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ARTICLE INFO ABSTRACT

Communicated by John E. Mottershead This paper presents a novel long-stroke fast tool servo (FTS) system with counterbalance and its
application to the diamond machining of microstructured surfaces. The FTS system is driven by a

Keywords: voice coil motor and guided by air bearings. A hybrid control algorithm which combines PID
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control, sliding mode control and feed-forward control was specifically designed for the system
and ensures that it has less than 1% tracking error and achieves + 1 mm stroke and 105 Hz
bandwidth. The counterbalance is achieved by the symmetric arrangement of two of the same FTS
systems. System vibration decreased significantly from + 3 pm to + 0.145 pm when the coun-
terbalance was working. Machining experiments were conducted using the FTS system on a
diamond turning machine. A microstructured surface simulation model was built and information
about the workpiece surface tested and collected. When the counterbalance was working, error in
the machine axes decreased from micron-level to nano-level and the surface roughness of the
microstructured surface was also reduced. The system achieves + 1 mm (£0.5 mm) stroke at 30
Hz (40 Hz) with 0.35% (0.68%) tracking error during machining processes, and the depth error of
the machined microstructured surface was measured at 1.4% (2.3%).

1. Introduction

Fast tool servo (FTS) in diamond turning is an effective technique for machining high precision components like asymmetric optical
surfaces or microarrays [1]. According to the main driving source, Trumper et al. [2] introduced five different FTS systems: hydraulic,
piezoelectric, magnetostrictive, Lorentz force, and normal-stress electromagnetically-driven FTS. Among these, piezoelectric FTS
(PZT-FTS) and Lorentz force FTS (LF-FTS) are most widely used. Gan et al. [3] combined a force monitoring system with the PZT-FTS.
The FTS system had a 15 pm stroke and 2 kHz bandwidth and the system was effective especially in machining waveform profiles with
small cutting depth. Ma et al. [4] developed a flexure hinge to give the PZT-FTS the ability to track a + 400 pm sinusoidal signal at 100
Hz. Precitech Inc [5] developed PZT-FTS 70/35, which can travel at 70/35 pm stroke with a maximum operating frequency of 0.9/1
kHz. It can be used on the machining of microlenses on a brass disk. Wang et al. [6] designed a PZT-FTS with motion amplification,
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Fig. 1. Mechanical structure of design FTS.

which can be used for the noncircular piston turning process. The system owned 540 pm to 0.3 mm stroke and 321 Hz resonant
frequency. Thomas et al. [7] used a voice coil motor (VCM), a hollow triangle slide and air bearings to achieve 4 mm travel and 2.5
mm/s maximum tool speed. It was designed to manufacture biconic mirrors and the RMS shape error was 0.7 pm. Marten [8]
developed a long-stroke FTS which includes an air bearing stage and a three-phase oil-cooled linear motor. The system can achieve 25
mm stroke and 100 g acceleration. Feng et al. [9] designed an LF-FTS with a VCM and a slide to fabricate freeform lenses. The PI and
feedforward controllers helped the system achieve a 1.5 mm stroke at 16.67 Hz. Another LF-FTS with similar functions was designed by
Liuetal. [10], the system was built by a VCM and a flexure hinge. The achieved performance was a 1 mm stroke at 30 Hz. Precitech Inc
[11] developed FTS 5000, which consists of a voice coil motor and air bearings. It can travel 5 mm and the servo bandwidth was more
than 1 kHz. Some typical operational sinusoidal accelerations were given, such as 2000 pm at 100 Hz and 100 pm at 440 Hz. Overall, to
achieve high frequency, the piezoelectric ceramic was combined with a flexure hinge. To achieve a long stroke, the combination of a
linear motor and air bearings is the better choice.

The control algorithm is also important for system performance. Wu et al. [12] proposed a control algorithm combining machine
learning and PID feedback control, and the system achieved 0.54% average linearity. Zhou et al. [13] used adaptive feed-forward
control (AFC) and neural network control to compensate for the hysteresis of the PZT ceramics, and simulation results showed that
the PZT FTS was robust in tracking the input signal with frequency variations. Dan Wu et al. [14] adopted active disturbance rejection
control (ADRC) and an extended state observer to control an FTS system driven by VCM, and the RMS tracking error was approxi-
mately 1.6-1.7 pm. Zhang et al. [15] presented a sliding mode controller for a PZT-FTS. With the help of the combined approaching
law, the following error of the sinusoidal signal was 0.57%. Also, sliding mode control can work with repetitive and feedforward
control [16]. The PZT-FTS system tracking error with this novel controller was decreased from 10.92% to 0.82% compared to the
system with the PID control. Zero-phase error tracking control (ZPETC) [17], genetic algorithm, fuzzy control were also options for the
FTS system control algorithms. Specifically, fuzzy and PID control helped a feed servo system achieve online auto-tuning [18], and
double-feedforward compensation can effectively decrease phase error [19]. Furthermore, the FTS system control algorithm was al-
ways formed by two or three different control methods. The combinations of different control methods are worthy of further study.
Most research has focused on PZT-FTS control algorithms, but fewer studies have been carried on the control algorithms of LF-FTS.
Even though control algorithms for linear motors are well-developed, the combination of the motor and air bearings in FTS appli-
cations mean that the system becomes undamped. An appropriate control algorithm and potential problems for the LF-FTS control
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Fig. 2. Seven-orifice air bearing pad.
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Fig. 3. Control system structure of designed FTS.

system require research attention.

Counterbalance has been designed and discussed in some studies. Chen et al. [20] designed an FTS system (FLORA) without
counterbalance, and the dynamic conditions greatly affected the quality of surface finish and form error. Based on FLORA, Erik [21]
used two small motors and well-designed springs to achieve counterbalance. Marten and David et al. [22] described a linear long-
stroke FTS system with integral balance mass. The mass moved freely in response to the FTS motor force. Liu et al. [23] introduced
three ways to achieve counterbalance using flexible components, the symmetrical arrangement of two of the same FTS systems and
using an infeed slideway or reaction mass. Counterbalance is beneficial for the FTS system and the whole machining system but details
of its effects, including how it decreases system vibration and affects the surface quality of a workpiece, have not been considered.

In this paper, a novel LF-FTS system is developed based on the voice coil motor and air bearings. Counterbalance is achieved by the
back-to-back connection of two of the same FTS systems. A hybrid control algorithm is developed according to the system control
model. Performance tests including step response, sinusoidal signal tracking tests and bandwidth tests, were applied to evaluate the
FTS system’s performance. The performance of the counterbalance and its effect was simulated in Ansys and tested by a laser
displacement sensor. Finally, the FTS system was installed on a diamond turning machine and four workpieces were machined and
tested. A microstructured surface simulation model was also built according to the experimental parameters. Microstructured surface
depth, overcut depth and surface roughness were measured and compared.
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2. Design of the fast tool servo system

2.1. Overview of the FTS design

Asillustrated in Fig. 1, the designed FTS system consists of a square hollow slide driven by a voice coil motor and supported by four
air bearings. The air bearings are attached to the outside plate by ball mounting screws and high-resolution optical encoders are also
installed on the outside plate to provide feedback displacement signals. The tool holder is installed on the connection plate and it is
ensured that the tool motion is coaxial with the motor motion. The designed FTS has a stroke of + 1.5 mm, a maximum working
frequency of 100 Hz and a motor force of 64.6 N. The seven-orifice air bearing (see Fig. 2) withs a stiffness of 31.05 N/um is installed

with 10 pm air film height.

The controller is the CK3M from Omron which runs the position loop, while the current loop is achieved by the Elmo motor drive.
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Table 1
Control parameters and functions.
Parameters Functions Value
K, Proportional gain 5.813
K; Integration gain 0.00125
Kq4 Differentiation gain 0.005625
K; Sliding surface parameters (stiffness) 12
K> Sliding surface parameters (damping) 0.08
K3 Control law parameters 0.2
K4 Control law parameters 0.1
Ky Velocity feedforward gain 0.5
Ko Acceleration feedforward gain 1600
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Fig. 6. Simulation model of the designed FTS system.

Position feedback is achieved by the Renishaw encoder which is attached to the slide. The control system structure is shown in Fig. 3.

2.2. System identification

The control model of the designed system can be identified from an open loop frequency sweep. A frequency varying voltage signal
is generated from the controller and drives the designed system. The stroke of the system is recorded by the encoder and automatically
transformed to a velocity signal. The system control parameters are calculated from the output velocity and input voltage. In addition,
the voltage signal and displacement signal in the controller are in the form of a digital signal. Transformation from digital to analogue
signals are needed: the output voltage of the controller is a + 10 V analogue signal corresponding to a + 32768 digital signal; the
encoder transforms the 10 nm displacement signal into a 1 mu digital signal. After the open loop identification model is determined
and combined with the control system structure, the final control flow diagram of the designed FTS can be drawn and used for further
control algorithm developments. The system identification processes are shown in Fig. 4.

The state-space model is adopted to fit the experiment data, as shown in Eq. (1).

{ dx/dr = Ax(t) + Bu(t) + Ke(r)

y(t) = Cx(t) + Du(t) + e(t)

In the equation:

A =—11.37, B = 0.0006759, C = 2.293 x 10°, D = 0, K = 3.877 x 10™>;

@

K is a small number and e(t) represents disturbances in the system, and A, B, C, D are the constants. In this research, the identi-
fication model neglects disturbances. A comparison between the physical model and identification model outputs is shown in Fig. 5. It
can be seen that the amplitude difference occurs in the first three periods and no obvious phase difference is observed. This means that
the system identification model can be used to represent the physical model to a certain extent, and hence it has been used to adjust the
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Fig. 8. Sine tracking performance and error (0.43 mm @ 50 Hz).

control parameters in advance for the physical model.
2.3. Hybrid control algorithm

A hybrid control algorithm was designed for the FTS system [24]. The control algorithm is a combination of PID control, sliding
mode control (SMC) and feed-forward (FF) control. The control output is described in Eq. (5):

de(t)

c(t)p = Kye(r) +Ki[ e(t)di +Ki—, .
S =Ke(t) + Kx(e(t) —e(t — 1))

c(Dgue = K3s+/'(K4. sign(S)ele(r) |)dt .

ety = Koy ¢ g, 0 )
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Fig. 9. Sine tracking performance and error (0.1 mm @ 100 Hz).

Table 2
Steady-state error of the designed system.

Steady-state error (mm & %)

30 Hz (1 mm) 40 Hz (0.68 mm) 50 Hz (0.43 mm) 60 Hz (0.3 mm) 100 Hz (0.1 mm)
0.00364 0.0040392 0.0037453 0.004005 0.00374
0.364% 0.594% 0.871% 1.335% 3.740%

Compensation process 0.43 mm @ 50 Hz Enlarged view 0.43 mm @ S0 Hz
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Fig. 10. Compensation process and enlarged view (0.43 mm @ 50 Hz).
C(t)oulpul = c(O)pp + (V) spc + (O pp 5)

The control parameters and their functions are listed in Table 1:

The servo frequency is 16 kHz and the output limitation of the controller is + 10 V. With the designed control algorithm and the
open loop identification model, the closed loop simulation model of the system can be built, as shown in Fig. 6. Besides, the tuning
process is conducted on the simulation first. The values in Table 1 are achieved when the system simulated tracking error is less than
1%. Same values are used in the physical model to carry on the system performance test.
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Table 3
Steady-state error of the designed system after compensation.

Steady-state error (mm & %)

30 Hz (1 mm) 40 Hz (0.68 mm) 50 Hz (0.43 mm) 60 Hz (0.3 mm) 100 Hz (0.1 mm)
0.00029 0.0011492 0.0003311 0.000249 0.000233
0.029% 0.169% 0.077% 0.083% 0.233%
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Fig. 11. Bode diagram of the designed FTS system.

3. Performance tests
3.1. Step response and tracking performance tests

Step response and sine wave tracking performance tests were implemented, and the 1 mm step response result is shown in Fig. 7.
The rise time is 0.0134 s and zero overshoot is achieved.

In the sine wave tracking performance tests, five different sine signals were generated as input signals: 1 mm @ 30 Hz, 0.68 mm @
40 Hz, 0.43 mm @ 50 Hz, 0.30 mm @ 60 Hz and 0.10 mm @ 100 Hz. Using 50 Hz and 100 Hz test results as examples, the sine wave
tracking performance and tracking error is shown in Figs. 8 and 9 respectively. After the first period, the system reaches steady state
(see Fig. 8b). The input and output signals both arrive at the peak point at the same time and no phase errors are observed. The steady-
state error is measured as + 0.00375 mm, which is 0.871% of the motion amplitude. The tracking error is less than 1%, which indicates
that the system achieves good tracking performance. For 100 Hz, after the first two periods, the system reaches steady state (see
Fig. 9b). Overshoot and small phase error are observed and the steady-state error is measured at + 0.00374 mm, which is 3.74% of the
motion amplitude.

The steady-state errors of all testing results are presented in Table 2. The tracking error increases when the working frequency
increases. When the system working frequency is close to the maximum bandwidth, it is more difficult to control the system and it
maintains good dynamic performance.

A compensation method can be applied to improve the tracking performance further. According to the test results, the input signal
amplitudes can be increased or decreased to specific values, and the output signal will then become closer to the command value. The
compensation process for 50 Hz is shown in Fig. 10. In the enlarged view, the blue dashed line is the command position signal, and if
the input signal is decreased to line C the system output will be line D instead of A. From the maximum displacement points, point 2 is
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Fig. 13. Control model of the counterbalance.

closer to point 1 than point 3. This means that less overshoot and a smaller tracking error of 0.087% are achieved. The improvements
gained using the compensation method are listed in Table 3. The system tracking errors all decrease to less than 1%. The compensation
method eliminates the overshoot error at each frequency when no phase error is achieved. In the actual machining, the compensation
method can generate a look-up table for the system after the system fine-tuning.

3.2. Bandwidth test

The bandwidth of the system is also a very important index of the system performance. The system closed loop model can be tested
by the closed loop frequency sweep and then the Bode diagram of the close loop model can be plotted. The bandwidth can be calculated
from the Bode diagram. The closed loop model equation is also described by Eq. (1), but the system order is 5. This means that Aisa 5
x 5 matrix, Bisa 5 x 1 matrix, Cisa 1 x 5 matrix, D is equal to zero and K is a 5 x 1 matrix, which are shown in Eq. (6), The bode
diagram of the system is shown in Fig. 11.

0 0 0 0 0 1
—1 0 0 0 0 1
A= 96e° 9.6e° 1 —63¢> —044|,B=|53¢|,C=[0 0 0 1 0], D=0 (6)
—046 —046 3.6e7 0998  1.4¢* 0.4636
—6.6e7 —6.6¢7 52¢"" —37¢7 0.994 6.1¢7

Normally, the system bandwidth is the frequency when the magnitude is —3 dB, which is 913 Hz for the system. But this means that
the output signal decreases to 0.707 of the input signals, which is not suitable for the FTS system, for which higher demand is. Given
that the tracking error should be less than 1%, the output signal should remain in the range between 0.99 and 1.01 of the input signal.
The range is transformed to dB units from Eq. (7). From the Bode diagram, the system’s maximum bandwidth which satisfies the range
is 105 Hz. When the system runs at 0-105 Hz, good tracking and dynamic performance can be achieved. Therefore, the designed
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Table 4

State-space model parameters of the two FTS systems.
FTS-main FTS-counterbalance
A —11.37 A —10.243
B 0.0006759 B 0.0008073
C 2.29E+08 C 2.04E+08
D 3.88E—-05 D 4.36E—05

FTS Inertia force
50 T T T T T T T

Counterbalance OFF

40

= = =Counterbalance ON

Inertia force (N)

-50 I L I I L I I
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

Time (s)

Fig. 14. FTS inertia force (counterbalance ON/OFF).

maximum working frequency is set at 100 Hz. From the bandwidth point of view, the system meets the design requirements:

20l0g,,0.99 = —0.0873dB -
20l0g,,1.01 = +0.0864dB

4. Counterbalance

The system motion generates an inertia force that is equal to the motor force. This inertia force can be considered as an external
excitation for the whole machining system. This could be transferred from the FTS base through the machine stiffness loop to the
workpiece, causing relative dynamic displacements between the cutting tool and workpiece. This process is shown in Fig. 13(a).
Normally, the magnitude of this vibration is very small due to the large mass and damping of the machine base, but it is not negligible
and significantly affects the machining accuracy in ultra-precision machining. Fig. 12(b) shows a counterbalance solution to this
problem by connecting an identical FTS system to the main FTS system. Since two FTSs operate at the same frequency, amplitude and
phase angle, then ideally the external excitation becomes the resultant force of two back-to-back connected FTS systems and is
cancelled out from the perspective of the machine structure.

It should be noted that the inertia force is equal to the motor force that is related to the system motion. When the counterbalance is
working, it does not mean that the whole system is in a state of being stationary. The back-to-back design means that the controller
needs to control the two systems simultaneously. The controller works in gantry mode, which synchronizes the two systems as far as
possible. However, there are two reasons which could cause the incomplete synchronization of the two systems: a small difference in
signal transmission speed between the two encoders; and a difference in internal clock frequency between the two systems. Another
cause would be a difference between the two mechanical systems due to manufacturing and assembly errors. Frequency sweeps are
carried out for both systems and Eq. (1) is used to describe the FTS-main and FTS-counterbalance. The state-space model parameters
are listed in Table 4.

Therefore, considering the FTS control system and characteristics of the counterbalance, the control model of the system with
counterbalance can be described as in Fig. 13. For example, with a 0.43 mm @ 50 Hz input signal, the inertia force output of the single
FTS system and the counterbalance can be described by Eq. (8) and the total inertia force when the counterbalance is on/off is as shown
in Fig. 14.

10
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Fig. 16. Comparison of system vibration results.

FI—FTS =43, sin(2ﬂ'-50-t — 002969)FI—CB = 43'Sin(27[°50't — 0.01998)}-“1_(0[3] = FI—FTS — FI—CB (8)

where: Fjprg is the inertia force of single FTS system (N); Fy.cp is the inertia force of the counterbalance (N); Ff¢q is the inertia force of
the whole system (N); and ¢ is time (s);

A dynamic simulation model was built in Ansys to simulate system vibration and the effect of the counterbalance on this vibration.
When the FTS is working, the inertia force is transferred from the motor coil through the motor magnet and then acts on the FTS base.
The base and the connection panel are used to build the solid model, as shown in Fig. 15. The output of the control model (Eq. (8)) is
used as a dynamic load input to the simulation model. The deformation in the Z direction of one node (the detection node in Fig. 15) on
the front plate is drawn to reflect the system vibration.

In addition to the simulation model, physical tests of the system vibration were performed. A laser displacement sensor (KEYENCE
LK-G5000, repeatability: 0.1 pm, resolution: 1 nm) was adopted to measure the vibration of the front plate close to the detection node
position in the simulation model. The results of the comparison are shown in Fig. 16.

Both simulation and testing results show that the amplitude of the system vibration is + 3 pm when the counterbalance is off and
the vibration decreases to & 0.15 pm when the counterbalance is on. Also, the vibration has a sinusoidal motion and shares the same
frequency with the system motion. This verifies that the simulation model is accurate and the same frequency with system motion
shows that the system vibration is primarily caused by the system motion.

Overall, the back-to-back counterbalance design can effectively suppress the system vibration. When the counterbalance is

11
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Table 5
Cutting and FTS parameters used in the machining experiments.
Tests FTS Stroke (mm) FTS Frequency (Hz) Spindle speed (rpm) Depth of cut (pm) Feedrate (mm/min) Counter-balance
A 1 30 187 10 3 OFF
B 1 30 187 10 3 ON
C 0.5 40 253 10 3 OFF
D 0.5 40 253 10 3 ON

Fig. 17. Experimental settings.
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0 B
1 : ! 0
1
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- E‘ at
15t

0 0.02 0.04 0.06 0.08 0.1
Time (s)

Fig. 18. Tool position settings.
working, the amplitude of the system vibration is decreased to 0.145 pm, which would have very little effect on machining accuracy.
5. Machining experiments
5.1. Experimental design

Machining experiments were designed to test the performance of the FTS system and the efficiency of the counterbalance. The FTS
system was installed on the Z axis of an ultra-precision diamond turning machine (Nanotech 650FGv2). Four machining tests were
performed and the machining and FTS parameters are listed in Table 5. The FTS strokes were set at 1 mm or 0.5 mm. After the tool
setting, the tool position was offset by 0.99 mm or 0.49 mm away from the workpiece surface. These settings can ensure that a depth of
cut of 10 pm is achieved at large FTS strokes. The experiment and tool position set-up are shown in Figs. 17 and 18 respectively.
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Table 6
Microstructured surface simulation parameters.
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Simulation parameters

fr FTS frequency

fs Spindle frequency
I Nonnegative integer
Dy Fractional part

Xij X-coordinate

Yy Y-coordinate

r Polar radius

0 Polar angle

Tk
Ry
Sy

oA A

dt

Cutting point radius
Cutting radius

Feed rate
Simulation points
Profile height

FTS stroke

Cutting depth

Tool radius

Q Workpiece

Rl
/

\ .
\ , Cutting
“ area

I:‘ Simulation

area

S

° Cutting point
Xy, ¥y

Fig. 19. Schematic of the microstructured surface simulation.

FTS: 30 Hz (A/B)

(a)

FTS: 40 Hz (C/D)

X (mm)

(b)

Fig. 20. Simulation of the designed experiments: (a) Tests A and B; (b) Tests C and D.

All experiments used a single crystal diamond tool with a nose radius of 0.25 mm, 0° tool rake angle and 9° tool clearance. The 20
mm diameter copper workpiece was fixed on the spindle through a vacuum chunk. Performance was assessed in three aspects. Firstly,
the machine axes following errors from the machine encoders were analysed to determine the effects of the counterbalance on the
whole machining system. Then, the motion profile of the FTS during the machining process was analysed. Finally, the machined
microstructure surface profile and surface roughness were measured using a 3D optical surface profiler (Zygo Newview 9000). The
difference between the depth of the microstructured surface and the target depth was used to assess the accuracy of the FTS motion and
surface roughness in determining the efficiency of the counterbalance in the experiments.
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Fig. 21. Following error: (a) X axis; (b) Y axis.
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FTS motion profile (Test B)
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TS motion profile (Test D)
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Fig. 23. FTS motion profiles (Tests B and D).
5.2. Microstructured surface simulation

A microstructured surface generation model was built to simulate the surface profile before the machining experiments. Consid-
ering simple harmonic motion and the tool profile, the simulation model can be built from Egs. (10) to (13) and Table 6. The simulation
range is 5 mm x 5 mm and the resolution is 0.01 mm, as illustrated in Fig. 19.

]%:IerDf ()
N
r=yX;+Y, (10)
0 = arctan(Y;;/X;;)
—Ry—Sk+2 an
=Ry =8k +5)
2
h = As{sin[l;+0 + Dre(2kz +6)] } + (A — d) + Ry | 1 — u(rl;rk) (12)

In the simulation model, the tool path can be generated from the calculation of cutting point position and profile height. The
schematic of the microstructured surface simulation is shown in Fig. 19. Besides, the effects of the system vibration on the micro-
structured surface are not considered, which means that the simulation model simulates an ideal cutting process. The simulation
results for the experiments are shown in Fig. 20.

6. Results and discussion

The following errors of the three axes in the turning machine are shown in Figs. 21 and 22. A reference (named ‘No FTS’) was made
by only turning on the spindle without running the FTS system. Tests A, B and the reference are compared to see the effects of the
counterbalance. It is clear from the X/Y axis following error that, when the FTS is working, the maximum following error increases
from 4 nm to 200-300 nm. This increase means that the FTS system working without counterbalance will cause the vibration in the
turning machine and then the cutting tool’s absolute position will be affected. When the counterbalance is working, the maximum
following error decreased to 28 nm, which means that the counterbalance can decrease the vibration. The Fast Fourier transform (FFT)
was applied to the Z axis data, as shown in Fig. 22.

The frequency-domain analysis shows that the dominant frequency is the same as the FTS working frequency (30 Hz). When the
counterbalance was working, the magnitude decreased from 1653 nm to 42 nm. Compared to the results when the FTS was off, this
proves that the FTS motion caused the increase in the Z axis following error. Since the Z axis is in the same direction as that if the FTS
motion, the following error in the Z axis will affect the accuracy of the cutting depth. The same conclusion can be drawn from Tests C
and D. The dominant frequency becomes 40 Hz when the FTS working frequency is 40 Hz. Overall, the counterbalance can decrease the
following error of the system and make the whole system work in stable conditions. Almost no vibration on the turning machine and
accurate tool motion can be achieved.
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Workpiece C Workpiece D

Fig. 24. Topographic characteristics of workpieces.

Next, the FTS motion profile information during machining processes is shown in Fig. 23. Tests B and D are used as examples,
‘Motor 1’ is the motor that carries the cutting tool and ‘Motor 2’ is the counterbalance motor. The two motors work synchronously in
the opposite directions. Fig. 23(a) shows a & 1.0035 mm stroke and 0.35% tracking error. In the first period, there is an evident 0.0871
mm overshoot, which means at the first cutting point the cutting tool moves 87.1 pm further than expected. Fig. 23(b) shows a +
0.50339 mm stroke and 0.68% tracking error. The cutting tool moves 21.95 pm further in the first period. The steady tracking error is
less than 1%, which meets the design requirements. From the system steady-state performance, the FTS control system has good
robustness against cutting resistance. The FTS should start in advance of the real machining processes in order to reach the steady state
so as to avoid the overshoot problem. Here, in the experiments, the FTS started at the same time as the machining process and the
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Fig. 25. Enlarged view of A.

overshoot problem remains. The effects of the overshoot on the microstructured surface and its influence on the stability of the FTS
system thus can be determined. The microstructured surface was detected by the Zygo optical profiler. From the FTS motion profile,
the system can still arrive at a steady state and then reach the required position when the overshoot happens.

Finally, the microstructured surface was measured and the results are shown in Fig. 24. The workpieces A-D correspond to Tests A-
D in Table 5. Area 1 in the four workpieces shows the overshoot position which corresponds to the overshoot of the FTS system, while
Area 2 corresponds to the stable running condition of the FTS system. The enlarged views and profile data for these two areas are
shown in Figs. 25 and 26 (only workpieces A and C are shown). For A and B, the depth of the microstructured surface is the depth of the
discontinuous pit. For C and D, the depth of the microstructured surface is the depth of the groove. Note that 19 grooves can be
observed from C and D, and the cutting depth is the average of all groove depths. Likewise, for A and B, the cutting depth of the pit is
the average value of the pits sampled.

Also, details of the surface roughness of one pit and one groove are shown in Fig. 27. For convenience in interpreting the results, all
of the data is shown in Table 7.

The FTS overshoot can be directly reflected in the overcut depth on the microstructured surface. The overcut depth of all four
workpieces is close to the FTS overshoot value. The overshoot problem does not affect the system’s running condition and the system
always goes into steady state and the microstructured surface depths of all workpieces are close to the target depths. The overshoot
problem can be avoided by running the FTS system in advance. However, the overshoot problem was deliberately not prevented in
these experiments in order to provide a comprehensive analysis of the performance of the FTS. Then, when the counterbalance is off (A
and C), the error is more than 10% compared to the target depth of cut of 10 pm. However, when the counterbalance is on, the depth of
cut is closer to the target cutting depth. The error is decreased to about 1-2 %. It is noticed that, when the counterbalance is off, the
microstructured surface depth is always smaller than the target value. This is because the direction of inertia force is opposite to that of
the FTS motion. This force acts on the Z axis of the machine tool and causes the whole FTS system to move along the direction of the
inertia force which is against the required motion direction. Finally, in terms of surface roughness, no finishing machining was
designed in the experiments, and the surface roughness is at the submicron level. Comparing the surface roughness of workpieces A
and B (or C and D), the usage of counterbalance can clearly improve the surface roughness when the cutting parameters are the same. It
should be noted that the surface roughness values measured on the FTS machined surface are much higher than those from the
diamond turning using large nose radius tools, this is attributed to the large cutting depth and fast tool feed from the FTS used in the
experiment. A finishing cut with smaller cutting depth could result in better surface roughness, whereas primary aim of the experiment
in this paper is to test the FTS performance.
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Fig. 26. Enlarged view of C.

In addition, from the microstructured surface, the FTS system’s tilt stiffness is not good enough. Cutter relieving happens in Tests A,
B and C, where part of the workpiece is not machined (inner circle). This is because the cutting resistance increases instantly when the
overshoot occurs and the tool’s original position is changed. The tool position’s becomes in misalignment from the workpiece rotation
centre and the tool motion is changed relative to the workpiece. A sketch of this problem is shown in Fig. 28. This misalignment can be
considered to be a drawback of this system.

7. Conclusions and future work

This paper presents a long-stroke fast tool servo system based on voice coil motors and air bearings. Counterbalance is achieved by
the back-to-back connection of two identical mechanical subsystems. With a hybrid control algorithm, the system can meet the design
requirements with sufficient working bandwidth. Machining experiments were used to assess the FTS system’s performance in terms of
machining system following errors, the tracking performance of the FTS system’s motion, the accuracy of the cutting depth, and the
final surface roughness of the workpiece. Specific conclusions are drawn as follows:

The designed fast tool servo system based on a voice coil motor and air bearings can achieve a stroke from + 0.1 mm to + 1.5 mm
with 100 Hz maximum working frequency. The working system bandwidth is 105 Hz and less than 1% tracking error can be achieved
with a hybrid control algorithm which combines PID control, sliding mode control and feed-forward control. The system step response
and sine wave tracking tests demonstrated that the designed FTS has good tracking performance.

Counterbalance has great benefits to diamond turning processes with an FTS system. Firstly, it can reduce the vibration of the FTS
system from + 3 pm to &+ 0.145 pm. Secondly, the following errors of the three axes of the turning machine are barely affected by the
motion of the FTS when the counterbalance is on. Finally, workpiece quality is improved by adopting the counterbalance during
machining processes. The microstructured surface depth error decreased from 10% to 2% and the surface roughness is also reduced.

During machining tests, a first period overshoot occurs in the control system. The FTS overshoot is reflected in the workpiece
becoming overcut. After the first period, good robustness can be observed from the steady-state performance of the system.
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Fig. 27. Surface roughness of workpieces.

Table 7
Target data of designed experiments.
FTS overshoot (pm) Overcut (pm) Depth (pm) Error Surface roughness (pm)
A 84.8 81.9224 8.9135 10.865% 0.409
B 87.1 78.0328 10.1406 1.406% 0.368
C 21.95 17.3325 8.4355 15.645% 0.389
D 22.58 18.0803 9.7735 2.265% 0.236
Y
z
— Workpiece — F
Air bearing
g —3
P | — Tool position
I - I, I - N qu' 77777777 = x change
’ F — Cutting resistance
— — Tool motion

(relative to workpiece)
Tool Slide

Workpiece

ql Tool ]

Fig. 28. Sketch of system angle stiffness problem.
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influence the work reported in this paper.
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