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A B S T R A C T   

Fast tool servo (FTS) is an effective freeform surface machining technology in precision machining. The 
robustness of the FTS control algorithm is an important factor influencing the quality of machining. In this paper, 
an advanced PID control algorithm and a hybrid control algorithm are tested on a Lorentz force FTS. A math
ematical simulation model is built according to the system characteristics. The model is verified by the system 
identification model and used for the simulation of the system's motion under disturbance. Simulation results 
show that the advanced PID control results in more significant differences in tracking error, amplitude error, and 
phase errors than the hybrid control. Four machining experiments are designed and conducted. The motion 
profile results from simulations and experiments show that the hybrid control (<0.5% tracking error) has better 
robustness than advanced PID control (>1.5% tracking error). In addition, the hybrid control exhibits rapid 
response speed. From the 3D profile of the machined microstructured surface, the hybrid control helps to achieve 
better form accuracy in the workpiece than the advanced PID control.   

1. Introduction 

Fast tool servo (FTS) is one of the key technologies in the precision 
machining of freeform surfaces. FTS is realized by a separate control 
system and is usually installed on an ultra-precision turning machine. 
The FTS control system can generate a reciprocating motion on the 
cutting tool. The tool path is generated by combining the motion at the 
machine axes and that of the FTS according to the surface profile re
quirements [1,2]. The moving mass of the FTS is small, which leads to 
high working frequency and hence high machining efficiency. Good 
surface quality is another main advantage of using FTS technology. 

Two main types of FTS have been widely developed in recent years: 
piezoelectric FTS (PZT-FTS) and Lorentz force (LF-FTS). PZT-FTS em
ploys piezoelectric ceramics as the actuator and flexure hinges as the 
guide system. A short stroke and high working frequency are its main 
characteristics. Sosnicki et al. [3] developed the servo piezo tool SPT400 
MML in which a 400 μm stroke with a working bandwidth of above 450 
Hz was achieved. Zhu et al. [4] conducted a multi-objective optimum 
design study, and the final system achieved a 10.25 μm stroke and 
working bandwidth at a minimum of 2 kHz. Wang et al. [5] used a 
motion amplifier to reach a 300 μm stroke, and a 321 Hz sinusoidal 

signal was tested on the designed PZT-FTS. Meanwhile, LF-FTS adopts a 
linear motor as the driving source, with an air bearing or flexure hinge as 
the guide system. This type of FTS system has a long stroke but low 
working frequency. Tian et al. [6] designed an LF-FTS system with a 
voice coil motor and a T-shaped slide. A sinusoidal signal test with a 5 
mm stroke at 50 Hz was conducted on the designed system. A similar LF- 
FTS used to fabricate freeform progressive addition lenses was presented 
by Feng et al. [7]. This system has an 8 mm stroke and the recorded 
response in tracking a sinusoidal motion was a 3 mm stroke at 16.67 Hz. 
Liu et al. [8] have also introduced a new long-stroke LF-FTS for the 
machining of non-rotational symmetrical optics. The system was built 
using a linear motor, an air bearing, a high-resolution encoder and a 
motion controller. 

Apart from the mechanical design, the design of the control system is 
another important aspect of the FTS system. Numerous FTS control al
gorithms have been reported in the literature, and these are summarised 
in this section. Proportion-integration-differentiation (PID) control is 
widely used in the early stage of control algorithm development. Rakuff 
et al. [9] used a PID controller with linear and nonlinear feedforward 
controllers to reduce the final tracking error to <0.2% with a 500 μm 
stroke under a 10 Hz input sinusoidal command signal. Repetitive 
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control is another widely used type of control algorithm for FTS systems, 
and it is suitable for the control of periodic signals. Lu et al. [10,11] 
designed a repetitive control algorithm with two resonators for an FTS 
system, where the tracking error is decreased from 1.048 μm to 0.0148 
μm. PID control and repetitive control can be integrated for a PZT-FTS, 
as demonstrated by Zhou et al. [12] where the final tracking error is 
decreased to 8.5% of the original error. 

Sliding mode control (SMC) is a control method with variable 
structure that does not rely on the mathematical control model of the 
system. This characteristic means that the SMC algorithm is suitable for 
PZT-FTS. Zhang et al. [13] combined a variable-rate approaching law 
and an exponential approaching law to design an SMC controller. The 
system tracking error is reduced from ±2.27% to ±0.57%. SMC and 
feedforward repetitive control were combined and developed for a PZT- 
FTS as demonstrated by Duan et al. [14], where the tracking error was 
reduced from 10.92% with the plain PID control to 0.82% under the 
proposed combined control algorithm. Meanwhile, active disturbance 
rejection control (ADRC) is an advanced control algorithm based on the 
PID control algorithm. Wu et al. [15] presented a novel ADRC algorithm 
that integrated a nonlinear PD controller and feedforward error 
compensation for an LF-FTS system. The cutting experiments showed a 
maximum tracking error of 4–5 μm when the cutting depth was varied 
from 0.1 mm to 0.4 mm. Zero phase error tracking control (ZPETC) is an 
effective solution for the phase delay problem, although this algorithm 
cannot be used independently and can be only used with other algo
rithms. Lin et al. [16] used the ZPETC in the form of a double- 
feedforward compensator with an inverse Prandtl–Ishlinskii model for 
a PZT-FTS. For LF-FTS, ZPETC can be designed as a velocity/accelera
tion feedforward control according to the desired motion. A ZPETC was 
integrated into a PID controller and applied on an LF-FTS [17]. Some 
machine learning algorithms like neural network control [18] and fuzzy 
control [19] have also been explored to further develop FTS control 
systems and to render the system capable of allowing online tuning 
ability. 

Most current research is focused on solving the hysteresis problem in 
PZT-FTS, and little research has been conducted on the LF-FTS control 
algorithm in order to tackle the challenge of its undamped characteris
tics due to the use of voice coil motors and air bearings. As a machining 
technology, the FTS system will experience cutting force and other 
disturbances. The system response under external disturbance is a key 
factor influencing the quality of machining. Therefore, the robustness of 
different control algorithms is another issue which requires investiga
tion. Existing research focuses on improving system performance at the 
no-load condition, but the robustness of the control system during actual 
machining is more important. 

In this paper, a long-stroke LF-FTS system is designed which consists 
of a voice coil motor, a square slide and four air bearings. A mathe
matical model is built and tested by a system identification model. Two 

different control algorithms, namely advanced PID control and hybrid 
control, are designed based on previous work [20]. The robustness of 
these two algorithms is tested through system simulations and actual 
machining experiments. 

2. Mechanical subsystem design 

As shown in Fig. 1, the motor magnet is fixed to the system's back 
base, and the motor coil is connected to a hollow square slide through a 
connection plate. Four designed air bearings are located around the slide 
and are connected to the system base through ball-headed mounting 
screws. The air bearings can lift the slide and reduce friction to a 
negligible level, and the ball-headed screw offers self-levelling ability to 
the air bearing. The mechanical subsystem enables the reciprocating 
motion of the slide and the motor coil. 

Motor selection is important for system performance. The system's 
reciprocating motion can be described as a sinusoidal motion, and the 
relationship between amplitude, frequency and motor force can be 
described as in Eqs. (1) and (2). 

X = A • sin(2πft) (1)  

F = m • a = m • Ẍ = − m • (2πft)2
• A • sin(2πft) (2)  

where:X is the system motion profile (m); a is acceleration (m/s2); t is 
time (s); A is the maximum amplitude (m); f is the working frequency 
(Hz); F is the driving force (N); and m is the mass of all of the moving 
components (Kg). 

The maximum stroke and working frequency are designed as ±1.5 
mm and 100 Hz. A linear voice coil motor with 64.6 N continuous force 
(Moticont, LVCM-070-038-01) is chosen. The air bearing is designed as a 
seven-orifice air bearing with a stiffness of 31.05 N/μm. The slide and 
system bases are made from aluminium to minimise mass. The moving 
mass of the system is 995.1 g. 

3. Control algorithm robustness simulation 

3.1. Control subsystem design 

The control subsystem includes a multi-axis precision motion 
controller (Omron CK3M) and a motor drive (Elmo Gold Hornet). The 
DSP (Digital Signal Process) controller CK3M was chosen because it 
allows user-defined control algorithms to be implemented. A high res
olution optical linear encoder (Renishaw, Ti2000) is used as a feedback 
element to form the positional closed loop. The system also includes a 
current loop in the motor drive. The controller generates the desired 
signal in the form of analogue signals (±10 V), which are transferred to 
the motor drive. The motor drive functions as the current loop, and it can 

Fig. 1. Designed FTS system: (a) schematic design; (b) front view.  
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enlarge the current at a specific scale and maintain the current signal in a 
stable state to prevent current overshoot. The motor drive output signal 
is then transferred to the voice coil motor. The linear encoder detects 
movement, and generates a position signal which is sent back to the 
controller. The encoder generates a digital signal with 1 motor unit (mu) 
corresponding to 10 nm (1 mu = 10 nm). Therefore, the feedback can be 
considered to be linear. For example, for a system with a servo frequency 
of 16 kHz and if the desired motion signal is ±1 mm at 30 Hz, the 
controller will generate a sine signal of 100,000 mu at 30 Hz. The 
controller will calculate this digital signal according to the position loop 
control algorithms and transform it into voltage signals. The motor drive 
amplifies the voltage signal and can be considered as a PI controller for 
the current loop. The block diagram of this control system is shown in 
Fig. 2. 

To build the control simulation model for the system, a mathematical 
model of the system must first be built according to its mechanical and 
electrical characteristics. The system can be simplified as a single degree 
of freedom in the direction of motion. The mechanical and circuit 
models of the system are shown in Fig. 3, and the corresponding equa
tions are shown in Eqs. (3)–(5). 

U = L
di
dt
+Ri+ kbv (3)  

F − f +Fk +Fc = Ma (4)  

F = kci;Fk = kx;Fc = cv (5)  

where:U is the system voltage (V); L is the inductance (H); i is the current 
(A); R is the resistance (Ω); kb is the back electromotive force (EMF) 
constant; F is the driving force (N); f is the cutting force (N); Fk is the 
elastic force (N); Fc is the viscous force (N); M is the moving mass (Kg); a 
is the acceleration (m/s2); kc is the force constant (N/A); k is the elastic 
constant (N/m); x is the system motion (m); c is the damping constant 
(N/(m/s)); and v is the velocity (m/s). 

The system's transfer function can be calculated using Eq. (6), in 
which Fk and Fc have been omitted due to the negligible stiffness and 
damping of the air bearings. The system is a predictable undamped 
system, and system identification is conducted using the frequency 
sweep method so as to obtain an accurate system model. 

G(s) =
x(s)
U(s)

=
kc

MLs3 + (MR)s2 + kb2 (6)  

3.2. System identification 

System identification is used to test the accuracy of the system 
simulation model. An accurate simulation model can then be used to 
further develop the control algorithm and test the system's capacity to 
resist disturbance. In this study, the current loop is integrated into the 
FTS model. The motor driver adopts a PI controller in the current loop, 

Fig. 2. Control block diagram of the FTS system.  

Fig. 3. Mechanical model and circuit model of the FTS system.  
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and auto-tuning enables the current loop to have a bandwidth of 3 kHz 
while the current loop control parameters are fixed in the subsequent 
tests. Taking into account the system's transfer function and the current 
loop, the block diagram of the system simulation model is developed in 
Fig. 4. The model parameter descriptions are shown in Table 1. 

The frequency sweep is realized by the controller. The frequency- 
varying voltage signal is transferred from the controller to the motor 
driver and drives the system to run at a certain speed. The velocity signal 
is calculated from the position signal through the encoder. The fre
quency sweep is an open-loop process that corresponds to the system 
simulation model. The frequency sweep results are shown in Fig. 5, and 
they can be used to calculate the state-space equations of the system as 
shown in Eq. (7). 
{

dx/dt = A x(t) + B u(t) + K e(t)
y(t) = C x(t) + D u(t) + e(t) (7) 

In the equation, A = − 10.7, B = − 2.118, C = − 2393, D = 0, and K =
− 5.94. 

The system identification model described in Eq. (7) is built using 
Simulink for comparison with the simulation model. A voltage signal 
with 1 V amplitude at 50 Hz is adopted as the input signal. The com
parison process and results are shown in Fig. 6. In this comparison, the 
cutting force f is set to zero because the frequency sweep is carried out 
when the system has no extra load. From the comparison results, the 
simulation and identification results overlap after 0.28 s, and this 
overlapping trend continues until the end of the test. The simulation 
model shows some differences from the system identification model, 
especially during the initial periods. However, the simulation results 
show system velocity characteristics similar to the frequency sweep re
sults. In the first three periods, the initial input voltage signal drives the 
system to move forward, and inertia force causes the system's nonlinear 
behaviour. Due to the open-loop design and the existence of the current 
loop, the change in sinusoidal voltage forces the system to exhibit a si
nusoidal motion. The error in the range of overlapping is 2.87%. The 
comparison results show that the simulation model can reflect the mo
tion characteristics of the actual system, and the simulation model can 
be used to test the robustness of the designed control algorithm for the 
position loop. 

3.3. Robustness simulation model 

Two different control algorithms, advanced PID and hybrid control, 
were implemented with the designed system, and the tracking perfor
mance under no-load conditions has been reported elsewhere [20]. 
Advanced PID is a standard servo control algorithm in the CK3M 
controller, and hybrid control is a novel control algorithm developed for 
the FTS system. The diagrams for the robustness test simulations and the 

Fig. 4. Block diagram of the system simulation model.  

Table 1 
Model parameters.  

Parameter Symbol Value Parameter Symbol Value 

Moving mass M 1 Kg Proportion P 19.587 
Motor force 

(Continuous) 
F 64.6 

N 
Integration I 1442.23 

Cutting force 
(Maximum) 

f 10 N Resistance R 4.3 Ω 

Amplification 
constant 

K 1.2 Inductance L 2.4 mH 

Input voltage U / Force 
constant 

kc 21.2 N/A 

Output speed v / Back EMF 
constant 

kb 21.2 V/ 
(M/S)  

Fig. 5. Frequency sweep results.  
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Fig. 6. Comparison of identification model and simulation model.  

Fig. 7. Simulation of robustness test for advanced PID control.  

Fig. 8. Simulation of robustness test for hybrid control.  
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control diagrams for these two algorithms are shown in Figs. 7 and 8 
respectively. In the simulation, the external disturbance consists of two 
different forces: f1 shares the same frequency with the system's working 
frequency which represents the cutting force; f2 has double the fre
quency of f1, representing certain types of frequency doubling distur
bance. The total disturbance can be described as in Eq. (8), and the 
simulation parameters are given in Table 2. 

fdisturbance = f 1+ f 2 = F1sin(2πft)+F2sin(4πft) (8) 

The input signal is 1 mm at 30 Hz and 0.5 mm at 40 Hz, and the 
control case is the simulation without disturbance f. The hybrid control 
gives better tracking performance than advanced PID control, according 
to our previous work [20]. In this paper, tracking error and the differ
ences of the tracking error are calculated to evaluate the robustness of 
these two control algorithms. Fig. 9 shows the simulation results of the 
robustness test when the input sinusoidal signal is 1 mm at 30 Hz. The 
disturbance leads to increases in tracking error and also causes the 
amplitude and phase errors to increase. The results are calculated in the 
form of percentages and are provided in Tables 3 and 4. 

From the simulation results, the hybrid control algorithm gives 
better robustness than the advanced PID control algorithm. The tracking 
error difference for hybrid control is only one-third of that for advanced 
PID control. Similar conclusions can be drawn from the comparison of 

amplitude and phase error differences. It can be noted that, with unlike 
tracking and amplitude error, phase error decreases due to the distur
bance. This is because the disturbance is a resistance force for the motor 
force and decreases the motor output force essentially. From the control 
perspective, the controller adjusts the voltage output according to the 
error between the actual value and the required value due to the closed- 
loop system design. The system cannot follow the controller output 
instantaneously, which leads to phase error. When the required motor 
force decreases, the system follows the controller's output without delay, 
but this leads to large amplitude error. Therefore, the phase error dif
ference is very small whereas the amplitude error difference is 
significant. 

Besides, the FTS is designed to operate at different amplitudes and 
frequencies. Before the machining experiments, it is essential to run 
some actual no-load tests to assess the system performance at different 
input signals. The tracking error comparison results are shown in 
Table 5, and the system with the hybrid control algorithm shows better 
tracking performances. 

4. Machining experiments 

4.1. Experimental set-up 

Four machining tests were designed to assess the effects of different 
control algorithms on the machining process. The designed FTS system 
was installed on the Z axis of an ultra-precision turning machine 
(Nanotech 650FGv2). A single crystal diamond tool with a nose radius of 
0.25 mm, tool rake angle of 0◦, and clearance angle of 9◦ was used in the 
machining experiments. A 40 mm diameter copper workpiece is clam
ped onto the machine spindle through a vacuum chunk. The FTS gen
erates the sinusoidal motion, and the spindle rotates during the entire 
machining process. The experimental set-up is shown in Fig. 10, and the 
cutting parameters are listed in Table 6. In addition, the zero position is 
set at − 0.99 or − 0.49 mm from the workpiece surface. These settings 
allow the FTS system to achieve a long stroke of ±1 or ± 0.5 mm, but the 
depth of cut is maintained at 10 μm. 

Table 2 
Model parameters.  

Advanced PID Hybrid control Other parameters 

Kp  1.9165 Kp  5.813 F1 10 
Kp  0.0012 Ki  0.0013 F2 1 
Kvfb  83.1842 Kd  0.0056 f 30/40 
Kvff  83.1842 K1  12   
Kaff  1500 K2  0.08     

K3  0.2     
K4  0.1     
Kaff  1600     
Kvff  0.5    

Fig. 9. Simulation results of robustness test: (a) advanced PID control; (b) hybrid control.  

Table 3 
Simulation results for tracking error (%).   

Stroke (mm) Frequency (Hz) No-load Disturbance Error difference 

Hybrid control  1  30  1.067%  1.346%  0.279% 
Advanced PID  4.984%  5.866%  0.882% 
Hybrid control  0.5  40  1.294%  1.975%  0.681% 
Advanced PID  6.106%  8.398%  2.292%  
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Apart from these four machining experiments, four corresponding 
no-load tests were also conducted as controls. These no-load tests shared 
the same FTS working parameters as in tests A-D, but the cutting tool did 
not touch the workpiece. The FTS motion profile during the machining 
experiments and no-load tests were recorded from the FTS encoder. 

4.2. System motion profile 

As in the simulation comparisons, the system tracking error can be 
calculated in terms of the difference between the actual and specified 
system motion profiles. Accuracy in the calculation of the phase error is 
problematic due to the difficulty of fully overlapping the starting points 
of the machining and no-load test results. However, the tracking error 
can be considered to be a combination of amplitude and phase errors. 
Therefore, the system motion profile comparisons use tracking error as 
the parameter. The tracking errors of tests A-D and the corresponding 
no-load tests are shown in Fig. 11. 

Firstly, as expected, the disturbance (cutting force) in the machining 
experiments affects the system motion profile. Values of tracking error 
in all four tests have increased no matter which control algorithm is 
adopted. Secondly, the tracking error becomes non-sinusoidal and 
irregular due to the disturbance. Irregularities in tracking error means 
that the tool motion is not an ideally sinusoidal motion, which affects the 
final machining quality. The final surface quality can be tested during 

the subsequent examination of the microstructured surface. Finally, the 
tracking error and its increases are summarised in Table 7. As with the 
simulation results, the system with hybrid control exhibits better 
tracking performance (0.651% and 0.359%) than the system with 
advanced PID control (1.859% and 2.19%). Also, robustness has been 
demonstrated according to the increases in tracking error. The system 
with hybrid control exhibits increases in error of only 0.397% (test A) or 
0.160% (test C), while the system with advanced PID control shows 
increases in error of 1.390% (test B) or 1.584% (test D). 

Moreover, the first few periods of system motion show that the 
hybrid algorithm can offer more prompt control than advanced PID al
gorithm. The enlarged motion profile of the first few periods in Tests A 

Table 5 
Tracking error comparison results (%).  

Tracking error (%) 

Input signal 1 mm 30 Hz 0.68 mm 40 Hz 0.43 mm 50 Hz 0.3 mm 60 Hz 0.1 mm 100 Hz 

Advanced PID  1.211%  1.938%  3.135%  5.560%  15.576% 
Hybrid control  0.364%  0.594%  0.871%  1.335%  3.740%  

Fig. 10. Machining experiment set-up.  

Table 6 
Cutting parameters used in machining experiments.  

Test FTS 
stroke 
(mm) 

FTS 
frequency 
(Hz) 

Spindle 
speed 
(rpm) 

Depth 
of cut 
(μm) 

Feedrate 
(mm/ 
min) 

Control 
algorithm 

A ±1  30  187  10  3 Hybrid 
B ±1  30  187  10  3 Advanced 

PID 
C ±0.5  40  253  10  3 Hybrid 
D ±0.5  40  253  10  3 Advanced 

PID  

Table 4 
Simulation results for amplitude and phase error (%).   

Amplitude error Phase error 

No-load Disturbance Difference No-load Disturbance Difference 

Hybrid (30 Hz)  0.641%  1.255%  0.614%  0.008%  0.008%  0.000% 
Advanced PID (30 Hz)  2.671%  5.369%  2.698%  0.045%  0.033%  0.012% 
Hybrid (40 Hz)  0.962%  2.038%  1.076%  0.009%  0.002%  0.007% 
Advanced PID (40 Hz)  4.159%  8.749%  4.590%  0.037%  0.009%  0.028%  
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and B are shown in Fig. 12 (a) and (b) respectively. The FTS system in 
Test A reaches the target position after the first period. In Test B, the 
system reaches steady state only in the fourth period. The same results 
can be observed from Tests C and D. From the comparisons, the hybrid 
control algorithm offers a faster response than the advanced PID control 
algorithm. However, it is possible to increase the proportion parameter 
to speed up the system's response with advanced PID control. But, since 
the system is underdamped, an increase in the proportion parameter will 

Fig. 11. FTS system tracking errors: (a) test A; (b) test B; (c) test C; (d) test D.  

Table 7 
Tracking error comparisons.  

Test No-load (mm) % Machining (mm) % Error increase 

A  0.00254  0.254%  0.00651  0.651%  0.397% 
B  0.00470  0.470%  0.01859  1.859%  1.390% 
C  0.00099  0.198%  0.00179  0.359%  0.160% 
D  0.00298  0.595%  0.01089  2.179%  1.584%  

Fig. 12. Enlarged motion profile view: (a) test A; (b) test B.  
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be likely to result in an increase in overshoot, and a large overshoot may 
lead to system failure. 

4.3. Microstructured surface profile 

The robustness of the control algorithm is also reflected in the 
machined microstructured surface. A 3D optical surface profiler (Zygo 
Newview 9000) was adopted to measure the surface profile and 
roughness. The depth of the microstructured surface for tests A and B 
refers to the depth of discontinuous pits, while for tests C and D, it refers 
to the depth of the groove. Note that 19 grooves can be observed from 
tests C and D, and their depth is given as the average of all sampled 
grooves. Likewise, for tests A and B, the depth of the pits given is the 

average value of the sampled pits. The profile tests results are shown in 
Fig. 13. 

Tests A and B share the same cutting parameters, as do tests C and D. 
The only difference is the control algorithm adopted. Therefore, the 
appearance of the machined surfaces remains similar. The slices in 
Fig. 13 are the sample slices, and the depth information can be drawn 
along the slices. The depths of pits and grooves are shown in Figs. 14 and 
15, where only slice 2 in each of tests C and D are shown for simplifi
cation. The average depth information is provided in Table 8. 

Referring to tests A and B, a more accurate depth profile is achieved 
with the help of the hybrid control algorithm. The cutting tool has not 
reached the target position in test B, since the original position of cutting 
tool has changed. The cutting depth error of 35.410% shows that the FTS 

Fig. 13. Microstructed surface profile measurement using Zygo 3D surface profiler.  

Fig. 14. Cutting depth: (a) test A; (b) test B.  
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system with the advanced PID control algorithm exhibits weaker stiff
ness in the direction of motion, and therefore the system is more prone to 
be affected by disturbance than the system with hybrid control (2.560% 

error). A similar conclusion can be drawn from tests C and D. The results 
for test D demonstrate the overcutting problem and the depth error of 
12.370% is much greater than the 3.480% depth error in Test C. 

Surface roughness was also measured using the 3D surface profiler. A 
part of each machined surface was taken as the sampling area. For tests 
A and B, the sampling area is the surface at the bottom of the pits. For 
tests C and D, the central part of the groove is used as the sampling area. 
The surface roughness results and the sampling areas in tests A and C are 
shown in Fig. 16. Arithmetical mean height (Sa) is used to represent 
surface roughness. For tests A-D, the values of surface roughness 
measured are 0.368 μm, 0.328 μm, 0.236 μm and 0.321 μm respectively. 
The results show that surface roughness is not significantly affected by 

Fig. 15. Pit and groove depth: (a) test C; (b) test D.  

Table 8 
Depth and error.  

Tests Target depth (μm) Average depth (μm) Error 

A  10  9.744  2.560% 
B  10  6.459  35.410% 
C  10  9.652  3.480% 
D  10  11.237  12.370%  

Fig. 16. Surface roughness measurement on the machined surfaces from tests A and C.  
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the control algorithm. 
It should be noted that the values of cutting depth error and surface 

roughness obtained in these experiments are higher than those in the 
ultra-precision turning process where sub-micron form accuracy and 
nanometre-level surface roughness are typically achieved. This is 
because only rough machining tests were carried out, and the robustness 
of the control algorithms is more prominent during large feeds in rough 
machining. 

Overall, control algorithm robustness can be reflected by the surface 
profile. The hybrid control algorithm helps the FTS to achieve higher 
surface profile accuracy and minimise overcut or undercut. On the other 
hand, the workpieces machined by the system with advanced PID con
trol show significant surface profile errors with either overcut or un
dercut. Hybrid control shows better robustness than advanced PID 
control, which verifies the conclusions drawn from the system simula
tions and the effectiveness of the simulation model (Fig. 4). Therefore, 
the model can be used for further control algorithm development and 
predictions of system performance with different system parameters 
with different types of disturbance. 

5. Conclusions 

In this paper, the robustness of the advanced PID control and hybrid 
control algorithms are tested and compared on a designed LF-FTS sys
tem. The simulation model has been developed and verified by the 
machining experiments. The following conclusions can be drawn:  

1. A mathematical simulation model was built and verified by the 
system identification model. When force disturbance was added to 
the simulation model, smaller error differences were observed for the 
system with the hybrid control algorithm compared with those 
observed with the advanced PID control. A similar conclusion can be 
drawn from the differences in amplitude error and phase error. This 
demonstrates the superior robustness of the hybrid control 
algorithm. 

2. Four machining experiments were designed and conducted to eval
uate the robustness of the control algorithms. From the system mo
tion profiles, the increase in tracking error with the hybrid control 
algorithm was <0.5%, while that using the advanced control was 
>1%. Furthermore, the hybrid control algorithm provides a quicker 
response speed than the advanced PID control algorithm as shown by 
the transient responses of the system motion profiles.  

3. Considering the quality of the microstructured surface, the hybrid 
control algorithm offers more accurate microstructural surface depth 
than advanced PID control. The cutting depth error decreased from 
35.410% (12.370%) to 2.560% (3.480%). The hybrid control algo
rithm has better tracking performance than advanced PID control in 
the presence of disturbance. 
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