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Abstract—In this brief, an adaptive neural network (NN) fric-
tion compensator is presented for servo control of hard disk drives
(HDDs). The existence of the hysteresis friction nonlinearity from
pivot bearing, which is represented as the LuGre hysteresis fric-
tion model here, increases the position error signal of read-write
head and deteriorates the performance of HDD servo systems. To
compensate for the effect of the hysteresis friction nonlinearity, NN
is adopted to approximate its unknown bounding function. With
the proposed control, all the closed-loop signals are ensured to be
bounded while the tracking error converges into a neighborhood
of zero. Comprehensive comparisons between the conventional
proportional-integral-derivative control (without friction com-
pensator) and the proposed adaptive NN control (with friction
compensator) are provided in experiment results. It is shown
that the proposed control can mitigate the effect of the hysteresis
friction nonlinearity and improve the track seeking performance.

Index Terms—Adaptive control, hard disk drive (HDD), hys-
teresis friction compensation, neural networks (NNs), pivot
nonlinearity.

1. INTRODUCTION

ITH portable applications becoming more significant,
W there has been a corresponding increase in demand
for smaller hard disk drive (HDD) with increasingly large data
storage capacity. Fig. 1 shows a simple illustration of a typical
HDD servo system with voice coil motor (VCM) actuator.
The read/write (R/W) head is mounted on a VCM actuator
assembly which is supported by a pivot cartridge consisting
of a pair of preloaded ball bearings as shown in Fig. 2. The
R/W head positioning is controlled by a closed-loop servo
system where the actuator movement is driven by a VCM. The
friction in the actuator pivot bearing significantly deteriorates
the performances of HDD servo systems especially in small
form factor HDDs. The residual errors caused by the friction
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Fig. 1. Overview of an HDD system.

make head positioning servo systems difficult to maintain
the R/W head over the narrower track center. The mitigation
of the friction is an ongoing issue since it becomes one of
challenges to design hard disk drive servo systems for small
HDDs. This paper mainly focus on the compensation of the
hysteresis friction nonlinearity in the actuator pivot bearing.
More specifically, we will develop compensation algorithms
by the use of good approximation properties of neural network
(NN) and investigate the improvements in settling time and
positioning error signal as well.

In order to capture the effects of pivot bearing friction in
the servo control performance, various dynamic friction models
have been investigated in many research works. In [1], a time-
domain stick-slip friction model was proposed for representing
the pivot friction. The behavior of hysteresis friction torque of
pivot bearing in HDD applications was investigated in [2]. The
fuzzy logic model was obtained to approximate the pivot hys-
teresis nonlinearity in [3]. Different models such as preload plus
two-slope model and hysteretic two-slope model were studied
in time domain [4] and frequency domain [5], respectively. In
[6], the pivot nonlinearity in HDD was modeled as a simplified
Dahl model. A dynamic pivot friction model structure was pro-
posed which allows accurate modeling both the sliding and the
presliding regimes in [7]. In [8], the LuGre friction model was
introduced to capture all the static and dynamic characteristics
of hysteresis friction nonlinearity. An excellent survey on fric-
tion models has been carried out in [9].

Based on the above models, many control techniques have
been proposed for compensation of hysteresis friction non-
linearity in the literature. In [1], a discrete-time disturbance
observer was incorporated into the conventional state feedback
controller to compensate for the pivot friction nonlinearity. In
[3], the fuzzy actuator pivot model was augmented into a servo
design to handle pivot nonlinearity by using it as a disturbance
observer. In [6], a nonlinear compensator was designed for
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Fig. 2. Pivot bearing in HDDs.

compensation of Dahl pivot hysteresis friction nonlinearity.
In [7], model-based friction compensator was proposed to
improve the servo performance with additional sensor. In [10],
a servo system was designed using an enhanced composite
nonlinear feedback (CNF) control technique with a simple
friction and nonlinearity compensation scheme. To eliminate
the effect of pivot friction nonlinearity, the compensator was
designed by the use of an accelerometer in [11]. Adaptive
wavelet neural network control with hysteresis estimation was
proposed in [12] in order to improve the control performance
of a piezo-positioning mechanism. Due to the capabilities
of universal approximation, learning and adaption, parallel
distributed structures of neural network, it has been specified
as a suitable candidature for friction modeling and adaptive
control design for friction compensation. On the basis of our
previous works [13]-[15], an adaptive NN friction compensator
has been proposed in this paper for HDD system subject to the
pivot bearing hysteresis friction nonlinearity. We can show that
the proposed adaptive NN control not only reduces the effect
of hysteresis friction nonlinearity, but also improves settling
performance and tracking accuracy.

II. PROBLEM FORMULATION AND PRELIMINARIES
Throughout this paper, (-) = (T)— (+); ||]| denotes the 2-norm;
Amin(+) and Apax (+) denote the smallest and largest eigenvalues
of a square matrix (), respectively.
Consider the following VCM actuator dynamics with the hys-
teresis friction nonlinearity:

mi + h(z, ) + d(t) =u (1)

where m is an unknown system constant, which models the
system inertial mass; z, &, and & are the position, velocity and
acceleration of VCM actuator R/W head tip, respectively; d(t)
is the external disturbance; u is the control input; and h(z, i)

is the bearing hysteresis friction of actuator pivot, which is rep-
resented as a LuGre friction model consisting of stiffness and
viscous friction behaviors as follows [8], [9]:

h =09z + 012 + 022 2)
Z=T — 01(11)|1‘|Z 3)
ao

a(#) @

B fc + (fs - fc)ei(i/icg)2
where z denotes an unmeasurable internal state of the friction
model; o, 01, and o9 are the hysteresis friction force param-
eters that can be physically explained as the stiffness of bris-
tles, damping coefficient, and viscous coefficient; f., fs, and &
are the Coulomb friction, static friction and Stribeck velocity,
respectively; and the nonlinear friction characteristic function
a(z) is a bounded positive function which can be chosen to de-
scribe different friction effects.

Remark 1: Note that there are no terms which explicitly ac-
count for the position dependence of the hysteresis friction force
in the above model (2)—-(4). However, there may exist some ap-
plications where the function «(+) in the LuGre model also de-
pends on the actual position, or on a more complex combination
of position and velocity. Therefore, we assume that «(z, &) is
an upper and lower bounded positive smooth function of = and
z, and consider the LuGre model in the following form:

h =00z + 012 + 022 5)

2 =1 — oz, )|z|2. (6)

Remark 2: Fig. 3 shows that the dynamic (1)—(4) can in-
deed generate the hysteresis friction nonlinearity curve, where
the parameters are chosen as o9 = 105, o1 = \/ﬁ, oy =
04, fo = 1, fs = 1.5, 23 = 0.001, m = 1, and the input
signal u(t) = 0.013sin(1807t). Different choices of parame-
ters can result in different hysteresis friction nonlinearity curve
shapes. Recognizing the very fact that realistic accurate hys-
teresis friction nonlinearity model building or parameter identi-
fication might be more difficult or complicated in practice than
controller design, we adopt neural networks in control design to
handle the hysteresis nonlinearity and mitigate its effect on the
tracking performance.

The control objective is to ensure that the position of the VCM
actuator R/W head tip z follows the specified desired trajectory
x4 to a small neighborhood of zero.

Assumption 1: The desired trajectories x4 and its first and
second derivatives, 4 and 4, are bounded and continuous
signals.

Assumption 2: The external disturbance d(¢) satisfies the fol-
lowing condition:

|d(t)] < d

where d* is an unknown positive constant.

Assumption 3: There exist positive constants & pi, and amax
such that 0 < amin < (2, 4) < Amax, ¥ (2, 0)eR%.

Remark 3: According to (4) and Remark 1, Assumption 3 is
valid.

Lemma 1: [8] Noting Assumption 3, if |2(0)| < 1/aupin, then
|2(t)] < 1/amin, YVt > 0.
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Fig. 3. Hysteresis friction curves given by dynamic models (1)—(4).

III. CONTROL DESIGN AND MAIN RESULTS

Define the tracking error e and the filtered tracking error 7 as
follows:

e=x—xq, T=¢+NXe @)

where A > 0 is a design parameter.
Define the reference velocity and acceleration signals as
follows:

Tp =Tq— Ae, Ty ==Tq— Aé. ®)

Substituting (6) into (5), we obtain
h=oc&+ h,(z,%,2) 9)

where o = o1 + 09, and h,(z,%,2) = 09z — o1a(x, 2)|E|2,
which depends on z.
From Lemma 1, we know that & is bounded by

|h-(, &, 2)| = (00 — oz, @)|&])]]()]

s ora(z, z)|%| (e, )

(10)
Omin

where h_(z,) is the bounding function of h.(z,,z) and is

independent of the unmeasurable internal state z.

Remark 4: From (9) and (10), we know that the dynamic hys-
teresis friction model in (9) can be separated into two parts: 1)
the term o2 with unknown constant coefficient and 2) the term
h.(z,&,z) which is a function of the unmeasurable internal
state z(¢) and is bounded by a function which is independent
of z(t).

Then, we use radial basis function neural network (RBFNN)
in [16] and [17] to approximate the unknown bounding function
h.(z,%) as

h.(z,i) = W*T'S(x, i) + e(z, i) (11)
where (z,#) are the NN input signals, W* € R! is the
optimal weight vector with the node number [ > 1,
S(z,z) = [si(z,@),...,s1(w,4)]T, with s;(x,i) being
chosen as the commonly used Gaussian radial basis functions,
and e(x,4) is the NN approximation error, which satisfies

le(z,2)| < €, V (z,2) € Q C R?, with a compact set 2 and a
positive constant €*. Since the ideal weights W* are unknown,
let w bf: the estimates of W*, and the weight estimation errors
W =W - W=

Let us consider the following quadratic function V, =
1/2m7r?. According to (1), (7)—=(11), the derivative of V,. can
be written as

V, < rlu— i —mi,] + |r|[WTS(z, %) + ¢] (12)

where ¢ = €* + d*. Consider the following control:
uw = —kr + 6@ + mi, — WES(z,@)sgn(r) — dsgn(r) (13)

where constant k > 0, &, m, and g/; are the estimates of unknown
parameters o, m, and ¢, respectively.

Substituting (13) into (12) leads to

V, < —kr? + Gir + mir — WES(x,2)|r| — ¢lr|.  (14)

Theorem 1: Consider the closed-loop system consisting of
system (1) with dynamic hysteresis friction given by (5) and (6),
and the control law (13). If the AssumptionsA 1-3 are satisfied
and the parameters &, m, ¢, and NN weight W are updated by

6= —ko(or+o0,0) (15)
m = — kp(Zpr 4 o) (16)
¢ =ky(Ir| = 799) (17
W =T[S(z,&)|r| — ocwW] (18)

where ks, k., kg, 05, Om, 04, and oy, are positive design con-
stant parameters, I' = I'T > 0 is a dimensionally compatible
constant matrix, then given any initial compact set defined by

Qo = {:U(O)I .Z‘d(O), HA(O), m(o)v (2)(0)/ W(ONQJ(O), HA(O)/

m(0), $(0), W(0) are chosen finite, z4(0) € Qd}.

1) Uniform Boundedness (UB)
All the closed-loop signals will be remained in a com-
pact set which is given by

2V (0) + 22

i

1
< le(0 N
el < 1e(O)] + 5

Py . 2V(0) 4 22
_1[1(13?|37d|+|e( )|+X EE—

»

2
61 < lo| + \/<2V<0) + %) ki
1
R 2cy
|m| < |m|+ ,\/<2V(0) + c—> k.,
1

|@gw+¢@wm+%ﬁm,

2V (0) 4 2=
)\min(F_l) '

W < W™ +
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2) Uniformly Ultimate Boundedness (UUB)
All the closed-loop signals will eventually converge to
the compact sets which is defined by

N 1 2
Q, ={e,x,5,m,¢,w‘tnm le| = </ =2

’
mcy

1 262
lim |z| = max|xd| + =/ —,
t—o0 [0,] AV meq

2¢ok,
lim |6] = |o| + /=222,
t—o0 C1
2¢okm,
lim || = [m| + 4/ 62—,
t—o00 C1
. n 202k)
Jim (9] = |g] + /=22
202
)‘lnin(r_l)cl .

In particular, the tracking error will converge to a neigh-
borhood of zero by adjusting some control design pa-
rameters.
Proof: Consider the following Lyapunov function candi-
date:

Jim (W] = W +

1 1
V=Vi+——6>+—m

1y 1.- -
2, L oo Ll
o T +2k¢¢ + 5 WITTW. (19)

Its derivative along (14)—(18) is
V < —kr? — 0,66 — opiiin — oypp — 0, WW.  (20)

By completion of squares, the following inequalities hold:

—0,00 < —0705 + 02 o’ (21)
_o i < —Tmm? 4 %mmZ (22)
~ A Op ~ o
—rgbp < B+ (23)
—o WIW <= Z2|WIP + 22w @4

Substituting (21)—(24) into (20), we have the following equa-
tions:

V<—cV4e (25)
where
o = min{2k,a(,k0,amkm,a¢k¢7 ﬁ“’r_l)}
e =0t + Smi 4 T+ ZUWCL@6)

Multiplying both sides of (25) by e“t*
[0, t] leads to the following equation:

and integrating over

0<V(t) < [V(O) - C—ﬂ eot 4 2 27

C1 C1

where
V(0) = =mr?(0) + ——2(0) + %mQ(O)
+%¢2(0) + %VVT(O)F*WV(O).

1) Uniform Boundedness (UB)
From (27), we have

0<V(t) <

V(0) - 6—2} e+ 2 g

C1 C1

From (19) and (28), we have

61 slo—|+\/<2V< >+2§) y
|m|s|m|+\/(
|¢3|s|<z>|+\/(2v 2

W<l 2V(0)+%
W <[[W*[| + PN

S
\_/
>

RS

From the definition of 7 in (7), we have that ¢ = Ae+7.
Solving this equation results in

t
e = e Me(0) + / == |7 (29)
Jo
Therefore, the following equation is obtained:
1 [2V(0) + 22
<le(0 . 30
el 1eO)]+ 1| = (0)

From (7), we have

V(0) + 2=
—. @D
m

2) Uniformly Ultimate Boundedness (UUB)
Let us analyze the property of |r| first. From (19) and
(27), we have

lz| < r[%ax|xd| + |e(0

(32)

If V(0) = co/cq, then |r| < y/2¢a/mey, Yt > 0. If
V(0) # ¢a/cy, from (32), we can conclude that given
any pi. > 2ca/mey, there exists T;., such that for any
t > T,., we have |r| < p,, and

202

mcy

(33)

lim |r| =
t—o00



SAN et al.: ADAPTIVE NEURAL NETWORK CONTROL OF HARD DISK DRIVES WITH HYSTERESIS FRICTION NONLINEARITY 355

100 T T T T T

i 0.8mv

80 C= =02 mV
’~ 1.0mv | |
2 et - - =20mV||

bieee i ¥oioene

increasing input
signal amplitude

Magnitude (dB)
B
o

N
o

A i increasing input b g-g zx

o (s i signal amplitude - 1
' 3 4 1.0mv
”1 uator — s '\-“' VeVemiiwim - - =2 0mV

-90 +

Phase (deg)

-180

—270L 7 i i
10" 10°Frequency (Hz) 10°

dSPACE DSP System

i i Fig. 6. Frequency responses of VCM actuator under the influence of pivot fric-
Fig. 4. Experimental setup. tion nonlinearity with different swept-sine input signal amplitudes at low fre-
quency range, 10-200 Hz.

Bode Diagram

Measured

~ — — = ldentified model | |

Magnitude (dB)

-0.005

Control Input (V)

-0.01

~ 0\ -0.015 R
S Ll e T—==
z
© 360 -0.02f 1
"
2
o 7720 _0025 1 1 1 1 1 1 1 1 1
-4 -08 -06 -04 -02 0O 02 04 06 08 1

Displacement (um)
10" 10 Frequency (Hz) 10° 10" . . . o . .
Fig. 7. Experimental pivot hysteresis friction nonlinearity curve at frequency

Fig. 5. Frequency response of measured and identified HDD actuator model. 80 Hz.

From (29) and (33), we obtain that From (34) and the definitions of ¢; and cs in (26), we

) 1 /2¢ know that the tracking error e can converge to a neigh-
}320 le] = 2 mey (34) borhood of zero after increasing the parameters A, k, k.,
km, kpy 1/(Amax(T'71)), and decreasing o5, 0y, 04,
and Cu-
lim [o] = max q] + 11/ 22 G3) .
im |z| = max|z -/ —
t—o0 [0,] AN mey
Similar conclusions can be made about ||, |/, ||, IV. EXPERIMENTAL STUDIES

|W|| as follows:
The experiments are conducted on a dSPACE digital signal

lim |6| =|o| + / 2coko processor with a sampling time 7" = 0.1 ms as can be seen in
t—00 €1 Fig. 4. A VCM actuator from commercial 3.5-in HDD (Sea-
. . 2¢cokm gate Barracuda 7200.10) is used for the verification of proposed
Jim | =[m + V e adaptive NN control. The HDD is partially cut off to measure
) ) 2eoky the read/write head displacement of VCM actuator using the
tll>n<>lo 9] =1¢| + \/ T Laser-Doppler-Scanning-Vibrometer (LDV) with a resolution

setto 8 um/V. The measured R/D head displacement is fed into
the dSPACE digital signal processing system to generate neces-

Jim W = W]+ digital
- sary control input signals.




356 IEEE TRANSACTIONS ON CONTROL SYSTEMS TECHNOLOGY, VOL. 19, NO. 2, MARCH 2011

T T
----- w/o compensation
with compensation ||

Control Input (V)
o

-0.005

-0.01

-0.015

-0.02 L I | I L L I . L
-1 -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1

Displacement (um)
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Fig. 9. Tracking error and control input signals for the desired sinusoidal tra-
jectory with A = 2 and f = 100 Hz.

A. Modeling and Identification of HDD System

As investigated in [7] and [18], the modeling of VCM ac-
tuator in HDD system at low frequencies could be described
by the integration of a double integrator with a friction model,
which have been shown to be independent of each other by ex-
tensive experimental results and data analysis. Moreover, there
are some high frequency resonances at high frequency range.
The frequency response of VCM actuator is obtained and shown
in Fig. 5 by using position feedback signal of VCM actuator
measured from LDV to Dynamic Signal Analyzer (DSA-Hp
35670A).

By curve-fitting to the measured frequency response in Fig. 5,
we obtain the double integrator model

4.0968 x 107
P= 5

(36)

x 10
6 T T T T
s 5 Mﬁw\w
4 . : . X
0 0.01 0.02 0.03 0.04 0.05
x 10 Time(s)

-0.9 T T T T
- A~ NANA—MA A ANNA A M A NN AN A AN AN NN

0.02 0.03
Time(s)
2.21 T T T T

0.02 0.03

0.05
x10™ Time(s)
55 T T T T
& 5 \/\/\/\/\/\/\/\/\/\/\
45 : : : :
0 0.01 0.02 0.03 0.04 0.05
Time(s)

Fig. 10. Tracking error and control input signals for the desired sinusoidal tra-
jectory with A = 2 and f = 100 Hz.

0.5 T T
. — — — w/o compensation
g i N f\ N Ih\ " \A;iltl compensation
= | r y
= b 0% D ome gy B9 fh a8 S0 w0
& ot 1 1! R . EA
7] "MWWVWWMWW
5 1 \ o [ ;o I
8 ST EIETE T s ag !
i I V! VoY VI ; \
\ v/ ] \ \y \ \
v \/ ] \ / . \/ J v \
_05 1 I L 1
0 0.01 0.02 0.03 0.04 0.05
Time(s)

— — — w/o compensation

S with compensation

5 AT T

o /B i

£

B 4 v

5 [ | i W

N

o WA
L i 4
0.04 0.05

Time(s)

Fig. 11. Tracking error and control input signals for the desired sinusoidal tra-
jectory with A = 2 and f = 200 Hz.

which is independent of hysteresis friction effect; and the high
frequency modes at 5.5, 6.5, 7.86, 15 kHz are represented as
follows:

0.932152 + 678.35 + 1.184 x 10°

Gpi = 7
Rl s2 + 20535 + 1.184 x 10° 37
0.8249s2 + 22515 + 1.665 x 10°

Gro = 38

R2 s2 + 32765 + 1.665 x 109 (38)
2.431 x 10°

Grs = 39

B3 = 52 197035 + 2.431 x 109 (39)
8.383 x 10°

Grs4 = (40)

52 4+ 56555 + 8.383 x 109"

From Fig. 5, it can be seen that measured frequency responses
of VCM actuator and its identified frequency responses [double
integrator (36) + four high frequency modes (37)—-(40)] has a
close match except for the low frequency range 10-200 Hz,
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Fig. 12. Parameters adaptations for the desired sinusoidal trajectory with A =
2 and f = 200 Hz.

where the friction nonlinearity mainly exists. For high fre-
quency resonances, they can be handled by the use of notch
filters in [19] and [20]. However, in this paper, our focus is not
on the high frequency resonances, but the compensation of the
friction nonlinearity at low frequency components. Therefore,
the implementation issues of notch filters are not considered
in this paper. In the following, we focus on the compensation
of friction nonlinearity problem at the low frequency range
10-200 Hz.

Since the VCM actuator in hard disk drive system has a char-
acteristic of double integrator model, it is expected to show
—40 db/decade slope and —180° phase at the low frequency
range 10-200 Hz. However, the experimentally obtained fre-
quency response in Fig. 5 shows 0 db/decade slope and 0° phase
at low frequency range 10-200 Hz. It can be explained that the
effect of friction is manifested as reduction in gain at low fre-
quency and the reduction depends on the amplitude of the exci-
tation signal which is used to measure the frequency response, as
discussed in [7], [18], and shown in Fig. 10 with different ampli-
tude swept-sine excitation signals. In particular, Fig. 7 shows the
hysteresis friction nonlinearity curve at low frequency 80 Hz. It
is consistent with the hysteresis friction curve generated by the
LuGre friction model (2)—(4) in Fig. 3. Instead of conducting pa-
rameter identifications for the LuGre friction model, we adopt
neural networks to approximate the unknown bounding function
of the LuGre friction model as (11). Fig. 8 shows the hysteresis
friction curve with and without NN compensation, which indi-
cates that the effect of the hysteresis friction can be mitigated
well by NN approximation.

B. Experiment Results

In this section, extensive implementation results are pre-
sented to demonstrate the effectiveness of proposed adaptive
neural network (NN) control scheme for both sinusoidal and
step responses.

0.8 T T T T T T T T T

0.6 e 4l

— — — w/o compensation
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Fig. 13. Step response with amplitude 0.5 pzm.
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Fig. 14. Parameters adaptations for step response with amplitude 0.5 pm.

First, we consider the reference signal, x4 as a sinusoidal,
xq = Asin(rft), where A is the amplitude and f is the fre-
quency. The control parameters for (13) and adaption laws (15)
are chosen as: A = 595.0, k = 7.9 x 105, k, = 1.0 x 1079,
ky = 1.5 x 1075, k,, = 2.0 x 107, 0, = 1.5 x 107, 0y =
1.2x 107, 0, = 4.99 x 103, T' = diag{1.0}, 0, = 7.0 x 103.
All the initial values are set to zero. Figs. 9 and 11 show that,
compared with the conventional PID control (without friction
compensator), our proposed adaptive NN controller (with fric-
tion compensator) can successfully reduce the tracking error to
neighborhood of zero for the sinusoidal reference signal with
amplitude of 2 ym and frequencies at 100 and 200 Hz, respec-
tively, which belong to the frequency range of 10-200 Hz as
shown in Fig. 10. The boundedness of the parameter estimates
in the proposed adaptive neural network control are presented
in Figs. 10 and 12.

Second, the step response is investigated by choosing square
wave signal as the desired trajectory. Good tracking perfor-
mances for a demand step of 0.5 and 5 pm are achieved as



358 IEEE TRANSACTIONS ON CONTROL SYSTEMS TECHNOLOGY, VOL. 19, NO. 2, MARCH 2011

o

H
T

N
T

— — — w/o compensation ||
with compensation

6 7 8 9
Time(s) x 1073

Output measurement (um)

o

Control input(V)

— — — w/o compensation
with compensation

_05 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9
Time(s) x 107
Fig. 15. Step response with amplitude 5 gm.
0.01 T T T T T T T T
- 0 _/\/\
~0.01 . . . . . . . .
o 1 2 4 " 7 8
% ime(s
450 : : : : : : —x 107
@ -5k "

Time(s)

Fig. 16. Parameters adaptations for step response with amplitude 5 pm.

shown in Figs. 13 and 15. Compared with the conventional
PID control, the proposed adaptive NN control can decrease
the overshoot and reduce the settling time performance without
degrading the tracking accuracy. Figs. 14 and 16 show the
boundedness of the parameter estimates.

V. CONCLUSION

In this brief, a pivot friction compensation method by the use
of adaptive neural network control has been proposed. Through
experiment results using a 3.5-in disk drive, it has been shown

that the proposed friction compensator can mitigate the hys-
teresis friction nonlinearity very well and guaranteed that the
position error signal converged to a neighborhood of zero. The
proposed control is simpler and easily implemented in practice.
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