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Abstract: Chatter causes great damage to the machining process, and the selection of appropriate
process parameters through chatter stability analysis is of great significance for achieving chatter-free
machining. This article proposes a milling stability analysis method based on the barycentric rational
interpolation differential quadrature method (DQM). The dynamics of the milling process considering
the regeneration effect is first modelled as a time-delay differential equation (DDE). When adjacent
pitch angles of the milling cutter are symmetric, the milling dynamic equation contains a single
time delay. Otherwise, when adjacent pitch angles are asymmetric, the dynamic equation contains
multiple time delays. The barycentric rational interpolation DQM is then used to approximate the
differential and delay terms of the milling dynamics equation, and to construct a state transition
matrix between adjacent milling periods. Finally, the chatter stability lobe diagram (SLD) is obtained
based on the Floquet theory. According to the SLD, the appropriate spindle speed can be selected
to obtain the maximum stable axial depth of cutting, thereby effectively improving the material
removal rate. The accuracy and efficiency of the proposed method have been validated by two
widely used milling models, and the results show that the proposed method has good accuracy and
computational efficiency.

Keywords: chatter stability analysis; milling; regeneration effect; barycentric rational interpolation;
differential quadrature method; stability lobe diagram; Floquet theory

1. Introduction

Milling is a common machining process, which is widely used in the field of aerospace
and other high-end equipment manufacturing because it can achieve high-precision ma-
chining of complex surfaces. However, the appearance of chatter on machine tools is
disastrous [1]. The chatter during the milling process seriously affects the stability of the
machining process, thereby reducing the surface quality of the workpiece and shortening
the service life of the tool. Therefore, achieving chatter-free milling has become one of the
major concerns. Researches have shown that the selection of process parameters has a
significant effect on the chatter stability of the milling process, and optimizing the process
parameters to achieve chatter-free machining is a simple and effective strategy.

The SLD reveals the chatter stability limits under different process parameters, which
can be utilized to optimize the process parameters effectively. Various methods have been
proposed to construct the chatter SLD. The chatter stability limits under real working con-
ditions can be obtained by performing cutting experiments. However, experimental-based
methods [2-4] require extensive cutting experiments when constructing the SLD, which
inevitably lead to significant time and economic costs. Therefore, it is necessary to seek
some low-cost stability prediction methods. In the milling process, the regenerative effect
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had been reported as the main reason for chatter [1]. The milling process considering the
regenerative effect is generally formulated as a DDE. Many stability analysis methods have
been generated based on the DDE of the milling process. The time-domain simulation
methods [5-8] can fully consider the nonlinear phenomena of the machining process and
provide important parameters such as the cutting force and the vibration displacement
while analyzing the stability of the milling process. However, the time-domain simulation
still entails significant computational costs. To compensate for these shortcomings, many
methods based on dynamic analysis have been proposed. Based on the frequency-domain
stability theory, the single-frequency solution [9] and multi-frequency solution [10,11]
methods were proposed by Altintas and Budak. According to the characteristics of the
intermittent cutting during the milling process, Bayly et al. [12] divided the vibration state
of the cutting tool into free vibration and forced vibration, and proposed a temporal finite
element analysis (TFEA) method for predicting the stability of the milling process. Subse-
quently, Mann et al. [13] used the TFEA method to simultaneously obtain the stability of the
milling process and the surface location error of the workpiece. Insperger et al. [14-16] put
forward the semi-discretization method (SDM) to study the delayed system and obtained
the SLD of the milling process based on the SDM. The SDM and TFEA were based on the
differential equation theory and the variational method, respectively [17] and their main
idea was first to approximate the infinite-dimensional delay system to a finite-dimensional
one, then construct a transition matrix between adjacent periods, and finally apply the
Floquet theory to determine the stability of the system. Similarly, Ding et al. developed
the full-discretization method (FDM) [18] based on the direct integration scheme, and
adopted the FDM to study the stability of milling processes. Butcher et al. introduced the
Chebyshev polynomial method [19] and the Chebyshev collocation method [20] for milling
stability analysis. Lin et al. [21] established a generalized regression neural network model
to predict the limiting axial cutting depth of the milling process.

Based on the numerical solution technique of integral equations, Ding et al. [22]
developed the numerical integration method for analyzing the chatter stability of the
milling process. Within the framework of numerical integration, various other methods
have also been derived. On the basis of Runge-Kutta methods, Niu et al. [23] proposed the
classical fourth-order Runge-Kutta method and the generalized Runge-Kutta method to
predict the stability of the milling process. Starting from the perspective of the initial value
solution of the differential equations, Zhang et al. [24] derived a chatter stability prediction
method based on the Simpson method. Mei et al. [25] developed a cutting chatter stability
prediction method based on the linear multistep method. Later, Mei et al. [26] proposed an
adaptive variable-step numerical integration method, and used it to construct the SLD of
the milling process with multiple delays. Yang et al. [27] proposed a five-point Gaussian
quadrature-based chatter prediction method of milling processes together with a transition
matrix reduction scheme to improve the computational accuracy and efficiency.

As far as the solution of milling dynamics equations is concerned, in addition to
numerical integration strategies, numerical differentiation techniques can also be used for
milling stability analysis. Zhang et al. [28] proposed a stability prediction method based on
the finite difference method and extrapolation method. Ding et al. [29] studied the stability
of the milling process using the DQM. The DQM is essentially a numerical differentiation
technique that approximates the derivatives at the nodes by a linear combination of function
values at the nodes. Since its proposal by Bellman R. et al. [30,31], the DQM has been
widely used to solve differential equations due to its advantages of simple concepts and
low computational complexity. However, the classical DQM also has its shortcomings. For
instance, it is sensitive to the distribution of discrete nodes, and is prone to generating an
ill-conditioned coefficient matrix when the number of discrete nodes is large. To address
these issues, Zong Z. et al. [32] introduced the localized differential quadrature method
(LDQM) and successfully applied it to the problem of two-dimensional wave equations.
Mei et al. [33] derived a chatter stability analysis method based on the LDQM. In their
works, the derivative of the state vector in the milling dynamics equation is represented as
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the weighted sum of state vector values at local nodes, which can generate a sparse weight
matrix and improve the stability of numerical calculations. However, when there are too
many local nodes, unstable results can still be generated.

Based on the above review, commonly used milling stability analysis methods can be
classified and are listed in Table 1.

Table 1. The most commonly used milling stability analysis methods.

Stability Analysis Methods References
Experimental-based methods [2—-4]
Time-domain simulation methods [5-8]
Dynamic analysis methods [9-16,18-20,22-29,33]

From Table 1, it can be seen that the number of studies based on dynamic analysis
methods is the highest, indicating that such methods have good application prospects.

From the perspective of numerical analysis, the shortcomings of the classical DOM
stem from its construction process of polynomial interpolation. It is well known that ratio-
nal interpolation sometimes gives better approximations than polynomial interpolation,
especially for large sequences of points. Floater and Hormann [34] proposed a family of
barycentric rational interpolants that have no real poles and arbitrarily high approxima-
tion orders on any real interval, regardless of the distribution of the points. Inspired by
their works, this article derives a milling chatter stability analysis method based on the
barycentric rational interpolation DQM. The novelty of this work lies in the use of the
barycentric rational interpolation to approximate the vibration response function in one
cutting cycle and the construction of a DQM based on the barycentric rational interpolation
by differentiating the interpolation function. The use of the barycentric rational interpola-
tion DQM to process the milling dynamic equation effectively improves the shortcomings
of the classical DQM in producing an ill-conditioned weight coefficient matrix when there
is a large number of discrete nodes.

This paper is organized as follows: in Section 2, the dynamics model of the milling
process is outlined, taking into account the regeneration effect. In Section 3, a chatter
stability analysis method based on the barycentric rational interpolation DQM is presented.
In Section 4, the effectiveness of the proposed method is verified, and the verification results
are discussed. Finally, conclusions are derived in Section 5.

2. Dynamics Model of the Milling Process

The milling process considering the regeneration effect is usually modeled by a
DDE [9,27], which can be written as follows:

My(#) + Cy(t) + Ky(t) = £(t) 1)

where M, C and K are the mass, damping and stiffness matrices of the milling system, re-
spectively. y(t) = [x(t) y(t)] Tand £(t) = [Fe(t)  Fy(t)] " are the vibration displacement
vector and milling force vector, respectively. The calculation of the milling force usually
depends on different milling force models. Figure 1 shows a two-degree-of-freedom (DOF)
flexible tool rigid workpiece milling model. In Figure 1, ¢;(t,z) is the angular position of
the cutting edge on the tooth (j) with a height z, ¢; is the pitch angle between the tooth
(j — 1) and the tooth (j), B is the helix angle of the milling cutter, z, ; and z; ; are the upper
and lower bounds of the cutting edge participating in cutting on the tooth (j), @s; and @ex
are the start and exit angles of the tooth, ¢y, (z) is the lag angle of the cutting edge at height
z and ¢s is the tooth sweep angle.
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Figure 1. Schematic of two-DOF milling model, (a) schematic of the milling model; (b) A-A direction
view; (c) distribution of the cutter teeth; (d) the lag angle and tooth sweep angle.

According to the geometric relationship described in Figure 1, ¢,,(z) and ¢;(t,z) can
be calculated through the following formula:

2tan 8
Prag(z) = 3 ? ()
where D is the diameter of the milling cutter.
21Q)
@j(t,z) = ¢;(0,0) + 0 b= Prag(z) 3)

where ¢;(0,0) is the angular position of the tooth (j) at the initial time and Q) is the
spindle speed.

The cutting force arises from the chip formation process, which consists of two parts:
static thickness formed by the feed motion and dynamic thickness formed by the relative
motion between the tool and the workpiece. These two parts of chip thickness form the
static cutting force and dynamic cutting force, respectively. Therefore, the milling force f
can be expressed as follows:

f(t) = fc(t) +£4(t) 4)

where f. is the static component of the milling force, and £; is the dynamic component
of the milling force. Since the stability of the cutting process is influenced only by the
dynamic component of the cutting force [35], the static component of the cutting force will
be omitted in the subsequent analysis process. Based on the linear cutting force model [36],
the milling force vector can be calculated as follows:

N
f(t) =) Hj(t)- [y(t) —y(t—T))] (5)
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Equation (5) is a multiple-time-delay dynamic milling force calculation model. In
Equation (5), N is the number of teeth, T; is the time delay of the tooth (j), y(t— T]) is
the vibration displacement vector of the previous tooth-passing period of the tooth (j)
and H;(t) is the dynamic milling force coefficient matrix corresponding to the tooth (j).
Due to the periodic characteristics of the milling process, H;(t) satisfies the relationship of
H;(t) = H;(t + T), where T is the spindle period. H;(t) can be written as follows:

) _ hxx,'(t) hx,'(t)
Hf“)‘[hyx}(t) hyi,ﬁ-(t)} €

where

By, i(t) = (—Kicos ¢;(t,z) cos ¢;(t,z) — Ky sin ¢;(t,z) cos ¢;(t,2)) - dz
)
hysi(t) = [ (+Kisin@;(t,z) sin @;j(t, z) — Ky cos @;(t, z) sin @;(t, 2)) - dz
z(t)
Zu,]'(t)
hyyi(t) = [ (+Kising;(t z) cos ¢;(t,z) — Ky cos ¢;(t,z) cos ¢;(t,2)) - dz
z1,;(t)

In Equation (7) K; and K, are the tangential and radial cutting force coefficients,
respectively, and can be determined through cutting experiments.

The stability analysis of the milling process is usually conducted in the state space. We
can substitute Equation (5) into Equation (1) and transform the governing equation of the
milling process into the state space form.

N

x(t) = Ax(t) + Y Bj(t) [x(t) —x(t — Tj)] (8)

j=1

where x(t) = [y(t) y(t)] " is the state vector and A and B;(t) can be expressed as

A= {—MolK —MIlc]
B0 [y ) o

Since H;(t) = H;(t + T), it can be inferred that B;(t) = B;(t + T). Hence, Equation (8)
represents a linear periodic system with time-delay terms. It is worth noting that when
adjacent pitch angles are symmetric, the values of T; (j =1,2,---, N) are the same and
the system degenerates into a single-time-delay system. Otherwise, the system is a multiple-
time-delay system. According to the Floquet theory, the linear periodic system is stable if
and only if the spectral radius of its Floquet transition matrix is less than one.

©)

3. Algorithm Derivation
3.1. DQM Based on the Barycentric Rational Interpolation

In the mathematical field of numerical analysis, interpolation is a type of estimation,
a method of constructing new data points based on the range of a discrete set of known
data points. In engineering and science, polynomials are very often used for interpolation
because of their straightforward mathematical properties [37]. The most commonly used
methods for constructing interpolation polynomials include Lagrange interpolation and
Newton interpolation.
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3.1.1. Polynomial Interpolation and the Barycentric Formula

According to polynomial interpolation theory, if (xo, f(x0)), (x1, f(x1)) - -, (Xn, f(x2))
are n + 1 points in the plane with distinct x;, then there exists one unique polynomial p
of degree n or less that satisfies p(x;) = f(x;) fori =0, - - ,n. According to the Lagrange
interpolation, p(x) can be expressed as follows:

px) = Y. 1(x) £ () (10)

where .
o pepi(x — xk)

li(x) = (11)
1 HZ:O,k;éi(xi — Xi)
and the Lagrange interpolation basis function /; has the following property:
1, k=i .
li(xe) = { 0, otherwise ki=0,---n (12)

The formula described in Equation (10) is often referred to as the classical form of
Lagrange interpolation. Some improvements can be made to Equation (10) to improve
the characteristics of the classical Lagrange interpolation. By defining the barycentric
weight w;,

1 .
Wi:Hkyéi(xi_xk), PO (13
Equation (10) can finally be expressed in the following form [38]:
n
Y f(xi)
p(x) = z:oniw (14)
&

The formula described in Equation (14) is called the second (true) form of the barycen-
tric interpolation formula. The use of the barycentric formula can effectively reduce the
computational complexity of classical Lagrange interpolation and improve numerical stability.

3.1.2. Barycentric Rational Interpolation and Its Differentiation

The interpolation formula proposed by Floater and Hormann [34] can be expressed
as follows:

n—d
L Ai(x)pi(x)
= (15)

r(x) =

where d is any integer with 0 < d < n, and for eachi =0, --- ,n —d, p;(x) is the unique
polynomial that interpolates f(x) at points x;, ..., x;, 4. The blending function A; is defined
as follows:

(=1)
Ai(x) = (16)
) ) )
By introducing a new barycentric weight w;, Equation (15) can be written as the
following barycentric form:

.io e f (%))
r(x) =——— (17)
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where the barycentric weight w; is expressed as follows:
Litd 1
wi =Y (1) 18
=L I (18)
i€]j k=ik#j ]

where J; is an index set that satisfies Jj:={i€ [:j—d <i<j}and [:={0,1,--- ,n —d}.

The barycentric rational interpolation formula represented by Equation (17) can be
used to evaluate the derivatives of r(x) based on the formulas proposed by Schneider and
Werner [39]. Equation (17) can be further written as follows:

r(x) =Y q;(x) f(x)) (19)
j=0
where w;
gi(x) = 5 (20)
y,
k=0 X—Xj

Taking differentiation with respect to x on both sides of Equation (19) and substituting
x = x; the following equation can be obtained:

F(x) = ioq;(x» f(x) 1)
L

Equation (21) provides a DOM based on the barycentric rational interpolation. By
letting A;; = ¢q' j(xi), the differentiation of r(x) at point x;(i = 0,- - - , 1) can be expressed in
the following matrix form:

T:(xo) A Aot -+ Ao [f(x0)
r (:961) _ A:w A:11 : A:1n f(fﬁ) )
7/(;‘71) Aw An o Am (;Cn)
where A;; can be calculated using the following formula:
T i
Ajj = i z;,:f;,l] =i (23)
k=0,k#i

3.2. Stability Analysis of the Milling Process Based on the Barycentric Rational
Interpolation DQM

According to the Floquet theory, when conducting stability analysis of the milling
process, it is necessary to first construct the Floquet transition matrix between adjacent
milling periods. To construct the transition matrix, one spindle period [0, T] is discretized
into m small pieces using m + 1 different time nodes first. The discrete time node can be
written as t;(i = 0,1, - - - ,m). Similarly, the previous spindle period [—T, 0] is discretized
into m pieces using the same set of discrete points, and the discrete nodes are represented
ast;_p(i=0,1,---,m). Then, the state Equation (8) at time node t;(i = 0,1,--- ,m) can be
expressed as follows:

N N
)'((i'i) = (A + Z B](tl)> 'X(ti) — Z B](fl) -X(tl’ — T]) (24)

j=1 j=1
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For the convenience of description, let x; denote x(¢;), x;_t denote x(¢t; — T), XiT,

denote x(ti — T]) and B;; denote B ]-(tl-), the state Equation (8) at all the discrete time nodes
can be expressed as follows:

N
A+ Y Bj,O
) =1
X0 N X0
X1 A+ ) Bj; X1
= =1 :
X Xm
N
A+ Y B, (25)
L =1 |
Bj,O XO—T]'
N Bj,l Xl—T/
-
=1
Bj,m Xm—T;

According to the DOM provided by Equation (21), the derivative of the state vector on
the left side of Equation (25) can be expressed as follows:

>:<0 Woo Wor -+ Won | [X0

X1 Wi Wi - Wy | |1 X

L= . . . . (26)
)'(m Wiwo Wi -+ Wy Xm

where Wy,(p,q =0,1,- -+ ,m) is the corresponding weighted coefficient and can be calcu-
lated according to Equation (23).

Next, the state vector x(t; — T;) can be represented by a linear combination of the
value of x(t;)(i = 0,1,--- ,m) or x(t;_r)(i = 0,1,--- ,m) based on the location of t; — T;.
According to the position of the time node ¢; and the length of the delay term Tj, four
different situations about the location of the time node #; — T; in adjacent spindle periods
are shown in Figure 2.

In Figure 2a, the time node t; — T; belongs to [—~T,0] and does not coincide with
discrete nodes ty_r(k = 0,1, - - - ,m); in Figure 2b, the time node t; — T; belongs to [—T,0]
and coincides with a certain discrete node t;_r(k =0,1,---,m); in Figure 2¢, the time
node t; — T; belongs to [0, T| and does not coincide with discrete nodes t(k = 0,1, - - - ,m);
in Figure 2d, the time node t; — T; belongs to [0, T] and coincides a certain discrete node
fr(k=10,1,--- ,m). The calculation of state vector x(ti — T]) needs to be carried out accord-
ing to the four different situations shown in Figure 2. If the time node ¢; — Tj is located at the
position described in Figure 2a or Figure 2¢, the state vector x(t; — T]) can be interpolated
using the barycentric rational interpolation formula given in Equation (19). If the time
node t; — Tj is located at the position described in Figure 2b or Figure 2d, the state vector
x(t; — Tj) is directly equal to the function value of the discrete point x(;_t) or x(t;). Based
on the above analysis, the value of x(t; — T]) can be expressed as follows:

lgo q(ti — Tj) -x(t;_7) situation(a)

x(t; —Tj) = Xrgfka) situation(b) -
L a,(ti=T)) x(ty)  situation(c)
x(t) situation(d)
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X t(»)
X (l, -T, ) x(t )
\//./0—1»\‘\‘\‘\‘ f X(tm)
(a) x(tu-r) T R
t— T,
L 1 1 1 ‘/I 1 1 1 1 1 1 1 |
lor Lr Loy N A fin L t,
- , A , -
[-T,0] [0,7]
x(1,)
X(tr_z’)/.//_<>\‘\‘\‘\x(f‘) X(t )
(b) X(ty7) P # T R
‘\0/./‘[’ - T/ i
L 1 1 / 1 1 1 1 1 1 1 1 |
lor bir et N I Tin 4 i,
1 | A M
[-T,0] [0,7]
X ‘L.-\.-ﬂ ‘/x(ll - T/ )
x(1) .
©) L
X(ZO—T) T/
‘[1 7 >
L 1 1 1 1 1 1 1 1 /I 1 1 |
lor bir st N I tin L f,
- , . , =
[-T,0] [0,7]
X tﬂ) x(lth,)
S x(1,)
(d) T )
X(to.7) < T N
t— T,
L 1 1 1 1 1 1 1 / 1 1 1 |
lor br st l A lin L L,
- , . , -
[-T,0] [0,7]

Figure 2. Different locations of the time node t; — Tj. (a) t; = T; € [=T,0] and t; = T; # t;_7;
) ti—Tj € [-T,0land t; = Tj = t_1; () t; = T; € [0, T] and t; — T # 4; (d) t; — Tj € [0, T] and

ti—Tj =ty
Equation (27) can also be expressed in the form of vector multiplication as
shown below.
T . .
[ Qi-1; i-1; 7 Dmi-T }[ Xo-T X1-T *** Xp-T ] situation(a)
T
0 0 |- T - T e - situation(b
X1, = [ ] [ Xo-T Xk—T Xin TT] (b) (28)
[ Q,i-1; -1, 7 Dmi-T }[ X0 X1 ot Xm situation(c)
T
[ 0 ][ Xo o Xp e Xm } situation(d)

For one specific time delay Tj, the position of ¢; — T; will have two situations as the
index i increases: t; — T; < O or {; — T; > 0. Assuming that a certain index s satisfies
ts —T; < 0and ts11 — T; > 0, we have the following expression:
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X0-T; Qo,0-1; d10-T; Auo-1; | [ xo-T ]
Xs—T; — | Qos-1 us-T; Qs T, Xs—T
Xs+1-T; 0 0 0 Xs+1-T
Xmn—T; 0 0 0 L Xm—-T J
- oL 15 (29)
0 0 0 X)
. 0 0 0 xe
Qos+1-1, dus+1-T; A,s+1-T; Xst1
L Yom—T; Q1,m-T; D, m—T; L Xm

Substituting Equations (26) and (29) into Equation (25) and carrying out a simple
transformation yields the following expressions:

Woo
Wio

Wino

Itz

Wou
Wi

wml

B,

N

) A+ Y Bjg
Wom X0 =1
Wim X1
Winm L Xm
[ q0,0—T/ q],O—T/
Qos-1;  915-T;
0 0
Bjm |
L 0
[ 0
0 0
Qos+1-1;  d15+1-T
Bj,m
L qO,m—T/ q],m—T,-

N
A+ ) Bj;
j=1

qm,O— T/

Dn,s+1-T;

qm,m— T;

X0

X1

Xm

(30)
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Letting
[ Woo Wor - Woy Bjo
Wi Wi - Wy, Bj1
W= Ty =
L me wml e wmm Bj,m
T T
Xr=1|x x - xu |, Xer=| Xo-T X1-T ** Xp_T
. N -
A+ )Y Bjp
=1
N
A+ Y B,
T. = =1
(31)
N
A+ 7Y B,
L =1
doo-1; d1o-1;, " Amo-T; 0 0 e 0
. 0 0 .0
T, = Qos-1;  15-T; Ans—T; Tg,; =
0 0 e 0 Qs+1-1;,  Ds+1-7  ~°° Dms+1-T
L 0 0 ce 0 i L qO,m—T/' ql,m—T/ e qm,m—T/
Simplifying and rearranging Equation (30) yields the following equation:
N /N
Xr=|[({Te—W=) Ty; Tg, : Ty;-Tp || Xor (32)
=1 =1

Finally, the Floquet transition matrix ® between adjacent milling periods can be
obtained based on Equation (32) as follows:

N -1
Q:(TCWZTdeTRJ) (
=1

]

N
Ty Ty, (33)
j=1

The stability of the milling process can be determined by the spectral radius of the
Floquet transition matrix @ according to the Floquet theory.

4. Numerical Validation and Discussion

The calculation accuracy and efficiency of the proposed method are verified on account
of two benchmark milling models in this section.

4.1. Single-Time-Delay Milling Model

Without loss of generality, this section utilizes the two-DOF milling model same as that
in References [15,22] for demonstration. The cutting tool is a 12.7 mm diameter, two-flute,
carbide helical end mill with a 106.2 mm overhang held in an HSK 63A collet-type tool
holder. This milling model has undergone extensive validation and is widely used as a
benchmark example to validate algorithms. A two-flute cutter with symmetric pitch angles
is used in this model, so its governing equation contains a single time delay and can be
converted to the state space form as shown below.

x(t) = Ax(t) + B(t)[x(t) — x(t — T)] (34)
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where T is equal to the tooth passing period, and
0 0 1 0 0 000
0 0 0 1 0 0 00
A= —@? 0 —20wn o |’ B(t) = w-hn,;:(t) whrzz(t) 0 0 (35)
0 -—wi 0  —20wn wh(t) - whw(t) g

my my

where wy, is the nature angular frequency, ( is the relative damping, w is the axial depth of
cutting and m; is the modal mass. The values of the dynamics parameters of the milling
model are shown in Table 2.

Table 2. Values of the dynamics parameters of the single-time-delay milling model.

mg 7 Wn K Ky
(kg) (rad/s) (N/m?) (N/m?)

0.03393 0.011 5793 6 x 108 2 x 108 2

The SLD of the milling model is obtained using the method derived in Section 3. It
is worth noting that the method in Section 3 is derived based on a generalized multiple
time-delay milling model and can be appropriately simplified when used for the single-
time-delay milling model. Here, the first-order SDM (1st-SDM) is adopted as a benchmark
to verify the effectiveness and efficiency of the proposed method, as the SDM has been
experimentally validated and widely applied. In the simulation experiment, the cutting
method is down-milling, the spindle speed ranges from 5000 to 10,000 rpm, the axial depth
of cutting ranges from 0 to 6 mm, and the radial immersion ratio ranges from 0.2 to 1.0.
In numerical simulation, the milling period is discretized using the uniform nodes. The
SLD obtained is constructed on a 200 x 100-sized grid. The comparisons of the 1st-SDM,
LDQM and the proposed method with different parameters are shown in Figures 3 and 4.
The reference stability limits represented by the red line in Figures 3 and 4 are obtained by
the 1st-SDM with m = 200.

Radial Immersion: 1, m = 60

Radial Immersion: 1, m = 60

(a)o8 (b)o.8
Reference Reference
0.6 Classical DQM 0.6 LDQM with |=21
T 04
&
2 02
0

-0.2 ' ‘ : :
5000 6000 7000 8000 9000 10,000

-0.2 : : ‘ ‘
5000 6000 7000 8000 9000

10,000
2 (rpm) Q (rpm)
Radial Immersion: 1, m =40 Radial Immersion: 1, m = 60
(c)o.8 T T T T (d)o.8 T T - .
Reference Reference
0.6 the proposed method with d =4 0.6 the proposed method with d =4
T 04 T 04
& S
2 02 2 02
0 0
02 . . . . 02 . . A A
5000 6000 7000 8000 9000 10,000 5000 6000 7000 8000 9000 10,000

Q (rom)

Q (rpm)

Figure 3. SLD of the single-time-delay milling model obtained by the classical DQM, the LDQM, and
the method proposed in this work. (a) classical DQM (m = 60); (b) LDQM (m = 60, I = 21); (c) the
proposed method (m = 40, d = 4); (d) the proposed method (m = 60, d = 4).
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Radial Immersion: 0.6, m = 20

Radial Immersion: 0.6, m = 30

(a) (b)
Reference Reference
157 the proposed method with d =4 15 the proposed method with d =4
T 1 T 1
& &
2 2
0.5 0.5
or 0
5000 6000 7000 8000 9000 10,000 5000 6000 7000 8000 9000 10,000
Q (rpm) 2 (rpm)
Radial Immersion: 0.2, m =20 Radial Immersion: 0.2, m = 30
(c) 6 - - - : (d) 6 T T T b
Reference Reference
5 the proposed method with d =4 5 the proposed method with d =4
4 4
=~ =~
g4l g
g?® g3
2ol 29
1 1
or 0
5000 6000 7000 8000 9000 10,000 5000 6000 7000 8000 9000 10,000
Q (rpm) £ (rom)

Figure 4. SLD of the single-time-delay milling model obtained by the method proposed in this work.
(a) radial immersion 0.6 (m = 20, d = 4); (b) radial immersion 0.6 (m = 30, d = 4); (c) radial immersion
0.2 (m =20, d = 4); (d) radial immersion 0.2 (m = 30, d = 4).

Figure 3a—d display the SLD of the single-time-delay milling model with the radial
immersion 1. The SLD obtained by the classical DQM is shown in Figure 3a. As mentioned
earlier, when the number of discrete nodes is large, the classical DQM produces an ill-
conditioned differential matrix, resulting in erroneous stability prediction results. Figure 3b
shows the SLD obtained by the LDQM [33], from which it can be seen that when the
parameter [ is too large, the LDQM may still yield unstable results. In Figure 3c,d, the
SLD is obtained by the method proposed in Section 3. As shown in Figure 3c,d, with
the increase of the discrete parameter m, the SLD obtained by the method proposed in
this work shows good consistency with the reference value, indicating that the method
proposed in this work has good accuracy. Compared with the LDQM using | = 21 local
nodes (Figure 3b), the method proposed in this paper can obtain accurate results when the
discrete parameter m is 60 (Figure 3d). This indicates that the DQM based on barycentric
rational interpolation effectively improves the shortcomings of the classical DQM that
can easily produce an ill-conditioned matrix when the number of discrete nodes is large.
Figure 4a—d show the SLD obtained by the proposed method with two other different radial
immersions. In Figure 4a,b, the radial immersion is 0.6, and the discrete parameters () are
20 and 30, respectively. In Figure 4c,d, the discrete parameters (1) are 20 and 30 and the
radial immersion is 0.2, which is a typical machining condition of the small radial depth of
cutting. From Figure 4, it can also be concluded that the method proposed in this work can
obtain the accurate SLD to predict the stability of the milling process.

From Figures 3 and 4, it can be seen that when the cutter with symmetric pitch angles
is used, the maximum value of the stability limit appears in the right area (near the spindle
speed of 9200 rpm) of the SLD. We can choose the optimal axial depth of cutting to achieve
the maximum material removal rate. At the same time, it can also be concluded that the
method proposed in this work is not affected by the machining conditions and can obtain
accurate SLD under both large and small radial depths of cutting.

In order to further validate the efficiency of the method, the time required to calculate
the SLD in numerical simulation is also compared with that of the 1st-SDM based on the
above mentioned two-DOF milling model. The simulative calculations were performed in
Matlab® on a laptop computer (Intel® Core™ i7-10870H CPU 2.20 GHz, 16.00 GB RAM).
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The machining parameters used in numerical simulation are the same as those used in
calculating the SLD in Figures 3 and 4. Here, the discrete parameter m is set as 60. The
calculation time of the 1st-SDM and the proposed method are listed in Table 3.

Table 3. Calculation time required for the 1st-SDM and the proposed method (unit: s).

= 60 Radi.al Rad.ial Rad.ial
Immersion: 1 Immersion: 0.6 Immersion: 0.2

1st-SDM 460.98 321.87 280.20

The proposed method (d = 3) 56.96 54.26 52.92

The proposed method (d = 4) 56.45 55.17 53.10

From Table 3, it can be seen that under three different radial immersion conditions,
the 1st-SDM requires the longest calculational time. In addition, as the radial immersion
decreases, the time consumption of the 1st-SDM also decreases accordingly. The reason
for this phenomenon is that as the radial immersion decreases, the free vibration time
of the cutting tool increases in one cutting period. In the free vibration range, the value
of parameter B in the milling state equation is 0, which reduces the complexity of the
numerical calculation and saves some calculation time. As for the method in this work,
it can be seen from the derivation process that the proposed method approximates the
differential and delay terms of the state equation when constructing the transition matrix,
and ultimately approximates the state equation into an algebraic system of equations. The
entire process has low computational complexity, thus saving computational time. From
the calculation time listed in Table 3, it can be seen that compared with the semi discrete
method, the method proposed in this paper can save up to 87% of the calculation time,
indicating that the method proposed in this work has good computational efficiency.

Also, it can be seen From Table 3 that with the increase of the barycentric rational
interpolation parameter d, the calculation time of the method proposed in this work slightly
increases, but overall, the impact of the change in parameter d on the calculation time
is negligible.

It is worth noting that although uniform nodes are used in the validation of the pro-
posed method in this section, the barycentric rational interpolation itself has no restriction
on the type of nodes, and other types of nodes can be just as effectively used in the method
proposed in this paper.

4.2. Multiple-Time-Delay Milling Model

In this section, a multiple-time-delay milling model is used to verify the method
derived in this work. For the convenience of comparison and verification, the milling
model used in [40,41] is employed for numerical simulation. A 19.05 mm diameter variable
pitch cutter with four flutes is adopted. The helix angle is 30° and the asymmetric pitch
angles are 70°-110°—70°-110°. Due to the use of a variable pitch cutter, the milling process
is a typical multiple-time-delay milling model as described by Equation (8). The detailed
values of the modal parameters and cutting force coefficients of this milling model are
listed in Table 4.

Table 4. Values of the dynamics parameters of the multiple-time-delay milling model.

Wy K; K,

mt g n
(kg) (rad/s) (N/m?) (N/m?2)
My = 1.4986 + = 0.0558 Wny = 563.55 X 2711
6.79 x 108 2.56 x 108
my = 1.199 7y = 0.025 wWpy = 51627 x 27

The SLD of this multiple-time-delay milling model is constructed over a 200 x 100-sized
grid, the machining condition is down-milling and the simulation parameters are set as
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follows: the spindle speed (2 ranges from 2500 to 12,500 rpm, the axial depth of cutting w
ranges from 0 to 10 mm and the radial immersion ratio ranges from 0.2 to 1.0. The milling
period is also discretized using the uniform nodes. The results are shown in Figure 5; in
the SLD, the reference stability limits demoed by the red line are obtained by the 1st-SDM
with the discrete parameter m = 200. In Figure 5a—c, the radial immersions are 1, 0.6,
and 0.2, respectively. It can be seen from the SLD displayed in Figure 5a—c that when the
cutter with asymmetric pitch angles is used, the maximum value of the stability limits does
not appear in the right area of the SLD, but in the middle area (near the spindle speed of
5400 rpm), which is different from using a cutter with symmetric pitch angles. Also, the SLD
displayed in Figure 5a—c agrees well with the reference SLD. This shows that the milling
stability analysis method proposed in this work is also suitable for multiple-time-delay
milling models.

Radial Immersion: 1, m = 100

(a) 8 T T T T T
Reference
6 the proposed method with d =5 4
0 I I L I I I L I I
2500 3500 4500 5500 6500 7500 8500 9500 10,500 11,500 12,500
2 (rom)
Radial Immersion: 0.6, m = 100
(b) 10 T T T T T
Reference
the proposed method with d =5
g
E st
2
0 I L L I L L L L L
2500 3500 4500 5500 6500 7500 8500 9500 10,500 11,500 12,500
2 (rom)
Radial Immersion: 0.2, m = 100
(c) 10 T T T T T T
3
Es
2
Reference
the proposed method with d =5
0 I L I I L I I L I
2500 3500 4500 5500 6500 7500 8500 9500 10,500 11,500 12,500

2 (rpm)

Figure 5. SLD of the multiple-time-delay milling model obtained by the method proposed in this
work. (a) radial immersion 1.0 (m = 100, d = 5); (b) radial immersion 0.6 (im = 100, d = 5); (c) radial
immersion 0.2 (m = 100, d = 5).

5. Conclusions

This work mainly studies the analysis of the chatter stability in the milling process.
A method for analyzing the chatter stability of the milling process is derived based on
the barycentric rational interpolation DQM. Firstly, the milling process considering the
regeneration effect is modeled as a DDE. Then, the differential and delay terms of the
milling state equation are approximated as a linear combination of discrete state vectors
using the barycentric rational interpolation DQM. The state equation is approximated as a
system of linear equations. Finally, the state transition matrix on adjacent milling periods
is constructed, and the stability of the milling process is studied based on the Floquet
theory. The accuracy and computational efficiency of the method are validated using two
widely used milling models. The results of the simulation experiments show that the
method proposed in this work has good accuracy and computational efficiency. The main
characteristics of the method proposed in this article are listed as follows:

1.  Using the barycentric rational interpolation DQM can effectively improve the short-
comings of the classical DQM, avoiding the generation of the ill-conditioned matrix
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when there are a large number of discrete nodes, thereby improving the stability and
accuracy of numerical calculations.

2. The proposed method approximates the state equation of the milling system to an
algebraic system of equations through interpolation and numerical differentiation
techniques, which can quickly obtain the state transition matrix, and thus obtain the
SLD of the system.

3. The proposed milling stability analysis method is applicable to single-time-delay and
multiple-time-delay milling systems, and is suitable for the machining conditions of
both large and small radial depths of cutting.
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Nomenclature

M Mass matrix of the milling system

K Stiffness matrix of the milling system

x(t) Vibration displacement of the tool in the x direction

() Milling force vector

Fy(t) The component of the milling force in the y direction

®; The pitch angle between the tooth (j — 1) and the tooth (j)

Zy,j The upper bound of the cutting edge participating in cutting on the tooth (j)
st The start angle of the tooth

Prag(2) The lag angle of the cutting edge at height z
D The diameter of the milling cutter

f. The static component of the milling force

N The number of teeth

y(t — T]> The vibration displacement vector of the previous tooth-passing period of the tooth (j)
T The spindle period

K, The radial cutting force coefficient

y(¢) Vibration velocity vector

B;(t) Time-varying parameter matrix corresponding to the tooth (j) in the state equation
Ii(x) The Lagrange interpolation basis function

r(x) The barycentric rational interpolation function

wj The barycentric weight of the barycentric rational interpolation

qi(x) The barycentric rational interpolation basis function

W, The corresponding weighted coefficient of the milling state vector

C Damping matrix of the milling system

y(¢) Vibration displacement vector

y(t) Vibration displacement of the tool in the y direction

F(t) The component of the milling force in the x direction

@(t,z) The angular position of the cutting edge on the tooth (j) with a height z

B The helix angle of the milling cutter

z1j The lower bound of the cutting edge participating in cutting on the tooth ()
Pex The exit angle of the tooth

¢s The tooth sweep angle

(@) The spindle speed

£y The dynamic component of the milling force

T; The time delay of the tooth (j)
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H;(t) The dynamic milling force coefficient matrix corresponding to the tooth (j)
K; The tangential cutting force coefficient
x(t) The state vector
A Time-invariant parameter matrix in the state equation
p(x) The polynomial interpolation function
w; The barycentric weight of the barycentric Lagrange interpolation
A Blending function
Ji The index set
Ajj Weight coefficient of the barycentric rational interpolation differential quadrature method
0 The Floquet transition matrix
DOM Differential quadrature method
SLD Stability lobe diagram
SDM Semi-discretization method
LDOM Localized differential quadrature method
DDE Delay differential equation
TFEA Temporal finite element analysis
FDM Full-discretization method
DOF Degree of freedom
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