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ABSTRACT The accurate prediction and research about the dynamic characteristic of machine tool during
the design process are essential to develop high-performance machines. In order to consider the effect of
mechanical modal characteristics on the whole dynamic performance and servo controller of ball screw
feed drive fully, the modal characteristics of mechanical transmission are extracted and solved based on
reduced state space matrix of ball screw feed system, which is also easy for integration with servo control
model. On this basis, the step-by-step optimization method from the global to the local is proposed to
optimize the servo controller and overall dynamic performance of ball screw feed drive. This step-by-step
optimization method is as follows: first, the global initial optimal tuning of servo controller parameters
under the influence of structure modal characteristics is originally realized through the analytic derivation of
servo controller based on the extraction of state space modal characteristics. Second, the integrated model
of the feed drive system is established. Finally, based on the above global optimization results, the overall
dynamic performance, and the servo parameters of the feed drive system under the influence of the modal
characteristics are further studied and optimized locally. Taking the ball screw feed drive studied in this
paper like the example, its rise time and the settling time of step response are 0.089 and 0.104s before
optimization, while these reduce to 0.038 and 0.092s after optimization. Its dynamic response performance
after optimization is much better. The optimization result is also validated by the test: the rise time and
the settling time by the test are 0.042 and 0.094s, which are close to that from the simulation. Also, the
consistency of step response curves from experiment and simulation as well. All these show that: this
prediction and optimization method of overall dynamic performance considering the modal characteristic
influence of mechanical transmission fully is correct and reliable.

INDEX TERMS Ball screw feed drive in machine tool, dynamic characteristic, servo parameters, modal
property, state space, step-by-step optimization method from the global to the local.

I. INTRODUCTION

Due to the strong competition in the market and the
high requirements from the customers, the performance of
machine tools has to be improved continuously. Time to
market is shorter, while performance requirements are higher.
Therefore, it is essential that: the dynamic characteristic of
machine tool during the design process is predicted and
researched accurately [1], [2].

The associate editor coordinating the review of this manuscript and
approving it for publication was Hamid Mohammad-Sedighi.

The ball screw feed drive is commonly used in CNC
machine tools because of its high stiffness, high transmis-
sion efficiency, low heating and wear resistance, etc. The
ball screw feed drive system of machine tool is the typical
electromechanical system. In this system, the servo control
and mechanical transmission, which are closely linked, also
interacted and influenced by each other, affect the dynamic
performance of whole servo drive system together [3]-[5].

In fact, the frequency response performance of
servo control system is affected by the vibration of
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mechanical transmission. In order to avoid the instability
of whole servo drive, the gain of position loop should be
reduced. Due to that the natural frequency of feed system
is much lower than the cutoff frequency of servo control
loop itself, the control signal only in the control bandwidth
lower than natural frequency can be transferred without delay
and attenuation. So it can be concluded that: the frequency
response of servo control system, and also the dynamic
response performance of whole ball screw feed system are
both influenced and restricted by the structure flexibility and
modal characteristics greatly.

So the accurate prediction and optimization about dynamic
performance of feed drive under the influence of structural
flexibility and modal characteristics is essential to improve
the accuracy and stability of whole ball screw feed drive.

The relative study about whole dynamic performance
of ball screw feed drive, also the corresponding gaps are
summarized and characterized as follows:

(1) By simplifying mechanical transmission system as the
equivalent rigid body, the research of control algorithm (strat-
egy) of servo controller and the whole ball screw feed system
is more highlighted.

Although this method [6], [7] is easy to realize the inte-
grated modeling of mechanical transmission system and
servo control, the influence of flexibility, deformation and
modal characteristics of mechanical structure on the servo
control and the dynamic performance of whole feed drive
system isn’t considered too much.

(2) Based on the lumped parameter method, hybrid mod-
eling method or derivation of Lagrange equation, etc.,
the dynamics model of ball screw feed system is established
and then is integrated with the servo control in the same
simulation environment, so as to research the control of whole
servo drive under the influence of structure flexibility and
modal characteristics.

The modeling based on lumped parameter method [8], [9]
and formulation of Lagrange equation can effectively reduce
the degree of freedom of model and also the order-number of
transfer function [10], [11], and is helpful for the qualitative
analysis of system and the estimation of vibration frequency.
In addition, this modeling is also easy to integrate with servo
control model. However, this modeling method, which is too
simplified, restrains the important factors which affect the
system performance, such as the structure flexibility, the joint
stiffness, etc. Compared with the lumped mass method, the
hybrid modeling method [8], [12], [13] is improved. How-
ever, the hybrid modeling method can’t fully consider the
influence of the structural flexibility (arising from flexible
parts, joint region and so on) on the dynamic performance
of the whole feed drive system also.

On the whole, this kind of research method is conve-
nient to integrate modeling of mechanical transmission and
servo drive. But it has some defects in the accurate analysis
for modal and vibration characteristics of ball screw feed-
ing system, and also in taking full consideration of influ-
ence from the mechanical structure flexibility and modal
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characteristics on the servo controller and the overall dynamic
performance.

(3) The each sub modules of ball screw feed system are
modeled in different simulation environments, and then the
coupling modeling and integration of whole servo feed drive
system is realized through the transfer of interface informa-
tion in the simulation process.

In this method, the integrated modeling and dynamic per-
formance of the ball screw feed drive system are realized
by the interactive interface of simulation software [14]-[16].
However, the standard and expansibility of software interface
still need to be further improved. In addition, the influence of
structure flexibility and vibration of mechanical transmission
on the overall dynamic performance and servo controller
isn’t also considered fully. Moreover, with the increase of
number of flexible modeling components in the model, the
computation efficiency and speed is reduced significantly.

(4) Additionally, some researches use the FEM (finite
element method) for the dynamic modeling of mechanical
transmission of ball screw feed system.

Though it can accurately describe the vibration and modal
characteristics of machine tool, the overall dynamic model
based on this method is complex and the number of degrees
of freedom is numerous [17]-[19]. Obviously, it is not easy
to integrate with control system model, so as to research the
servo controller and the whole dynamic performance of feed
drive system under the influence of structure flexibility and
mode characteristics.

As far as the optimization of servo parameters and
dynamic performance of ball screw feed drive system is
concerned, the relative study and the corresponding gaps
are summarized and characterized as follows:

(1) The self-tuning method based on analysis of approxi-
mate model.

In this method, the optimal values of servo parameters
are determined through the analysis of tuning rules, which
is relatively simple [20], [21]. It is relative simple. But the
mechanical transmission is always simplified into one equiv-
alent rigid body so as to integrate with servo control model
conveniently, which pays less attention to the influence from
structural flexibility and modal vibration. It could easily lead
to that the servo parameters derived finally may not be the
optimal because of the simplistic rigid model and the less
focus on the structural flexibility influence.

(2) The self-tuning method based on optimization rules.
With the help of intelligent optimization algorithm [22], [23],
the optimization of control parameters is realized in this
method.

Its optimization effect is better than the former. However,
in the cascade control loop often used by traditional servo
control system, the inclusion relationship exists in the cur-
rent loop, velocity loop, and position loop which shows the
obvious nonlinear characteristics. Also the control param-
eters with different scales of magnitude exist in the same
mathematical model. All these lead to that: the control param-
eters are sensitive to the initial value of optimization, the
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optimization result of control parameter is easy to fall into
local optimal value, etc. Generally the optimization process
often needs the given interval and initial value of optimization
variables. Therefore, this method puts forward higher require-
ments for the accurate initial value close to the optimal value.
But in the method, the interval and initial value of variables
are often defined by experience, and the definition of optimiz-
ing interval and initial value of variables is inaccurate. Also
in order to avoid the omission of the optimal value, a larger
definition of the optimal interval is often used. All these are
bad to the reliability of the final optimization.

The proposed prediction and optimization method of
overall dynamic performance of ball screw feed drive
based on modal extraction of state space model in this
paper is characterized as follows:

Aiming at the above problems, the influences of modal
characteristics and structure flexibility on the whole dynamic
performance and servo controller of feed drive are fully con-
sidered in this paper, so as to accurately predict and research
the dynamic performance and the servo controller of feed
drive.

Above all, based on the reduced state space matrix
of ball screw feed system, the modal characteristics of
mechanical transmission are solved and extracted, which is
also easy to be integrated with the servo control system.
(in Section 2)

Then, on the above basis, the step-by-step optimization
method from the global to the local instead of the traditional
single-step optimization method is proposed, so as to opti-
mize the servo controller and whole dynamic performance
under the influence of structure flexibility and modal charac-
teristics, which can overcome the problems mentioned above.
This step-by-step optimization method (in Section 3) is as
follows:

Firstly, through the analytic derivation of servo controller
based on the extraction of state space modal characteristics,
the global initial optimal tuning of servo controller param-
eters under the influence of modal characteristics is carried
out. (in Section 3.1). And it includes:

Originally, the optimization estimations of gain and delay
time of speed loop are realized by synthesizing the complex
ratio method with the extraction of state space modal charac-
teristics. (in Section 3.1.1).

Also originally, the constrain relational equation of gain
of position loop considering modal characteristics and struc-
ture flexibility is derived. And then the optimization estima-
tion of gain of position loop is completed by solving this
constrain relation equation based on the recurrence method.
(in Section 3.1.2).

Secondly, the integrated model of feed drive system is
established. Furthermore, by taking the optimal calculated
result of servo controller parameters above as the initial value,
based on the optimization algorithm, the overall dynamic
performance and the servo controller under the influence of
modal characteristics of system are farther studied locally.
(in Section 3.2)
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From the above process, we can see that this proposed
optimization method includes: (1) initial global estimation,
i.e. global optimization: the initial estimation by analytic
derivation of servo controller based on the extraction of
state space modal characteristics considering the influence of
modal characteristics. (2) Further local exact optimization:
based on the initial optimal calculated result of servo con-
troller parameters above, overall dynamic performance and
the servo controller under the influence of modal characteris-
tics of system are farther optimized exactly and locally.

Compared to the self-tuning method based on the analysis
of approximate model, this proposed method introduces the
reduced state space model based on the multi-flexible-body,
and involves more influence from the structure flexibility
and mode characteristics. Obviously, this method with more
consideration of structure flexibility is more in line with
the actual situation. Furthermore, the initial global analytic
estimate is further refined optimally instead of taking this
analytic value as the finally optimal result, so as to improve
the reliability of the final optimization. Compared to the
self-tuning method based on optimization rules, the optimal
servo parameters considering modal characteristics are taken
as initial values to further optimize in this proposed method
instead of the values from experience. The more accurate
definition of initial value is beneficial to the reliability of the
final optimization.

When comparing these methods to illustrate the advantages
of the proposed method, traditional optimization method such
as interior point method, Nelder-Mead method, etc., widely
used in servo response optimization process, can be chosen
as the representative. Because these optimization methods,
always integrated in optimization tools, are more flexible for
machine tool designers, who are not familiar with optimiza-
tion algorithms and programming.

Based on the proposed method, in the design stage,
the dynamic performance and the best motion response
characteristics of ball screw feed system can be accurately
predicted and determined, which can save the time and
re-prototyping cost in the whole product development cycle,
and is essential to develop the high performance machines
and reduce the time to market.

Il. MODAL CHARACTERISTICS EXTRACTION OF BALL
SCREW FEED SYSTEM BASED ON REDUCED

STATE SPACE MIODEL

A. METHOD FOR MODAL CHARACTERISTICS EXTRACTION
BASED ON REDUCED STATE SPACE MODEL

The general equation of structure dynamics of ball screw feed
system can be written as

M¥(t)+Cx(t) +Kx(t) = Q(t) (1)

where x is the displacement vector of ball screw feed sys-
tem, x represents the speed vector, ¥ refers to the accelera-
tion vector, M, C and K are mass matrix, damping matrix
and stiffness matrix respectively, Q is the load vector. It is
assumed that the n order natural frequency matrix and mode
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shape matrix of system are ® and 2 respectively, and also
D = [¢,90,...9,], = diag(wy, @3 ..., w,), where @ is
mode shape vector and w is system circular frequency. Based
on the basic principle of modal synthesis theory [24], [25],
the motion vector x in the physical coordinates, can be
approximately represented with the superposition of mode
shape vector @ by taking the first m (m < n) orders modal
principal coordinate p as the corresponding weighted coeffi-
cient. It can be expressed in matrix form as follows:

X = <I>n><mpm><l 2)

where the subscript n x m and m x 1 represent the amount
of row and column. By substituting Eq. (2) into the dynamic
equation of ball screw feed system (Eq. (1)), and then by
premultiplying @7 it can be obtained that:

mxn?
M ypxmB 1 + CmxmPmxt + KmxmPmx1 = Qmx1 (3
where M5 = <I>m><nlu<l>n><m’ mem = q’,],;XnC(I’nxma

Knsxm = ®L  K®ysm, Oy = ®I 0. Tt can be seen
that: by modal coordinate transformation and modal synthesis
method, the reduced dynamics model of ball screw feed
system expressed in modal coordinates is obtained, as shown
in Eq. (3). By setting that p; = p,,1 and p» = P,.»1>
the equation p; = p, can be obtained. By substituting p; =
Pm><1 and p, = p,,« into Eq. (3), and then by premultiplying

M, ..., it can be got as follows:

m><m’
ﬁ2:M;;memxl _Mn_11<mcm><mp2 - Mr;imexmpl 4)

By setting that X = [Py, P,17, the following matrix form
can be derived:

=)L un L1
D> _memexm _M;chmxm D2

0

where I is the unit matrix. By setting that Y = p; = p,,1,
its matrix form can be shown as:

Y =1 ﬂ[“} (6)

P>

By combing Eq. (5) and (6),reduced state space equation
of ball screw feed system can be obtained:

{X:AX+Bu -

Y =CX + Du

where

o]
_M;;mcmxm '

In Eq. (7), u represents the force, which is the input;
and Y (p,, 1) represents the movement response under modal
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coordinate, which is the output. Through the above reduced
state space equation, the solution of motion response x
in physical coordinates is transformed into the solution of
motion response p,,,; in modal coordinates.

After the solution of motion response p,,,.; in modal coor-
dinates, the motion response x in physical coordinates can be
achieved by Eq. (2),1.e. x = ®yxmp,x1 -

According to the structural vibration principle [24], [36],
the influence of low-order modal modes on structural vibra-
tion is greater. The energy proportion of high-order modal
modes is lower, and their effect on the structure vibra-
tion is weaker. The structural vibration mainly depends on
low-order modes. Therefore, the low-order modal modes
are selected for the construction of reduced state space
model. The motion response error caused by modal-mode
truncation mainly depends on whether the excitation-force
can excite the vibration generated by abandoned high-order
modal-modes [24], [36].

On the one hand, the determination of low-order modal-
modes for reduced state space modeling needs engineering
experience. On the other hand, the selection of low-order
modal-modes can be attempted repeatedly. If the motion
response solution accuracy of reduced state space model is
poor, the number of modal-modes can be further increased.

The determination of low-order modal-modes can be
achieved according to the concerned frequency response
bandwidth of excitation. Generally, the determination
rule [24], [36] is: the maximum mode frequency of selected
modal-modes should be about twice the concerned frequency
bandwidth, at least greater than the concerned frequency
bandwidth. If the response solution accuracy of reduced state
space model is poor through the above rule, the number of
modal can be further increased.

In order to fully consider the influence of structural flexi-
bility, the multiple-flexible-body dynamic model of the ball
screw feed system expressed by Eq. (1) is constructed by the
finite element method. Based on the FE multiple-flexible-
body dynamic model of ball screw system, the coefficient
matrix and mode shape matrix (In Eq. (7)) of structural
dynamic model of ball screw feed system can be obtained
with the help of FE software and the corresponding modal
analysis. Through MATLAB, by substituting these coeffi-
cient matrixes and mode shape matrixes into the Eq. (7),
the reduced state space model of ball screw feed system can
be obtained finally. On the one hand, this reduced state space
model of ball screw feed system is easy to integrate modeling
with the servo control; on the other hand, it can accurately
solve the motion response performance under the influence
of modal characteristics. And this schematic diagram of the
modeling is shown in Fig. 1. Its state space equation can be
solved by MATLAB to achieve the motion response solution.

B. MODAL CHARACTERISTICS EXTRACTION OF THE BALL
SCREW FEED SYSTEM STUDIED IN THIS PAPER

The finite element model of the ball screw feed system is
shown in Fig. 2(a). The column, machine tool bed, ram and
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FIGURE 1. Process chart of reduced state space modeling of ball screw
feed system.

so on are modeled by modified 3D solid elements, which can
effectively overcome the problem of shear locking of element,
and also ensure the solution accuracy. The motor shaft and
screw shaft are modeled by beam element with cross section.

In addition, the material of column, ram, bed and etc.
are cast iron, whose density, elastic modulus and Poisson
ratio are 7300kg/m3, 140GPa and 0.26. While the material of
screw shaft, motor shaft, etc. are steel, whose density, elas-
tic modulus and Poisson ratio are 7800kg/m?>, 206GPa and
0.3. Moreover the main technical parameters are as follows:
the torsional stiffness of coupling is 2.7x 10*N- m/rad, the
vertical stiffness and horizontal stiffness of linear guide are
respectively 1.88 x 10°N/m and 1.25x10°N/m. The basic
parameters of ball screw are as follows: the nominal diameter
of lead screw, the diameter of ball and the contact pressure
angle are 60mm, 9mm and 45°. The number of working
cycles of balls is 8, and the effective length of screw is
105mm. Supposing that the contact type of ball-screw pair is
point-contact and the screw and the nut are separately named
as node S and node N, the connection between screw and
nut could be simplified as the interaction between the two
nodes belonging to different components. According to the
product technical manual, the axial stiffness of screw-nut
pair is 1.65 x 10° N/m, and its tangential stiffness 8.35 x
108 N/m, the torsional stiffness 9.4 x 10°N-m /rad, the bend-
ing stiffness 1.73 x 10°N - m/rad, and the coupling stiffness
3.94 x 10° N/rad. The rectangular coordinate system shown
in Fig. 2 (a) is the global coordinate system whose X-axis
is the axis direction of screw-shaft and Y-axis is vertical.
In the process of multi-flexible-body dynamics modeling, the
local coordinate systems can be established according to
the modeling object, so as to facilitate model. For example,
the cylindrical coordinate system, whose axial direction is the
same with the X-axis of the global coordinate system, is used
as the local coordinate system to describe the bearing model,
so as to define conveniently the axial and radial stiffness of
the bearing.
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ABAQUS is used to construct the multiple-flexible-body
dynamic model of the ball screw feed system. And through
the grid checking tool in ABAQUS software, the failure rate
of the grid quality of each structural part is 0, and the warning
rate is less than 0.5%. So the optimized grid quality can
be obtained and used. Remarkably, the reduced state space
model is constructed by the constrained modes, which is
namely the modes under the real boundary constraint state
of ball screw feed system. The real boundary constraint state
is that: the bottom of machine tool bed is constrained; the
screw-nut mechanism exists in the ball screw feed system,
that is to say, when the lead screw rotates, the worktable can
move along the guide rail. Therefore, the simulation results
show that the first mode is rigid body mode, i.e. zero, which
accord with the actual situation and mode theory. The second
mode begins to be a non-rigid body mode. Therefore, the first-
order mode shapes given later in this paper are the first-order
non-rigid mode shapes.

As explained previously in section 2.1, the structural vibra-
tion mainly depends on low-order modal-modes. And the
number of low-order modal-modes for reduction can be deter-
mined according to the concerned frequency response band-
width of excitation based on the determination rule mentioned
in section 2.1.

Also the frequency response performance of servo control
is affected by the vibration of mechanical transmission. The
control signal only in the control bandwidth lower than nat-
ural frequency of mechanical structures can be transferred
without delay and attenuation. Through FEA about the multi-
flexible body dynamics model of this ball screw feed system,
it can be obtained that: its first-order modal frequency is about
47 Hz (as shown in Fig. 2). This means that: the servo control
signal of this ball screw feed system would begin to attenuate
and delay after the lower frequency, which is lower than first-
order natural frequency of mechanical structure.

Based on the above analysis, the motion response charac-
teristics of this ball screw feed servo control system within the
300 Hz frequency bandwidth (including the motion response
characteristics of mechanical transmission under the motor
input torque within this bandwidth) are more focused in this
paper. According to the low-order modal-modes selection
rule mentioned in section 2.1, the modal-modes whose modal
frequency less than 500 Hz are selected.

In this paper, FE software ABAQUS is used to construct the
multiple-flexible-body dynamic model of the ball screw feed
system, and also realizes its corresponding modal analysis.
Through the finite element software and corresponding modal
analysis, based on the FE multiple-flexible-body dynamic
model of ball screw system, the coefficient matrix and mode
shape matrix (In Eq. (7)) of structural dynamic model of
ball screw feed system can be obtained with the help of FE
software and the corresponding modal analysis. Then sub-
stituting these coefficient matrixes and mode shape matrixes
into the Eq. (7), through MATLAB, the reduced state space
model of ball screw feed system can be obtained. Also by
solving its state space model equations through MATLAB,
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the frequency response between actual speed and input torque
of the feed system can be obtained.

C. EXPERIMENT VERIFICATION

The correctness of the multiple-flexible-body dynamic model
and this reduced state space model of ball screw feed sys-
tem is verified by experiments as follows: The machine tool
studied in this paper adopts SIEMENS 840D SINUMERIK
Numerical Control (NC) System [29], [30], which is the
control system integrates all CNC system components into
one operation panel, and are widely used in machine tool
control. SIEMENS has successfully developed and inte-
grated the response testing software and modules of servo
control, which has been widely used in practice [26]-[28].
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The test of dynamic response in this paper is based on the
panel control unit (PCU50) and the integrated module tool
(Start-up tool (IBN-Tool)) of operating interface software
(HMI Advanced).

By the mechanical frequency test function integrated in
Start-up tool (IBN-Tool) in this machine tool [29], [30], the
test frequency response curve is obtained in Fig. 3 (the blue
curve). By executing the noise removal and the fitting of
curve, the mechanical frequency response curve is obtained
in Fig. 3 (the black curve). As shown in Fig. 3, the nature
frequencies by test are frequencies are respectively 45.2Hz,
86.4Hz and 149.2Hz. And the frequencies from FE simu-
lation based on multiple-flexible-body dynamic model and
also the mechanical frequency test through IBN-Tool are
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TABLE 1. Compare of frequencies from experiment test and simulation based on multiple-flexible-body dynamic model.

Natural frequency of system
Experimental results 45.2Hz 86.4Hz 149.2Hz
Simulation results 47.96 Hz 90.74 Hz 142.16Hz
Relative error 5.7% 4.7% 4.9%

shown in Tab. 1. It can be seen that the frequencies from
test (45.2Hz 86.4Hz and 149.2Hz) are consistent with the
natural frequencies from simulation (47.96 Hz 90.74 Hz
142.16Hz). And the maximum relative error between the
simulation and the experiments is 5.7%. Also the root mean
square error (RMSE) is used to represent the comprehensive
prediction accuracy of this multiple-flexible-body dynamic
model. And RMSE can be obtained by calculation based on
the Tab. 1, whose value is 5.03Hz. It represents the average
deviation between the predicted frequency and the real fre-
quency is 5.03Hz. All these show that the multi-flexible body
modeling of the ball screw feed system is correct.

Notably, the mode-shapes of mode simulation results in
Tab. 1 are about the relative rotation of the screw-shaft and
the motor-shaft, and the movement of movable components
such as the column under the screw-nut mechanism along
the guide-rail. According to the mode synthesis method,
the structural dynamic response in the physical coordinates
can be superposed by the weighted mode shapes in the modal
coordinates. And the superposition of the mode shapes with
the same trend of motion caused by the excitation determines
the response under this excitation. Therefore, through this
mechanical frequency test function, the obvious resonance
point (i.e. mechanical nature frequency) in the structural
dynamic amplitude-frequency response curve (in Fig. 3) cor-
responds to the nature mode frequencies whose mode-shapes
have the same motion trend generated by the input torque.
That is to say, the frequencies obtained by this mechanical
frequency test function correspond to the simulation modal
frequencies whose mode-shapes are the relative rotation of
the motor-shaft and screw-shaft, the movement of column
alone guide-rail, as shown in Fig. 2 (b). Moreover, these
modes are exactly that have the major impact on the motion
response performance studied in this paper under the input
torque.

In addition, by solving its state space model equations
through MATLAB, the frequency response between actual
speed and input torque of the feed system under the influence
of modal characteristics can be obtained. Also the frequency
response between speed and input torque can be got by exper-
iment through IBN-Tool.

It is noteworthy that: the comparison and detailed analysis
about this frequency response between actual speed and input
torque from experiment and state space model are detailed
in Figs. 13 and Tab. 6, which also include the frequency
response between speed and input torque through hybrid
dynamic modeling, so as to highlight the accuracy of ball
screw feed system reduced state space model in solving
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the motion response compared to hybrid dynamic modeling
without repetitive drawing. The frequency response between
speed and input torque of the feed system under the influ-
ence of modal characteristics from simulation results are in
good agreement with the experimental results, as explained
in section in Figs. 13 and Tab. 6 in section 4.2 experiment
results and result analysis, which verifies the correctness of
this reduced state space model.

Ill. STEP-BY-STEP OPTIMIZATION METHOD OF
BALL-SCREW FEED DRIVE SERVO PARAMETERS

UNDER THE INFLUENCE OF STRUCTURE

MODAL CHARACTERISTICS

On the basis of modal characteristics extraction of mechanical
transmission based on state space (in Section 2), the step-by-
step optimization method from the global to the local instead
of traditional single-step optimization method is proposed
in Section 3, so as to optimize the servo controller and the
whole dynamic characteristic under the influence of structure
flexibility and modal characteristics.

Firstly, the global initial optimal tuning of servo controller
parameters under the influence of modal characteristics is car-
ried out, through the analytic derivation calculation of servo
controller based on the extraction of state space modal charac-
teristics. And the global initial optimal tuning (In Section 3.1)
includes:

Originally, the global initial optimization estimations of
gain and delay time of speed loop are realized by synthesizing
the complex ratio method with state space modal characteris-
tics of ball screw feed system. (In Section 3.1.1)

Also originally, the constrain relational equation of gain of
position loop considering modal characteristics and structure
flexibility is derived, and also the global initial optimization
estimation of gain of position loop is carried out by solv-
ing this constrain relation equation based on the recurrence
method. (In Section 3.1.2)

Secondly, the integrated model of feed drive system is
established. Additionally, by taking the calculated result
above as the global optimization initial value, based on the
optimization algorithm, the overall dynamic performance and
servo controller of feed drive system under the influence of
modal characteristics and structure flexibility of system are
farther studied and optimized locally. (In Section 3.2)

What should be mentioned above all is that: the ball
screw feed drive system of machine tool adopts generally
the classical cascade controller, which includes the current
loop, the speed loop and the position loop. The optimal
control parameters of current loop can be obtained by the
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motor manufacturer. Therefore, the optimization design of
control parameters of speed loop and position loop are only
conducted in this paper.

A. GLOBAL INITIAL OPTIMIZATION ESTIMATIONS OF
SERVO CONTROL PARAMETERS BASED ON MODAL
CHARACTERISTIC EXTRACTION OF FEED SYSTEM

1) OPTIMIZATION CALCULATION OF SPEED LOOP CONTROL
PARAMETERS BY SYNTHESIZING COMPLEX RATIO METHOD
WITH MODAL CHARACTERISTIC EXTRACTION

a: GLOBAL OPTIMIZATION CALCULATION METHOD

OF SPEED LOOP CONTROL PARAMETERS

As mentioned above, the dynamic response of whole ball
screw feed drive are influenced and restricted by the struc-
ture flexibility and modal characteristics greatly. Originally,
the global initial optimization estimations of gain and delay
time of speed loop are proposed by synthesizing the complex
ratio method with state space modal characteristics of ball
screw feed system, so as to consider the influence from the
structure flexibility and modal characteristics fully.

Generally, the ball screw feed drive system widely adopts
the classical cascade controller, which consists of the speed
loop, the position loop, etc. In order to simplify the calcula-
tion, the current loop can be replaced by the P-T1 link with
delay time 77,, and the characteristic of this regulation loop
can be regarded as the second order. So it can be obtained
that T, = 2T5; — 0.5T 7y, where Ty is the sampling time
of current regulation loop, T, is sum of small delay time of
current regulation loop. In general, T5; = 2T47;. So it can be
obtained that: T}, = 3.5Ts7y.

Furthermore, the speed regulation circuit is simplified and
then modeled. The current regulation loop is replaced by its
equivalent delay time, which is mentioned above. The sum of
small delay time of speed regulation circuit includes the time
delay of speed regulation circuit and the equivalent delay time
of current regulation loop. Therefore, for the speed regulating
circuit, its delay time Ty, = 1.5Tap, + Tf;, where Ty,
is the sum of delay time of speed regulation circuit, which
can be regarded as P-T1 link, and T47, is the sampling time
of speed regulation loop. Based on the state space model
of mechanical transmission module, the simplified model of
speed regulation loop is obtained, as shown in Fig. 4, where
Ky is the gain of speed regulator, T, is the integral time
constant of speed regulator, wg . represents the setting value
of speed, and w,; refers to the actual value of speed.

According to the complex ratio method [31], the frequency
response of closed-loop speed control can all be transformed
into the unified form of frequency characteristic equations
presented in Eq. (8a). And if the specific value of two adjacent
coefficient ratios can satisfy Eq. (8b), the favorable control
characteristic can be obtained.

Fijw) = bo + bijw + - - b (jw)" @)
ao+ayjw - an(wy! ®)

aja;i—2/(ai-1)2—1/2 <0 (b)
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where a series of coefficient ratios can be consti-
tuted by the coefficients of denominator as follows:
an/an-1, Qn—1/Gn—2, Gp—2/ay—3 . ..a1/ap.

Total delay time
of speed loop
Speed  (including current

Mechanical transmission module of
ball screw feeding system

regulator loop) = Axt Bu
Dres o » - wrm“
—> > » |y=Cx+Du >
i State space equation
K, T T of ball screw feed
b n on system

FIGURE 4. Simplified model of speed regulation circuit based on modal
characteristic extraction by state space.

So through the speed regulation circuit based on modal
characteristic extraction by state space as shown in Fig. 4,
the frequency characteristic equation (Eq. (8a)), and series of
coefficient ratios (Eq. (8b)) can be obtained. By solving this
Eq. (8), the favorable speed control parameters considering
the influence from the structure flexibility and modal charac-
teristics fully can be reached.

b: OPTIMIZATION CALCULATION OF SPEED LOOP
CONTROL PARAMETERS FOR THE BALL-SCREW

FEED DRIVE STUDIED IN THIS PAPER

In this paper, parameters of feed drive system of NC machine
tool studied is Tayy = Tar, = 0.25ms. So Ty, = 1.5Tar, +
3.5T471 = 0.00125s according to the formulas above. Base
on the reduced state space model of ball screw feed system
studied in Section 2, by combing with the simplified model
of speed regulation loop in Fig. 4, all-order denominator
coefficients in Eq. (8) for the ball screw feed drive studied
in this paper can be got from the calculation by MATLAB:

ap = 2.3¢16K,,, ay = 2.31¢16K,, T, + 1.44¢13K,,

ar = 7.32¢11K,,, + 3.75¢15T, + 1.42¢13K,,,,T,,

a3 = 7.32e11K,,T;, + 2.55¢8K,,, + 6.99¢12T,,

as = 5.94¢10T,, + 4.08¢6K,, + 2.55¢8K,, T, ©)
as = 8.26¢7T, + 618.7K ,, + 4.08¢6K ,,, T,

ag = 2.16¢5T, + 5.0K,, + 618.7K, T,

a7 = 268.53T;, + 5.0K,, T,

By substituting Eq. (9) into Eq. (8)b, it can be obtained
that: @;a;_»/(a;_1)*> — 0.5 < 0,i = 2 — 7. The optimization
estimation value of the gain (K),) and the integral time (7,)
of speed loop can be obtained by solving this equation set:
aiai—2/(ai-1)* — 0.5 = 0.

By selecting the interval of K}, and T}, as 0-30Nm - S /rad
and 0-0.02s, through the discrete values of K, and T,
the values about a; and aiai,z/(ai,l)z — 0.5 can be cal-
culated and obtained. So six groups of surface graph-
ics (Kpn, T, (aia;_g/(ai_1)2 — 0.5)) can be drawn out by
MATLAB, which are shown in Fig. 5(a)-5(f).

As can be seen from these figures, the surface graphics
of (Kpu, Ty, (ajai_>/(ai—1)*> — 0.5)) are similar with each
other when i = 2,4,6; while the surface graphics of
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FIGURE 5. Surface plot about.(Kpn, Tn, aj(a;_1)? — 0.5).

(Kpn, Ty, (a,‘ai_g/(ai_l)2 — 0.5)) are also similar when i =
3,5, 7.In addition, it can be seen from Fig. 5(a), 5(c) and 5(¢)
that: in order to make the value of (a;a;—» /(a,-_l)2 —0.5)
close to zero, the values of servo control parameter should
be larger. While the situation is just the opposite in the
Fig. 5(b), 5(d) and 5(f), the values of servo control parameter
should be less so as to make the value of (a;a;—»/ (a,~_1)2 —0.5)
close to zero. By comprehensive analysis above, it can be
seen that the selection of control parameters (K, and T,) is
contradictive.

Because of the number of parameters (K, and T;) to be
solved is less than the number of equations (a;a;_2/ (ai_l)2 —
05 = 0,i = 2 — 7), these equations are inde-
terminate. By solving these indeterminate equations (9)
(ajai—>/(ai—1)*> — 0.5 = 0,i = 2 — 7) with the help of the
graphics in Fig. 5, K, = 2INm - s/rad and T,, = 10ms are
obtained finally.

2) OPTIMIZATION CALCULATION OF POSITION LOOP GAIN
BASED ON THE DERIVATION OF ITS CONSTRAIN

RELATION EQUATION

In this section, originally, the constrain relation equation
of position loop gain considering modal characteristics and
structure flexibility is derived firstly. And then the global
initial optimization estimation of position loop gain is carried
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out by solving this constrain relation equation based on the
recurrence method.

a: CONSTRAIN EQUATION DERIVATION OF POSITION LOOP
GAIN CONSIDERING MODAL CHARACTERISTICS AND
STRUCTURE FLEXIBILITY

The simplified model of position regulation loop based on
modal characteristic extraction from state space matrix is
constructed firstly, so as to derivate and optimize the position
loop gain under the influence of structural flexibility and
modal characteristics.

The position regulating circuit comprises the speed regulat-
ing circuit, also the link with pure time delay, and the sample-
and-hold link of position control loop, etc. In order to simplify
the analysis and solve the problem easily, the magnitude
response characteristics of the link with pure time delay and
the sample-and-hold link can be omitted. Because the ampli-
tude frequency response of the link with pure time delay is
characterized by constant 1, it has no effect on the amplitude
of frequency response characteristic of overall system and it
can be omitted. In order to simplify the analysis and solution
of the amplitude response characteristics of the position loop,
the sampling and holding link is omitted. So the simplified
model of position regulation loop based on the modal char-
acteristic extraction from state space matrix can be obtained
finally, which is shown in Fig. 6, where T, is the delay time
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FIGURE 6. Simplified model of position regulation loop based on the modal characteristic extraction from state space

matrix.

of speed set-point value, Ky is the position loop gain, x,.; and
Xges are the actual value and set value of the position.

The magnitude response curve of speed regulation loop
has the peaking value at the position of natural frequency of
mechanical transmission. It can be known by analysis that
this peaking value is affected by the mechanical transmission
and the speed regulation loop together, which is related to the
servo control parameters, the structural vibration and modal
characteristics. Through the optimization calculation process
of speed regulation loop in Section 3.1.1, this peaking value
can be obtained easily, which is defined as Hy .

The selection principle of gain (Ky ) of position regulation
loop is to reduce the response time of system as far as pos-
sible, namely that Ky should be as large as possible under
the condition that the position loop is not overshoot. The
overall open-loop amplitude characteristic can be obtained by
multiplying the absolute value of frequency response charac-
teristics of each link in Fig. 6. The absolute value of amplitude
frequency response characteristic of position open loop at the
natural frequency can be expressed as:

1 1
—Hy

‘/1+W2Tc2;nw

where w is natural cycle frequency of system.

In order to ensure that the closed loop of position is not
overshoot (not more than 0dB), the frequency response char-
acteristic of open loop of position requires the enough magni-
tude margin. The magnitude margin of open loop of position
can be defined as XdB, namely |F| < 10%. By assuming
that 10% equals Y, so |Fs| < Y. By substituting |Fs| < Y
into Eq. (10), it can be obtained as follows:

K <Y1 J 1+ w2T?2
vV = H—W + w Gn

Vv

|Fs| = Ky (10)

(11)

In addition, the relation exists between the sum of small
delay time of position loop and control parameter of position
loop as follows [31]:

Ky < 1/Q2T5x) (12)

where, T, is the sum of small delay time of position loop.
T+ includes the equivalent delay time of speed regulating
circuit (Tl;fn), the delay time of speed set-point value (Tgp)
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and the pure delay of position regulation loop (7%,), namely
that

Tox = T;Ekn + Ton + Ty (13)

In fact, it can be seen from that Eq. (11) and Eq. (12) all
restrict Ky at the same time and also T, is included by Ty, .
Also it shows by analysis that Eq. (12) is the decreasing
function of Tg,(Tyx), Eq. (11) is the increasing function
of Tgn. So the optimal conditions that the maximum Ky
satisfies Eq. (11) and Eq. (12) at the same time is that

y w14 wr2 = (14)
HV Gn 2Tax
The above formulation can be converted into:
2Yi 1+ w2T2 = ! (15)
Hy Gn ™ Wy

After the above formulation is divided by w7y , it can be
obtained that:

1 1 T2, 1
2Y = st = 2
Hy \ (WTsy) Tgn WTsx)

(16)
. . TZ
By defining that m = xl,ZYH—lv =a andTZ‘ = b,
Eq. (16) can be rewritten as:
ayxi +b=rx (17)
azia\/m

By solution, it can be obtained that: x; = 5

) )
> 0, L@+ 4 taken out).

(because b > 0 and x; 5

a*4a A/ a?+4b

Sox; = 5

1 2v2 2y Y2 TR
=—+—/—+
WTyx)? H‘Z/ Hy H\Z/ Tgx

By multiplying Eq. (11) with Eq. (12) (Ky < 1/2T4y),
the following formulation can be got:

, namely that:

(18)

k<l 11 wy/1 + w2T2 (19)
V = 2 To‘x HV Gn
From Eq. (19), Eq. (20) can be derived as:
Kp vy 1101 o,
w2 T 2To  Hy Vw2 9" 2 Hy | wiT2,
(20)
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Finally, by substituting Eq. (18) into Eq. (20), the constrain
relation equation of gain of position loop can be obtained as
follows:

K2 v 1 2v2 2y |y?2 T2 T2
Fiim|GErtayE ) te @
w 2 HV HV HV HV T(Tx T(Tx

b: GLOBAL OPTIMIZATION CALCULATION OF POSITION
LOOP GAIN BASED ON ITS CONSTRAIN

RELATION EQUATION

It can be seen from the constrain relation equation of gain
of position loop in Eq. (21) that: when Y is determined
(namely the magnitude margin of open loop of position (X) is
determined), the value of Ky depends on: the ratio (T, /Ty ),
w (natural cycle frequency of feed drive system), Hy (peaking
value of speed regulation loop at the natural frequency, which
is affected greatly by the structural vibration and modal char-
acteristics of the mechanism).

So this constrain relation equation of gain of position loop
considering modal characteristics and structure flexibility
can be solved, so as to get the global initial optimization
estimation of gain of position loop. The recurrence method
combined by graphical method is introduced here to solve this
constrain relational expression as follows:

Step 1: the magnitude margin of open loop of position (X)
is determined as required firstly. So Y(¥Y = 107%) is deter-
mined also. Then, according to constrain relational expres-
sion in Eq. (21), the relation curve graphic between Ky /w
and T, /T, with different Hy can be drawn easily.

Step 2: the value of T, is set by attempts (starting from 0
and in ascending order). Then the value of Ty, can be calcu-
lated according to Eq. (13). And also the value of Tg,/Tyx
can be obtained.

Step 3: according to the relation curve graphic (the relation
curve graphic between Ky /w and T, /Ty, with different Hy )
in Stepl, the value of Ky /w corresponding to different Hy
and TG, /Tsy in Step2 is obtained easily. Then the value of
Ky can be also obtained based on the value of Ky /w and w.

Step 4: the value of Ky obtained in Step3 is judged by
constraint condition (Eq. (12) Ky < 1/2T,,). If the value
of Ky obtained in Step3 can satisfy the constraint condition
(Ky < 1/2Ty,), Step2 is repeated with bigger value of Tgj,.
If the value of Ky obtained in Step3 can’t satisfy the con-
straint condition (Ky < 1/2T,,), the recursive calculation
can’t be continued. And the value of Ky in previous recursive
calculation is chosen as the final value.

c: OPTIMIZATION CALCULATION OF POSITION LOOP
GAIN FOR THE BALL-SCREW FEED DRIVE
STUDIED IN THIS PAPER
For the ball screw feed drive system studied in this paper,
the global initial optimization estimation of Ky is carried out
by the above constrain relation equation of position loop gain
and its solution as follows:

In this paper, the open loop magnitude margin is defined
as 8dB (X = 8 and Y = 0.4). Also, according to
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FIGURE 7. Peaking point of magnitude response of speed closed loop.

the speed regulation loop model based on modal charac-
teristic extraction from state space matrix in Section 3.1.1,
the peaking point of magnitude response of closed speed
loop can be solved, which is shown in Fig. 7. Due to the
influence of closed loop servo control, these peaking points
deviate from the original natural frequencies of mechani-
cal transmission, which are located in 52.64Hz, 99.33Hz
and 160.2Hz. And the corresponding peaking value (Hy)
are —0.5081dB (0.9432), —0.6956dB (0.9230) and 1.219dB
(1.1507). Besides, under the comprehensive influence of
mechanical system and servo control system, the speed reg-
ulation circuit based on modal characteristic extraction has
also the peaking point in 18.02Hz (it is mainly determined
by the first-order natural frequency of mechanical transmis-
sion and also the frequency response characteristics of servo
control system), whose peaking value is 3.52dB(1.4997) with
overshoot. Then, according to constrain relation equation in
Eq. (21), the relation curve between Ky /w and TG, /Tsx With
different Hy can be drawn as in Fig. 8.

0.65

ool —— H, =14007 i

-~ H, =0.9432 o

055k e T
. | —— Hy=0.9230 T T

T mm Ho=11507  _omm T e

1.0.45F e - A

FIGURE 8. Relation curve graphic between Ky /w and Tg,/T;x with
different Hy Ky /w.

As can be seen from Fig. 8, the curves are intensive on the
top and sparse at the bottom. And with the increase of the
peaking value (Hy), the trend of value of Ky is to decrease.
That is to say, in order to maintain the stability of system
(which is not overshoot), the allowable Ky decreases with the
increase of Hy, which is consistent with the tuning experience
of three loops of control system.
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Because of the possibility of position overshoot in the four
peaking points, it is necessary to carry on the calculation in
all these four peaking points according to the above constrain
relational expression (Eq. (21)) and its recurrence solution.

For the ball screw feed system studied in this paper,
the parameters (T, and T,) in Eq. (13) are respectively
that: Ty = 1.5Tary and T}, = 2T, — 0.5T 7y, which are
same with the calculation of the pure delay time of speed
loop and equivalent delay time of current loop, as mentioned
in Section 3.1.1. And T4z, is the sampling time of posi-
tion regulation loop. The speed regulation loop parameters
(Ty,, and TaTy,) has been obtained by relative calculation in
Section 3.1.1, and T,, = 0.00125s, Tar;, = 0.25ms. The
sampling time of position regulation loop 747, equals 0.004s
for the ball screw feed system studied in this paper. Therefore
it can be obtained that T;y = 6ms and Ty, = 2.375ms.

TABLE 2. The allowable values of Ky, in first recurrence.

%ﬂ 18.02 | 52.64 | 99.33 | 160.2
K,/w |02667 |04241 |04334 |0.3476
K,(s™") | 3020 |140.27 |270.49 |349.88

If TG, = 0,by Eq. (13), it can be got that 7, = 0.008375s.
Also it can be obtained from Fig. 8 that the corresponding
value of Ky /w are shown in Tab. 2. Moreover the allowable
value of Ky are derived by solution which are also shown
in Tab. 2. It can be seen from Tab. 2 that Ky determined
by the peaking point and its value is 30.20s~!. And also the
value of Ky determined by Eq. (12) (Ky < 1/2Ty,) is that:
Ky < 1/Q2T4y) = 59.7015s~!, which is larger than the
former Ky determined by the peaking point and its value.
So the recursive calculation can be continued.

TABLE 3. The allowable values of Ky, in second recurrence.

% 18.02 52.64 99.33 160.2

T

KV /w 0.3002 | 0.4487 | 0.4576 | 0.3760
KV(Sfl) 33.97 148.33 | 285.45 | 378.28
Similarly, if TG, = 4ms, it can be got that T,, =

0.012375s by Eq. (13), and also Tg,/Tyx = 0.3232. So the
corresponding Ky /w obtained from Fig. 8 are shown in Tab.
3. Moreover the allowable value of Ky are derived by solution
which are also shown in Tab. 3. From Tab. 3, it can be known
that Ky determined by the peaking point and its value is
33.97s~!. And also the value of Ky determined by Eq. (12)
(Ky < 1/2T,y) is that: Ky < 1/(2T,x) = 40.40s~!, which
is larger than the former Ky determined by the peaking point
and its value. These show that the recursive calculation can
be continued also.
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TABLE 4. The allowable values of Ky, in third recurrence.

%7[ 18.02 | 52.64 | 99.33 | 160.2
K, /w 0.3299 | 0.4735 | 0.4821 | 0.4025
K, (S_l) 37.33 | 156.53 | 300.73 | 404.94

The further recursive calculation is conducted. Similarly,
if Tg, = 8ms, also it can be got that T, /Tsx = 0.4885
finally. Moreover the allowable value of Ky are derived by
calculation which are also shown in Tab. 4. In this table, it can
be seen that Ky determined by the peaking point and its value
is 37.33s~!. Besides, the value of Ky determined by Eq. (12)
(Ky < 1/2T4y)isthat: Ky < 1/(2T4y) = 30.53s~ L. Itis less
than the former Ky determined by the peaking point and its
value, which doesn’t satisfy the condition. So the recursive
calculation can’t be continued. Therefore the global initial
optimization estimation of Ky by solving constrain relational
express in Eq. (21) through recurrence method is 33.97s~!,
which can be approximated as 34s~!.

From the above graphical-solution recursive procedure,
it can be known that the first order frequency has the greater
influence on the optimal design of position loop gain (Ky) in
the all nature frequencies of system. That is to say, in this
paper, the peaking point of magnitude response (located
in 18.02Hz), mainly determined by the first-order natural
frequency of mechanical transmission and also the frequency
response characteristics of servo control system together,
plays the major limitation effect on Ky .

However, the situation is different in the above
optimization of the control parameter of speed loop. From
the optimization calculation process of speed-loop control
parameters in Section 3.1.1, the first few nature frequencies
all have the great influence on the optimization design of
control parameters (K, and T,) of speed loop, which results
that the influence of first few natural frequency should be
considered all in the optimization selection for K, and T),.

B. FURTHER LOCAL OPTIMIZATION OF WHOLE DYNAMIC
PERFORMANCE AND SERVO PARAMETERS OF BALL
SCREW FEED SYSTEM

In Section 3.1, through the analytic derivation calculation
of servo controller based on the extraction of state space
modal characteristics, the global initial optimal tuning of
servo controller parameters under the influence of modal
characteristics is carried out.

In this section, the local optimization after global initial
optimal tuning is conducted. The overall dynamic perfor-
mance and servo controller the under the influence of modal
characteristics of system are further optimized, by taking the
global initial optimal tuning of servo controller parameters
above as the initial value.
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FIGURE 9. schematic diagram for integrated modeling of ball screw feed
drive system.

Above all, by the same simulation environment, integrated
modeling of ball screw feed drive system is established.
Based on the digital module simulation method, the ball
screw feed drive system can be divided into the mechani-
cal transmission module and the servo control module. The
mechanical transmission module of ball screw feeding sys-
tem expressed by reduced state space matrix has been con-
structed and modeled by MATLAB in Section 2. Also the
servo control module could be constructed by MATLAB.
So the schematic diagram for integrated modeling of ball
screw feed drive system is shown in Fig. 9. The main tech-
nical parameters of servo control system are that: the gain
of current loop K; = 12.157V/A, the integration time of
current loop 7; = 2ms, the inductance coefficient L, =
3.1mH, the resistance coefficient R, = 0.075€2, the back-emf
coefficient K, = 1.67V/(rad/s), and the torque coefficient
Kr =2.72N -m/A.

In order to evaluate the dynamic performance of whole
feed drive system, the following response characteristics can
be used for the measure: the overshoot, integral of error
between the ideal and actual displacement curve, the settling
time, the rising time, etc. According to the different opti-
mization design problems, the selection of target evalua-
tion function is also not same; the common used objective
functions are Square Error Integral (ISE), Absolute Error
Integral (IAE), Time Multiplication Square Error Integral
(ITSE) [37], and so on, which are the system response per-
formance index expressed by the integral function of the
deviation between ideal output and actual output of servo
system.

If the above response characteristics are defined as the
system performance index (SPI), based the principle of
quadratic-type evaluation index, the objective evaluation
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function (OEF) of dynamic characteristics of whole feed
drive system can be defined as:

n

n /Y wi
OEF = ([ [ If(SPI)*]) 5 (22)

i=1
where, n represents the number of SPI, w; refers to the weight
of the single performance index in the overall evaluation func-
tion. Comprehensively, ITSE standard is chosen to evaluate
the response speed of ball screw feed system, and also the
function in Eq. (23) [32] is selected to assess the system’s
overshoot and transient oscillation:

SPI = / [fo(D)eo + fs(t)esldt (23)

with {eo = |Xdes — Xact|  for (Xges — Xacr<0) 24)

es = Xdes — Xacr  fOr (Xdes — Xacr>0)

where e, represents response error due to transient oscillation,
e, represents response error due to overshooting, f,, and f; are
coefficient functions. The weights of overshoot and transient
oscillation can be controlled by selecting the value of f,, and f;.
In the position loop, the overshoot phenomenon should be
strictly avoided. Therefore, the larger f, can be chosen. In the
optimization process in this paper, w; = wy = 1, fi = 100,
fr =1, f,(t) = 100 and f(t) = 25¢7 In this section, the gain
(Kv) of position loop, the gain (K),,) and the integration time
(T},) of velocity loop are chosen as the optimization variables.

By taking the global analytic derivation of servo controller
in Section 3.1 as the initial values, also by defining this initial
value as the center of the optimization interval based on
optimization algorithm, by choosing Eq. (22) as the optimiza-
tion objective function to comprehensively evaluate response
speed and overshoot and also transient oscillation, the further
optimization of the overall dynamic performance and servo
control parameters under the influence of modal characteris-
tics are carried out. Finally, the optimal parameters of servo
controller under the influence of the modal characteristics are
obtained as follows Ky = 38s~!, K, = 24Nm - s/rad and
T, = 19ms.

In order to compare with experiment result easily at the
same time, the dynamic characteristics of this ball screw
feed drive system before and after optimization are presented
in Section 4, and the step response curves before and after
optimization are all shown in Fig. 14, which aren’t repeated
here.

IV. EXPERIMENT TEST AND RESULT ANALYSIS

A. PRINCIPLE AND SCHEME OF THE EXPERIMENT

In this paper, based on the built-in sensor of the machine tool,
the running state information of feed drive system is obtained,
and also its dynamic performance is tested. In other words,
the ontology information obtained from the encoder, servo
motor current (torque) sensor and other sensors, which are
integrated and installed in the feed system of the machine,
are used here to test the operation response and dynamic per-
formance of feed drive system. The signal of built-in sensor
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TABLE 5. Hardware and software for dynamic performance test of ball screw feed drive system.

Hardware

Notes

Man-machine communication unit
MMC103 (PCU50)

Integrated in the SIEMENS

Numerical control and driving unit NCU573.2

SIMUMERIK 840D CNC system,

Servo drive SIEMENS 611D

see Fig. 12 (a)

Servo motor 1FT6136

— - None
Built-in sensors, such as electrical vortex sensor, encoder, etc.

Software Notes

Operating system Windows NT None

Operating interface software
Start-up tool (IBN-Tool)

Integrated and installed in operating
interface software (HMI Advanced)

is the feedback of servo control system of machine tool. And
it is the direct reflection of dynamic response characteristics
of feed drive system, which includes input and output signals
during the operation of feed drive system. So the information
from built-in sensors integrated and installed in the feed sys-
tem of the machine is ideal for dynamic performance testing
of the feed system. Also, the dynamic performance test of
feed drive system based on built-in sensor does not require
external sensors, and only needs the sensors of machine tool
itself, which avoids the limitations such as equipment cost,
installation location and so on.

The dynamic performance test of machine tool feed drive
system based on built-in sensor technology has been adopted
by many scholars in their studies [33]-[35]. Also, based
on the built-in sensor detection technology, SIEMENS has
developed the related debugging tool and test function of feed
drive dynamic performance, which is integrated in its CNC
system. The test of dynamic characteristics of ball screw feed
drive system in this paper is based on the debugging tool
and test function integrated in SIEMENS 840D SINUMERIK
NC system [29], [30]: the panel control unit (PCU50), and
also the integrated module tool (Start-up tool (IBN-Tool)) of
operating interface software (HMI Advanced). The scheme
for dynamic characteristics test of ball screw feed drive
system based on built-in sensor is shown in Fig. 10.
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The hardware and software for dynamic performance test of
ball screw feed drive system are shown in Tab. 5.Human-
computer interaction interface, Servo driver, PCU50, and the
test in field are shown in Fig. 11.

B. EXPERIMENT RESULTS AND RESULT ANALYSIS

In these experiments, the position of nut is in the middle
of the screw, which is the same with the position in the
simulation model. The frequency response curve between the
actual speed and the input torque based on the state space
model of ball screw feed system is shown in Fig. 12. And the
corresponding comparison between this experimental test and
simulation is shown in Tab. 6.

By comprehensive analysis of Fig. 12 and Tab. 6, it can
be seen that: the poles of magnitude response are con-
sistent with the inherent frequencies of feed system basi-
cally, and the first and second order natural frequency
are 47.96Hz and 90.74Hz by simulation, which are closed
to the measure experiment (45.44Hz and 85.94Hz). The
error of first order frequency between measurement and
simulation is 5.54%. At the natural frequency of magni-
tude response curve, the differences between the measured
results and the simulation are all about 3dB. The frequency
response between speed and input torque of the feed system
under the influence of modal characteristics from simulation
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TABLE 6. The comparison of frequency response curve between speed and input torque from experimental test and simulations.

Coordinates of poles ( at mechanical natural frequencies)

Measurement

(45.44Hz,32.83dB)

(85.94Hz,28.93dB) (130.9Hz,28.1dB)

Simulation from reduce state space

(47.96Hz,35.16dB)

(90.74Hz,32.17dB) (142.16Hz,31.36dB)

Simulation from hybrid dynamic model

(66.83Hz,30.81dB)

(122.5Hz,28.52 dB) (194.9Hz,27.56dB)

results are in good agreement with the experimental
results.

In addition, the simulation result from the model as shown
in Fig. 12, which is constructed through hybrid modeling
method [24] by simplifying the moveable structure compo-
nents of ball screw feed system with lumped mass is also com-
pared. The frequency response curve between speed and input
torque based on hybrid dynamic model deviates greatly from
the experimental curve (as shown in Fig. 12). And its first
natural frequency is predicted as 66Hz by simulation, which
deviates greatly from the measure experiment (45.44Hz),
as shown in Tab. 6. By comprehensive analysis of Fig. 12 and
Tab. 6, it also can be seen that: the state space modeling of
ball screw feed system based on multi-flexible body dynam-
ics model can more accurately predict the motion response
performance under the influence of structural flexibility and
modal characteristics.

All above show the accuracy and validity of extracting
modal characteristics of ball screw feed system based on
the reduced state space, which can accurately solve the
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motion response performance under the influence of modal
characteristics.

According to the above comparative analysis, it can be
boldly inferred that: if the lumped mass method simplifying
all structure component into lumped mass is used to model
the ball screw feed system, the prediction accuracy of its
motion response would be worse, which has been explained
in the introduction of the relevant research about lumped mass
method and hybrid model method.

Also the frequency response curve between the setting
speed and the actual speed can be obtained by the integration
model of ball screw feed drive system, and the corresponding
test curve is obtained by experiment, which are all shown
in Fig. 13. It can be seen from this figure that: due to the
influence of the closed loop servo control, the pole posi-
tion of magnitude response curve deviates slightly from the
inherent frequency of mechanical transmission system. And
the first pole positions are respectively (50.45Hz, —1.78dB)
and (47.12 Hz, —4.46dB) in simulation and experiment.
Also this simulation results are in good accordance with the
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experimental results on the whole, which shows the correct-
ness of this integration model of ball screw feed drive system.

The comparison of the optimization results of step
response of position loop obtained by three methods are
shown in Fig. 14(a). Thereinto, Casel: the response result
through the self-tuning method based on the approximate
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model analysis; Case 2: the optimization response result
through self-tuning method based on optimization rules;
Case 3: the response result through the proposed method. The
rise times of Case 1, 2 and 3 are respectively 0.088s, 0.079s
and 0.038s. Also it can be from the step response curve in
Fig. 14(a), the response result through the proposed method
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in Case 3 is best, which has both the optimal response speed
and the setting process.

It should be noted that: In Case 1, the value of analytic
derivation of servo controller based on the extraction of state
space modal characteristics i.e. the global optimization in
section 3.1 is adopted. It can inferred obviously that the
optimization through analysis derivation based on the approx-
imate model simplifying mechanical transmission into one
equivalent rigid body is worse, which involves less the struc-
tural flexibility and modal vibration and is clearly incompat-
ible with the actual situation.

In addition, as mentioned above, self-tuning method based
on optimization rules often use the initial value of variables
are from experience. So Case 2 uses the same optimization
conditions as Case 3, such as the same optimization algo-
rithm, etc. but uses random variables as initial values of servo
control parameters.

Based on the proposed optimization method of overall
dynamic performance and servo parameters of feed drive sys-
tem under the influence of modal characteristic of mechani-
cal transmission, the step response curves before and after
optimization (the red and the blue) are shown in Fig. 14(b).
By analysis, it can be obtained that: the rise time and the
settling time are 0.089s and 0.104s before optimization; the
rise time and the settling time are 0.038s and 0.092s after
optimization. It can be known also from the figure that: after
the optimization, the dynamic response performance of whole
feed drive system is better, and the system has faster response
and no overshoot.

The overall dynamic performance and servo control
parameters after optimization are tested by experiment with
the same control parameters, and in order to compare the sim-
ulation and test easily, the step response by test is also shown
in Fig. 14(b). By analysis, it can be obtained that: the rise
time and the settling time by simulation are 0.038s and 0.092s
respectively from the simulation; while the rise time and
the settling time by experiment test are 0.042s and 0.094s.
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Moreover the consistency of curves from experiment and
simulation is well.

All these show that shows the reliability and validity of
this optimization method of overall dynamic performance
and servo parameters considering the modal characteristic
influence of mechanical transmission fully is well.

V. CONCLUSIONS

The accurate prediction and research about the dynamic
characteristic of machine tool during the design process is
essential to develop high performance machines. In this study,
we propose the dynamic characteristic prediction and opti-
mization method of ball screw feed drive in machine tool
based on modal extraction of state space model. Though the
comparison to the former methods, also by the experiment
verification, it can be concluded that: based on this pro-
posed method, the dynamic performance and the best motion
response characteristics of ball screw feed system can be
accurately predicted and determined, which can reduce the
cost and time of iterative improvements of the physical pro-
totype in the design process and whole product development
cycle.
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