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ABSTRACT

The purposed of this research is an evaluation of magnetic flux characteristics for the high-speed motors in
different stator winding topologies. This is essentiality for developing a stator arrangement with lower
stator leakage and higher magnetic flux linkage. The topologies of stator parameters are generated using
Hooke-Jeeves optimization, Taguchi method, and response surface methodology (RSM). The influence of
stator winding topologies obtained from design optimizations are evaluated by using flux linkage finite
element analysis. The stator leakage and magnetic flux resulting from finite element are verified with
prototype motor model produced by Taguchi method optimization. The result confirm that proposed
designs reduce stator leakage reactance and increase magnetic flux linkage than initial design had. A
comparing of the optimize design and the prototype experimental results confirm the reasonable of the
suggested motor model.

Keywords: Hooke-Jeeves Optimization, Magnetic Flux Linkage, Response Surface Methodology, Taguchi

Method, Stator Parameters
1. INTRODUCTION

High-speed spindle motors have been
widely used in various industry applications such as
machine tools, compressors, and frictions welding
units because they provide high efficiency, high
power density, and excellent dynamic properties [7-
9, 11, 20]. Generally, the performance of the
spindle motor is largely determined by the value of
the leakage reactance, which has substantial
influence on magnetic flux linkage from the stator
to the rotor. Hence, magnetic flux linkage and stator
leakage reactance have been widely investigated by
researchers to improve motor performance [2, 5, 6,
12-14, 16, 18].

With advances in powerful computing
facilities, more accurate investigations of magnetic
flux linkage and stator leakage reactance are
desired. [2] investigated the flux linkage in a
submersible motor. They constructed finite element
models with various stator slot types to measure the
slot flux linkage. [7] subsequently investigated the
stator leakage reactance, flux linkage, and iron loss
in a squirrel cage induction motor. [14] and [5] have
developed energy conservation methods to examine

the effects of stator leakage reactance on magnetic
flux linkage. Experimental investigations of the
stator leakage reactance effect on motor
performance have been performed in [12,16,18,23],
in which the theoretical predictions regarding the
stator leakage reactance effect on motor
performance were experimentally verified. The
results indicated that the theoretical predictions and
experimental data exhibited excellent agreement.

Studies [4,13,15] wusing field analysis
computation in semi-closed stator slots has
accurately predicted flux linkage. Combinations of
finite element analysis (FEA) methods have been
reported that use Maxwell’s equations combined
with FEA [17], equivalent circuits, and linkage field
analysis with FEA [3,10]. Magnetic flux
distributions in the stator winding are influenced by
the varying reactance in the stator and rotor
topologies as well as the core saturation.
Furthermore, stator leakage is a crucial component
of the total flux leakage. Stator leakage reactance
has various components, including coil (winding),
slots, and air-gap terms [10, 24]. Nearly all past
research on the improvement of the motor
performance through the design and control of the
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stator parameters has suggested method to reduce
stator leakage reactance and increase magnetic flux
linkage. This present study investigates magnetic
flux linkage in stator windings with difference
topologies generated from Hooke-Jeeves
optimization, Taguchi methods, and RSM.

The purpose of this study is to produce a
spindle motor suitable for use in machine tool
applications with a speed reaching 21000 rpm with
high magnetic flux linkage, torque, and efficiency.
Magnetic flux linkage analysis was developed to
evaluate the stator winding design. To validate the
simulation results, a test was conducted by using
the proposed design of Taguchi method prototype
motor are described in [19].

2. MAGNETIC FLUX LINKAGE ANALYSIS

To evaluate the flux linkage characteristics
of the stator winding designs, three analyses are
described, namely flux linkage FEA, stator leakage
reactance and flux linkage analysis, and analysis of
stator leakage and magnetic flux linkage effects on

Stator slot
leakage reactance

Air-gap (zig-zag)
L7 leakage reactance

Rotor slot
leakage reactance

Magnetization (flux linkage)

Figure 1. Flux leakage and linkage in the stator
and rotor

2.1 Flux Linkage FEA

A stator winding current produces a
magnetic flux in the stator winding. Subsequently,
the magnetic flux is transferred from the stator to
the rotor. However, presence of stator leakage
reactance causes minor flux leakage is observed at
the slots, air-gaps (zig-zag leakage), and end turns
winding (Figure 1). The magnetic flux in the vector
potential 4 can be expressed by (1), a two-
dimensional Maxwell equations for magnetic
potential FEA (2), and flux computation FEA by a
Euler equation of the nonlinear energy function (3)
[31]:

A = (4 +4rn)pdL, (1)

r

o|1od) of1od) dd . o o
ox\ p, Ox ) Oy\ y, Oy dt
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where A4 is the magnetic potential, uy is the
permeability of the magnetic material, » is the
radius of the homogeneous conductor, L; is the
stator length, J is the current density at time ¢, b is
the magnetic field, and o is the equivalent
conductivity of the rotor bar. The flux which is
linked to the number of winding turns can be
expressed according to flux density B and the area
of the stator windings as follows:

¢:jB¢S @)
The flux is expressed as follows:
¢=[(Vxa)ds (5)

If the vector of the potential magnetic flux
on the right and left sides of the winding turns are
denotes as Ar and Az, and N; is the number of stator
slot, then the total flux linkage can be calculated as
follows:

w=Np=NL (4, —4,) (6)

2.2 Stator flux linkage and stator leakage
reactance analysis

Stator flux must cross the air gap and
enclose the rotor conductor (bar), establishing flux
linkage. The slot flux leakage crosses the slot width
at various slot heights. Each flux line is generated
by currents induced in the slots of the stator
conductor. Considering the total useful slot
geometry, the total flux linkage is expressed as:

— hs, N 2hs, +h7s+3hs1 L. @
bs, bs +bs, bs, 3bs, ‘

or
V/ = /LlaLiISSU (8)

where ks, hso, and hs; are the stator slot parameters,
bso, bs;, and bs; are the rotor slot parameters, /; is
the stator current, and S, is the slot permeance ratio.
Furthermore, the stator slots per phase are Ny/g, and
the flux linkage of the phase winding is as follows:

2
N, \[ 2gN
l//ps = /’loLilsSt)( . ]( ]qv S] (9)

q

The stator leakage reactance (X,x) per
phase as follows [10]:
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where ¢ is the number of stator slot per pole per
phase, stator phase current closely related to the
number of winding turns, wire diameter, and stator
resistance. Eq. 10 shows the optimal stator phase
current that produces the lowest stator leakage
reactance per phase and the highest flux linkage of
the phase winding [13, 17]. Furthermore, the
magnetic flux linkage in the stator at the rated

speed can be obtained through alternative
equivalent circuit analysis as follows [2]:
V2|V, - IR,
s \/E = (11)

@

m

2.3 Influence of the stator flux linkage and
stator leakage reactance in the torque of a
spindle motor

The influence of stator leakage reactance
and magnetic flux linkage caused by the stator
winding geometry was investigated by examining
the maximum torque and  torque-speed
characteristics through an equivalent circuit
analysis [2]. To make fair comparison, that the
maximum torque and torque-speed characteristics
are only defined and controlled by the stator
leakage reactance, for a model at a given time, rotor
geometry, rated voltage and frequency, and rated
output power are all fixed. The maximum torque is
influenced by the stator leakage reactance can be
calculated as (12), and the torque-speed
characteristics as (13), respectively.

3prl2

T = (12)
20,[R, +R} +(X, +C, X,)’ ]
R
3p =
T = 5 (13)

e R 2
a%(Rf+Cm2j +(X, + X))
S

where w,, is the synchronous speeds, R; and R are
the stator and rotor resistance, X; and X, are the
stator and rotor leakage reactance, C, is the
capacitor parameter, X, is the magnetization
reactance, and V; is representation of the phasor
diagram of Vie; and Ziey = Ryeq + jXieq, as follows:

X v

m’ ieq

|
"R+ X,

= ani(Rl+jX1)
“OR (X +X,)

(14)

3. MATERIAL AND METHOD

Table 1. Spindle motor specifications

Parameter Value
Inner diameter of stator (mm) 70
Outer diameter of stator (mm) 120
Length of the stator core (mm) 120
Outer diameter of rotor (mm) 69.3
Inner diameter of rotor (mm) 38
Number of stator/rotor slot 36/32

Stator

Figure 2. Definition of factors

In this study, an industrial spindle motor
design, which had a rated output of 14 kW, four
poles, a A connection, and 380 V, rotating at 21000
rpm with the general specifications listed in Table
1. An optimized stator winding geometry was based
the rotor geometry of the current industrial spindle
motor design. The optimal parameter definitions
and design levels classification of those factors are
corresponding to five design variables, denote as ¥,
W, X, Y, and Z as shown in Figure 2. Each factor
consists of five levels.The factor-level
combinations are listed in Table 2.

A statistical analysis was applied for
optimization [21, 22], as shown in Figure 3, with
efficiency and torque as objective functions. The
optimized stator winding was verified using FEA
[1]. The optimal stator geometry design results are
listed in Table 3. The prototype high-speed spindle
motor was developed according to the proposed
Taguchi method design results [19]. The stator
material used was 35H250.

To make a fair comparison in this study,
circular closed rotor slot type of squirrel cage was
used for all stator designs. The circular closed rotor
slots were designed by copper rotor bar and end
ring conductor type. These features guided the
magnetic flux from the stator to the rotor and
reduced the eddy current loss, rotor resistance, and
rotor slot leakage reactance. Thus, these features
increased performance of the spindle motor.
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Table 2. Design levels classifications

Factors Definitions 1 2 3 4 5
\ Useful slot area (As) (mm) 5.5 6.5 7.5 8.5 9.5
\ Slot higher width (bs2) (mm) 4 4.4 4.8 5.2 5.6
X Stator length (L) (mm) 110 120 130 140 150
Y Wire diameter (mm) 0.381 0.511 | 0.643 0.767 | 0.912
Z Number of winding turns per slot (coil) 24 36 48 60 72

Table 3. Design optimization results

Optimization results
Parameter Industrial Hooke- Taguchi RSM
design Jeeves method
Outer diameter of stator (mm) 120 120 120 120
Inner diameter of stator (mm) 70 70 70 70
Useful slot area (4s) (mm) 11 9.5 5.5 8
Slot higher width (bs2) (mm) 5 5.6 5.6 4.8
Stator length (L) (mm) 120 140 110 120
Winding turn per slot (coil) 60 48 48 48
Wire Diameter (mm) 0.607 1.151 0.767 0.767
Table 4. The effect of stator parameter changes
Industrial Hooke- Taguchi
Parameter design Jeeves Method RSM
Stator resistance (Ohm) 1.39 0.196 0.271 0.447
Stator current (A) 18.79 16.42 17.22 16.71
Stator current density (A/mm?) 37.73 7.03 11.78 18.07
Stator thermal load (A%/mm?) 736.21 151.28 265.59 395.29
Copper loss stator winding (W) 580.51 158.76 241.46 374.71
Spindle motor specification
v
Stator winding geometry
v
Development of stator winding geometry
I . RSM
; HB0RE Jeenes Taguchi method [19]
i . . ) 1. Design variable selection
L Design '\-'.arlabl.e SEIe?tlou. 1. Design variable selection 2. DOE with CCD Ly,
2. Geome.tmclal dlmenlsmns in FEM 2 O 'th;:ogonal sy e 3. Contour plot
3. Set objective functions 3 Main cffect plot 4. Effect of synthesized
i | 4. Exploratory search movement 4 ANOVA parameter
2' ];)alt plorane vl 5. Select optimal values 5. ANOVA
' clect OPuFlla ratnes 6. Model verification 6.  Aftaining optimal design
7. Model verification 7 Modél verification
A—— — i 1
b 4 v
Proposed design : :
: Proposed design Proposed design of
g quk_e-]gex oA of Taguchi method RSM
optimization -
v

Magnetic flux linkage evaluation and comparison

Figure 3. Flowchart of design optimization
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Table 5. ANOVA results

Factor SS d.f Mean sq F Prob > F
\ 0.1358 4 0.034 0.5694 0.701
\Y 0.4609 4 0.115 1.9321 0.269
X 1.4190 4 0.355 5.9476 0.056
Y 0.2533 4 0.063 1.0614 0.477
Z 126.3327 4 31.583 529.4986 0.00001

Error 0.2386 4 0.059

Total 128.8404 24

Table 6. The effect of difference number of winding turns per slot

Parameter The number of winding turns per slot
72 60 48 36 24
Copper loss stator winding (W) 894.93 426.721 411.09 762.531 712.351
Iron core loss (W) 483.79 162.123 259.59 362.65 350.35
Magnetization current (A) 1.687 3.596 8.447 6.129 6.023
Stator teeth flux density (T) 0.991 1.139 1.163 1.152 1.121
Stator yoke flux density (T) 0.405 0.567 0.748 0.652 0.644
Air gap flux density (T) 0.376 0.512 0.612 0.563 0.551
Table 7. Simulation and experimental results
Optimization and experimental results
. Taguchi
Parameter Indu§tr1al Hooke- RSM | method | Experimental Eﬁror
design Jeeves [19] (%)
Stator leakage reactance (Ohm) 2.967 2.746 2.351 2.291 2.353 2.63
Stator magnetic flux linkage (Wb) 0.082 0.086 0.085 0.085 0.084 1.19
Maximum torque (Nm) 3.12 7.56 7.65 7.86 7.86 0
Efficiency (%) 86.45 92.38 92.35 92.97 92.15 0.89
8
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Figure 4. Main effect of stator leakage reactance

4. SIMULATION AND EXPERIMENTAL
RESULTS

Table 3 shows that a short of the stator
length requires small values of ks, bs;, and wire
diameter (such a design can be obtained through the
Taguchi method). The proposed optimal design
facilitates reducing the stator resistance through
shortening the coil length and preventing an

increasing in the stator current density, stator
thermal load, as well as maintaining the flux density
distribution equitable to the coil area. The slot
cross-sectional area available for the number of
winding turns per slot decreases, and consequently,
the stator current density and copper losses to stator
winding increase. Thus, an appropriate the wire
diameter can be a solution.
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Figure 7. Flux density characteristics at difference the number of winding turns per slot, (a) 72, (b) 60, (c) 48, (d) 36,

(e) 24.
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Table 8. Flux density characteristics
Parameter Indu.strlal Hooke- Taguchi RSM
design Jeeves method
Stator teeth flux density (T) 1.085 1.164 1.629 1.193
Stator yoke flux density (T) 0.555 0.746 0.755 0.791
Air gap Flux density (T) 0.415 0.517 0.618 0.581

The proposed designs of Hooke-Jeeves and
RSM use appropriate wire diameters, as listed in
Table 3. To investigate stator leakage reactance,
analysis of variance was applied, and the results are
listed in Table 4. The stator leakage reactance is
greatly influenced by the number of winding turns
per slot.

Furthermore, the influence of each factor
on the stator leakage reactance is shown in Figure 4
and Table 5. Figure 5 represent higher the number
of winding turns per slot produces higher stator
leakage reactance and generates lower magnetic
flux linkage. High stator current (Figure 6) in the
stator winding turns to be stator slots leakage
reactance, end turns leakage reactance, and air-gap
leakage reactance.

High numbers of winding turns per slots
and high stator leakage reactance also reduce the
transfer of electromagnetic force from the stator
winding to the rotor. This increases copper loss to
stator winding and iron loss, but reduces
magnetizing current, stator teeth flux density, stator
yoke flux density, and air-gap flux density, as listed
in Table 6.

The flux density characteristics for
different the number of winding turns per slot are
shown in Figure 7. Generally, high flux density can
be found at the stator teeth and rotor surface.

Table 7 compares the data of the spindle
motor between the industrial design, proposed
optimal design (Hooke-Jeeves, Taguchi method
[19], and RSM), and experimental results at speeds
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of 21000 rpm. The proposed optimal design
produces lower leakage reactance and higher stator
teeth flux density, stator yoke flux density, and air-
gap flux density than does the current industrial
design, as shown in Table 8. High magnetic flux
density in the proposed optimized spindle motor
induces increasing magnetic flux linkage from the
stator to the rotor (Table 7), torque (Figure 8), and
efficiency (Figure 9).

As shown in Table 7, the percentage errors
between the simulation of the Taguchi method
optimal design and the experimental measurement
results at rotational speeds of 21000 rpm, the
percentage errors in the stator leakage reactance and
flux linkage are 2.63% and 1.19%, respectively.

A possible cause of the measured
experimental values being higher than the simulated
values is a slight change in the value for the stator
slot geometry caused by the manufacturing process.
Therefore, the high speed might have caused a high
stator slot difference coefficient, leading to a high
stator leakage reactance. Overall, the measured
experimental results are in favorable agreement
with the simulation results.

The essential characteristics regarding with
this research is the stator slot geometry, winding
turn per slots, and wire diameter that can generate
current along the surface of the stator core with a
sinusoidal distribution, than maintaining the
magnetic flux in proportion to the coil area. The
current concentration in the slots is caused by high
frequency. It affects the concentration of the
magnetomotive force (MMF) and causes current
and torque ripple [4, 25].

The stator slots support for optimal supply
current in the stator winding to produces a stronger
magnetic flux distribution in the stator slot-air gap-
rotor slot. Moreover, a stator teeth zone MMF is
formed along the stator teeth-air gap-rotor teeth
path. As well known, the magnetic field generated
using the MMF distribution along the air gap
weakens comparison with the magnetic field at the
stator and rotor slot opening [15-18].

When the teeth zone is saturated, by the
flux leakage, the induction distribution produced by
the fundamental MMF waveform along the air-gap
is distorted, causing higher flux pulsation density
loss and iron loss. This is defined as Carter’s
coefficient and crucial for evaluating the
performance of induction motor [3, 26].

When the spindle motor produces higher
stator flux leakage, it is iron loss and magnetic flux

leakage is also higher. Therefore, the efficiency and
torque of the spindle motor reduces, as shown in
Figures 8 and 9, causing the magnetic flux line
distribution produced by the stator winding in the
stator slots to split into zigzag leakage, slot leakage,
end turns leakage, additional power loss,
magnetizing reactance, and lower magnetizing
current. Higher iron loss and stator slot leakage
cause lower stator teeth and air gap flux density, as
shown in Fig 10.
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Figure 10. Relationship of stator slot leakage, iron loss,
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Figure 11 shows the characteristics of
stator leakage, flux leakage with magnetizing
current and magnetizing reactance. Lower stator
leakage reactance and leakage, it is will produces
higher magnetizing current and lower magnetizing
reactance. Increase magnetizing reactance will
increases travelling mmfs from stator winding to
the rotor. Thereby increasing torque and efficiency
as well as reduce the additional power loss, as
shown in Figure 10.

Increasing the magnetizing current will
cause an increase of the stator teeth and air gap flux
density, as shown in Figure 12. Increase stator flux
density affects the decrease of iron loss in the
spindle motor, the induced current in the stator
winding converted into higher mmfs in stator teeth
and air gap flux density, thereby increasing power
output.

The slot leakage distribution depend on
notably on the slot geometry and less on the teeth
and back core saturation, it is also depend on the
current density distribution in the slot which may
become non uniform due to eddy currents (skin
effect) induced in the conductors in slot by their
mmf leakage flux. Higher flux leakage may produce
space flux density harmonic in the air gap, there

will be both a stator and a rotor differential
inductance.

The fundamental characteristics from this
stydy is the optimal design of the stator slot
geometry, winding turn per slots, and wire diameter
that can generate current along the surface of the
stator core with a sinusoidal distribution, than
maintaining the magnetic flux in proportion to the
coil area. When the teeth zone is saturated, by the
flux leakage, the induction distribution produced by
the fundamental MMF waveform along the air-gap
is distorted, causing higher flux pulsation density
loss and iron loss. Figure. 13 illustrates the plot of
stator leakage and iron losses according to the stator
parameter (RSM Results).

The Iron loss increases if parameter 4s and
bs; increase, and the high winding turns per slot and
bs; cause higher stator leakage. The small wire
diameter and his can produce lower iron loss. To
produce a low stator leakage, the winding turns per
slot and As should be lower. Moreover, hs
parameter influences the iron loss. A higher hs
parameter produces high stator leakage and iron
loss, It is shows, to produce the best performance of
spindle motors with lower iron loss and stator
leakage reactance needed appropriate between
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stator parameter. The relationship among the stator
leakage, magnetic flux leakage, iron loss, and
efficiency can be derived. When the spindle motor
produces higher stator leakage, it is iron loss and
magnetic flux leakage is also higher. Therefore, the
efficiency and torque of the spindle motor reduces.
Causing the magnetic flux line distribution
produced by the stator winding in the stator slots to
split into zigzag leakage, slot leakage, end turns
leakage, additional power loss, magnetizing
reactance, and lower magnetizing current. Higher
iron loss and stator slot leakage cause lower stator
teeth and air gap flux density.

The result shows that shorting the stator
length requires small values of ks, bs,, and wire
diameter (such a design can be obtained through the
Taguchi method). The proposed optimal design
facilitates reducing the stator resistance through
shortening the coil length and preventing an
increasing in the stator current density, stator
thermal load, as well as maintaining the flux density
distribution equitable to the coil area. The slot
cross-sectional area available for the number of
winding turns per slot decreases, and consequently,
the stator current density and copper losses to stator
winding increase. Thus, an appropriate wire
diameter can be a solution.

5. CONCLUSION

To evaluate the flux linkage and iron loss
characteristics of the stator winding designs, four
analyses are described, namely flux linkage FEA,
stator leakage reactance and flux linkage analysis,
analysis of stator leakage and magnetic flux linkage
effects on the torque of spindle motors, and iron
loss analysis. In this study, several different
topologies of stator winding geometry are obtained

using  Hooke-Jeeves  optimization, Taguchi
methods, and response surface methodology
(RSM).

Compares the data of the spindle motor
among the former design, proposed optimal design
(Hooke-Jeeves, Taguchi method, and RSM), and
experimental results at speeds of 21000 rpm. The
proposed optimal design produces lower leakage
reactance and higher stator teeth flux density, stator
yoke flux density, and air-gap flux density than
does the current former design. High magnetic flux
density in the proposed optimized spindle motor
induces increasing magnetic flux linkage from the
stator to the rotor, torque and efficiency.

Some stator winding geometries, obtained
using  Hooke-Jeeves  optimization,  Taguchi
methods, and RSM generated lower stator leakage

reactance and greater magnetic flux linkage than
does the current industrial design. Thus, the
proposed design topology advances the field by
offering greater than usual torque and efficiency.
Comparison between simulation and experimental
showed an overall percentage of error of
approximately 2%. Furthermore, the proposed
design topologies are reasonable for machine tool
applications at speeds of 21.000 rpm.
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