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ABSTRACT Industrial feed drive systems, particularly ball-screw and lead-screw feed drives are among
the dominating components in production and manufacturing industries. They operate around the clock
and at high speeds for coping with the growing production demands. Adversely, high-speed motions cause
mechanical vibration, high-energy consumption, and poor tracking performance. Thus, over the years,
the research community has invested in precision control and energy saving for these systems. Although
there are many control strategies in the literature, such as sliding mode and model predictive controls,
further research is necessary for performance enhancement. This study focuses on both high-speed precision
control and energy-saving control for feed drive systems. An adaptive nonlinear sliding mode controller
with a feedforward compensator for plant uncertainties is designed and its stability is confirmed through the
Lyapunov stability theories. For performance evaluation, simulations and experiments are conducted and
results are compared with those of an adaptive nonlinear sliding model controller. Results revealed that,
based on the proposed controller, the tracking errors of feed drive systems can be reduced by about 33% on
average and the maximum tracking error by about 64% on average. In addition, the energy consumption can
be reduced by about 2% under similar tracking performance.

INDEX TERMS Computer numerical controlled machines, controller design, adaptive control, sliding mode
control, machine tools, nonlinear control, uncertainty dynamics.

I. INTRODUCTION

Feed drive systems are among the dominating motion com-
ponents in production and manufacturing industries owing
to their wide range of use, for instance in multi-axis
motions [1]-[5]. The growing demand for precise products
poses a need for high-speed production systems with higher
accuracy. In addition, because in most cases, feed drive sys-
tems operate around the clock, they are among the major
consumers of the industrial energy supply. Thus, energy
consumption is part of the reasons for using lighter com-
ponents in feed drive systems. While high-speed motion is
preferred, it causes vibration in light systems, high-energy
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consumption, and poor tracking performance. As explained
in [3], [6], [7], the control performance depends greatly on
the systems’ vibration, un-modeled uncertainties and external
disturbances.

Many researches have been focusing on positioning and
tracking control of servomotors, which are widely used in
motion control applications owing to their basic advantages,
such as high power-density and torque to inertia ratio, high
performance and efficiency and low noise [8], [9]. On doing
so, classical and modern control techniques such as sliding
mode control (SMC), adaptive control, dynamic friction com-
pensation methods, back-stepping control have been widely
applied [8], [10]-[14]. On the other hand, for applications
such as in feed drive systems, repetitive and iterative learning
controls are commonly used under the assumption that these
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systems are used for mass-productions [3]. However, since
there are many feed drive applications that are not repetitive,
it is indispensable to consider control strategies for general
applications.

In [15], a practical method called robust integral of the
sign of the error controller is employed and synthesize with
a continuous differentiable friction model in order to achieve
high accuracy motion of a dc motor. In the controller, a model
based desired compensation is employed so as to reduce
control chattering and sensitivity to noise during application,
and hence tracking performance can be enhanced.

Recently, linear motors are being applied increasingly in
high speed machine tools. However, they are more expensive
and sensitive to disturbance because of the direct conversion
of motor current to driving force without a motion transmis-
sion gear. They also face synchronization problem in practical
applications. Research work in [16] and [17] have proposed
an effective methods for eliminating the synchronization
problem. On the other hand, ball-screw feed drives are often
used in machine tools because of advantages in relation to low
costs, high stiffness against cutting forces, and robustness to
disturbances and table load variations due to their high gear
ratio. In addition, some machining tasks require high cutting
forces, consistency, and stability, and hence a ball-screw drive
is the best solution. Therefore, we believe that it is inevitable
to continue conducting research on ball-screw feed drive
systems.

Robust controllers such as SMC have proven to provide
reasonable performance under the effect of external distur-
bance and system uncertainties [6], [18]-[23]. The SMC,
apart from its simplicity in design, it is robust against pertur-
bation and invariant to matched uncertainties. Other variants
of the SMC includes adaptive sliding mode control (ASMC)
and nonlinear sliding mode control. They are more flexible
and offer higher tracking performance compared to the tradi-
tional SMC [24], [25].

On the other hand, model-based approaches such as feed-
forward friction compensator are applied to cancel out the
effect of the estimated friction force. However, because
friction sources are generally of complex nonlinear proper-
ties, it is difficult to find a perfect model and the perfor-
mance depends exclusively on the veracity of the estimated
model [26], [27]. In [28], continuously differentiable non-
linear friction model is derived by modifying LuGre model
which is piecewise continuous, and then propose a controller
to take care of parametric uncertainties along with nonlinear
friction compensation. Despite the promising performance of
the mentioned approaches, it is indispensable to enhance both
the tracking performance and energy consumption of feed
drive systems.

Generally, feed drive systems include various nonlinear
uncertainties like backlash, friction forces, modelling errors,
parameter variation etc,. In ball screw feed drive systems,
preloading is applied. It can be described as the tension
induced on the ball screw drive when no external loads are
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applied. The purpose of the additional load is to eliminate
backlash and also increase position accuracy of the ball screw
during operation [29]. Therefore, because of preloading,
backlash is not a big problem in ball screw drive systems but
friction is the main disturbance. Some research work focused
on control of a specific type of uncertainty. For example, [30]
proposed a joint toque control for backlash compensation
in two-inertia system where backlash is modelled as a dead
zone. However, for completely cancellation of specific uncer-
tainties, it requires having their accurate models. In practice,
modelling each of the uncertainty which may exist in a plant
is impractical. Therefore, it is inevitable to design a controller
which is robust and can automatically cancel out the effect of
these uncertainties without focusing on its specific type.

The primary objective of this paper is to improve the track-
ing performance by explicitly considering the uncertainty
dynamics. A nonlinear SMC with a feedforward compensator
for system uncertainties is applied. As proposed in [31],
the feedforward compensator refers to the modeled system
with assumed uncertainty dynamics and the controller is
designed by taking the difference between a reference model
and the real system. The proposed method enhances the track-
ing performance of feed drive systems while maintaining the
required energy. An addition of another compensator for a
specific uncertainty is expected not to degrade the perfor-
mance of the proposed controller but enhance it. Through
Lyapunov stability theory, the system stability was analyzed
and confirmed and its convergence to the sliding surface was
assured.

The rest of this article is organized as follows: Section II
presents the system dynamics of a typical feed drive sys-
tem followed by controller design and stability analysis
section III. Section IV describes the methodology for energy
consumption in feed drive systems. Simulation and exper-
imental analyses are presented in section V followed by
concluding remarks in section VII.

Il. DYNAMICS MODEL OF X-Y TABLE

Because feed drive systems are of many configurations, a typ-
ical biaxial setup, also referred to as X-Y table, is considered
in this article. Its dynamics can be represented in a decoupled
format as follows [32]:

MXx + Cx + Lsign(x) +d = f,
M = diag (m;), C =diag(c;), L =diag(l,), i ={1,2},
f=hp', d=Id, &', x =[x, »l’, (1

whereas m;, c;, and [; represent the mass, viscous fric-
tion coefficient, and Coulomb friction force for each drive
axis i, respectively. The input (driving force), external dis-
turbance and position of each drive axis are respectively
denoted as f;, d;, and x;. Noting that the drive axes are
driven by servo motors that are mechanically coupled to the
system, the dynamics of these motors are included to the
system. The dynamics of the attached motors is defined as
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follows [24]:
N + HO + t = Kig,
N = diag (n;), H = diag(h), K, = diag (k) ,
6 =161, 01", t=Tlt1, 0", ia=[iays iwr] > @)

with n;, 6;, h;, T, ki and i,; being the inertia, angular position,

viscous friction coefficient, output torque, torque constant,

and the input electric current for each motor i, respectively.
Therefore, the plant dynamics can be represented as

u = JoX + Bex + Lsign(x) + d,

472 n; + mp?
J. = diag (—l 3 i >

P
4’ h 2
B, = diag l;—Clpl )
Pi
27k,
U= Kpia, K, = diag( z ”) : 3)
Pi

where p refers to the pitch of ball-screws that converts the
motors’ angular motion to the linear motion of the drive axes.
The nominal values of J, and B, are assumed to be known.

Ill. CONTROLLER DESIGN
Prior to the controller design, we define the positional track-
ing error of the system as follows:

e =Xxr —X,

e=le1, 2", xr =[xy, X1, )

where x; is the reference position. From (3), the error dynam-
ics can be written as

¢ =% —J; " {u— Box — Lsign(x) — d} . (5)
Reference T
model
o ASMC |- 4y 4| Real Plant [ 2505
+ + K4 +
v Uncertainty z
dynamics

FIGURE 1. Block diagram of the proposed control system.

The proposed control structure comprises of the reference
plant model, real plant, and the uncertainty dynamics com-
pensator as shown in the block diagram (Fig. 1). The follow-
ing linear equation is considered as the reference model:

it = Jox+Bex, x=I[x, %] (6)
where ¥; and # are the position of the i drive axis and the
input vector to the reference model, respectively. The control
input to the real plant is defined as u = u 4 v, where v is the
compensator for the uncertainty dynamics.
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A. SLIDING MODE CONTROLLER DESIGN

To design a sliding mode controller, we first considered
selection of a nonlinear sliding surface that will ensure that
the system can effectively track the reference trajectory. The
sliding surface has to guarantee that the control systems
asymptotically stable. Then, a control law is selected so as to
drive the system to follow the reference trajectory. To confirm
that the control system is stable, the selected control law has
to ensure that the error dynamics is exponentially decaying
with time.

1) NONLINEAR SLIDING SURFACE DESIGN

The response of a dynamic system depends sorely on its
damping ratio [33]. As shown in Fig. 2, if the damping
ratio is high (a), the system response becomes slow with
large tracking error. On the contrary, if the damping ration
is too small (b), the response becomes too fast with large
overshoots. The overshoots causes poor tracking performance
and leads to excessive energy consumption. It is desirable
to have a system that can respond as fast as possible yet
without overshoots. For doing that, a variable damping ratio
is applied such that at a low damping ratio is applied at the
initial stage to assist fast response and gradually increased
to minimize overshoots. A variable damping ratio allows
for better tracking performance while minimizing the energy
consumption.

............ Sys. (a)
/,\ ——— Sys. (b)
/ \ — Sys. (¢)

Output

Time (seconds)

FIGURE 2. System response with different damping ratio. System (a) with
high damping ratio, System (b) with low damping ratio, System (c) with
nonlinear damping ratio [25].

In this study, the following nonlinear sliding surface is

applied [34]:
s=[A 1] [ﬂ ,
A = diag(h; + ¥ivi). @)

where A; is the linear term of the sliding surface. The linear
term is selected by ensuring that predominant poles have
small damping ratio. y; is a positive linear term that assist
on adjusting the damping ratio. ¥; is a non-negative differen-
tiable nonlinear function of the error, which is upper bounded
such that ¥; < ¥4, and its role is to facilitate on adjusting
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the damping ratio of the system and it changes the damping
ratio of the system. As the the system output varies from its
initial value, v; gradually increases the damping ratio. Based
on the nonlinear function presented in [35] for a step-type
reference trajectory, The following ; is considered in this
study:

exp (—kié;) + exp (kié;)
2

Yi = Bi

e — € leil < emax;
! Cmax; S1EN (e)) leil > €max;

®

where B;, k; and emax; are the positive tuning parameters
defined by the user. ; and k; determine the final damping
ratio and the variation rate of the nonlinear function ;,
respectively. If the system output is far from the desired
value, the magnitude of v; becomes small, this provides a
low damping ratio and speeds up the system response. On the
sliding surface, s = 0, we have

e = —Ae, 9

where A is not a constant matrix. To verify the stability of
the sliding surface s = 0, the following Lyapunov function is
considered:

1
V==e 10
2e e (10)
Substituting (9) into the time derivative of V leads to
V = —elAe. (11)

Since A is a positive definite matrix, the asymptotic stability
is guaranteed.

2) SELECTION OF CONTROL LAW

The control law is designed such that, from any initial condi-
tion, the trajectory of the reference model is attracted towards
the sliding surface. Based on the proposed sliding surface
and the feed drive dynamics, the following control law is
designed:

w=1J, (x‘, +Aé+f(§+Be) + Box + Lsign (%),
B = diag (1), K = diag (k,) , (12)

where k; is the adaptive gain. Only typical friction compensa-
tion is considered because of difficulty in identification and
adaption and uncertainty dynamics compensation of other
small disturbances. The adaptive law is chosen based on the
idea in [36] as follows:

&lsilsign(5i| — &) itk > o
i = . (13)
G otherwise

where ¢;, @, {;, and &; are positive constants. The param-
eter ¢; is introduced in order to obtain positive values for
ki. After the sliding mode with respect to s; is established,
the gain adaption law (13) allows the gain ki to decrease while
|si] < &;. This means gain IE,- will remain at the smallest level
while satisfying the required accuracy of s;.
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B. UNCERTAINTY COMPENSATION

Since the real system can be different from the approximated
reference model, a controller is designed to compensate for
the resulting uncertainty, which is eventually the difference
between the real system and the referred model. The uncer-
tainty states are defined as

=L

where z; is the measurable output of the uncertainty dynam-
ics. x and x are the actual positions of the real system and the
reference model, respectively.

The uncertainty dynamics is assumed as a second order
nonlinear dynamics [31]:

Zi=qi (@) +vi, (15)

where v; is the control input signal of the uncertainty dynam-
ics, and g; (z) is the unknown time-varying dynamics of the
system. g; (z) is assumed to be upper bounded by Q; as

lgil < Q. (16)

The tracking error for the uncertainty dynamics is described
as follows:

Li=2i— (17

where Z; is the tracking error and z,, is the desired position of
the uncertainty dynamics. The aim of the the control structure
is to converge the output of uncertainty dynamics to zero.
Therefore, the desired value for the uncertainty position,
velocity, and acceleration are set to zero.

To track the desired position, a linear SMC is used to cancel
the uncertainties. The following sliding surface that consists
of the uncertainty error and the uncertainty error rate is used

s = aiZi + Zi, (18)

where «; is the positive constant.
The rate of the sliding surface is obtained by taking the
time derivative of the sliding surface in (18) as follows:

§i = aizi+ 2
=z +Zi — 2,
= qi(2) + vi — Iy, + AiZ. (19)

To achieve §; = O for the stable sliding surface, the following
control law v; is used [31].

Si
— (20)

Vi = Zp; — 0z — J4;sign (s;) — 2u;

|sil
The function g; is unknown, therefore the control law must
not contain the function ¢g;. Instead, the term p;sign (s;) is
added to ensure § = 0. Here u; is a positive adaptive gain,
and is chosen as

wi = pilsil, (21)

where p; is a positive constant.
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Property: The control algorithm (u; = u; + v;) consists of
the sliding mode controller based on the uncertainty dynam-
ics and the nonlinear sliding mode controller as illustrated
in Fig. 1.

Because the switching function, sign causes chattering
a phenomenon in control systems, during implementation,
when |s;| < §;, the sign function in (20) is replaced by the fol-
lowing equation which is typical in the previous works [31].

S
|sil + 8;°

In addition, if the function ¢; is upper bounded by Q; as
in (16), and the final value of the controller gain 1 in (20) is
such that u] > Q;, then z; converges asymptotically to zero
and sliding motion is achieved.

Proof: The following Lyapunov function candidate is
considered:

sign(s;) ~ (22)

Vi= Esi + ESZ- + 2_,01 (l/«i - /le*) . (23)

The time derivative of (23) is given by:
Vi = 5isi + 5ii + % (i — ). (24)
From the time derivative of (7) and (18), (24) becomes
Vi =5 (O + Viv) & + vriviei + &) + % (i — 17)
+ 5 <qz'(z) +vi—Zn+ oz,é,») (25)
Substituting Egs. (5), (12), (20), and (21) into (25) leads to

Vi = 5i (—kisy) + si (qi — pisign (s)) + il (wi — 17) -
= 5i (—kisi) + Isil (Qi — wi) + Isil (wi — i)
= 5 (—ki5) + Isil (Qi — uf) - (26)

If the final value of the controller gain u} in (20) is large
enopgh, i.e, ,u;-* > (;, then we have a stable overall system,
i.e V; < 0 and the system stability is guaranteed.

IV. ENERGY CONSUMPTION

The method proposed in [37] is used to calculate the energy
consumption of the feed drive system. The output power P;
of a three phase AC motor is given by

Pi=~3PVi() I (1), 27)

whereby V; () and [; (t) are the instantaneous effective cur-
rent and voltage of a motor, Py, is the power factor for the
i axis. Py, can be assumed to be constant when the load
range of the motor is greater than a certain value. From (27),

the energy consumption is given by
T
E; = V3P / Vi (1) - I; (1) dt, (28)

0
1 o . .
Li(t) = +— [Lisign(t) + Be,i (1) + Je i (D] (29)
i

Vi(t) = 1i (1) Zi + Kg.xi (1), (30
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where Z; is the impedance of the motor and K, is the back
EMF coefficient. (28) - (30) lead to

E = x/ng,. / Cli)'c',-z + Cz,-)‘ci2 + Cs,x;sign(x;) + Ca,
+ Cs,%;sign(x;) + Ce Xix; dt,  (31)

where
Z; ZiB.. Kk
Cy; =J€2iK_;’ Gy, = By, ([;—28’4_[{_&),
Mi i Hi
27Z;B Kg. Z;i
C3 =L ( o i) . Gy =L,
Kﬂi Kﬂi Kl/«i
Z; 27Z;B Kg.
Cs, = 2L,~Je,,—;, Ce, = Je; ( lzet _E>
i K/Li Kﬂf

(31) determines the energy only from the motion trajectory
and constant.

V. SIMULATION AND EXPERIMENT

To validate the effectiveness of the proposed method, simu-
lation and experiment were conducted based on trajectories
in Fig. 3 for X; and X, axis. Figure 4 shows the velocity
profile for both X; and X, axes. The nonlinear second order
plant in (3) is considered as the real system and the linear
model in (6) was considered as the reference model. In
simulation, an external disturbance of d = [30,30]” N is
applied to evaluate the performance in presence of matched
uncertainty. The other plant and controller parameters are
given in Tables 1 and 2 respectively. k; in Table 2 is a fixed
gain for the SMC and an initial value for the adaptive gain ki.
The same system parameters were used for both simulation
and experiment.

TABLE 1. System parameters.

Axis Je, (Ns2/m) Be; (Ns/m) L;(N) K, (N/A) Kg, (Vsim) Z; () Py,

1 88.08 467.20 45.50 124.76 140.00 10.00 0.43
2 97.90 631.00 54.80 200.22 200.00 15.00 045

TABLE 2. Controller parameters.

Axis AGh ki(s™1) as™1) (™1 p(s™h B 5
1 510 1000 10 15 3 5 0.1
2 510 1000 10 15 3 5 0.1

Comparison with the work in [25] was made to evaluate
the performance. The previous work, referred as ASMC,
is chosen for comparison because the sliding mode controller
is robust and has been proven to provide satisfactory perfor-
mance under the effect of external disturbances and system
uncertainties. The new method includes the SMC based on
the uncertainty dynamics and the ASMC. The following sce-
narios were considered:
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FIGURE 3. Reference positions.
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FIGURE 4. Reference velocities.

« Adaptive SMC (ASMC) only.

o Adaptive SMC with increased gain (ASMCIG).

« Adaptive SMC with uncertainty dynamics (ASMCU).
o SMC with uncertainty dynamics (SMCU)

FIGURE 5. Industrial biaxial feed drive system.

A. EXPERIMENTAL SETUP

An industrial biaxial ball-screw feed drive system (Fig. 5)
was used for the experiment. The feed drive system com-
prises of a table coupled by two ball-screw drives, which
are driven by AC-servo motors connected to each drive axis.
Rotary encoders (equivalent resolution: 76.29 nm) were used
to measure actual position of the table. The velocity signal
was calculated by means of numerical differentiation of the
measured position. The control law was implemented using
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TABLE 3. Experimental controller parameters.

Axis A ais™h y™h pGs™hH B 5
1 1200 10 15 2 5 0.1
2 1200 10 15 2 5 0.1

C++ program on a personal computer with a sampling time
of 0.2 ms.

B. SIMULATION RESULTS

Figure. 6 shows simulation results of tracking performance
in X; and X, axes. It can be seen that with the ASMC,
the tracking error is larger in both axes compared to that of
the ASMCU and SMCU. Also, the tracking performance of
the ASMCU is slightly better than that of the SMCU. This
is obvious because the adaptive part can automatically com-
pensate for irregular changes within the control loop. There-
fore, experimental analysis was conducted for the ASMC
and ASMCU only. On the other hand, Fig. 7 shows that the
control input signals of the ASMCU and SMCU are slightly
larger than that of the ASMC. This is because the additional
control input signals are generated by the the feedforward
compensator in ASMCU and SMCU to compensate for the
uncertainty dynamics. For clarity, summary of the simulation
results are shown in Table 4.

] - - = ASMC — SMCU — ASMCU

]
=)
o
S
(3]
T
|

-axis [mm

—0.002 |-

Error X

—0.004 &

o

o

S

0
T

—0.002 |-

Error Xp-axis [mm]

—0.004 -

Time [s]

FIGURE 6. Simulation results of tracking error.

C. EXPERIMENTAL RESULTS

An experiment was conducted on the trajectories in Fig. 3 for
evaluating the tracking ability and energy saving performance
for the proposed controller. The first aim was to confirm the
effectiveness of the proposed method in tracking performance
enhancement by comparing ASMC with the ASMCU. In this
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FIGURE 7. Simulation results of control input signal.

TABLE 4. Summary of simulation results.

Tracking error [pm] Energy consumption [J]

Controller

Maximum Average Total

Xjp-axis  Xag-axis  Xj-axis  Xa-axis
ASMC 2.50 2.68 0.77 1.13 20.9
SMCU 1.72 2.45 0.11 0.13 21.3
ASMCU 1.65 2.44 0.11 0.13 21.3

comparison, the same control parameters were applied for
conducting a fare comparison as shown in Table 3. Further-
more, the same initial value of the adaptive gain ki was applied
on both controllers. The electrical energy consumption was
measured and analyzed by the power analyzer (HIOKI 3390).
For confirming the repeatability of the proposed controller,
the same experiment was conducted five times. The absolute
maximum tracking errors for all the trials are shown in Fig. 9,
whereby the ASMCU attained smaller errors compared to the
ASMC. Tracking error results for a single trial are shown
in Fig. 8, which states that the ASMCU has better tracking
performance over the ASMC. Using the ASMCU the average
tracking error could be reduced by 33.33 %.

The control input signals are shown in Fig. 10 in which
the control input signal of the ASMCU is slightly larger than
that of the ASMC because the ASMCU generates additional
control signal to compensate for the uncertainty dynamics.
For the ASMC to achieve the similar tracking performance
as the ASMCU, the linear term A; of the sliding surface
can be increased. However, it will result in high chattering
of the input signal leading to higher energy consumption as
confirmed later. Furthermore, the uncertainty states converge
to zero as shown in Fig. 11. Fig. 12 shows the adaptation of
the controller gain w;, which was initialized as ©;(0) = 0

VOLUME 8, 2020

]- - - ASMC — ASMCU \

. 0.04 T T T
é :
n
=002 . ' b
=
7
= 0 8
55 [T K
5 —0.02 | A i .
| | | | | |
0 1 2 3 4 5
Time [s]
. 0.05 T T T T —
é : :
3 ol |
g
>
— ]
2 _00s| ¥ i .
= | | | | | |
0 1 2 3 4 5
Time 3]

FIGURE 8. Experimental results of tracking error.
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FIGURE 9. Experimental results of maximum tracking error.

TABLE 5. Summary of experimental results.

Tracking error [mm] Energy consumption [J]

Controller .
Maximum Average Total
Xj-axis  Xo-axis  Xj-axis  Xa-axis
ASMC 0.033 0.063 0.003 0.009 443
ASMCIG 0.015 0.024 0.08 0.09 459
ASMCU 0.013 0.021 0.001 0.007 449

for both axes. Due to the adaptation rule, the gains were
able to reach large final values which make the system
stable.
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Next, we confirm the effectiveness of the proposed method
in saving energy under the similar tracking performance.
To achieve the similar tracking performance for both ASMC
and the proposed method, the linear term A; of the sliding
surface was increased from 1200s~! to 2000s~!. Fig. 13
shows the experimental results of energy consumption for
five trials in which the ASMCIG consumed more energy than
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FIGURE 14. Experimental results of tracking error under similar tracking
performance.

the ASMC and the ASMCU for all trials. This is because
without a compensator, in order to achieve good tracking per-
formance, disturbances are handled by applying high gains
in the controller which increase control input variance due
to noise causing higher energy consumption. On the other
hand, when the compensator is used, high gains are unnec-
essary in the controller because the disturbances are handled
by the compensator and therefore less energy consumption.
With the raised linear-term gain, the total energy consumed
by the ASMCIG increased from 44.3J to 45.9J on average
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FIGURE 16. Simulation results under changing parameters (Je and Be are
changed by 10 %).

as in Table 5. Fig. 14 shows the tracking performance for
the three cases, case one for the same parameters, case two
with increased A; (ASMCIG), and case three is the ASMCU.
Fig. 15 shows the corresponding input signals, where the
control input for ASMCIG has more chattering compared
to others. The control input standard deviation for ASM-
CIG increased from 55.00 to 62.97 N in comparison to the
ASMC. The proposed method achieved input standard devi-
ation of 55.03V.
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VI. DISCUSSION

Figure 16 shows simulation results of tracking performance
in X1 and X, axes when parameters change. We changed
the values of J, and B, by 10 % and checked the tracking
performance of the proposed controller. With these results,
we can conclude that the proposed controller can still achieve
good performance. Figure 17 shows simulation results of
tracking performance in X; and X, axes when considering
high speed of 200mm/s. It can be seen that with the ASMC,
the tracking error is larger in both axes compared to that
of the ASMCU. Using the ASMCU the average tracking
error could be reduced by 67.9 %, while the absolute maxi-
mum tracking error could be reduced by 35.5 %. Therefore,
we conclude that the proposed controller can be used to
increase tracking performance in feed drive systems with
higher speeds. As future works, it is interesting to consider
including LuGre friction model in the compensation strategy
and consider improving contouring performance.

VIl. CONCLUSION

This study proposes an adaptive sliding mode control with
a nonlinear sliding surface and a model-based feedforward
compensator for uncertainty dynamics for application in feed
drive systems. Its effectiveness was evaluated by both simula-
tion and experimental analyses. Experimental results revealed
that, as compared to the adaptive sliding mode controller,
the proposed controller could achieve a substantial tracking
performance, whereby the average tracking error could be
reduced by 33.33% and the maximum tracking error by
about 64 % on average. In addition, the energy consumption
could be reduced by 2 % on average under similar tracking
performance. Because a typical bi-axial feed drive system
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was considered in this study, authors believe that the proposed
controller can be applied to any configuration of feed drive
systems.
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