϕx

h
ζ − kM,tϕy

h
ζ
)

dζ∫ l+h
2

l−h
2

(
−kM,ry

h
+

kM,tx

h
+

kM,rϕx

h
ζ +

kM,tϕy

h
ζ
)

ζdζ∫ l+h
2

l−h
2

(
kM,rx

h
+

kM,ty

h
+

kM,rϕy

h
ζ − kM,tϕx

h
ζ
)

ζdζ

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

=

⎛
⎜⎜⎝

kM,r kM,t −lkM,t lkM,r

−kM,t kM,r −lkM,r −lkM,t

lkM,t −lkM,r ΓkM,r ΓkM,t

lkM,r lkM,t −ΓkmM,t ΓkM,r

⎞
⎟⎟⎠

⎛
⎜⎜⎝

x
y
ϕx

ϕy

⎞
⎟⎟⎠ = Km

−→x ,

(19)

where

Γ =
1

3h

((
h

2
+ l

)3

+

(
h

2
− l

)3
)

. (20)

The matrix in Equation (19) is the magnetic stiffness matrix. Adding Equa-
tion (2) and (19) to derive The equations of motion for the electro-mechanical
rotor system:

M−̈→x + (ωG + C)−̇→x + (K − Km)−→x =
−→
F . (21)
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2.4 Natural frequencies and stability

Equation (21) is transferred to a system of first order equations:

( −I N
N M

) ( −→̇
x−→̈
x

)
+

(
N I

K − Km ωG

) ( −→x−→̇
x

)
=

( −→
B−→
F

)
, (22)

where N and
−→
B are zero valued matrix respective vector. With matrix

notation Equation (22) becomes:

−S
−→̇
y + R−→y =

−→
H. (23)

The homogeneous solution to Equation (23) is:

−→y h(t) =
n∑

i=1

Di
−→
Yie

λit, (24)

where Y i are the eigenvectors corresponding to the eigenvalues λi and Di are
constants determined by initial conditions. The eigenvalues are complex and
can be expressed as

λi = σi + iωn,i, (25)

where σi is the decay rate and ωn,i is the damped eigenfrequency. The system
is stable if all eigenvalues have negative decay rate.

2.5 Unbalance response

The particular solution to Equation (23) is

−→y p(t) = −→a sin(ωt) +
−→
b cos(ωt), (26)

with
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−→a = [ω2SR
−1

S + R]−1[
−→
Hs − ωSR−1−→Hc], (27)

−→
b = R

−1
[
−→
Hc + ωS−→a ], (28)

−→
H s =

(
0 0 0 0 0 mGuω2 0 0

)T
, (29)

−→
H c =

(
0 0 0 0 mGuω2 0 0 0

)T
. (30)

The unbalance response is analysed in order to investigate how the reactive
load affects the amplitude of the vibrations.

3 Results

The simulations are carried out for the research and education unit Porjus
U8 hydro power generator of 11MVA, located in Porjus International Hydro
Power Centre, Jokkmokk municipality in northern Sweden. Numerical data
are presented in Table 1. Results are also presented for a variation of bearing
stiffness, in order to study the influence of reactive load for different designs
of generators.

Computations of UMP of a synchronous generator with 22% static eccen-
tricity have been carried out. The rotor have been displaced in the y-direction
according to Figure 1. The real power has been kept constant to 9 MW and
the field magnetisation has been changed to produce different amount of re-
active power. Calculations have been done with and without the damper
winding. In absence of the damper winding only one force component exists
and it points in the direction of the eccentricity towards the smallest air-gap.
If the damper winding is taken into account the force is split into two compo-
nents; one in the eccentricity direction towards the smallest air-gap and one
perpendicular to the eccentricity axis. The unbalance forces created by the
eccentricity are almost constant in time, except for a small ripple due to the
slots representing only about one percentage of the steady state force. The
magnitude of UMP forces in radial and tangential directions are plotted in
Figure 5. When the air gap permeance varies around the rotor circumference
characteristic flux waves are created in the air gap due to interaction between
magneto-motive force (MMF) waves and eccentricity permeance wave. The
flux waves created by the fundamental MMF component and the eccentric-
ity permeance wave have a slip relative the synchronous frequency of ±1/p
where p is the number of pole pairs. These eccentricity harmonics will in-
duce currents in the damper bars of the rotor which oppose the change of the
flux and equalise the flux distribution and the radial force. The damper bar

11



Table 1: Numerical data of Porjus U8
Item Value Unit

mr Mass rotorrim 21000 kg
mp Mass rotorpoles 9000 kg
JD Diametric moment of inertia 11406 kgm2

JP Polar moment of inertia 20000 kgm2

E Young’s modulus 200 GPa
I Area moment of inertia 0.0635 m4

kA Bearing stiffness 500 MN/m
kB Bearing stiffness 500 MN/m
L Length of the shaft 3.6 m
κ1 Damping parameter 0.001 s
κ2 Damping parameter 3 1/s
ω Rotational speed 22.44 rad/s
u Unbalance 0.28 mm
S Apparent power 11 MV A
P Real power 9 MW
V Voltages 10 kV

cos(φ) Power-factor 0.9 −
n Number of poles 14 −
fel Grid frequency 50 Hz

Dinner Stator inner diameter 2.53 m
Douter Stator outer diameter 3.10 m

h Rotor length 0.75 m
nd Number of damper bars per pole 6 −

current also gives rise to force component perpendicular to the eccentricity
direction. The total unbalance force is reduced when the damper currents
are taken into account.

In Figure 6 the change of the first forward natural frequencies and un-
balance response are presented for different reactive loads for the Porjus U8
generator. The Porjus U8 is stiffer than most commercial hydro generating
units. To predict how the reactive load will influence a more general case
a stability analysis is carried out for a variation in bearing stiffness for the
Porjus U8 case. In Figure 7 the stability regions for the rotor-system with
different bearing properties and different reactive load are presented. In Fig-
ure 8 the stability regions for the rotor system with variation in mechanical
parameters are presented.
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Figure 5: The radial, tangential and resulting force on the rotor for 9 MW
active power and varying reactive power, solved with damper winding and
without damper winding.

Figure 6: First forward natural frequency (a) and unbalance response (b)
when α = 0.3 and l/h=−0.5,−0.4,−0.3,−0.3,−0.1, 0.0, 0.1, 0.2, 0.3, 0.4, 0.5,
for the rotor system for 9 MW active power, varying reactive power and
electrical model including damper winding.

Measurements on the 55MVA commercial unit Hölleforsen G2 indicate
small changes of vibrations due to reactive load. With constant real power of
37MW and an increase of reactive power from -7MVAr to 18MVAr, increases
the mean acceleration of the top guide bearing with 10 percentage and mean
displacement in the combine guide and thrust bearing with 0.13 percentage.
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Figure 7: Stability regions of the rotor for different combinations of α and
l/h and variate γ. In Region 1 the system is stable, in Region 2 the system
is stable for the model with damper winding and unstable for the model
without damper winding and in Region 3 is the system unstable

Figure 8: Stability regions of the rotor for different mechanical configura-
tions when Q=0MVAr and Q=8MVAr for as well electrical model including
damper winding as not including damper winding.
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4 Discussion

In this paper the electro-mechanical interaction is modelled as a linear dis-
placement dependent force. Dynamic eccentricity is not taken into consid-
eration during electro-magnetic calculations. The rotor system is modelled
as a mass-less shaft, bearings are assumed to be linear and the generator
is assumed to be rigid. The turbine and turbine bearing are not included
in the model. However, the model is used to predict the tendency of an
electro-mechanical phenomena rather than in detail simulate a specific unit.
Measurements indicates small changes in vibrations due to reactive load,
which agree with the tendencies of the simulation results. The simulations
are carried out for a generator with a relatively stiff rotor-bearing system.
Due to different designs, there exist generators with a range of stiffness of the
rotor-bearing system. The tendency of behaviours for different machines is
therefore presented by variations of the ratio between bearing and magnetic
stiffness.

When the production of reactive power increases at constant real power
the magnitude of the stator current will increase. The armature current give
rise to higher harmonics in the air gap magnetic flux density, which results
in larger air gap forces and increased UMP. Also the magnetic fundamental
wave will slightly increase with reactive load. The influence of the leakage
reactance increases when the generator is over-excited and a larger magnitude
of the air gap magnetic fundamental is needed to obtain the rated voltage.
UMP levels out due to iron saturation at high reactive loads. For a linear
material the UMP would have increased linearly with reactive load.

According to Figure 6 one can see that the first forward natural frequen-
cies are decreasing and the unbalance responses are increasing for an increase
of reactive load. For the case Porjus U8, the influence of reactive load is rel-
atively small due to a stiff rotor system. For a weaker rotor system the
influence of reactive power on the response and natural frequencies will be
stronger. According to Figure 7 one can see that the stability, for simulations
with damper winding, decreases with an increase of reactive power and for
simulations without damper winding only a small influence of the reactive
load is noted. The tangential electro-mechanical force component does only
exist in the case with damper winding. This component will result in a un-
symmetrical magnetic stiffness matrix, which is the reason to large change of
stability between the two electro-mechanical models. According to Figure 8
one can see large difference in stability between the cases with and without
damper winding.
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5 Conclusions

It has numerical been shown that a change in reactive load will change the
electro-mechanical force. This will influence the natural frequencies, maxi-
mum amplitude, and the stability of the system. One can conclude that the
reactive load of a synchronous generator will influence the rotor-dynamical
behaviour of the generator.

In this paper, it has been observed that for the case with damper winding
in comparison with the case without damper winding:

• the first natural frequency is increasing

• the unbalance response is decreasing

• the stability is decreasing.

One can conclude that the machine will be operating under better conditions,
but less stable. These observations are important in practise for plant owners
and power utility industry in order to plan operations and maintenance.
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ABSTRACT
In recent years, the energy markets have been deregulated in many countries. The deregulation has resulted in

new operating conditions of old hydro power generating units. It becomes important to analyse the behaviour of
these machines due to different operating conditions and different transient excitations as well as development of
accurate physical models to predict critical operation conditions. In this paper electro-mechanical simulations of
a sudden loss of the magnetic field, are carried out. The aim with the simulations is to characterise vibrations due
to a loss of the magnetic field and to numerically determine when it is possible to use this condition to determine
vibration-modes.

The model consist of a finite element model for lateral and torsional rotor dynamics. Magnetic pull is modelled
as a decrease of stiffness in the mechanical model. Bearings are assumed to be linear. Simulations are carried out
for different values of damping of the mechanical system. Numerical data is taken from a 55MVA commercial unit
in Sweden. The results from the simulations have been compared with on-site measurements. The results shows
that it is possible to excite the rotor system with a sudden loss of the magnetic field. The main problem with the
method is to separate what is exited by the suddenly loss of magnetic field and what is excited by the change of
turbine flow.

KEY WORDS
Characterisation, Hydro Power rotor, Electro-mechanical interaction,

1 INTRODUCTION
During the last ten to fifteen years energy markets have been deregulated. This has lead to new operating con-

ditions of old hydro power units. In Sweden fifty percent of all electrical productions are produced by hydro power
units. During the last years several research project regarding rotor dynamical modelling of hydro power units
have been carried out in collaboration between Swedish universities, power generating industry and power utility
industry. The target is to develop better design during the ongoing redesign projects and to optimise operations.
To evaluate mechanical models, on site measurements have to be carried out.

A few papers regarding modelling and analysis of hydro power rotor systems are presented. Gustavsson et. al.
suggested a linear [1] and a non-linear [2] model for radial magnetic pull in a hydro power synchronous generator.
Karlsson et.al [3] presented a linear model for the radial force due to the discrete shape of the generator’s air-gap.
Lundström et.al. [4] presented a radial force model due to the continuous shape of generator’s air-gap. Normally
modelling synchronous machines, only radial magnetic forces are considered. Lundström et.al [5] showed that
there exist a tangential magnetic force component in synchronous machines due to the damping winding and used
a linearised model to analyse the rotor dynamical consequences of these forces. Karlsson et.al. [6] analysed
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the influence of reactive load on hydro power synchronous generators. Gustavsson et.al. presented a method to
measure bearing load [7] and bearing stiffness and damping coefficients [8].

There are several difficulties with using on-site measurements for characterisation of a hydro power rotor
system. During the measurements other units in the same power house are operating (closing down and starting-
up). Parts of the rotor system are mainly under ground and adjacent rooms are often small. The units have large
mass, from 100 to 1000 metric tons. It is therefore hard to excite the rotor system. However, the influence of
electro-mechanical forces are significant in a hydro power rotor system. In this paper an alternative method for
determining the characteristics of a hydro power rotor system is suggested. In this method the interaction between
the magnetic field and the rotor system is used to excite the rotor system.

2 MODELLING

A hydro power rotor system is shown in Figure 1, in the same figure the corresponding finite elements and
nodes are shown. The rotor system is divided into three nodes for the bearings, one node for the generator and one
node for the turbine. Between each node one beam element is introduced. In the next sections, the modelling of
the rotor system and interacting forces and moments are described.

Figure 1: Hydro power unit. (Left) CAD-model of the rotating system, obtained from Johansson Lina (2006):
Simuleringsverktyg för rotordynamiska beräkningar. Master Thesis Luleå University of Technology, ISSN 1402-
1617 / ISRN LTU-EX–05/325–SE / NR 2005:325, (right) Element and nodes of the shaft.
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2.1 Modelling the shaft
The rotor shaft for the hydro power unit is modelled with lateral Euler-Bernoulli [9] and torsion [10] finite

elements. The element mass, stiffness and gyroscopic matrices are expressed as:

Me = meL
420

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

156
0 156
0 −22L 4L2 sym.

22L 0 0 4L2

0 0 0 0 0
54 0 0 13L 0 156
0 54 −13L 0 0 0 156
0 13L −3L2 0 0 0 22L 4L2

−13L 0 0 −3L2 0 −22L 0 0 4L2

0 0 0 0 0 0 0 0 0 0

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

+

jD

30L

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

36
0 36
0 −3L 4L2 sym.

3L 0 0 4L2

0 0 0 0 0
−36 0 0 −3L 0 36
0 −36 3L 0 0 0 36
0 −3L −L2 0 0 0 3L 4L2

3L 0 0 L2 0 −3L 0 0 4L2

0 0 0 0 0 0 0 0 0 0

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

+ jP L
6

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

0
0 0
0 0 0 s y m .
0 0 0 0
0 0 0 0 2
0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 1 0 0 0 0 2

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(1)

Ke =
EI

L3

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

12
0 12
0 −6L 4L2 sym.

6L 0 0 4L2

0 0 0 0 0
−12 0 0 −6L 0 12
0 −12 6L 0 0 0 12
0 −6L 2L2 0 0 0 6L 4L2

6L 0 0 2L2 0 −6L 0 0 4L2

0 0 0 0 0 0 0 0 0 0

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

+
GI

L

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

0
0 0
0 0 0 s y m .
0 0 0 0
0 0 0 0 1
0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 −1 0 0 0 0 1

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(2)

Ge =
jP

30L

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

0
36 0
−3L 0 0 skew sym.

0 −3L 4L2 0
0 0 0 0 0
0 36 −3L 0 0 0

−36 0 0 −3L 0 36 0
−3L 0 0 L2 0 3L 0 0

0 −3L −L2 0 0 0 3L 4L2 0
0 0 0 0 0 0 0 0 0 0

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(3)

where me is the mass per unit length, L is the length of the element, jD is the diametric moments of inertia per unit
length, jP is the polar moment of inertia per unit length, I the area moment of inertia and G the shear modulus.
The displacement vector for the element is

−→xe =
(
xi yi ϕx,i ϕy,i θi xi+1 yi+1 ϕx,i+1 ϕy,i+1 θi+1

)T
, (4)
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The element matrices and vectors are assembled to a global system of equations and for free vibrations, the equa-
tions of motion becomes:

M−̈→x − ΩG−̇→x + K−→x =
−→
0 (5)

where Ω is a diagonal matrix, where each row contain angular velocity θ̇i for corresponding node.

2.2 Inertia, stiffness and damping of generator, turbine and bearings
The generator and the turbine are modelled as rigid bodies. The mass and inertia for the generator and turbine

are modelled as diagonal mass- and gyroscopic matrices where the entries corresponds to mass and inertia for the
turbine and the generator [11]. The equations of motions becomes:

(M + Mr)−̈→x − Ω(G + Gr))−̇→x + K−→x =
−→
0 , (6)

where Mr is the mass and inertia matrix for the rigid bodies and Gr is the gyroscopic matrix due to rigid bodies.
The bearings are modelled as linear elastic springs in parallel with viscous dampers. Also the damping of the

turbine water flow is modelled as a linear viscous damper. The stiffness and damping are introduced as diagonal
stiffness and damping matrices where the entries corresponding to x- and y- direction for the bearings and the
turbine contains information about the bearings and the turbine and all other entries are zero. The cross-coupling
entries in tilting-pad bearings are small and therefore assumed to be zero. Hence the equations of motion becomes:

(M + Mr)−̈→x + (Cb − Ω(G + Gr))−̇→x + (K + Kb)−→x =
−→
0 , (7)

where Cb is the bearing and turbine damping matrix and Kb is the bearing stiffness matrix.

2.3 Electro-mechanical model
A linear model for the unbalance magnetic pull is used. This model is in detail described in [11] where the

magnetic pull is modelled as a decrease of the stiffness matrix. Introduce a magnetic stiffness matrix, KM where
the entries for the generator position are:

KM,xx = km,r,KM,yy = km,r,KM,xy = km,t,KM,yx = −km,t, (8)

and all other entries zero. km,r is the magnetic stiffness in radial direction and km,t is the magnetic stiffness
in tangential direction. Here xx and yy corresponds to radial positions and xy and yx tangential positions. The
equations of motion becomes:

(M + Mr)−̈→x + (Cb − Ω(G + Gr))−̇→x + (K + Kb − KM )−→x =
−→
0 (9)

The torque vector,
−→
T , is calculated with the relation between the turbine’s power, PTurbine, and torque,

TTurbine,:

TTurbine =
PTurbine

θ̇Turbine

, (10)

and assuming that the moment in the generator is equal to the moment in the turbine minus losses in the bearings:

TGenerator = −TTurbine + LBearings, (11)

where LBearings are the bearing losses. The equation of motions becomes

(M + Mrigid)−̈→x + (Cbearing − Ω(G + Grigid))−̇→x + (K + Kbearing − KM )−→x =
−→
T (12)

4 Paper ABC-123



2.4 Unbalance
The forces due to unbalance for one node is defined [13] as:

Mu,n
−̈→x n −−→

F u,n =
−→
F s,n (13)

where
−→
F s,n is the forces at each node due to the systems stiffness, damping, inertia and electro-mechanical in-

teractions defined in Equation 12. The node mass unbalance matrix, Mu,n, the nodal unbalance vector
−→
F u,n and

node displacement vector, xn, are defined as:

Mu,n =

⎛
⎜⎜⎜⎜⎝

0 0 0
0 0 0
0 0 0 ...
0 0 0

mεsin(θ) mεcos(θ) −κ(JD − JT )cos(θ)

0 −mεsin(θ + α)
0 mεcos(θ + α)

... 0 −κ(JD − JT )cos(θ)
0 −κ(JD − JT )sin(θ)

−κ(JD − JT )sin(θ) JT κ2 + mε2

⎞
⎟⎟⎟⎟⎠

(14)

−→
F u,n =

⎛
⎜⎜⎜⎜⎝

mεθ̇2cos(θ + α)
mεθ̇2sin(θ + α)

κ(JD − JT )θ̇2sin(θ)
κ(JD − JT )θ̇2cos(θ)

0

⎞
⎟⎟⎟⎟⎠ (15)

−→xn =
(
x y ϕx ϕy θ

)T
(16)

where mn is half the mass of each neighbouring elements added to the mass of the rigid body in position of the
node, JD and JP the diametric and polar moments of inertia of the node, calculated in a similar manner as the
mass, ε the unbalance, κ the inclination and α the phase of the unbalance. The unbalance forces are assembled to
a global system of equations:

Mu
−̈→x −−→

Fu =
−→
F s (17)

2.5 Equations of motion
Adding Equation 12 and 17 will yield in the governing equations of motions:

(M + Mr + Mu)−̈→x + (Cb − Ω(G + Gr))−̇→x + (K + Kb − KM )−→x =
−→
T +

−→
F u (18)

3 SIMULATION AND MEASUREMENT
The rotor system is simulated until a steady condition is achieved. At time t = t1 the magnetic field in the

generator is suddenly close down and the electro-mechanical moment and stiffness matrix becomes zero. The rotor
system is accelerating and the power of the turbine is decreasing until t = t2 when the power becomes zero. The
rotor system is decelerating until operational speed is achieved, see Figure 2. The simulations are also carried
out by introducing a static eccentricity in the magnetic field, e.g. the generator’s rotor and stator centre does not
coincide, see Figure 2 . The simulations are compared with measurement and the latter are carried out for a similar
operation cycle on-site at a commercial unit. Numerical data for simulation and measurement are taken from the
Hölleforsen G2 Hydro Power Unit located in River Indalsälven, Sweden and are presented in Table 1.
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Figure 2: (Left) Rotational speed of the generator during the simulation. (RIGHT) A static eccentricity, e, in the
y-direction of the generator’s rotor inside the stator.

4 RESULT
For the simulation without any damping in the turbine, the five lowest damped eigenfrequencies are calculated

to 1.5f , 1.64f , 1.74f and 2.79f , where f is the operational driving frequency. In Figures 3-4 the simulation results
are presented for the lower generator bearing and the turbine bearing for different amount of turbine damping, see
Equation 7. The FFT contains data from a sudden close down of the generator and the following 12 seconds.

Figure 3: Frequency content in y-direction direct after the suddenly close down of the generator (simulations), for
two different cases of the turbine damping. (Left) without turbine damping. The unbalance is the large peak, the
third and fourth eigenfrequencies have clearly peaks and the first eigenfrequency has yet a small peak. (Right) with
turbine damping of 500000Ns/m. The unbalance is the large peak, the fourth eigenfrequency has a clear peak
and the first eigenfrequency has yet a small peak.

In Figures 5-6 the simulation results are presented for the lower generator bearing and the turbine bearing with
and without static eccentricity. The FFT contains data from a sudden close down of the generator and the following
12 seconds.

Figure 7 shows how the frequency spectrum in the measurement changes in time for the lower generator bearing
and the turbine bearing. The short FFT is obtain every quarter of a second and the size of each FFT is 3200. Figure
8 shows measurement results for the Lower generator bearing and the Turbine bearing direct after a sudden close
down of the generator. The FFT contains data from the suddenly close down of the generator and the following 8
seconds.
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Figure 4: Frequency content in y-direction direct after the suddenly close down of the generator (simulations),
for two different cases of the turbine damping. (Left) without turbine damping. The unbalance is the large peak,
the third eigenfrequency has a clear peak and the fourth eigenfrequency has yet a small peak. (Right) with turbine
damping of 500000Ns/m. The unbalance is the large peak, the first, third and fourth eigenfrequencies have yet
small peaks.

Figure 5: Frequency content in y-direction direct after the suddenly close down of the generator (simulations),
where the turbine damping is set to 5000000Ns/m. The unbalance is the large peak, the fourth eigenfrequency has
a clear peak and the first eigenfrequency has yet a small peak. (Left) without static eccentricity, (Right) with static
eccentricity. The unbalance is the large peak, the fourth eigenfrequency has a clear peak and the first and fifth
eigenfrequencies have yet small peaks.

5 DISCUSSION
The simulations indicates that the first, third and fourth eigenfrequencies could be determined with the sug-

gested method if the turbine damping is low. With higher damping in the turbine the second eigenfrequency is
damped out. When including static eccentricity, also the fifth eigenfrequency will be excited. Hence, to success-
fully use the suggested method, one need to consider the damping in the turbine as well as the static eccentricity
of the generator.

For the measurements, one can see 5-6 peaks in the area near the calculated eigenfrequencies after the sudden
close down of the generator. Since hydro power rotor system are highly damped units, these frequencies are not
only excited by the close down of the generator. When the generator is closed down, the control system of the
turbine system is decreasing the flow. When the turbine is not operating with optimal operation condition, the flow
will be separating at the turbine guide-vanes, which results in pressure fluctuations on the turbine runner. The latter
are exciting the rotor system. To characterise the system with the suggested method, the turbine excitation has to
be known.

The main problem with the suggested characterisation model is that not only the forces and moments at the
generator will change, but also the moment and forces at the turbine. Bearing characteristics are assumed to be
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Figure 6: Frequency content in y-direction direct after the suddenly close down of the generator (simulations),
where the turbine damping is set to 5000000Ns/m. (Left) without static eccentricity. The unbalance is the large
peak, the fourth eigenfrequency has a clear peak and the first eigenfrequency has yet a small peak. (Right) with
static eccentricity. The unbalance is the large peak, the fourth eigenfrequency has a clear peak and the first and
fifth eigenfrequencies have yet small peaks.

Figure 7: Variation of frequency content in y-direction during the measurements. (Left) Lower generator bearing,
(Right) Turbine bearing.

Figure 8: Frequency content in y-direction direct after the suddenly close down of the generator (measurement).
(Left) Lower generator bearing, (Right) Turbine bearing.
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constant for different rotational speeds, which might be a to simple assumption. An improvement of the model can
be made by first measure the bearing characteristics for different rotational speeds and the turbine excitations for
different flows. When the bearing characteristics and turbine excitations are known the method should be able to
characterise a hydro power rotor system. If the turbine excitations is known for different flows, it should also be
possible to characterise the system during operation with a sudden change of the turbine flow.

6 CONCLUSION
The results indicates that the suggested method will excite the fourth eigenfrequency clearly. Also the first,

third and fourth eigenfequencies will be excited. However, the suggested method could be improved if one separate
which response that is excited by the sudden close down of the generator and which response that is excited by the
turbine flow.
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of generator rotors due to radial and tangential magnetic pull force. In Submitted to IEE Proceedings Electric
Power Applications..

[13] Genta, G. (2005): Dynamics of Rotating Systems.Springer, New York.

[14] Mathworks. (2005): Matlab Documentation.

9 Paper ABC-123



Table 1: Numerical data for Hölleforsen G2

Symbol Item Value Unit

E Young’s Modulus 206 GPa

G Shear Modulus 79 GPa

L1 Length, element 1 1.76 m

L2 Length, element 2 2.20 m

L3 Length, element 3 5.00 m

L4 Length, element 4 4.64 m

I1,2 Area moment of inertia, element 1, 2 0.0014 m4

I3 Area moment of inertia, element 3 0.0205 m4

I4 Area moment of inertia, element 4 0.0275 m4

m1,2 Mass per length unit, element 1, 2 566 kg/m

m3 Mass per length unit, element 3 3374 kg/m

m4 Mass per length unit, element 4 3995 kg/m

mG Mass generator 310000 kg

mT Mass turbine (including rotating water) 82000 kg

JP,1,2 Polar moment of inertia per length unit, element 1, 2 7 kgm2/m

JP,3 Polar moment of inertia per length unit, element 3 230 kgm2/m

JP,4 Polar moment of inertia per length unit, element 4 323 kgm2/m

JP,G Polar moment of inertia, generator 2050000 kgm2

JP,T Polar moment of inertia, turbine (including rotating water) 147000 kgm2

JD,1 Diametric moment of inertia per length unit, element 1 149 kgm2/m

JD,2 Diametric moment of inertia per length unit, element 2 233 kgm2/m

JD,3 Diametric moment of inertia per length unit, element 3 7143 kgm2/m

JD,4 Diametric moment of inertia per length unit, element 4 7330 kgm2/m

JD,G Diametric moment of inertia, generator 1070000 kgm2

JD,T Diametric moment of inertia, turbine (including rotating water) 110000 kgm2

kA Stiffness, bearing A 200 MN/m

kB,C Stiffness, bearing B, C 2000 MN/m

km,r Magnetic stiffness, radial 80 MN/m

km,t Magnetic stiffness, tangential 5 MN/m

cA,B Stiffness, bearing A 70 MNs/m

cC Stiffness, bearing B, C 20 MNs/m

PTurbine Turbine Power at steady state 40 MW

ε Unbalance 0.5 mm

κ Inclination 0 rad
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