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ABSTRACT 
In 2005 a vertical 42 MW hydropower unit was upgraded in Sweden. The upgrade included the 
fitting of a new turbine guide bearing, a modified runner, a modified turbine regulator and a new 
brushless exciter. One of the requirements was that the dynamic behaviour of the machine should 
not be affected. In spite of the requirements, resonance problems became apparent after the 
hydropower unit was re-commissioned. Measurements from the re-commissioning showed poor 
alignment of the shaft system and shape deviations in the generator. The exchange of the turbine 
guide bearing from a sleeve bearing to a block bearing also caused changes in the machines 
dynamic behaviour. 
Measurements on the unit were conducted at normal operation and resonance. These show that at 
normal operation, the machine has dominant frequencies at the nominal speed and at twice the 
nominal speed. When the machine goes into resonance, the dominant frequencies increase to 
approx. 2.4 times the nominal speed. 

The machine will undergo a major overhaul in ten years. The objective is to find a solution of 
the resonance problem that is both inexpensive and possible to implement. The conclusion was 
drawn that the low damped eigenmode at 2.4 times the nominal speed had been excited and caused 
the machine to go into resonance. The unit’s dynamic sensitivity to different bearing settings was 
investigated numerically and with tests on site, i.e. bearing clearances were varied. The calculated 
result was verified against measured resonance frequencies. Agreement between the estimated and 
measured result was good. Other possible measures to rectify the resonance problems were also 
analyzed numerically. The effect of making the surrounding structures more rigid, the installation of 
additional guide bearings, making the shaft system more rigid, etc. were examined. A temporary 
solution, used for the last six months, is to operate the machine with larger bearing clearances on all 
bearings. Increased bearing clearance of the turbine guide bearing cause increased damping of the 
natural frequency at 2.4 times the nominal speed. No problems related to resonance have occurred 
at the hydropower unit during the last six months. 
 
Keywords: Rotordynamics; Hydropower; Resonance; Journal bearing 

 

 

 

 



 

24th Symposium on Hydraulic Machinery and Systems  
 2 

INTRODUCTION 
In 2005 a vertical 42 MW hydropower unit was upgraded in Sweden. The upgrade 

included the fitting of a new turbine guide bearing, a modified runner, a modified turbine 
regulator and a new brushless exciter. Figure 1 presents a schematic figure of the rotating parts 
in the hydropower unit. One of the requirements was that the dynamic behaviour of the 
machine should not be affected. In spite of the requirements, resonance problems became 
apparent after the hydropower unit was re-commissioned. These problems continued and the 
machine began to resonate on a number of occasions. When the machine was commissioned 
in the 1950’s it also had problems related to high vibration levels.  
The resonance problem is destructive for the machine and counter-productive. The cause of 
the resonance problem needs to be identified and solved. The machine will undergo a major 
overhaul in ten years and the objective was therefore to find a solution that was both 
inexpensive and possible to implement.  

 
Figure 1. Schematic figure showing the rotating parts in a hydropower unit. 
 
Only a few papers regarding rotordynamic modelling and measurements made on hydropower 
systems have been presented. In 2004 Hofstad [1] presented some alternative rotordynamic 
modelling methods for hydropower units. Hoftad also points out the importance of including 
bearings, seals and brackets in the rotordynamic analysis. The clearance of the bearings affects 
the bearing’s stiffness and damping. Someya [2] compiled results from numerous 
experimental evaluations on journal bearings. Typical bearings for vertical hydropower units 
were not included in these experimental evaluations. Tilting-pad bearings in Swedish 
hydropower units consist of 8 – 24 pads, and in extreme cases up to 48 pads. In 2003 
Gustavsson and Aidanpää [3] presented a method of measuring bearing loads and later 
Gustavsson et al. [4] presented a method for determining the stiffness and damping from the 
measured bearing loads. According to Ong et al. [5] and Bonnett et al. [6], almost 40% of the 
failures in large electrical machines are related to bearing failures. 
 

NOMENCLATURE     

Ωdr  Nominal speed [rpm] λ Eigenvalues 
Ω Rotational speed [rpm] ζ  Damping ratio 
ωn Natural frequency [rpm] UGB Upper generator bearing 
f(t) Load vector [N] LGB Lower generator bearing 
KM Magnetic pull [N/m] TGB Turbine guide bearing 
G Gyroscopic matrix Cb Diametrical bearing clearance [mm]
C Damping matrix Kxx … Kyy Bearing stiffness coefficients [N/m] 
K Stiffness matrix Cxx … Cyy Bearing damping coefficients [Ns/m]
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MACHINE PROPERTIES 
Properties of the hydropower unit are shown in Table 1 and the properties of the three radial 
bearings are shown in Table 2. 
 
Table 1. General machine data  
General Data for hydropower unit 
Turbine type: Kaplan 
Nominal output:  42 MW 
Nominal speed (Ωdr): 167 rpm 
Head:  34 m 
Mass runner: 65 metric tons 
Mass rotor: 197 metric tons 
Magnetic pull generator: 310 MN/m 
 
Table 2. Properties of radial bearings 
Component:  UGB  LGB  TGB 
Segments:  8 24 8 
Rotor diameter [mm]:  550 1700 950 
Diametrical clearance [mm]:  0.4  0.35  0.3 – 0.6 
Pivot type:  Rocker  Rocker  Ball 
Preload:  0 0 0.3 
 
MEASUREMENT SETUP 
On two occasions, a series of on-site measurements were performed on the hydropower unit. 
The purpose of the measurements was to identify and explain the cause of the resonance 
problem. On each bearing, the radial distance between shaft and bearing housing were 
measured, in both the x- and y-directions. For these measurements, inductive sensors, 
Contrinex DW-AD-509-M12, were used. The vibrations of the bearing housings were also 
monitored at each bearing. The drawing in Figure 2 shows the position of the displacement 
sensors and accelerometers on the upper generator bearing.  

 
Figure 2. Drawing of upper generator bearing. Displacement sensors were installed at position D 
and accelerometers were installed at position A. 
 
Strain gauges were installed on the turbine shaft. The strain gauges were used to measure 
bending moment, torque and axial load. The measured data from the rotating system was 
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streamed to the data acquisition unit and all data was simultaneously sampled at 640 Hz. Anti-
aliasing filters, with a cut-off frequency of 200 Hz, were used in order to avoid aliasing. 
 
CALCULATION MODEL 
As in all finite element calculations, the end result is implicitly dependent on how the various 
components in the mechanical structure have been represented. Within the Swedish 
hydropower industry there are a variety of different ideas regarding how bearings and their 
surrounding structures should be modelled in rotor-dynamic calculations. The natural 
frequency that is calculated depends on which bearing terms are included in the analysis and if 
the surrounding structure has been taken into consideration. Components included in the rotor-
dynamic calculation performed in this paper were the rotating structure, bearings and bearing 
brackets.  
The stiffness of the bearing brackets were calculated in the finite element software Abaqus. A 
prescribed load was applied to the housing, first in the x- then in the y-direction. The 
displacement of the bearing housing was calculated in each direction, and from the applied 
load and the calculated displacement, the stiffness of the bearing brackets was calculated. 
 

 
Figure 3. Schematic figure of radial tilting pad bearing 
 
Bearing properties for the three tilting-pad bearings were calculated in the “Journal bearing 
analysis” module in the rotor-dynamic analysis software Rappid. The solver is Navier-Stokes 
based and determines the journal’s operating position from a prescribed load, or solves the 
reaction load from a prescribed journal position. The calculations in this case were performed 
at a fixed prescribed load. The load, rotational speed, geometry of the bearing and properties 
of the lubricant determine the dynamic properties of the journal bearing. Figure 3 presents a 
schematic figure of a radial tilting pad bearing. Terms from the bearing calculations included 
in the rotor-dynamic calculations were the stiffness and damping terms, i.e. Kxx, Kxy, Kyx, Kyy, 
Cxx, Cxy, Cyx and Cyy. 
 

 
Figure 4. Rotor geometry 

 
Calculations of the hydropower unit’s natural frequencies were also performed in the 

software RAPPID. In the software, the rotor geometry is built up with discrete numbers of 
beam elements and connected nodes, see Figure 4. The program solves the eigenvalue 
problem for the equation of motion(1), The equations below describe a method of solving the 
eigenvalue problem. 
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where f(t) is the time-dependent load vector and KM is the magnetic pull force acting on the 
rotor. M is the mass matrix, G is the gyroscopic matrix, C the damping matrix and K the 
stiffness matrix. By using a state vector { }TTT uux &= , equation (1) can be written in state 
space as 
 

bAxx +=&  (2) 
 
where 
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Assuming a homogenous solution of the exponential form xh(t)=qeλt and inserting this in 

Equation (2), then an eigenvalue problem is obtained as 
 
Aq = λq, q ≠ 0  (5) 
 
where λi are the eigenvalues and qj are the corresponding eigenvectors. From the analysis 

of the eigenvalues is it possible to study the damping ratio, stability and the eigenfrequencies 
of the system. The complex eigenvalues λi can be written as: 
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In equation (7) ωi is the undamped natural frequency of the iht mode and ζi is the modal 

damping ratio associated with the iht mode. If the damping ratio, ζ, is less than 1, the damped 
natural frequencies can be obtained from the imaginary part of the eigenvalue. 

 
RESULTS FROM THE MEASUREMENTS 
During the first series of measurements it was possible to force the hydropower unit into 
resonance by regulating the effect of the adjacent unit that shares the tailrace tunnel, up and 
down. During resonance, the amplitude of the shaft’s radial displacement increased at the 
bearings, Figure 5. During the time period 5 – 12 s in Figure 5, the amplitude increased in a 
controlled manner. When the time passed 12 s, the amplitude increased rapidly and the 
machine tripped out at 16 s. The dominant frequency, shown by the red line in Figure 5, also 
increased during resonance. 
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Figure 5. Displacement in the turbine guide bearing and change in dominant frequency ratio at 
twice the nominal speed. 
 

Before resonance, with normal operation, the dominant frequencies were at 1 x Ωdr and 2 x 
Ωdr, Figure 6. When the machine went into resonance, the dominant frequencies increase to 
2.4 x Ωdr.  

 

 
Figure 6. Properties during resonance 
 
During the second series of measurements, it was not possible to force the unit into resonance. 
The output power from the adjacent hydropower unit was regulated in the same manner as in 
the first series of measurements. This procedure continued for approximately three hours, but 
no sign of resonant behaviour occurred. Properties such as the up stream and down stream 
water level and output power were the same as those measured on the previous occasion. One 
obvious difference between the first and second occasions was the bearing clearance, on the 
first occasion the diametrical clearance of the turbine guide bearing was normal, 0.35 mm but 
on the second occasion, the clearance was larger, 0.6 mm. Results from the measurements on 
the second occasion are shown in Figure 7. Radial displacements are large but no increase in 
amplitude occurs. 
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Figure 7. Displacement in the turbine guide bearing 

 
NUMERICAL RESULTS 
The stiffness of the bearing brackets was calculated in FE-software Abaqus. The stiffness of 
the upper generator bracket was 180 MN/m in the weaker direction and 210 MN/m in the 
stiffer direction. For the lower generator bracket, the stiffness was 3700 MN/m, and 2500 
MN/m for the turbine bracket (in both directions). The calculated stiffness of the bearing 
brackets was confirmed by measurements performed on site. Figure 8 below shows the 
geometry of the bearing brackets. 
 

 
Figure 8. Geometry of the hydropower unit. The pink components are the bearing brackets.  
 
The bearing properties were calculated for rotational speeds from 10 to 400 rpm. The 
calculations were performed at a prescribed load of 30 kN, for all bearing calculations. 
According to performed measurements, a 30 kN bearing load corresponds to a normal bearing 
load at each bearing for this machine during normal operation. 
The stiffness and damping in the turbine guide bearing are strongly dependent on the 
clearance of the bearing. Tables 3 and 4 present calculated stiffness and damping in the turbine 
guide bearing for diametrical bearing clearances between 0.3 and 0.6 mm . The bearing 
properties in Tables 3 and 4 are calculated at a nominal speed and with a 30 kN bearing load. 
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Table 3. Stiffness [MN/m] in the turbine guide bearing as a function of diametrical bearing 
clearance [mm]. 
Cb Kxx Kxy Kyx Kyy 
0.3 879.1 -2.8 2.3 663.9 
0.35 701.6 -2.1 1.9 456.9 
0.4 608.4 -1.4 1.8 338.6 
0.5 529.1 0.1 2.5 214.7 
0.6 503.7 2.0 3.9 152.1 
 
 Table 4. Damping [MNs/m] in the turbine guide bearing as a function of diametrical bearing 

clearance [mm]. 
Cb Cxx Cxy Cyx Cyy 
0.3 33.59 0.03 -0.06 26.66 
0.35 25.81 0.02 -0.04 18.09 
0.4 21.49 0.02 -0.03 13.17 
0.5 17.20 0.03 0.00 8.049 
0.6 15.16 0.05 0.03 5.503 
  

The unit’s dynamic sensitivity at different bearing settings was calculated, i.e. the bearing 
clearance of the turbine guide bearing was varied. The bearing clearances at the upper and 
lower generator guide bearings have significantly less effect on the machine’s natural 
frequencies. Figures 9 present the natural frequency and stability of the machine with a normal 
diametrical bearing clearance (0.35 mm). 
 

 
Figure 9. Calculated natural frequencies and stability of the machine with normal bearing 
clearance. 

 
At nominal speed there are several resonance frequencies close to 2 x Ωdr. Furthermore, one of 
the eigenmodes close to 2 x Ωdr has low damping at nominal speed (the red curve in Figure 9). 
When the clearance of the turbine guide bearing was increased, the dynamic properties of the 
machine changed.   

Figures 10 show the unit's four lowest damped natural frequencies, and its stability, as a 
function of the turbine guide bearing clearance (at nominal speed). The turbine guide bearing 
clearance during the first series of measurements was 0.35 mm. On the second occasion, the 
bearing clearance was 0.6 mm.  
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Figure 10. The effect on natural frequencies and stability of the turbine guide bearing clearance 
(at nominal speed). 
 

When the clearance of the turbine guide bearing is increased, the natural frequencies 
decrease slightly for all modes in Figure 10. For three out of the four modes in figure 10, the 
stability increases noticeably. The stability of the red curve increases from 6% at 0.3 mm 
bearing clearance to 18% at 0.6 mm bearing clearance. 

 
CONCLUSIONS 

The conclusion has been drawn that resonance frequencies close to 2 x Ωdr at nominal 
speed and with high excitation of 2 x Ωdr, are the cause of the resonance problem. These 
characteristics give rise to high excitation energy in the frequency range at 2 x Ωdr and the 
increased vibration levels close to 2 x Ωdr cause the excitation of the low damped resonance 
frequency at approximately 2.4 x Ωdr. Excitation of the low damped resonance frequency at 
2.4 x Ωdr causes an uncontrolled growth of displacement amplitude and the machine has to be 
shut down. In a previous paper [7] Nässelqvist presented a more detailed description the 
machines behavior during. 
Possible measures to rectify the resonance problems were analyzed numerically. The objective 
was to find a solution that was both inexpensive and possible to implement. The effect of 
making the surrounding structures more rigid, the installation of additional guide bearings, 
making the shaft system more rigid, etc. were examined. Since there are several natural 
frequencies close to twice the machine’s operating speed, it is difficult to find a simple 
measure to resolve the problem of resonance. By replacing the intermediate shaft with a stiffer 
shaft, it is possible to displace the modes close to 2 x Ωdr and thereby reduce the probability of 
the resonance problem occurring. This measure is however very expensive. The most cost 
effective measure was to increase the bearing clearance of the turbine guide bearing. This 
measure increases the margin of the critical natural frequencies at 2 x Ωdr and increases the 
damping of the lowest damped mode, see Figure 10. But excessive bearing clearance can also 
cause damage to seals and, in the worst case, contact between the turbine and the turbine 
chamber wall. The machine is currently operating with a larger bearing clearance and has no 
problems related to resonance. However, the large bearing clearance results in high 
displacement amplitudes when starting up. 
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