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Optimal parameters to eliminate machining chatter may be identified using analytical stability models
whichrequire the dynamics of the tool-holder-spindle-machine assembly. Receptance coupling substruc-
ture analysis (RCSA) provides a useful analytical tool to couple measured spindle-machine dynamics
with tool-holder models to predict the tool point frequency response function for the assembly. Pre-
vious research has demonstrated a procedure to determine all required spindle receptances from a

ﬁ?y";’l‘_”f’& single measurement, where each mode within the measurement bandwidth was modeled as a fixed-free
Chaactté?mg Euler-Bernoulli beam and fit using a manual, iterative procedure. Here, a particle swarm optimization

technique is described for fitting the spindle-machine measurement using a fixed-free Euler-Bernoulli

Receptance coupling substructure analysis S . .
beam model for each mode. The performance of the optimization process and RCSA in predicting the tool

Particle swarm optimization

tip frequency response is evaluated and the results are presented.
© 2013 The Society of Manufacturing Engineers. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Machining instability (chatter) leads to poor surface finish, high
rejection rates, rapid tool wear, and, potentially, spindle damage.
Stable machining conditions may be identified using well-known
milling process models [1,2]. This aids in pre-process parameter
selection for optimal machining conditions. In order to identify
stable machining conditions, the dynamics of the tool-holder-
spindle-machine assembly as reflected at the tool tip is required.
The frequency response function (FRF), which represents the struc-
tural dynamics, may be measured using modal techniques. In
general, many different tool-holder combinations are used for
a selected machining center. The cost of experimentally iden-
tifying the tool tip dynamics for each tool-holder combination
may be prohibitively high in some cases. Receptance coupling
substructure analysis (RCSA) provides a useful approach to pre-
dict the tool point response from a single measurement of the
spindle-machine and models of the desired tool-holder combina-
tions [3-8]. To complete the RCSA procedure, four spindle-machine
receptances are required: displacement-to-force, displacement-to-
couple, rotation-to-force, and rotation-to-couple. Only the former
is convenient to measure. Therefore, in recent work [8], a procedure
was described where each displacement-to-force mode in the mea-
surement bandwidth was modeled as a fixed-free Euler-Bernoulli
(EB)beam. Given an analytical description of each mode’s fixed-free
EB model, the other three receptances can be described analytically
[3]for that mode and no additional measurements are required. The
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sum of the single mode fits is used to describe the four required
spindle responses. This fitting procedure was manually completed
mode-by-mode in the previous work. In this study, a particle swarm
optimization (PSO) technique is implemented to automate the
identification of the EB beam parameters for each mode.

The paper is structured as follows. First, a brief summary of
RCSA and spindle dynamics identification is described. Second, a
review of the PSO process is provided. Here, the PSO is specifically
tailored to be robust enough to handle a variety of different FRFs.
Third, experimental results from a vertical machining center are
presented. Fourth, the performance of the PSO in identifying the
spindle receptances and predicting the tool tip FRF is discussed.
Finally, conclusions are presented.

2. RCSA background

RCSA enables assembly dynamics to be predicted when the
receptances of the individual components are known. The recep-
tances of the individual components may be modeled or measured.
Conversely, the component receptances may be determined if the
assembly receptances (as well as the other component recep-
tances) are known, again through either models or measurements.
This is referred to as inverse RCSA. For milling applications, the
tool-holder-spindle-machine may be separated into two individ-
ual components: (I) the tool (endmill) and holder combination; and
(1) the spindle-machine. In practice, many different tool-holder
combinations are used in machining operations. The tool-holder
receptances may be modeled as free-free Timoshenko beams. On
the other hand, it is challenging to model the spindle-machine
receptances. Additionally, the spindle-machine receptances are
subject to change over the lifetime of the spindle. Therefore, it is
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Fig. 1. Schematic of the RCSA components.

generally more convenient to experimentally identify the spindle-
machine receptances and archive them for each machine. Once the
spindle machine receptances are identified experimentally, they
may be coupled with the tool-holder receptances using RCSA to
predict the tool point direct FRF.

In order to experimentally identify the spindle-machine recep-
tances, a standard artifact with the appropriate taper geometry
(e.g., CAT or HSK) is inserted in the spindle. Fig. 1 provides
a schematic of the setup, where {U;}={X;®;}T represents the
assembly generalized displacement coordinates and consists of a
displacement, X;, and a rotation, ®;. Q;={F; M;}T represents the
assembly generalized forces and consists of a force, F;, and a couple
(or moment), M;. The four assembly receptances are then defined
as:

Hj Ly
GU =
Nj Py

where {U;} =[G;;]1{Q;}.

Similarly, u; = {x; 6;}T represents the component generalized dis-
placement coordinates and consists of a displacement, x;, and
a rotation, 6;. q;={f; m;}T represents the component generalized
forces and consists of a force, f;, and a couple (or moment), m;. The
component receptances are then defined as:

hi 1
Rj =
i Dij

where {u;} =[Ry] {q;}.

The direct, displacement-to-force FRF at the free end of the
artifact-spindle-machine, Hy1, assembly is measured. The direct,
R11 and Ry424, and cross, Ry, and Ry41, receptance matrices for the
portion of the standard artifact beyond the flange are described
using free-free Timoshenko beam models. The spindle-machine
receptances at the flange, Ry, are unknown. The assembly recep-
tance at the tip can be defined as [4]:

G11 = Ri1 — Ri2a(Raa2a + Rapop)” ' Raat, (1)

where R,y is the only unknown. It is obtained by rearranging Eq.

(1)
Rab2b = Raa1(R11 — G11) ™ Ri2a — Raaza (2)

As shown in Eq. (2), the receptances for the spindle-machine
may be determined from the modeled direct and cross artifact
receptances and the assembly receptances, G11, where G11 consists
of Hy1, L11, N11, and Py as previously described. H11 =X; /F; can be
measured using impact testing methods. Kumar and Schmitz [8]
developed a method to fit the assembly response using multiple
fixed-free EB beams. The number of EB beams corresponded to the
number of modes within the measurement bandwidth. A manual,
iterative approach was used to identify the individual beam geome-
tries. Once the fixed-free EB beams were fit, the model parameters
were used to compute Ly1, N11, and Pq; [3] and fully populate the
G11 matrix. The spindle-machine component receptances are then
identified using Eq. (2). These spindle receptances are coupled to
modeled tool-holder receptances to predict the assembly tool point
FRF.

Kumar and Schmitz [8] used the analytical, close-form EB beam
receptances presented by Bishop and Johnson [3] to describe each
measured displacement-to-force mode; see Eq. (3), where w is the
frequency (rad/s), d; is the beam diameter, L; is the beam length
(m), p; is the density (kg/m3), E; is the elastic modulus (N/m?), 7; is
the unitless solid damping factor, and fy; is the natural frequency.
The subscript j corresponds to the jth mode.

i sin(A;L;) cosh(A;L;) — cos(A;L;) sinh(A;L;)

1= 33 : (3)
Aj E;l;(1 + in;)(cos(A;L;) cosh(A;L;) — 1)

@2 piA: d? d?
Ejljmpihjqj)’ Aj= = andlj = 5.

For a given diameter, d;, natural frequency, fy;, density, p;, and
elastic modulus, E;, the beam free length is obtained from a closed
form expression for the natural frequency of a fixed-free cylindrical

beam [9]; see Eq. (4). This free length of the beam is used in Eq. (3).

1/2
1.87510407%d; [/ E; \ '/
Li=——" T L (4)
1 annj ]6/)]

All the beams were modeled assuming the material proper-
ties of steel (p=7800kg/m> and E =200 GPa). Then, for each mode
within the measured bandwidth, a corresponding diameter, d;,
solid damping factor, n;, and a natural frequency, f,j, were iden-
tified by an iterative process such that the combined receptance
for all modes accurately represents the fit displacement-to-force

receptance, H’; ; see Eq. (5).

where )sz =

no. of modes

H§1: Z H]n (5)
j=1

In this study a particle swarm optimization technique is applied
to identify the fixed-free EB beam properties. This considerably
reduces the time to identify the beam parameters relative to the
manual, iterative fitting procedure. The optimization objective is
to minimize the difference between the fit receptance and the
measured receptance, H{}. For each mode within the measured
bandwidth, a fixed-free beam is identified with an optimal beam
diameter, d;, natural frequency, f;, and solid damping ratio, »;, in

order to minimize the error between H{l and HY}. The objective
function, O, was defined as:

0= 2\/ (Re(H™) — Re(H’.,)i* + (Im(H™) — Im(H., )* (6)
where Re indicates the real part and Im indicates the imaginary part
of the fit and measured receptances.

The total number of variables for the optimization problem
is three times the total number of modes identified within the
measured bandwidth because there are three beam parameters
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(diameter, solid damping factor, and natural frequency) to be iden-
tified for each mode. Once the equivalent beam geometries have
been identified using the optimization process, the other recep-
tances of the G;; matrix are identified using Egs. (7)-(9).

1752 - h (7)
jEjIj(l + in;)(cos(A;L;) cosh(A;L;) — 1)

sin(A;Lj) cosh(A;L;) + cos(A;L;) sinh(A;L;)
m- )\.]E]I](l + lﬂ])(COS()\]L])COSh()\,JL]) — 1)

(8)

no. of modes

[L/N/PuY = ) ILN/PUY (9)

Jj=1
3. Particle swarm optimization process

The particle swarm optimization (PSO) algorithm is a
population-based optimization algorithm which may be used to
address a variety of engineering problems. The PSO technique, pro-
posed by Kennedy and Eberhart [ 10], was motivated by the need to
develop models for social behavioral simulations, such as the move-
ments of a flock of birds or a school of fish. It has since been applied
directly to optimization problems. The population is referred to as
a swarm and each individual within the population is a particle.

Computationally, each particle within the swarm represents a
vector. The vector is composed of the variables which constitute the
optimization problem. The number of variables within the vector
corresponds to the number of variables which must be optimized.
These variables represent the position of the particle within the
feasible design space. A fitness, or objective, function is constructed
to represent the optimization problem.

The objective function is typically a minimization function
which represents the error between some measured values and
a corresponding simulated value. The simulated value is obtained
from a model using the variables which constitute the optimization
problem; see Eq. (6). Once a fitness value is evaluated for each par-
ticle within the swarm, the particle closest to the best solution may
be identified, that is, the particle with the best fitness value. Knowl-
edge of the position of the particle with the best fitness value, as
well as the position of each particle within the swarm, can be used
to direct each particle toward the region in the solution space with
the optimal solution. At each step of the optimization process the
particle with the best fitness value is identified and, based on its
position in the design space, a velocity vector is generated. The posi-
tion of each particle is then updated to move toward the optimal
solution. The velocity vector does not depend only on the position
of the best particle. The algorithm maintains a record of the best
position of each individual particle as its position within the design
space is updated at each iteration of the optimization process. A
component of the velocity vector for each individual particle also
depends on its own previous best position. The component of the
velocity vector which depends on the global best position among all
the particles in the swarm may be thought of as “publicized knowl-
edge”, while the component which depends on each particles own
personal best position may be thought of as “simple nostalgia” [10].
An additional inertia term which depends on the velocity in the pre-
vious optimization step is also occasionally included. The velocity
vector and the updated position of the particle are obtained from
Egs. (10)and (11):

Vi=wVi_1 + GRp(Xp — Xi) + CgRg(Xg — X;) (10)
Xi:Xi—1+Vi (11)

where X; is the position of particle at the ith iteration, X;_; the posi-
tion of particle at the (i — 1)th iteration, V; the velocity of particle at
theithiteration, V;_; the velocity of particle at the (i — 1)thiteration,

w the inertia weight, X, the position of personal best, X, the posi-
tion of global best, C, the personal weight, R, the random number
between zero and one, Cg the global weight and Ry is the random
number between zero and one.

The inertia weight controls the contribution of the velocity of
the particle in the previous step. A large inertia weight facilitates a
broader exploration of the design space and gives the algorithm its
global nature [11]. This aids in avoiding local minima. The inertia
weight is often updated at each optimization step and is gradu-
ally reduced to zero. The personal weight also facilitates the design
space exploration. A high value of the global weight facilitates the
rapid exploitation of the knowledge of the position of the best par-
ticle within swarm. The random numbers, R, and Rg, are required to
introduce “craziness” to the optimization process, which is required
to avoid local minima [10]. In all evolutionary (e.g., genetic) or
population-based (e.g., PSO) optimization algorithms, an agreeable
balance between exploratory and exploitatory behavior is neces-
sary in order to adequately search the design space and avoid local
minima, while simultaneously ensuring convergence on the best
solution. In this study, the inertia weight was found to be unneces-
sary and the equation for velocity was truncated to eliminate the
inertia component. The larger the number of particles in the swarm,
the greater the extent of the design space initially explored.

Typically, the variables in any optimization problem have lower
and/or upper limits of acceptable values. These bounds define the
feasible design space. While updating the position of some par-
ticles during the optimization process, they may fall outside the
feasible design space. In this case, the position of the particle is
not updated and the particle retains the same position as in the
previous optimization step.

In the following sections the different steps in the optimiza-
tion process tailored to identify the equivalent fixed-free EB beam
parameters are discussed. Measurements on a Haas TM-1 CNC
machining center are used to illustrate the optimization process.
Further details of the measurement parameters are provided in the
next section. The authors recognize that other optimization algo-
rithms may also be suitably tailored to solve the same optimization
problem.

3.1. Step 1: individual mode identification

In this step, the different modes within the measured bandwidth
are identified. For tool point direct FRFs (HY} ), the imaginary part of
the response is purely negative. Therefore, the natural frequencies
of the different modes may be identified by searching for negative
peaks in the imaginary part of the FRF. The mode identification algo-
rithm compares each element within a vector with its neighboring
elements and recognizes those which are less than both its neigh-
boring elements, i.e., the search is for negative peaks. This method
is highly susceptible to noisy response data. This was addressed
by incorporating a moving average filter which serves to smooth
the (potentially) noisy data. The number of points which defines
the moving average filter is defined as the horizontal sensitivity
factor, Hgens. This value is defined by the optimizer through visual
inspection of the real and imaginary parts of response function. A
low Hseps value retains noise susceptibility, while a high value may
miss closely spaced modes along the frequency axis. A vertical sen-
sitivity factor, Vsens, is also defined, which establishes a cutoff limit
as a percentage of the magnitude of the imaginary part of the most
flexible mode. All the modes with an imaginary part amplitude less
than the cutoff limit (i.e., very stiff modes) are ignored. Fig. 2 shows
the real and imaginary parts of a measured FRF (experimental setup
details provide in a later section). The selected peaks are identified
by crosses. The effect of Hges is demonstrated in Fig. 3. The figure
shows a magnified portion of the response. When Hseps = 1, three
modes (circles) are identified in this region, but when Hgeps =21,
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Fig. 2. Measured direct frequency response function (HY}) with selected modes
(crosses).
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Fig. 3. The effect of Hsens on peak identification (Hgeps = 1: circles; Hsens =21: cross).

only one mode (cross) is recognized. The difference in the FRFs plot-
ted in Fig. 3 is due to the effect of the moving average filter. It should
be noted here that, although the natural frequencies for the modes
were identified in this step itself, they remained as variables in the
optimization process. This was not completely necessary, but it did
provide some flexibility to account for any errors in the selected
frequencies.

3.2. Step 2: generating optimization points

The FRF data are measured at equally spaced increments along
the frequency axis. The resolution of the points along the frequency
axis depends on the sampling rate and number of data points. A
large number of the data points naturally exist at frequencies where
there is no mode. These points provide little valuable informa-
tion to the optimization process. Therefore, an attempt was made
to concentrate more data points near the mode peaks. To reduce
the total number of points, the distribution of points along the
frequency axis was made proportional to the magnitude of the
FRF. This ensured more data points at regions of high magnitude
which are typically near the modes. This was achieved by using
the randsample command in Matlab®. The magnitude of the fre-
quency response function was used as the weighting function to
distribute points along the frequency axis. Fig. 4 shows a plot of the
individual points overlaid on the magnitude plot of the frequency
response functions as well as the histogram of the point distri-
bution along the frequency axis. As seen in the Fig. 4 histogram,
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o
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Fig. 4. Histogram of points showing concentration of points at nodes.
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Fig. 5. Histogram of points between 3000 Hz and 4400 Hz showing fewer points
away from the modes.

there is a concentration of points at locations where the frequency
response function has the highest magnitude (at the modes). Fig. 5
shows the point distribution between 3000 Hz and 4400 Hz. It is
clear that there is a higher concentration of points near the mode
peaks. Once these points have been generated, the real and imagi-
nary parts of the response are evaluated at these newly generated
points along the frequency axis using interpolation. This greatly
reduced the computational time.

3.3. Step 3: optimization for each individual mode

Before optimizing for the combined response of all the modes
together, PSO subroutines were executed over small frequency
ranges to identify the diameter, solid damping factor, and natural
frequency for each mode independently. These parameters were
used to specify the lower and upper bounds of the design space
when optimizing for the combined response of all the fixed-free EB
beams together. This ensured faster convergence toward the opti-
mal solution when optimizing for the combined FRF. The equation
for H{] (Eq. (6)) was modified to include only the mode under con-
sideration. When optimizing for the individual modes, the objective
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Fig. 6. Optimal fit at different steps of the individual mode optimization process for
mode at 1220 Hz.

function was also modified to include only the imaginary part of the
FRF. The real part of the measured FRF in the frequency region of
the mode under consideration is typically offset along the vertical
axis due to effects of neighboring modes.

When optimizing for the individual modes, only the data points
of the FRF within a frequency range around the mode under con-
sideration were considered. However, caution was exercised when
defining this frequency range. If the range was too small, there
were no sufficient response data to find an optimal solution which
accurately represented the contribution of the mode under con-
sideration to the combined response. If the selected was too large,
the response data could be polluted by contributions of the neigh-
boring modes, resulting in errors in the optimal beam parameter
predictions for the mode under consideration.

A number of different constraints were established to identify
the optimization frequency range for the individual modes. The
lower and upper limits for the frequency range for the jth mode

were defined as (Sflféwer and 8f{;pper, respectively. The natural fre-

quency of the jth mode identified in step one was defined as ﬂ},.
The constraints are then described as:

@ 8 o <05 —fi) -5 f3=0

Sfjupper < 0~5(frj;1 _f’]7'1+1 ) _5, lgo.ofmodeSJrl — 10kHz

(b) (sjg.lower < 200Hz
3);”""” < 200Hz

of; 1]1pper
j
Sflpwer
of; &pper
j
Sflower

<5

<5

Constraint (a) ensured that (Sfl{)w o and Bf,ﬂpper were not greater

than half the distance to the adjacent mode, but instead fall short
by at least 5 Hz. Constraint (b) ensured that §f] and &f;,,., were
not greater than 200 Hz from the natural frequency of the mode

under consideration. Constraint (c) ensured that the ratio of (Sfl{)wer

to (Sf{,pper was no more than five. The inverse was also held true. This
ensured that the frequency range for optimization for a single mode
was not unevenly distributed about the natural frequency for that
mode. These constraints were developed on a trial and error basis,
with continuous verification to ensure that they were robust for
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Fig. 7. Position of particles in the swarm at optimization steps: (a) 1; (b) 2; (c) 3;
and (d) 10.



V. Ganguly, T.L. Schmitz / Journal of Manufacturing Processes 15 (2013) 444-451

OD:44.5 OD:44.5
ID:25

. carbide

L:19.05 L:575 L:26 L:78

0 ——

OD: 44.5 ODm: 44.22 ODm: 42.72
ID:274 ID:254 ID:254

OD: 25.4

Fig. 8. Schematic illustration of the spindle artifact and tool-holder assembly. All
dimensions are in mm.

different frequency response functions. Once the frequency range
for optimization for each individual mode was identified, optimiza-
tion for the equivalent fixed-free EB beam parameters was carried
out as previously described. The mode near 1220Hz is used to
demonstrate the process.

Fig. 6 shows the imaginary part of the measured response as
well as of the simulated optimal solution at different iterations
(steps 1, 2, 3, and 10) of the optimization process. As seen from
the figure, the algorithm rapidly converges to the measurement.
The position of the particles in the swarm along with their fitness
values (gray-scale color bar) at the different optimization steps is
plotted in Fig. 7. The particles in the swarm in the first optimization
step are randomly positioned, but they rapidly converge on the best
solution.

3.4. Step 4: optimization for all modes

Once the diameter, solid damping factor, and natural frequency
are identified for all the different modes as described in step
three, these optimized values were used to set the limits of the
design space when optimizing for the combined effects for all
modes simultaneously. For the diameter and solid damping fac-
tors, the lower bounds were set at 50% the optimal values and
the upper bounds were set at 150% the optimal values. The nat-
ural frequency for each mode was allowed to vary within an
80 Hz range centered about the optimal natural frequency for that
mode.

4. Experimental results

Experiments were conducted on a Haas TM-1 CNC machining
center. The dimensions of the artifact and tool-holder combination
are provided in Fig. 8. A 25.4 mm diameter solid carbide blank was
used as the tool. A thermal shrink fit (Shrinker) tool holder was
used to mount the carbide tool in the machine spindle (CAT-40
taper). Both the artifact and the tool holder-tool combination were
modeled as constant cross-section slices. The assembly receptances
were obtained by coupling the free-free boundary condition slices
using RCSA.

Fig. 9 shows the comparison of the measured FRF at
the free end of the artifact mounted in the machined spin-
dle and the optimal FRF obtained by fitting the equivalent
fixed-free EB beams. Good agreement was found between the
experimental and optimized FRFs. Fig. 10 shows the real and
imaginary parts of the individual FRFs for each of the opti-
mized modes. The assembly FRF was obtained by summing

449
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Fig. 9. Comparison of fit and measured H;; direct FRF measured at the free end of
the spindle artifact.
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Fig. 10. Individual H{l FRFs for the individual fixed-free EB beams.

all the individual FRFs; see Eq. (5). The optimal values for
the equivalent fixed-free EB beam diameter, solid damping
factor, and natural frequency are listed in Table 1. The corre-
sponding beam lengths (Eq. (4)) are also listed. The PSO process
parameters are listed in Table 2.

Once the equivalent fixed-free EB beam parameters were identi-
fied, the other receptances, L1, N11, and P;1, were calculated using

Table 1
Optimal fixed-free EB beam parameters.
Mode # Natural frequency Diameter Solid damping Length
(Hz) (m) factor (m)
1 468 0.196 0.122 0.545
2 575 0.231 0.212 0.533
3 602 0.255 0.144 0.547
4 795 0.213 0.239 0.435
5 904 0.209 0.172 0.405
6 1007 0.132 0.078 0.305
7 1220 0.073 0.079 0.206
8 1465 0.181 0.098 0.295
9 1551 0.173 0.185 0.281
10 1576 0.172 0.178 0.278
11 1737 0.237 0.045 0.311
12 1789 0.227 0.034 0.300
13 1941 0.191 0.096 0.264
14 2205 0.226 0.153 0.269
15 3040 0.102 0.048 0.154
16 4289 0.080 0.020 0.115
17 5994 0.102 0.035 0.110
18 8630 0.1363 0.044 0.106
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Table 2

PSO optimization parameters.
Description Value
HS(’HS 21
VSGI’IS 3%
Individual mode optimization subroutine
Swarm size 200
Maximum iterations 20
G 2
G 3
Optimization for all modes
Swarm size 100
Maximum iterations 100
Cg 2
G 4

Egs. (7)-(9). Combined, these receptances completely populate the
G171 matrix. Fig. 11 (top) shows L1; and Nq;. Note that they are
identical; see Eq. (7). The P receptance is displayed in Fig. 11
(bottom).

The spindle receptances, Rypy,, Were computed by decoupling
the modeled artifact receptances (for the portion of the arti-
fact beyond the flange) using Eq. (2). The artifact was modeled
as a free-free Timoshenko beam. Fig. 12 shows the hyy;, (top),
Lopop =Nopop (Middle), and pypop (bottom) receptances that populate
the Ryppp matrix.

The spindle receptances are then coupled with modeled recep-
tances for the tool-holder using Eq. (1) to predict the tool tip FRF. In
this case, the Ry; and Ry, direct receptances and the Ry, and Rygq

7
5)(10 .

Real N11IL11(rale)
o

-5 . I L ;
0 1000 2000 3000 4000 5000
g ok 10°
g o
< -05
.
(=]
© -1 1 1 L :
E 0 1000 2000 3000 4000 5000
Frequency (Hz)
8
E 10 x10
<
g 5
D.: 0 - /J\/_/’/\/
™
o g j ; g .
= 0 1000 2000 3000 4000 5000
5
E 0 x 10 '
Z Vv
g
= 05
i
o
@ 1 ; " ; ;
E 0 1000 2000 3000 4000 5000
Frequency (Hz)

Fig. 11. Simulated L;; and Ny, (top) and Py (bottom) receptances at the free end of
the artifact.
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Fig. 12. Spindle receptances: hypyp (top), lapap =Nopzp (Middle), and pypyp (bottom).

cross receptances are computed for the tool-holder. The assem-
bly tool tip FRF is shown in Fig. 13. The measured tool tip FRF is
also shown. It is seen that the simulated FRF natural frequencies
match well with the measured FRF natural frequencies. However,
the magnitude of the simulated FRF was found to be less than the
measured FRF magnitude for the 850 Hz mode. There are a high
number of modes within the first 2000Hz of the hyy,;, spindle-
machine receptances; see Fig. 12 (top). These modes interact with
the first bending mode of the tool holder-tool assembly when cou-
pled. Small errors in the fit/calculated spindle-machine responses
therefore lead to errors in the magnitude predictions for the tool-
holder-spindle-machine assembly FRF.
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Fig. 13. Predicted (dotted line) and measured (solid line) Hy; receptances for the
tool-holder-spindle-machine.

5. Conclusions

It was shown that receptance coupling substructure analysis
(RCSA) provides a useful tool to couple and decouple structural
elements in order to identify the frequency responses for both
assembly and components. This is particularly useful in machining
dynamics analysis. The frequency response of the spindle-machine
is identified experimentally and archived. The spindle-machine
receptances are then coupled to modeled receptances for any
selected tool-holder combination to predict the tool tip frequency
response. In previous work, Kumar and Schmitz used fixed-
free EB beams to represent each mode in the spindle-machine

displacement-to-force measurement [8]. Using the beam param-
eters estimated from a manual, iterative process, the required
displacement-to-couple, rotation-to-force, and rotation-to-couple
receptances can be calculated.

In this study, fitting process was automated using a parti-
cle swarm optimization technique. The optimization method was
shown to successfully identify beam parameters which produced a
FRF that matched well with the measured frequency response. The
tool tip FRF predicted using RCSA was also found to agree with the
measured FRF, particularly in frequency.
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