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Abstract: There are few studies on optimizing the dynamic and static characteristics of direct-drive
turntables. In terms of dynamic and static characteristic analysis, most studies only analyze the dy-
namic and static characteristics of direct-drive turntables in a single machining position and work-
ing condition. The optimization is mainly for individual parts without considering the overall struc-
ture of the turntable. A multi-objective optimization method based on the back-propagation neural
network (BP) and the non-dominated sorting genetic algorithm is proposed to ensure the machining
accuracy of the direct-drive turntable, reduce the total mass, and improve its dynamic and static
characteristics. In this paper, the workpiece and direct-drive turntable are studied as a whole. Static
and modal analyses determine the maximum deformation locations and vulnerable parts of the
turntable. Topology optimization analysis was used to find the redundant mass parts. We deter-
mined the optimization objectives and dimensional parameters based on the direct-drive turntable’s
structural and topology optimization results. Using a central composite experimental design, we
obtained test points and fitted them to a response surface model using a BP neural network. A multi-
objective genetic algorithm then obtained the optimal solution. After multi-objective optimization,
we reduced the mass of the direct-drive turntable by 9.02% and 21.394% compared with the topo-
logically optimized and original models, respectively. The dynamic and static characteristics of the
direct-drive turntable increased, and a lightweight design was achieved.

Keywords: direct-drive turntable; dynamic and static characteristics; optimization design;
multi-objective optimization

1. Introduction

The rapid development of science and technology, computer technology, and ad-
vanced manufacturing technology has put forward higher requirements and brought
challenges and opportunities for CNC machine tools [1-3]. As one of the core components
of the machine tool, the accuracy of stopping, turning, and locking the direct-drive turn-
table affects the machining accuracy of the components. The direct-drive turntable sup-
ports and rotates the workpiece, and its dynamic and static characteristics significantly
impact the machining accuracy of the machine [4-6].

The current methods for determining the optimal design of machine tools are com-
parative optimization of the static characteristics [7], comparative optimization of the dy-
namic characteristics [8], structural topology optimization, and parametric optimization
of the design [9]. Kim et al. [10] studied a small turntable. They used sensitivity analysis
for parameters such as tendons, wall thickness, and composite layer thickness for this
machine structure model to improve the machine’s dynamic characteristics, with good
optimization results. SR Besharati et al. [11] used sensitivity analysis for the dimensional
parameters that significantly influenced the gantry structure and utilized a multi-objec-
tive genetic algorithm and hierarchical analysis to solve for the best candidate sample
points in the design sample space to achieve structural optimization of the gantry. R.
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Neugebauer et al. [12] applied bionic knowledge to optimize the machine column struc-
ture. The results showed that the bionics optimized column mass and intrinsic frequency
to a greater extent and with significant results. Shen et al. [13] used an adaptive growth
method based on the natural-branching-system growth mechanism to design the struc-
tural internal tendon layout. Additionally, the optimization strategy of the overall ma-
chine tool was studied using dynamic sensitivity analysis, which significantly improved
the machine structure. Liu et al. [14] addressed the thermo-mechanical coupling effect re-
sulting from various load and heat sources during machining. Yi et al. [15] proposed a
new method for spindle system design considering the machine tool spindle and material
efficiency. The technique was developed by explicitly modeling the energy characteristics
of the spindle system, establishing a parametric optimization multi-objective optimization
model, and finally, solving the model with an optimization algorithm that can achieve the
design of energy-efficient and efficient machine tools. A review of the reliability-based
multidisciplinary design optimization theory is presented in the article by Meng et al. [16],
mainly including the reliability analysis methods of different uncertainties and the decou-
pling strategies of reliability-based multidisciplinary design optimization. Further, an op-
timization problem for a certain operating condition of a turbine runner blade is intro-
duced to illustrate the engineering application of the above method. Liu et al. [17] pro-
posed an optimization method combining rib-form selection and layout as well as dimen-
sional optimization and topology optimization, which they used to optimize the weak
components of a model machining center. After optimization, the low-order inherent fre-
quency of the machine tool was improved, which effectively improved the dynamic per-
formance of the machine tool. Jiang et al. [18] used finite element analysis and modal tests
to analyze the dynamic characteristics of the whole machine, with the first-order inherent
frequency and mass as the optimization objectives. They used a multi-objective genetic
algorithm for multi-objective optimization. This method achieved the purpose of render-
ing the machining center lightweight while simultaneously ensuring the machining cen-
ter’s dynamic and static performance without degradation. Li et al. [19] carried out a
multi-level topology optimization design for each weak component for a class of critical
structural components of high-speed CNC gantry milling machines. The objective was to
reduce the maximum static deformation of the machine tool. The results showed that alt-
hough the mass of the machine tool increased somewhat, there was a significant reduction
in static deformation and inherent frequency, and the optimization effect was pro-
nounced. Yu et al. [20] took a model of a precision horizontal boring and milling center
column as the research object. They constructed a response surface model with the funda-
mental column frequency, maximum static deformation, and mass as the optimization
objectives. They used a multi-objective genetic algorithm to find the optimal response sur-
face approximation and obtained the Pareto front solution for multiple optimization ob-
jectives. The results showed that the optimized column mass was unchanged, the first-
order intrinsic frequency increased, and the maximum static deformation decreased.

From the history of mechanical structure optimization, the optimization effect of a
single mode is limited. Mechanical structure optimization is developing from single-mode
optimization to multi-mode synergistic optimization and from single-objective to multi-
objective optimization. Combining numerous optimization approaches such as size,
shape, topology, bionics, and layout, multi-objective optimization is performed on the en-
tire machine tool. At the same time, using new composite materials to achieve a light-
weight design is still the trend of machine tool optimization [21].

There are few studies on optimizing the dynamic and static characteristics of direct-
drive turntables. In terms of dynamic and static characteristic analysis, most studies only
analyze the dynamic and static characteristics of direct-drive turntables in a single ma-
chining position and working condition. They do not consider the dynamic and static
characteristics of the direct-drive turntable in the position of maximum machining defor-
mation. The effect of optimization is certain, but it is not easy to reach the best; optimiza-
tion is mainly for individual parts without considering the overall structure of the
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turntable. In this paper, we treat the workpiece and the direct-drive turntable as a whole
as objects. Under turning and milling conditions, we simulate multiple machining posi-
tions of the direct-drive turntable to obtain the corresponding dynamic and static charac-
teristic data and find the weakest machining position. In the weakest position of the direct-
drive turntable, we reshape the overall structure and select the optimized dimensional
parameters based on the topology optimization of single working conditions and the to-
pology optimization of composite working conditions. Then, multi-objective optimization
of the dimensional parameters is carried out to improve the dynamic and static character-
istics of the direct-drive turntable and achieve a lightweight direct-drive turntable.

2. Materials and Methods
2.1. Analysis of Direct-Drive Turntable

The direct-drive turntable is one of the critical components of a machining center. Its
accuracy will significantly affect the machining accuracy of the workpiece. The object of
this paper is the HZD200 direct-drive turntable of the AVC1200/2 vertical machining cen-
ter of the Changzheng Machine Tool Factory. Its structure is divided into four main parts:
arotating spindle in direct contact with the torque motor rotor, a mounting sleeve in direct
contact with the torque motor stator, a YRT bearing that connects the mounting sleeve to
the rotating spindle and provides support capability, and a brake system for the direct-
drive turntable.

When milling on a machining center, the C-axis of the direct-drive turntable is
clamped, and the six degrees of freedom are constrained. A-axis rotation adjusts the work-
piece machining position, constrains the other 5 degrees of freedom except for X-direction
rotation, and cooperates with the electric spindle to drive the tool for milling the work-
piece. During the turning process, the A-axis is fixed with 6 degrees of freedom, and the
workpiece and C-axis will change position with the rotation of the C-axis torque motor.
Hence, it constrains 5 degrees of freedom, except for the Z-direction rotation, and works
with the turning tool to turn the workpiece. The critical parameters of the direct-drive
turntable are shown in Table 1. The structure of the direct-drive turntable is shown in
Figure 1.

Table 1. Key design parameters of direct-drive turntable.

Type Parameter Type Parameter
Turntable diameter 200 mm Limit load 65 kg
A-axis rotation range +100° Z-direction travel 500 mm
C-axis rotation range 360° C-axis rotation speed 200 rad/min

Figure 1. Structure of direct-drive turntable: 1—protective box, 2—C-axis torque motor, 3—pneu-
matic clamping mechanism, 4—C-axis mounting sleeve, 5— turntable bearing, 6 —C-axis rotating
spindle, 7—turntable surface, 8 —swing frame, 9— A-axis rotating spindle, 10— pneumatic clamp-
ing mechanism 2, 11— A-axis torque motor, 12— A-axis mounting sleeve, and 13— turntable bear-
ing 2.
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The material of the workpiece studied in this paper is cylindrical gray cast iron. Since
the height of the workpiece is unknown, the maximum loading principle is used to calcu-
late the height of the workpiece. Assuming that the diameter of the turntable surface is
the same as the diameter of the workpiece, the maximum mass of the workpiece is 65 kg,
as shown in Table 1. The density of HT250 is 7280 kg/m?, the maximum height of the
workpiece is calculated as 280 mm, and the maximum stroke in the Z direction of the
AVC1200/2 vertical machining center is 500 mm, so the requirements are satisfied.

2.2. Cutting Force of Direct-Drive Turntable

This paper analyzes the turning and milling conditions. In turning, the direct-drive
turntable drives the workpiece to rotate, and the turning cutter makes the feed movement.
When milling, the milling cutter rotates rapidly, driven by the motorized spindle as the
main motion, and the tool translation motion is the feed motion.

This should provide a concise and precise description of the experimental results,
their interpretation, as well as the experimental conclusions that can be drawn.

(1) Calculation of Milling force

The milling force is supposed to be one force, but we decompose the force into the X,
Y, and Z directions for easy calculation. The applied position of the milling force and the
decomposition of the force are shown in Figure 2.

Figure 2. Decomposition of milling force.

The spiral milling cutter is used in milling. The workpiece material is HT250, the
power of the motorized spindle is 7.5 kW, the rated speed is 1500 rad/min, the tool diam-
eter do is 50 mm, and the number of teeth Z is 6. The milling adopts symmetric end-milling,
The empirical ratios of each milling force during end-milling are listed in Table 2, and the
milling force calculation can be expressed by the following Formula (1).

F = 5130{2.9&?‘740[30201&1.01{& (1)

In the formula, ap is the milling depth, ayis the feed per tooth, a. is the milling width,
Z is the number of cutter teeth, do is the milling diameter, and Kr: is the correction coeffi-
cient.

Table 2. The empirical ratios of each milling force in end-milling.

Cutting Condition Ratio Symmetric Milling Asymmetric Milling
Up-Cut-Milling Climb-Milling
End-milling Fo/F- 0.85~0.95 0.45~0.70 0.90~1.00
ae=(0.4~0.8)do Fe/F: 0.30~0.40 0.60~0.90 0.15~0.30
ar=(0.1~0.2) mm/z F./F: 0.50~0.55 0.50~0.55 0.50~0.55
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The milling width is a.=0.6d0 = 30 mm; the milling depth ar is 2 mm, and the amount
of feed per tooth ar = 0.15 mm/z. By substituting the parameters into Formula (1), Fr =
846.55 N. The milling force in each direction is: Fx=0.9, Fr=761.895 N, F, =0.35, Fr=296.29
N, F:=-0.52, and Fr=-440.20 N.

(2) Calculation of Turning Force
The turning force is divided into three forces: the main cutting force F, the feeding
force Fy, and the back force Fx. According to the data determined in the cutting experiment,
the main angle of deflection of the cutting tool is Kr=45°, the tool cutting-edge inclination
is As=0°, and the rake angle is y0=10°. The three calculation formulas of turning force are,
respectively:
F, =981C,, -a,"™ - f" v K,

c

F, =981C, -a,™ - [ v K, 2)

c

sz :981CF2 ,apxF: ,fyp; 'anFZ 'KFZ

In the formula, Cry, Cry, and Cr: depend on the cutting metals and cutting conditions;
XFx, YFx, WFx, XFy, YFy, NEy, XFz, Y£z, and nr are indices of the amount of feed, cutting depth and
cutting velocity in the three component forces; Krx, Kry, and Kr: are correction coefficients.
The coefficients are shown in Table 3:

Table 3. Turning parameters.

Cr: XFz YFz NnFz Crx XEx
92 1.0 0.75 0 54 0.9
YEx ZFx Cry XFy YEy nry
0.75 0 46 1.0 04 0

Under the tool conditions in this paper, the correction factors Krx, Kry, and Kr: are 1.0.
the cutting depth during machining is ay = 3 mm, the amount of feed is ay= 0.3 mm/z, and
the cutting velocity is vc = 1.4 mm/s. Adding the cutting parameters to Formula (2) gives
F:=1097.53 N, Fx=577.18 N, and F, = 836.36 N.

2.3. Static Characterization
2.3.1. Solid Modeling

We used Solidworks 2020 [22] to build the model of the direct-drive turntable and
transferred the 3D model to the Ansys workbench software for analysis. We performed
the necessary simplifications in building the solid model. The main methods of simplifi-
cation are: (1) The geometric model should meet the shared topology, which is conducive
to the meshing of the direct-drive turntable model and facilitates the transfer of torque,
force, and displacement. (2) We should simplify some features that we can ignore in the
model analysis, such as rounded corners, tapered edges, etc. The model is shown in Figure
3.

Figure 3. Three-dimensional model of direct-drive turntable.
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2.3.2. Adding Materials

The material used in the turntable surface is HT200, the material used in the work-
piece is HT250, and the material used in the mounting sleeve and the rotating spindle is
45 steel. The material used in the swing frame is QT500-7, and the material used in the
YRT100 bearing is CCr15. The specific parameters are shown in Table 4.

Table 4. Material parameters of direct-drive turntable.

Material Density (kg/m3) Poisson’s Ratiog:)StIC Modulus
HT200 7.15x 108 0.23 1.13 x 101
45 steel 7.85 x 108 0.3 2.00 x 10m
QT500-7 7.10 x 103 0.275 1.69 x 10"
GCr15 7.81 x 103 0.3 2.07 x 101
HT250 7.28 x 103 0.27 1.20 x 101

2.3.3. Adding Loads and Boundary Conditions

The fixed constraint was added to the bottom of the swing frame and the C-axis in
the milling condition. Additionally, the rotation constraints were added to the A-axis. In
the turning condition, because a clamping mechanism fixes the A-axis and the swing
frame is connected with A-axis and the installation sleeve by bolts, these parts have little
effect on the machining accuracy. The C-axis drives the workpiece to rotate and has a great
relationship with the static characteristics, so the C-axis was used to analyze the overall
static characteristics of the direct-drive turntable turning condition. The fixed rotation was
added to the C-axis, and the fixed support was added to the contact part of the mounting
sleeve and the swing frame. The decomposition forces in the X, Y, and Z directions were
added to different parts of the direct-drive turntable under two working conditions to
replace the cutting force. The YRT bearing contact with the rotating spindle supports it
and greatly correlates with the turntable’s radial positioning accuracy. The YRT bearing
adopts elastic support. At the same time, standard earth gravity was applied to simulate
gravity.

2.3.4. Element Selection and Grid Division

When selecting the element type, the direct-drive turntable was a tetrahedral ele-
ment, and the workpiece was a hexahedral element. We selected an element size of 10
mm, generating a total of 342,049 nodes and 174,545 elements of structural strain energy.
The finite element model is shown in Figure 4.

Figure 4. Finite element model of direct-drive turntable.

2.3.5. Selection of Limit Machining Position

The milling cutter machining at different positions affects the direct-drive turntable
and workpiece. Therefore, it was is necessary to add milling force at different machining
positions of the workpiece for analysis. We set the center of the top part of the direct-drive
turntable as the origin. The milling force was added at the edge of the workpiece at a
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clockwise interval of 10° from the Y-axis. We used the same method when turning, as
shown in Figure 5:

load point oad point2

The top of
the workpiece

Figure 5. Diagram of cutting force load point position.

2.4. Dynamic Characteristic Analysis

The static characteristics of the direct-drive turntable can only reflect its ability to
resist deformation under specific conditions. In the machining process, the direct-drive
turntable is not only affected by static load but also has structural deformation under al-
ternate loading. Therefore, the direct-drive turntable not only needs to meet the require-
ments of static characteristics but must also have good dynamic characteristics.

2.4.1. Modal Analysis

The finite element model of the direct-drive turntable was imported into the Modal
module of ANSYS Workbench for modal analysis. Modal analysis does not require addi-
tional force such as cutting force and gravity, and the other conditions are the same as the
statics. Considering the direct-drive turntable’s limited rotational speed and machining
conditions, it only reaches a low modal order. Therefore, after the modal analysis, the first
six-order modal analysis of the direct-drive turntable was conducted.

The steps of the modal analysis of the direct-drive turntable in the ANSYS Work-
bench software are as follows: (1) importing the finite element model; (2) determining the
material and material performance parameters; (3) meshing setting; (4) setting the bound-
ary conditions; (5) post-processing of modal analysis results; (6) results and analysis.

2.4.2. Direct-Drive Turntable Harmonic Response Analysis

When a direct-drive turntable is used for milling, the tool exerts a force on the work-
piece that varies periodically. Under milling conditions, the direct-drive turntable is not
susceptible to resonance. Still, the dynamic deformation corresponding to the machining
frequency without resonance is superimposed on the static deformation, which may be
larger than the maximum deformation allowed if both have the same maximum defor-
mation position. To avoid this situation and to quantify the degree of impact of milling
forces on the direct-drive turntable at different machining rates, we should investigate the
dynamic response of the direct-drive turntable when subjected to alternating loads to see
if it meets the requirements. Therefore, the harmonic response of the direct-drive turntable
was analyzed. The machining speed of the direct-drive turntable in the turning condition
was much lower than that of the milling condition, so the milling condition was used as a
representative for the analysis. The same model as the modal analysis was used for the
harmonic response analysis of the direct-drive turntable. The modal analysis data were
shared with the Harmonic Response module in the Ansys Workbench software to add
milling forces and determine the location and direction of the applied forces, frequency
range, and phase angle. In the process of harmonic response analysis, the milling force
was taken as a component, and the component forces in the X, Y, and Z directions were
taken as 761.895 N, 296.29 N, and 440.20 N, respectively. The sweeping frequency span of
the milling force was set to 0-3000 Hz, and the phase angle was set to 0. We wanted to
determine whether the inherent frequency of the direct-drive turntable and the dynamic
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characteristics at the same position were the same after adding loads at different positions.
We added milling forces to the direct-drive turntable at the maximum radius and the cen-
ter of the machined workpiece. The results were evaluated using amplitude—frequency
curves and dynamic stiffness.

2.5. Topology Optimization Analysis

Topology optimization uses mathematical methods to optimize the material distri-
bution, force transmission path, and structural layout of the structure given constraints,
loads, and optimization objectives in the design area. In this paper, composite working
condition topology optimization and single working condition topology optimization are
carried out for the direct-drive turntable. The milling or turning of the direct-drive turn-
table is often analyzed separately, and topology optimization of a group of working con-
ditions with significant influence is carried out. Although optimizing a set of working
conditions can save time, this solution is not necessarily optimal for other conditions or is
even entirely unsuitable for other working conditions.The static analysis results of the di-
rect-drive turntable are shared in the topology optimization module of Ansys Workbench.
The optimization problem is defined according to the actual needs, the optimization re-
gion and response constraints are set, the optimization results are output, and the model
is re-established according to the results. Then, the optimized model is analyzed to deter-
mine whether it meets the working requirements. If it does not meet the working require-
ments, topology optimization is carried out again, or other optimization methods are se-
lected.

2.5.1. Variable Density Method

In the variable density method, the density of the finite element of the optimization
model is regarded as changing. Additionally, the relative density of the model varies
within the interval (0, 1) with the force condition. The penalty function is introduced. By
setting the threshold value, Ansys Workbench software will delete densities of the finite
element less than the threshold value, while those greater than the threshold value will be
retained. The interpolation model used in this paper is Solid Isotropic Material with Pe-
nalization (SIMP). In the model, the material of the optimization model is isotropic, and
the density and properties of the material are exponential functions. The primary expres-
sions of SIMP are:

E(p) = ppE,, p €[0.00L1] 3)
E(IO) =E'min +10p(E0 _Emm)’pe[OOOl’l] (4)

In the formula, p is the relative density of elements, p is the penalization parameter,
which is the power of the density, E is the elastic modulus after interpolation, Eo is the
solid elastic modulus, and Emin is the elastic modulus at the cavity. Emin is set to Eo/1000.

The parameters p and p control the relative density of elements; the higher the value
of p, the more the intermediate density is penalized, and the more the relative density of
elements will approach 0 or 1. If the value of p is too high, the function will be difficult to
converge. Therefore, the value of p is generally within the interval (2,6). In Ansys Work-
bench, the default penalty factor p is 3.

2.5.2. Mathematical Model of Topology Optimization

The mathematical model of topology optimization under a single working condition
is as follows:
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minc(p) = UTKU = Zéy:l(pe)puchOue
KU =F
1 _ Zleyzl VePe (5)
Vo Vo sn
0 < pmin < Pe < Pmax =1

In the formula, c is the structural strain energy, F is a vector of external force, U is the
displacement matrix, K is the stiffness matrix, pe is the relative density of the element ma-
terial, ue is the displacement of element nodes, ko is the element stiffness matrix, N is the
total number of nodes, v. is element volume, Vo is the volume before optimization, and V
is the volume after optimization. 7 is the percentage of retained volume within the interval
(0, 1). pmin and pmax are the minimum and maximum relative density of materials. To avoid
the singularity of the total stiffness matrix, when the relative density of the material is
very small, it is treated as a cavity, and its p = 0.001.

The linear weighting method was used to add the corresponding weight coefficient
to each working condition according to the importance of each working condition. The
topological optimization mathematical model of a single working condition of turning
and milling was transformed into the mathematical model of the turning—milling compo-
site working condition. The mathematical model is as follows:

subject to

1

) C.(p_)_c?‘nin Pyp
min c(p) = X%, wi¢; = {w}’ [clma‘lx_c?n_in
A A
Yitiwi=1 (6)
subject to <
Vo

OSpminSpeSpmaxS]-

In the formula, pi is the relative density of the element material under the i-th work-
ing condition, wi is the weight factor for the i-th working condition, m is the total number
of working conditions, c is the structural strain energy, cma and ck™» are the maximum
and minimum values of the strain energy of the objective function under the i-th working
condition.

2.5.3. Single-Condition Topology Optimization

Firstly, the working conditions of the direct-drive turntable were set to the turning
and milling mode. We shared the static analysis data of both working conditions in the
topology optimization module. The optimized basic parameter settings were as follows:
the maximum number of iteration times was 500, the minimum normalized accuracy was
0.001, the convergence accuracy was 0.1%, and the solver type was sequential convex pro-
gramming.

The setting of boundary conditions was the same as that in the static analysis. The
simplified model of the direct-drive turntable was taken as the optimization region, and
the workpiece was set as the exclusion region. The optimization models of turning and
milling single working conditions were established, respectively. As shown in Figure 6,
red is the exclusion region, and blue is the optimization region.



Appl. Sci. 2022, 12, 9481

10 of 31

exclusion region

optimization region

Figure 6. Optimization and exclusion regions of topology optimization.

According to experience, the threshold of 0.3 was more appropriate. Ansys Work-
bench performed the optimization at 50% and 60% mass retention rates. According to the
topology optimization of the removal results of the effect diagram, the results were com-
pared and analyzed. The original model was further reconstructed via structural dimen-
sion optimization, and we observed and analyzed the optimization results.

2.5.4. Topology Optimization of Composite Conditions

Topological optimization of the composite conditions needed to be realized via the
linear weighting method, and its mathematical model is X = [X1, X2]. In the actual pro-
cessing, it was considered that the weights of topology optimization of the turning and
milling conditions were the same, and the weight factor of X1 was set to 1, and X2 was
also set to 1.

2.6. Multi-Objective Optimization
2.6.1. Multi-Objective Optimization Process

With the decrease in mass retention rate, we could see that the A-axis and C-axis of
the direct-drive turntable could also be optimized to a certain extent. Therefore, the size
optimization method was used to optimize the A-axis and C-axis. As a whole, the direct-
drive turntable was optimized using the multi-objective size optimization method. Based
on the topology optimization of the direct-drive turntable, the size optimization of the
improved direct-drive turntable structure ensured that the dynamic and static character-
istics of the direct-drive turntable met the processing conditions to achieve the lightweight
design of the direct-drive turntable. The main multi-objective optimization processes were
as follows:

(1) In SolidWorks 2020, a parametric design of the size parameters of the direct-drive
turntable was carried out. Through the interfaces of ANSYS Workbench and Solid-
Works 2020, the three-dimensional model was transformed into a finite element anal-
ysis model.

(2) In the topology optimization model, the optimized size parameters were reasonably
selected as variables. The constraint range of the optimization parameters was set at
10%, and the constraint condition was to achieve a light weight without reducing the
stiffness and the first natural frequency.

(3) Selecting suitable experimental design methods generates finite element analysis
samples. The statics and dynamics of each generated sample were analyzed, and the
results were analyzed comprehensively.

(4) The response surface between the test site and the optimization objective was estab-
lished using a BP neural network model.

(5) The non-dominated sorting genetic algorithm (NSGA-II) was used to optimize the
response surface many times to obtain the Pareto front solution set. According to the
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optimization objectives, the most suitable set of optimization data was selected to

obtain the optimization results.

2.6.2. Establishment of Response Surface Model

(1) Determination of optimization parameters of direct-drive turntable

We combined the structural characteristics of the direct-drive turntable with the to-
pology optimization results of the composite working conditions and selected the three-
dimensional parameters as the optimization parameters on the turntable surface. Three
size parameters were chosen on the C-axis, and one size parameter was selected on the A-
axis, as shown in Figures 7 and 8. These sizes changed locally without changing the overall
size. The selected size optimization range varied within +10%, and the value ranges are

shown in Table 5

| ns n4

n2 n6

%

Sl

nl

n3

Figure 8. Optimal design parameters of A-axis.

Table 5. Design variables and value ranges.

Limi
Optimizing Size Parameters Initial (mm) Lower Limit (mm) g:}:;r it
n1—C-axis radius 82.14 73.926 90.354
n2—C-axis support thickness 13.16 11.844 14.476
n3—Inner diameter of C-axis mounting 205.78 185.2 226.36
sleeve
ns— Thickness of turntable surface 22.81 20.529 25.091
—Thi f i
ns ickness of connection between 1053 9.477 11.583
turntable surface and C-axis

ne— Oil groove depth of turntable 7.27 6.543 7.997
n7—Outer diameter of A-axis mounting 235 2115 2585

sleeve
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(2) Sensitivity analysis

We investigated the effects of seven design parameters on the turntable’s mass, nat-
ural frequency, and maximum deformation. Focusing on the parameters with great influ-
ence can avoid purposeless structural modification. The theoretical basis of sensitivity can
be expressed as follows [23]:

4 (x)
dx

?)

In this formula: f{x) is the differentiable function, and S is the sensitivity.
(38) Central composite design

Using a central composite design to determine test points can ensure accuracy and
reduce the number of test points [24]. We used the central composite design to design the
test points and calculate the values of the corresponding points, and the response surface
model was established through these points.

The response surface method is a method that uses an experimental design to obtain
the optimal solution for multiple variables. Formula (8) expresses the principle of the re-
sponse surface method:

n_ i-1

y(x)=p, +zﬂi‘xf +Zﬂiixi2 + Zﬁxjxix' 8)
i=1 i=1 i=2 j=1
In this formula: x represents a set of all the test points, 5 is an unknown number, and
the number of g is L = (n + 1)(n + 2)/2. When using the least squares method to determine
B, the number of test points P must be greater than L.
The relationship between the number of design variables and the number of test
points is shown in Table 6.

Table 6. Number of design variables and test points.

Number of Design

Variables ! 2 3 4 > 6 7
Factorial coefficient 0 0 0 0 1 1 1
Number of test points 5 9 15 25 27 45 78

Through the optimization and exploration function of the ANSYS Workbench 2020
software, 45 test points were obtained. The first group of data is the original data. The
response surface was constructed by fitting the test points. Table 7 shows the central com-
posite design point.

Table 7. Central composite design test point.

Order ni (mm) n:(mm) ns (mm) ns(mm) ns (mm) nr (mm) f(Hz) Omax (um) m (kg)
1 82.140 13.160 205.780 22.810 10.530 235.000 614.2500 2.8232  110.300
2 82.140 11.844 205.780 22.810 10.530 235.000 616.300 2.8128  110.130
3 82.140 14.476 205.780 22.810 10.530 235.000 611.940 2.8358  110.460

44 77392 13921 217.670 24.128 11.139 221.420 589.330 2.972 100.150
45 86.888 12.399 217.670 24.128 11.139 221.420 605.560 2.868 100.910
46 86.888 13.921 211.6119 24.128 11.139 248.580 601.690 2.888 115.830

(4) Response surface fitting

The BP neural network is one of the most commonly and widely used models. The
biggest feature of the BP neural network is that it can establish the high non-linear reflec-
tion from the Rn (n is the number of input neurons) space to the Rm (m is the number of
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output neurons) space by using only some of the sample data [25]. The BP neural network
was used to establish the mapping relationship between the test point samples and the
optimization objectives, as shown in Figure 9.

}4— Total mass

Input layer Hidden layer Output layer

Figure 9. Mapping relationship between sample data and optimization objective.

According to Kolmogorov’s theorem [25], the three-layer BP neural network model
can approximate any continuous function if only the functional relationship between the
input and output layers is linear and the hidden layer is a non-linear increasing function.
Therefore, the BP neural network model of Ansys Workbench also has three layers. The
input layer comprises six optimized size parameters. The output layer consists of three
optimized target parameters: the mass of the direct-drive turntable, the first natural fre-
quency, and the maximum deformation dmax under milling conditions. Normalization was
applied to each datapoint to prevent excessive data variation for each optimization pa-
rameter. The learning rate is 0.05, the training error is 103, and the maximum number of
learning is 2000.

2.6.3. Multi-Objective Optimization Based on Genetic Algorithm

We used the Design Exploration module of ANSYS Workbench to determine the test
point via experimental design within the range of multiple design variables. The experi-
mental data were obtained via simulation and calculation. The response surface model of
the objective function was constructed by fitting the multiple sets of data, and the appro-
priate optimization algorithm was selected to process the response surface to obtain the
comprehensive optimal target.

A mass change in the direct-drive turntable leads to a change in the turntable struc-
ture. It may increase the deformation of the workpiece during the machining process of
the turntable and affect the machining accuracy. Therefore, it is necessary to minimize the
deformation of the direct-drive turntable. The closing of the machining frequency and the
natural frequency may lead to a decline in machining accuracy and even damage the di-
rect-drive turntable. Therefore, the first natural frequency is as large as possible according
to the actual situation.

Combined with the parameters obtained from the statics and structural dynamics
analysis, the mathematical optimization model is obtained:

min(y; (x))

min(y, (x))

max(y;(x)) )
X =[x,%,,%;,%,,%5,%,]

X[L <X <Xy
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In this formula: ys(x) is the total mass of the turntable and workpiece, yi(x) is the
maximum deformation of the turntable and workpiece, ys(x) is the first natural frequency
of the direct-drive turntable, y is the objective function, X is all the design variables, x is a
design variable, xi is the lower limit of the design variable, xiu is the upper limit of the
design variables, and xi. and xiu are the constraint conditions.

After multi-objective optimization, a series of optimization solutions that meet the
constraint conditions will be generated, and these solutions are called Pareto solutions. To
improve the solution precision, finding the solution that meets the requirements as much
as possible is necessary. The most suitable optimization result is selected from all the so-
lutions.

John Holland proposes a genetic algorithm under the influence of biological evolu-
tion theory. It is an optimization method that uses the concept of animal genetics to solve
engineering problems [26]. The optimization exploration module of ANSYS Workbench
can carry out multi-objective optimization based on a genetic algorithm. So, a multi-ob-
jective genetic algorithm is used to optimize the mathematical model (Formula (9)). The
NSGA-II (non-dominated sorting genetic algorithm) is used in this paper and is one of the
most effective multi-objective genetic algorithms. According to the non-dominated prin-
ciple, NSGA-II takes constraints as the processing goal, which can quickly sort non-dom-
inated solutions and maintain high precision and population diversity. If the solution of
the genetic algorithm is required to have a global property and not to converge too fast,
population uniformity needs to be maintained. The shifted Hammersley sequence sam-
pling method and trade-off function method can meet the above conditions.

The Hammersley sequence sampling technique is a quasi-random number-sampling
technique which generates uniformly distributed sample points in the n-dimensional fea-
sible solution region based on the Hammersley algorithm [27]. Hammersley sample
points are more concentrated in the starting point area in the K-dimensional hypercube.
Shifted Hammersley sampling technology [28] is adopted to make up for this deviation,
which moves the sample points based on Hammersley sequence sample points. The sam-
ple points are more evenly distributed. Shifted Hammersley sequence points have a low
minimum bias [29]. Here, the Hammersley sample points are offset A = N/2 to make them
uniformly concentrated in the central area of the design space. To ensure that the multi-
objective genetic algorithm converges quickly to the global Pareto optimal solution.

The trade-off function is used to evaluate the mass of the selected sample points. In
multi-objective optimization, the constraint and the objective functions are usually quite
different in magnitude, so the normalization method is needed to combine the multi-con-
straint and multi-objective into a single function.

Mj = [—'yl Bl ] (10)
ymax _ymin t

In this formula: y: is the ideal feasible solution of the j-th objective function; y is the
current value of the j-th objective function; ymax is the maximum value of the j-th objective
function; and ymin is the minimum value of the j-th objective function.

When y is the objective function:

»,y>y
yt={ . . (11)
vy <y,

If y is a constraint function, when y > y+*, y: can be expressed as:

y,y>y
y,={ X ! (12)
y5Ly <y

If y is a constraint function, when y < y#*, y: can be expressed as:
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¥,y <y,
Ye=q . . 13
' {y, =y, 13

y#* is the specified target value. After normalization, the trade-off function is:
$=2M, (14)
-

In this formula: n is the sum of the number of objective and constraint functions, and
the optimal initial population can be obtained according to Formula (14).

3. Results and Discussion
3.1. Static Characteristic Analysis Results and Discussion

According to the static method of Section 2.3, the deformation rule of the milling
condition is solved, as shown in Figure 10:

54 154 N

o = )

x 2 >
1 ) !

2.954

2.94+

maximum deformation (um)

2‘93 T T T T T T T T
—20 0 20 40 60 80 100 120 140
The angle with y axis (° )

Figure 10. The maximum deformation at different loading positions under milling condition.

As shown in Figure 10, when the milling force and Y-axis angle are equal to about
60°, the maximum deformation is 2.9772 um. This value is the maximum deformation
value of the direct-drive turntable milling condition, and its corresponding position is the
maximum deformation position. When the milling position is closer to the top of the work-
piece, the deformation of the workpiece is larger. Therefore, in the milling process of the
direct-drive turntable, the maximum deformation value can be obtained when the angle
between the working point of milling force and the Y-axis is 60° and is located on the top
surface of the workpiece. The stress nephogram of the maximum deformation position is
shown in Figure 11:

B:Static structural

Equivalent Stress

Type:Equivalent(von-Misers)Stress

Unit:MPa

Time:1
2.6791 Max
2.3814
2.0837
2.0837
1.7861
1.4884
1.1907
0.89303
0.29768
2.5972e-9 Min

Figure 11. The milling stress nephogram of the maximum deformation position.



Appl. Sci. 2022, 12, 9481

16 of 31

Analyzing the stress nephogram of the maximum deformation position, the maxi-
mum stress value of the direct-drive turntable under milling force is 2.6791 MPa. The max-
imum value appears in the milling force addition side of the turntable, and the stress is
mainly concentrated at the bottom of the workpiece. The stress of the turntable surface’s
top and the mounting sleeve’s bottom is small. The material of the turntable surface is
HT200, and the yield limit is 200 MPa. The maximum stress of the turntable is far less than
200 MPa. The maximum deformation of the direct-drive turntable occurs on the work-
piece, and the maximum deformation is 2.9772 um. According to the processing require-
ments, the maximum deformation of the workpiece of the direct-drive turntable should
be less than 10 um. The results meet the job requirements.

According to the same research method as that used for the milling condition, the
maximum deformation variation law of the turning condition and the stress nephogram
and deformation nephogram of the maximum deformation position are obtained, as
shown in Figures 12 and 13:

4544
4524
4504
448+

deformation (um)

0 20 40 60 80 100
The angle with y axis (°)

Figure 12. The maximum deformation at different loading positions under turning condition.

B:Static structural D:Static structural
Equivalent Stress Total Deformation
Type:Equivalent(von-Misers)Stress Type:Total Deformation
Unit:MPa Unit:mm
Time:1 Time:1
5.5303 Max 0.0045239 Max
7.9158 0.0040212
43013 0.0035186
3.6869 0.0030159
3.0724 0.0025133
24579 0.0020106
1.8435 0.001508
1.229 0.0010053
0.61451 0.00050265
4.1861x10"° Min 0 Min

Figure 13. The turning stress nephogram and deformation nephogram of the maximum defor-
mation position.

As shown in Figure 12, when the turning force and Y-axis angle are equal to about
20°, the maximum deformation is 4.5239 pm. The maximum deformation value of the di-
rect-drive turntable turning condition is 4.5239 um, and its corresponding position is the
maximum deformation position. The stress nephogram at the maximum position of ma-
chining deformation is shown in Figure 13. When the direct-drive turntable is turning, the
overall stress is small, and the maximum stress is 5.5303 MPa; this is far less than the ma-
terial yield limit of the turntable surface, whether turning or milling the direct-drive turn-
table. It is not necessary to worry that the maximum stress will destroy the direct-drive
turntable. The direct-drive turntable meets the stiffness and accuracy requirements under
the two working conditions.
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3.2. Dynamic Characteristic Analysis Results and Discussion
3.2.1. Modal Analysis Results and Discussion under Milling Conditions

The modal analysis of the direct-drive turntable was carried out according to the fi-
nite element modal analysis method in Section 2.4.1. The first six modes of the direct-drive
turntable under milling conditions are shown in Figure 14.

U:Modal U:Modal

Total Deformation Total Deformation
Type:Total Deformation Type:Total Deformation
Frequency:594.33Hz Frequency:598.39Hz

Unit:mm Unit:mm
6.4727 Max 6.4925 Max
5.7535 57711
5.0344 5.0497
43152 4.3283
3.596 3.6069
2.8768 2.8856
2.1576 2.1642
1.438 1.4428
0.71919 0.72139
0 Min 0 Min

U:Modal U:Modal

Total Deformation
Type:Total Deformation
Frequency:2314.9Hz

Total Deformation
Type:Total Deformation
Frequency:1579.7Hz

Unit:mm Unit:mm
6.5884 Max 4.8062 Max
5.8563 42721
5.1243 3.7381
43923 3.2041
3.6602 2.6701
2.9282 2.1361
2.1961 1.6021
1.4641 1.068
0.73204 0.53402
0 Min 0 Min

U:Modal U:Modal

Total Deformation
Type:Total Deformation

Total Deformation
Type:Total Deformation

Frequency:2434.3Hz Frequency:2468Hz

Unit:mm = Unit:mm
6.3752 Max 6.749 Max
5.6668 5.9991
49585 5.2492
42501 4.4994
3.5418 3.7495
2.8334 2.9996
2.1251 22497
1.4167 1.4998
0.70835 0.74989
0 Min 0 Min

Figure 14. Nephogram of the first six vibration modes under milling conditions.

The first six vibration modes and natural frequencies of the direct-drive turntable
under milling conditions are summarized in Table 8.

Table 8. The first six vibration modes and natural frequencies of direct-drive turntable under milling
conditions.

Order Frequency Vibration Mode
(Hz)
1 594.33 C-axis and workpiece oscillating back and forth
2 598.39 C-axis and workpiece oscillating left and right
3 1,579.7 C-axis and workpiece rotation
4 2,314.9 C-axis and workpiece oscillating up and down
5 2,434.3 C-axis, workpiece, and swing frame oscillating back and forth
6 2,468 C-axis, workpiece, and swing frame oscillating left and right
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The first six modes of the direct-drive turntable under turning conditions are shown
in Figure 15.

U:Modal U:Modal
Total Deformation Total Deformation
Type:Total Deformation Type:Total Deformation
Frequency:595.06Hz Frequency:599.2Hz
Unit:mm Unit:mm
6.4736 Max 6.4935 Max
5.7543 5.772
5.035 5.0505
43157 4.329
3.5964 3.6075
2.8772 2.886
2.1579 2.1645
1.4386 1.443
0.71929 0.7215
0 Min 0 Min
U:Modal U:Modal
Total Deformation Total Deformation
Type:Total Deformation Type:Total Deformation
Frequency:1581.5Hz Frequency:2317Hz
Unit:mm Unit:mm
6.594 Max 4.8052 Max
5.8613 42713
5.1287 3.7374
4.396 3.2035
3.6633 2.6696
2.9307 2.1357
2.198 1.6017
1.4653 1.0678
0.73267 0.53392
0 Min 0 Min
U:Modal U:Modal
Total Deformation Total Deformation
Type:Total Deformation Type:Total Deformation
Frequency:2436.6Hz Frequency:2469.7Hz
Unit:mm Unit:mm
6.3858 Max 6.754 Max
5.6763 6.0036
4.9667 5.2531
42572 4.5027
3.5477 3.7522
2.8381 3.0018
2.1286 2.2513
1.4191 1.5009
0.70953 0.75045
0 Min 0 Min

Figure 15. Nephogram of the first six vibration modes under turning conditions.

The first six vibration modes and natural frequencies of the direct-drive turntable
under turning conditions are summarized in Table 9.

Table 9. The first six vibration modes and natural frequencies of direct-drive turntable under turn-
ing conditions.

Order Frequency (Hz) Vibration mode

1 595.06 C-axis and workpiece oscillating back and forth

2 599.20 C-axis and workpiece oscillating left and right

3 1,581.5 C-axis and workpiece rotation

4 2,317 C-axis and workpiece oscillating up and down

5 2,436.6 C-axis, workpiece, and swing frame oscillating back and forth
6 2,469.7 C-axis, workpiece, and swing frame oscillating left and right

In the first six modes of the direct-drive turntable under the two working conditions,
the first four modes are mainly located on the C-axis and the workpiece, and the fourth to
sixth modes occur on the overall structure of the direct-drive turntable. Aside from the
workpiece, processing should pay more attention to the direct-drive turntable C-axis part.
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3.2.2. Dynamic Characteristic Safety Analysis of Direct-Drive Turntable

If the machining frequency is too close to the natural frequency, the workpiece de-
flection will increase, and resonance will occur. This situation will lead to machining in-
accuracy, a direct-drive turntable stiffness decline, and direct-drive turntable internal ac-
cessories falling off and causing danger. According to the relationship between rotational
speed and frequency:

n = 60f (15)

In this Formula: f is the frequency (Hz) and n is the rotational speed (rad/min). Ac-
cording to Formula (15), we can convert the direct-drive turntable’s first natural frequency
into the motorized spindle’s machining speed, and the motorized spindle’s corresponding
machining speed is 35,659.8 r/min. The spindle speed of the machining center of the direct-
drive turntable is 1500 r/min, the milling cutter has six teeth, and the equivalent machining
speed is 9000 r/min. Therefore, the direct-drive turntable can avoid resonance in milling.
The first natural frequency of the turning condition is 595.06 Hz, and the rotation speed
of the torque motor is 200 r/min, so it is more difficult for it to resonate.

3.2.3. Harmonic Response Analysis Results and Discussion
(1) Harmonic response analysis of the upper-surface edge of the workpiece

A total of 60 solution schemes were set in the analysis, and 50 Hz was counted once.
The amplitude and frequency curves of the direct-drive turntable in the X, Y, and Z direc-
tions were analyzed, as shown in Figure 16.
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Figure 16. Harmonic response curve of turntable under edge loading: (a) X-directional harmonic
response curve; (b) Y-directional harmonic response curve; (c) Z-directional harmonic response
curve.
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We can find, by comparing the three graphs, that there is a peak in both the X and Y
directions when the milling frequency is close to 600 Hz. When the machining frequency
increases, the amplitude will return to normal. When the machining frequency of the di-
rect-drive turntable reaches about 1600 Hz and 2300 Hz, the amplitude will rise again. The
equivalent speed of the electric spindle driving the tool during milling is about 9000 r/min,
i.e., 150 r/s, far from 600 Hz, 1600 Hz, and 2300 Hz. It is observed that the amplitude is
small, even when superimposed with static characteristic deformation. It is much less than
10 pm. When the working frequency is near 600 Hz, 1600 Hz, and 2300 Hz, the direct-
drive turntable has larger deformation, which corresponds to the first six orders of inher-
ent frequency of modal analysis so that it can prove the correctness of the modal analysis.
Therefore, the selected machining frequency for the direct-drive turntable should be far
away from these three values to avoid damage to the direct-drive turntable structure.

Since the superposition of the external high-frequency interference and milling force
may reach the first-order natural frequency, the point with the natural frequency of 600
Hz was analyzed. Dynamic stiffness is one of the evaluation parameters of the structure’s
resistance to interference. Each different working speed of the milling force corresponds
to a different dynamic stiffness, and the smaller the dynamic stiffness, the worse the struc-
ture’s resistance to interference. The dynamic stiffness of the direct-drive turntable differs
in the three directions, so it needs to be further calibrated by dynamic stiffness. The calcu-
lation formula for dynamic stiffness is:

K =F/A (16)

In the formula, K is the dynamic stiffness, F is the corresponding milling force in each
direction, and A is the maximum amplitude in each direction. The maximum deformation
in the X direction is 1.606 x 103 mm, in the Y direction is 1.109 x 10® mm, and in the Z
direction is 2.295 x 10-6 mm; then, the dynamic stiffness in the three directions is Kx = 4.745
x 105 N/mm, Ky = 2.678 x 10° N/mm, and Kz = 1.918 x 108 N/mm. When the milling force
is applied to the maximum diameter of the workpiece on the direct-drive turntable, the
dynamic stiffness of the turntable surface in the Y direction is the minimum when the
frequency of the milling force is around 600 Hz, so when the above constraints are satis-
fied, the impact on the Y-direction machining accuracy is the greatest.

(2) Harmonic response analysis of the upper-surface center of the workpiece

It is found in Figure 17 that when the milling force is added to the center of the upper
surface of the workpiece on the direct-drive turntable, the first peak amplitude of its X, Y,
and Z directions also appears at about 600 Hz. The maximum deformation in the X direc-
tion is 1.476 x 10*mm, and the maximum deformation in the Y direction is 8.053 x 104
mm. The maximum deformation in the Z direction is 9.089 x 107 mm. The dynamic stiff-
ness is calculated according to the method of calculating Kx =4.319 x 10° N/mm, Ky =3.688
x 10° N/mm, and Kz = 4.843 x 10" N/mm; still, the Y direction has the greatest influence at
about 600 Hz under the action of milling force.
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Figure 17. Harmonic response curve of turntable under center loading: (a) X-directional harmonic
response curve; (b) Y-directional harmonic response curve; (c) Z-directional harmonic response
curve.

A comprehensive analysis of the results of the two different applied load positions
in the direct-drive turntable milling condition shows that:

The sum of static and dynamic deformation for the two loading cases reaches a max-
imum of about 600 Hz. Comparing Figures 16 and 17, We can find that the load addition
position has almost no effect on the natural frequency distribution of the direct-drive turn-
table. Since each peak’s frequency does not overlap the excitation frequency provided by
the machine tool to the direct-drive turntable, the machine tool can easily avoid the harm
caused by resonance to the structure under regular operation.

3.3. Topology Optimization Results and Discussion

To compare the topology optimization analysis of the direct-drive turntable under
composite conditions, we imported the statics analysis results of the turning and milling
conditions into the topology optimization module to obtain the topology optimization
analysis results of the single condition. The mass retention rates are also set to 50% and
60%, and the optimization region is also in the same region. Figure 18 is the topology
optimization result of the turning condition, Figure 19 is the topology optimization result
of the milling condition, and Figure 20 is the topology optimization result of the composite
condition (the red region can be removed, the light red region can be removed or retained,
and the grey region is retained).
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(a)
(b) .

Figure 18. Topology optimization results of direct-drive turntable in turning condition: (a) 50% mass
retention rate; (b) 60% mass retention rate.

(a)
(b) .

Figure 19. Topology optimization results of direct-drive turntable in milling condition: (a) 50% mass
retention rate; (b) 60% mass retention rate.

(a) .

Figure 20. Topology optimization results of direct-drive turntable in composite condition: (a) 50%
mass retention rate; (b) 60% mass retention rate.




Appl. Sci. 2022, 12, 9481

23 of 31

By comparing the results of single-condition topology optimization and composite-
condition topology optimization, it can be found that the main removed region is the C-
axis part of the direct-drive turntable after increasing the percentage of removal mass un-
der the same working condition, and the removed region of other parts has almost no
increase. Therefore, the C-axis part of the direct-drive turntable has a certain mass redun-
dancy, and we can adjust its size to a certain extent. By observing the same mass retention
rate of the turning and milling topology model, we can find that the two topology models
are similar. Still, the topology optimization results are somewhat different due to the con-
straints and stress conditions. The topology optimization model of the composite working
condition of the direct-drive turntable synthesizes the topology optimization results of the
two working conditions. It conforms to the stress characteristics of the two working con-
ditions. According to the actual situation and direct-drive turntable topology optimization
model, the following conclusions can be drawn by comparison:

(1) When the direct-drive turntable works, the torque motor transfers movement
through the axis. The best axis optimization method is size optimization to ensure
the direct-drive turntable’s normal operation. The diameter was selected as the opti-
mization parameter.

(2) The maximum radius of the workpiece is determined so we cannot change the turn-
table surface’s diameter, but the thickness of the turntable surface can be optimized.

(3) Topology optimization results of the mounting sleeve are shown in light red and red.
To avoid direct-drive turntable internal parts being exposed and the displacement of
internal parts during sudden braking, the radius, rather than the installation sleeve’s
length, was considered optimized.

(4) The flanks of the swing frame have large mass redundancy, and the swing frame has
little effect on the overall structure of the direct-drive turntable. Therefore, topology
optimization was adopted for the swing frame.

Topology Optimization of Swing Frame

According to the topology optimization results, the swing frame was redesigned, and
two optimization schemes were obtained, as shown in Figure 21.

a) b)

Figure 21. Topological structure of swing frame: (a) opening square hole; (b) opening round hole.

The simulation of two swing frames with different openings was carried out. Under
the milling working condition, the static analysis of the direct-drive turntable with two
different swing frames was carried out, and the relevant settings refer to the static charac-
teristic analysis. Their maximum deformation is shown in Figure 22:
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D:Static structural D:Static structural
Total Deformation Total Deformation
Type:Total Deformation Type:Total Deformation
Unit:mm Unit:mm
Time:1 Time:1
0.0028449 Max 0.0028493 Max
0.0025288 0.0025288
0.0022127 0.0025327
0.0018966 0.0018995
0.0015805 0.001583
0.0012644 0.0012664
0.0009483 0.00094977
0.0006322 0.00063318
0.00003161 0.000031659
0 Min 0 Min
(a) (b)

Figure 22. Deformation nephogram of direct-drive turntable with different swing frames in milling
working condition: (a) opening square hole; (b) opening round hole.

It can be seen from Figure 22 that the maximum deformation of the direct-drive turn-
table with different swing frames is similar and has a certain decrease compared with the
original structure. The optimized model has better static characteristics. The mass distri-
butions of the left and right wings of the swing frame have little effect on the deformation
of the direct-drive turntable. Therefore, a structure with greater mass removal was
adopted, as shown in Figure 23:

Figure 23. Improved swing frame.

Under the milling condition, the static and dynamic characteristic data of the direct-
drive turntable with an optimized swing frame were obtained after static and dynamic
analysis.

By comparing the two sets of data in Table 10, we can see that the mass of the opti-
mized model is greatly reduced, reaching 13.5%. The maximum deformation and the first
natural frequency also have a certain degree of optimization to achieve the purpose of
optimization.

Table 10. Comparison of parameters before and after optimization of direct-drive turntable.

Maximum Deformation First Natural Frequency
(um) (Hz)

Before optimization 127.6 29772 594.33

Optimized 110.3 2.8232 614.25

Total Mass (kg)
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3.4. Multi-Objective Optimization Results and Analysis
3.4.1. Sensitivity Analysis Results and Discussion

The sensitivity of seven optimization parameters to the turntable’s natural frequency,
the maximum deformation, and the total mass were analyzed. The results are as follows:

It can be seen from Figures 24-26 that parameters n2, n4, n5, and n7 are sensitive to the
first-order natural frequency and are negatively correlated with the first-order natural fre-
quency. Parameters n2, n4, n5, and n7 are sensitive to the maximum deformation and posi-
tively correlated with the maximum. Parameters nl, n3, and n7 are sensitive to total mass,
where nl and n7 are negatively correlated with total mass and n3 is positively correlated
with total mass. Since parameter né6 has a small contribution to the optimization, the other
parameters are sensitive to the dynamic and static characteristics of the direct-drive turnta-
ble. Therefore, only parameters n1-n5 and n7 were retained for size optimization.
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Figure 24. Correlation of 7 optimization parameters to natural frequency sensitivity.
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Figure 25. Correlation of 7 optimization parameters to maximum deformation sensitivity.
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Figure 26. Correlation of 7 optimization parameters to total mass sensitivity.
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3.4.2. Response Surface Fitting Results and Discussion

The response surface curves are shown in Figures 27-29:
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Figure 27. Deformation response curve.
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Figure 28. Frequency response curve.

125 - “‘ o s
— ns n7
120 -
1151
o0
=
2 110 —_— —
£
=
S 105+
100
95 T T T T T
0.90 095 1.00 1.05 1.10

Figure 29. Mass response curve.

It can be seen from Figures 27-29 that the optimization parameters are related to the
first-order natural frequency, maximum deformation, and mass, but the correlation is irreg-
ularly distributed. Increasing or decreasing a certain parameter cannot improve the dy-
namic and static characteristics or the mass of the direct-drive turntable. Since it is difficult
for all the optimization parameters to achieve the optimal solution simultaneously, it is nec-
essary to carry out further multi-objective optimization to obtain the optimal value.

The main index to evaluate the response surface is the decision coefficient R2 with
the best value being R? = 1. The response surface determination coefficients of the first-
order natural frequency, minimum deformation, and total mass of the direct-drive turn-
table are 0.99873, 0.9887, and 1. The optimum root means the square error is 0, and the
root means the square errors of response surface for the first natural frequency, minimum
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deformation, and total mass are 0.39775, 2.3254 x 10, and 1.8594 x 10713, respectively. The
response surface model has a good fitting degree in terms of the above parameters.

The closer the normalized curve of the test points and the verification points are to
the X- and Y-angle bisector, the better the prediction result is. The prediction error is
greater if it is far away from the X- and Y-angle bisector. The normalized curve of this test
is shown in Figure 30.
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Figure 30. Normalized curve.

By observing Figure 30, we can see that a few points are not on the X- and Y-angle
bisector. The other points are almost on the X- and Y-angle bisector, and the prediction
accuracy is higher.

3.4.3. Multi-Objective Optimization Results and Discussion

The traditional multi-objective optimization method is to transform multi-objective
optimization into single-objective optimization. Therefore, the traditional method has low
computational efficiency, making it difficult to obtain a global optimization solution. So,
a multi-objective genetic algorithm is proposed to solve practical problems. In multi-ob-
jective optimization, it is not easy to achieve the optimal solution among the objectives
simultaneously, so multi-objective optimization often generates a series of effective solu-
tions, also known as Pareto solutions. These solutions all meet the requirements, so we
cannot compare them. In the multi-objective optimization problem, it is necessary to find
as many Pareto solutions as possible that are unbiased and conform to the requirements.
Then, according to the design requirements and practical engineering experience, the
most satisfactory optimization results are objectively selected. NSGA-II is considered one
of the most effective multi-objective genetic algorithms [26], and can reduce the computa-
tion scale and preserve the influential elite and population diversity.

Since the optimization objectives of the direct-drive turntable are the total mass, the
first-order natural frequency, and the maximum deformation, the multi-objective genetic
algorithm is used to solve the mathematical model of multi-objective optimization. The
initial population is 100, the number of samples for one iteration is 100, the maximum
allowable Pareto percentage is 50, and the maximum number of iterations is 20. Other
options adopt the system default, and 100 Pareto solutions are generated. The Pareto so-
lutions between two of the three objective functions are:

We selected three groups of optimal parameters and optimization objectives from
many initial populations through the multi-objective genetic algorithm. The values are
shown in Tables 11 and 12 and marked by green lines in Figure 31.
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Figure 31. NSGA-II Pareto solution.

Table 11. Size parameters after and before optimization.

. . Optimization = Optimization Optimization Data 3
Original Data (mm) Data 1 (mm) Data 2 (mm) (mm)
nm 82.140 88.633 89.409 89.274
n 13.160 11.887 11.970 12.074
ns 205.780 185.86 191.860 198.310
n4 22.810 20.561 20.553 20.553
ns 10.530 9.5326 9.517 9.572
ny 235.000 212.13 213.560 212.140

Table 12. Original data and optimization values of optimization objectives.

Mass (kg) First Natural Fre- Deformation (pum)
quency (Hz)
Optimal value 1 103.050 641.970 2.6620
Optimal value 2 102.610 641.670 2.6660
Optimal value 3 100.340 637.820 2.6888
Original data 110.300 614.250 2.8232

To prevent a large error between the selected optimized and real values, we used the
above three sets of optimized parameter dimensions to re-model them in the SolidWorks
software and perform the relevant finite element analysis. We compared the total mass,
maximum deformation, and first natural frequency of the optimized direct-drive turnta-
ble with the fitting value. The relationship between the predicting value and the simula-
tion value of the direct-drive turntable is shown in Figure 32:
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Figure 32. Prediction and simulation values: (a) deformation; (b) first natural frequency; (c) total
mass.

Compared with the prediction and simulation values of the maximum deformation,
the absolute errors of the predicting values of the first, second, and third groups are 0.1057
pm, 0.055 um, and 0.081 pm, and the prediction deviations are about 3.97%, 2.08%, and
3.01%, respectively. Compared with the predicting values and the simulation values of
the first natural frequency, the absolute errors of the predicting values of the first, second,
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and third groups are 9.43 Hz, 2.18 Hz, and 9.25 Hz, and the prediction deviations are about
1.47%, 0.34%, and 1.45%, respectively. Compared with the predicting values and the sim-
ulation values of the total mass, the absolute errors of the predicting values of the first,
second, and third groups are 1.086 kg, 0.1641 kg, and 3.11 kg, and the prediction devia-
tions are about 1.05%, 0.16%, and 3.1%, respectively. It can be seen that there is a difference
between the predicting value and the simulation value.

The optimization objectives were to reduce the mass and deformation of the turntable
and improve the first natural frequency. Under three sets of optimization values, the max-
imum deformation, the first-order natural frequency, and the total mass of the direct-drive
turntable are optimized to a certain extent. Among the three optimization values, optimi-
zation value 1 has the greatest degree of optimization on the deformation of the direct-
drive turntable. Optimization value 3 has the greatest degree of optimization on the total
mass of the direct-drive turntable. The optimization degree of optimization value 3 on all
the objectives is between optimization values 1 and 2.

From the actual situation, the maximum deformation of the direct-drive turntable is
far less than 10um, and the processing speed corresponding to frequency cannot reach the
first natural frequency. Therefore, optimization value 3 is the optimal solution. Compared
with before topology optimization, the mass of the direct-drive turntable is reduced by
9.02%, the first natural frequency is increased by 3.83%, and the deformation is decreased
by 4.76%. Compared with the original model, the total mass of the direct-drive turntable
decreases significantly, reaching 21.394%.

To verify the effect of the optimization results on the machining conditions of the
direct-drive turntable, we needed to extract and round the optimization data. So, n1 =89
mm, n2 = 12 mm, n3 = 198 mm, n4 = 20.5 mm, n5 = 9.6 mm, and n7 = 212 mm. These
parameters were brought into SolidWorks 2020 to remodel the direct-drive turntable. Ac-
cording to the previous chapter’s static and dynamic analysis methods, the direct-drive
turntable’s dynamic and static characteristics under turning conditions were analyzed.
The results of the maximum deformation and the first natural frequency were obtained;
the maximum deformation is 4.0257 x 10 mm and the first natural frequency is 680.08
Hz. Comparing the maximum deformation and the first natural frequency before and af-
ter optimization in the turning condition, we can see that the maximum deformation of
the direct-drive turntable decreased by 11.0%, and the first natural frequency increased
by 14.3%. So, the dynamic and static characteristics of the structure increased to a certain
extent.

4. Conclusions

Through static analysis, we found the maximum deformation position by adding cut-
ting force to different processing positions of the direct-drive turntable. At the maximum
deformation position, the stress was far less than the yield limit of the material, and the
deformation degree was also within the allowable range of processing conditions. The
finite element modal analysis of the direct-drive turntable shows that the lower natural
frequency mainly affects the C-axis part of the direct-drive turntable. To further investi-
gate the relationship between the machining frequency and the dynamic deformation of
the direct-drive turntable, harmonic response analysis was performed on the direct-drive
turntable. Safety analysis of the dynamic characteristics of the direct-drive turntable was
carried out. The machining frequency is far from the natural frequency, so a direct-drive
turntable can avoid that resonance during machining. Combined with the variable density
method, the mathematical topology optimization model was established, and topology
optimization of the single and composite conditions was carried out, respectively. The
topology optimization results were analyzed, and the mass redundancy of the swing
frame was reduced by topology optimization. Size optimization was used for the other
parts of the direct-drive turntable. The research results provide a theoretical basis for the
multi-objective optimization of direct-drive turntables.
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Multi-objective optimization based on a genetic algorithm was proposed to realize
the lightweight design of a direct-drive turntable under the condition that the dynamic
and static performance of the turntable meets the machining requirements. The optimized
size parameters were selected according to the direct-drive turntable’s structural charac-
teristics and topology optimization results. The optimized size parameters were screened
via sensitivity analysis. Through the central composite experimental design, 45 test points
were obtained, and the 45 points were fitted to the response surface model using the BP
neural network. Taking the total mass, the first natural frequency, and the maximum de-
formation of the direct-drive turntable as the optimization objectives, NSGA-II was used
for multi-objective optimization of the direct-drive turntable, and we obtained the optimal
solution. The results show that the maximum deformation and the first-order natural fre-
quency of the direct-drive turntable is optimized to a certain extent, and the mass of the
direct-drive turntable is significantly reduced by 21.394%. The dynamic and static charac-
teristics of the direct-drive turntable are improved. The correctness of the optimization
results is verified via modal experiments, indicating that the multi-objective optimization
method has reasonable engineering practicability.
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