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Bandwidth Estimation of HDD Actuators
Using Time Delay |dentification
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Abstract— A method to estimate the maximum achievable 40
bandwidth of HDD actuators without closing the servo loop 20 |
is presented. The actuator dynamics are characterized by

Magnitude [dB]

the time delay created by the unstable zeros of the actuator o) I N I

dynamics. The achievable bandwidth is a simple function of

the time delay and the sampling frequency. The feedback -20 — Plant

controller, including a notch filter, can be designed simultane- —— Controller

oudly. Effects of dynamics variation of the actuator are also -40- 5 1
considered, and a method to identify the time delay caused by 10 10 10
the variation is provided by using the recursive least square 10

method. By applying this method to a single-stage and a — Sensitivity

dual-stage actuator system of HDDs, it is observed that the O — Open loop

variations of the high frequency modes play an important role
in the bandwidth improvement, especially of the dual-stage

Magnitude [dB]
AN
=

actuator. o0
I. INTRODUCTION -30; 0 .
. ) . ) ) 10 10 0
Higher-bandwidth servo/mechanical designs are require Frequency [kHz]

to increase the track densities of hard disk drives (HDDSs).
With a mechanical design approach, new types of a_Ctugi_g. 1. Transfer functions ofi., design result_s fqr plants with stable
o . Zeros (dotted line) and with unstable zeros (solid line)
tors [1], [2] and some modifications are pursued [3], [4].
With a servo controller design approach, g, controller
design method [5] and a multi-rate sampling technique [&ontrol input amplitudes for the tracking case are typically
have been proposed. However, it is not clear how mudgnored.
improvement can be obtained by these techniques before theThis article discusses what characteristics are necessary
actuators are made and the servo loops are actually closést. the servo/mechanics to achieve higher bandwidth and
The servo controller design and the bandwidth estimatioa technique to design the servo controller and the notch
were possible to achieve in the past by modeling the rigifilters to suppress high frequency modes. By using this
body mode and the butterfly mode of the actuator, but as tg@proach, the bandwidth of a particular actuator design
target bandwidth and the sampling frequency increase, acaan be estimated before the actuator is actually made, and
rate bandwidth estimation is not possible without modelingfficient optimization of the servo and actuator design can
the higher frequency modes. Even a dual-stage actuator Wik done at the design phase. This approach also helps to
not be an exception to this trend. estimate how much the bandwidth is degraded when the
Integrated servo/mechanical design is an approach #gtuator modes vary. It enables the design of the optimum
design the optimum actuator and servo controller at theervo controller and notch filters at the same time with
same time [7], [8]. It has been shown that the FFSPBonsiderations of the tradeoff between the performance and
(Finite frequency strictly positive real) property determineshe filter complexity.
the actuator performance when the performance is evaluated
by the tracking error and the magnitude of the control input.
A new concept of an actuator based on the FFSPR propertyf~ control theory has been applied for HDD servo
has been proposed in [9]. However, for HDD applications, ig€ontroller design to achieve higher bandwidth [4]. Fig. 1
is desirable to increase the zero-crossover frequency of tBBows an example of transfer functions designediy for
open loop transfer function without considering the limit ofthe plant having a pole at 6 kHz and a zero at 4.4 kHz. The
the control input. This is because the control input for théolid line shows the case of an unstable zero and the dashed
tracking case is much smaller than for the seeking case, b€ shows the case of a stable zero at 4.4 kHz. The plant
transfer function for the case with the stable zero is per-
T. Semba, F-Y. Huang, and M. T. White are with fectly compensated to eliminate the modes by the pole/zero
Hitachi ~ Global ~ Storage ~ Technologies, San Jose _Resear@gncellation. However for the case with the unstable zero, a
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and Matthew. Wi te@gst.com cannot be cancelled by an unstable pole. The design results
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of H,, control tend to cancel stable modes and to shapkhis implies that unstable pole/zero cancellation for arbi-
the sensitivity function close to a desired curve as muctiary actuator dynamics can be avoided by the introduction
as possible. Therefore, if a plant has only stable polesf T,;, and the sensitivity function is freely manipulated

and zeros and the robustness against dynamics variationder the constraints dfy. For example, arbitraryP(s)

is not important, any servo bandwidth can be obtained bgan be converted to a double integrator with some time
the continuous-time domain approach. By the discrete-tingelay by using a factof..(s),

domain approach, the servo bandwidth is only limited by

the sampling frequency and the computational delay [10]. P'(s) = P(‘?)THC(S) ®)
If a plant has unstable zeros, the resulting servo bandwidth ~ e > (6)
is limited by the sampling frequency and the unstable zeros 52 7
as shown in Fig. 1 [11]. where

According to the Bode Integral Theorem and its exten- D,(s)
sions, the negative area of the sensitivity function is limited Hc(s) S (7)

NS ()N (5)82
m . and it has stable poles and zeros except at 0. Thus,
Zlong - l/ log |S(e7%)|d¢, (1) the open loop transfer function of an arbitrary system is
= ™ Jo approximated by a double integrator, a time delay, and a
feedback controller.

The resulting performance is determined by the parameter
In this approachH.(s) becomes a part of the feedback
troller. That is, if the controllef’(s) is obtained for

by the positive area [12].

where 3; are the open-loop unstable poles afidis the
sensitivity function of the system. In the case of the HDD
servo, since the disturbances to be suppressed are genergﬂx
located at low frequency, the negative area of the sensitivi L p
function needs to be increased to achieve higher tra e plant with time delayP'(s), the controller for the

density. However, if there is a negative area in the higActual PlantP(s) will be C(s) = H.(s)C"(s). Since the
frequency region as shown by the solid line in Fig. 1 arounaarameteffd is created by the unstable zeros of the actuator,

4.4 kHz, this will be a waste of limited servo capability. 1t't Is obvious that the optimization of the frequency and

will also increase the positive area that amplifies the sensg}e c_iamplng cf)f these mofdtehs IS \;er); important to yield the
noise or decrease the negative area at the low frequengg/"?‘x'mum performance of the actuator.
The desired sensitivity function is the case of stable zeros |||. CONTROLLER EOR A PLANT WITH TIME DELAY

(dashed line) in Fig. 1. It is inversely proportional to the The performance of the plant in the continuous time do-

disturbance ‘T"t low frequgncy, such &5 The sensitivity main generalized by (6) is determined onlyBy. However
function at high frequencies slowly decays to zero as thl%r the discrete-time domain, the performance is determined

frequency increases. This characteristic is important to ha%e both T, and the sampling frequends.. By using the

good robustness, because the modes at these frequencies desigdn method. the feedback controslllér“s{s) and the

tend to vary. . open loop transfer functions are calculated for the plant
Assuming the actuator dynamics are denotediy),

y - : . : )
the numerator of’(s) is divided into the factors of unstable ]; (5) gnﬂ fShO\?m n Fig. .2' Anf |terat3/¢ g?}g acéjus.tment of
zerosN,f (s) and stable zerod/  (s). It is rewritten as the weighting functions Is performed in t¢.. design to

4 p A satisfy the stability margins of 5 dB and 30The maximum

N;(s)Np—(s) achievable zero-crossover frequency of the open loop is a
P(s) = D,(s) : (2 simple function ofTy and F. For F;, = 40 kHz, the zero-
When the plant is augmented by the poles that are SymmeC{_ossover frequency is approximated by
ric about the imaginary axis to the unstable zeros, the plant Fyp = 1 8)
consists of an all-pass filter and a stable factor. Y 6.0x Ty + 170 x 1067
P(s)  Nf(s) N, (s) @) and for Fy = 80 kHz
N;(_S) N;(_S) D;D(S) Fbw 1 (9)

The all-pass filterN,f(s)/N.f(—s) has 0 dB gain over _ _ 6.3 % Td_Jr 0 _X 10-°
the entire frequency range with some phase Change Wm}he difference in the coefficients is due to the fact that the
frequency. Since transfer functions of HDD actuators hawvieoles can be located higher when the sampling frequency is
unstable zeros in the robustness margin range shown higher. It is notable that the plant with large time delay will

Fig. 1, the phase change at the low frequency where tti@t have higher bandwidth even if the sampling frequency

bandwidth is determined is approximated by the constalft increased.
time delay7}. Therefore, By using Fig. 2, the achievable bandwidth of particular

P N=(s) actuators can be easily estimated before the servo is closed.
# ze—sTdP_S, (4) The servo controller is designed at the same time by
Np (=s) Dy (s) C(s) = H.(s)C'(s), where C’(s) is a function of T;
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[o¢]

applicable to dynamics that have variations. This relies upon

N
== :
X _
0 ° FS:4OkHZ the fact that if the plant transfer function is shaped to be
) o o Fs=80kHz . )
© 6 1 lower than thel /s? characteristics at the frequencies above
§ the bandwidthw > wy,,, the robustness will be guaranteed
Ja no matter what the phase at these frequencies is. (This is a
g good assumption for a HDD actuator, but is not necessarily
g 2 true for any actuator.) That is, if
[}
So ‘ ‘ ‘ ‘ |Po(w)He(w)| < 1/w?],0 2 wpw (10)

0 20 40 60 80 100 . . .

Time Delay [usec] is satisfied for all plant dynamicB, (w), and the controller

calculated by theH . will stabilize all P,.

Fig. 2. Maximum achievable zero-crossover frequency of the open loop as The design process is as follows. First,
a function of time delay and sampling frequency when the design criteria

is set to 5 dB and 30 margins. P, (w) — maX{|P1 (w)\, e |PN(w)\} (11)
— 20 for each frequency is calculated andf.(w) that satisfies
as]
©
g 7 He(w)] < |w?Pr(w)| ! (12)
‘E 20 is obtained by using the frequency domain identification
g -40- method [13]. If the left hand and the right hand of the for-
= -6 ‘ ‘ ‘ ‘ mula are close to identical, the time delayf is minimal.

0 2 4 6 8 10 12 14 16 18 20 Higher order modeling leads to better identification, but the
controller including notch filters will be more complex. The
— P(s) tradeoff between the complexity of the feedback controller
— Hc(s) A and the performance is evident at this stage of the design.
 P(s)Hc(s)

T

B. Delay time identification in frequency domain

In order to calculate the time delay the model of the max-
imum envelope of the plant transfer functié}, (w) is iden-
tified by the Recursive Least Square (RLS) method [13].
In conventional frequency domain identification method,
Fig. 3. Transfer functions of VCM actuator obtained by FEMs), the  the parameters to be identified are complex numbers, thus
shaping filterHe(s), and the shape®”’(s) = P(s)Hc(s). the number of parameters is large [14]. However in this

application, since the modél.(s) is minimum phase, the
and F. Fig. 3 shows the example of transfer functions fo%rsgzle; Ig;?gﬂﬁggnafd nbcgttgﬁcaeffﬁgéytugbttgﬁ eagg.gorlthm '
the case of the VCM (Voice Coil '\."9“”) actuator transfer Before the RLS method is applied, an initial model of the
fun_ctlon obtained from a FEM (Finite-Element MethOd)'transfer function has to be obtained, because in any method
This actuator has unstable zeros at 8.6 kHz. The phaa? the recursive computation, initial values are important

change at th!s fr(?que.ncy. is observed on the compensatt%dhave good convergence as well as accuracy. The initial
transfer functionP’(s) in Fig. 3, because the unstable 2819 0del is formulated by the following

was not fully canceled by the pole.

Phase [deg]

0 2 4 6 8 10 12 14 16 18 20
Frequency [kHz]

N-1
IV. CONSIDERATION OF PLANT CHARACTERISTICS Pinit(s) = Z % (13)
VARIATION vt 2Qwis + wj
A. Shaping filter Since the peaks aF;,i;(s) roughly correspond to the gain

Since the actuator dynamics of an actual HDD ar@nd the damping of each term, the initial valueskpf(,
not always constant, the optimutH.(s) designed for a andw; are obtained by
particular actuator is not always robust for another actuator. 1) Calculate maximum magnitudg,,(w;) around the
For example, one HDD has several heads and the transfer neighborhood otv; — dw < w < w; + dw to get the
functions from the VCM to the various heads are not the maximum envelope and to eliminate the small change.
same. When the same controller is used for all heads,2) Look for peaks by checking,, (w;) > Py, (w; —dw)
the controller has to be robust enough for all of the and P, (w;) > Pp(wj + éw) for all frequenciesy;.
different transfer functions. This must also hold true when 3) When there is a peak at;, thenw;, = w; and
the actuator dynamics change with temperature. The time  the damping ratia; can be approximately calculated
delay approach that has been previously described is also using the magnitude change in the neighborhood.
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4) The residue gaink; is calculated by k =
2w G P (W)

Thus the intial modeP;,,;;(s) is obtained. The order of the
model can be changed by modifying. When it is smaller,
a higher order model can be obtained, but the computatic
time becomes longer.

For the RLS method, a multiplicative plant model is usec
because of the simplicity of the Jacobian matrix. The initia
model is also converted to the following form to define the

Magnitude [dB]

initial parameters E 1:8:
N-2 § oF
k li[()(s — an + Jbn)(s — an — jby) < 128
P(s) = —= . (14) _18 A
; ; 02468101214161820
li[O (5 = cn + jdn)(s = cn — jdn) Frequency [kHz]
Let f(s) =log|P(s)| and unknown parameters Fig. 4. Plant transfer functions (dotted lines) and identified transfer
T function of maximum envelope (solid line).
0= (log k, ag, ...aN—-2, bo, ...bN_Q7 Co, ---CN—1, do, ---dN—l)
(15)
then The resulting shaping filter is
1
flw) = 10%\[]62 H(s) = 2P(0) (18)
- log ((a2 + b? 2(a? — b2)w? + When the resultingd.(s) is hon-minimum phase, the pole
+ g (a3, +b7)° +2(ap — b7 )w? +
n—=0 and zeros have to be converted to have the minimum phase
| Nl , , by , property. The approximated time deldy can be obtained
_ 52 (2 +d2)* +2(c; —d2)w® +w'). by
n=0 d/P(w)
. T = — w—
The JacobianJ is d T w0
Of; N-1 N-2
Jij = Ji( ), (16) ~ 2¢j 2a;
00; = Z 2 2 Z 2, 12"
— ci+df “— a4+ b7
and ]:O J J ]:O J J
Of (w) According to this equation, when the mode frequency is
log k = 1 lower, the bandwidth tends to become lower, because the
0f () 2a(a2 + B2 + w?) time delay becomes larger. This explains the empirical rule
= R R YR A I that the butterfly mode frequency of an actuator needs to
day, (a3 +b3)% + 2(ai; — b7 )w? +w be increased for higher servo bandwidth.
of(w) 2b(a2 + b2 — w?)
ob,, = (@2 +b2)2 + 2(a2 — b2)w? + o? V. DESIGN RESULTS
af (w) —2¢(c + d2 + w?) Fig. 4 shows the measured transfer functions for the 12
ocn = (@ T B22+2E — B)w? + wh heads of the VCM witht-3 dB an_diSC_)Q Hz mode var|at|(_)n
Of (w) C2d(e + 2 — w?) P,(s),(n= L. ,12_) and the |dent|f|§d transfer function
= 5 S e P(6) from their maximum envelope. Fig. 5 shows the plant
ddy, (R +d7)? +2(cf — df)w? +w transfer functions with the shaping filté¥, (s) H.(s) (dotted
The parameter offset for the update is lines) and thel /s? characteristics (solid line). The envelope

4T 14T of the maximum transfer function matches thé&? curve
A0 = (JT T+ M) T (y - £(9)), (17) and some phase delay is introduced by the shaping filter.
wherey = log | P, (w)]| is the set the measured maximum The shaping filterH. and the time delayl,; are cal-
envelope of the transfer function. (See the appendix fawulated for a VCM actuator with 12 heads and a moving-
details.) The parameter update (17) is repeateddby  suspension-type dual-stage actuator. The dynamics variation
A6 — 6 until the result converges. During the iterationis assumed for 12 heads with3 dB gain and+300 Hz

A is adjusted based on the error. When the initial model sequency variations for all modes. Fig. 6 shows the open
far from the actual)\ is set to be larger and convergencdoop transfer functions®,(s)C(s), the sensitivity functions

is faster. When the error becomes smalleris set to be S,,(s) = (1 + P,(s)C(s))~!, and the controller including
smaller to achieve better accuracy. the notch filter C'(s)H.(s) for the VCM actuator. Fig.
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TABLE |
TIME DELAY AND MAXIMUM OPEN LOOP BANDWIDTH OF ACTUATORS WITH AND WITHOUT DYNAMICS VARIATION .

Actuator Dynamics Delay Bandwidth [Hz] Bandwidth [Hz]
Variation Ty [us] (Fs =40kHz) (F's =80kHz)
Sngle-stage VCM of one head (calculated by FEM) 0 dB, 0 Hz 32 2760 (2550) 3680 (3300)
Sngle-stage VCM of 12 heads (measured by LDV) 0 dB, 0 Hz 56 1980 (1870) 2370 (2200)
+3dB,+300 Hz 61 1870 (1770) 2200 (2060)
Dual-stage of one head (calculated by FEM) 0 dB, 0 Hz 4.5 5080 (4410) 10000 (7700)
+3dB,+300 Hz 32 2760 (2550) 3680 (3300)

Numbers in brackets are the bandwidth assuming the computational delaysf 5

Open loop |

Magnitude [dB]
A
Q.
Magnitude [dB]
Q

2 ‘ Sensitivity
0 2 4 6 8 10 12 14 16 18 20 10t 10° 10t

18 0

— 120 = -60
I 60 3.-120 - CE) Hs) ‘
8 O’ 8 -180
g 60, g —240- Open loop

-120- j -300- :

_18 ] I M I L I Wy _36 L

0 2 4 6 8 10 12 14 16 18 20 10t 10° 10"
Frequency [kHz] Frequency [kHz]

Fig. 5. Plant transfer functions with shaping filter (dotted lines) and thesig. 6.  Open loop transfer functions and sensitivity functions obtained
1/s% characteristics (solid line). for the 12 heads of the VCM witk-3 dB and+300 Hz mode variation.

VI. CONCLUSIONS

A method to estimate the maximum achievable band-

7 shows the case for the moving-suspension-type dudidth of a HDD actuator is presented. A time delay

stage actuator system. These transfer functions are stabilizédntroduced when the plant transfer function is shaped
by the controller obtained by the method in the previout® match double integrator characteristics using a stable,
section, and the achievable bandwidth is estimated by Fiflinimum-phase compensator. This delay is created by the

2. The only necessary parameter is the time d@lapased unstable zeros of the actuator dynamics. The performance of
on H,(s). the actuator without dynamics variations can be determined

by this factor. A mechanical design for a high-bandwidth ac-
Table | summarizes the time delay and the achievablgator can be achieved when the time delay is minimal. The
bandwidth of various situations for the VCM actuator andeedback controller, including the notch filter, is designed by
a moving-suspension-type dual-stage actuator. In the ca$és method. The performance with dynamics variations can
of the VCM, the variation does not affect the bandwidtHoe also evaluated, which demonstrates the tradeoff between
very much, because the time delay without the variatiofhe performance and the controller complexity. This method
is already large. However, for the dual-stage actuator, th&as applied to a servo design for a conventional actuator
bandwidth varies by 2-3 times compared to the case witho@s Well as a moving-suspension-type dual-stage actuator.
the dynamics variation. This is because the time delay dfhis design showed that the variations of the high frequency
the dual-stage actuator is more dominated by the dynamig¥des played an important role for the improvement of the
variation than the unstable zeros. This implies that theandwidth of the dual-stage system.
performance of a moving-suspension-type actuator heavily
depends on the high frequency mode characteristics. In REFERENCES
order to achieve much higher bandwidth of HDD servo, r? . .
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model outputf;

@ 20l o Open loop

g oo ST K(0) = (uw)) — £;6))°, (A1)

2 _opl Sensitivity - e =

c

& —40- where f;(0) is the data calculated by the model parameters

= -60 | C(s) He(s) . 6 at each frequency,. Sincef;(8) is a nonlinear function
10 10° 10" of @, the cost function is minimized by the recursive least
0 . Y square (RLS) method. The 2nd-order partial derivative of

the cost function is

i);ng = 2§m: ((%)T <%> = ((wi) = 1) %22) :

Phase [deg]
AR
(o]
o

-240 J=1

-300 Open loop : : (A.2)

—-360'; S e Since the 2nd term of the right side is smaller than the 1st

10 1 10 term
Freauency [kHz] ’ r
0’K " [ Of; of;
Fig. 7. Open loop transfer functions and sensitivity functions obtained — =2 Z i i =2J77, (A.3)
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between the magnitude of the measured géis ) and the gence is obtained.
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