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Abstract. The article describes the method for determining the 24 coefficients of dynamic system 
composed of a rotor and two bearings based on impulse excitation between two bearings. The 
method of calculating the coefficients of bearings is an experimental method. This work aims to 
present the expansion of the algorithm known from the literature for calculating the coefficients 
of stiffness and damping coefficients, adding the calculation of bearing mass coefficients 
capability. The calculation diagram has been verified based on a numerical model of the rotor 
modeled in the Samcef Rotors software. Based on the proposed algorithm, we obtain four stiffness 
coefficients, 4 damping coefficients, and 4 mass coefficients for each bearing. The mass 
coefficients correspond to the part of weight of the shaft which is involved in vibration of the 
system. The total weight of the rotor is the sum of the mass coefficients. On their basis we can 
calculate the mass of the rotor. Stiffness and damping coefficients cannot be determined directly, 
so indirect methods need to be used to calculate them, which are described in the article. The mass 
of the rotor is a direct measurable parameter. The mass coefficients, calculated indirectly can be 
compared with the known mass of the rotor. Knowing the error of estimation of the mass 
coefficients we can estimate the uncertainty of bearing dynamic coefficients, which, in the initial 
phase, are unknowns. Expanding the calculation algorithms to calculate mass coefficients in a 
single operation increases the correctness of calculation of a set of coefficients which makes the 
results become more reliable. The article shows the actual state of the art about the experimental 
calculation of bearing dynamic coefficients. This paper presents a method for calculating the 
stiffness, damping and mass coefficients. It also includes the excitation and responses signals used 
to calculate these coefficients on the basis of the rotating system with two journal bearings. It is 
also shown how the calculated values of the mass, stiffness and damping coefficients are effected 
when identifying frequency range was changed. 
Keywords: force coefficients, mass, stiffness and damping coefficients, impulse response, journal 
bearing. 

Nomenclature 

 damping 
 damping coefficient of th bearing  / (m/s), = 1, 2; , = ,  

 shaft diameter 
 disc diameter 

 displacement of th bearing in the frequency domain , = 1, 2; , = ,  
 force in the  direction, = ,  ,  system flexibilities for th bearing m/N, = 1, 2; , = ,  ,  system impedance for th bearing N/m, = 1, 2; , = ,  

 stiffness 
 stiffness coefficient of th bearing N/m, = 1, 2; , = ,  

 + , bearing span  
 mass 
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 mass coefficient of th bearing, = 1, 2; , = ,  
, ,  coordinates 
 dynamic coefficients matrix 
 frequency rad/s 

1. Introduction 

The values of stiffness and damping coefficients have a decisive influence on a rotating system 
vibration [1-2]. In a dynamic analysis concerning a rotor, it is necessary to create geometry and 
mesh, to lay down boundary conditions and individual forces applied to a rotor, including the 
numerical values of these coefficients. The values of stiffness and damping coefficients change 
with the rotational speed. Their nonlinearity can be observed for most of bearings types, meaning 
that their values change with time and they are also dependent on an exciting force [3]. For most 
of the works, as well as for this article the coefficients are linearized, which in practice means that 
they have fixed values for a constant speed and they do not change when different values of the 
exciting force are applied. Moreover, it should be noted that dynamic coefficients values depend 
on the, supply pressure, temperature and the bearing load [4]. 

There is possibility to numerical determination of the stiffness and damping coefficients on 
the basis of the known geometry and by solving Reynolds equations of motion. It is possible to 
perform such calculations for linear systems of known parameters, with high accuracy. In the case 
of non-linear systems and the ones of complex construction, where some parameters are not 
known the calculations are more complicated and may lead to a calculation error [5]. 

In view of the difficulties encountered when calculating stiffness and damping coefficients for 
the bearings using numerical models, a few experimental methods were proposed in order to 
facilitate the determination of these coefficients. A determination of the dynamic coefficients can 
be carried out in time domain and frequency domain. The pulsed excitation method was used for 
the determination of dynamic coefficients for the bearings, covered in this article, was performed 
in the frequency domain. This method was proposed by Nordman and Schollhorn [6]. Zhang et al. 
[8] and Chan together with White [9] identified stiffness and damping coefficients for two 
symmetric bearings by matching the curves in a frequency response. This approach covers a rotor 
with two identical bearings and enables to identify 8 dynamic coefficients (4 stiffness coefficients 
and 4 damping coefficients). As many rotor-bearing systems are not symmetrical and their 
trajectories are more complex than that with a single bearing the symmetry assumption cannot be 
used in many cases. The curves matching method also requires substantial computational power.  

The paper [7] presents a way of extending the method for identification of 8 coefficients – 
corresponding to a single bearing – to enable identification of 16 stiffness and damping 
coefficients corresponding to a pair of different hydrodynamic bearings. The method of 
determining linearized coefficients was described. This constitutes an extension of the impulse 
method used for the identification of sixteen coefficients of two various bearings. There are 
different ways of rotor excitation. The most common method of excitation is the use of a modal 
impact hammer to apply an impulse-based force to a rotating shaft. Other such methods include 
the use of additional rotor unbalance or vibration exciters. Qiu and Tieu consider that the impulse 
method is the most economical and comfortable for the identification of these coefficients. The 
coefficients are calculated on the basis of system’s response signal following the rotor excitation 
in its central part using a modal hammer. The frequency-domain-based signals are subsequently 
used for further calculations. The article presents the experimental investigation procedure, 
measured signals and the estimated values of the bearing coefficients. The coefficients may be 
calculated in a single operation by means of a model based on the least squares method. As part 
of this work, computer simulation tests were carried out in order to verify the estimated 
coefficients. The oil whirl instability phenomenon was encountered during experimental analyses. 
The authors suggest that the improvement of the reproducibility of the testing results may be 
ensured by performing calculations for a broader identification range. 
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Tiwari and Chakravarthy [10] proposed to improve the algorithm for the estimation of bearing 
dynamic parameters in such a way that it additionally enables estimation of the residual unbalance. 
The paper presents the numerical and experimental methods of its identification. The article 
describes two methods: the impulse method and the method relating to use three values of the 
unbalance. It turned out that the methods are effective, even if the noise component is relatively 
high. A good level of comparability between experimental results and the results of numerical 
simulations was achieved. 

Meruane and Pascual [11] described the methodology of calculation of non-linear stiffness and 
damping coefficients in hydrodynamic bearings. The non-linear numerical simulations of the 
oil-film coefficients were performed for high displacements in the bearing (20-60 % of the bearing 
gap). The non-linear effect was defined by applying third order nonlinear equations, and these 
equations are then subsequently solved by expansion of Taylor series. The non-linear model was 
created on the basis of the test rig. In the case at hand, it was proved that linearized coefficients 
influence the dynamics of the investigated system. It was found that non-linear behavior manifests 
itself with the emergence of oil whirls which do not occur when classic linear models are used 
(which are definitely more common in engineering practice). 

Currently, work is under way aimed at modification of experimental methods in order to 
achieve greater accuracy. Miller and Howard [12] described the method for the identification of 
bearing rotor-dynamic coefficients using the extended Kalman filter. This filter was developed in 
order to estimate linearized stiffness and damping coefficients in rotor-bearing systems, 
considering the noise and unbalance. The pulsed excitation was applied in the system. In this 
method, bearing properties are stochastically modelled using Gauss-Markov linear model. The 
part related to the noise, is introduced into the system as an assessment error taking into account 
the uncertainty for modelling as well as the measurement uncertainty. The system contains two 
parameters created by the user to be used to tune the filter’s efficiency. They relate to the 
covariance and noise variables. The filter was tested using data from numerical simulations carried 
out for a system containing two identical bearings, which reduces the number of unknown 
coefficients to eight. The method was successfully used to assess the main stiffness coefficients, 
whereas the cross-coupling damping coefficients were obtained with the lower accuracy. 

Numerical estimation of dynamic coefficients can be a very difficult task for bearings with a 
complex structure, for example in the case of foil bearings [13]. The results of the experimental 
identification of dynamic coefficients of the large-diameter hybrid foil bearing were presented in 
paper [14]. The article contains hydrostatic and hydrodynamic characteristics of the bearing with 
a diameter of 101.6 mm and a length of 82.6 mm. The stiffness coefficients were estimated using 
two different approaches: first, with a quasi-static method plotting of curves representing the 
deflection in the time domain; second, with an impulse method in the frequency domain. The 
damping coefficients were assessed using only an impulse method. The values of stiffness 
coefficients obtained from two methods were similar, with differences reaching 4-7 MN/m 
depending on speed, load and supply pressure. The calculations in the frequency domain led to 
larger discrepancies between results. In addition, the numerical model was created, which uses a 
linear perturbation method. There appears to be good agreement between calculation results and 
experimental results, it was concluded on the basis of shaft bending. 

The article [15] presents the experimental studies on the hybrid gas bearing, characterized by 
a complex design of foil, which is quite tolerant of high pressure. The bearing utilizes two 
lubricating films: hydrostatic and hydrodynamic. This manufacturing ensures an appropriate load 
capacity and stiffness of the whole system. The paper describes the experimental verification of 
stiffness and damping coefficients for the bearing with a diameter of 110 mm. The measurements 
were performed on a specially prepared test rig. During the experiment, the varying parameters 
were as follows: hydrostatic supply pressure, frequency of the exciting force and rotor’s rotational 
speed. The studies aimed at the estimation of possibilities of using the bearing in high-power 
energetic machines. The tests results revealed low susceptibility of main stiffness coefficients to 
most of the tested parameters, apart from the frequency and rotational speed. The greater the 
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rotational speed and frequency of exciting force, the lower the calculated stiffness coefficients 
there will be. 

The paper [16] presents the calculation results of aerostatic journal bearings at the example of 
Bentley Nevada test rig. The tests with various types of bearings have been carried out in order to 
obtain their static and dynamic characteristics. Several methods for identification of bearing 
dynamic coefficients were applied. Only the main stiffness and damping coefficients were 
calculated. The influence of cross-coupling stiffness and damping coefficients on the results was 
assessed on the basis of numerical simulations. During the calculations, the mass matrix elements 
were considered as known parameters. The stiffness and damping matrixes had to be calculated. 
The authors recommend that the main coefficient values should be estimated at the beginning of 
the experiment. In the next step, you need to calculate the cross-coupling coefficients, since they 
are more vulnerable to errors. According to the authors of this article, increasing the supply 
pressure or the frequency of exciting force negatively affects the values of dynamic coefficients.  

The new way of identification of bearing stiffness and damping characteristics using 
phase-plane diagrams was presented in the publication [17]. The authors highlight that a reliable 
assessment of bearing dynamic coefficients is a major challenge, particularly for non-linear 
systems. They claim that there is no single universal model for calculation of system parameters 
because their identification depends on measurement data and a reference model. The described 
model containing phase-plane diagrams works well when the coefficients are strong functions of 
frequency.  

The experimental calculations of bearing stiffness and damping parameters are carried out not 
only for journal bearings but also for axial bearings. Experimental identification of stiffness and 
damping coefficients of axial foil bearing is shown in the article [18]. The paper includes the 
scheme of identification procedure of these coefficients, the test rig and the coefficients/speed 
plots.  

The impulse excitation method is used for the assessment of bearing stiffness and damping 
coefficients. It may be applied to many bearing types, such as hydrodynamic, aerodynamic, 
magnetic and foil bearings. This article describes the modification of the method used for the 
identification of bearing stiffness and damping coefficients, which was developed by Qiu and  
Tieu. This method, which briefly consists in applying impulse excitation and then using an 
approximation method (the least squares method) was enhanced with new functionality – the 
calculation of mass coefficients. The calculation of stiffness, damping and mass coefficients 
(which takes place in one step) enables to verify the results in the initial phase of work because 
the mass coefficients can be compared with a known mass of a shaft. On the basis of the mass 
coefficients, a rotor mass can be easily calculated which enables e.g. assessment of the impact of 
a coupling on a vibration level. This approach contributes to full identification of all dynamic 
parameters of a rotor-bearing system. 

2. Coefficients estimator 

The movement of a point can be described by Eq. (1). After obtaining Laplace transform and 
Euler’s equations we get Eqs. (2), (3) and (4): ∙ + ∙ + ∙ = ( ), (1)( ) ( ) + ( ) ( ) + ( ) = ( ), (2)( − ) + ( ) ∅ = ∅ , (3)( − ) + ( ) (cos∅ + sin∅ ) = (cos∅ + sin∅ ). (4)

The equation of motion for a single bearing (for the model shown in Fig. 1(b)) can be described 
by Eq. (5). This equation can be written in the matrix form Eq. (6). The system described in this 
way behaves differently when it is excited in the  and  direction, using the exciting force 
respectively  and . The system response in the  direction after the excitation in the  
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direction is described by : − − + + + + = ,− − + + + + = , (5)− + − +− + − + = 00 . (6)

 

a) 
 

b) 
Fig. 1. a) Rotor model prepared in the Samcef Rotors, b) model of one of the bearings 

The first part of Eq. (6) is defined as the impedance and can be divided into mass, stiffness and 
damping parameters Eq. (7): − + − +− + − + 1 0 − 0 00 1 0 − 0
      = . (7)

The least squares method is used to solve the equations and it requires the use of a signal in 
the frequency domain. This is achieved by Fourier transform of the force signal and the system 
response from the time domain. Vector  is the response signal in the frequency domain, the  
matrix consists of the exciting force components ( ( ) and ( )) in the frequency domain. 
Taking into account the matrix  and , Eq. (6) can be represented as Eq. (8). If we consider a 
system with two bearings (shown in Fig. 1(b)) the Eq. (8) can be defined as Eq. (9). Extension of 
a mathematical description for the system with two bearings (model shown in Fig. 1(a)) is 
represented by Eqs. (9)-(15): 

= 00 . (8)

Indexes ‘1’ and ‘2’ in Eq. (9) stand for the first and the second bearing. The index ‘ ’ designates 
frequency range. The first of double index indicates the direction of the system response, the 
second index indicates the direction of the excitation force. For example,  element defines the 
vibrations of the rotor at the first bearing in the -direction after excitation in the  direction: 
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= 00 , = 00 . (9)

Flexibility is defined as the inverse of the mechanical impedance and it is presented in Eq. (10): 

= = , = = . (10)

The least squares method can be applied to the Eq. (10), it is then necessary to formulate 
Eq. (11). The values of matrix  can be determined from Eq. (12). In this equation,  is a matrix 
in which the signals are elements of flexibility matrix and frequency vector. It was formed by 
decomposition of real and imaginary part Eq. (13). Matrix  is defined by Eq. (14), while the 
matrix  consists of the stiffness, damping and mass coefficients of the rotor – bearings system. 
If we assume that the parameters are obtained for 100 frequency samples (it is determined by the 
index ) the matrix  will have the dimensions of 800×12, matrix  will have the dimensions of 
800×2, while the matrix  will have dimensions of 2×12: · = , (11)= ( ) , (12)

=
Real · 1 0 0 0 −( ) 0 0 0 0 0 00 1 0 0 0 −( ) 0 0 0 0 0Real · 0 0 1 0 0 0 −( ) 0 0 0 00 0 0 1 0 0 0 −( ) 0 0 0 Imag · 1 0 0 0 −( ) 0 0 0 0 0 00 1 0 0 0 −( ) 0 0 0 0 0 Imag · 0 0 1 0 0 0 −( ) 0 0 0 00 0 0 1 0 0 0 −( ) 0 0 0

, (13)

= 1 0 1 0 0 0 0 00 1 0 1 0 0 0 0 . (14)

The order of mass, stiffness and damping coefficients in the rotor – bearing system is shown 
below Eq. (15): 

= . (15)

3. Numerical model and validation 

In order to verify the proposed method a numerical model of the rotor in the Samcef Rotors 
software was created (Fig. 1(a)). The model consists of a shaft rotating at 8 000 rpm and bearings 
modeled using the stiffness and damping coefficients in the orthogonal and cross-coupling 
directions. The rotor during the simulation had been excited by a known value of excitation force, 
in the central part, in the  direction. Then the vibration amplitude of the rotor was measured in 
the each bearing in  and  direction. Then, the simulation was repeated, this time using the same 
exciting force, but model has been excited in the  direction. In this case, the vibration amplitude 
of the rotor in the bearings in the direction of  and  were measured. When the vibration in the 

 direction in the first bearing after excitation in the  direction was measured, signal has been 
described as 1 . Based on the excitation signals and the response signal generated by the Samcef 
Rotors program the stiffness, damping and mass coefficients of the bearings were calculated. 
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Because the stiffness and damping coefficients were defined in the Samcef Rotors program it 
allows to compare coefficients calculated by using the proposed algorithm and the actual values. 

Symmetric model of the rotor was created (Fig. 1(a)), its length is = 0.92 m. Spacing 
between the bearings is 2 =0.58 m. The diameter of the rotor shaft is = 19.05 mm. At the 
center of the rotor is a disc having a diameter = 152.4 mm. The material of the rotor is steel 
with Young’s modulus of 205·109 Pa, Poisson’s ratio is 0.3, the material density is 7800 kg/m3. 
The assumed values of the bearing stiffness and damping parameters in the main directions , 

 and the cross-coupling directions ,  are shown in Tables 1 and 2. This is the standard 
procedure of numerical modeling of bearing-shaft systems. 

 
Fig. 2. Data processing diagram 

In response signal there is part connected with unbalance that cause a constant component of 
vibration. In practice we need to extract that component from our response signal. Data processing 
diagram showing whole procedure is shown in Fig. 2. In the numerical model, while the rotor was 
rotating it was excited by known force  in the direction  and the direction  respectively. The 
force signal in the  direction is shown in Fig. 3(a). The same excitation method needs to be used 
in the experimental studies. Then the vibration amplitudes in the bearings were measured. 
Amplitude of the first bearing is shown in Fig. 3(b). Because in the described algorithm for 
determining the stiffness, damping and mass coefficients of rotor – bearing system signal in the 
frequency domain is used, it is necessary to perform a Fast Fourier Transform (FFT) of the signals. 
Excitation and displacement in the first bearing signal in the frequency domain are shown in Fig. 4. 
The function shown on the graph corresponds to the signal of the full identification range  
(0-87.5 Hz). 

 
a) 

 
b) 

Fig. 3. a) Force in the  direction as a function of time,  
b) displacement in the bearing number 1 as a function of time 

The results of a) the amplitude, b) the phase of flexibility are shown on Fig. 5. Flexibility 
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signals are used in the described algorithm for calculating the stiffness, damping and mass 
coefficients of the rotor – bearing system. The resonance, visible on the graph occurs around 46 Hz 
and corresponding to the eigenfrequency of the described rotor. The mode shape of the rotor is 
shown in Fig. 6. 

a) 
 

b) 
Fig. 4. a) Force in frequency domain, b) displacement in the bearing number 1 in frequency domain 

 
a) 

 
b) 

Fig. 5. a) The flexibility of the first bearing – amplitude, b) the flexibility of the first bearing – phase 

 
Fig. 6. The first mode shape of the rotor at 46 Hz 

4. Results 

The signals generated using Samcef rotor program were used to calculate the stiffness, 
damping and mass coefficients of the rotor – bearing system. The model of symmetric rotor was 
considered, but the stiffness and damping coefficients (including cross-coupling values) have 
different values. In the hydrodynamic bearings, the cross-coupling part of damping coefficients 

 and  has got the same values [10], in this case they are different values in order to show 
how the proposed method works. Since the values of stiffness and damping coefficients were 
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known from the numerical model, it was possible to directly compare them and on that basis it 
was possible to estimate an error of calculation of bearing force coefficients. The results of 
calculated stiffness, damping and mass coefficients are shown for two identification ranges. First 
of them is from 0 Hz to 3.1250 Hz, which corresponds to the value of the first three frequencies. 
The second identification range is from 0 Hz to 87.5 Hz, in this range the first 57 values of 
frequency were included. The second identification range included in the whole resonance range. 
Two different identification ranges were considered, because in a theoretic example only a small 
fragment of frequencies is sufficient. In experimental practice, researchers suggest taking into 
account the entire frequency range in which the resonances occur [7], this procedure enables to 
receive reproducible results. The results of stiffness coefficients calculation are shown in Table 1, 
the damping coefficients in Table 2, while the mass coefficients in Table 3. 

The relative estimation error for the bearing stiffness coefficients in the first identification 
range does not exceed 0.02 %.The relative estimation error for the bearing stiffness coefficients 
in the second identification range – on the longer frequency range does not exceed 0.5 %. This is 
a quite accurate estimation of the stiffness coefficients of the bearings, especially given the fact 
that the error of calculating the stiffness coefficients within a second identification range in the 
main coordinates (which are more significant in further modeling of the dynamics of the system) 
does not exceed 0.04 %. 

Table 1. The stiffness coefficients 
         

Actual values N/m 500 000 450 000 250 000 240 000 550 000 470 000 270 000 260 000 
Calculated values N/m 
Identification range 0-3.125 Hz 499 913 449 922 249 957 239 959 549 905 469 919 269 953 259 955 

Relative error % 
Identification range 0-3.125 Hz 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 

Calculated values N/m 
Identification range 0-87.5 Hz 499 949 449 999 249 630 241 198 550 192 469 822 270 271 259 138 

Relative error % 
Identification range 0-87.5 Hz 0.01 0.00 0.15 0.50 0.03 0.04 0.10 0.33 

The error resulting from the calculation of damping coefficients is small and in the first 
calculation range does not exceed 0.4 %. This error appears only in the calculation of the 
cross-coupling part of damping coefficients. The error of calculating the damping coefficients in 
second identification range is up to about 2 %. 

Table 2. Damping coefficients 
         

Actual values N/m 500 550 250 260 550 560 260 270 
Calculated values N/(m/s) 
Identification range 0-3.125 Hz 500 550 250 259 550 560 260 271 

Relative error % 
Identification range 0-3.125 Hz 0.00 0.00 0.00 0.38 0.00 0.00 0.00 0.37 

Calculated values N/(m/s) 
Identification range 0-87.5 Hz 490 545 248 260 562 565 262 270 

Relative error % 
Identification range 0-87.5 Hz 2.00 0.91 0.80 0.00 2.18 0.89 0.77 0.00 

The weight of the shaft modeled in Samcef Rotors program is 4.845 kg. The calculated weight 
of the shaft based on described algorithm (and numerical model of the shaft) for the first 
identification range is 4.851 kg and for the second identification range is 4.855 kg. This mass was 
calculated by adding the mass coefficients on the main diagonal (  and ), and dividing this 
value by two. Interpretation of mass coefficient values is as follows: the mass coefficient  is 
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the mass of part of the shaft involved with the vibration in the  direction allocated to the first 
bearing after excitation in the  direction. In contrast, the mass coefficient  is the mass of part 
of the shaft involved with the vibration in the  direction allocated to first bearing after excitation 
in the  direction. Dividing the sum of the weight coefficients by two to calculate the mass of the 
shaft is applied because the system was excited twice. Cross-coupling mass coefficients (  ) 
should be close to zero. The error of calculating weight coefficient for the first identification range 
is 0.12 % and for the second identification range 0.21 %. These results mean that the rotor weight 
4.845 kg can be estimated with an accuracy of ± 0.01 kg (with the second identification range with 
higher relative error values). 

Table 3. Mass coefficients 

          

Actual values kg  4.845 
Calculated values kg 
Identification range 0-3.125 Hz 2.35 2.4 –0.02 0.01 2.51 2.45 0.02 –0.01 4.851 

The relative error % 
Identification range 0-3.125 Hz  0.12 

Calculated values kg 
Identification range 0-87.5 Hz  2.33 2.40 –0.02 0.04 2.54 2.45 0.02 –0.03 4.855 

The relative error % 
Identification range 0-87.5 Hz   0.21 

During the verification process of described algorithm used to calculate bearing force 
coefficients two identification ranges were checked. First identification range included only the 
first three frequencies from the frequency range, second included whole range in which the 
resonances occurred. When you expand the identification range an error increases slightly in most 
cases, but it is still at a relatively low level. The extension of the identification range entails less 
impact of the additional factors on the calculated values of mass, stiffness and damping 
coefficients. The author suggests that in the case of calculating one bearing (such calculations are 
often performed taking into account the excitation placed closely to bearing) one should apply a 
narrow identification range preferably from the initial frequency range. 

5. Closing remarks 

In the article the author extended a method for the estimation of 16 stiffness and damping 
coefficients of hydrodynamic bearings which was proposed by Qiu and Tieu and estimated further 
8 mass coefficients. All force coefficients are calculated during a single operation using the least 
squares method. The calculated mass coefficients correspond to the weight of the rotor 
participating in the vibration of the bearings.  

In order to validate the described method, the numerical model of rotor was build. Based on 
the known values of the exciting force and response of the system in each bearing location, 
stiffness, damping and mass coefficients of the rotor – bearing system were calculated. 

During the work, two identification ranges were compared. The first identification range 
included only the range of the initial frequencies, the second identification range covered the 
whole resonance range. It turns out that when increasing the identification range an error increases 
slightly, but it is still acceptable. Extending the identification range on resonance frequencies may 
ensure a good reproducibility of the results in the experimental research. 
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