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Abstract

Project Code: MRG5380169

Project Title: Vibrational Energy Transmission from Stator Coil to Base of Spindle

Motor in Hard Disk Drive

Investigator: Assistant Professor Nopdanai Ajavakom
E-mail Address: nopdanai@chula.ac.th
Project Period: 2 years (June 2010 to June 2012)

Abstract:

This research projects aims to study the mechanism and effect of interference
fit on vibration transmission between the model of stator and base in human audible
frequency range (0 — 20 kHz) by using statistical energy analysis approach to analyze
the experimental results. The results will explain the effect of interference fit on
vibration transmission between two components and present the analytical approach
that will lead to the accurate results. The experiment started with the excitation of
various interference fit models of spindle motor, the combination of stator and base,
by impact hammer and vibration exciter. After the excitation, the vibrational values
measured from accelerometer and Laser Doppler Vibrometer were used in calculations
of intrinsic loss factor, coupling loss factor and total vibration transmission power from
stator to base using the statistical energy analysis approach. Finally, the results from
the calculations of each model would be compared in order to study the effect of
interference fit on vibration transmission between the model of stator and base. The
experimental results show that the less interference fit leads to the less vibrational
power transmitted from the model of stator to base for low frequency range but more
vibration power medium frequency range. After the interference fit is below one point,
the effect will be reversed, more and less power transmission for low and medium
frequency range respectively. All results can be applied to be an approach in reduction

of the transmitted vibration from inner to outer of hard disk drive in further study.



Keywords: Statistical Energy Analysis, Interference fit, Spindle Motor, Coupling Loss

Factor



2. Executive summary

This research aims to present the application of an energy-based method, Statistical
Energy Analysis, in the study of an effect of the interference fit on vibrational
transmission between the stator and the base in spindle motor which is the origin of
the vibration in hard disk drive. In this application, the model of stator-base was
separated into two subsystems which exchanged energy with each other. The
measured vibrational variables, which were measured from excitation of the stator-
base models by the vibration exciter, were used in calculations of coupling loss factor
and transmitted vibrational power from the stator to the base of each model. The
experimental results show that the less interference fit means the less transmitted

vibrational power from the stator to the base.

3. Objectives

1. Identify the mechanism of vibration generation inside the spindle motor and
the path of vibration transmission from the inside to the outside of the motor.

2. Analyze the relation between the transmitted vibrational energy and the
interference fit of the stator and the base of the spindle motor.

3. Propose an approach of modification of interference fit between the stator and

the base to reduce vibration transmitted to the base plate.

4. Introduction

A hard disk drive (HDD) is an important component in a personal computer to store
the data. In need of higher performance HDDs including higher capacity, faster data
read/write time, quieter operation while maintaining or even reducing the HDD physical
size, the spindle motors are required to spin faster and smoother. Thus, the vibration
transmitting from the interior to the exterior of the spindle motor, which may finally
cause the data read/write errors and the emission the acoustic noise, has to be looked
into. The primary source of vibration inside the motor is the electromagnetic (EM)
sources, not the mechanical unbalance of the moving parts [1,2]. The EM sources are
originated from the physical and the electromagnetic designs of the permanent magnet
ring and the stator teeth of the motor as well as the characteristics of the input power
from the motor inverter. The designs contribute the unbalance radial, tangential, and

axial forces on the permanent magnet ring and the stator teeth deforming the interior
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structure of the motor. The deformations of the stator teeth, especially from varying
tangential forces (torque ripple), are transmitted to the base bracket via the cylindrical-
shell sleeve causing transverse vibration of the base plate [3]. Moreover, the
deformations of the ring propagate into rotor hub as transverse and radial vibrations
[3]. The vibrations of the motor exterior are responsible for the acoustic noise emitted
from the motor. The approaches to decrease the vibrations and the acoustic noise
from the motor include the elimination of EM sources, modification of the motor
physical design to minimize the sound radiation, and reduction of the vibration
transmission from the motor interior to the exterior, such as by optimizing the
interference fit between the stator coil and the base bracket, see Fig.1.

This project focuses on the effect of interference fit between the stator coil
and the base of the spindle motor on the torsional vibrational energy transmission
from the stator coil to the base plate aiming to reduce the transmitted energy capable
of the motor’s exterior vibrations and the emitted acoustic noise. The article contains

both vibration energy transmission analysis and two experimental investigations.

Shaft

Permanent Back Iron

Stator Coil /
Fig. 1 Cross-section view of a spindle motor showing the fit between the stator coil

and the base bracket

5. Vibrational Energy Transmission Analysis

The analysis of vibrational energy transmission between the stator coil and the base
of the motor involves a friction model and vibration transmission mechanism of the
two surfaces in contact with the clamping pressure. Jintanawan et al. [4] study a simple
dynamic model of the stator coil and the base of a spindle motor featuring the two-
degree of freedom lumped mass model with attached to a fixed foundation via a

torsional spring. The Dahl’s model is used to analyze the relative angular displacement



between the two components due to the applied impulsive torque at the stator coil.
The study shows that the more interference fit the more vibrational energy transmitted
to the base and vice versa.

Nevertheless, for the continuous and more complex system, such as the
spindle motor, the analysis that considers the internal forces on the surfaces, the
micro-slip, the pre-sliding behavior, and the force’s loading-unloading-reloading stages
is more suitable. Such analysis as that by Metherell and Diller [5] is modified to work
on a stator-base model of a spindle motor. It will be shown from the hysteresis diagram
of the torque versus the relative angular displacement that the vibrational energy loss

is lower (the energy transmission is higher) as the interference fit is more.

Stator Coil

Bracket

Fig. 2 Simple model of stator and base bracket

Hollow Cylinder

Fig. 3 Dynamic model of stator and base

Consider the simplified stator-base model shown in Fig. 2 where the stator is a
ring press-fit into the base bracket via a sleeve. To simplify the analysis, the sleeve is
assumed to be a solid shaft of radius R and the ring is assumed to be a hollow cylinder
of length I shown in the dynamic model in Fig. 3. Torques are applied to the left side
of the cylinder and the right side of the shaft. They are opposite with the equal
magnitude of aM , where 0 <a <1, preventing any angular displacement of the whole

assembly. The micro-slip is taken into account and the concept of Coulomb friction is



used, the torsional friction per unit length of the cylinder on the contact surfaces is
then
m= ZTcuPRz, (1)
where m is the torsional friction per unit length (N-m/m), n is coefficient of friction,
P is the pressure between the cylinder and the shaft due to the fit (Pa), and R is the
radius of the shaft (m). In our case, according to Eq. (1), the torsional friction per unit
length is, in general, constant over the length of the cylinder due to the constant
interference fit pressure, coefficient of friction and radius of the shaft. In one cycle of
the varying applied torque, the torque is exerted to the model in three non-stop
consecutive stages: loading, unloading, and reloading.
In the loading stage, the applied torque on the cylinder increases from 0 to
M | thatis oM , where a increases from 0 to 1. At the same time, the resisting torque
at the shaft increases to balance out the applied torque creating friction on the contact
surfaces. The diagrams of the torsional friction per unit length, internal torsion on the
cylinder surface, and the internal torsion on the shaft surface are shown in Fig. 4. The
torsional friction per unit length is m with the exception of being zero in the middle
region of the length of the cylinder where there is no slipping. The slipping and the
torsional friction occur at the left and right edge of the contact surfaces with length
on each side equals a (0<a, <1/2), where & depends on the magnitude of the
applied torque. The internal torsion on the cylinder surface is oM at the left edge
and it decreases with the slope —m as it goes to the right. Likewise, the internal
torsion at the shaft surface is aM at the right edge and decrease with the slope —m
as it goes to the left. In addition, the summation of internal torsions at the cylinder

and the shaft surfaces must be equal to aM along the length of the cylinder.
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oM

Torsional friction
per unit length

Internal torsion at
cylinder surface

Internal torsion at
shaft surface

Fig. 4 Loading stage diagram

In the unloading stage, being reverse to the loading stage, the applied torque
oM on the cylinder now decreases from M to rM as o decreases from 1 to T,
where I is constant and 0<r <1. Since the applied torque decreases, the torsional
friction per unit length is now —m making the internal torsion on the cylinder surface
increases with the slope m as it goes to the left. The phenomenon is called “counter
slip.” The counter slip occurs for the length of a,. The further inside region of the
cylinder and the shaft still experiences the torsional friction m remaining from the
loading stage. The diagrams of the torsional friction per unit length, internal torsion on
the cylinder surface, and the internal torsion on the shaft surface for the unloading
stage are shown in Fig. 5.

In the reloading stage, being quite similar to the loading stage and reverse to
the unloading stage, the applied torque aM on the cylinder increases back from rM
to M as a increases from I to 1, where 0<r <1. The torsional friction per unit
length currently returns to m at the left and right sides of the cylinder. The diagrams
of the torsional friction per unit length, internal torsion on the cylinder surface, and

the internal torsion on the shaft surface of the reloading stage are shown in Fig. 6.
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Fig. 5 Unloading stage diagram
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Fig. 6 Reloading stage diagram
The relative angular displacement of each stage can be determined from the

torsional friction per unit length, the internal torsions on the surfaces, the shaft’s and

the cylinder’s material properties, and other previously introduced constants:
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where ¢,, ¢,, ¢, are the relative angular displacements for the loading, unloading,
and reloading stages, respectively, G.I, and Gl are the torsional stiffness of the
cylinder and the shaft, respectively, and K is the combined torsional stiffness of the
cylinder and the shaft. The angular displacements can be plotted against o to form a
hysteresis loop depicted in Fig. 7.

The transmission energy loss due to the friction of the fit can be obtained from
the area enclosed by the relative angular displacements under the three stages over

one cycle,

_2M3(1-3k +3k?) ©)
~ 3mG,l (1-k)

where v is the energy loss due to friction (J) and

\

Mfél\/l(l—r), 0<r<1 M
According to Egs. (6) and (7), the transmission energy loss depends on the cube of the
applied torque and inversely depends on the torsional friction per unit length given
that the other parameters are constant. Focusing on the effect of the interference fit,
the equations indicate that the energy loss is less when the torsional friction is larger
because of the more pressure from the tighter interference fit, Eq. (1). That is the
transmitted vibrational energy from the stator to the base would be more if the
interference fit increases. This statement can also be testified by experimental

investigations in the next section.
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¢
Fig. 7 Hysteresis loop of the dynamic model

6. Experimental Investigations
The experimental investigations are performed to testify the analytical results in the
previous section. Sets of simple models of stator coil and base and 3.5-inch HDD
spindle motor samples with various fits are made and tested in Sections 6.1 and 6.2,
respectively. The tests were done on the simple models first and on motor samples
later.
6.1 On simple models of stator coil and base
Three sets of 1.5x-size model of stator coil and base (see Fig. 8) with three interference
fits, 0.0083 mm (minimum fit), 0.0169 mm (medium fit) and 0.0304 mm (maximum fit),
are tested for the energy transmitted from the stator to the base. The transmission of
energy between two systems, stator (system 1) and base (system 2), is analyzed by
using Statistical Energy Analysis (SEA) [6, 7]. The power flow diagram is shown in Fig. 9.
The input power P, from the impact force exerted by the impact hammer at the stator
model will go to raise the stator model internal energy W, , which is related to the
power loss to the environment P, and the power transmitted to the base model P,.
The power loss P, is

Ry =ona\W (8)
where o is the frequency and m, is the intrinsic loss factor. The transmitted power
R, is

P, =om W, (9)
where m,, is the coupling loss factor from stator to base. The power equation of the
stator model is then

R =PR,+R, =P, (10)

12



where P,, is the power received from the base. This power also depends on the base
model internal energy W, and

Py =on W, (11)
where m,, is the coupling loss factor from base to stator. Applying the same concept
to base model where there is no direct input power from the impact hammer, the
power equation of the base model is thus

0=P,+P,,—R,. (12)
where P,, is the power loss to the environment and

P, =on W, ’ (13)
where 1, is the intrinsic loss factor of system 2.

The approach to determine the transmitted power P,, starts with tests to find
the intrinsic loss factor of each of the two systems. The test is performed on each
system separately, i.e. the stator model has not yet fit into the base model, where P,
and P,; are non-existent and

Ple?Ll:(Dnlwl_ (14)
The stator is then press-fit into the base. In order to simplify the testing for the power
transmission, the base is damped out by attaching it to the large mass for minimizing
W, and thus P,; is near zero according to Eq. (11). With the known input power P,
the intrinsic loss factors n,,m,, the coupling loss factor m,, as well as the transmitted
power B, can be calculated. With the roughly equal input power P, of approximately
1.11x10™* W, the transmitted power B, over the 20-kHz span for all three sets with
three different interference fits is shown in Fig. 10 and summarized in Table 1 with
three equal ranges of frequencies. It can be observed that by roughly looking at the
graph in Fig. 10 the system with the maximum interference fit has the largest
transmitted power among three systems at the frequency above 12 kHz. At the
frequency below 12 kHz, the lines, however, are not smooth, which is suspected to be
from some human uncertainties in the experiment, e.g. from the uneven impact force
from the hammer. The numerical results for each set in the frequency ranges listed in
Table 1 also indicate the similar trend. For the medium and high frequency ranges, the
maximum fit set has more transmitted power than the other two sets. The medium fit

set has more transmitted power than the minimum fit set. In short, generally speaking,
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the system with less fit possesses less transmitted power. This agrees with the

analytical results proved in Section 5.

P1
}

Stator Pre > Base
W, <P21 w,
' '
Py Py,

Fig. 9 Power transmission diagram of two systems

~—— Minimum Fit
----- Medium Fit
""""" Maximum Fit

Power Transmission (Watt)

i
0 2 4 6 8 10 12 14 16 18 20
Frequency (kHz)

Fig. 10 Transmitted power from stator to base for three interference fits

14



Table 1 Power transmitted to the base with different interference fits (simple models)

Frequency Transmitted power (W)
range/Model fit Minimum Medium Maximum
(8.3 um) (16.9 um) (30.4 um)
Low 1.45 1.69 1.12
(0-6.6 kHz)
Medium 1.40 1.34 2.44

(6.7-13.3 kHz)

High 2.05 2.09 3.26
(13.4-20 kHz)

Overall 4.90 512 6.82

(0-20 kHz)

6.2 On 3.5-inch hard disk drive spindle motors

Two groups of 3.5-inch HDD spindle motors, 3-phase permanent magnet synchronous
motors (PMSMs), with different interference fits; Group A with 0.016-and 0.018-mm fits
(low fit) and Group B with 0.034-mm fit (high fit), are tested to investigate the effects
of stator-base interference fit on the transmitted energy. The varying frequency
sinusoidal current is fed into only one phase winding of the spindle motor to excite
the stator coil and the rotor structures without spinning the rotor. Particularly, the
induced vibration of the stator coil is transmitted to the base plate where the
transverse vibrations of 10 various points are measured for calculating the vibrational
energy of the base. The transmitted vibrational energy is determined from the spatial
average square velocity from the measure points and shown in joules per kg of mass

per ampere of the current input in Fig. 11 over a 20-kHz span.
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Fig. 11 Vibrational energy of spindle motors with different interference fits

The transmitted vibrational energies are also listed in Table 2 for three equal ranges
of frequencies. The results indicate that the vibrational energy over the low, the
medium, the high, and the overall frequency ranges of the motors with less fit (Group
A) is much lower than that of the motors with more fit (Group B) especially at the low
frequency range. The motors with less interference fit between the stator and the base
has less transmitted vibrational energy from the stator to the base than those with
more interference fit. These experimental results agree quite well with those from

Section 3.1 and the analytical ones in Section 5.

7. Conclusion

The effect of interference fit on vibration transmission from stator coil to base of a
spindle motor in a hard disk drive has been studied both analytically and
experimentally. The analysis of transmission energy loss reveals that the energy loss
inversely depends on the pressure from the interference fit. Less energy loss and thus
more transmitted energy from the stator to the base are the results of the more
interference fit. The experimental investigations on both assembled models of the
stator and the base and the spindle motor samples with various fits are carried out
and their results agree well with the analysis. Hence, reducing the interference fit at

the stator-base assembly in the spindle motor is a promising approach to reduce the
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transmitted vibrational energy to the base bracket, and the acoustic noises emitting

from the motor should be lower.

Table 2 Vibrational energy transmitted to the base with different interference fits (HDD

spindle motors)

Frequency Vibrational energy (uJ/kg/A)
range/Motor group A (16-18 pm) B (34 um)
Low 1.164 6.067
(0-6.6 kHz)
Medium 4.063 7.263

(6.7-13.3 kHz)

High 0.938 1.004
(13.4-20 kHz)

Overall 6.164 14.33
(0-20 kHz)

References

[1] Ajavakom, A., Jintanawan, T., Singhatanagid, P. and Sripakagorn, P. (2007). On
investigation of vibro-acoustics of FDB spindle motors for hard disk drives, Microsystem
Technologies, vol. 13(8-10), May 2007, pp. 1281-1287.

[2] Lin, S., Jiang, Q., Mamun, A.A. and Bi, C. (2003). Effects of drive modes on the acoustic
noise of fluid dynamic bearing spindle motors, IEEE Transactions on Magnetics, vol. 39,
September 2003, pp. 3277-3279.

[3] Jintanawan, T., Sillapapinij, A. and Ajavakom, N. (2009). Effects of tolerance design
on suppression of electromagnetic-induced acoustic noises and vibration transmission
in hard disk drive spindle motors, IEEE Transactions on Magnetics, vol. 45(11),
November 2009, pp. 5129-5134.

[4] Jintanawan, T., Chungphaisan, K., Liwcharoenchai, K., Junkaew, P. and Singhatanagid,
P. (2007). Role of stator-base interference fit on vibration transmission and acoustic
noise in FDB spindle motors for HDD, paper presented in Proceedings of Information

Storage Processing System Conference, June 2007.

17



[5] Metherell, A.F. and Diller, S.V. (1968). Instantaneous energy dissipation rate in a lap
joint, Journal of Applied Mechanics, vol. 35, March 1968, pp. 123-128.

[6] Lyon, R.H. (1975). Statistical Energy Analysis of Dynamical Systems: Theory and
Applications, The MIT Press Cambridge, Massachusetts, and London, England.

[7] Sarradj, E. (2004). Energy — based Vibroacoustics: SEA and Beyond, Gesellschaft fir
Akustikforschung Dresden mbH, D-01099 Dresden, Germany.

18



Output 31nlATIN1ILNLATUNUIIN &@nA.

1. Wag

MARNAILTANTIINITUIWITR AT Impact factor

Statistical Energy Analysis on Vibrational Energy Transmission in Hard
Disk Drive Components 114215815 Microsystem Technologies \@udi 20
atufl 89 fou Fanau U 2014 w@awth 1753-1760 & Impact factor
0.952.

2. mstnanuddelulguselewl

3. Bue

WWAwIN1T EnsRRILINISIIBuUNTaeu/asetin iyl
Ighusdiuvenilemunisduaziiouvswameslusnnarinswlugn
goailoni 9 W warludiuvesmsnnasauaznantsaassegnining W
aeuuaresueliianililiien nsduasiteuniana seRuUSytudin vos

ANEIAINTIUANENT PAINTAINNTINETTe wazillevlaeasnilagniiluas

]
S

BesnuIdenuraula Tunsans SUI'NV‘W Faduansansvenug

1%
= IS o LY

o av o a = 9 = van v A
wena Nt delinsvinddeiineilesiulasinisi Iﬂﬂiﬂuﬂm’i%ﬂllﬂiiyﬁ]’]

o

LNURTINYINNNSAN®YY 98 LALANIIUIY 1 AU

19



ANANUIN
NaUARLWINTATIvINTUILINR 7Sl Impact factor
= Statistical Energy Analysis on Vibrational Energy Transmission in Hard Disk Drive
Components Tw315815 Microsystem Technologies taufi 20 adufi 8-9 iieu dswna

U 2014 w@uni1 1753-1760 & Impact factor 0.952.

20



Statistical energy analysis on vibrational
energy transmission in hard disk drive
components

Nopdanai Ajavakom & Pinporn
Tanthanasirikul

Microsystem Technologies R —
Micro- and Nanosystems Information

Storage and Processing Systems M i C ro SySte m
Technologies

ISSN 0946-7076
Volume 20
Combined 8-9

Microsyst Technol (2014) 20:1753-1760 Micte ol anesystems

DOI 10.1007/500542-014-2229-1 Information Storage

and Processing Systems @ Springer

Special Issue: The 23" ASME Annual Conference on Information Storage and Processing Systems,
Santa Clara, California, USA

EDITORIAL Structural stability of nanometer thick diamond-like
carbon films subjected to heating for thermally assisted

Foreword magneti 4
B. Bhushan 1383 N.T:
The 23rd ASME Ann}lﬂ] Conference on Information Iila attered light detection using
Storage and Processing Systems, Santa Clara, 3 : 3

N B alij ing of sub-micrometer
California, USA def 4 ‘ Iy flat light
|.¥u-J.-¥.Chang 1385 :: on a extremely flat lig

TECHNICAL PAPERS
A new LCL-lens array with electrodes of interlaced
structure to be applied for auto-stereoscopic

3D displays

Y.-Y. Kao

An on-line optical bench tester machine for evaluating
lens quality
P.C.-P.Chao - Y.-H. Kao - W.-H. Hsu - Y.-P. Huang 1387

Effect of an hourglass-shaped sleeve on the performance
of the fluid dynamic bearings of a HDD spindle motor
J.Lee- M.Lee - G.Jang 1435

H. Matsuoka - N. Kitahama - T. Tanaka - §. Fukui 1397

(Continuation on cover page IV)

201(8-5) 1831770 (2014}

@ Springer



Your article is protected by copyright and

all rights are held exclusively by Springer-
Verlag Berlin Heidelberg. This e-offprint is
for personal use only and shall not be self-
archived in electronic repositories. If you wish
to self-archive your article, please use the
accepted manuscript version for posting on
your own website. You may further deposit
the accepted manuscript version in any
repository, provided it is only made publicly
available 12 months after official publication
or later and provided acknowledgement is
given to the original source of publication
and a link is inserted to the published article
on Springer's website. The link must be
accompanied by the following text: "The final
publication is available at link.springer.com”.

@ Springer



Microsyst Technol (2014) 20:1753-1760
DOI 10.1007/s00542-014-2229-1

TECHNICAL PAPER

Statistical energy analysis on vibrational energy transmission

in hard disk drive components

Nopdanai Ajavakom - Pinporn Tanthanasirikul

Received: 16 October 2013 / Accepted: 25 May 2014 / Published online: 8 June 2014

© Springer-Verlag Berlin Heidelberg 2014

Abstract One of the problems found in the 2.5 in. hard
disk drives (HDDs) in operation is the vibration of the
HDD case. Aiming to find crucial information to reduce the
vibration transmitted to the outer shell of HDD, the param-
eters involving vibrational energy transmission through the
main components of HDD are identified by the test-based
statistical energy analysis (SEA). First, the vibration tests
of HDD in the idle mode are performed in order to iden-
tify the contribution of the main components; the top cover,
the platters, and the actuator arm to the overall vibration of
HDD. The SEA parameters including the dissipation loss
factors of the individual components and coupling loss fac-
tors of the pairs of the components are then experimentally
determined in order to calculate the vibration transmission
power among the components. The determined parameters,
hence, provide some vibrational energy transmission char-
acteristics to facilitate the design of the HDD components
to generate less vibration. With some further studies using
this concept, the vibration due to shock exerted to the shell
of HDD that is transmitted to main components inside the
HDD can also be reduced.

1 Introduction

A hard disk drive (HDD) is a primary storage device of
every computer. With high demand in a quieter operation of
HDDs, and very little or no perceived vibration to the user,
the manufacturers want to reduce vibration of the outer
case of the HDD as much as possible. Thus, the study of
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vibration of the HDD and its main components is needed.
Shen (2000) reviews some vibration issues in HDDs
including vibration of disk/spindle system and the relations
between its natural frequencies and the rotational speed.
Tandon et al. (2006) look into the vibration and acoustic
noise of HDDs operating at various rotational speeds. They
study vibration of platters through their natural frequencies
by analytical, numerical, and experimental methods at vari-
ous rotating speeds and the effect of the distance between
the actuator head and the disk to the vibration of HDD. It is
found that the two major sources of noise are the actuator
arm and the platter air fluttering noise of the platters.
Vibration of HDD is originated from the moving compo-
nents inside HDD especially the spindle motor and the plat-
ters (Shen 2000; Tandon et al. 2006). This vibration is then
transmitted to the base of the motor, which is manufactured
as the same piece as the back case of HDD, and then trans-
mitted to the top cover. To reduce the transmitted vibra-
tion to the outer case of HDD, the vibration of the source
itself and/or the vibration transmission from the source
to the destination should be suppressed as much as possi-
ble. Focusing on the later, the vibration energy transmis-
sion from the source to the connected components can be
determined by many approaches, for example the numeri-
cal structural intensity technique by Xu et al. (2004) on
disks, the spindle motor and the rotor, and the bearing. In
this article, the statistical energy analysis (SEA) principle,
the compound of the energy knowledge and statistics (Lyon
1975; Sarradj 2004), is applied. SEA has been studied by
many researchers and applied to many structures to analyze
the vibration and acoustic noise with successful results e.g.,
structural vibration transmission through a motor vehicle
by Steel (1996), acoustic noise and vibration of electric
motors by Dalaere et al. (1999), and impact sound trans-
mission in building structures by Kim et al. (2001). It is
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Fig. 1 Vibration measuring positions on HDD case

considered to be useful for complex structure because of its
easiness and robust (Dalaere et al. 1999; Kim et al. 2001;
Lyon 1975; Sarradj 2004; Steel 1996). Hence, SEA should
be a suitable analysis to vibration of a small and complex
structure such as the HDD.

This article focuses on study of vibrational energy trans-
mission in HDD components by using SEA. The study
starts from finding HDD vibration spectrum to identify how
much each main component of the HDD contributes vibra-
tional energy to the exterior of the HDD. The SEA param-
eters including the dissipation and coupling loss factors are
then determined experimentally on 2.5 in. HDDs. The SEA
parameters as well as the power transmission spectra are
useful sources for a further study to find a way to suppress
the vibration. They are not only for the vibration transmitted
to the exterior of the HDD, but with some more experiments
they are also for reducing of the vibration occurred from the
exterior such as the shock that is transmitted to the HDD
interior components and it may causing some damage.

Fig. 2 Vibration measurement
experimental setup

Laptop

2 Contribution of main components of HDD
to vibration

A HDD consists of many major components, which are the
top cover, the platters, the spindle motor, the actuator arm
set with read and write heads and a back case. Each com-
ponent contributes to the overall HDD vibration at different
frequencies and different intensity of vibration. In order to
identify the contribution of the three main components, the
top cover, the platter set (platters and a rotor), and actua-
tor arm set to the vibration of the HDD, the vibration tests
are performed on identical 2.5 in. HDDs. Two corners of
the HDD shown in Fig. 1 are measured for their accelera-
tion signals when the HDDs are operating in the idle mode.
The diagram of the experimental set-up is shown in Fig. 2
showing a tachometer and an accelerometer as sensors and
a digital signal analyzer as a vibration signal analyzer. The
acceleration spectra are shown in Fig. 3 in the frequency
range of 0-5 kHz showing a highest peak at 90 Hz at an
average of 0.665 m/s> over the two positions from all
HDD samples. In addition, there are some high and dense
peaks in the range of 500-2,000 Hz with a maximum point
at 0.0173 m/s” over the range. The first peak at the spin-
dle rotational speed (90 Hz) is the highest peak of all and
also much higher than the others. The peaks in the 500-
2,000 Hz range are close to each other meaning that the
system is highly damped in this region. By modal testing,
these peaks not including 90 Hz are proved to be near HDD
natural frequencies.

In order to find the influence of the main components
including the top cover, the platters with the rotor and the
actuator arm to the overall HDD vibration, the identical
vibration tests are performed again when one or more of
the components are removed. Seven more cases are car-
ried out as listed in Table 1 where ‘yes’ means the compo-
nent is present and ‘no’ means the component is removed.

Dynamic Signal Analyzer
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Fig. 3 HDD vibration spectra [ T f
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Table 1 Eight cases of HDD vibration tests

Case Top cover Platter set Actuator arm
1 Yes Yes Yes
2 No Yes Yes
3 No No Yes
4 No Yes No
5 No No No
6 Yes No Yes
7 Yes No No
8 Yes Yes No

Table 2 Hard disk drive vibrational energy of each case

Case Vibrational energy (nJ/kg)

At 90 Hz 500-2,000 Hz
1 24.9 0.150
2 24.3 0.523
3 8.56 0.052
4 22.9 0.600
5 11.6 0.034
6 5.18 0.022
7 11.9 0.021
8 49.7 0.251
Component Contribution (%)
Top cover 5 —56
Platter set 67 90
Actuator arm —-32 —4

Case 1 is where all components are included. The aver-
age vibrational energies (V%) of the two positions in Fig. 1
are calculated at 90 Hz and over the highly damped range

1500 2000 2500 3000 3500 4000 4500 5000
Frequency (Hz)

(500-2,000 Hz) and shown in Table 2. Note that when the
cover is removed, the measured positions are at the same
corners but without the cover and the screws. In addition,
the contributions of the top cover, the platter set, and the
actuator arm are computed from the differences of the ener-
gies between the cases with and without the component and
are shown in Table 2. The results show that the platter set
give 67 and 90 % contribution to HDD vibration at 90 Hz
and over 500-2,000 Hz range, respectively. On the other
hand, the cases with the top cover give less vibration than
the cases without it as indicated by a negative contribution
value of the top cover over the 500-2,000 Hz range. That
is the top cover can actually reduce the HDD vibration by
56 %. At 90 Hz, the top cover contributes only 5 %. Lastly
HDD vibration with the actuator arm is 32 % less at 90 Hz
and 4 % less over 500-2,000 Hz range than that of HDD
without it. In conclusion, the platter set gives the highest
contribution among other two components as the pres-
ence of the platters makes the vibration of HDD increased
substantially.

3 Vibrational energy transmission of hard disk drive
by statistical energy analysis

The vibrational energy transmission of HDD from the plat-
ter set as the main contributing component of the vibration
of HDD to the exterior of HDD components is studied by
observing their vibration transmission power obtained from
experimental SEA. The HDD is partitioned into three main
subsystems: the platter set (Subsystem 1, SS1), the top
cover (Subsystem 2, SS2), and the actuator set on the back
case with the base of the spindle motor (Subsystem 3, SS3)
as shown in Fig. 4.
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Fig. 4 Three connected subsystems of HDD

3.1 SEA parameters

By the SEA theory, each subsystem is receiving, storing
and exchanging energy to one another and the environment.
The power flow (the input, the dissipated, and the transfer
powers) of the three subsystems is shown in Fig. 5. The
input power (P;;,) is the power from the force excited to
the subsystem that will raise the subsystem stored energy
E;. The dissipated power (P 4 is the power loss to the
environment due to energy dissipation (Lyon 1975; Sarr-
adj 2004). The transfer power (P;) is the power transferred
between two subsystems, i.e., from SSi to SSj. Hence, the
power equations of SS1, SS2 and SS3 are

Pyiin = P1,diss + P13 — P31 (1)
P.in = P2 diss + P23 — P32 @))
P3.in = P3 diss + P31 + P32 — P13 — P23 3)

The dissipation loss factor of SSi (n,), the dissipation of
the stored energy in SSi to the environment, is the ratio of
dissipated power and average stored energy of the subsys-
tem (Lyon 1975):

Pi,diss
wE; 4)

ni =

where o is the frequency. The coupling loss factor between
SSi and SSj (n;), a parameter representing the characteris-
tics of the transferring energy between the coupled subsys-
tems, can be determined from Lalor’s (1990):

L Eji Pj in
i a)E,',' E,'j ’ (5)
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Fig. 5 Three connected subsystems of HDD

where E; is the vibrational energy of SSi when SSj is excited.
The transfer power from SSi to SS;j can be calculated from

Pj = wnj E;. (©6)

Transmission power (P ,.) between subsystems is the
net the transfer power between each subsystem:

Pij net = Pjj — Pji. (7

3.2 SEA parameters determination

Experiments are performed on HDD samples to determine
the SEA parameters: the dissipation loss factors () and the
coupling loss factors (1,). The transmission power from the
platter set (SS1) to the back case (SS3) (i.e., Py3,,,) and then
from the back case (SS3) to the top cover (SS2) (i.e., Ps; )
are then determined. In Fig. 6, each subsystem is placed on
the sponge where the input force, the acceleration, and the
velocity are measured. The dynamic signal analyzer work-
ing with a computer collects and analyzes the data, and also
displays the results. Using input power technique (Lyon
1975), the input power (P;,) at the excited position and
the average stored energy (E;) (determined from the mean
square of velocities over the surface area of the subsystem)
are used to complete Eq. (4) to find the dissipation loss fac-
tors shown in Fig. 7. The complete HDD is then put to test
on the sponge in place of a subsystem. The coupling loss
factors of the pairs of subsystems, which are the pair of SS1
and SS2 and the pair of SS1 and SS3, are then determined
by sub-experiments that give the energies (E;, E;, and E})
and the power (P)) in Eq. (5). The four coupling loss factors
are depicted in Fig. 8. Finally, the transmission powers from
SS1 to SS3 (Py3 ) and from SS3 to SS2 (Ps, ) computed
from Egs. (6) and (7) are shown in Fig. 9.

The dissipation loss factors in Fig. 7 of the subsystems
tell their vibration characteristics how much stored energy
will be dissipated at a frequency. It is found that they tend
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Fig. 6 SEA experimental setup
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Fig. 9 Transmission powers
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Table 3 Vibrational energies of SS1 and SS3
Sub system  Overall vibrational energy (J) Difference (%)

Actual Calculated by SEA

455 x 107 247 x 1077 94.6
3 4.86 x 107® 827 x 107¢ 70.2

to be inversely proportional to their frequency response
functions (FRF) especially near the natural frequencies
where the dissipation loss factors drop substantially while
the FRF shows high peaks. The coupling loss factors in
Fig. 8 of the pairs of subsystems tell how much the energy
will transfer from one subsystem to the other. The high
peaks of the coupling loss factors is observed to be close to
subsystems’ natural frequencies as the energy transfer rises
near these frequencies. Furthermore, it can be observed

@ Springer

|
2000 2500 3000
Frequency (Hz)

I
1500 3500 4000 4500 5000

from Fig. 9 that the net vibrational power transmitted from
SS1 to SS3 is more than that from SS3 to SS2 over the
whole range i.e., there is more power transmitted from plat-
ters to the back cover than that from the back cover to the
top cover. In addition, the peaks of the transmission power
spectra occur at almost the same frequencies as those peaks
in vibration spectrum from vibration test (Fig. 3) especially
the first four peaks approximately at 90, 1,000, 1,400, and
1,700 Hz. i.e., more power is transmitted where the vibra-
tion amplitude is high.

3.3 SEA parameter verification

In order to verify the SEA parameters that have been iden-
tified from the prior experiments, input power is given
to SS1 (Fig. 10) and the calculated and actual vibrational
energy outputs of SS1, SS3 are then compared and shown
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Fig. 11 a Calculated (E |y, a T T
and actual (E,) energies of SS1 10°
and b calculated (E5,;) and
actual (E5,) energies of SS3
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in Table 3 and Fig. 11. Figure 11 shows the vibrational ener-
gies of SS1 and SS3 resulted from the input at SS1 where
the solid lines are the SEA calculated energies (E, and
Eso) (€., Eyga 1 E5 calculated from Egs. 1, 2, 3 and 4)
and the dotted lines are the actual vibrational energies (£,
and Ej3)) (i.e., from measured velocities of various points
of the system). It can be observed from the figure that the
calculated one and the actual one are acceptably close with
94.6 and 70.2 % difference for SS1 and SS3, respectively.

4 Conclusions

Vibration of the HDD is studied in two parts. The first part is
to identify the contribution of the components to HDD vibra-
tion through the vibration testing of HDDs. The measured
vibration spectra show that the platter set is the main con-
tributor of HDD vibration especially at the platters’ rotational
speed 90 Hz. The second part is to determine the transmission

| |
1500 2000 2500 3000 3500 4000 4500

Frequency (Hz)

5000

of the vibrational energy from one component to other com-
ponents through SEA. The SEA parameters, which are dis-
sipation loss factor and coupling loss factor, of the three sub-
systems: the platters, the top cover, and the actuator set on
the back case with the spindle motor, are identified from the
experiments. The calculated transmission energies between
two pairs of subsystems show that the vibration transmit-
ted power between the platter set and the back case is higher
than that between the top cover and the back case, and also
the vibrational power is transferred much at the frequencies
with high magnitude of HDD vibration especially at reso-
nance. The results from the study can be used as the HDD
component vibration characteristics to help reduce the vibra-
tion of HDD by decreasing the transmission of the vibrational
energy from the platter set to the other components.
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