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Abstract. The stability of high-speed spindle system affects the surface finish and tool life
directly, which is an important factor to evaluate its performance. Meanwhile, the spindle
dynamics and cutting stability are affected by the structure and dynamics of spindle-holder-tool
joints significantly. The joints are simplified as the distribution-spring, and the FEM modeling
process of spindle system is proposed based on the thought of parallel rotor system. Taking a
vertical machining center as example, the effectiveness of the modeling method is verified.
Starting from the stability evaluation criteria and different ways of getting FRF, the influence
factors of unconditional and conditional stability regions are analyzed. Based on the proposed
model, the influence laws of cutting stability on cutting force amplitude and speed are
characterized by the three-dimensional lobes, limit cutting depths and lobe intersections, which
provide the theoretical basis for optimizing the processing and improving the cutting stability.

Keywords: high-speed spindle, spindle-holder-tool joints, parallel rotor system cutting, stability,
affect factor.

1. Introduction

The connections between spindle, holder and tool are the power and precision transmission
called spindle-holder-tool joints. The spindle-holder joint is Conic Surface and the holder-tool
joint is cylindrical surface, the characteristic of which are high geometric accuracy, high repeated
loading and high stiffness for spindle processing safely and reliably [1]. The spindle-holder-tool
joints affect the spindle dynamic characteristic significantly. Erturk [2] discovered the
spindle-holder-tool joints affected the modal of spindle making the inherence frequencies and
modal vibration changed. Xing [3] and Zhengjia [4] researched the modeling method of spindle
and joints. Therefore, the spindle system modeling method considering spindle-holder-tool joints
characteristics should be researched for predicting the spindle dynamic effectively.

However, the researchers pay high attention to rolling bearing modeling but neglect the
influence of spindle-holder-tool joints on spindle dynamic characteristics during the study at
present. Rantatalo [6], Altintas [7] and Tu [8] explored influence of spindle dynamic characteristic
on gyroscopic moment, shaft and bearing centrifugal force inducing by high speed. The angular
contact ball bearing model was emphasized, but other joints were neglected. Shin [9] and Altintas
[10] built the spindle-holder-tool joints model rigid connection. Rturk [11] considered the
spindle-holder-tool joints concentrated spring model as bearing simplified model.

Machine tools or machining centers have the ability of resisting vibration during cutting
process (including the forced vibration and self-excited vibration) called cutting stability, or the
vibration resistance. The chatter of machine tools derives from self-excited mechanism during the
manufacturing process, which affects the removal rate, process accuracy, production efficiency
and tool service life greatly. The stability receives more and more attentions because of high-speed
machining widely used in automotive, mold, aerospace and other precision manufacturing.

Insperger [1] created the stability of single DOF milling system by semi-discretization method.
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Tlusty [13] built the stability lobe diagrams during milling process by time-domain simulation.
Schmitz [14] and Ahmadi [15] predicted dynamic characteristics and cutting stability of
high-speed machining center by substructure. Weixiao [16] proposed limit criterion and analysis
method of multiple DOF system on high inherence frequencies under high speed cutting condition.

The researchers explore the affected factors of stability including tool length, tool types and
rotation speed with the study deepening. Tlusty [17] discussed the common modal of spindle with
long end milling tool and analyzed the influence of stability on different tool lengths with changing
speeds. Smith [18] and Davies [19] studied the stability of high slenderness ratio, low radial
cutting depth and workpiece mass respectively. Ismail [20], Shin [21] and Altintas [22] predicted
stability of non-equal interval cutter, ball end milling cutter and face milling cutter. Schmitz [23]
proposed the FRF test method of non-rotation and rotation tool. Qinghua [24] researched the
influence of stability on structure parameters.

The accurate dynamic characteristics of spindle system are used to structure designing and
stability predicting, which is unable to satisfy the design demand without consideration of
spindle-holder-tool joints dynamic characteristics. Therefore, the spindle-holder-tool joints
method was built with distributing spring model, and the process of spindle system model is
proposed based on the joints model thought of parallel rotor system by FEM. The effectiveness of
the model on spindle system dynamics simulating is verified by experiment on a vertical
machining center. From the stability evaluation criteria, the conditional stability region is also a
key to process stability. Based on the proposed model, the influence laws of cutting stability on
cutting force amplitude, speed and damping ratio are characterized by the three dimensional lobes,
limit cutting depths and lobe intersections, which provide the theoretical basis for optimizing the
processing and improving the cutting stability.

2. Modeling method of spindle-holder-tool joints

The local enlarge section of spindle-holder-tool is shown in Fig. 1. The joints consist of two
parts: the spindle-holder joint is conical surface producing friction force by drawer, which is the
part of holder inserting spindle, the holder-tool joint is cylindrical surface positioning by screws,
which is the part of tool inserting holder.
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Fig. 1. Local sectional drawing of spindle-holder-tool joints

\\\\\\\\\

Holder-tool joint

2.1. FEM modeling principle of parallel rotors

The parallel rotors system consists of inner rotor and outer rotor. The unit nodes are numbered
continuous when the rotor system is discrete. A transition section is added at the end of outer rotor,
the information of which is given randomly. The assembly process includes giving the mass and
stiffness matrixes of all the units firstly, assembling all the matrixes and removing the matrixes of
transition section, finally, the mass matrix M and stiffness matrix K of parallel rotors could be got.

Assuming p units in outer rotor and g units in inner rotor, there are p + ¢ + 1 units in the
parallel rotor system and N nodes, N =p +1+ 1+ 1+ g + 1. The mass and stiffness matrices
of each unit are 12x12 orders, which is consist of two nodes and each node owns six degree
freedoms. The assembly of adjacent units is shown as Fig. 2. The mass and stiffness matrices of
whole system are 6NX6N orders, from which the transition section matrices will be removed. The
final complete mass and stiffness matrices of parallel rotor are shown as Fig. 3.
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Fig. 2. Schemes of adjacent unit assembly Fig. 3. Schemes of parallel rotors assembly

2.2. Dynamic simulation of spindle-holder-tool joints

The spindle-holder-tool joints consist of double parallel rotor systems, one is spindle and
holder, the other is holder and tool. The sectional drawing of complete spindle system is shown
as Fig. 4. Dynamic simulation of joints is illustrated taken the spindle-holder joint as example.
The distribution-spring model of spindle-holder joint is shown as Fig. 5 (Fig. 5(a) is the toper joint
structure and Fig. 5(b) is the joint FEM).

= Spindle s — o Holder Tool

Holder-Tool
Spindle-Bearing Spindle-Holder
Fig. 4. Sectional drawing of spindle system

Assuming the spindle and holder joint is divided into n stepped shafts, in the joint there are
n+ 1nodes, i,i + 1,..., i + n on the spindle and j, j + 1,..., j + n on the holder, respectively.
The coupling forces on the spindle and holder are:

AF; = KepX; + CopXi — KepX; — CopX;,

AF; = Koy Xj + CopX; — KepXi — CopXi

AFiyy = chXi+1 + Cchi+1 - chXj+1 - Cchj+1r

AFj41 = KepXjyq + Cchj+1 —KepXiv1 — Cchi+1' QY

AFL'+n = chXi+n + Ccp):(i+n - chXj+n - Ccp):(j+nf
AF}'+n = chXj+n + Cchj+n - chXi+n - Cchi+nr
where, Koy, and Ceyyyp are coupling stiffness and damping matrices at spindle-holder joint, X,
and X, are the displacement vectors of spindle and holder at the joint, AF; and AF, are the

coupling forces at spindle-holder joint, p and q are node numbers at spindle-holder joint.
The stiffness and damping matrices of spindle-holder joint expressed with K. and C, are:

[000000

i| Kp O Ky 0 ky, ky, 0 0
Ke=if 0 =~ 0| o 10 ky kz 0 0 O , _ [kyy kyz] @)
j_ch 0 ch TP 0 0 0 kg 0 O ’ ¢ kzy koI
i X | 0 0 0 0 0 O
0 0 0 0 0 O
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Fig. 5. The distribution-spring model of spindle-holder joint

The stiffness characteristic of distribution-spring is shown in Eq. (2) and the damping
characteristic is shown in Eq. (3). The assembly method of stiffness on joint is shown in Fig. 6.
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Fig. 6. Stiffness assembly theory of spindle-holder joint
2.3. Modeling process of spindle-holder-tool joints

The spindle-holder-tool joints modeling should be combined with the system modeling, which
is not independent exit. Based on the parallel rotors idea, the joints are built with distributed spring
model. The parameters of spring numbers, density, stiffness and damping are set, the spring
numbers and density of which could be amendment with experiment. The modeling process of
spindle-holder-tool joints is shown as Fig. 7.

Step 1: building the FEM model of spindle, holder and tool respectively. Firstly, the different
sections are divided according to inner and outer diameters, secondly, two transition sections are
added at the end of spindle and holder respectively, finally, the nodes of units are numbered
continuously including the transition sections.

Step 2: creating the spindle-holder-tool joints model. The spring density, number, stiffness and
damping are chosen primary. Then the distribution-spring model is created with the divided units
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of joints using the spring stiffness and damping. The complete spindle system model will be got
assembling the joints and spindle, holder, tool model.

Step 3: the modal test and dynamic simulation. The FRF at tool point of the built model is got
though modal analysis, which is verified by modal test. The number and density of
distribution-spring will be corrected through the test and simulation results.

Step 4: the model application. The dynamic and stability prediction will be done with the
complete spindle model considering the spindle-holder-tool joints.

r- - —_—_ - - - — — "

‘ hoose the spindle-holder-tool Built spindle,
joints parameters primary holder and tool

‘ (distribution-spring number and model

density) respectively

A4
Assembling as the
parallel rotors
theory

‘ Built the
‘ spindle-holder-
tool joints model

Get the FRF of tool point with the
built model

Dissatisfaction

Choose the distril
~——  spring number and
density of joints again

Satisfaction

Optimization

<C plete the distributi pring joints model>

Application

Stability analysis of spindle system with joints
model

Fig. 7. Modeling process of spindle-holder-tool joints
2.4. FEM of complete spindle system

The high-speed spindle system is established with isoparametric beam element, each unit of
which exits 12-DOF including 3 translational DOFs and 3 rotational DOFs on each node. The unit
mass, stiffness and damping matrixes are assembled into the dynamic equation of system
considering bearing force and spindle-holder-tool joints as follow:

mX + cX + kX = F;(X) + F; (X, X) + Fo(t) + G,
c=D+ng]+ky k=k;+k; X=1(q;,q, ., 953)", (€))
a4 = (X3, Vi, 23y 0, 034, 0)", i =1,2,-+,53,

where, m is mass matrix; ¢ is damping matrix; K is stiffness matrix; D is damping matrix; J is
gyroscopic matrix; Ky is coupling stiffness matrix of joints; K is stiffness matrix of spindle; K.
is centrifugal stiffness matrix of spindle; Fy is supporting bearing force vector; Fy is hysteretic
force vector of spindle-holder-tool; Fp is cutting force vector; G is gravity vector; X is
displacement vector; q; is displacement vector of node i; x;, y;, Z;, 0y, 8y, 6; are 3 translational
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and 3 rotational DOFs of node i.

The FEM model of high-speed spindle system in the free-state is shown as Fig. 8. There are
66 units and 66 nodes in the FEM including 2 transition sections. The structures of spindle system
are shown in Table 1 and Table 2. The dynamic parameters of system are: elasticity modulus
E = 2.06x10"' Pa, material density p = 7850 kg/m’. The FEM of test object is built with
5-distribution-spring connection, 10-distribution-spring connection and rigid connection
respectively.

Spindle — — — — _—_ __ Transition
123 678 91011 131415161718 |21 22 23 24 25 26 27 28 29| section
Holder-tool joint * Transition
43 12 19 20
é % % % % % % % % 30 Hoder (484950515253 54 section
|31 32 33 34 35 36 37 38 30[40 41 4243 44 45 4647% %% %% %%55 pomt

. Tool
Spindle-holder joint |56 57585960 616263 64 65 66

Fig. 8. The model of high speed spindle system

Table 1. The size of motorized spindle, mm

No. L D d No. L D d No. L D d
1 14.50 | 120.00 | 70.00 | 11 15.00 | 150.00 | 55.00 | 21 11.30 | 129.90 | 43.46
2 25.00 | 149.90 | 70.00 | 12 | 30.00 | 150.00 | 65.00 | 22 | 11.30 | 129.90 | 46.76
3 15.00 | 149.90 | 55.00 | 13 | 30.00 | 150.00 | 65.00 | 23 | 11.30 | 129.90 | 50.06
4 15.00 | 149.90 | 55.00 | 14 | 30.00 | 150.00 | 55.00 | 24 | 11.30 | 129.90 | 53.36
5 25.00 | 149.90 | 65.00 | 15 | 25.00 | 150.00 | 55.00 | 25 | 11.30 | 129.90 | 56.66
6 30.00 | 149.90 | 65.00 | 16 | 25.00 | 150.00 | 55.00 | 26 | 11.30 | 129.90 | 59.96
7 25.00 | 149.90 | 65.00 | 17 | 25.00 | 150.00 | 70.00 | 27 | 11.30 | 88.00 | 63.26
8 25.00 | 149.90 | 65.00 | 18 | 15.00 | 150.00 | 55.00 | 28 | 11.40 | 88.00 | 66.56
9 30.00 | 150.00 | 65.00 | 19 | 15.00 | 150.00 | 55.00 | 29 5.00 88.00 | 69.85
10 | 30.00 | 150.00 | 65.00 | 20 | 11.30 | 149.90 | 40.16
Table 2. The size of holder and tool, mm
Holder Tool
No. L D d No. L D d No. L D d

1 11.30 | 40.16 | 25.00 | 13 | 11.40 | 100.00 | 20.00 1 10.00 | 32.00 | 0.00
2 11.30 | 43.46 | 25.00 | 14 | 12.00 | 95.00 | 20.00 | 2 10.00 | 32.00 | 0.00
3 11.30 | 46.76 | 24.00 | 15 | 12.00 | 90.00 | 20.00 3 10.00 | 32.00 | 0.00
4 11.30 | 50.06 | 24.00 | 16 | 10.00 | 86.00 | 20.00 | 4 10.00 | 32.00 | 0.00
5 11.30 | 53.36 | 24.00 | 17 | 22.00 | 86.00 | 32.00 | 5 10.00 | 32.00 | 0.00
6 11.30 | 56.66 | 24.00 | 18 | 10.00 | 86.00 | 32.00 | 6 10.00 | 32.00 | 0.00
7 11.30 | 59.96 | 20.00 | 19 | 10.00 | 86.00 | 32.00 | 7 11.00 | 32.00 | 0.00
8 11.30 | 63.26 | 20.00 | 20 | 10.00 | 86.00 | 32.00 8 8.00 | 30.00 | 0.00
9 11.40 | 66.56 | 20.00 | 21 | 10.00 | 86.00 | 32.00 | 9 18.00 | 25.60 | 0.00
10 5.00 | 69.85 | 20.00 | 22 | 10.00 | 80.00 | 32.00 | 10 | 18.00 | 25.60 | 0.00
11 | 19.00 | 100.00 | 20.00 | 23 | 10.00 | 80.00 | 32.00 | 11 | 20.00 | 25.60 | 0.00
12 | 7.40 85.00 | 20.00 | 24 | 11.00 | 80.00 | 32.00

3. Model verification
3.1. Test object

The modal experiment is done on VMC0540d by hammering to prove the effective of
modeling method for spindle-holder-tool joints and the whole spindle system. The results obtained
from the experiment, 5-distribution-spring model. 10-distribution-spring model and rigid model
will be compared by the frequency response function of tool point.
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The test system is set up and shown in Fig. 9. The test object is a spindle system which consists
of HCS150 motorized spindle from GMN, BBT50-MEGA32D-165 holder and HLXX32 end
milling cutter. The main test equipments include the data acquisition, hammer and vibration

sensors in Table 3.

Data Processing
Analysis Software

AOANO0 OO

B&K Data Acquisition front-end

Force Computer
Signals
Response Signals
“ Pulse Outputting
Excite Response
Spindle-Holder- E
Hammer Tool System I ‘ Acceleration Sensor

Fig. 9. The test system

Table 3. The instruments used in this test
No. Name
B&K 3560-C data acquisition front-end
PCB 8206-001 54627 modal hammer
B&K 4525B-001 54072 acceleration sensor
High-performance notebook computers

Bl —

The FRFs at tool point of rigid connection joints, 5-distribution-spring joints and test results
are show as Fig. 10(a), and the FRFs of 5-distribution-spring joints, 10-distribution-spring joints
and test results are show as Fig. 10(b).

------- 10 distribution-springs
_ —eo— 5 distribution-springs
z z Test results
g E
v, 23
e — —Rigid connection g
®— 5 distribution-springs
]0_14 Test results
0 1500 3000 1500 3000
Inherence frequency f/ (Hz) Inherence frequency f/ (Hz)
a) Different model types b) Different spring density

Fig. 10. Comparison of different joints models and test results

The inherence frequencies of joints different forms are shown in Table 4 including rigid
connection, concentrated spring model, different distribution-spring models and test results. There
is no rigid modal in test results. From the Table, the simulation errors of rigid model are largest
than other connections from the test results, which is from 82.65 % to 158 %.

The Fig. 10 shows that the FRF of 5-distribution-spring joint model is closer to the test result
than 10-distribution-spring model, and also closer than the rigid one. The Table 4 shows that the
distribution-spring model results are much closer to the test than the concentrated. For the spring
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layout form, the 5-distribution-spring joint model are more perfect than the 10-distribution-spring
joints for the size of joints which is closer to the other unit in the model, which illustrates the
influence of FRF on distribution-spring form is obvious and the 5-distribution-spring joint model
is verified effectively.

Table 4. Comparison of inherent frequencies of different joints models and test results

Order Rigid modal Elastic modal
Model types First Second First Second Third Fourth
fg, /Hz 315.52 | 502.32 13364 2579.7 2974.0 41334
Rigid connection fea=fa o
fa - - 143 % 158 % 142 % 82.65 %
100 %
fg, / Hz 1719 | 426.81 532.95 970.46 13824 21872
Concentrated spring foz=fa o
fa - - -3.1% 2954 % | 12.57 % -3.358 %
100 %
fgs / Hz 148.56 | 419.67 530.95 978.33 12123 2271
5 fgz—fa x
units fa - - -3.46 % 2.167% | -1.278 % | 0.6184 %
Distribution 100 %
springs fgs / Hz 1254 | 423.92 531.75 880.61 1120.8 2327.1
10 fBa—fa %
units fa - - -3318% | -11.94% | -8.73 % 2.83 %
100 %
Test results fy /Hz - - 550.6 1 .000.7 1228.9 22634

4. Influence factors and prediction method of cutting stability
4.1. Influence factors of stability

The cutting stability is evaluated through lobe diagram generally, which is characterized by
cutting limit depth, as Eq. (5) [14]:

-1
b' = )
W T2 X Z X Kr % G(w,) )

where, by, is the maximum cutting depth without chatter, Z is cutter teeth, K¢ is cutting force
coefficient in feed direction, G (w,) is real part of FRF, w, is angular frequency of negative FRF.

From the Eqg. (5), the zone under by;;,, is unconditionally stability zone affected by Z, Ky and
G. The system will chatter when the cutting depth is higher than the b;;,,, under specific speed
theoretically. However, the emergence of conditionally stability zone will make the system
stability with higher cutting depth. The conditionally stability zone is affected by lobe distribution,
which still is controlled by FRF. Therefore, the FRF is a significant factor of cutting stability.

The FRF of system could be obtained by direct method and inherent characteristics method
except modal test. The direct method is using the concept of frequency response function, which
is the Laplace transformation ratio of response (or output) and excitation (or input) when the initial
condition is zero in a linear constant system as Eq. (6):

y(s)

p(s) = m.

(6)
where, y(s) is Laplace transformation ration of response, F(s) is Laplace transformation ration
of excitation, Y (s) is frequency response function of system.

The inherent characteristics method begins with the essence of FRF. When the system equation

is mx + ¢X + kx = F(t), Laplace transformation of two sides is (ms? + ¢s + K)X(s) = F(s),
then there is:
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0

F(s)

where, H,; (s) is transfer function matrix of system, F(s) is Laplace transformation of excitation
vector, X(s) is Laplace transformation of response vector:

H,(s) = = (ms?+cs+Kk)L, (N

m = (&) o,
¢ = (®") 'diag(2§w) @Y, 3
k = (®7) diag(w?)® L.
Take the Eq. (8) into Eq. (7), s = jw, the displacement FRF of excitation at g, and response at
p is as follow:

n

ATy o

2 — w2 +j8wiw

i=

where, @p,; and @g; are the i order modal shape of p and g, §; is damping ratio, w; is inherence
angular frequency, w is excitation angular frequency.

From the Eq. (7) to (9), there are many influence parameters on FRF including excitation F,
response Y, mass m, stiffness k, damping ¢, modal shape ¢, inherence frequency w, damping
ratio &, even the spindle-holder-tool joints dynamic characteristics discussed in the paper above
and rotational speed verified by [15]. This paper focuses on the influence of cutting stability on
cutting force (excitation) and speed (process condition) with specific system.

4.2. Stability prediction process

Based on modeling the system with distribution-spring joint model and solving the FRF, the
lobe diagram will be drawn as follow:

Step 1: the FRF is divided into two parts: the real and imaginary part as ¢ (jw,) = G + jH.
Solve the value of w, to satisfy G(w.) < 0 and obtain the by;,, according to the Ky and Eq. (5).

Step 2: positive and negative of imaginary part H(w,) is judged by w,. If H(w,) < 0 then the
phase angle of system will be ¥ = —m + arctan(H/G) or Y = —m — arctan(|H/G|) . The
rotational speed n will be got accordingto € = 3m + 2y, T = (I + ¢/2m)/f, and n = 60/T.

Step 3: the by;,,, and n will be obtained in each lobe. The lobe diagram will be formed through
drawing several lobes in the picture.

5. Influence rules of cutting stability
5.1. Influence of cutting force

The cutting force during the process is simulated by harmonic force, and the influence rule of
stability is analyzed by changing the force amplitude. The three-dimensional lobe diagram with
changing forces is shown as Fig. 11(a) and stability lobe diagram under two different forces is
shown as Fig. 11(b), both of which show the limit cutting depth reduces as the force increases and
the conditional zone affected by the force.

The limit cutting depths and lobe intersections correspond to the critical speeds changing with
forces are shown as Fig. 12. From the Fig. 12(a), the limit cutting depths are reduced as the force
increasing, which are affected greatly when the cutting force is small or gently when it is bigger.
The first intersection is the one of [ = 0 and [ = 1, then the second intersection is the one of [ = 1
and [ = 2 from the Fig. 12(b), which shows the intersections move to the left as the force
increasing. Therefore, the conditional zones are changed with the forces.
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Fig. 11. Stability lobes of different cutting forces
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Fig. 12. Stability influence rules of cutting forces
5.2. Influence of rotational speed

The three-dimensional lobe diagram of stability with changing rotational speeds is shown as
Fig. 13(a) and stability lobe diagram under two different sweep speeds are shown as Fig. 13(b).
As the rotational speed rise, the limit cutting depths increase, which illustrates the cutting stability
strengthen.
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Fig. 13. Stability lobes of different sweep speeds

The limit cutting depths and lobe intersections correspond to the critical speeds changing with
rotational speed are shown as Fig. 14. From the Fig. 14(a), the limit cutting depths are enlarged as
the speed increasing, but the first order remarkably and the secondly order is slow. Fig. 14(b)
shows the intersections move to the right as the speed increasing, which states the conditional
zones change complicated.
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Fig. 14. Stability influence rules of sweep speeds
6. Conclusions

In this paper, the dynamic model of spindle-holder-tool joints has been built and assembled
into the complete high-speed spindle system model. From the practical viewpoint of application,
the influence rules of cutting force and speed have been investigated. Based on the modeling and
application results, the following conclusions can be drawn:

(1) The model of spindle-holder-tool joints were created with distribution-spring method, the
joints model was assembled into the whole spindle system model and the modeling process was
established.

(2) The distribution-spring method was verified by other simulation method and test, and the
arrangement form of distribution-spring method was not the better the denser, but its length was
close to other units because of the joints model truly reflect the actual one.

(3) The novel viewpoint was proposed that the conditional zone was as significant as
unconditional zone in improving the stability. From the analysis of influence rules, the stability
declined as the cutting force rising, the unconditional zone was expanded as the rotational speed
increasing but the conditional zone moved to the right, which implies the influence of speed on
stability is complicated, so the particular speed needs particular analysis.

From the investigation, the distribution-spring method is the closest arrangement form to the
real spindle-holder-tool joints. How to apply the joints model into the nonlinear stability
evaluation and influence parameters analysis may be a good research subject in the future.
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