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I._Introduction

The areal recording density of HDD (Hard
Disk Drives) has been increasing by about 60%
a year. To reach high areal density, less track
pitch is expected and more servo bandwidth is
required. Dual stage actuator and
controller for HDD have been suggested for
achieving high track density as

sServo

a possible
solution.

o FYF AdAAolE AF &
At olel ze AEo uEg AT HAYES
A&
A2dg FAste Bdd disl aFsAc 29757
&4 vFTEE FARAG. "ETE7e  HingeTZE
Fose 289¥AE TR 4T FRE ARG Aorle
Z57E719 notch filters} PD A7 & Alg3E v
ETFEZIE dYE 722 FAHAE ASL vustgdd.
Ed 3L ¢ wEY EY HYS F FHn,
EEZQ Y g §AHA.

* Yonsei Univ. Graduate Student
**x  Yonsei Univ. Professor

HgFe Y

AN & ggEe] Ed 33 My
ZETEFZICIE d=aag

29T E7]IE VCMEHE ALE3ly
71AA B3} VCME nld 8 gel o)

Several types of dual stage actuators have

been proposed such as electromagnetic,

electrostatic, or piezoelectric micro-actuator

systems. There exist several choices for the
location of the micro-actuator. For example the
actuator can be placed near the recording head
at the tip of the load beam, where it moves
the head or _heaq/slider assembly. In
the actuator drives the head
suspension assembly [1]. In this paper we use a
dual

in Fig. 1.

only
another type,
piezoelectric micro-actuator for stage
Our

piezoelectric actuator is based on the shear

actuator systems, as shown

mode of piezoelectric elements to drive the head
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suspension assembly.

Considering the control algorithm, modern
control approach offers a unified approach to
disk servos, but it required higher sample and
more processor resource. Further, there is no
track following performance benefit obtained by
modern methods [1]. Thus, we will use rather

classical approaches.

Fig. 1. Shear Mode Piezoelectric
Micro—-Actuator

IL. Pi ] ic Mi :

Two piezoelectric elements of the
micro-actuator polarized horizontally in opposite
direction generate the displacement. This

piezoelectric element model is PIC255 made by
PI Ceramic Company.

The
piezoelectric elements is amplified 20 times at

displacement generated by the
the head by the suspension. By applying 30V,
the MA (Micro-Actuator) generates 0.25um
displacement. The hysteresis of the displacement
is below 10% of a full stroke.

Fig. 2 shows the experimental FR(Frequency
our actuator head
suspension assembly. The gain is flat to 1.8kHz,

Response) of with a

and dominant resonance appears at 6.8 kHz.
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Fig. 2 Experimental Frequency Response

1Ll ical Dual-] S Desi
Dual-loop servo system is generally classified
types. The i
two-input-two-output system and the other is a

into two one is a

two-input-one-output system. If we wuse an
estimator for a two-input-two-output system, it
can be converted into two-input-one-output
system [3]. The following performance guidelines
should be considered in loop [4].

1. High closed loop servo bandwidth.

2. To follow low frequency reference input

by VCM
3.To follow high frequency reference
input by MA.

In this section several types of control

algorithms are studied and they are compared to
give an outlook of each one’s advantage and
disadvantage.

Fig. 3 Parallel Loop
The two-input-one-output system is simple,

which is shown in Fig. 3. It needs only one
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feedback signal, and the closed loop transfer
function becomes
__GK,+G,K,
Y=I1+GK,*G,K, "

Gv and Ky are the plant dynamics and the

(N

compensator for the voice coil motor (VCM)
loop, and G, and K, are plant dynamics and
compensator for the MA loop.

We used a PI controller with notch filter for
the MA controller and VCM controller consists
of notch filter and PD controller.

The characteristic equation is

1+GK,+G,K,=0 (2)

We can see from Equation (2) that the MA
loop is not decoupled from VCM loop. It means
that the stability of the overall system can't be
achieved by stabilizing each individual loop, in
other words VCM or MA poles are not overall
system poles. Requiring only one feedback is
merit of this design [1]. Therefore, this design
is useful for dual-loop servo systems that have
no feedback the
between each actuator.

" From the frequency domain results, it is clear
that the dual-loop servo system has higher open
loop crossover frequency and closed loop BW
while maintaining phase and gain margins than
those of VCM only system. The comparison is
given in Fig. 4 and Fig. 5.

for relative displacement
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Fig. 4 Open Loop Frequency Response of
‘ VCM Only
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Fig. 5 Open Loop Frequency Response of
Parallel Loop
Response of y. (VCM Output) and y, (MA
output) in the overall system can be denoted as

- GK,
Yp= 1+GDKU+Gpr 3)

_ G.K,
=T+ GK,+G,K,

and which is shown in Fig. 6.

4)

108 10* 10
Frequency(Hz)

Fig. 6 Relationship between VCM and MA
The simulation result is summarized in Table 1.
Table 1 Simulation Result of Parallel Loop

Closed Loop BW (kHz) 6.8
Open Loop Cross Over (kHz) 55
Phase Margin (deg) 46
Settling Time (ms) 0.80
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Fig. 7 Master—Slave Loop

The structure of Master-slave loop design is
shown in Fig. 7 and the closed loop transfer
function of this system is

G.= (1+G,K,)G,K, )
47 14+(1+ G,K,)G,)K,
The open loop transfer function is
Gu=(1+G,K))G,K, (6)

The constraints in designing this Maser-slave
loop controller are that the term in the open
loop transfer function

(1+G,K)GK, = GK, (s—x) (T
and

1+ GKIGKy > |IGKJl, (s—0) 8
Equation out that the overall
system performance needs insensitivity to the
the VCM's
dynamics. Equation (8) points out that the
contribution of the MA loop at low frequency
should be smaller than that of the VCM [3]
These relationships are shown in Fig. 10.

(7) points

variation of high frequency

However, from Equation (5) it can be noted
that the shaping of the closed loop transfer
function cannot be completely decoupled.
Additionally, this structure requires two signals,
PES and y, [1]. In other words relative motion
between VCM and MA needs to be measured.
Low cost dual—étage systems do not have this
feedback signal instantly available. One way to
solve this problem is to use the MA estimator.
In this case, the accuracy of the MA model is

very important.

Yy
r : y
+
Yy
K, (G,

Fig. 8 Master-Slave Loop with Estimator

The Block diagram of the Maser-slave loop
systern with estimator is shown in Fig. 8. The
MA displacement is not observed directly, and
thus we need the MA estimator O,,
simulation result is shown in Fig. 9 ~ Fig. 11
and Table 2.

and

10° 10
Frequency(Hz)

Fig. 9 Open Loop Frequency Response of
Master-Slave Loop
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Fig. 10 Relationship between VCM and MA
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G K1+ G,Kp) +G,K,

7 B L B P Y TSGR+ GK) T ©
4' 1 \ o /5'@: \sl ) ‘ The characteristic equation is
ISR LA EE (14 G,K)(1+GK,)=0 (10)
g !' i ' Equation (10) shows that the design of two
% loops (MA - loop and VCM loop) can be

completely decoupled [1]. In other words, the

overall system is stable when each loop is

doi
- :%'.me stable, which is the major advantage of this

S5 003 D004 008 0@ 05T G513 00 Tor Dol 02 approach. However, this approach requires both
Time{ssc) yp and yv to be measured. Since only the PES

Fig. 11 Displacement of Y, and Y, measurement is available, the other signal needs
: to be estimated.

Table 2 Simulation Result of Master-Slave

Loop
Closed Loop BW (kHz) 6.9 '
Open Loop Cross Over (kHz) 5.48
Phase Margin (deg) 41
Error (zm) 400128 Fig. 13 Dual Feedback Loop with Estimator
Settling Time (ms) 0.83 A Block diagram of the Dual Feedback loop

system with estimator is shown in Fig. 13, and

Fig. 11 shows that MA responds to the simulation result is shown in Fig. 14 ~ Fig. 15
reference input within its stroke range and then and Table 3.

VCM reacts against the insufficient displacement

]
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Fig. 12 Dual Feedback Loop
Fig. 14 Relationship between VCM and MA
This design uses the displacements of both
actuators as feedback signals. The structure is
shown in Fig. 12. The closed loop transfer
function becomes
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Fig. 15 Displacement of Y, and Y.

Table 3 Simulation Result of Dual-Feedback

Loop
Closed Loop BW (kHz) 6.9
Phase Margin (deg) 41
Error (zm) +0.0113
Settling Time (ms) 0.83
These simulation results show that the

Dual-feedback loop has the same performance
that Master-slave loop has except the error.

Fig. 16 Decoupled Master-Slave Loop

Fig. 16 shows the block diagram of the
Decoupled Master-Slave Loop System. It is
modified Master-slave loop system having an
added feedforward path [4].

The characteristic equation is

(1+G,K X1+ G,K,))=0 (11)

It is the same structure as Dual feedback

loop, and the additional position sensing or

estimation is required.

K, I+ G,

Fig. 17 Decoupled Master—Slave Loop with
Estimator

A Block
master-slave

diagram of the  Decoupled
loop systemm with estimator is
shown in Fig. 17.

Because the transfer function of Decoupled
that of

Dual-feedback loop, the simulation results are

master-slave loop is identical to

the same performance as Dual-feedback loop.
1¥. Conclusion

The parallel loop design needs only one
feedback signal. However, since the design of
the overall system cannot be decoupled, the
design of the compensators should be based on
overall system stability.

In master-slave loop design, low frequency
track following is covered by VCM and high
frequency by MA. However, the overall system
stability may not be guaranteed because of its
coupling.

In dual feedback loop, VCM loop and MA loop
can be completely decoupled, and thus overall
system is stable when each individual loop is
stable.

Decoupled master-slave loop is similar to the
master-slave loop design, but it is completely
decoupled.
if the
accuracy of the estimator is correct enough,

According to this simulation result,

Dual-feedback loop or Decoupled master-slave
loop seems suitable classical control method.
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