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Modeling and Cancellation of Pivot
Nonlinearity in Hard Disk Drives

Jian Qin Gong, Lin Guo, Ho Seong Lee, Member, IEEE, and Bin Yao, Member, IEEE

Abstract—This paper considers the issue of modeling the pivot
nonlinearity in a typical hard disk drive, taking into account vis-
cous friction, Coulomb friction and hysteresis effects. It presents
a nonlinear compensator design, based on a proposed model, to
make the compensated system behave like a double integrator re-
gardless of the magnitude of the input current. It describes exten-
sive experiments, carried out in both time domain and frequency
domain, to show the effects of pivot nonlinearity and the effective-
ness of the compensator.

Index Terms—Compensator, friction, hard disk drive (HDD)
system, hysteresis, modeling.

I. INTRODUCTION

W ITH the dramatically increasing density and decreasing
size in the hard disk drive (HDD) system, there are

always challenges in the servo control design for HDD [1].
Today’s information storage industry is forced to move toward
micro hard disk drives (microdrives) for laptop computers
and smaller hand-held devices as well as high performance
drives with extreme large storage capacity and fast data
retrieval/storage time. Instead of increasing the physical dimen-
sion of a hard disk to satisfy this requirement, a hard disk with
higher track density is in order. The requirement of higher track
density demands more precise and smaller motion of the actu-
ator arm, which exerts more difficulties on track following and
single-track seeking. Consequently, it has posted a great chal-
lenge to the design of servo controllers for the moving parts of
the information storage devices, as the current industrial servo
design techniques may no longer be able to deliver the required
accuracy and speed, which is due to either the fundamental
performance limitations coming from the artificial constraint
of using only linear controller structures [2]–[5] or the inability
of the controller in dealing with the ever-increasing noticeable
effect of nonlinear disturbance forces. These nonlinearities
may include pivot bearing friction [6] and hysteresis [7], the
effects of internal/external vibrations [8]–[10], the eccentricity
caused by the discrepancy between the true center of the disk
and the center of the spindle motor [11], the influences of the
aeroelastic forces [12]–[15], and the uncertainties to the posi-
tion error signal (PES) [16]–[19]. In order to capture the effects
of these nonlinearities, certain nonlinear models are needed.
However, it is usually very difficult, if it is not impossible, to
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obtain those models which are physically meaningful and yet
simple enough for control design. In order to achieve a high
performance, all these undesirable nonlinear factors need to
be taken into account in the design of servo controller, which
must have a nonlinear structure. An alternative way to improve
the performance of HDD is the use of a dual-stage controller,
which may bypass the problems related to these nonlinearities.
As a matter of fact, the application of dual-stage actuator to
HDD does reduces the PES significantly [20]. However, it
also increases the cost of HDD. So, it is still meaningful to
investigate these nonlinearities in HDD.

In this paper, the main focus is put on the pivot nonlinearity
including pivot friction and pivot hysteresis, which has been
extensively studied in [21]–[23]. An excellent survey work
about friction has been presented in [24]. In [21], the fuzzy
logic model was obtained to approximate the pivot hysteresis.
Although the modeling results match the measurement data
very well, it may be too complicated to be used in industry.
Different models, such as preload plus two-slope model, hys-
teretic two-slope model, etc., were investigated in [22] and [23],
where both time domain and frequency domain performance
were considered. Although the models proposed in [22], [23]
may match the measurement data either in time domain or in
frequency domain, none of them can fit the measurement data
both in time domain and in frequency domain very well. In
this paper, based on measurement data, a nonlinear model is
developed. Based on the nonlinear model, a nonlinear com-
pensator is then designed. In both time domain and frequency
domain, extensive experimental results are presented to verify
how well the nonlinear model can match the measurement
data. It is shown, both theoretically and experimentally, that the
compensated system behaves like a linear system, specifically,
a double integrator in the ideal case. In this way, it is confirmed
that the proposed model can match the pivot nonlinearities.

The rest of paper is organized as follows. The modeling of
the pivot nonlinearity of HDD system is discussed in Section II.
Based on the model developed in Section II, a nonlinear com-
pensator is designed in Section III. With and without model
compensation, experimental comparison studies are carried out
in Section IV to show the effectiveness of the proposed com-
pensator, followed by conclusions drawn in Section V.

II. M ODELING OFPIVOT NONLINEARITY OF HDD SYSTEM

The experimental setup is given in Fig. 1, where laser Doppler
vibrometer (LDV) is used to measure the displacement and ve-
locity of the tip of the actuator arm, a floating point digital signal
processing (DSP) system is used to collect the data and execute
the modeling algorithm, and a dynamic signal analyzer (DSA)
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Fig. 1. Experimental setup.

is used to obtain the performance of the system in frequency do-
main.

In the following sections, the pivot nonlinearity will be cate-
gorized into viscous friction, Coulomb friction, and hysteresis,
respectively.

A. Estimate of Pivot Friction

The dynamic model of the HDD system is assumed to have
the following form:

(1)

where is the normalized1 moment of inertia of the system,
is the pivot angle, is the coefficient of the normalized viscous
friction, is the coefficient of the normalized Coulomb friction,

represents the effect of hysteresis loop, andis the input
current to the voice coil motor (VCM).

In this section, when the actuator arm rotates in a large range
with a high speed, the effect of hysteresis can be approximated
by a bearing stiffness term with an offset described by the
following:

(2)

which will be experimentally verified in Section IV-A. Con-
sequently, the following dynamic equation of the system is
obtained:

(3)

Alternatively, by considering as the output and as the input,
(3) can be rewritten in the following regressor form:

(4)

1Normalized with respect to the unit input current.

By applying the standard least-square method, the estimates of
parameter vector can be given as follows:

(5)

where represents the estimate of ,
with being the

value of at time instant , and represents the inverse
of a matrix .

B. Estimate of Hysteresis Loop

When the actuator arm rotates in a small range with a low
speed, the approximation given in (2) is no longer precise
enough to describe the effect of hysteresis, and more detailed
modeling process is in order. In this paper, the effect of hys-
teresis is estimated by a simplified Dahl model [25], [26]. At
the starting point, is estimated by the following differential
equation:

(6)

where is the estimate of , is the slope at , is
the angular velocity, is the asymptotic value of , and is
the exponential index.

When the angular velocity changes the direction, the value of
at that instant is called the turnaround value and is denoted

by and is then estimated by

(7)

In this paper, in order to save the memory of the computer and
to simplify the algorithm, only the latest turnaround value is
memorized. Other turnaround values are discarded. After the
estimate of is obtained either by (6) or by (7), it is saturated
by the asymptotic value .

III. CANCELLATION OF PIVOT NONLINEARITY

In the last section, the estimation method of the friction, and
hysteresis is developed. Based on these estimates, the following
compensator is proposed:

(8)

The input current is composed of two components,and ,
and is described as follows:

(9)

where is the extra efforts needed to compensate for the non-
linearities, and is the nominal input by assuming that there
is no nonlinearity at all and the system is a double integrator.

In the ideal case that , , , and
, substituting (9) into (1) yields

(10)
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Fig. 2. Schematic structure of measuring hysteresis loop.

Fig. 3. Modeling of hysteresis loop: experiment versus simulation.

which is in the form of the double integrator. In this sense,
the proposed compensator achieves the goal of linearizing the
system.

IV. EXPERIMENTAL COMPARISONSTUDY

In this section, first, several experiments are carried out to
show the effects of the pivot nonlinearity; second, the coeffi-
cients of friction are estimated; third, experiments are carried
out to show how well the proposed compensator can eliminate
those nonlinearities; and fourth, the proposed compensator is
further applied to another HDD to show the effectiveness of this
approach.

A. Measurement of Hysteresis Loop

In order to prevent the actuator arm from drifting from the
center point, a controller is added to regulate the position of the
arm. The structure of system is shown in Fig. 2. Applying an
amplitude-modulated sinusoid wave with constant frequency to
the VCM, the hysteresis loop is obtained, which is presented by
the solid line in Fig. 3. By applying the simplified Dahl model
(6) and (7), the hysteresis loop can be estimated, which is shown
by the dotted line in Fig. 3. it can be found that the estimated
current can match the experimental data very well in the time
domain.

Furthermore, if the actuator arm rotates in a large range, the
corresponding hysteresis loop can be obtained as in Fig. 4. From
the result in Fig. 4, it can be easily found that the average effect
can be modeled as a bearing stiffness as follows:

(11)

Fig. 4. Hysteresis loop in large range.

Fig. 5. Estimate of angular acceleration and its true value.

where is the slope of the nominal shape. It is in accordance
with bearing stiffness term in (3).

Remark 1: The above result reveals that hysteresis can be ap-
proximated by a term proportional to the angular position with
an offset when actuator rotates in a large range. It also explains
the existence of terms and in model (3). In the following
discussion, two models will be switched according to the sit-
uation of rotation of actuator arm. When fast rotation occurs,
model (3) will be employed while hysteresis model given in (6)
and (7) will be used in case of rotation with a low speed.

B. Estimates of Viscous Friction and Coulomb Friction

A square wave with frequency 6000 Hz and peak-to-peak
value 1 V is applied to VCM. The signals of displacement, ve-
locity are measured by LDV, and the acceleration is calculated
by the backward difference method. The total displacement is
within 1 m, which is much smaller than the focusing range
of LDV, 10 m. By applying the least-square method stated in
Section II-A, the estimates of , , , and are obtained.
Fig. 5 shows that the estimate of acceleration matches the cor-
responding true value very well.
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Fig. 6. Schematic system structure of experiments.

Fig. 7. Frequency responses of the plant with varying input current level.

C. Comparison Studies

In this subsection, the compensator proposed in Section III
will be used to cancel those pivot nonlinearities observed in the
last two subsections.

The schematic structure of the system is shown in Fig. 6. The
swept sine method is used to get the bode plots of the original
system and the compensated system. In order to hold the arm
around one fixed position, a simple PI control is added. In Fig. 7,
the bode plots without compensator are given, where the input
is the current applied to VCM, and the output is the displace-
ment of the tip of actuator arm. It can be seen that those bode
plots change with the change of input current, which basically
means that system is nonlinear. It is also found that the resonant
frequency decreases with the increase of magnitude of the input,
and the damping factor increases with the increase of magnitude
of the input. Both are typical phenomena caused by pivot hys-
teresis.

In order to verify how well the compensator works, the same
set of input currents are applied to the VCM to carry out the
comparison study. When the model compensation part is added
to the system, the bode plots are shown in Fig. 8. In the first

Fig. 8. Bode plots: after compensation.

plot in Fig. 8, it can be seen that all of magnitude-frequency
relationships are almost the same regardless of the change of
the magnitude of the input current. To a certain degree, it shows
that the compensated system behaves like a linear system and
verifies that the proposed compensator does cancel the pivot
nonlinearity. In a way, it also confirms that proposed model can
match the pivot nonlinearities very well. A detailed observation
reveals that all the bode plots in the first plot in Fig. 8 have slopes
of approximate 40 dB/decade regardless of the change of input
current, and the phases shown in the second plot in Fig. 8 are
all around 180 . All these facts verify that the compensated
system does behave like a double integrator, just as expected in
Section III.

D. Validity for Other HDD

In order to further verify whether it can be used broadly, the
proposed compensator is applied to another HDD without any
modification. Both cases of inner diameter (ID) and middle di-
ameter (MD) are investigated. Fig. 9 presents the experimental
results of MD. The effect of hysteresis clearly shows up before
compensation and almost disappears after compensation. The
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Fig. 9. Bode plots: comparison for another HDD (MD).

Fig. 10. Bode plots: after compensation for another HDD.

performance of the compensated HDD at ID is given in Fig. 10.
It also clearly shows that the proposed compensator works well.
It is also reasonable to find out in Fig. 9 that the compensated
HDD cannot exactly behave like a double integrator since dif-
ferent HDDs may have different parameters. However, Figs. 9
and 10 do reveal that the proposed compensator almost cancels
the effects of pivot nonlinearity.

V. CONCLUSION

In this paper, by investigating the pivot nonlinearity of an
HDD in depth, a nonlinear model has been proposed. Based
on this model, a nonlinear compensator has been developed to
cancel the nonlinear effects to make the compensated system be-
have like a double integrator, which may make it easy to design
controllers. In both time domain and frequency domain, exten-
sive experiments have been carried out to show the effectiveness
of the proposed approach.
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