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Abstract
Tilting-pad journal bearings (TPJB) are commonly used by the industry in turbomachinery due to their excellent stability properties. The main drawback is the lack of damping at high rotational speeds, which can be
overcome by using a squeeze-film damper attached to their housing (passive approach) or active radial oil injection
(mechatronic approach). TPJB with active oil injection (ATPJB) uses high-pressure oil to adjust the rotor position and increase damping. Modelling these controllable bearings is not a trivial task from the viewpoint of fluid
dynamics and strong fluid film forces couple the lateral movements of the rotor to the bearing housing and foundation. In this framework the entire rotor-bearing-foundation system must be considered and the coupled dynamics
modelled. In this paper the complex coupling between rotor, bearing, and foundation dynamics is described by a
multi-physics model instead of approaching the foundation dynamics via equivalent impedance.
Individual components of a test-rig composed of a flexible rotor, ATPJB, pedestals, and flexible foundation are
discretised using FE methods in MatLab and ANSYS, based on the geometrical and material properties of each
component. By implementing solid 3D models in ANSYS and using Craig-Bampton reduction, the accuracy and
efficiency of the model is evaluated. Experimental modal analysis (EMA) is used to measure the natural frequencies, damping ratios and mode shapes of the coupled rotor-bearing-foundation system. The results are used to
validate the mathematical multi-physics model.
The theoretical and experimental results fit with a high degree of accuracy, the first 7 theoretical and experimental natural frequencies and mode shapes deviate less than 8%. More tuning and optimisation of the model is
recommended, particularly the coupling between ATPJB and other components. Nevertheless the current model
provides useful insights to how these rotor-bearing-foundation systems can be described and is a step closer towards regulating the ATPJB using model-based control design.
1

Introduction
In this paper a finite-element based approach to modelling rotor-bearing-foundation systems is presented as an
alternative to equivalent impedance methods. The demand for more efficient energy solutions in rotating machinery has pushed the development of active bearings, that can overcome the limits and disadvantages of conventional
passive bearings. Active tilting-pad journal bearings (ATPJB) that combine passive hydrodynamic lubrication
with active hydrostatic lubrication is a promising solution to this problem. In ATPJBs hydrostatic lubrication is
achieved by injecting oil at high-pressure through inlets in the tilting pads which can be controlled to adjust the
rotor position and increase damping. A theoretical model of this concept was presented by Santos and Russo [14]
and later expanded with thermohydrodynamic theory by Santos and Nicoletti [15]. For model-based control of
ATPJBs, accurate and efficient mathematical models of the machine dynamics must be developed to calculate the
system dynamics in real time. Because of strong fluid film forces in the ATPJB there is a strong coupling between
rotor, bearing housing, and foundation. If the foundation is sufficiently flexible the foundation dynamics must be
included in the model to obtain a reasonable accuracy. An example presented by Vance et al. [18] shows that
the omission of foundation dynamics can cause critical speeds to be missed entirely. Based on several numerical
examples, Krämer [8] concluded that the coupling between rotor and foundation can significantly affect the natural
frequencies, resonance amplitudes and stability lines with a flexible foundation. This suggests that a fully coupled
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rotor-bearing-foundation multi-physical model is necessary to model systems with ATPJBs.
Nelson and McVaugh [9] presented a finite-element procedure for modelling rotor-bearing system consisting of
rigid discs, rotor segments and linear bearings. This rotor-bearing model was coupled with the ATPJB model in [16]
to investigate the theoretical limits and feasibility of active lubrication and shows how the ATPJB can successfully
be coupled with a rotor model. The influence of the foundation is typically included in rotor-bearing-foundation
models by using equivalent impedance. An early schematic of the impedance method is given by Bachschmid et
al. [2] where the impedance of three different foundations in coupled with a rotor to study the effect on critical
speeds. The impedance is defined as the forces transmitted from the foundation to the bearings and can be obtained
either experimentally or analytically. Because the impedance coefficients are frequency dependent and time consuming to measure directly, a lot of research has been devoted to alternative ways of defining them. These include
modal analysis [3], frequency response functions [17], numerical analysis [6], and finite-element methods [10]. A
similar method based on the foundation receptance is given by Gasch [7], which requires experimental measurements of the foundation to include its effects in a numerical rotor-bearing model. One of the main benefits of the
impedance method is that very few extra degrees of freedom (DOFs) are added to the system. In some situations
experimental measurement of the impedance may also reduce the modelling work significantly. The impedance
method allows for steady-state analysis in the frequency domain. Nevertheless, it cannot be used for time-domain
analysis and stability calculations which are required to design and regulate the ATPJB. Nevertheless, it cannot
be used for time-domain analysis and stability calculations which are required to design and regulate the ATPJB.
Alternative hybrid methods also exist that combine numerical and experimental techniques to determine equivalent
inputs from the foundation. In an effort to reduce the computational effort a hybrid approach using a combination
of the transfer matrix and modal analysis to model rotor-bearing-foundation systems was developed by Zhang et
al. [20]. This method relies on measurements of the foundation and avoids modelling issues for structures with
complicated interactions to the environment.
The novelty of the rotor-bearing-foundation model presented lies in the “physics-based” approach to modelling the foundation, rather than impedance or hybrid methods, and using reduction techniques to minimize the
computational cost. The model is derived having an experimental setup in mind, i.e. a test-rig composed of a
flexible rotor, an ATPJB, pedestals, and a flexible foundation. The purpose of the model is to aid the design of a
model-based controller for the ATPJB, which requires calculation of system stability and time-domain analysis.
Due to the limitations of the equivalent impedance method for this type of applications, a finite-element approach
is used to include the effects of the foundation. Finite-element models of the foundation are generally avoided in
rotor-bearing-foundation models due to the computational cost, but by implementing the Craig-Bampton reduction
technique [11] it is possible to reduce the model to a reasonable size. The model is then compared to experimental
results coming from experimental modal analysis carried out using the test-rig. It is important to emphasize that
the main goal of the work is to achieve the reduced rotor-bearing-foundation model, not to design the ATPJB controller. Such a model should have a minimum of DOFs and be able to describe the system dynamics in the range
of up to 200 Hz.

2

Test Facility and Experimental Modal Testing
The test-rig is designed to test ATPJBs under realistic circumstances that could be found in industrial compressors. Figure 1 shows the test-rig setup during this work. Call-outs show the important components of which
test-rig that are relevant to understand its operational principle. These components are all fixed on the foundation
with ’T’ shaped slots (T-slot plate). A coordinate system is shown on the figure, representing the global coordinate
system in the model. The x-axis goes in the axial direction of the rotor, the y-axis is perpendicular to the rotor in
the horizontal direction and the z-axis is perpendicular to the foundation.
At the left end (drive end) the drive motor is located. It is coupled to a drive coupling using a V-belt to drive the
rotor. The drive coupling is connected to the rotor via a flexible coupling that uses a special joint so only rotation is
transmitted. It decouples the dynamics of the drive motor from the rotor while maintaining the ability to transmit
rotation. The ball bearing which supports the left end of the rotor is housed in the blue pedestal, located right
after the coupling point between rotor and flexible coupling. Three sensor pedestals are mounted on the test-rig,
two of them between the ball bearing and magnetic bearing, and one of them at the far right end. These can be
used to measure the horizontal and vertical displacements of the rotor but were not used in this work. Because
their size and mass is very small relative to the foundation and other components, these pedestals are neglected
in the mathematical model. After the second sensor pedestal, a magnetic bearing is located and can be used to

395

Figure 1: Photo of the test-rig with call-outs to major components.

excite the rotor without being in contact with it. Directly to the right of the magnetic bearing the rotor is supported
by the ATPJB, housed in a large grey pedestal. This bearing provide hydrodynamic lubrication by injecting oil
using a low-pressure pump and hydrostatic lubrication by using a high-pressure pump. Both of these pumps are
located next to the foundation but are not shown in the picture. The two diagonally mounted valves supply the
high-pressure oil and the vertically mounted valve provides the low-pressure oil. Finally at the right end of the
rotor discs can be mounted. The most important components when modelling the test-rig dynamics are the ones
relating the foundation to the rotor. They consist of the rotor, the discs that can be mounted on it, the ATPJB, the
pedestals coupling the rotor and foundation, the stiffeners, the foundation, and the damping mat. The estimated
geometrical and physical properties of these components are listed in Table 1. The specified values are used in the
modelling described in Section 3.
In order to verify the model, experimental modal analysis is carried out to get insights into the test-rig dynamics. Impact testing is used as the measure the response of the test-rig as it requires very little setup and is
convenient for the given conditions. The equipment consists of a Brüel&Kjær impact hammer type 8202 with
a Manfred Weber M68D1 charge amplifier, a Brüel&Kjær accelerometer type 4730 with a charge amplifier type
2635, and a National Instruments DAQ. For a high spatial resolution the foundation is divided into a 4 × 15 grid
and the rotor is divided into 7 points, as shown on Figure 2. The blue and green dots indicate where the test-rig
is struck by the impact hammer and the red dot indicates where the accelerometer is mounted. Data from three
experiments is used in order to verify the model at different stages. For the first experiment the entire test-rig is
suspended in the air using a crane, ensuring ’free-free’ boundary conditions and eliminating the damping mat from
the measurements, shown on Figure 3. In the second experiment the test rig is resting on the damping mat, adding
damping to the system. For the third experiment vibration data is obtained, with the test-rig resting on the damping
mat and the rotor is driven at 1000 RPM.
Each set of measurements is analysed using signal processing and modal analysis to find the natural frequencies, mode shapes, and modal parameters of the test-rig under the given conditions. This is done by calculating the
frequency response function (FRF) of the measured signals and then using the single degree of freedom (SDOF)
method on the peaks in the frequency domain via least squares method [5].
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Table 1: Estimated geometrical and physical properties of the test-rig components.
Component
Rotor

Disc 1
Disc 2

Ball Bearing Pedestal

Ball Bearing Stiffeners
ATPJB Pedestal

ATPJB Stiffeners
Foundation

Property
Length
Diameter
Mass
Thickness
Mass
Thickness
Mass
Diameter
Top Dimensions
Base Dimensions
Mass
Outer Dimensions
Top Dimensions
Base Dimensions
Mass
Outer Dimensions
Outer Dimensions
Mass

Value
1150 mm
90 mm
49.3 kg
80mm
37.3 kg
100 mm
48.5 kg
295 mm
50 × 160 × 250 mm
150 × 280 × 50 mm
28.5 kg
50 × 50 × 500 mm
100mm × 300mm × 300mm
150mm × 480mm × 50mm
70.0 kg
100mm × 50mm × 500mm
3500mm × 1100mm × 105mm
3000.0 kg

Material
Steel

Steel

Steel

Steel
Aluminium

Steel
Cast Iron

Figure 2: Sketch of all measurement points on the test rig.

3

Dynamic Modelling

The most significant components of the test-rig that must be included in the model are a) rotor and disc, b)
ATPJB, c) pedestals, d) stiffeners, and e) foundation.

3.1

Rotor, Disc and Ball Bearing

The rotor, disc and ball bearing are modelled using the finite-element method presented by Nelson and McvVaugh[9].
This means that the rotor consists of 2-node beam elements with 4 DOFs per node that are assembled to form the
the entire rotor. Each node can translate in the y and z direction and rotate about the y and z axes. These DOFs
are given by the vector qrn = {V, W, β, Γ}. The radius and length of different elements re and le varies slightly
to match the actual dimensions of the rotor. The disc consists of a single node with the same 4 DOFs as the rotor.
It is assumed to be rigid and only contributes with mass and gyro. The ball bearing is modelled as a linear spring
which is simply added to the DOFs of the rotor where it is attached. The equations of motion for the rotor and disc
are given in (1) and (2) where M is the mass matrix, K is the stiffness matrix, G is the gyroscopic matrix, q is the
displacement vector, Q is the force vector, Ω is the angular velocity. The superscripts r and d refer to the rotor and

397

Figure 3: Photo of the test-rig in ’free-free’ conditions.
disc respectively.
Mr q̈r − ΩGr q̇r + Kr qr = Qr

(1)

Md q̈d + ΩGd q̇d = Qd

(2)

The rotor and disc model was validated with 22 elements using experimental results from a ’free-free’ measurements of the rotor natural frequencies with disc 1 mounted on it. The results showed less than 5% deviation for the
first three natural frequencies which were within the range of interest. The total number of DOFs in this model is
92.
3.2

ATPJB
The full derivation of the ATPJB model is given in the work by Santos and Russo [14], Santos and Nicoletti
[15], and Varela et al. [19]. The DOFs of a 1-pad ATPJB subsystem are defined as vertical and horizontal translations of the rotor {XJ0 , YJ0 } and rotation and two translations of the tilting pads {α0 , ξ 0 η 0 }. For a 4-pad ATPJB
this results in a total of 20 DOFs. In order to couple these with the global rotor-bearing-foundation model, the
translational DOFs related to the rotor and pad are rotated to the global coordinates and added together, resulting
in a total of 8 DOFs for the ATPJB element q = {XJ , YJ , α1 , α2 , α3 , α4 , ξ, η}. The resulting equations of motions
for the ATPJB is given in equation (3) where C is the damping matrix.
Matpjb q̈atpjb + Catpjb q̇atpjb + Katpjb qatpjb + = Qatpjb

(3)

3.3

Pedestals
Both pedestals were modelled using rectangular 2-node beam elements with 6 DOFs per node, x,y,z translation
and rotations as illustrated on Figure 4. These are given by the vector qrn = {X, Y, Z, Rx , Ry , Rz } . The equations
of motion for the pedestals are derived by turning the governing differential equation for a beam (strong formulation) into an integral equation (weak formulation). This equation states the deformation at the nodes and uses
shape functions to interpolate between them. Completing the integration gives the equations of motion (4) with
the mass matrix M, stiffness matrix K, displacements q, forces Q, and the superscript p0 refers to the pedestal in
its local coordinate system.
0

0

0

0

Mp q̈p − Kp qp = Qp
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0

(4)

Figure 4: Sketch of a 2-node beam element with 12-DOFs.

The prime indicates the these are defined in a local coordinate system. A coordinate transformation matrix is
defined that transforms the xyz-coordinates to the global coordinate system which is then assembled into the full
pedestal element transformation matrix (5). The transformation equation to rotate the pedestal DOFs is given by
(6).





cos(π/2) 0 sin(π/2)
,
0
1
0
Ty,π/2 = 
− sin(π/2) 0 cos(π/2)

Tpy,π/2



Ty,π/2
0
0
0
 0 Ty,π/2
0
0 

=
 0
0 Ty,π/2
0 
0
0
0 Ty,π/2

0

Kp = (Tpy,π/2 )T Kp Tpy,π/2

(5)

(6)

Note that in the full model assembly, it is assumed that the pedestal nodes can only be displaced in the DOFs
of the component they are coupled with. This means that the {X, Rx } DOFs are eliminated from the node coupled with the rotor. For nodes coupled with the foundation (described later) and ATPJB the {Rx , Ry , Rz } and
{X, Rx , Ry , Rz } DOFs are eliminated. This results in 7 × 7 dynamic matrices for the ball bearing pedestal and
5 × 5 dynamic matrices for the ATPJB pedestal.
3.4

Stiffeners
To develop the equations of motion and system matrices for the stiffeners they are viewed as two dimensional
bar elements in the yz-plane, shown on Figure 5. Each stiffener can deform axially in each node in their local

Figure 5: Sketch of the stiffener element.
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coordinate systems, as indicated by u1 , u2 for the left stiffener. By transforming the local stiffness matrix for each
bar to the global coordinate system, as shown in equations (7) and (8) for the left stiffener, they can be added
together to form a single 3-node bar element with 2 DOFs per node qsn = {U1 , U2 }. The superscript s0l refers to
the left stiffener in its local coordinate system and sl refers to the left stiffener in the global coordinate system.




1 0 −1
E A 
0 0 0 ,
K1 =
ls
−1 0 1
s0l

s

s



− cos θ sin θ 0 0 0
0
0 00 0
0 
Ts1l =  0
0
0 0 0 cos θ sin θ

s0

Ks1l = (Ts1l )T K1l Ts1l

(7)

(8)

This process is repeated for the mass matrix, giving the equations of motions for each stiffener element (9), where
the dynamic matrices are of size 6 × 6.

Ms q̈s − Ks qs = Qs

3.5

(9)

Foundation

The foundation is modelled using three different types of elements, Kirchoff plate elements, Mindlin plate elements and 3D elements. A description of both types of plate elements can be found in [4] and a description of the
SOLID186 element used for the 3D model is given in the ANSYS documentation [1]. The results on Table 2 show
that neither Kirchoff or Mindlin plate elements are suitable to model the foundation while the 3D model is very
accurate for the first 12 modes (only 7 are shown in the table). Therefore the 3D foundation model is implemented
in the rotor-bearing-foundation model.

Table 2: Comparison of measured natural frequencies and calculated natural frequencies for a T-slot plate using
Kirchoff elements, Mindling elements and 3D elements.
Mode
ωn1
ωn2
ωn3
ωn4
ωn5
ωn6
ωn7

Experiment [Hz]
94.1
160.0
218.6
248.4
285.2
439.6
578.6

Plate - Kirchoff [Hz]
146.1
55.3%
159.1
-0.6%
218.0
-0.3%
334.9
34.8%
365.2
28.0%
448.5
2.0%
597.2
3.2%

Plate - Mindlin [Hz]
119.0
26.5%
153.8
-3.9%
281.9
13.5%
287.2
31.3%
356.4
25.0%
429.3
-2.3%
534.5
3.3%

3D - SOLID186 [Hz]
94.7
0.7%
154.8
-3.3%
224.5
2.7%
244.7
-1.5%
287.3
0.7%
426.4
-3.0%
594.5
2.7%

Based on the results of a convergence study, the final size of the foundation 3D model consisted of 41.020 nodes
or approximately 820.000 DOFs. To cut down on computational effort Craig-Bampton reduction is used to reduce
the model. Because both the static and dynamic modes are included in the reduction the dynamic properties of the
foundation are still preserved with a high degree of accuracy. The static modes Ψ are computed from equation
(10) where the subscript i indicates inner nodes and b indicates boundary nodes. The dynamic modes consist of
the modal matrix Φ which is obtained when solving the eigenvalue problem given by (11). The reduction matrix
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is given by (12) and the reduced stiffness matrix is given by (13).
Ψ = −K−1
ii Kib
(Kii − λ2j Mii ) = 0
R=

(10)
(11)



 
 
ΨΦ
qi
qb
→
=R
I 0
qb
η

Kr = RT KR

(12)
(13)

The nodes included in the reduction are chosen based on the geometric locations where the pedestals and stiffeners
are fastened on the foundation. Additional boundary nodes are chosen in a grid pattern for the drive motor in the
upper left, and in a grid pattern across the bottom of the foundation to add springs and dampeners representing the
damping mat. The amount of damping and stiffness added by the mat is controlled by adjusting the value added to
these nodes. This is illustrated on Figure 6 which is generated from a MatLab program that imports and reduces the
ANSYS foundation model. The colored dots indicate nodes that are included as boundary nodes in the reduction.
The size of the reduced matrices is equal to the number of boundary nodes in the reduction nb plus the amount

Figure 6: Plot of the foundation bottom mesh and DOFs picked for CB reduction.

of modes in the modal matrix j. Using this method the number of DOFs in the foundation model can easily be
reduced to the order of 100 DOFs without significant loss of accuracy, while reducing the computational effort
extensively. One should note that the reduced matrix will be dense and, in some cases, can outweigh the benefits
of the reduced size. To plot the mode shapes the full system must be reconstructed so the physical displacements
can be found.
3.6

Model Assembly
The global model is assembled by adding together the dynamic matrices of all components of the rotor-bearingfoundation system. For components that are coupled the DOFs will be mapped on to each other and summed. This
means that the total size of the global matrices is equal to the number of unique DOFs in all the components.
The unique DOFs shown are the rotor DOFs, the ATPJB pad rotation DOFs, the y and z translation DOFs of the
top ATPJB pedestal node and finally the reduced foundation DOFs. Both stiffeners and the ball bearing pedestal
are coupled to these DOFs and therefore do not have their own unique placement in the matrix. A plot of the matrix
entries in the global stiffness matrix assembled in MatLab is shown on Figure 7. The resulting equation of motion
for the rotor-bearing-foundation system is given by (14) where the superscript g refers to the global system. By
solving the eigenvalue problem of this equation the natural frequencies and mode shapes are extracted.
Mg q̈g + (Cg − ΩGg )q̇g + Kg q = 0
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(14)

Figure 7: Example showing the component mapping in the global stiffness matrix.

4

Theoretical and Experimental Results

For all three cases, the first 3 experimentally measured mode shapes and corresponding calculated mode shapes
are shown on Figure 8a and 8b. From these figures it is very clear that the predicted foundation mode shapes match
those measured experimentally. The measured mode shapes also show the coupled rotor-foundation motions which
confirms that the foundation should not be neglected in the model. Although not shown here, a total of 7 measured
mode shapes were found to match the predicted mode shapes very well in the interval of 20-200 Hz for all three
cases.
Table 3 compares the natural frequencies of the model to the experimental data under the three sets of conditions for the 7 modes. These show that with exception of the third mode in the ’1000-RPM’ experiment, the natural
frequencies calculated by the model are very accurate, with deviations under 8%. This shows that a reduced finiteelement model of the foundation is a viable method of including foundation dynamics in a rotor-bearing-foundation
system. The damping ratios are compared on Table 4 and also show a reasonable degree of accuracy, especially for
the ’damping-mat’ experiment. For these results the damping values of the mat were adjusted to fit the results from
the experiment. For the ’1000-RPM’ experiment the damping parameters were not changed, although a similar
accuracy could likely be reached by adjusting them further.
To be useful when designing a model-based controller for the ATPJB [12, 13] the rotor-bearing-foundation
model must be very computationally efficient. When using the reduced finite-element foundation model it is therefore important to include a suitable amount of modes and boundary DOFs in the reduction, to have a reasonable
accuracy and model size. In the original results the reduced foundation model contained 348 DOFs and it can
be shown that the number of DOFs can be reduced to a total of 190 without significantly affecting the natural
frequencies in the ’damping-mat’ case. The change in natural frequencies is given on Table 5. This is achieved
by reducing the number of foundation nodes coupled with the damping mat and only including 20 modes in the
reduction. The number of coupling points with the stiffeners, pedestals and drive motor is not changed. Using
reduction methods on the rotor-bearing part of the model could potentially further reduce the number of DOFs. By
reducing the number of DOFs the average solution time of the eigenvalue problem is reduced by 48.4%, i.e. from
0.33 seconds to 0.17 seconds.
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Figure 8: First three mode shapes for all three cases. a) measured mode shapes, b) calculated mode shapes.

5

Model Limitations and Necessity of Further Improvements

While rotor and foundation dynamics is accurately described by means of the finite-element method the
pedestal and stiffener model needs further refinement. It should be stressed that in the presented results, the
Young’s modulus used for the pedestals and stiffeners is set to Ep = 106 mN2 to avoid a locking issue with the
foundation modes. Because the pedestal and stiffener elements consist of very few nodes the stiffness is very
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Table 3: Comparison of calculated and measured natural frequencies for three different cases.
Mode RFB-3D Model [Hz]
’Free-Free’ Experiment [Hz]
Discrepancy [%]
ωn1
25.0
25.0
0.2
ωn2
30.7
32.4
-5.3
ωn3
67.4
63.3
6.4
ωn4
70.4
70.8
-0.6
ωn5
117.7
122.9
-4.1
ωn6
131.2
129.3
1.5
ωn7
138.7
139.4
-0.5
Mode
ωn1
ωn2
ωn3
ωn4
ωn5
ωn6
ωn7

RFB-3D Model [Hz]
28.5
33.2
68.6
71.5
118.5
131.9
139.3

’Damping-Mat’ Experiment [Hz]
28.7
36.4
65.0
72.1
123.6
129.0
138.0

Discrepancy [%]
-0.8
-8.7
5.6
-0.8
-4.1
2.2
1.0

Mode
ωn1
ωn2
ωn3
ωn4
ωn8
ωn9
ωn10

RFB-3D Model [Hz]
28.4
33.3
68.6
71.5
118.5
139.3
184.8

’1000-RPM’ Experiment [Hz]
27.3
34.8
58.2
70.8
124.8
136.8
180.0

Discrepancy [%]
4.1
-4.5
17.9
1.0
-5.0
1.9
2.7

Table 4: Comparison of calculated and measured damping ratios for the ’damping-mat’ and ’1000-RPM’ cases.
Damping Ratio RFB-3D Model [Hz] ’Damping-Mat’ Experiment [Hz] Discrepancy [%]
ξ1
0.042
0.045
-7.3
ξ2
0.046
0.043
6.7
ξ3
0.023
0.026
-12.7
ξ4
0.021
0.020
4.5
ξ5
0.015
0.017
-7.3
ξ6
0.012
0.012
-5.0
ξ7
0.012
0.025
-51.6
Damping Ratio
ξ1
ξ2
ξ3
ξ4
ξ8
ξ9
ξ10

RFB-3D Model [Hz]
0.042
0.046
0.023
0.021
0.015
0.012
0.011

’1000-RPM’ Experiment [Hz]
0.043
0.139
0.055
0.026
0.026
0.020
0.019

Discrepancy [%]
-2.6
-66.8
-58.7
-19.2
-41.2
-39.5
-40.5

high compared to the foundation nodes. This creates an artifical increase in stiffness in the connections between
foundation, pedestals, and stiffeners, splitting some of the mode shapes in two. By lowering the stiffness the issue
is resolved, although the value is not realistic. This also appears to decouple the rotor from the foundation as seen
on the calculated mode shapes on Figure 8. With exception of the first mode, the comparison shows that the rotor
mode shapes do not match very well. In the model there is no motion of the rotor for any modes above the first,
which contradicts the measurements that show different kinds of rotor motion for most modes. These limitations
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Table 5: Comparison of discrepancies for the ’damping-mat’ experiment with different reduced foundation model
sizes.
Mode Shape
ω1
ω2
ω3
ω4
ω5
ω6
ω7

Discrepancy - 348 DOFs [%]
-0.8
-8.7
5.6
-0.8
-4.1
2.2
1.0

Discrepancy - 190 DOFs [%]
3.2
-4.4
7.4
0.4
-2.8
2.6
1.7

clearly show that the pedestal and stiffener models must be revisited. Pedestals and stiffeners should be modelled
using 3D solid elements as done for describing the foundation dynamics, as illustrated on Figure 9, followed by a
reduction of the DOFs. The rotor will be coupled to the pedestals which are already connected to the foundation
and stiffeners through the 3D model. This will reduce the number of DOFs in the system and should solve the
coupling issue.

Figure 9: 3D model of foundation, pedestals and stiffeners in ANSYS.

6

Conclusion and Future Aspects
In this paper a mathematical rotor-bearing-foundation model of an ATPJB test-rig was presented and validated
through experimental measurements. The foundation was implemented using a finite-element approach with CraigBampton reduction to manage the computational cost, instead of the conventional equivalent impedance methods.
Even though the foundation looks like a plate it was found that plate elements were not suitable for describing
its dynamics. Instead a full 3D model was necessary, using 20-node brick elements. By using experimental data
from a similar T-slot plate, the dynamic foundation model was validated, with the first 12 natural frequencies being
within 5% of measured values.
The natural frequencies and damping ratios of the rotor-bearing-foundation model were compared to experimentally measured values for three cases, ’free-free’, ’damping-mat’ and ’1000-RPM’. The first seven natural
frequencies were found to be within 8% of the measured values in all three cases (with exception of one mode),
suggesting a very good model accuracy. The mode shapes were also compared and found to be very accurate. The
solution time for the eigenvalue problem of the model could be cut in half by reducing the number of DOFs and
modes included in the foundation reduction, without significant changes to the natural frequencies. The smallest
model size tested was 190 DOFs. This can likely be optimised further by including pedestals and stiffeners as
3D elements follow by Craig-Bampton reduction. The accuracy and efficiency of the model should be tested for
designing model-based controllers for the ATPJB in the near future.
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