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Summary: Dynamics characteristics of machine tools, especially modal parameters, have significant influence on the cutting process and cutting accuracy. This paper shows research of dynamic behaviour and determination of modal parameter of horizontal milling centres. For this purposes 3D CAD model of horizontal milling centre has been created using CATIA software, and modal analysis (natural frequencies and mode shapes of the machine tool structure) has been conducted by ANSYS Workbench and APDL. Results gained by FEM modal analysis are validate by experimental modal analysis. Modal parameters obtained experimentally and by FEM are compared, and results shows satisfactory matching.  
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1. INTRODUCTION
Machine tool represents complex oscillatory system. Its behaviour is determined by the numerous disturbance factors, such as static deformations, dynamic instability, thermal expansion, noise, wear, etc. Significant step in developing machine tools is predicting the behaviour of machine tools in designing phase. Thereby, especially significant is to identify dynamic behaviour of the machine tool structure which is further determined by the behaviour of certain machine tool components and joints. One of the methods to identify dynamic behaviour is modal analysis. It enables defining modal parameters of the structure; natural frequencies, dumping and mode shapes.
Natural frequency is the frequency where any dynamic excitation leads to the significant structure response. This is being important for excitation arising from the cutting process, should the cutting frequency be similar or equal to natural frequency, leads to self-exciting vibration. Mentioned vibrations are very harmful given its high amplitude and in extreme cases may cause the breach of the tip of the cutting tool or damage in machine elements.
The significance of vibrations in the cutting process is obvious and even in the phase of conceptual designing of the machine tool the improvement of dynamic characteristics of the machine tool is needed. In that regard, the lowest natural frequencies of structure components and structure itself are very interesting (the first natural frequency as the most dominant one given its influence on the appearance of resonance). 
Since math description on the dynamic behaviour is possible in simple and ideal cases only, taking into consideration that components of machine tool mostly have anfractuous shapes, the most common method for performing modal analysis is to apply finite elements method (FEM). Nowadays, large number of commercial software for analysis by using the method of finite elements exist on the market. The most commonly used software are ANSYS, Abacus, NASTRAN and others. Aside from applying finite elements method, identification of natural frequencies and mode shapes is very often done by experimental modal analysis. Experimental modal analysis includes examination of physical object, usually by exciting the object by sine or impulse excitation. Experimental examination by impulse excitation is simpler since examination can be conducted within a short period of time and only impact hammer – exciter is needed of all instruments. No tool or work piece movement happens during impulse excitation, i.e. main spindle is not moving. Response, which can be movement, speed or acceleration, is recorded within the time domain. For transferring to frequency domain, where further analysis is done, Fourier transformations are used.   
Experimental and numerical modal analysis have been used in dynamic characteristic identification of machine tools. Pedrammehr [1] performs modal analysis of the milling machine through finite element method and Pakzad [2] works on similar research on grinding machine structure.  Both authors then compare results gained through FEM analysis to experimental ones. 3D CAD models of both machine tools are created using CATIA software, and FEM analysis has been done using ANSYS Workbench. For experimental modal analysis machine structures have been excited by B&K 8202 impact hammer. Technique of rowing accelerometer has been applied, which in case of analysing milling machine [1] means applying force at the top of the headstock and in –Z direction, and the responses are obtained by the accelerometer in the X, Y and Z directions for fourteen selected points. The frequency response functions have been extracted using Fast Fourier Transform (FFT) algorithm. The results have been analysed using PULSE Labshop software. The extracted natural frequencies are in the frequency domain between 0 and 2000 Hz. The comparison between natural frequencies obtained through finite element modelling and model testing shows very good matching of the results, e.g. maximum difference between correspondence frequencies is 8%. In a similar manner, using the same equipment and software, experimental modal analysis is done on the grinding machine [2], where obtained results differ maximum 3% from results obtained through FEM.
Swami [3] presents investigation carried out to optimize structure of vertical milling machine by reducing the weight of machine tool bed. In the same time structural rigidity does not deteriorate because ribs are added at the suitable location. 3D CAD model of milling machine has been created by using CATIA software. 3D FE model has been created using HYPERMESH. The analyses were carried out using ANSYS and Design Optimisation is performed by Optistruct software.

Patwari [4] uses finite element model to analyse the mode frequencies and shapes of different matching components and then compare obtained results with experimental ones. The 3D models of different components, based on the real dimensions of vertical machining centre, e.g. spindle, collet, tool holder etc. are created using CATIA software. Finite element analysis was done by ABAQUS software. The comparison between natural frequencies of finite element model and experimentally obtained ones shows the closeness of results. Furthermore, obtained model was used for predicting chatter. The research presented in this paper shows the determination of the natural frequencies and mode shapes of structure and some subsystems of the horizontal machining centre FM38. Machining centre is installed at the Laboratory for Machine Tools at the Faculty of Technical Sciences in Novi Sad. 3D CAD model of machining centre is created using CATIA software. The model is then imported into the ANSYS Workbench software, where modal analysis was performed. Since the geometry of the 3D CAD model was developed based on the geometry of the real physical model of horizontal machining centre, it is possible to verify results obtained through finite element method by experimental modal testing, and come to a conclusion about the reliability of the developed numerical models. 
2. NUMERICAL – EXPERIMENTAL MODAL ANALYSIS
2.1 EQUIPMENT USED FOR EXPERIMENTAL MODAL ANALYSIS
One of the experimental methods of analysing dynamical parameters is modal analysis. The experimental modal analysis procedure is based on analysing the function of excitation and function of structure vibration as response within the time domain and frequency domain. Modal parameters (natural frequency, damping and mode shapes) depends on geometry, materials characteristics and initial conditions. Controlled application of known force in order to excite construction is done by using the exciting tool, what is in this case impact hammer. The impact hammer PCB Piezotronics model 086D50 and impact hammer Brüel & Kjær 8206 has been applied for the purpose of this research. The point is to use the hammer for applying the impulse excitation in order to excite the construction with sufficient frequency range. The duration of the impulse applied with the hammer over the examined construction is determined with the mass and rigidity of the hammer itself. The rigidity of the hammer can be increased or decreased by using one of three interchangeable impact tips (aluminium, plastics, and rubber). The range of frequencies used to excite the construction in decreased should the mass of the hammer be increased, whilst it is being increased should harder impact tip be used, for example, the one made of aluminium. This technique of applying the function of excitation is very convenient due to the usage of relatively simple equipment and shot period of measurement. Different types of sensors are used today for collecting data. For the purpose of this research piezo-electrical sensors are used (accelerometers) of different mass and characteristics, depending on the location on which the examination is performed on construction. METRIX Instruments SA6200A 100mV/g, measurement range up to 10 kHz i 50 g, were used for measuring vibrations of the structure of the machine and  3-axis accelerometer of the low mass Dytran 3023 AIT 8417 10mV/g were used for measuring vibrations of the tool. For the data acquisition National Instruments measuring equipment NI cDAQ 9172 with analogue four channel card NI 9233 was used.
2.2 NUMERICAL DETERMINING AND EXPERIMENTAL VERIFICATION OF MODAL PARAMETERS OF THE STRUCTURE OF HORIZONTAL MACHINING CENTRE
The model of the horizontal machining centre is analysed in two positions of “Z” axis and those are: “Z” axis maximally moved forward, fig. 1, and moved 250 [mm] backwards, fig. 2.
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	Fig. 1. “Z” axis in front position
	Fig. 2. “Z” axis in back position


The mesh is generated automatically and setting of the mesh density, i.e. the number of nodes and the number of elements is done by selecting the options Sizing - Relevance centre (Coarse, Medium, Fine), i.e. Sizing - Smoothing. Characteristics of the computer used for FEM analysis are 6 GB RAM memory, four core i5 processors 2,5 GHz. The number of elements, nodes and time required for analysis in aforementioned terms are presented in table 1. However, selecting the option Sizing – Smoothing from Medium to High, the number of nodes and the number of elements is significantly increasing, as well as the time required for simulation. Even though for this simulation hardware of higher performances is used than in the previous case (computer with 32 GB RAM memory, 1600 MHz, DDR3, eight core processors 4 GHz, SSD HDD, and two graphics cards Gainward GeForce GTX570 CUDA, GPU clock speed 732 MHz, memory of one graphic card 1280 MB, GDDR5(320 bits) connected into SLI), the time required for simulation is approximate to 12 hours. This implies that simulation, under certain initial conditions, may be quite demanding. Comparative display of the first twenty modes of natural frequencies gained through numerical analysis for two positions of “Z” axis with different numbers of elements is presented in tables 1 and 2. Bonded is used as contact type between elements, except from the couplings (linear rails, rotation bearing, ballscrew systems, machine bed mounting elements). The method of modelling the couplings is presented in details in the forthcoming chapter. Experimental determining of natural frequencies is performed by applying the impulse excitation force into the tip of the main spindle and by measuring the acceleration. Measuring the response is done on the main spindle, linear rails, rotary table (“B” axis), and other selected points of the horizontal machining centre structure. The fig. 3 shows setting of experiment for measuring vibrations on the “X” axis and linear rails of the horizontal machining centre while vibrations are measured in the direction of the “Y” and “Z”. Likewise, the FFT of the response signal is provided as well as the graphical view of the frequency and mode shapes of the horizontal machining centre. It can be noted that shown frequencies have values very close to the ones gained through experimental examination. Acknowledging all the inaccuracies that go along with the experimental examination, should it be recognized that results gained through experimental examination are more accurate than the ones gained through numerical one, the difference in the natural frequencies gained through experimental and numerical examination is 0.83 % (for frequency of  163.6 Hz) and 0,78 % (for frequency of 361.3 Hz), which can be considered as satisfactory.
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Fig. 3 Experimental set up for measuring vibration of “X” axis, FFT related to time domain and simulated resonance mode for frequencies of 163.6 Hz and 361.3 Hz
Related frequencies of FEM and modal testing and the amount percent of their errors are listed in table 1.The comparison between natural frequencies obtained through finite element method modelling and modal testing shows that errors are between -3,98%  to 5,93%, as well as that results obtained by different size of finite elements have a relatively small deviations. Based on the results shown in Table 1 and Table 2 can be concluded that by increasing mesh size, number of nodes and number of elements, the results obtained thought FEM are something closer to the values obtained experimentally, but it is a small difference that no great significance.

Table 1. Comparison between first twenty corresponding modes of experimental and FEM analysis for different mesh size and positions of module of “Z” axis
	“Z” axis module moved back 250 [mm] 
	 Z” axis module moved forward

	Experimentally obtained results for “Z” axis module moved back 250 mm
	Sizing - Smoothing

	
	Medium

	
	Size relevance centre

	
	Coarse
	Medium
	Fine
	Coarse
	Medium
	Fine

	
	Number of nodes

	
	263628
	372732
	400585
	266796
	376405
	404917

	
	Number of elements

	
	144135
	201058
	217313
	145901
	202719
	219912

	
	Processing time [min]

	
	20,45
	42,8
	53,23
	19,7
	43
	54

	Mod.
	Hz
	Hz
	Hz
	Hz
	Hz
	Hz
	Hz

	1.
	100.1
	103. (2.90%)
	101.76 (1.66%)
	101.45 (1.35%)
	105.81
	104.36
	104.17

	2.
	109.9
	110.23 (0.3%)
	109.13      (-0.70%)
	109.03     (-0.79%)
	110.14
	109.02
	109.14

	3.
	
	135.68
	132.14
	131.97
	137.80
	134.53
	134.43

	4.
	163.6
	162.23         (-0.84%)
	160.25      (-2.05%)
	160.43      (-1.94%)
	163.42
	161.32
	161.83

	5.
	
	179.58
	174.23
	175.21
	178.83
	175.25
	177.05

	6.
	186,8
	183.67           (-1.68%)
	182.08     (-2.53%)
	181.8        (-2.68%)
	183.22
	181.69
	181.58

	7.
	224.6
	223.06         (-0.69%)
	215.66      (-3.98%)
	216.52      (-3.60%)
	219.92
	213.97
	215.55

	8.
	231.9
	230.23         (-0.72%)
	226.23     (-2.45%)
	226.01      (-2.54%)
	229.95
	226.36
	226.43

	9.
	261.2
	265.42 (1.62%)
	263.15 (0.75%)
	262.73 (0.59%)
	261.62
	259.23
	260.22

	10.
	305.2
	307.2 (0.66%)
	303.28      (-0.63%)
	302.5        (-0.88%)
	276.09
	273.08
	272.81

	11.
	361,3
	364.12 (0.78%)
	359.98      (-0.37%)
	360.06      (-0.34%)
	363.87
	361.35
	363.88

	12.
	361,3
	365.41 (1.14%)
	361.36 (0.02%)
	360.41      (-0.25%)
	391.2
	386.35
	385.84

	13.
	
	416.07
	410.18
	409.66
	415.84
	410.04
	409.25

	14.
	454.1
	460.12 (1.33%)
	452.93     (-0.26%)
	453.26             (-0.18%)
	458.81
	452.77
	453.63

	15.
	
	467.81
	460.42
	453.43
	471.95
	460.61
	457.19

	16.
	
	472.58
	461.67
	464.32
	483.89
	476.15
	474.9

	17.
	473
	501.03 (5.93%)
	486.77 (2.91%)
	480.65 (1.62%)
	498.99
	487.47
	485.04

	18.
	
	532.5
	516.84
	510.2
	537.1
	519.88
	512.4

	19.
	546
	547.82 (0.33%)
	536.62 (-1.72%)
	537.72      (-1.52%)
	557.61
	551.56
	551.94

	20.
	554,2
	585.99 (5.74%)
	580.32 (4.71%)
	580.84 (4.81%)
	562.54
	558.43
	560.23


Table 2. Comparison between first twenty corresponding modes of experimental and FEM analysis for setting Sizing - Smoothing – High and back positions of “Z” axis module
	“Z” axis module moved back 250 [mm]

	Sizing – Smoothing - High

	Size relevance centre - Fine

	Number of nodes 1992651

	Number of elements 1179362

	Processing time 11 h 54 min

	Mod
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	Experimental
	100.1
	109.9
	
	163.6
	
	186,8
	224.6
	231.9
	261.2
	305.2

	FEM
	100,6
	107,8
	130,8
	153,4
	173,9
	180,3
	224,3
	-
	258
	297,7

	%
	0,5%
	-1,9%
	-
	-6,23
	-
	-3,47
	-0,13 %
	-
	-1,2%
	-2,45

	
	
	
	
	
	
	
	
	
	
	

	Mod
	11
	12
	13
	14
	15
	16
	17
	18
	19
	20

	Experimental
	361,3
	361,3
	
	454.1
	
	
	473
	
	546
	554,2

	FEM
	356,7
	356,7
	408,2
	430,1
	441,2
	446,4
	472,7
	498,9
	527,5
	565,7

	%
	-1,4 %
	-1,3 %
	-
	-5,3%
	-
	-
	-0,06%
	-
	-3,4%
	2,07%


For resonance modes number 3, 5,13,15,16 and 18, results obtained using finite element method (Table 1 and Table 2 marked in yellow) there are no corresponding results obtained experimentally. The reason for this is that these modes represent natural frequencies of the horizontal machining centre motor for which measurement of vibrations have not been carried out experimentally.
	[image: image10.png]@ D: Mreza Coarse - Mechanical [ANSYS Multiphysics] =

File Edit View Units Tools Help ol v 2/Showknos t @~ in
@~ & LAY Qaxmng s |0~
5 Show Vertices g2 Wieframe S5 B Random Colors @ Annotation Preferences

Migecoboing - £+ Jiv A~ A~ Av A HI

Result 16 0.5xAuto) -®-B-@

Thicken Annotations

Probe | Display |All Bodies El

Outline

Mreza Coarse

Fier. ame - Tots Deformation 3
Project Type: Tatal Deformation
=2 Model (D4) Frequency: 135.68 Hz
/8 Geometry Urit mn
X Coordnate Systems 5/3/2015 615 PM
@ Comectons
Vs 38118 Max
N o Yo
7= Pre-Stress (None) 2.9647
72\ Anclyss sttings P
8, Fxed support byt

/a8l Solution (D6)

Teast
(3] Soluton Informaton it
/8 TotalDefomation .
8 Total Deformstion 2 04706
A Total Deformation 3 042353
/8 Totel Deformation 4 0Min N
8 Total Deformstion 5 B
,’2 Toefornaton s 1000.00 200000 () v
/8 Total Deformation 8 v 50000 150000
Details of "Total Deformation 3" # [\ Geometry / Print Preview Report Preview,
=i[scope. ~ Graph 7
Scoping Method [Geamety Seiecion — —
Ceametyy e Animation - W |[ I | @ 10Frames - 25ecauto) - || & | o 3craes
=/ Definition “0
Type Total Deformation s2074 T T T T T T 1T 1 1T 1 T I T T T T 1 T T T T I T T T T T
e u T 203 405 6 7 8 5 1011 T2 13115 16 17 18 18 20 21 22 23 24 25 26 27 28 29 30 3 2 3 M 3 Ik 7w 40
Identier
Suppresed o "\ Messages | Tabuler ato_ Graph
(@ 2 Messages No Selection Metric (mm, kg, N, 5, mV, mA) Degrees rad/s Celsius

iz

SlelN

I s Ban





	[image: image11.png]@ D: Mreza Coarse - Mechanical [ANSYS Multiphysics] =

File Edit View Units Tools Help ol v 2/Showknos t @~ in
@ &~ LAY Qaxmng s |0~
5 Show Vertices g2 Wieframe S5 B Random Colors @ Annotation Preferences
W Edge Coloring ~ A~ Jiv A~ A~ v A Pl I Thicken Annotations
Result 10 (0.5 Auto) - @ B @ F | ® m | mPobe | Dsply [AIsodies -
Mreza Coarse
Fitte Name E Tots Deformation 5
Project Type: Tots Deformation
B Model (D4) Frequency: 17958 Hz

/B Geometry Urit: rm
73K Coordinate Systems 5/3/2015 617 PM

@ Comectons

7 vesh 79388 Max
&[] Modal (05) 7.0567
7= Pre-Stress (None) 61746
% Arnalysi Settings S5
3, Fixed support v
R Emm} 35283
Soluton Informaton
8 Tote Defomaton ae .
8 Tote Deformation 2 17642
8 Tote Deformation 3 086209
789 Total Deformaton 4 0Min
B M
78 ooy 10000 200000 () v
/8 Total Deformation's. . 50000 150000
Details of “Total Deformation 5° # h\Geometry {Print Preview) Report Preview,
| scope ~ Graph ®
Scoping Method | Geometry Seiection — -
Ceametyy e Animation | W |[I] I | @ 10Frames v 25ecautol - | | & | e 30vdes
=] Definition 0.
Type Total Deformation 92074 ——T—T—T T T T T T T T T T T T T T T T T T T T T T T T T T T+
on . 1203405 67 8 9 101112131815 16 1718 1920 21 2223 24 25 26 27 28 29 30 31 32 3 34 35 3% ¥ B 40
aentier
Suppressed No " Messages | Tabular Data._Graph

8 2Messages No Seection Metric (mm, kg, N, 5, mV, mA)_D:

AT

rees rad/s Celsius

e E LY





	[image: image12.png]@ D: Mreza Coarse - Mechanical [ANSYS Multiphysics] =

File Edit View Units Tools Help ol v 2/Showknos t @~ in
® b @5+ QR QEQALE e 8 & O
5 Show Vertices g2 Wieframe S5 B Random Colors @ Annotation Preferences

W Edge Coloring ~ A~ Jiv A~ A~ A~ A |l |- Thicken Annotations

Result 8.9 (0:5¢ Auto) -®-E-9-F B D

Probe | Display |All Bodies El

Mreza Coarse
Total Deformation 13
Pre-Stress (None) A | Type: Total Deformation

Filter: Name =

77 Analyss Settngs Frequency: 41607 Hz
768, Fixed Support i
/a8l Solution (D6) 5/3/2015 617 PM
/3] Solton Informaton
/8 Total Deformation 6.7638 Max
780 Total Deformaton 2 0123
789 Total Deformation 3 5.2607
789 Total Deformaton 4 2509
8 Tota oefomaton s P
8 Tosloefomaton's e
8 Totd Deformaton 7 oo
8 Totd Deformation .
8 Totd Deformation 15081
8 Totd Defomaton 10 075154
/8 Total Deformaton 11 0Min
8 Totd Defometon 12 .
g 1otz Defornstion 13} Y
8 Totd Defomaton 14 100000 200000 ()
/8 Total Deformaton 15 . 50000 150000
Details of “Total Deformation 13" 2 [\Geometry {Print Preview\ Report Preview,
[ Scope A Graph 2
Scoping Method | Geometry Seection = =
Geometry Rl Animation | W || ] Q@ 10Frames v 2Sec(Auto) - | @ ®) 3 Cydles
= Definition w
e Total Deformation 92074
Mode . 10203 4 5 5 7 6 9 1011 121314 15 16 17 18 19 20 21 22 23 24 25 26 27 28 28 30 31 32 33 34 35 3% 7 B 40
dentifer
Suppressed Mo v\ Messages | Tabular Data._Graph

8 2Messages No Seection Metric (mm, kg, N, 5, mV, mA)_D:

AT

rees rad/s Celsius

e E LY






	Frequency 135,68 Hz
	Frequency 179,58 Hz
	Frequency 416,07 Hz


Fig. 4. Natural frequencies of horizontal machining centre motor
2.3 FEM MODELING OF COUPLIG ELEMENTS
Modern simulation methods for multi-axis machine tools can be classified into two methods: Finite Element Method (FEM) and Rigid Body Simulation (RBS). Rigid body simulation does not take into account deformation and vibrational characteristics of machine tools, and consider that all compliance is concentrated in the joints, fig. 5. This assumption can be considered as appropriate in conventional machine tools, where structural parts are much stiffer then the couplings. 

However, in modern machine tools this assumption is not appropriate due to so – called “lightweight” characteristics of structural parts, in order to achieve better dynamic characteristics. This means that RBS simulation would not be sufficiently accurate and can be used only for preliminary analysis. When talking about machine tool coupling elements, under these are considered linear rails, ball screw, bearings and machine bed mounting elements. These elements have their own stiffness and damping and interact with the rest of the structure.

[image: image13.emf]
Fig. 5 RB model of horizontal machining centre
Coupling modelling involves first determining the elements that are in contact, or places that in the further analysis are assigned parameters of stiffness and damping by generating appropriate type of final element between. After that, at every coupling location (coupling areas), in this case carriage and rails, two nodes are created and two mass elements MASS21 at the nodes position also. Each of created mass elements, considered as a master nodes, are then connected to group of nodes belonging to coupling areas, considered as slave nodes, defining so-called “rigid region”, while among themselves master nodes are connected by element COMBIN14 who owns the parameters stiffness and damping. In order to establish modelling guidelines for linear guiding systems, Maglie [7] performs experiments with rail – carriage couplings. Maglie changes Young’s modulus rails over carriage length and carriages over carriage length, considering its value as E = 210 GPa in one case, and rigid in other case.  Also Maglie examines influence length of constraint equations in % of carriage length. Comparing results gained through static experiments and FEM model Maglie conclude that the best results are obtained using modelling variant where Young’s modulus are E=210 GPa and influence length of constraint equations is 100 % of carriage length.
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	Fig. 6 Spring-damper element
	Fig. 7 Coupling implementation


Any model imported from CATIA software for FE analysis can lead to large model having hundreds of thousands or even millions DOFs which requires a lot of computation time.  Therefore existing 3D CATIA model is simplified obtaining smaller and more functional FE model. The goal is to eliminate all unwanted features like small parts, holes, faces, etc. which have no significant influence on modal analysis in this case.
	[image: image16.png]



	[image: image17.png]7\ B2: Mechanical APDL - Mechanical APDL [ANSYS Multiphysics]
File Select List Plot PlotCtris WorkPlane Parameters Macro MenuCtris Help

NEEEEERE o E ® 3

Toolbar

SAVE_DB| RESUM_DB| QUIT| POWRGRPH

Ll |

Main Menu ®

=]
a

Element Type
Real Constants
Material Props
Sections
Modeling
& Meshing

Mesh Attributes

|
& Size Cntrls
8
& Adv Opts
B Status

& Mesher Opts =
Concatenate

Mesh

Modify Mesh

Check Mesh

Clear

Checking Ctrls

Numbering Ctrls

Archive Model

Counlina/ Cean ]

L«

< 2ozl

plelslolollalalelala|zle

s

e

o

@

3

[Pick a menu item or enter a command (PREP7) [mat=1 [type=1 real=1 csys=0 secn=1 [

= LB i lNEET e ome






	Fig. 8. 3D CAD model “X” axis
	Fig. 9. Meshed model after “simplification process” 


2.4 EXPERIMENTAL IDENTIFICATION OF NATURAL FREQUENCIES OF MAIN SPINDLE 
Since the mass, damping and stiffness of main spindle system, holder and tool are unknown, experimental modal analysis is performed in order to obtain this data. In this paper only experimental modal analysis of main spindle and tool is considered, and there is no corresponding FEM model for this analysis. 

Fig. 10 shows experimental modal analysis test set-up for determining main spindle natural frequencies. During the experiment accelerometer was set – up horizontally, along “X” axis direction. Fig. 11 shows clear peaks found at next frequencies: 132.6 Hz, 238.2 Hz, 487.8 Hz, 855.1 Hz representing natural frequencies of main spindle system. The same equipment (accelerometer, impact hammer and data acquisition equipment) used for modal testing of structure of horizontal machining centre).
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	Fig. 10. Experimental set - up
	Fig. 11. The  corresponding  FFT  spectrums  of  the recorded time domain signals  


2.5 EXPERIMENTAL IDENTIFICATION OF DYNAMIC CHARACTERISTICS AND FRF OF TOOL

To determine the structure’s modal properties from the FRF measurements “peak-picking” method is used and modal parameters are identified from real and imaginary parts of the system FRFs. The process of determining the modal parameters by this method consists in the following: impulse excitation is applied to the tool tip, and record both time domain signals, impulse and response. The frequency response function (FRF) represents the frequency-domain relationship between the inputs and outputs of a dynamic system obtained from time domain data. The FRF can be plotted as a magnitude &phase, or in the present case as a real &imaginary pair. For this research, during data acquisition LabView software is used.
The modal damping ratio is calculating as
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. The difference between frequencies w2 and w1, labelled along the frequencies axis of the real part of FRF, fig. 12 is used in this equation, while wn correspond to the minimum of imaginary peak, fig. 13 and represent on of system’s natural frequencies.
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	Fig.12. Real part of FRF plotted against frequencies
	Fig. 13. Imaginary part of FRF plotted against frequencies


The peak A is next used to find the modal stiffness value:
[image: image23.wmf]z

-

=

××

1

k

2A

.
Modal mass is determined using the natural frequencies and modal stiffness values:
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In determining the transfer function should be noticed that accelerometer produce a signal which is proportional to acceleration, and therefore that inertance FRF is obtained. To convert from inertance to receptance next relationship is used:
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After modal parameter are determined, the real and imaginary parts of frequencies response function are provided in next equations,
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 where variable r represents the frequency ratio, i.e. 
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Based on the determined modal parameters transfer function obtained. Results of modal fitting are plotted on the fig. 15 where real and imaginary part of the FRF obtained by measuring is plotted red, while fitted real and imaginary part is plotted blue. Determined natural frequency in this case is ωn = 3089 Hz, while the modal damping ratio is [image: image29.png]0,02
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	Fig. 14. Knocking test
	Fig. 15. Tool point FRF obtained by peak picking 



3. CONCLUSION
This paper presents the usage of numerical and experimental methods aiming to determine natural frequencies and mode shapes, as well as other modal parameters like modal mass or damping for different components of horizontal machining centre FM38. Horizontal machining centre model is produced in CATIA based on real dimensions. FEM analysis is performed in ANSYS. Natural frequencies determined through FEM method and through experimental path satisfyingly match. Also, "peak peaking" methodology of determining modal parameters is presented on main spindle with collet, tool holder and tool. In this way modal parameters of components whose vibrations lead to chatter are determined.
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