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A Dynamic Model of the Disk Drive Spindle Motor
and Its Applications

W. N. Fu, Z. J. Liu, and C. Bi

Abstract—A dynamic model of the hard disk-drive spindle
motor based on the circuit-field-motion coupled-time-stepping
finite-element method is presented. The model provides a basis
for determining back electromotive force, inductance, and cog-
ging torque in dynamic operation conditions. The merits of the
proposed method are that the estimation of the motor parameters
can be obtained, accounting for the saturation effect and other
operational conditions, and the computing time for parameters
calculation can be reduced. The proposed model can also be
used to determine the commutation time, cogging torque, output
torque, and radial force, to study the effect of the skewed mag-
nets/slots, and to simulate the starting process and other transient
processes.

Index Terms—Finite element, motors, parameter computation.

I. INTRODUCTION

SPINDLE motor is a key component in the hard disk drives
of modern computers. Its performance directly determines

the capacity and quality of the disk drives [1]. It is expected that
the spindle motor has enough starting torque, limited starting
current, small torque ripple, and balanced radial magnetic force.
The magnetic field computation using finite-element method
(FEM) is now an indispensable tool in the analysis and design of
the motor [2]. However, FEM-based modeling for system-level
simulation of the spindle motor performance that results from
coupled physical processes involving control electronics (cir-
cuit), electromagnetic field (field), and system kinetics (mo-
tion) remains a technical challenge to design engineers and re-
searchers.

In this paper, a time-stepping FEM model of the spindle
motor is presented. The FEM equations are directly coupled
with the circuit equations of the armature windings and the
motion equation. The model is useful for simulation of tran-
sient processes, and for accurate prediction of the lumped
parameters of the spindle motor. The techniques to determine
the commutation time, the estimation of the back electromotive
force (e.m.f.), the cogging torque, and the inductance when the
motor is in dynamic operation condition are also presented.
The advantages of the proposed parameter estimation methods
are that the saturation of iron materials can be directly included
and the computing time can be reduced.
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II. FEM METHOD OF THESPINDLE MOTOR

A. Basic Equations

A multislice two-dimensional (2-D) FEM is used for mod-
eling the motor performance to account for the effect of skewed
magnets or slots [3]. Maxwell’s equations, applied to the do-
mains, will give rise to the diffusion equations

in irons and air gap
in armature windings

in permanent magnets
(1)

where
magnetic vector potential (having the component of
axial direction only, in this equation);
reluctivity of the material;
armature phase current;
total cross-sectional area of one turn on one coil side
(parallel branches are considered as one turn);
remanent flux density of the PM;
equivalent reluctivity.

The field equations of all slices are connected by the circuit
equations. The armature circuit equation of one phase is

(2)

where
total armature resistance of one phase winding;
inductance of the end windings;
total number of the serial connected conductors per
phase;
phase voltage on the winding;

, cross-sectional areas of the “in” and “out” side of
the phase conductors of the coils, respectively.

The motor is divided into slices and is the axial length of
the th slice.

The mechanical movement equation is

(3)

load torque;
mechanical inertia of the rotor;
damping torque;
damping coefficient which describes the rate of energy
dissipation due to windage and frictional losses;
developed electromagnetic torque of the machine.
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The electromagnetic torque can be computed using Maxwell
stress tensor method [4]. The Maxwell tensor can be expressed
as

(4)

Because

(5)

one then has

(6)

It can also be expressed as

(7)

A closed integration circular path that surrounds the rotor in
free space along the air-gap is chosen. The force in the tangential
component is

(8)

where
, outer and inner radii of the circular ring, respec-

tively;
cross-sectional area of the path;
radius varying between the inner and outer radii of
the path;

, - and -components of the flux density, respec-
tively;

Hence, the output torque can be obtained by integration
along the circular path

(9)

Similarly, according to (7), the components of the radial mag-
netic force in the and directions can be calculated by

(10)

(11)

When the windings are star-connected with an isolated center
point, additional external circuit equations are required [5]. The
inputs are the line voltages, and the phase voltages are also un-
knowns in the system equations. The input voltages are deter-
mined according to the control algorithms and the feedbacks
of the phase currents, phase voltages, speed, and rotor position.
The FEM equations together with the armature circuit equa-
tions, the torque balance equation, and the external circuit equa-
tions of the armature windings will give rise to the large non-
linear equations of the system. The Backward Euler’s method
is used to discretize the time variable.

B. Determination of the Commutation Time

In the spindle motor, the line voltages of the armature wind-
ings of each phase are controlled by power electronic switching
elements such as MOSFET. The commutation time must be
carefully chosen in order to maximize the output torque of the
motor. Because the complicated relationship between the dis-
tribution of the armature windings and the magnetic poles, it is
better if the commutation time is automatically determined by
computation.

There are two methods to determine the commutation time.
One method is based on e.m.f. waveform. The e.m.f. is com-
puted when the armature currents equal zero and the rotor ro-
tates at a constant speed. The commutation time is determined
by the principle that the maximum e.m.f. should be obtained
when its associated winding is conducted. Another method is
based on torque waveform. The output torque is computed when
the two phase windings have constant currents and the rotor ro-
tates at a constant speed. The commutation time is determined
by the principle that during the state of two-phase-on which lasts
for 60 electrical degree, the average torque should reach the
maximum. The computation shows that the two methods can
give very close results.

C. Estimation of the E.M.F., the Cogging Torque, and the
Inductance in Dynamic Operations

The cogging torque and the inductance of the armature wind-
ings can be computed according to the magnetic field computa-
tions when there are no armature currents and no magnetic ex-
citation, respectively. However, this method cannot include the
effect of the saturation of iron materials. The proposed method
is that these computations should be done synchronously with
the time stepping computation of the simulation of the on-load
operation. At each time step, when the magnetic field compu-
tation of the on-load operation is completed, the reluctivities of
each element are fixed and the currents in the armature windings
are set to zero, the magnetic field is computed again. The torque
obtained by this method is the cogging torque but including the
saturation of iron cores.

For the computation of the inductance, no other field compu-
tation is required because

(12)
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Fig. 1. Cross-section and computed flux plot of 8p12s spindle motor.

Fig. 2. Computed phase current during the starting process (8p12s).

Fig. 3. Computed inductance on-load operation (8p12s).

where
, e.m.f. and flux-linkage computed when the motor is

in on-load operation, respectively;
, e.m.f. and flux-linkage computed when the armature

currents are set to zero, respectively;
inductance of the armature.

The inductance at theth step can be obtained by

(13)

Using this method, only one additional magnetic field compu-
tation is required. The incremental method can be used for this
linear problem when the ICCG method is used for the solution;
then the computing time can be greatly reduced [6].

III. EXAMPLES

A. A Spindle With 8 Poles and 12 Slots (8p12s)

A three phase-winding spindle motor (12 V, 8 poles, 12 stator
slots, star-connected, 5000 rpm) using Nd–Fe–B magnet for
the field excitation, as shown in Fig. 1, is used to demonstrate
the proposed method. The motor is driven by a converter with
two-phase-on excitation. In the multislice FEM, the motor is di-
vided into six slices, and at each slice, the mesh has 4201 nodes
with 7386 elements. The length of the time step is 7.14s. The
computed phase current during the starting process are shown

Fig. 4. Computed cogging torque (8p12s). (a) Magnets are not skewed.
(b) Magnets are skewed 0.25 of one stator slot pitch. (c) Magnets are skewed
0.5 of one stator slot pitch.

Fig. 5. Computed torque in on-load operation (magnets are not skewed,
8p12s).

Fig. 6. Computed torque in on-load operation (magnets are skewed 0.5 of one
stator slot pitch, 8p12s).

TABLE I
COMPARISON OFCOMPUTED COGGINGTORQUEWHEN CHOOSINGDIFFERENT

SKEWED MAGNETS (SLICE NUMBER = 6)

in Fig. 2. The waveform of the inductance during on-load oper-
ation is shown in Fig. 3. The cogging torque and output torque
when the magnets are nonskewed and skewed are shown in
Figs. 4–6, and also compared in Tables I and II ( is the
mean value of the torque ripple). The magnetic force in radial
direction is equal to zero because it counterbalances each other.

B. A Spindle With 8 Poles and 9 Slots (8p9s)

To compare the performance between 8p9s and 8p12s, the de-
sign parameters of an 8-pole 9-slot motor are kept the same as
the 8p12s motor studied earlier, except that the width of slots

Authorized licensed use limited to: University of Shanghai For Science and Technology. Downloaded on July 13,2020 at 11:53:51 UTC from IEEE Xplore.  Restrictions apply. 



976 IEEE TRANSACTIONS ON MAGNETICS, VOL. 38, NO. 2, MARCH 2002

TABLE II
COMPARISON OFCOMPUTED TORQUE IN ON-LOAD OPERATION WHEN

CHOOSINGDIFFERENTSKEWED MAGNETS(SLICE NUMBER = 6)

Fig. 7. Unbalanced forceF andF in no load current condition (magnets are
not skewed, 8p9s).

Fig. 8. Unbalanced forceF andF in on-load operation (magnets are not
skewed, 8p9s).

TABLE III
PERFORMANCECOMPARISONBETWEEN8p12sAND 8p9s (NONSKEWED)

is increased 12/9 time. The waveforms of the computed unbal-
anced force are shown in Figs. 7 and 8. The performance com-
parisons between 8p12s motor and 8p9s motor when the PM is
nonskewed and skewed are listed in Table III and IV.

TABLE IV
PERFORMANCECOMPARISONBETWEEN8p12sAND 8p9s (SKEWED)

IV. CONCLUSION

The proposed 2-D multislice FEM is a powerful modeling
tool for analyzing the performance of spindle motors. During
the time-stepping computation, the motor parameters can also
be computed then the effect of the saturation of the iron mate-
rials and other operational conditions can be precisely included
in the solution. From the computed results, the following con-
clusions can be obtained: 1) 8p12s motor and 8p9s motor have
very similar values of the output to volume ratio; 2) 8p12s motor
has large cogging torque. 8p9s motor has small cogging torque;
3) 8p12s motor has no unbalanced radial force. 8p9s motor has
large unbalanced radial force; 4) in on-load operation the radial
force is more than doubled than that under zero armature current
condition; and 5) the skewed PM can reduce the cogging torque
of the 8p12s motor but cannot significantly reduce the cogging
torque of the 8p9s motor.
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