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Abstract: In this paper, a voice coil motor (VCM) actuated fast tool servo (FTS) system is developed
for diamond turning. To guide motions of the VCM actuator, a crossed double parallelogram flexure
mechanism is selected featuring totally symmetric structure with high lateral stiffness. To facilitate
the determination of the multi-physical parameters, analytical models of both electromagnetic and
mechanical systems are developed. The designed FTS with balanced stroke and natural frequency
is then verified through the finite element analysis. Finally, the prototype of the VCM actuated FTS
is fabricated and experimentally demonstrated to have a stroke of +59.02 um and a first natural
frequency of 253 Hz. By constructing a closed-loop control using PID controller with the internal-
model based resonant controller, the error for tracking a harmonic trajectory with £10 um amplitude
and 120 Hz frequency is obtained to be +0.2 um, demonstrating the capability of the FTS for high
accuracy trajectory tracking.
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1. Introduction

Fast Tool Servo (FIS) is a promoting servo axis that is widely engaged in combination with
diamond turning that oscillates the diamond tool several times in each rotation of the workpiece
clamped on the spindle [1]. With the FTS system, it mainly consists of three subsystems, including
the actuator to drive the cutting tool, the guiding mechanism to guide the motion of the actuator, and
the feedback control system to guarantee the motion accuracy.

Within the last three decades, much effort has been devoted to improving performance of FTS
system. In general, the actuator performs an important task with which the performance of FTS
system is fundamentally determined. Nowadays, the piezoelectric actuators (PEA) [2, 3] and the
Lorentz electromagnetic force-based voice coil motor (VCM) [4, 5] are the two most popular driving
sources for FTS. Although the PEA has many unique advantages, it is strongly restricted by its small
motion stroke, and accordingly, the deliberately designed flexure mechanisms are required to
amplify the motions of the PEA for large stroke application. To satisfy the turning of freeform surfaces
with large sagitta values, the VCM would be a better choice. For example, the VCM driven long stroke
FTS developed in [4] and [5], for which a commercial VCM and a crossed leaf-type flexure hinge were
adopted. With respect to the major of commercially available VCMs, the center part is fulfilled by
soft magnetic material to construct the magnetic circuit [4, 5]. Although it is convenient for the VCM
design, there is a challenge for placing the sensors to capture the motion of the tool.

With the VCM actuated FTS, the air bearing and flexure mechanism are two basic guidance
mechanism to support and guide the motion of the tool. Usually, the air bearing can achieve quite
long stroke motion without mechanical contact. However, the air-bearing cost is very high due to the
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tight manufacturing and assembly tolerance of its key components [6]. The flexure mechanism with
low cost is promising to serve as the bearing for guiding motions in the micro-meter scale up to the
millimeter scale [4, 5]. Therefore, it is more efficient to work for the short and medium stroke FTS.
Currently, the design of the flexure mechanism mainly focused on the stiffness along the desired
motion direction, and the lateral stiffness was mainly ignored which is especially important for FTS
turning considering the cutting force in the free space.

Another issue related to the VCM actuated FTS would be the tracking accuracy of the trajectory.
Since force density of the VCM is essentially low, the VCM actuated FTS usually has very limited
bandwidth which will normally lead to a poor trajectory tracking accuracy for high-frequency
trajectory tracking. Considering the (quasi-)periodic nature of the trajectory for FTS diamond turning
of freeform surfaces, the repetitive control (RC) was developed to ultra-finely track the components
with specified frequencies [7]. However, with the RC, a low-pass filter is essentially required to
stabilize the control system which will deteriorate the tracking accuracy, especially when the tracking
frequency approaches the cut-off frequency of the filter. Furthermore, design of the RC
corresponding to the trajectory with multiple harmonic components which do not share the same
fundamental frequency would be more complicated. The resonant controller (or called the adaptive
feedforward cancellation, AFC [8, 9]) using a set of parallel resonators to ultra-finely track the
trajectory components with the resonant frequency is very promising for accurately track the (quasi-)
periodic trajectory in a simple and effective way. It was demonstrated to be effective for FTS turning
driven by the normal-stressed electromagnetic force [9].

With these aforementioned discussions on the three main aspects of the FTS, the multi-physical
parameters of both the electromagnetic and mechanical part of a VCM actuated FTS is deliberately
designed. The electromagnetic circuit is designed to leave a space for placing the capacitive sensor to
sufficiently capture the unidirectional motion of the tool, and a crossed flexure mechanism using four
sets of identical parallelogram mechanisms is designed to improve the lateral stiffness. Finally, the
resonant controller is applied to achieve a high accuracy for high-frequency trajectory tracking.

2. Architecture of the VCM Actuated FTS System

The three-dimensional design of the VCM actuated FTS system is illustrated in Fig. 1. The
armature of a cuboid-shaped VCM was designed to be fixed with the single-axis flexure mechanism.
With the flexure mechanism, a crossed double parallelogram mechanism was designed to
simultaneously improve the axial motion accuracy and the lateral stiffness to effectively bear the
spatial cutting force. To guarantee a good capture of the tool motion, a capacitive displacement sensor
is arranged through the center of the VCM to target at the center of the tool holder, which agrees with
the center axis of the motion.

The working principle of the VCM actuated FTS is further shown in Fig. 1(b). A Lorentz-force
generated by the interaction between the magnetic field and the coil carrying the current. The force
drives the armature which is fixed with the flexure mechanism. In principle, the generated force (Fa)
is proportional to the input current, flux density, and equivalent length of the coil inside the magnetic
field, which is [10].

F, = fidl X By = ilByy = Bapi(Npl) 1)

where i,1,and B, are the applied current, the length of coil within the magnetic field, and average
magnetic flux density in the air gap. Ny represents numbers of turns in case of multiple numbers of
turns in the coil.
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Figure 1. Mechanical structure of the VCM actuated FTS system, (a) the zonal-sectional view, and (b)
the cross-section view of the assembled structure, where (1) stator, (2) permanent magnet, (3) coil, (4)
mover, (5) air-gap

2.1 Design of the voice coil motor

In the cuboid-shaped structure of VCM, the major parts consist of a stator (core and yoke),
permanent magnet (PM), coil, and mover (joint design of armature of VCM and flexure hinge) as
shown in Fig. 1. The PM is a source to generate magnetic flux, these magnetic fluxes cross the small
air-gap and enter into the coil and armature, and then connect with stator. Finally, a complete closed-
loop path is developed for magnetic flux inside the VCM body as illustrated in Fig. 1(b).

Focusing the coil configuration, Assume [, = dia X N; and h, = dia X N; are the efficient
length and height for multiple turns and layers in the coil as shown in Fig. 3. The total number of
turns (Nr) in the coil can be expressed by Ny = N; X N,. The total length for a single turn in coil is 4w
that is within the magnetic field where w is the width of PM. The equivalent length of coil can be
expressed as | = 4w X Nr. The parameters for the armature where coil is made is given in Table 1.

Table 1. Selected parameters for coil configuration, (copper wire (AWG23, 0.57mm diameter)).

Symbol Description Turns/Layers Value
le Length for multiple turns 64 37mm
he height for multiple turns 8 4.5mm

Nr Total number of turns 64 x 8 512

In material selection, NdFeB (IN52) was selected for the PM whose magnetic remanence is 1.47T.
Soft iron (AISI 1010) was chosen for the stator, whose relative permeability is nonlinear. Copper wire
(AWG23) with a current rating 3 ampere is selected for the winding. Aluminum is selected for the
mover. The PM holder is designed to support and hold PMs inside the yoke. High reluctant material
is selected for PM holder so that it can stop the leakage flux from the sides of PM. A relatively high
air-gap is kept at the back of armature in the moving axis to provide free reciprocating motion. The
selected geometric parameters of VCM is given in Table 2.

Table 2. Selected geometric parameters of voice coil motor (unit: mm).

Parts Geometric parameters Symbols Value
thickness (outer side of yoke) ty 10
Stator . .
thickness (central iron core) For 12
length lc+3 40
PM thickness (magnetization direction) trm 5
width w 50
Armature thickness - 45

Air-gap thickness fag 0.5
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2.2. Design of the flexure mechanism

As shown in Fig. 1, a flexure mechanism using two crossed identical double parallelogram
mechanisms is designed to connect with the armature. As illustrated in Fig. 2, each parallelogram
mechanism consists of two parallel linkages, and each linkage is serially connected by two right-
circular flexure hinges (RCFH) and one rectangular leaf-spring flexure hinge (LSFH) with thickness
b. The RCFH provides relative rotation between two adjutant rigid members through elastic bending.
The crossed double parallelogram mechanisms will not only support the desired unidirectional
motion, but also constrain the undesired parasitic motions with enhanced lateral stiffness.

In general, the structural dimensions as marked in Fig. 2 will greatly influence the working
performance of the mechanism. Through manually tuning the parameters affiliated by the system
models as established in section 3, the selected parameters are summarized in the Table 3 to meet the
desired motion stroke and natural frequency.

s y Rigid Body] s,
90, Al O3 690, B1

L X
B0 hs o 0.4h0s  Oxyt B2 ia =

5

R

Figure 2. Cross-section view of the double parallelogram flexure mechanism.

Table 3. Design parameters of flexure mechanism (unit: mm).

R t L a b
1 0.6 28 2.6 30

3. Modeling and verification of the VCM actuated FTS system

3.1. Magnetic Equivalent Circuit modeling

The magnetic equivalent circuit (MEC) modeling can be used to find magnetic flux densities at
any point in the magnetic circuit. The mathematical expressions for magnetic flux densities can be
obtained by approximations with magnetic circuit elements [11, 12]. An axis-symmetry cross-section
view of the magnetic circuit of the designed VCM is illustrated in Fig. 3, where all structural
parameters are represented with lumped circuit elements.
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Figure 3. Lumped-circuit element based magnetic circuit model of the VCM, where tpy, t.g, and t,
are the thickness of PM, air-gap, and yoke, respectively. [, is the length from the outer to the axis of
the VCM. Ry, Ry, and R¢3 are the equivalent reluctance of the stator material.

With the equivalent circuit shown in Fig. 2, the magneto-motive force (F,) generated from PM
can be expressed by [11, 12].
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Bt
Fm —_r PM (2)
Hpym

where B, = 1.47 T is the remanence of the PM, and upy is the relative permeability of the PM
material. Ignoring the reluctance of the stator and the leakage flux, the reluctance of the PM and air-
gap can be approximately expressed by [11, 12]

tpm
Rpy =——— 3
o KpmApy ©)
tag
R =—" 4
“ HagAag @

where, Apy, and A, are the cross-section area of PM and air-gap, and the relative permeability
inside the air-gap is pqg.

The general magnetic flux expression can be expressed using Ohm’s law for the equivalent
magnetic circuit, and the magnetic flux density (B,4) inside the air-gap can be obtained as

B — % — Fm — BrtPM (5)
9 Aag Aag(RPM + Rag) :uPMAag (:RPM + :Rag)

3.2. Modeling of flexure mechanism

To obtain the stiffness of the developed flexure mechanism, the matrix-based compliance
modeling (MCM) method is adopted [3, 13]. Following the MCM method, the compliance C,; and
Ca, of the flexible linkages Al and A2 can be expressed in the global coordinate system as

Coy = T, CE (To,)" + To,CE (To,)" + T5Ch,(To,)" (6)

C = To,C& (To,)" + ToyC& (To,) + T, Ch.(To,)" )

where Cgi and Céi represent the basic matrix of the RCFH [14] and LSFH [15] locally expressed in
the system Oi, and T,, means the coordinate transfer matrix from system Oi to the global system
[13].

Considering the parallel configuration of the two parallel linages (Al and A2), the total
compliance of Al and A2 at O,, can be expressed by

ce= (o) +cy ™) ®)

Similarly, the total compliance of the double parallelogram mechanism can be obtained as
-1
¢, = (ce™ + @y (m cp (Ty(m))™) ©)

where TY(m) is the transformation matrix around the y-axis with an angle of n. Taking advantage
of symmetric structure of flexure hinge, the resultant stiffness of the flexure mechanism can be
expressed by

Ko=co ™ + (TZ(%) c, <TZ(%)>T>_ (10)

where TZ(m/2) is the transformation matrix around the y-axis with an angle of m/2. Considering
the symmetric feature of the mechanism, its input stiffness can be obtained as k;, = K° (2,2).
Considering the maximum current carried by the coil, the maximum stroke can be derived as

s = Bavlmax (NTI)

ke, (11)

where I,,4, is the maximum allowable current of the coil, which is selected as 1.6 A in this study.
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The flexure mechanism regards as an equivalent damped mass-spring system from dynamic
point of view [16]. Lagrangian equation is used to derive the dynamic model [16]. Taking advantage
of the symmetric structure of the flexure mechanism, the kinetic energy can be obtained as

I, %\? my
T=2 (-) e P 12
2 \1 ot —mx (12)
where, x is the generalized coordinate, n, = 8, I, is the moment of inertia of the flexure hinge, and
mi is the mass of the end-effector. Using Lagrangian equation, the equivalent moving mass M can be
expressed by [16]
aT nl,

M—a=m1+mc+ll—2 (13)

Therefore, the first natural frequency of the VCM actuated FTS system can be obtained by

1 [k

- | (14)

fo

3.3. Finite Element Analysis (FEA) validation

3.3.1. Electromagnetic verification of the VCM

To validate the respective analytical models of the VCM actuated FTS system, finite element
analysis (FEA) is carried out in ANSYS workbench. To validate the MEC modeling, a magnetostatic
analysis is conducted. The total magnetic flux density distribution inside the magnetic circuit of VCM
is shown in Fig. 4. The average magnetic flux density inside the air-gap is observed to be about 0.383
T, and a relative modeling error of about 12.79% is obtained considering value of 0.432 T for the
analytical result. The FEA and analytical results are comparatively summarized in Table 4.

A: Magnetostatic

Total Magnetic Flux Density
Type: Total Magnetic Flux Density 039161
Unit: T

Time: 1
2019/11/21 17:45

. 2.5616 Max

2.2769
1.9923
17077

. 14231
1.1385
= (.85385
0.56923
I 0.25462
0 Min

Figure 4. Distribution of the magnetic flux density obtained by FEA.

3.3.2. Mechanical verification of flexure mechanism

To validate the stiffness model, a static structural analysis is conducted. The aluminum alloy
was selected for the simulation which has a modulus of elasticity is 69 GPa, passion ratio of 0.33, and
mass density of 2770 kgm-3. The constrain was applied as shown in Fig. 5(a), where plane A is fixed-
end and plane B is free-end. To mesh the body, a proximity and curvature-based function is selected
for the finest meshing, and the meshed body is shown in Fig. 5(b).

Through applying a force of F=100 N on the free-end along the actuation direction, the total
deformation of 99.428 um is obtained as shown in Fig. 5(c) which suggests a stiffness of 1.01 N/pum.
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Figure 5. Static structural analysis of the flexure mechanism, (a) the constraint, (b) the meshed model,
and (c) the resultant deformation with F=100 N.

A Fixed Support
Bl rorce: 100N

Moreover, to confirm the dynamic model, the modal analysis is conducted using the same
constrains, mesh, and material. From the modes shown in Fig. 6, the first natural mode agrees well
with the desired motion, and the first natural frequency with and without considering the mass of
coil are obtained to be 377.95 Hz and 229.91 Hz, respectively. From the comparative result
summarized in Table 4, the maximum modeling error for both electromagnetic and mechanical part
is less than 13%, suggesting that the developed model is reliable for the analysis and design of the
VCM actuated FTS.

J: Modal {ImranBagoro-P1} - without coil
Total Deformation
Type: Total Daformation
Frequency: 377.95 Hz
Unit: m

20191172 2018

L: Medal (ImranBagero-P1} - with cail
Total Deformation
Type: Total Deformation
Frequency: 229.91 Hz
Unit; m

2019/11/2 22:03

. 1.4384 Max

12786
11188
0.95896

0.79913
E 063931
047948
0.31965
i 0.15983
0 Min

0.06652
0.058205
0.049829

0.041575
002326
0.024345
001663

! 0.074834 Max

00083149
0 Min

(a) (b)

Figure 6. Modal analysis of the flexure mechanism, (a) the first mode without coil, and (b) the first
mode with coil.

Table 4. The analytical and FEA results of the FTS.

kin fo (Hz) Fvem
(Njum)  without coil  with coil B (1) N b
Ana. 110 395.51 24051 0432 1327 12063
FEA 101 377.95 22991 0383 1176  116.49
Error  8.91% 4.65% 461%  1279% 12.78%  3.55%

4. Controller design for the Fast Tool Servo System

The control system adopts the PID controller as the control inner loop, and the outer loop adopts
the adaptive feed-forward cancellation (AFC) controller to complete the tracking of the tool trajectory.

4.1. PID controller

A typical PID controller is employed as the main controller for feedback control of the system,
and the parameters are tuned through the loop-shaping method as reported in [17]. During the tuning,
a desired open loop transfer function Ly(s) is adopted which is expressed by Ly(s) = w./s, where
w, is the design expected frequency.
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4.2. Resonant controller

In the actual cutting process, the input signal and the external interference signal can be mainly
decomposed into a series of harmonic signals [8]. Therefore, the resonant controller following the
repetitive control principle is used to improve the tracking accuracy, and the main control loop is
illustrated in Fig. 7.

{m
s
AN VAN

D

PID Gi(s) e
) K, /s
|G

Figure 7. Control loop for the VCM actuated FTS system.

With respect to the resonant controller, the resonator can be expressed by [8]
scos®; + w;sind;
52+ w;?

Ri(s) = g (15)
where g; is a proportional gain for the i-th resonator. From Eqn. (15), the phase advance angle (¢;)
is used to adjust the zero position of the controller [8]. The ¢; obtained from the Bode diagram of the
system after the introduction of PID control. With respect to the control process, the frequency (w;)
needs to be consistent with the desired frequency of the input signal.

5. Experimental Testing and Results

5.1. Experimental setup

Scheme of the testing system is shown in Fig. 8(a), and a photography of the developed
prototype is shown in Fig. 8(b). For the testing, a personal computer is used to generate a digital
control signal via the data acquisition (DAQ) board through the Desktop Real-time modulus in
Matlab/Simulink. The servo amplifier amplifies the voltage signal with a constant gain of 0.8 A/V for
driving the mover of the FTS system. A capacitive sensor measures the motion and then delivers it to
the DAQ board. Both open-loop and closed-loop testing were conducted through the Desktop Real-
time modulus with a sampling frequency of 20 kHz.

imuli < S0 DRIl N T Dack support
| PC (Matlab/Simulink) | - *‘ S “"’ ~ -. - ~ ; —1\\_;,_
1 e L -
7 P il ~— ", permanent &%
S ; magnet T
Sensor Gauge DAQ Device Servo Amplifier ANy o G
MicroSense- {=b] National Instruments f=f gt RS e
Power 5810 PCI-6259 - X
Supply %
15V 1 230V 51 T Power
— 1 Supply ! v . X
MicroSense AR S S L
499025501 e > . VA
Sensor Probe | Voice Coil Motor i
MicroSense-5503 (VCM) ©
diamond
tool
Figure 8. Experimental setup, (a) schematic of the testing system, and (b) the photography of the

prototype.
5.2. Experimental results

5.2.1. Static and dynamic performance testing

To study the motion range, the stroke of the FTS system subjecting to a sinusoidal command
with an amplitude of 2 V was measured which led to a current of 1.6 A on the coil. The resulting
stroke related to the sinusoidal command is shown in Fig. 9(a). The resulting stroke may range from
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-62.71 um to 53.33 um, showing a maximum stroke around +59.02 um. Moreover, a sweep excitation
using a harmonic command with small amplitude and linearly varying frequency from 1 Hz to 1 kHz
was conducted to get the frequency response feature. From the sharp peak of frequency response in
Fig. 9(b), the first natural frequency was identified to be about 253 Hz.

80 60 : : — y
* i% - J\/\
E =3
5 g 20- 1
220 5
[= 0 . 1 .
@
E 0 10' 102
3 200
g_ 20 =)
@ [
o A
40 o O
S
=
%0 : 200
-2 -1 0 1 2 et 2
10 10
Voltage (V) frequency (Hz)

(a) (b)

Figure 9. Response of experimental testing of the FTS system, (a) the output motion related to the
applied voltage, and (b) the frequency response function.

5.2.2. Control performance testing

The basic control performance test was conducted to track a harmonic signal with amplitude of
20 um and frequency of 20 Hz, and the results are shown in Fig. 10(a). In this case, the designed
controller can track the trajectory well, and the tracking error shown in Fig. 10(b) suggests a relative
error of about +0.02%. Furthermore, a tracking of the harmonic signal with frequencies of 40 Hz, 60
Hz, 80 Hz, 100 Hz and 120 Hz is performed. The tracking errors are illustrated in Figs. 10b, 10c, and
10d, and the tracking results are then summarized in Table 5 with the relative tracking errors.

From Figs. 10a, 10b, and 10c, the tracking error obviously increases with the increase of the
desired frequencies. The position tracking error increased from 0.04 pm to 0.2 um, and the relative
position tracking error increased from +0.2% to *1%. When the frequency is higher than 120 Hz, the
controller does not have a good tracking effect.

3 . .
—Actual— Desired [—40Hz—20Hz|
L il 0.2
10
E 2r
2 54
= E
g 0 21
= w
& 5 0
a
101 1
0 0.05 0.1 0.15 02 0.25 0 0.05 0.1 0.15 02
Time (s) Time (s)
(a) (b)
. . . 0.3
02 60Hz—80Hz —100Hz—120Hz
0.2
0.1
= =01
£
5 g f\ \ .
g ° 5 o | [
i 0 ( i
0.1 01
|
02 02
012 013 014 015 016 017 018 019 0.2 012 013 014 015 016 017 018 019 02
Time (s) time (s)
(0) (d)

Figure 10. The control performance, (a) tracking response for 20 Hz harmonic trajectory, (b) tracking
error for 20 Hz and 40 Hz trajectory, (c) tracking error for 60 Hz and 80 Hz trajectory, and (d) tracking
error for 100 Hz and 120 Hz trajectory.
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Table 5. Summarized tracking error in terms of different frequencies.

Freq. (Hz) 20 40 60 80 100 120
Error (um) #0.040  #0.067  #0.100 +0.128 +0.144  +0.200
Percentage  +0.02% +0.034% +0.05% #0.64% +0.72% +1.00%

6. Conclusions

A voice coil motor (VCM) actuated fast tool servo (FIS) system was developed for diamond
turning. The two essential components namely the actuator and flexure mechanism are deliberately
designed to balance stroke and natural frequency. To facilitate the design of structural parameters of
each component, the equivalent magnetic circuit model and matrix based compliance model are
established for the VCM and flexure mechanism, respectively. Finite element analysis on the
magnetostatic, static structural, and model analysis is conducted to validate the designed system. The
prototype of the VCM actuated FTS system is tested to have a stroke of +59.02 um and first natural
frequency of 253 Hz. By constructing a closed-loop control using PID controller with the parallel
resonant controllers, the error for tracking a set of harmonic commands with different frequencies is
summarized. It suggests that although the tracking error increases with the increase of the tracking
frequency, only +1% maximum error is obtained when tracking a 120 Hz harmonic trajectory.
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