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ABSTRACT This paper deals with the servo control methods for Hard Disk Drives by implementing secondary suspension 
piezoelectric micro actuator which is adaptive LS-estimation and fault recovery procedure for PZT-actuated 

milli-actuator. In the recent five decades, hard disk drives have been playing an important role in the development of digital technol-
ogy. The increasing areal density has provided a lot of challenges for the hard disk drive servo control. During the HDD servos, one 
of the most important parts is servo pattern which is utilized to generate position feedback signals. Thus, the accuracy and precision 
of servo patterns written by servo track writing process must be emphasized in order to increase the storage density. The concentric 
self-track writing has been proposed to improve the quality of servo patterns and save the cost of servo track writing. We confirmed 
that the adaptive estimation method identified the milli-actuator DC-gain precisely and the fault recovery procedure detected the 
degradation of milli-actuator gain during track-following data reading/ writing operation.
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INTRODUCTION 
A.	 Hard disk drive servo systems
Since the commercial usage of magnetic disk drives began in 
1956 [1], the hard disk drive (HDD) has been playing an im-
portant role in the modern era of digital technology. A hard 
disk drive is a non-volatile storage device that stores digitally 
encoded data on rotating rigid platters with magnetic surfaces. 
As a result, the problem of accessing data on the rapidly rotat-
ing disk media has provided a wealth of control challenges. For 
the operation of accessing data, a typical modern HDD has the 
basic components [2] as illustrated in Fig. 1. Data are recorded 
on concentric tracks on the disk which is rotated by the spindle 
motor. The magnetic heads attached onto the slider read and 
write data from and to the disk. The slider is bonded to the so-
called suspension of the actuator arm which pivots about a ball 
bearing. Thus, as rotating the actuator of the voice coil motor 
(VCM), we can position the read/write head onto the desired 
tracks.

According to the features of accessing data on disk, HDD servo 
systems mainly involve three kinds of control tasks [3]: track-
seeking control, track-following control, and setting control. 
The head positioning servomechanism moves the read/write 
head as fast as possible from one track to another when asked 
by the host system (Track-seeking control).

Once the head reaches the target track, it is regulated over the 
track so that the head can follows the track as precisely as pos-
sible during the operation of reading or writing data (Track 

following control). Smooth settling, i.e. transition between 
the track seeking and track following modes without any jerk 
should be also emphasized in HDD servos. 

B.	 Servo track writing
As discussed in the previous section, the servo patterns, used   
to   generate   position   feedback   signals,   must   be pre-creat-
ed. The process of writing servo patterns onto the disk surface 
at specific locations of servo sectors is known as servo track 
writing (STW). Since the written servo patterns are utilized to 
generate the feedback signals for the read/write head position, 
the accuracy and precision of servo track writing process plays 
an important role in making the continuously growing trend of 
track density a reality. For the desired accuracy, there are two 
critical control problems [9] in the STW process:

1)   All patterns required to define the tracks and sectors must be 
placed in a concentric fashion. Any disturbance and eccen-
tricity present during the process will appear as written-in 
repeatable run out (RRO) which may degrade the servo per-
formances of the three control tasks.

2) 	 The servo sectors of any track must be precisely aligned 
with the servo sectors of adjacent tracks. The misalignment 
results in non-equidistant PES sampling intervals.

In order to improve the precision of servo patterns, the STW 
process also requires kind of position reference to form a feed-
back closed-loop control system. According to the different 
methods used to provide the reference, there have been pro-
posed different kinds of servo track writing techniques, such 
as conventional servo track writing [10], concentric based self-
servo track writing [11], and spiral self-servo track writing [12].

Conventionally, servo patterns are written by costly dedicated 
servo writing equipment [10] external to disk drives. For exam-
ple, a laser-guided push-pin mechanism consists of an optical 
position sensor and controls the position of the write head 
so that concentric tracks can be created. Besides, in order to 
precisely align servo patterns along the disk’s circumference, a 
clock track must be firstly written onto the disk and an external 
clock head is required to read back the timing information from 
the clock track. Consequentially, the conventional servo writ-
ing process needs openings in the drive enclosure to make 
the external equipment accessible to the media and actuator 
of the HDD. Moreover, in order to avoid the contamination, it is 
necessary to carry out the conventional servo writing process 
in a very clean environment. Besides, as the track density is in-
creasing, the conventional STW using the external equipment is 
more time-consuming. In order to overcome these drawbacks, 
the methodologies of self-servo track writing have been devel-
oped.

The self-servo track writing (SSTW) process utilizes the HDD’s 
own reading and writing heads and servo system to write servo 
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patterns without using the external equipment. Thus, the clean 
room environment is not necessary for the SSTW process, which 
saves the cost of servo track writing. Besides, with the HDD’s 
own servo system, a self servo writing loop is able to further-
more suppress vibrations via active control, which means the 
SSTW can improve the quality of servo writing. Currently, there 
are two kinds of popular SSTW methodologies, i.e. concentric 
SSTW and spiral SSTW.  The concentric SSTW process utilizes 
the pre-written concentric tracks to write the rest of concentric 
tracks. And the details of this methodology will be presented 
in the next section. The spiral SSTW process writes concentric 
product servo patterns based on the pre-written spirals tracks. 
The spiral tracks are written by using an external spiral writer, 
which is less expensive and less time-consuming than the con-
ventional servo track writing process. However, such methodol-
ogy involves a significant problem that the time of writing final 
servo patterns may coincide with the time of reading spiral ser-
vo information when servoing on spiral servo patterns to write 
final concentric servo patterns [12].

C.	 Dual-stage HDD actuator
One of the limitations in the conventional disk drives to achieve 
higher data capacity is its bandwidth. That is, the voice-coil-
motor (VCM) actuator used in conventional disk drives has 
hundreds of flexible resonant modes in high frequencies. This 
limits the increase of bandwidth and hence the track density. 
A possible solution to this kind of problems is to introduce an 
additional micro actuator on top of the conventional VCM actua-
tor to provide a faster response and thus improve the overall 
servo performance in the track following stage. In fact, there is 
a considerable amount of research works that have been done 
along this line.

Dual-stage actuator refers to the fact that there is a small twin-
piezo actuator mounted between the base plate and active sus-
pension of a large conventional VCM actuator. The R/W head is 
mounted at the end of the active suspension. Fig. 2 shows a sim-
ple illustration of a dual-stage actuator considered in this paper. 
The piezoelectric actuator or micro-actuator, driven by voltage, 
will only be activated in the track following stage because of its 
limited movement range. The microactuator produces relative 
motion of the R/W head along the active suspension or the ra-
dial direction in the center of the pivot (see e.g., [6, 9]), while the 
VCM actuator rotates the base plate and active suspension to 
move the micro-actuator and the R/W head. 

Diverse control strategies and methods have been reported to 
design the dual stage actuated HDD servo systems. Guo et al. [9] 
have proposed four control strategies to design the dual-stage 
actuated control system, which are respectively the so-called 
parallel loop, master-slave loop, dual feedback loop and master-
slave with decoupling methods. Guo et al. [12] and Hu et al.[15] 
have also utilized the well-known LQG/LTR method to design 
the dual-stage actuated HDD servo systems. These works have 
accelerated the progress to improve the HDD servo system per-
formance. But, more studies on the control methods need to be 
conducted to achieve better results and higher track density in 
HDD servo systems.

The voice coil motor (VCM) is used in the first stage to gener-
ate large but coarse and slow movement, while the micro/milli-
actuator is used in the secondary stage to provide fine and fast 
positioning. The mechanism for positioning the dual-stage actu-
ator can improve both the track-following and the track-seeking 
performance. In the moving suspension type of dual-stage actu-

ator [4] (see figure-3), the milli-actuator is located between the 
head suspension and the base-plate, which is moved by the VCM 
actuator. Each head is moved by each milli-actuator and each 
milli-actuator consists of two push-pull piezoelectric (PZT) el-
ements. Usually, as the milli-actuator does not have a relative 
distance sensor output and only the head position output is de-
tectable; the total plant of the dual stage actuator is a double-
input single-output (DISO) system. In order to obtain accurate 
track-following and high-speed track-seeking performance, it is 
important to identify an accurate value of the PZT gain of each 
milli-actuator. Moreover, in maintaining performance, it is im-
portant to detect degradation of the PZT gain and inform the 
host system of the possibility actuator failure. Since the conven-
tional adaptation method [6], [7] cannot be easily applied to 
the DISO system; no research has been done about an adaptive 
control for the milli-actuator of the DISO system. In the moving 
slider-type dual-stage actuator, the micro-actuator is located 
between the suspension and the slider.

The advantage of this type is that the collocation of the actua-
tor and sensor head, so a servo bandwidth of 5 kHz or more, is 
possible. Some micro-actuators have a relative positioning sen-
sor which indicates the micro-actuator movement distance. If 
the micro actuator has a relative position, the total plant is a 
double-input double-output (DIDO) system and the adaptation 
for the micro-actuator can be easily achieved using the relative 
position.

ADAPTIVE DC-GAIN LS-ESTIMATION METHOD

In this section, we discuss the design and implementation of an 
off-line adaptive scheme for estimating the DC-gain of the PZT 
actuated milli-actuator for a double-input single output (DISO) 
system.

A.	 Moving suspension type dual-stage actuator
Figure 3 shows Φ-shaped dual-stage milli-actuators [4] attached 
to each carriage arm. The two PZT elements, polarized in oppo-
site directions, are mounted in parallel on an Φ-shaped base plate 
hinge with a central beam. The top surfaces of the two PZT ele-
ments are electrically connected by a wire and the bottom surfaces 
of each PZT element are adhesively bonded to the base-plate hinge. 
When a voltage is applied to both single-ended PZT elements, 
one PZT element extends, and the other one contracts. The 
push- pull actuation of the PZT elements moves the head in the 
off-track direction. 

The PZT moving-suspension milli-actuator has the following speci-
fications: mass, 75 mg; suspension length, 14.5 mm; stroke, ±1 
µm/±30 V; shock resistance, 3,000 G at 0.2 ms half sine. The 
PZT elements have dimensions of 2.8×1.0×0.15 mm. The milli-
actuators were installed in a 3.5-inch prototype HDD at a rotation 
speed of 10 krpm. The track pitch is 0.75 µm, and the sampling 
frequency is about 25 kHz.

In general, when the maximum driving voltage ±30V is applied to 
the PZT milli-actuator, the head position changes by ±1 µm. How-
ever, the relationship between the driving voltage and the moving 
distance of the head (input-output DC-gain characteristics of the 
actuator) varies about more than 10% due to variations in the 
manufacturing process of the piezoelectric elements, variations of 
the piezoelectric element with time, and environmental conditions 
such as temperature and humidity [5].
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B.	 VCM loop shaping design for DISO system estimation

Figure 4 shows a block diagram of the adaptive LS estimation 
system for the milli-actuator with the track following servo sys-
tem of the VCM actuator.

The dual-stage actuator is operated by two control inputs: a first 
input uv to the coarse-movement VCM actuator and a second input 
up to the fine-movement PZT actuator. A head positioning signal 
y indicating the total movement of the head, obtained by adding 
the movement of the VCM actuator yv to that of the PZT actuator 
yp, is outputted as an output signal. As a matter of fact, the devia-
tion of the head movement from position information which has 
previously been recorded on the disk is detected as the Position 
Error Signal (PES). Thus, the dual-stage actuator is a double input 
and single-output (DISO) system and it is difficult to implement a 
conventional adaptive estimation method [6], [7] of a single-input 
single-output (SISO) VCM actuator in the DISO system.

As for the VCM actuator, its input-output characteristics can be 
estimated easily using conventional identification methods, by in-
terrupting the driving voltage to the PZT actuator and letting the 
VCM actuator operate alone. On the other hand, for the estimation 
of the input-output characteristics of the PZT actuator, it is difficult 
to let the PZT actuator operate alone in the positioning without 
the VCM actuator operation, since the stroke of the milli-actuator 
is too small relative to various external disturbances to the actua-
tor. Therefore, only the PES (total movement of the VCM and PZT 
actuator) can be used for the adaptive estimation.

The adaptive LS (least-squares) estimation system in Figure 4 iden-
tifies the mill-actuator gain precisely using the PES (y) and the PZT 
input signal up with excitation of sine input                  (±go sin(2π fn. k)), 
while the head does not read/write the data. The transfer function 
from the PZT input up to the head position y is described as,

	 (1)

In order to reject the interference of the VCM servo loop charac-
teristic during the estimation, the notch filter is set in the VCM 
loop to shape the VCM error rejection 1/(1+ PvcmCvcm) (from yp to 
y) into gain 1 (0 dB) at a specific sine-wave frequency fn for PZT 
actuator. From the viewpoint of the stability and time transient 
response of the VCM loop, the crossover frequency of the open 
loop is set to 1 kHz, the cut off frequency of the notch filter is 
set to 2 kHz and the damping ratio of the notch filter is set to 
0.1. Figure 5 shows both simulation and experiment of the VCM 
open loop characteristics. The crossover frequency is 1 kHz and 
the phase margin is 24 degrees. Figure 6 shows the error rejec-
tion characteristics of the VCM loop. The figures indicate that 
the gain of the VCM error rejection is 1 (0 db) and the phase is 
0 degrees at a frequency of 2 kHz which is the same frequency 
as the PZT actuated frequency fn during the estimation period.

Thus, the relationship between up and y (eq. (1)) can be ex-
pressed by the simple equation, where

y = Ppzt . up 	at fn (2 kHz frequency)	 (2)

and we can use the conventional LS-estimation method for the 
above equation as described below.

C.	 Adaptive LS-estimation design
The recursive LS-estimation method shown in Figure 4 is ex-
plained in detail in the following. In order to reject the noise 
components from the signals up and y, the band-pass filter Fu, 
Fy which cut-off frequency is 2kHz is used for each signal. For 
the sake of simplicity, the input up and output y will also be 
used after filtering by the same reference expression. A discrete 
time model of the milli-actuator from input up to the output yp 
is expressed by the following equation, in which mechanical 
resonance is ignored. The calculation time delay is modelled by 
using first-order Pade approximation and the PZT driver char-
acteristics is modelled by using first-order low-pass filter.

	 (3)

Where z-1 denote the unit delay operator. The unknown loop 
gain µ of the plant is composed of the gain of the D/A converter, 
the gain of the PZT driver, the sensing gain of the head position 
and the gain of the PZT milli-actuator. Figure 7 shows the ex-
perimental milli-actuator dynamics and simulated plant model 
described by equation (3). In the figure, since the increase value 
of the milli-actuator gain dynamics at 2 kHz is small, the milli-
actuator resonance characteristic can be neglected.

The above equation can be represented as a regression form,

	 (4)

The goal is to estimate a variable gain  as a good estimation of 
the loop gain  from yp(k), (k) and . Here, the estimation of  is car-
ried out by use of the recursive least-squares (LS) method. In-
cidentally, yp(k) and the head position error y(k) become equal 
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to each other after a certain length of time. Therefore,  can be 
estimated by using an observable signal y(k) assuming yp(k) = 
y(k) in the above expression.

For the estimation expression (3), an estimator model and esti-
mation error are described as,

y ̂= θ ̂(k-1).ζ(k)  + η(k),	 (5)

e(k)= y(k)-y ̂(k).	 (6)

The recursive adaptive adjustment rule updates the gain esti-
mation value) using the following algorithm [6], [9],

	 (7)

	 (8)

Where the initial estimation value is  = 0 and the initial learning 
gain is set to (0) > 0.

D.	 Simulation and experimental results
Figure 8 shows the simulated time response waveforms during 
LS-estimation period. The upper and middle figures show the 
positions of the output VCM response yv and the position error 
signal y, respectively, when a sine wave voltage (±10 V ampli-
tude, 2 kHz frequency) is applied to the milli-actuator. The VCM 
position yv responds with a sine wave-like signal until 0.003 
sec due to transient of the notch filter and then converges to 
zero. This means that observed y perfectly coincides with milli-
actuator response yp from 0.003 sec forward. The bottom figure 
shows the estimated gain value by the LS-estimation which was 
started at 0.003 sec. The estimated value converged on a correct 
value in a short time with high accuracy.

The developed off-line LS-estimation method was implemented 
on a 3.5-inch prototype HDD (10k rpm disk rotation speed) 
with a moving suspension-type ɸ-shaped milli-actuator (see 
Fig. 3). Figure 9 shows the 300 exposed time responses dur-
ing the estimation period (6 disk revolutions: 36 ms). The head 
position y moves ± 0.2 µm when the sine wave voltage (±6 V 
amplitude, 2 kHz frequency) is applied to the milli-actuator. 
The estimated value converged on a correct value in 10 ms. we 
measured estimation value 1000 times on each different head 
at different input voltages from 3 V to 22 V. The estimated vari-
ation with 3 deviation is within 1.0% value of its actual value as 
shown in Figure 10.

REAL-TIME GAIN ESTIMATION AND FAULT RECOVERY PRO-
CEDURE
The goal of the second design is to enable an online adaptive 
estimation method which estimates the input-output character-
istics of the PZT milli-actuator and detects its gain degradation 
even in the midst of data reading/writing. When degradation 
of the milli-actuator gain is detected, the off-line adaptive gain 
estimation described in previous chapter will be executed to ob-
tain a precise value of the mill-actuator gain again and set the 
appropriate value into PZT controller. Thus, the system can keep 

its servo performance and reliability in the HDD.

A.	 Adaptive real-time estimation design
An adaptive real-time estimation method for milli-actuator DC-
gain degradation is presented. In this scheme, a gain estimator 
identifies the loop gain of the milli-actuator during the R/W 
track following phase, and determines the amount of degrada-
tion for each PZT gain. Figure 11 shows the block diagram of 
the real-time PZT gain estimation method without injection of 
any external signal. The dual-stage actuator (DISO system) is 
stabilized by the decoupled type controller [2] in this applica-
tion. The output of a milli-actuator model Mpzt is added into an 
additional reference signal for the VCM actuator, which prevents 
the PZT actuator from going to the end of its stroke limit and 
maintains the PZT output on the centre of the track. The crosso-
ver frequency of the milli-actuator is set at 2.3 kHz.

In the figure, the estimated output signal of PZT milli-actuator 
Ppzt is calculated by subtracting the output signal of the VCM ac-
tuator model vcm from the head position signal y. The VCM model 
described in the discrete time expression is composed of a sec-
ond-order low-pass filter. For real-time calculation, the calcula-
tion load should be minimized. The adaptive gradient method 
[9] which cost function J with equation (6) is defined as below is 
used for gain estimation.

J (k) = e2 (k)		  (9)

By using partial differentiation of the above cost 
function, the gradient estimate equation with the vari-
able gain  is obtained as follows,

= θ ̂(k-1)+ 2σ.ζ(k).e(k)	 (10)
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Where  denotes the learning gain. The amount of calculation by 
the above equation is extremely smaller in comparison with the 
equation (7) and (8). On the other hand, estimation accuracy 
and/or estimation speed might deteriorate slightly.

B.	 Simulation and experimental results
The three designs of noise rejecting filter Fu and Fy in Figure 
11 are evaluated in terms of estimation value and estimation 
variance. In order to reject the disturbances contaminating the 
head position signal y and the modeling error of  vcm and  pzt, the 
second-order band-pass filter at 1.5 kHz ( = 2:0), the second-
order high-pass filter at

700 Hz ( = 0:7) and without filter (gain=1) are designed as 
shown in Figure 12. The estimation was carried out at three 
different locations (inner/middle/outer disk). Figure 13 shows 
the time responses of the estimation value  and position signal 
y during estimation for evaluating each noise rejection filter. In 
the case where there was no filter and there was a band-pass 
filter, the each estimation variation is large depending on the 
head location. Using the second order high-pass filter we can 
rejects more low frequency.

VCM input components for force disturbances, a small estima-
tion variation (less than 5% in 3¾) is achieved and the filter 
is adopted for evaluation. The estimation time is about 1.5 sec. 
The convergence speed is slower than that in the off-line LS-
estimation. However, no particular problem arises when the 
degradation of the milli-actuator with time is estimated. In Fig-
ure 14, the accuracy of estimation can be seen when the gain of 
the milli-actuator was intentionally changed from 1.0 to 0.5. The 
gradient estimator identified the gain change correctly during 

the track following mode.

C.	 Fault recovery for milli-actuator gain degradation
Figure 15 is a flow chart showing a fault recovery process is 
carried out when the milli-actuator gain drop is detected by the 
real-time estimation (equation (10)). When a estimated gain 
drop below a preset threshold value is detected, data reading/
writing by the head is prohibited and thereafter the gain of the 
milli-actuator is estimated correctly according to the off-line LS-
estimation method (equations (7)(8)). Subsequently, the esti-
mate value obtained by the LS-estimation is compared with the 
threshold value. If the difference between the estimated value 
and the threshold value is small, the milli-actuator controller 
Cpzt is adjusted based on the estimation result. Thereafter, a flag 
permitting the data read/write is turned on and the dual stage 
actuator track following returns to its normal state. On the oth-
er hand, if the difference between the estimated value and the 
threshold value is large, an alarm is issued to the upper level 
holst controller. In such cases of gain drop below the threshold 
value, the data reading/writing might become impossible, and 
there is a possibility of failure of the milli-actuator caused by 
some factors.

CONCLUSIONS
The design and implementation of adaptive estimation method 
and a fault recovery scheme for a PZT-actuated milli-actuator 
were presented. We confirmed that the off-line adaptive LS-es-
timation method identified the milli-actuator DC-gain precisely 
within 1.0% value (3 of its actual value in 36 ms. we also con-
firmed that the fault recovery method detected the degradation 
of milli-actuator gain within 5.0% value in 1.5 sec and collected 
the gain properly.
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