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Abstract

This paper investigates the influence of rotor coaxiality error on spindle accuracy under different operating conditions in the
precision hydrostatic spindle with a mid-thrust bearing structure. Firstly, a linearized model of rotor dynamics equation with five
degrees-of-freedom is established based on Newton’s law of motion and angular momentum principle. Then, by solving the
Reynolds equation and the flow continuity equation using the mathematical perturbation method, the steady and transient
pressure distribution functions of the hydrostatic bearings are obtained; subsequently, the stiffness and damping coefficient
matrices of the spindle are determined. Furthermore, the linearized stiffness and damping coefficients are substituted into the
rotor dynamics equation to obtain the instantaneous acceleration of the rotor, and the motion trajectory of the rotor is solved
iteratively by the Euler method. Finally, the paper studies the influences of different rotor coaxiality, rotating speed, cutting load,
oil supply pressure, and oil film clearance on dynamic characteristics, amplitude amplification factor, and radial runout of the
spindle by computer simulation. The simulation results show that the spindle runout is more sensitive to rotor coaxiality error and
oil film clearance.
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1 Introduction

Hydrostatic spindles have many good advantages such as high
stiffness, the excellent absorption capacity of vibration, never
wear, high accuracy, etc. and are widely used in precision
turning, milling and grinding, and other processing occasions.
Hydrostatic spindles are usually designed with the thrust bear-
ing at the front end. However, because the journal bearing of
such spindles is far from the spindle nose, the bearing capacity
of the spindle is reduced. Therefore, some researchers have
proposed hydrostatic spindles with a mid-thrust bearing struc-
ture, which can achieve higher radial stiffness under the same
structural size [1-3].
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For the rotor with mid-thrust bearing, it is necessary to
machine the journals on both sides in two grinding pro-
cesses, so the manufacturing errors of the journal and
thrust bearings, such as coaxiality and perpendicularity,
tend to increase. In the past few years, some scholars have
studied the relationship between rotor manufacturing error
and spindle performance. Xun et al. established the influ-
ence function of shape tolerance and dimensional tolerance
of rotor on bearing oil film clearance and pointed out that
the rotor form error related to rotation will lead to a peri-
odic oscillation of spindle [4]. Peng et al. compared the
number of oil recesses in journal bearing with the number
of roundness waves of the journal and found that when the
journal roundness is kept unchanged, the journal bearing
with six oil recesses had the least influence on the spindle
runout, which has been verified by experiment [5].

The rotor’s form error causes the running oil film thickness
to deviate from the calculated oil film thickness and generates
an additional disturbing force on the rotor so that the
perturbing load pushes the rotor to produce rotational errors.
For the coupled journal-thrust hydrostatic spindle, radial
runout caused by the journal’s form error is usually taken as
the principal object to analyses because the size of the journal
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bearing is much larger than that of the thrust bearing [6]. Also,
classifying the spindle rotational accuracy into synchronous
error and asynchronous error according to the relationship
between the runout and the spindle speed, the rotor from error
mainly produces the synchronous deviation at the same fre-
quency as the spindle speed [7]. Therefore, when analyzing
the influence of rotor’s form error on the spindle runout, the
oil film can be equivalent to the multi-degree-of-freedom
spring damping system. Then the dynamic response of the
rotor, which is supported by the spring damping system under
the disturbance force caused by the rotor form error, can be
calculated from the rotor motion equation. Usually, the Euler
method is employed to solve the above motion differential
equation to obtain the acceleration, velocity, and displacement
of the rotor so that the spindle runout can be evaluated by
fitting the motion trajectory of the rotor [8, 9].

‘When the rotor speed is relatively low, the inertia force and
damping force are negligible, and the spindle runout can be
solved from the statics equilibrium equation of the rotor. Jun
et al. have established a fluid control model for the low-speed
hydrostatic rotary table with multi-recess and studied the in-
fluence of the tolerances such as coaxiality between the jour-
nal bearings, perpendicularity between journal bearing and
thrust bearing, and journal roundness on spindle rotation ac-
curacy and provided theoretical analysis basis for error design
and assembly of hydrostatic spindle [10].

When the rotor speed is high, the dynamic analysis method
is usually adopted to study the influence of dynamic character-
istics of the spindle on the motion trajectory of the rotor. Chen
et al. studied the stiffhess and damping coefficients of the spin-
dle under different eccentricity ratio of the rotor and used the
rotor dynamic equation to calculate the transient response of the
spindle in the time domain and frequency domain and to eval-
uate the rotor motion of the spindle under the excitation of
unbalanced force and periodic load, etc. [11]. As the rotor with
rotating herringbone grooves, the spindle stiffhess and damping
coefficient matrices are time-varying with the rotation of the
rotor. Jang and Yoon developed the gas film clearance as a
Fourier series and substituted it into the dynamic stiffness and
damping matrix equation and then obtained the whirl trajectory
of the rotor by using the rotor dynamics analysis method [12].
Zha et al. employ the rotor dynamics analysis method to study
the effect of different filmland widths, oil film thickness, oil
supply pressure, rotor speed, and external load on the spindle
runout under an angle error between the thrust plate and the
journal bearing. Furthermore, the difference between the calcu-
lated results based on the above method and the experimental
results is less than 9.3% [13].

The nonlinear and linearization solution methods are usually
adopted to solve the rotor motion equation. The nonlinear
method is employed to solve the instantaneous oil film force
in each time step according to real-time parameters such as
rotor posture and velocity. This method requires the iterative
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and cyclic solution of the Reynolds equation, with low compu-
tational efficiency but high computational accuracy. When the
rotor is oscillating in a quasi-static position, the linearized stift-
ness and damping coefficients can be obtained by retaining the
lower order term of the Taylor expansion of the stiffness and
damping coefficients [14]. Sinhasan and Goyal solved the rotor
motion equation of hydrostatic bearing by using linearization
and nonlinear methods, analyzed the trajectory and stability of
the rotor under different operating parameters, and pointed out
that the precision of nonlinear analysis was slightly higher than
that of the linearization method [15]. Sharma and Kushare
researched the symmetric two-lobe non-recessed journal bear-
ing system with linearization and nonlinearization methods.
They concluded that the journal center motion trajectories, crit-
ical journal mass, and threshold speed margin solved by the two
methods are slightly different [16]. In summary, the above lit-
erature indicated that the linear analysis was an available solu-
tion to engineering design problems.

In addition, different working media have a great influence
on the dynamic and static characteristics of the hydrostatic
spindle. Urreta et al. compared the influence of regular and
magnetic fluids on the spindle performance and pointed out
that magnetic fluids could improve the hydrodynamic effect
around 50% and achieve quasi-infinite static stiffness within a
load range [17-19].

In the past, many researchers have carried out detailed
analyses and experiments on the impact of bearing and rotor
error on hydrostatic spindle runout, but fewer deeply analyze
the effect of the coaxiality of rotor and spindle runout under
different operating parameters. At first, this paper sets up the
five degree-of-freedom (DOF) rotor motion equations of the
high-precision hydrostatic spindle. Then the mathematical
perturbation method is adopted to solve the fluid flow control
model of the journal and thrust bearings to obtain the stiffness
and damping coefficients of the spindle. Furthermore, the pa-
per determines the amplitude amplification factor (AAF) and
the rotor motion trajectory of the bearing support system, ac-
cording to the rotor dynamics and Euler method. Finally, the
effects of different coaxiality, rotating speed, oil film clear-
ance, eccentricity, and oil supply pressure on the spindle
runout are verified by computer simulation. Such simulation
results would offer guidance for the design of the precision
hydrostatic spindle.

2 Mathematical models

2.1 Spindle structure and rotor coaxiality error

Figure 1(a) shows the schematic view of the hydrostatic
spindle with mid-thrust bearing, which includes a pair of

journal bearings, a pair of thrust bearings, the torque mo-
tor, encoder, etc. The external oil supply system injects
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Fig. 1 Hydrostatic spindle with
mid-thrust bearing. a Structure

diagram: 1, encoder; 2, rotor; 3,

torque motor; 3, left journal
bearing; 4, left thrust bearing; 5,
right thrust bearing; 6, right
journal bearing. b Coaxiality
distribution

(b)
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pressure oil into the lubricating recesses of the journal
bearings and thrust bearings through the orifice restrictors
to form the bearing oil film. Besides, for small- and
medium-sized specifications of the hydrostatic spindle,
the bearings with four rectangular oil recesses of equal
depth uniformly distributed along the circumference have
less stiffness anisotropy [20]. Therefore, the paper adopts
such layout shown in Fig. 1.

Because the geometrical error and roughness of the rotor
have a significant effect on the stiffness and runout of the
spindle, Pang recommended the geometrical error of the rotor
as (0.1-0.2)A, and the surface roughness of the rotor as

Fig. 2 The dynamic model of the
rigid rotor system

KT! CT

R,0.16 um [20]. Furthermore, the rotor coaxiality error can
be defined as non-coaxiality of the axis of both sides of the
journal, and such error is usually a spatial free curve. In the
process of machining journals on both sides of the rotor,
coaxiality error usually occurs due to the decomposition of
the grinding process of two sides of the journals, which affects
the precision of the spindle. Previous research shows, when
the axis of both sides of the journals of the rotor was parallel
offset, the spindle runout caused by the coaxiality of the rotor
is the highest [6]. Without loss of generality, this paper as-
sumes the coaxiality e, to uniformly distribute on both sides of
the rotor, as shown in Fig. 1(b).
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2.2 Rotor motion equation

For the rigid rotor, its five DOF motions consist of three linear
movements along the x, y, and z directions and two tilt mo-

established by ignoring gyro force in coordinate o —xyz as
follows [21, 22]:

MX+CRXR+CLXL+CTX+KRXR+KLXL + K7 X

tions around the x and y directions, as shown in Fig. 2. The —F (1)
rotor usually bears loads such as oil film force, unbalanced ¢
force, cutting force, gravity, etc., which form a dynamic equi-
librium system. Based on Newton’s laws and the principle of
angular momentum, the rotor motion equation can be
L; €e L; €e
m 0 0 0 0 X x+ 7’9y + ?cos(wt) x—7’9y + ?cos(wt +7)
0 m 000 o Lig 4 Ceginur) +Lig 4 Ceginur+m)
M=10 0 m 0 0|X=|z|Xg=]|Y72™"73 K= [P
0 0 0 I, 0 Ox < ¢
00 0 0 I, 0, O O
Oy 0y
- [ kat kxyL 0 kaXL kayL
kxxR kxyR 0 kx&,(R kxO‘,R kyx I kyy I 0 ky 0.L ky 0.1
o kaR k}(’;’R kO k}ng kygrR Ki=| 0 0 kg 0 0 |,
k= =k ' koxr  koyr koo keor koo
kour  Koyr  Koer Koo Koor koxr  koy koo koo koo
L ko koyr  kozr  Koor  koor - ’ . o
- 0 CxxL CxyL 0 Cx0,.L  Cx6,L
CxxR  CxyR Cx0R  Cx0,R Con. oL 0 CoL Gl
Gar - CyyR 0 Go.R - Cyo,R c;=1 0 0 Corl 0 0
Cr=] 0 0 a0 0 Coxl  CoyL Cool  Co0L Co6,L
CoaR  COgR  COR  COLR  COHR CoL  CogL  Col  Co0L  Co0,L
L CoxR  CoyR  CozR  COOR  COO,R - ‘
[0 0 0 0 0 00 O 0 0 F,
0 0 O 0 0 00 O 0 0 Fy,—mg
Kr=10 0 kgr szXT kZGyT ,Cr=10 0 cur Co.T  C,T JFe= F,
0 0 koor koor koor 0 0 coor coor coor M
10 0 koer koor koor 0 0 cper coor coor M,

where X=[x y z 0, Gy]Tare the five generalized coordinates
to describe the position of the rotor; 7 is mass of rotor; £, /,, and
I, are the mass moments of inertia of the rotor about x, y, and z
axes, respectively; L; is the axial length of the journal bearing; e,
is the rotor coaxiality error; g is the acceleration of gravity; w is
the spindle angular velocity; [ F, F, F. M, M,]" are
the cutting forces and cutting moments; C;, Cg, Cr are the
damping matrices of left journal bearing, right journal bearing,
and thrust bearing; K;, Ky, K7 are the stiffness matrices of left
journal bearing, right journal bearing, and thrust bearing; k;;, c;(i,
Jj=x,,z 0., 0,)are the stiffness and damping coefficients; and L,
R, and T represent the left journal bearing, right journal bearing,
and thrust bearing, respectively.

As stated in the introduction, linearization and nonlinear
methods are commonly used to solve Eq. (1). For the sake
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of simplicity and efficiency, this paper will adopt the lineari-
zation method, which is usually necessary to solve the spindle
stiffness and damping coefficients as the rotor is at the quasi-
static position. The following section introduces the solution
procedure based on the mathematical perturbation method to
obtain the spindle stiffness and damping coefficients in detail.

2.3 Determination of the dynamic coefficients
2.3.1 Governing equations

The following assumptions are made to establish the
governing equations: (1) the liquid is laminar flow and incom-
pressible; (2) the pressure difference in the direction of oil film
thickness is negligible; (3) the oil flows at a constant
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temperature; and (4) the steady and transient pressures are the
same in the recesses. Then the fluid governing equations of the
journal and thrust bearings are written as [23]:

o (3ep\ o (30p oh oh
)+ S (n L) =5, 128, 2)
o\" ) Z\" &% o0 o
_3 _ _
_ 3 0n 7] _ _
R or) 90\ R0 o0 ot

The nondimensional parameters in Eqgs. (2) and (3) are
defined as:

X Z _ D — _
0=——+,7=—~ =—, h=—, t=wt,U
D/Z’Z D/zap psa C()’ Wi,
D. 6 D\~ 6nw (Ry\*
:_W7S/’l: iad N 7R:r_7Sl‘: iad _4
2 Dy ZCO R4 P C()

where 6 is angular coordinate; xyz is the local coordinate
system; 7 is the dimensionless axial coordinate; D is the diam-
eter of the journal bearing; p, p are the oil film pressure and its

dimensionless form; p, is oil supply pressure; /, & are the
transient oil film thickness of the bearings and its dimension-
less form; U Cj is the designed oil film thickness of all
bearings; U is the velocity on the surface of journal
bearing; S, is the Sommerfeld number of journal bearing; S,
is the Sommerfeld number of thrust bearing; ¢, 7 are the time
and its dimensionless form; w is the w, W angular velocity of
shaft; 7, R are the radius of the thrust bearing and its dimen-
sionless form; Ry is the outer radius of thrust bearing; and 7 is
the coefficient of viscosity.

2.3.2 Qil film clearance

Figure 1(b) shows the initial position of the spindle rotor in
coordinates o —xyz, indicating that the phase difference be-
tween the axis of the left and right journal is 180°. So, the
coaxiality error of two journals with the ideal axis is e./2. If the
displacement increment of the rotor in coordinates o — xyz at
timeris [Ax Ay Az A6 A6, ], the oil film clearance
in the dimensionless form of the journal bearings and thrust
bearings on the left and right sides of the rotor are:

hj=1- (M + ZiAt‘)y—%cos(ga + @M)) cosO— <Ay¢7,~A9x—62€sin(go + ww)) sin 0 (4)

h = 17F (AZ -+ AD,7;sinf + Aﬁyi_’icosﬁ) (5)

where /; and 4, are the oil film thicknesses of the journal
and thrust bearings, respectively.

The nondimensional parameters in Eqgs. (4) and (5) are
defined as:

_ ri

_ b o
TG TG 20, TG

where [A¥ Ay AZ] are the dimensionless displace-
ment of the spindle rotor; z; Z; are the axial position of the
journal bearing and its dimensionless form; e,, e, are the rotor
coaxiality error and its dimensionless form; and 7; is the di-
mensionless oil film thickness of thrust bearing. In Eq. (4), “+”
in the second item and “F” in the third item represent right and
left journal bearings, respectively; v is 0 for the right journal
bearing, and v is 1 for the left journal bearing. In Eq. (5), “+”
represents right and left thrust bearings, respectively.

2.3.3 Boundary condition

Appropriate external and internal boundary conditions are ap-
plied to solve the Reynolds equations (2) and (3) as follows:

(a) The outlet pressure of oil film is zero, p=0.

(b) The pressure and flowrate are both continuous along the
circumferential direction.

(c) The pressure in each recess is assumed uniform.

(d) The perturbed outlet pressures of oil film are

pg = 0’ (C = vaaya <, exa eyax'ay.a Z.v éxa éy)ﬁ(, =0.

2.3.4 Perturbation equations

The first-order Taylor expansion of oil film thickness and
pressure distribution function concerning small displacements
and velocities are carried out at their static equilibrium posi-
tion to obtain the perturbation form of the Reynolds equations
as follows [24]:

_ oh  — oh —
—ho+za—€A§+za—éA§ (6)
p0.2) =0+ Y P Ae 1 ¥ P Ag 7)

o€ o€

where {=x, y, z, 0y, 0,.
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Substituting the Taylor expansion equations (6) and (7) into
Reynolds equations (2) and (3), the perturbation equations of
the journal and thrust bearings are obtained after arranging ac-
cording to displacement and velocity terms, respectively:

_ 2 0 P
2 0 9 (272, 9%
R( X) = S;,sm9+ <3h0c0s9 60) + o <3h0ws6 6Z>
R( V) —Sycost + Shgsmé’ 550 + g Shgsine%
) o oz
Kp) =0
R( 0, ) +8,Z; cosébri 313 Z;sing—2 6p0 E 3137 sing—> %o
e oz
7] 550 9 (3777 Py 0 27 Py
R £83Zising &= — | 3hyZic hyZ;
( 9‘> Syzising 20 ( 0s6 69) (3 cost) — =

X
R(p ) = —-28)sinf

R(f ) = —28),cos6

) 425, Z,sinf

'z
R(p
R<ﬁ9y> = F28,,Z;cosl

(3)

where
R(ﬁ() =5 <h(:;(;p.9() + (hg Cﬁ?)’ C = nya% <y 9x79y7x7y7 <y exa ey-

0 [ .-2-0p 0 3h —
R (79‘) =F— | 3hR Po 7isind | F— | — % 7isinf | £ S,R7;cos
R R 9 R 0

0 ap, 0 3h p _
R (79‘ ) =F— 3h0R O7.cos0 | F= —0 Po 7icos0 | S, R7;sinf
R R o éld

>

9)
where
R(7,) :ﬁ(% %) +2 (Rh3 fp<) ¢=0,x,y,z, 6., Qy,x',J;, z', 0;, 9;.

2.3.5 Flow continuity equation

The journal and thrust hydrostatic bearings of the spindle
adopt four rectangular oil recesses of equal depth uniformly
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distributed along the circumference, as shown in Fig. 3. An
orifice restrictor to compensate for bearing stiffness is ar-
ranged in the middle of the oil recess. Given that the flowrate
flowing into the oil recess through the orifice is Q;,, the
flowrate flowing out of the oil recess through the film land
around the oil recess is Q,,, For incompressible liquid, its
flow continuity equation is:

Qin = Qout (10)
nd® [20p
n = Q[ —— 10-1
0, =3\ [* (10-1)
g Ko Uh K dp oh
Q(ml*J‘ae 12 d dx—i—ja»(i +ﬁna>dz+AyE (10—2)

where & « is the flowrate coefficient (¢ =0.6—0.7x=0.6 —

0.7); d. d.. is the diameter of the orifice restrictor;Ap Ap is the
differential pressure flowing through the orifice restrictor; p p
is the oil density; A, A, is the recess area; ae represents the
axial edge of recess; ce represents the circumferential edge of
recess; and “+” represents the right and left edge of the cir-
cumferential edge of the recess.

12 >
2) can be rewritten in dimensionless form as:

O, =0\ 1-p (11)

_ 3 _ 30p 7

O = luh Lt + o[ =57+ 7 Lz 125, L abaz - (12)
oz o0 of

where § — 3\/— myd 3V2madin

Expand the f{l;ow continuity Egs. (11) and (12) as Taylor
expansion to solve for steady and transient pressures, as fol-
lows [25]:

= A0 30, Qm
— | 0 0
Qaut = Q((jut + ggut Af + qut A£ (14)

where {=x, y, z, 0y, 0,.

Steady-state and transient flowrate equilibrium equations
can be obtained according to the flow continuity principle as
follows:

_0 _0

Qin = Qaut
8@1’;1 _ 6@01” a@

oc o =a—2~‘”,§=x,y7z,9x,9y (15)
a@in

o¢
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Fig. 3 The unwrapped flow field 1)
of bearings X
ae filn land
recess [ | C€ recess 2 | ©€ recess 3 recess 4
— @) @) o) S o)
orifice
Uh/2 Uh/2
ae ‘ b

2.4 Dynamic characteristics of the spindle

Using the finite difference method (FDM) to solve the simul-
taneous Eqgs. (8,9, 10, 11, 12, 13, 14, and 15), the steady-state
pressure and transient pressure of journal bearings are pq(0, z),
P9, 2), and P (0, z), respectively, and that of the thrust bear-

ings are po (8, 7), peA0, r), and pgt(ﬁ, r), respectively.

2.4.1 Stiffness and damping coefficients

By integrating the transient pressure p(f,z) and pgj(ﬁ7 2)
along the radial and axial directions of the journal bearing,
the stiffness and damping coefficient matrices of the journal
bearing are obtained. Furthermore, the solution methods of the
left and right journal bearings are the same as follows [26, 27]:

xx kxy kxﬁx kxﬁv

k
va %yy kyo, Ky,

K. = B B
koo koy kjoo, kjoe,
%eyx %Hyy %/ 0,0 %/ 0,6,
cost
sinf _
- j]‘e.z Zj . Sln9 |:pr py/ pex/' pe)/ j| dedz, N
Z; - cost
= L,R (16)
Exx Exy Exex Exﬁy
C. = G Gy Go G,
Eexx Eexy E] 00« E/ Oy ey
Cox  Coy Cjoo, Cjo,6,
cost
sinf o 3
=f oz | 7 - sind [ pxypyypgxfpgvf] dfdz,c = L,R (17)
Z; - cost

where k; (i, j = x,, by, 6,) are the stiffness coefficients of
the journal bearing and ¢; (i, j = x,, 6, 6,) are the damping
coefficients of the journal bearing.

Similarly, the stiffness and damping coefficient matrices of
the thrust bearings in the dimensionless form are calculated as:

%zz %zé‘x kzé?,,
Kr= ko koo, ko,
ko koo, ko,
1
={] _| Rint P Poi Py |RaOdR (18)
R | Reosb
Cz Czp, Ezéy
—_ - T T
Cr= |3 ¢y 0.0,
M,z CiMyo,  CiM,0,
1
:_jj(m Rsinf [ﬁziﬁextﬁat}RdﬁdR (19)
1 R cosf

where k; (i, j = z,6x,6,) are the stiffness coefficients of the
thrust bearing and ¢;; (i, j=1z0b, Gy) are the damping coeffi-
cients of the thrust bearing.

2.4.2 Amplitude amplification factor

Without loss of generality, this paper assumes that the
coaxiality error of the left and right journal bearings of the
rotor is symmetric along the axis, as shown in Fig. 1(b).
Hence, the rotor motion trajectory is mainly represented as
the rotation motions around the x/y direction. For rigid rotors,
the dynamic characteristics and motion errors of the spindle
can be effectively evaluated by using the frequency-amplitude
response diagram. When the rotor is in the center position, the
equivalent spring and damping coefficients of oil film satisfy
the following relations:
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koo, = ko,0,, ko0, = ~ko,0,, co.0, = co,0,, k0,0, = ko0, =0 (20)

AAF is introduced to represent the ratio of the amplitude of
forced vibration to the static deformation of the rotor, and this
index can easily characterize the amplitude amplification char-

acteristics of the rotor at different speeds. According to

Rowe’s algorithm to calculate the AAF of two DOF rigid
rotors, the rotor dynamics equations can be simplified as fol-
lows [28]:

Ixéx + nggxéx + kgxgxex + kgxgyey = MJI:

Iyéy + ng@yéy + k9y9x9x + kgy‘gygy =M

. / (21)
x =Zechedr + e Che8n + D kg el + De kg gdr + Dok e8 + Tk g8
My, =3 ngng + X nggfL + X kgyng + X kéysﬁ + X kgygf + X kgygf
where M/ and M }f are the transient moments of oil film . ) )
along the x/y axis, respectively; {=x, y, z, Oy, 0,. X (t+ A0 =X(1) + X (0)At (25)
Then, the amplitude-frequency characteristic was obtained X(t+At) =X(t) + X (t + At)At

as follows:

0y [A% + B?
koo—r= 15— 22
9*6’M§ 2+ D? (22)

0, koo, 1

koo,— = —
ML koo \/CP 1 D

where w,, is the natural frequency, Wy = k“‘e‘ ; A is the fre-
quency ratio, A =-*; x is the damplng coefficient,
— e . and deﬁne other parameEers as A=1-\2

5 2%""&“ (1-02)~(2x ) + ("“‘) D=4\ \(1-\2).

(23)

2.4.3 Motion trajectory of the rotor

Rewrite Eq. (1) to obtain the rotor motion trajectory as:

X=— (Fe_(CRXR +C X+ CrX +KpXr+ K1 X, +KTX)>

M
(24)

The stiffness matrix, damping matrix, and external load
solved in the previous sections are substituted into Eq. (24)
to obtain the instantaneous acceleration of the rotor; then, the
velocity and displacement of the rotor are calculated by inte-
grating the acceleration. Furthermore, draw the displacement
diagram of the rotor axis, and use the envelope method to
work out the runout of the spindle. The general algorithms
for solving the above differential equations are the fourth-
order Runge-Kutta method or the Euler method. Since the
solution process of the Runge-Kutta method is complex and
has low efficiency, the Euler method with better convergence
and higher computational efficiency is adopted in this paper,
as follows [29, 30]:
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where At is the simulation time step, which is usually 107" s

3 Results and discussion
3.1 The simulation parameters

This section develops the simulation program with MATLAB
based on the preceding theory to verify the influence of rotor
coaxiality on the spindle runout and to study the variation rule
of rotor coaxiality, rotation speed, external load, oil film clear-
ance, and oil supply pressure on the spindle runout. The pa-
rameters of the journal and thrust bearings of the spindle are
summarized in Tables 1, 2, and 3, respectively.

Table 1 The specifications of the spindle

Parameter name Value
Rated speed (rpm) 3000
Max speed (rpm) 4800
Rated cutting force (V) 2000
Max cutting force (V) 4000
Rated power of the motor (kW) 3
Mass of rotor (m, kg) 15
Concentric pressure ratio (8 =2 p, ) [27] 0.58
Concentric power ratio at max speed (K},) [31] 2.5
Oil supply pressure (p,, MPa) 4

Oil viscosity (7, Pa's) 0.002
Oil supply temperature (°C) 20
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Table 2  Parameters of the journal bearing

Parameter name Value
Orifice restrictor diameter (d., mm) 0.5
Oil film thickness (C,, mm) 0.016
Diameter of the journal (D, mm) 90
Bearing axial length (Z;, mm) 90
Length/diameter ratio (L;/D) 1
Width of film land (Z,, mm) 9
Land-width ratio (Z,/L) 0.1
Inter-recess angle (6,°) 60
Inter-recess land-width ratio 0.33

3.2 Linearization verification

While the linearization method is employed to solve Eq. (24),
substitute the spindle stiffness coefficients and damping coef-
ficients acquired when the rotor is at the quasi-static position
into the above equation to solve the rotor acceleration. When
the rotor has a small oscillation around the equilibrium posi-
tion, the stiffness and damping coefficients of the spindle will
change with the shift of the rotor position. In this section, the
influence of the rotor displacement on the stiffness and
damping coefficients of the spindle is validated by computer
simulation.

Figure 4 shows that when the rotor eccentricity ratio is less
than 0.1, the stiffness coefficient and damping coefficient
change very little and have a linear relationship with the ec-
centricity ratio. Specifically, when the eccentricity ratio varies
from 0 to 0.1, the variation of damping coefficients is less than
2%, and the maximum change of stiffness coefficients is less
than 5%. The above simulation results indicate that when the
eccentricity ratio of the rotor is less than 0.1, the errors of the
stiffness and damping coefficient dealt with by linearization
are small, which can fully meet the requirements of engineer-
ing calculation [22].

Table 3  Parameters of the thrust bearing

Parameter name Value
Orifice restrictor diameter (mm) 0.7
Oil film thickness (C, mm) 0.016
Inner radius of thrust bearing (R1, mm) 48
Inner radius of the recess (R2, mm) 52
Outer radius of the recess (R3, mm) 58
Outer radius of thrust bearing (R4, mm) 62
Land-width ratio ((R2—R1)/(R4—R1)) 0.28
Inter-recess angle (6,,°) 60
Inter-recess land-width ratio 0.33

3.3 Coaxiality error versus runout

Dynamic oil film loads caused by rotor coaxiality error in-
clude the force along the x/y/z axis and the moment around
the x/y axis. If the rotor coaxiality error is symmetrical, the
force and torque variation trend along each axis is basically
the same. Without loss of generality, cutting torque M, and
angular displacement 6, around the x-axis are selected as ex-
amples to study the relationship between spindle runout and
oil film dynamic force and frequency-amplitude
characteristics.

According to the above simulation conditions, the moment
stiffness coefficients due to tilt motion and the moment
damping coefficients due to tilt motion are calculated as fol-

lows: koo, = koo, = 1.37 x 10’ (Nmlrad),
koo, = —ko,p, = 1.33 x 10°(Nm/rad),
co.0, = Co,0, = —9.04 x 10*(Nms/rad), kg, = kg0, = 0.

Substituting the above coefficients into Eq. (24), the natural
frequency and damping coefficients of the spindle are calcu-
lated as 2038 Hz and 45, respectively, and the corresponding
frequency-amplitude diagram of the spindle is obtained from
Eq. (24), as shown in Fig. 5(a). The figure shows that the AAF
of the system decreases rapidly with the increase of spindle
speed, which is determined by the large damping characteris-
tic of the system.

Figure 5(b) shows that the torque M, formed by the oil film
force presents periodic changes, and its change frequency is
the same as that of the spindle rotation; i.e., a simple harmonic
excitation force caused by rotor coaxiality exerts on the rotor.
The simulation results show that |M,|,,.. increases linearly
with the rise of coaxiality because the stiffness and damping
coefficients of the spindle are approximately constant while
the rotor movement is near the quasi-static position.

Figure 5(c) shows the three-dimensional motion trajectory
diagram of the rotor and also depicts that the principal move-
ment of the rotor is the rotation motion around the x/y axis,
while the displacement of the center point of the rotor along
the x/y/z axis is 0. Because the coaxiality error of the rotor is
assumed to be distributed symmetrically along the rotor axis,
the resultant oil film force acting on the rotor is 0 along the x/y/
z axis, and the torque around the x/y axis causes the rotor to
wobble. A section perpendicular to the rotor axis at z equals
100 mm is taken as the measured plane to evaluate the radial
runout of the spindle, as shown in Fig. 5(d). The figure shows
that the rotor trajectories corresponding to different coaxiality
errors are perfect circles, and the radius of the rotor motion
orbit increases with the rise of coaxiality. Further, in Fig. 5(e),
the relationship between spindle runout and coaxiality is
drawn directly with eccentricity e, as the abscisic and spindle
runout as the ordinate, and the results show that the relation-
ship between the two is linear amplification. The reason for
the above phenomenon is that when the spindle speed is
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coefficients due to translation, (b) moment stiffness coefficients due to

constant, its AAF remains unchanged, while the dynamic
force of the oil film increases linearly with the growth of
coaxiality.

3.4 Rotational speed versus runout

Figure 6(a) and 6(b) show that with the increase of the spindle
speed, the stiffness coefficients k(wy, k()y(;x rise due to the
enhanced wedging effect of the oil film in the filmland; how-
ever, the other stiffness and damping coefficients basically
remain constant. Meanwhile, Fig. 6(a) and (b) show that
ko.a,, ko, increase in proportion to the spindle speed and
meet the following condition: kg s, = —kg,. According to
the stiffness and damping coefficients shown in Fig. 6(a)
and 6(b), the natural frequency and the damping coefficient
are, respectively, 2038 Hz and 45 solved from Eq. (23).
Besides, as the stiffness coefficients kg,g,, kg 9, vary with
the spindle speed, the frequency-amplitude characteristics at
different spindle speeds can be calculated by Eq. (23), as
shown in Fig. 6(c). The above figure shows that the
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amplitudes of the system generally decrease with the increase
of the frequency ratio A. Furthermore, when A is near 0, the
AAF declines with the growth of spindle speed; when A is
higher than 0.01, the AAF is little affected by the spindle
speed.

Figure 6(f) shows the dynamic oil film torque |M,],,,. corre-
sponding to different spindle speeds, which changes periodical-
ly at the same frequency with the spindle speed and increases
significantly with the growth of the spindle speed. Figure 6(g)
represents the rotor’s operation trajectory diagram on the mea-
sured plane at different spindle speeds, and the motion trajec-
tories are all approximately perfectly circular because the
coaxiality distribution of the rotor is assumed to be symmetric.
Assuming that the spindle speed is the abscissa and the runout
is the ordinate, draw the relationship between the spindle speed
and the runout in Fig. 6(h). The figure shows that when the
spindle speed is low, the runout rises faster with the increase of
the spindle speed, but when the spindle speed is higher than
3000 rpm [32], the increase rate of the runout slows down.
Further, across the operating speed range, the runout change
is less than 0.01 um. Combined with Fig. 6(e) and 6(f), it can be
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found that the dynamic force of the oil film acting on the rotor
increases significantly with the increase of spindle speed, but
the AAF of the system decreases with the growth of spindle
speed. Therefore, the spindle runout is less affected by the
change of spindle speed on the whole.

3.5 Cutting force versus runout

Figure 7(a, b, ¢, d, e, f, g, and h) show the relationship between
the dynamic characteristics of the spindle and the cutting load.
Among them, force stiffness coefficients due to translation,
moment stiffness coefficients due to tilt motion, force
damping coefficients due to translation, and moment damping
coefficients due to tilt motion shown in Fig. 7(a), 7(d), 7(e),
and 7(h) vary slightly with the change of cutting load.
Therefore, the natural frequency and damping ratio of the
spindle change little with the cutting load, and the spindle still
has a large damping property. On the other hand, Fig. 7(b),
7(c), 7(f), and 7(g) illustrates that force stiffness coefficients
due to tilt motion, moment stiffness coefficients due to trans-
lation, force damping coefficients due to tilt motion, and

moment damping coefficients due to translation increase sig-
nificantly with the growth of cutting load due to the rise of the
rotor’s eccentricity. According to the spindle dynamic charac-
teristic parameters shown in Fig. 7(a, b, ¢, d, ¢, f, g, and h),
calculate the frequency-amplitude diagram of the spindle un-
der different cutting loads shown in Fig. 7(i). Due to the large
damping characteristic of the system, the AAF in the above
figure decreases rapidly with the increase of frequency ratio A,
and different cutting loads have little influence on the AAF of
the system.

In Fig. 7(j), the dynamic oil film torque |M,],,,, under dif-
ferent loads presents periodic changes and is at the same fre-
quency as the spindle speed. Also, force stiffness coefficients
due to tilt motion, moment stiffness coefficients due to trans-
lation, force damping coefficients due to tilt motion, and mo-
ment damping coefficients due to translation increase by
skew-symmetric tendency with the rise of the cutting load.
Hence, the cutting load only changes the quasi-static working
position of the rotor, and it has little influence on the ampli-
tude of |M,|,.ax, as shown in the local magnification image of
Fig. 7(j).
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<« Fig. 6 Rotational speed versus runout (e, = 0.3pum, F= 0N, h=0.016mm,
ps=4MP,). a Moment stiffness coefficients due to tilt motion, b moment
damping coefficients due to tilt motion, ¢ frequency-amplitude diagram,
d moment around x-axis caused by oil film, e rotor trajectory on the
measured plane, and f relationship between the rotary speed and the
runout
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The above simulation results show that the dynamic force
of oil film and the AAF are little affected by the cutting load,
so the spindle runout is almost not affected by the change of
cutting load. Figure 7(k) shows that as the cutting load in-
creases, the quasi-static equilibrium position of the rotor grad-
ually shifts away from the center of the spindle, and the tra-
jectory of the rotor under different loads is a perfect circle.
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Fig. 7 (continued)

Further, assuming that the cutting force is the abscissa and the
runout is the ordinate, the relationship between the cutting
load and the spindle runout is shown in Fig. 7(1). The curve
indicates that the spindle runout caused by the change of cut-
ting load is less than 0.001 pm.

3.6 Oil supply pressure versus runout
In the hydrostatic bearing compensated by the orifice

restrictor, changing the oil supply pressure can obtain the dif-
ferent spindle dynamic characteristics, as shown in Fig. 8(a, b,

@ Springer

Main Cutting Force(N)

¢, and d). When the oil supply pressure increases from 2MP,,
to 4MP,, the principal stiffness coefficients &, k. kq,4,, and
koo, decrease by about 10%, while the principal damping
coefficients ¢y, ¢y, cg.0,, and <o, decrease by about 60%.
According to the stiffness and damping coefficients deter-
mined in Fig. 8(b) and 8(d), the frequency-amplitude diagram
of the spindle under different oil supply pressures can be ob-
tained from Eq. (23), as shown in Fig. 8(e). This figure shows
that due to the high damping characteristics of the spindle, the
overall AAF decreases rapidly with the growth of frequency
ratio. On the other hand, increasing the oil supply pressure will
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cause the damping of the system to drop, so the AAF corre-
sponding to high oil supply pressure at the same frequency
ratio will increase slightly.

Figure 8(f) and its partial enlarged detail show that the
dynamic oil film torque |M,],,... is less affected by the changes
of oil supply pressure because the stiffness and damping co-
efficients of the spindle change in the opposite direction with
the increase of oil supply pressure. Hence, the resultant torque
acting on the rotor decreases slightly with the increase of oil
supply pressure.

Since the oil supply pressure has little influence on the
AAF and the dynamic torque of oil film, it has little effect
on the spindle runout. The simulation results in Fig. 8(g) and
8(h) illustrate that when the oil supply pressure varies between
2 MP, and 4MP,, the spindle runout trajectories are close to a
perfect circle, and the variation of the spindle runout is only
0.001 pm.

3.7 Oil film clearance versus runout

Figure 9(a, b, ¢, and d) shows the relationship between the oil
film clearance and the dynamic performance of the spindle.
Figure 9(b) explains that the moment stiffness coefficients
ko.p, and ky g, start to increase as the oil film clearance in-
creases at the beginning; when / increases to 0.015 mm, kg,
and kgygy start to decrease after they cross the inflection point.
Besides, moment damping coefTicients cy,9, and cy g, are on a
sustained downward trend as the oil film clearance is increas-
ing, and ¢y, and ¢y g, decrease by about 50% when the oil
film clearance increased from 0.012 to 0.02 mm. Combined
with the cross stiffness coefficients ratio nggy /ko0, of the
system, the relationship between the AAF and the oil film
clearance can be solved from Eq. (23), as shown in Fig.
9(e). The above figure shows that with the increase of the oil
film clearance, the damping coefficients of the system de-
creases gradually, which makes the AAF corresponding to
the high oil film clearance slightly increase at the same fre-
quency ratio.

Figure 9(f) shows that as the oil film clearance increases
from 0.012 to 0.02 mm, the dynamic oil film torque |M,],ux
also rises from 0.01 to 0.014 Nm. The comparison between
Fig. 9(e) and Fig. 9(f) shows that the dynamic oil film torque
and the AAF both increase with the rise of the oil film clear-
ance and implies that the runout of the spindle will increase
with the growth of the oil film clearance. The simulation re-
sults in Fig. 9(g) verify the above inference and show that the
rotor running trajectory corresponding to different oil film
thicknesses is approximately perfectly circular. Figure 9(h)
shows that when the oil film clearance increases from 0.012
to 0.02 mm, the runout of the spindle rises from 0.21 m to
0.275 pm linearly.

4 Conclusions

The results show that when the rotor coaxiality error is coupled
with the operating parameters of the spindle, the spindle speed,
cutting force, and oil supply pressure are non-sensitive factors,
while the oil film clearance is a sensitive factor in the hydro-
static spindle with mid-thrust bearing layout. The conclusion
not only provides a guidance for the selection of operating
parameters for the spindle accuracy design but also puts for-
ward the corresponding manufacturing requirements for the
geometric tolerances of the key components of the spindle.
The main conclusions obtained are listed below:

(1) When the rotor oscillates slightly near the quasi-static
position, the variation range of stiffness and damping
coefficients are less than 5%, which means that the line-
arization can meet the requirements of engineering accu-
racy of rotor dynamics and trajectory analysis.

(2) When the rotor speed is far below the critical stability
speed, the five degree-of-freedom hydrostatic spindle
has the characteristics of large damping, and the ampli-
tude amplification factor of the spindle rapidly decreases
with the increase of the spindle speed.

(3) When the ratio of coaxiality to oil film thickness is less
than 0.1, the dynamic oil film force and spindle runout
caused by coaxiality are proportional to coaxiality error.

(4) The amplitude amplification factor is slightly affected by
the variation of the oil film clearance; on the other hand,
the dynamic force of the oil film increases significantly
with the growth of the oil film clearance. Thus, the spin-
dle runout develops obviously with the increase of the oil
film clearance.

(5) Although the changes of rotor speed, external load, and
oil supply pressure have distinct influences on the spin-
dle’s stiffness and damping coefficients, these factors
have little effect on the spindle runout taking the varia-
tion trend of stiffness and damping into account

comprehensively.
Appendix
Nomenclature
A, Recess area
Co Design oil film thickness of the journal and
thrust bearing
Cp, Cg, Cr Damping matrices of left journal bearing,

right journal bearing, and thrust bearing

Cij, Cij Damping coefficients and their
dimensionless form (7, j =x, y, z, 0., 0,)
d. Diameter of orifice restrictor
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D Diameter of journal bearing X Damping coefficient
ey Cp Are the rotor coaxiality error and its 1 Dimensionless orifice restrictor coefficient
dimensionless form w Rotary speed of spindle
F.F, F, M, Cutting force and cutting moment Wy Natural frequency
M, p Density of oil
g The acceleration of gravity n Viscosity of oil
hh Oil film thickness and its dimensionless 0 Dimensionless circumferential direction
form Ap Pressure difference of orifice restrictor
hj, hy The oil film thicknesses of the journal and ~ A¢ The simulation time step
thrust bearings Ax, Ay, Az, 0., The displacement of spindle rotor and their
Hy Friction power (Hy=n(mDL —0.75A,)/Cy) 0,,A%,Ay,A7  dimensionless form
H, Pumping power (H, = p,q) & X, ¥, 2, 0y, 0,
L. 1, The mass moments of inertia of the spindle C
rotor C Oaxay7 0X9y5x7yaz7 6x7€y
K;, Kp, Ky Stiffness matrices of left journal bearing, S L R
rlghtjoumal beanng,.and thrust bearing Authors’ contributions CF and DH conceived of the presented idea. CF
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L, The width of axial land Declarations
m The mass of rotor
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along x/y axis * They have no known competing interests that could have appeared to
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p.p p * All authors give their permission to participate and publish.
form * No ethical approval is needed for this research.
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