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Abstract: In this paper, a nine degree-of-freedom dynamic model of the ball screw feed system con-
sidering the contact nonlinearity between balls and raceways is established to analyze the vibration
characteristics. The position relationship between raceway centers for the ball screw and bearings
is determined by using the homogeneous coordinate transformation, and then the restoring force
functions along the axial and lateral directions are derived. The dynamic equations of the feed system
are solved by using Newmark method, and the proposed model is verified by the experimental
method. Furthermore, the effect of the excitation amplitude on the axial vibration of the feed system
is investigated by the frequency-amplitude curve and 3-D frequency spectrum. With the increase of
excitation amplitude, the dynamic response of the feed system exits the softening, hardening type
nonlinearity and jump phenomenon. Additionally, the effects of the initial contact angle, length of
screw shaft and number of loaded balls on the axial vibration of the feed system in the resonance
region are discussed. The results show that the dynamic model established in this paper is suitable
for improving the machining accuracy and stability of the ball screw feed system.

Keywords: feed system; raceway center; nonlinear dynamics; excitation amplitude; design parameters

1. Introduction

The ball screw is a transmission device that converts linear motion into rotary motion
or rotary motion into linear motion, and it has the advantages of high position accuracy,
load capacity and fatigue life [1-3]. The dynamic characteristic of the feed system is the key
factor to determine the machining accuracy of the workpiece and stability of the cutting
process [4,5], and the nonlinear contact relationship between balls and raceways leads to
the complexity and instability of the worktable vibration [6,7]. Therefore, the establishment
of a dynamic model of the feed system is of great significance to improve the machining
accuracy and stability.

The feed system contains many kinematic joints, and their contact load distribution
is an important factor to determine the static behavior and contributes to the dynamic
behaviors of the feed system. Assuming that the contact angles do not vary after loading,
Mei et al. [8] analyzed the effect of the ball errors on the load distribution of the ball screw.
Bertolaso et al. [9] studied the contact load of the ball screw by experimental and numerical
methods. Considering the axial and lateral deformations of the screw shaft, Lin et al. [10]
investigated the effect of the ball error and screw shaft offset on the load distribution
of the ball screw. Zhao et al. [11] and Zhen et al. [12] investigated the effects of the ball
dimension errors, axial and radial loads on the contact load and fatigue life of ball screws.
Liu et al. [13] established a static model of ball screws to analyze the effect of nut position
on the distribution of the contact force, contact angle and torsion angle. Due to the sliding
behavior between balls and grooves, the contact angles are greatly different at the contact
areas [14,15]. Wei et al. established a numerical model to investigate the lubrication [16],
transmission efficiency [17] and wear [18] for a preloaded ball screw system. Chen et al. [19]
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established the 5-DOF static model of a double-nut ball screw to investigate the contact
stiffness characteristics.

The dynamic characteristic of the feed system is significant for the machining accuracy
of the workpiece. Nguyen et al. [20] investigated the relationship between preload, work-
table displacement and screw-nut natural frequency for the feed system. Deng et al. [21]
improved the vibration behaviors of the whole machine tool based on the joint stiffness
configuration. Zhang et al. [22] investigated the effect of the screw shaft pre-stretching on
the natural frequency for the feed system. When the feed system is at high acceleration,
the contact stiffness of the kinematic joints may change. By using the lumped parameter
method, Zhang et al. [23] investigated the influence of acceleration on the vibration charac-
teristics for the feed system. Vicente et al. [24] established a high-frequency dynamic model
of the feed system by simulating screw shaft as a continuous subsystem. Zhang et al. [25]
established an equivalent dynamic model of a high-speed feed system to analyze the effect
of feed rates on the natural frequency. Considering the contact nonlinearity between ball
and raceways, Gu et al. [26] studied the dynamic behaviors of a single-nut ball screw feed
system. Xu et al. [27] proposed a lumped dynamic model by deriving the restoring force
function of the axial deformation for the feed system.

The vibrations of the feed system along different directions are coupled with each
other. By simulating the screw shaft as a Timoshenko beam, Okwudire et al. [28,29]
established a screw-nut interface stiffness model of ball screws considering the axial,
torsional and lateral deformations. Using the finite element method, Hung et al. [30]
analyzed the vibration behaviors and machining accuracy for the vertical milling system.
Zhang et al. [31] established a hybrid dynamic model of a ball screw spindle system to
analyze the rigid-flexible coupling vibration. Wang et al. [32] studied the coupling vibration
characteristics of the feed system considering the contact nonlinearity of kinematic joints.
Liu et al. [33] developed a five degree-of-freedom dynamic model of a worktable system
considering the displacement coupling and assembly errors. To suppress the worktable
vibration of the machine tool, Varanasi et al. [34] developed a dynamic model of a ball screw
considering the distributed inertia of the screw shaft to effectively control the structural
vibration. Gordon and Erkorkmaz [35] investigated the active vibration damping and
positioning control by using the pole-placement technique of the feed system. Wang
et al. [36] developed a hollow screw shaft structure with multiple tuned mass dampers to
suppress the lateral vibration of the ball screw.

In the past, the dynamic model of the ball screw feed system has been established
successfully. However, the influence of design parameters on the axial vibration of the
feed system in the resonance region is rarely discussed. Considering that the vibration
characteristics of the feed system are mainly affected by screw nut, screw shaft and ball
bearing, a novel nine degree-of-freedom dynamic model of the feed system is established in
this paper by deriving the restoring force functions of the screw nut and ball bearing along
the x, y and z directions. The effects of the excitation amplitude, initial contact angle, length
of screw shaft and number of loaded balls on the dynamic response of the feed system are
discussed. In addition, the dynamic behaviors of the feed system at the resonance points
are analyzed by the time history, spectrum, phase diagram and Poincaré section.

2. Dynamic Model of the Feed System

The ball screw feed system model is composed of a worktable, a nut, a screw shaft,
balls, two linear guides, two angular contact ball bearings and a deep groove ball bearing,
as shown in Figure 1. The global coordinate system CSy(x, y, z) is located at the geometric
center of the nut chassis, and the worktable (nut) is assumed to be located at the middle
position of the screw shaft. Under the action of cutting force, the worktable may move
along the x, y and z directions due to the deformations of the screw nut, screw shaft and
bearing. In this paper, we simplify the feed system as a spring mass model to analyze the
influences of the excitation amplitude and design parameters on the axial vibration of the
feed system.
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Figure 1. Structure of ball screw feed system.

2.1. Calculation of Restoring Force for Ball Screw

To deduce the restoring force function at the screw-nut interface, the position rela-
tionship of the raceway centers of the screw and nut needs to be described, and then the
transformation relationship between the different coordinate systems should be established.
As shown in Figure 2, the global coordinate system CSy(x, y, z) is fixed at the geometric
center of the nut chassis; the coordinate system CS; (x1,y1,21) is located at the screw shaft
centerline corresponding to the ith ball center, and its axes are parallel to the CSj axes;
the coordinate system CS;(x2,12,22) is located at the ith ball center, and its y, axis is
perpendicular to the screw shaft centerline; the coordinate systems CSyy (xw, yw, zw) and
CSs(xs,ys,zg) are located at the geometric centers of the worktable and the screw shaft for
the screw-nut interface, respectively, and their three axes are parallel to the CSy axes. The
homogeneous coordinate transformation matrix T1_, from CS; to CS; can be expressed as:

. 7
T1_o = Trans(Renm €08 Bgpni, Renm Sin Ogp;, 0)-Rot, (GSHi + 5) ‘Rot, (—A) 1)
where Rgnm is the pitch radius; gy, is the ith ball azimuth angle; A is the pitch angle,
given as:
L
A =tan"! <p> 2
TTRsnm @

where Ly, is the lead of ball screw.

Figure 2. The relationship between different coordinate systems.

2.1.1. Restoring Force for the Screw-Nut Left Section

The structure of a single nut ball screw with preload applied by variable lead is shown
in Figure 3. Considering that the ball contact force direction for the screw-nut left and right
sections is different, this leads to the different restoring force function for the screw-nut left
and right sections. Therefore, it is necessary to describe the position of the raceway centers
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in CSy, respectively. The position vectors (Rys, Ryy) of the raceway centers corresponding
to the ith ball for the screw-nut left section in CS; can be given by:

. T
Ris=[0 —(Rs—Rp)cosasny (Rs—Rp)sinagyy 1 | 3)

. T
Ry = [ 0 (Rn - Rb) COS tgn0 _(Rﬂ - Rb) sinasno 1 } (4)

where Rs and Ry, are the raceway radius of the screw and nut; Ry, is the ball radius; agng is
the initial contact angle.

Screw

Figure 3. Structure of a single nut ball screw under preload.

Combining Equations (1), (3) and (4), the coordinates of the raceway centers corre-
sponding to the ith ball for the screw-nut left section in CSg and CSyy can be expressed as:

T
[ X7y Yiy Ziy 1] =Trans(0,0, L) T12Rs 5)

[ XW. yW. zW. 1 ]"=Trans(—Hy,0, L) T1_»-Rpn 6)

Lni Lni Lni

where Hyy is the distance along the x-axis direction between the CSy’s origin and the nut
centerline; Lyy,; is the displacement of the ith ball center for the screw-nut left section along
the z-axis direction in CSg (CSy), given by:

Lipi = —LTD + (i —1)AL @)
where Lp is axial distance between the first ball and last ball; AL is the distance along the
z-axis direction between adjacent balls.

Considering that the center position of the nut raceway changes with the worktable
posture variation, this affects the functions of the screw-nut restoring force. We assumed
that at the geometric center of the worktable exists three translational displacements
(Owxs Swy, dw) along xw, yy and zy axes under the action of excitation force. According
to the homogeneous coordinate transformation, the coordinates of the nut raceway center
in CSy are:

W W
x%u. X‘L/\?i
y%\}“i = Trans(HW, 0, Low) -Trans (5Wx/ 5Wyr 5Wz) Y%‘i (8)
ZLlni Z%ni

where Lo is the axial distance between CSy and CSg (CSy).

Because the screw shaft at the screw-nut interface is short, we assumed that this
section of screw shaft is rigid. Similarly, the geometric center of screw shaft at the screw-
nut interface exits three translational displacements (dsnx, Jsny, dsnz) along xs, ys and zs
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directions caused by the axial and bending deformations of screw shaft. The coordinates of
the screw raceway center in CSy are:

S S
x%si X%si
yéy = Trans(O, 0, Low) -Trans ((551\]3(, 5SNy/ 55]\]2) . Y%Si (9)
Zﬁsi isi

Combining Equations (8) and (9), the radial distance 07 4,; of raceway centers for the
screw-nut left section can be expressed as:

OLsni = (xisi - le/\r/u‘) 08 Ogn; + (yisi - yﬁu‘) sin Ogp; (10)

With the increase of excitation amplitudes, the ball may lose contact with the raceway,
which affects the nonlinear contact characteristics of the feed system. To judge whether
each ball is loaded or not, if §;¢,; < 0, then the ith ball is not loaded, and the contact force
is Qreni = 0. If 014 > 0, then the ith ball is loaded, and the contact force Q;q,; can be
obtained by using Hertz contact theory, given by:

M>2/3 Orsni +0sno > 0

QLsni = ( CoitCri (11)
0 5Lsni + 5sn0 <0

where Cg; and C,; are the Hertz contact constant of the screw and nut; dq,g is contact

deformation under the preload; J;4y; is contact deformation of ith ball for the screw-nut

left section, which is composed of the ball-screw contact deformation drg; and the ball-nut

contact deformation 41, given by:

2
Sreni = OLsi + 01ni = \/ 07 + (21 — 20) " — Ao (12)
where Ay is the initial distance of raceway centers, given by:
Ap = Rs+ Rn — 2Ry, (13)

According to the position relationship of raceway centers in CSy, the contact angle
&1 gni for the screw-nut left section can be expressed as:

-1 OLsni
Nfgni = COS 14
Fsni (AO + 5Lsni + ‘Ssn0> ( )

In order to calculate the restoring force for the screw-nut left section, the ball contact
force should be transformed into equivalent force. According to the homogeneous coordi-
nates transformation, the restoring forces of ball screws along the x, ¥ and z directions can
be expressed by:

Np
Frsnxy = Z QLsni (COS esni COS A gpj + SIN A gp; SIN ani sin A) (15)
i=1
Np
Freny = Z QLsni(COS L gn; $iN O — SIN AL gn; COS O SIN A ) (16)
i=1
Np
Fronz = Z QLsni 8in O cos A 17)

i=1

where Nj, is the number of loaded balls.
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2.1.2. Restoring Force for the Screw-Nut Right Section

Similar to the restoring force calculation for the screw-nut left section method, the
position vectors of the raceway centers corresponding to the ith ball for the screw-nut right
section in CS, can be given as:

) T
Rrs =] 0 —(Rs—Rp)cosag —(Rs—Rp)sinagy 1 | (18)

, T
Rrn = [ 0 (Rn—Rp)cosag (Rn—Rp)sinagny 1 ] (19)

The coordinates of the raceway centers for the screw-nut right section in CSg and CSyy
can be expressed as:

T
[ X3 Yag Z3g 1] =Trans(0,0, Lryi)-T1—2-Rgs (20)
T
[ X Yy zp. 1] =Trans(—Hw,0, Lryi)-T1—2-Rgn (21)

where Lpy,; is the displacement of the ith ball center for the screw-nut right section along
the z-axis direction in CS5(CSyy), which can be expressed as:

L .
Lroi = > — (Np — )AL (22)

By the homogeneous coordinate transformation, the coordinates of the raceway centers
for the screw-nut right section in CSy can be expressed as:

S 1 r S
xzszsz‘ Xzszsi
y§Si = Trans(0, 0, Low)-Trans (6sny, 05Ny, OSNz) - YRsi (23)
ZRsi ZRsi

1 ] | 1

. - W

xgni le?\}u‘
y{}\,“i = Trans(Hy, 0, Low)-Trans (dwx, dwy, Sw=) - Y%‘i (24)
ZRni leani

1

According to the position relationship of raceway centers, the radial distance orgp; of
the raceway centers for the screw-nut right section can be expressed as:

ORsni = (xlszsi - x}/{vni) €08 Ogni + (ylS?si - ylvivni) sin Bgn; (25)

Considering that the ball may lose contact with the raceway, the contact force Qrgn;
can be obtained by using the Hertz contact theory, given by:

W 23

o Az —z2 ) —Ag+I

QR o ( Rsni ( Rni Rst) 0 sn0> (SRsni + 55110 >0
sni

Csi+Cni (26)

0 éRsni =+ 551’10 <0
where dggp; is ith ball contact deformation for the screw-nut right section.

According to the position relationship of raceway centers, the contact angle argy; for
the screw-nut right section can be expressed as:

-1 ORsni
KRsnj = COS 27
Ran (%+%m”m> @)
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By transforming the ball contact force into an equivalent force along the x, y and z
directions, the restoring forces for the screw-nut right section can be expressed as:

Np
Frenx = Z QRsni (COS X Rsni COS Ognj — SIN A Rgp; SiN Ogp; SN /\) (28)
i=1
No
Fresny = Z QRsni (€OS A Ren; SIN Ognj + SiN A Rgn; COS O SIN A ) (29)
i=1
No
Frenz = — Z QRsni 8in O cos A (30)

i=1

2.2. Calculation of Restoring Force of Bearings

To calculate the restoring force of bearings, the position relationship of the raceway cen-
ters should be determined. The coordinate systems CSay, (xa, ya,za) and CSpy, (xp, ¥p, zp)
are established at the geometric centers of the two angular contact ball bearings and a deep
groove ball bearing, respectively, and their axes are parallel to those of CSy, as shown in
Figure 4.

Left bearing Righ} bearing
/

(a) (b)
Figure 4. Assembly model between bearings and screw shaft: (a) Angular contact ball bearing; (b)
Deep groove ball bearing.

2.2.1. Restoring Force of Angular Contact Ball Bearing

The coordinates of the inner and outer raceway centers for the left angular contact ball
bearing in CSyp, are:

xﬁj 0
A
. . T —(R; — Ryp ) cos a
Z/EU = Trans (Ram €08 6p; + dsx, Ram sin 6 + dsy, —Lra + ds:) -Rot, <9bj + 5) : (%il_ Rb}:;)sin “bgo (31)
1
1] !
xéoj 0
Yioj | = Trans (R am €os B, Ram sin 6 L Rot (9 ﬂ) (Ro = Rep) cos o
— . . — . ). . 32
Z?Oj ( Am bjs B Am bj LA) z\"bj 2 — (Ro — Rlbb) SN iy (52)
1

where sy, Js, and Js; are the displacement of the screw shaft along the x, y and z directions;
Ram is the pitch radius; R; and R, are the inner and outer raceway radius; Ryy, is the ball
radius; apo and 6; are the initial contact angle and jth ball azimuth angle; Ly 4 is the axial
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distance between the ball center and the CSya}’s origin for the left angular contact ball
bearing, respectively.
The coordinates of the raceway centers for the right angular contact ball bearing in

CSyp, are:
x%j 0
Zgz = Trans (Ram cos Bj + dsx, Ram sin 0p; + sy, Lra + Js2) -Rot, (ij + 72—1) : :((1;‘1 B 1;':;)) i?;:tg (33)
1 1
xﬁoj 0
Zgz = Trans(Ram €08 B, Ram sin 6, Lga) -Rot; (eb,« + %‘) ’ ((1;2 - 1;?’;’; Z?r? ZES (34)
1

where Lry is the axial distance between the ball center and the CSpy,’s origin for the right
angular contact ball bearing, respectively.

According to Equations (31)-(34), the radial distances (074;,0raj) of the raceway
centers for the left and right angular contact ball bearings are expressed by:

OLAj = (xﬁ]- — xf‘oj> cos by + (yf‘i]- — yf‘oj) sin O (35)
ORAj = (.Xﬁi]- — .X'ﬁo]-) Ccos Qb] + (yﬁlj — yﬁo}) sin eb] (36)

According to the position relationship of raceway centers in CS,y,, the contact force
Qraj and contact angle ay ; for the left angular contact ball bearing can be obtained by
using the Hertz contact theory, given as:

5 2/3
2 A _ A _
”‘TLA]'+<ZLij ZLDj) Bo+da0 P 50
QLAj = CAU‘+CA0]' LAj A0

0 (SLA]‘ 4040 <0

oM TA
XLAj = COS < By 1 d1a; + 0n0 (38)

(37)

where d,¢ is contact deformation under the preload; J; 5; is contact deformation between
the jth ball and the raceways for the left angular contact ball bearing; By is the initial
distance of the raceway centers; Cp;; and Cp,; are the Hertz contact constant of the inner
and outer rings.

The contact force and contact angle for the right angular contact ball bearing can be
expressed as:

(hrh) poron |
(7122Aj+ Zﬁifzﬁoj —Bo+da0
QRAj = CAij+CAaj 5RA] + 5A0 > O (39)
0 5RA]' 4040 <0
1 ORAj
4 i = COS —_— 40
RAj <B0 + Oraj + 0a0 40)

where dga;j is contact deformation between the jth ball and the raceways for the right
angular contact ball bearing.
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The restoring forces along the x, y and z directions for the left angular contact ball
bearing can be expressed as:

Nop
Frax = — ) QrAjCOs b cos (41)
j=1
Nop .
Fray = — ) Qrajsinbyjcosapaj (42)
j=1
Npp )
Fra: = =) Qrajsinaza; (43)
j=1

The restoring forces along the x, y and z directions for the right angular contact ball
bearing can be expressed as:

Nob
Frax = — ) Qraj €os 0p; COS dRa; (44)
j=1
Npb
FRAy = - QRAj sm@b]- Ccos OéRA]' (45)
j=1
Nip
Fraz = ) Qrajsinaga; (46)
j=1

2.2.2. Restoring Force of Deep Groove Ball Bearing

According to the homogeneous coordinate transformation, the coordinates of the
inner and outer raceway centers for the deep groove ball bearing in CSpy, are expressed by:

0
B ’ o 7. | —(Ri— Ryp)
— Trans (Rpm c0s 6 + 65y, Rom sin 0, + Jsy, 3s.) -Rot (eb, +2 ) TR R 47)
1
xED)i " 0 Rip)
Yoi | = , ind. 0)- T | Ro = Rpp
B Trans (Rpm €0 0, Rpm sin 6,7, 0) -Rot; (Qb] +3 ) (Ro — Rep) (48)
1 1

where Rpy, is the pitch radius of deep groove ball bearing.
Combining Equations (47) and (48), the radial distance op; of raceway centers can be
expressed as:

opj = (xLD» — xg)j) cos b + (yit]') - yoDj) sin b, “9)

Considering that the ball may lose contact with the raceway and according to the Hertz
contact theory, the contact force Qp; of the deep groove ball bearing can be expressed as:

(TD]'—BU

2/3
Qo = | (i) oo Ba>0

O'D]'—BQSO

(50)

The restoring forces along the x and y directions for the deep groove ball bearing can

be expressed as:
Nop

Fpx = —)_ Qpjcos by, (51)
=1
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Nip )
Fpy = —) _ Qp; sin b, (52)
j=1
2.3. Stiffness of Screw Shaft

Under the influence of the screw-nut restoring force, the bending deformation of the
screw shaft for the worktable locating at middle position is shown in Figure 5. The bending
deformations of the screw shaft for the screw-nut interface can be expressed by:

Frony+Frsny ) (2—L 2
wp = Banthin B0 (412 012 — (2 - 1?)

(FLsnyJFFRsny) (27L)

53
wsz(zLLz—sz—(z—L)z) 9

where E is the Young’s modulus; I is the product of inertia; L is the length of screw shaft.

AE,, (F,,)

sny

x () r
. ———

0.5L

DEE— .

Figure 5. Bending deformation of screw shaft.

The axial deformation of screw shaft at the screw-nut interface is:

(FLsnz + FRsnz)L
— '~ Rsnz) > 4
Wy 2EA, (54)
Assuming that the worktable is located at the middle position of screw shaft, the screw
shaft stiffness can be obtained according to the force-displacement relationship of the Euler
Bernoulli beam, given by:

k, — 48EI

X — §3
ky = 25 (55)
k, = ZéAs

2.4. Dynamic Equations of Ball Screw System

The vibration characteristics of the feed system are affected by three harmonic forces
Fysin(wt), Fysin(wt) and F; sin(wt). In order to investigate the vibration characteristics
of the feed system, the dynamic model is simplified as a nine degrees-of-freedom mass-
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spring-damping model, as shown in Figure 6. The dynamic equations can be written
as follows:

mydwx + cx (SWx - 55Nx) + Fonx = Fysin(wt)

ksx(6snx — Osx) + Cx (55Nx - 55x) = Fonx + Cx (5Wx - 55Nx)

sy + 2cx0sx + Fay + Fpy = cx (55Nx - 55x> + ksx(6snx — Isx)

mwéwy +cy (5Wy — SSNy) + Fsny = Fysin(wt)

ksy (Bsny — 0sy) + ¢y (55Ny - zssy) — Fany + ¢y (Swy - 55Ny) (56)
msds, +2¢y3s, + Fay + Fpy = ¢y ((SSNy - éssy) + ksy (6sny — Isy)

mdw: + ¢z (5WZ - 551\1;:) + Fenz = Frsin(wt)

ksz(6snz — 0sz) + ¢z (55Nz - 55z) = Fnz + ¢z (5w,z - 55Nz>

mgds; + cz0s; + Faz =z (55Nz - 55z) + ksz(dsnz — dsz)

where Sy, dwy and dyy, are the displacement of worktable along the x, y and z directions;
dsnx, Osny and sy are the displacement along the x, y and z directions caused by the
bending deformation of screw shaft; dsy, s, and Js, are the displacement of the screw shaft
along the x, y and z directions; m and mg are the mass of the worktable and screw shaft,
respectively; ks, ks, and ks are the stiffness of screw shaft along the x, y and z directions;
Fsn and Fj4 are the restoring force functions of the screw-nut interface and angular contact
ball bearing, respectively, which are given by Fsn = Frsn + Frsn, FA = Fra + Fra; cx, ¢y
and ¢, are the damping constants of the feed system, respectively, their damping ratio is
calculated by the half power bandwidth method. In this paper, the damping ratios along
the x, y and z directions are assumed to be ¢y = ¢, = 0.0434, {; = 0.0483, respectively [32].

?Fx (F,)

S (O) L

55_-\3( (5 5_-\-3-) Screw-nut interface

w

Screw shaft  Screw-nut interface

. f Sox: Sy
S5, (84) ™ g
_____ . . F
- it ol
Angular contact  Deep groove
ball bearing ball bearing

Screw shaft

Angular contact ball bearing

(a) (b)

Figure 6. Nine degree-of-freedom dynamic model for feed system: (a) x (y)-axis direction; (b) z-

axis direction.

3. Results and Discussion

According to the above analysis, the restoring force of the screw nut and bearings
are a time-varying piecewise nonlinear function due to the contact behaviors between the
ball and raceway, which leads to the nonlinear vibration behaviors of the feed system.
In this paper, the THK SBN4016 type of ball screws, NTN 7206B type of angular contact
ball bearing and NSK 6206Z type of deep groove ball bearing are selected to carry out
numerical simulation, and their main parameters are shown in Tables 1 and 2.
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Table 1. Specifications of ball screw.

Parameter Value
Ball diameter 7.14 mm
Initial contact angle 45°
Length of screw shaft 1000 mm
Number of loaded balls 46
Shear modulus 206 GPa
Preload 300 N
Mass of screw shaft 10.6 kg
Pitch diameter 42 mm
Lead 16 mm
Circle of loaded balls 2.5
Mass of worktable 58 kg

Table 2. Specifications of bearing.

Parameter Value
Ball diameter 8.8 mm
Initial contact angle 40°
Number of loaded balls 13
Shear modulus 206 GPa
Preload 290 N
Pitch diameter 23 mm
Poisson’s ratio 0.3

3.1. Experimental Verification

To verify the accuracy of the proposed dynamic model, the experimental model of the
feed system was established, as shown in Figure 7. The harmonic exciting force along the
z-axis direction is generated by using a modal shaker (JZK-50); a piezoelectric force sensor
(Sinocera CL-YD-331A) and acceleration sensor (Sinocera CA-YD-189) are used to measure
the excitation force and acceleration of the worktable along the z-axis direction (screw
shaft direction). The excitation amplitude and frequency acting on the worktable can be
adjusted by the signal generator (Sinocera YE1311). When the excitation amplitude and
frequency are fixed at 30 N and 270 Hz, the comparison of acceleration between theoretical
and experimental results is shown in Figure 8. It can be seen that the experimental result
is slightly larger than the proposed model result, which may be caused by the frame
deformation, but the error is within the acceptable range.

Charge amplifier

p‘

Figure 7. Vibration experimental device of ball screw feed system.
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Figure 8. Acceleration comparison along z-axis between theoretical and experimental results.

3.2. Effects of Axial Excitation Amplitude on Axial Vibration of the Feed System

It is widely known that the axial vibration of the worktable is the key factor for
the machining accuracy and stability of the feed system. For axial excitation amplitudes
F,; =1000 N, 2000 N and 3000 N, the amplitude-frequency curves of the axial vibration of
worktable with the excitation amplitude variation are shown in Figure 9. The amplitude-
frequency curves appear as softening type nonlinearity around the excitation frequency
w =500 rad/s. With the further increase of the excitation frequency, the vibration amplitude
increases obviously, and the hardening type nonlinearity and jump phenomenon appear
after the resonance frequency. In addition, the main resonance frequency moves to the high
frequency region and the region width of main resonance increases with the increase of
excitation amplitude.

4

x10
—B— Fa=1000N
Seftening type —&— Fa=2000N
1.5 15210 —<— Fa=3000N ||
_ 14
é 13 % \
2 )
I 12 B
= 00 400 S00 600 700 & .
£ Hardening type
-
0.5 b
0

500 1000 1500 2000 2500 3000
Excitation frequency o (rad/s)

Figure 9. Amplitude-frequency curves of the feed system for different excitation amplitudes.

The 3-D frequency spectrum of the worktable vibration along the z direction for
F,= 3000 N is shown in Figure 10, and it can be observed that the different frequency
components (3f, 5 et al.) appear in the low excitation frequency region. With the excitation
frequency increasing, the amplitudes of frequency components f and 3f increase and
the jump phenomenon appears near the excitation frequency w = 1580 rad/s. To further
analyze the nonlinear characteristics of the feed system, the time histories, spectrums, phase
diagrams and Poincaré sections are investigated for F, = 1000 N, 2000 N and 3000 N, as
shown in Figures 11-13. The vibration waves present periodicity; the frequency component
3f appears at w = 500 rad /s and 1500 rad /s and disappears with the excitation frequency
increasing. In addition, the phase diagrams and Poincaré sections at w = 500 rad/s,
1500 rad /s and 2000 rad /s are a closed circle and single point, and these illustrate that the
vibration responses of the feed system are periodic-1 motions.
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Figure 10. 3-D frequency spectrum of the feed system.
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Figure 11. Vibration responses at w = 500 rad/s: (a) Time history; (b) Spectrum; (c) Phase diagram and Poincaré section.
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Figure 12. Vibration responses at w = 1500 rad/s: (a) Time history; (b) Spectrum; (c) Phase diagram and Poincaré section.
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Figure 13. Vibration responses at w = 2000 rad/s: (a) Time history; (b) Spectrum; (c) Phase diagram and Poincaré section.
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3.3. Effects of Design Parameters on Axial Vibration of the Feed System

The initial contact angle, length of screw shaft and number of loaded balls are the
main parameters in the design of the ball screw. According to Equations (17), (30) and
(55), the restoring force of the ball screws is a function of these parameters. Obviously, the
vibration characteristics of the feed system are influenced by these parameters.

When the axial excitation amplitude is fixed at 1000 N, the amplitude-frequency curves
of the worktable vibration with the initial contact angle variation (xg = 30°, 45°, 60°) are
shown are Figure 14. It can be seen that these curves almost coincide in the low and high
frequency regions, and the vibration amplitude of the worktable decreases slightly and
the main resonance frequency moves to the high frequency region with the initial contact
angle increasing. This may be that the initial contact angle increasing makes the increase
of axial internal force at the screw-nut interface, which leads to the increase of natural
frequency for the feed system. To analyze the influence of the initial contact angle on the
nonlinear vibration at the resonance point, the time histories, spectrum, phase diagrams
and Poincaré sections are investigated, as shown in Figure 15. With the initial contact
angle variation, the Phase diagrams and Poincaré sections are a circle and a single point,
respectively, and this shows that the vibration responses with the initial contact angle
variation are periodic-1 motions.

x 10
=L —5— a0=30° ]
—— a0=45°

6l —&— a0=60° ||
Es| 1
S
=
= 4 1
=
g3 1
<

2 L 4

2500 3000
Excitation frequency @ (rad/s)

500 1000 1500 2000

Figure 14. Amplitude-frequency curves of the feed system for different initial contact angles.
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Figure 15. Vibration responses in the resonance region: (a) Time history; (b) Spectrum; (c) Phase diagram and Poincaré section.

With the length of screw shaft variation, the amplitude-frequency curves of the work-
table vibration for F, = 1000 N are shown in Figure 16. The variation tendency of vibration
amplitude in the resonance region is opposite to that with the variation of initial contact
angle, and the stiffness of the screw shaft at the middle position decreases with the increase
of the length of screw shaft, leading to the main resonance frequency of vibration response
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moving to the low frequency region, and the axial displacement of the worktable increases.
The time history, spectrum, phase diagram and Poincaré section are investigated with the
length of screw shaft variation, as shown in Figure 17, and the excitation frequency at
resonance points increases equivalently with the increase of the length of screw shaft. The
difference of the adjacent frequencies is about 20 rad/s; the Phase diagrams and Poincaré
sections are a circle and a single point, respectively, and this shows that the vibration
responses with the length of screw shaft variation are periodic-1 motions.

x10°

—&— L=800mm
—&%— L=1000mm
— % L=1200mm | |

~1

=)

= Lh
T T

Amplitude (m)
W

0 500 1000 1500 2000 2500 3000
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Figure 16. Amplitude-frequency curves of the feed system for different length of screw shafts.
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Figure 17. Vibration responses in the resonance region: (a) Time history; (b) Spectrum; (c) Phase diagram and Poincaré section.

With the increase of the number of loaded balls, the amplitude-frequency curves of
the worktable vibration for F, = 1000 N are shown in Figure 18. Similar to the amplitude-
frequency curves with the initial contact angle variation, the vibration amplitude of the
worktable decreases and the resonance frequency moves to the high frequency region
with the increase of the number of loaded balls. As shown in the Figure 19, the frequency
components f and 3f appear in the spectrum, and the phase diagrams and Poincaré sections
are a circle and a single point, respectively; this illustrates that the vibration responses with
the number of loaded balls variation are periodic-1 motions. From the analysis above, the
initial contact angle and the number of loaded balls have the same effects on the vibration
behaviors of the feed system, but opposite to that of the length of the screw shaft.
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Figure 18. Amplitude-frequency curves of the feed system for different numbers of loaded balls.
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Figure 19. Vibration responses in the resonance region: (a) Time history; (b) Spectrum; (c) Phase diagram and Poincaré section.

4. Conclusions

In this study, a nine degree-of-freedom dynamic model of the feed system is estab-
lished by deriving the stiffness of the screw shaft and restoring the force functions of the
screw nut and bearings. The influence of the excitation amplitude and design parameters
on the axial vibration are analyzed. In addition, the effects of the initial contact angle,
length of screw shaft and number of loaded balls on the dynamic responses are discussed,
and the main conclusions may be summarized as follows:

(1) The nonlinear contact between balls and raceways for the ball screw and bearing is
the main factor leading to the nonlinear vibration of the feed system. With the excitation
amplitude increasing, the axial vibration of the feed system exits the softening, hardening
type nonlinearity and jump phenomenon in the amplitude-frequency curves.

(2) The length of the screw shaft is the main parameter affecting the axial vibration
characteristics of the feed system. With the increase of the length of screw shaft, the axial
stiffness of the feed system is decreased, resulting in the vibration amplitude increasing
and the main resonance frequency moving to the low frequency region.

(3) With the increase of the initial contact angle and number of loaded balls, the
axial stiffness increases and the axial vibration nonlinearity decreases for the feed system.
Therefore, increasing the initial contact angle and number of loaded balls will improve
the stability.

From the analysis above, the axial vibration of the feed system is affected by the
screw-nut, screw shaft and bearing, and has strong nonlinearity behavior in the resonance
region. Future work will aim to study the influence of excitation amplitude and assembly
error on the coupling vibration of the feed system.
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