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Abstract. This paper proposes optimal designs of three
closed rotor slots geometries for reducing the rotor leak-
age reactance and increasing the starting performance
of high-speed spindle motors. The optimal designs were
developed using the response surface methodology and
Finite Element Method (FEM). Three closed rotor slot
geometries, namely closed, round, and oval were in-
vestigated through FEM calculation and validated by
experimental measurement for improving starting per-
formance parameters such as starting current, starting
torque, magnetic flux linkage in starting condition, and
efficiency. In this study, a starting performance analy-
sts, including the alternative equivalent circuit method
and flux linkage FEM analysis, was employed. The re-
sults show that among the three slot geometries, the
optimal design of the circular closed rotor slot pro-
duces the lowest rotor leakage reactance and the highest
magnetic flux linkage, starting torque, and efficiency.
A comparison between the simulation and experimen-
tal results validated the accuracy of the proposed model
with percentage error being approrimately 8 %.
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1. Introduction

The manufacturing of high-speed spindle motors has
become a frequently researched crucial topic recently,

because of their wide use in various industries, from
traditional machining to modern precision manufactur-
ing. The advantageous characteristics of spindle mo-
tors are a quick response, high torque, high efficiency,
a compact structure, small inertia force, and great dy-
namic properties [7]. Because of the skin effect and
leakage flux saturation, the rotor slot geometry serves
as a variable function for obtaining a quick response
in a spindle motor, which may reduce rotor leakage
reactance and changes in electromotive force. This af-
fects the starting performance of the spindle motor.
Various design of the closed rotor slot geometry of the
spindle motors have been widely developed to improve
the starting torque and thus achieve a quick response,
maximize torque for load stability, and increase effi-
ciency for energy saving without a substantial increase
in simulation time.

Substantial improvements from previous studies
have shown that the rotor slot geometry design plays
a critical role in improving the motor performance,
because torque speed characteristics are largely deter-
mined by the rotor configurations [9], [10], [I4], [19] and
[20]. Among various rotor slot designs developed thus
far, the closed rotor slot type is most suited for high-
speed spindle motor applications because it reduces the
mechanical problems caused by very high-speed motors

4.

This type successfully exploits the skin effect to ob-
tain specific performance characteristics such as a high
starting torque and a high breakdown torque and effi-
ciency [I7]. The cross-sectional area of the closed rotor
slot affects the rotor resistance and rotor leakage reac-
tance as well as the starting performance of the spindle
motor [3], [6], [7], [9], [15] and [16].
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Analysis of the induction motor starting perfor-
mance has considered the skin effect and leakage flux
saturation with cast aluminum and copper rotors, in-
cluding the effects of saturation on inter bar current
[3], [4] and [11]. Rotor slot geometries with high torque
and efficiency for high-speed operations can be devel-
oped through multi-objective optimization [20], equiv-
alent circuit model coupled to a finite element field
model [5] and [I7], and Response Surface Methodol-
ogy (RSM) coupled to a finite element model [7]. The
statistical experimental methods RSM and Design of
Experiment (DOE) have been widely used in practi-
cal engineering design optimization problems [2], [5],
[12], [13] and [22]. These methods involve collecting
statistical data for developing models, experimenting,
and evaluating the effects of various variables and lev-
els on optimal design parameters [I8]. Furthermore,
in this study, the RSM, DOE, and FEM were used to
obtain an optimal value for three closed rotor slots ge-
ometries, namely circular, round, and oval for reducing
the rotor leakage reactance and increasing the starting
performance of high-speed spindle motors.

The starting performance analysis considering the
rotor leakage reactance and flux linkage FEM analysis
was developed in order to investigate the effect of ro-
tor leakage reactance. The main purpose of this study
was to develop a rotor geometry that is suitable for
machine tool applications that are running at a high-
speed of 3000-21000 rpm. Finally, a prototype spindle
motor with the optimal circular closed rotor slot design
was fabricated and tested to confirm the FEM simu-
lation results at 3000, 12000, and 21000 rpm through
the IEEE standard 112-F1 test [g].

2.  Methodology

A crucial characteristic to consider in the electromag-
netic design of the spindle motor is rotor leakage reac-
tance, which substantially influences the motor’s start-
ing performance. In this paper, the starting perfor-
mance is analyzed in three ways: the normal start-
ing conditions calculation, analysis of the starting per-
formance considering rotor leakage reactance, and flux
linkage FEM analysis. Then, evaluation of the stator
analysis, response surface model construction, and de-
sign of experiment process were developed to predict
an optimal design of the rotor slots.

2.1. Normal Starting Condition

Analysis Methods

The starting current and torque of a spindle motor
during normal starting condition can be calculated us-
ing the equivalent circuit model (Fig. . The starting

Fig. 1: A phase equivalent circuit model of induction motor,
where V7 is the phase voltage, R is the stator resis-
tance, X7 is the stator reactance, and X,, is the mag-
netizing reactance, and R2 is the rotor resistance, X2 is
the rotor reactance, s is the slip, I, and I are the line
and rotor current, respectively.

torque (Ts:) as a function of the terminal voltage and
starting current (I;) can be expressed as follows [6]:

7 Vi
st — n . .
. (R +jX2) j Xom (1)
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(Ri+j 1)+R2—|—j(X2+Xm)
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2.2.  Analysis of Starting

Performance Considering Rotor
Leakage Reactance

The rotor resistance of a spindle motor during the
starting condition can be obtained as (Boldea and
Nasar, 2010):

KC CC Tr L2

T 3)

Tost =
where K. is the skin effect coefficient, Lo is the length
of rotor bar, A, is the section area of the rotor bar,
r,- is the bars resistance, and C, is the complementary
coefficient for copper rotor (C. = 1). Stator leakage
reactance during the starting condition is defined as
follows:

_1.58 fw% Ly
Pid1

Xt (Ast + Adst + Aest) - 1077 (4)

Rotor leakage reactance during the starting condi-
tion can be expressed as:

x — TOfLopim (wikac)”
" N, (5)
. ()\rt + )\drt + )\T + )‘sk:st) . 10_8,

where w; is the number of winding turns per phase,
p; is the number of poles per pair, ¢; is the number
of stator slots per phase per pole, NNV, is the number of
rotor slots, kq4. is the winding factor, Ly is the stator
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core length, f is the frequency, g and \.; are the
stator and rotor difference coefficients, Ags; and Mgt
are the stator and rotor permeance, A.5; and A, are the
stator and rotor permeability coefficients. The starting
current (I;,.) resulting from rotor leakage reactance can
be expressed as:

Vi

Ilr = .
\/(Rl + Ro)? + (Xt + Xpt)®

(6)

Based on the rotor resistance, the stator leakage re-
actance, the starting current, the rotor leakage reac-
tance, and the rotor magnetic flux linkage during the
starting condition can be calculated using the alterna-
tive equivalent circuit method as [5]:

_ V2Vi — Larase — Dnjom (Xse + Xot))|
w L’rnl '
" Lm2
The starting torque T g resulting from the starting

current can be calculated as:

_ 3RoIyp;

m

w,

(7)

Tir (8)

R
3p V2
T, = s

% o
Wm (Rl + Cms> + (Xst + CmX'rt)

To ensure, that the characteristics of the starting
torque and torque-speeds resulting from the rotor leak-
age reactance are only defined and controlled by the
rotor slots geometry, at one time the stator winding
configurations is fixed. The torque characteristics can
be expressed as Eq. @

2.3. Flux Linkage FEM Analysis

The rotor configuration of the high-speed motors
should have high magnetic permeability with few eddy
current losses, because the rotor converts electrical
energy into mechanical energy through magnetic flux
linkage. However, not all flux lines create flux linkage
between the stator and rotor windings, and minor flux
leakage is observed at the slots, air-gap (zigzag leak-
age), and end turns [I1], [I7] and [2I]. The slot flux
leakage crosses the slot width at various slot heights.
This paper presents flux linkage FEM analysis for bal-
anced sinusoidal magnetizing current in windings A,
B, and C. The magnetic flux in the vector potential
A can be expressed as Eq. 7 by 2D Maxwell equa-
tions for magnetic potential transient FEM analysis
Eq. [11], and through flux linkage FEM analysis

by using the Euler equation of the nonlinear energy
function Eq. (12).
(52) dr,

A= 47 ,

r
2 i% +2 i% — %+J*O
Ox \ o O Oy \ o Oy Tt -
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where A is the magnetic potential, g is the permeabil-
ity of the material, L,, is the length of the homogeneous
conductor, r is the radius vector from the axes to the
conductor, o is the equivalent conductivity of the rotor
bar, J is the current density at time (¢), and B and b
denote the magnetic field. In this study, three topolo-
gies closed rotor slots were designed by copper rotor
bar and end ring conductor type. It is used to guide
the magnetic flux from the stator to the rotor, and pos-
sible to reduce the eddy current loss, rotor resistance,
and rotor slots leakage reactance caused by the rotor
bar current and the rotor frequency to increase starting
performance.

(10)

(11)

2.4. Initialization, Evaluation, and
Parameter Analysis of the

Rotor Slot Geometry

In this study, spindle motor specifications were ob-
tained from an industrial spindle motor design with
a rated power of 7.5 kW, four poles, three-phase, and
a delta connection. The general specifications for the
spindle motor are listed in Tab. [1} and the optimization

process (Fig. [2).

Tab. 1: Spindle motor specifications.

Parameter Value
Outer diameter of stator (mm) 90
Inner diameter of stator (mm) 55
Length of the stator core (mm) 110
Outer diameter of rotor (mm) 54.5
Inner diameter of rotor (mm) 33
Number of stator slot 24
Number of rotor slot 20

A fish-bone diagram was developed to investigate
the most important parameters of the rotor design to
achieve the objective function. The variable domain,
data collection, and variable function were developed.
Three closed rotor slot geometries were examined in
this design optimization (Fig. [3)).

The starting performance and rotor leakage reac-
tance are a function of rotor geometry parameters by,

bs2, and hyo (Fig. [4).
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A4

Initialization. evaluate. and 1.  Evaluate of influence rotor geometry (developed
e ' fish-bone diagram to obtain effect of rotor geometry
parameter analysis O_f the rotor to the torque and efficiency of the spindle motor)
geometry design 2. Determine of variable domain
\2 3. Data collection
. i . 4, Variable function
Design variable selection 5. Find out of rotor geometry to be factor and levels
T for RSM in DOE process
- W. 1.  Create CCD
Design variable and 2. Create of objective function
experiment using CCD inN 3. Second order model formula
experiment frequency 4. Evaluate levels of combination variables
v
' EEM Routine | 1. Experimentand calculation process
. . e — 2. Change of the coordinate variables
Pon_nvanable TR 3. Listed of data tabulated
coordinate change i Startingtorque,and i | 4.  Evaluate the data tabulated to achieve objective
with regarding 1 efficiency calculation | function
design variable : ' | 5. Create of relationship between response and
significant variable
6.  Predict the optimal value of variable
- 1. Select of optimal value of the variable
Select optimal 2. Analysis of Variance (ANOVA)
data 3. Model validation

End

Fig. 2: Flowchart of design optimization.

Rotor configuration

Fig. 3: Three topologies of closed rotor slots, (a)-circular closed
(CC), (b)-round closed (RC), (c)-oval closed (OC).

Fig. 4: Round closed rotor slot.

The experiment variable and objective functions are
defined in Tab. 2

The primary objective of the design variable selec-
tion is to reduce the enormous number of design vari-
ables required to define the closed rotor slot geometry.
A Central Composite Design (CCD) process was used
in this optimization to find a suitable rotor geometry.

Tab. 2: Spindle motor specifications.

Rs(l)z(t)r Par. ll\\/l/l?l); Objective functions
Circular | 0.1 < hge <0.3 -
closed 3 < b:l2 < 5 Maxm-uz? fi (@) =TLr
(mm) 30, <3 Max1mlz'e fo(z)=n
Round | 2< hay <3 XsukgeCt;OX‘
closed [ 15<0bs <3 L=% =t
(mm) 350, <5 where, x is variable vector,
= ’s2 = X1, and Xy is lower
Oval 2Shso 3 and upper lli]mit of the
< <
C(fji()i g = I;S; = i design variable
— S —
2.5. Response Surface Model

Construction

The Experimental designs of the RSM with CCD were
used to develop the approximation model and to per-
form optimization. In this optimization, the objective
functions were a starting torque > 3 Nm and efficiency
> 90 %, and the constraints were the starting current,
rotor leakage reactance, magnetic flux linkage, and ro-
tor current. To create response surface and searching
for spaces fitting a second-order model, CCD technique
was used [I8].

The coefficient is solved through regression analysis
and the best-fit quadratic is obtained. The purpose of
this process is to ensure an optimal combination. After
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the analysis, the predicted optimum results must be
verified by conducting experiments with an optimum
combination of factors. If the result of the optimum
design is within the permissible limit, the predicted
result is verified. Otherwise, DOE should be repeated
until optimum design results are achieved.

2.6. DOE Process

The DOE points are generated using ANSOFT
Maxwell v14 to conduct FEM routine [I]. The vari-
ables and levels that produce greater torque and effi-
ciency from FEM routine are tabulated. If the exper-
imental frequency results do not exceed the objective
value, the variable coordinate point must be upgraded
to achieve the objective function. Evaluation of the
tabulated data and analysis of the relationship between
response and significant variable to facilitate the selec-
tion of optimal value of the rotor slot geometry were
conducted.

2.7. Selection of Optimal Value

Finally, DOE was created in RSM by using the data ob-
tained through the FEM within an established range.
The regression coefficients were estimated to establish
second-order polynomial models, to measure the lev-
els of significance and sufficiency, and to represent the
relationship between the response and the significant
variables. Thus, the prediction of the optimal value of
the rotor slot geometry as well as the quadratic and
interactions terms of the model were determined by:

To = —%B—la (13)

where b is the first-order regression coefficient, B is
matrix order k, and xg is the matrix of parameter es-
timates. Thus, the optimal value of the rotor slot ge-
ometry can be predicted using:

real value of x — (%)

T = c , (14)
(3)
where:
m = py +pr, (15)
c=pu —pL. (16)

The optimization results are shown in Tab.
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Tab. 3: Optimization results.

Parameters Circular | Round Oval
closed closed closed
hs (mm) 0.2 2.48 2.89
bs1 (mm) 5 1.69 4
bs2 (mm) 5 5 4

3. Simulation and
Experimental Results
3.1. Analysis Effect of Stator

Leakage Reactance
Figure Fig. and Fig. shows the contour

plots for torque prediction attributable to rotor leak-
age reactance and rotor slot leakage reactance varia-
tion in the three closed rotor slots geometries. The
figure shows that the rotor slots and rotor leakage re-
actance influence the torque generated by the spindle
motor, a higher rotor leakage reactance produces lower
torque. The contour plots facilitated the optimization
process for obtaining the optimal design of the rotor
slots. Rotor slot geometry changes, which alter the
rotor resistance, if it is not in accordance with the cur-
rent that can pass through the rotor bars, lead to an
increase in the rotor leakage reactance and magnetic
flux leakage generated by the rotor.

Circular Closed rotor slot

Torque

6545

Rotor Skt Leakage Reactance

795 800 85 810 8IS 87570 87375 87380 87385 87390
Rotor Leat nce Rotor Leal ctance

(a) Circular closed rotor slot.  (b) Round closed rotor slot.

Oval Closed rotor slot

Torque

f oo
§ oo
£ oo
§oos
% oo
e

6615

810 811 812 813 814 815 815 817
Rotor ance

(c) Oval closed rotor slot.

Fig. 5: Contour plots.

Figure [6] shows 2D FEM results from transient field
analysis of the magnetic flux distribution of the stator
and rotor configurations. Generally, high flux density
occurs in the stator teeth and on the rotor surface.
High rotor leakage produced by the industrial design
and the round closed rotor slot causes low magnetic
flux density at the rotor teeth, yoke, and air-gap, as
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Tab. 4: Optimization results.

Parameters Circular | Industrial | Round Oval
closed design closed | closed
Rotor leakage 13.46 18.78 1519 | 14.83
reactance ()
Rotor-teeth flux
density (Tesla) 1.79 0.83 1.60 1.63
Rotor-yoke flux
density (Tesla) 0.33 0.27 0.30 0.37
Air-gap flux
density (Tesla) 0.54 0.45 0.46 0.53

Blteslal

. 2.2270e+000

2.0678e+000
1,9486e+000

Fig. 6: Magnetic flux line distributions in three closed rotor slot
in 21000 rpm.

1.53102+000
1.39192+000
1.2527e+000
1.1135¢+000
9.74302-001
8.3511e-001
6.9533e-001
5.5674e-001
4.1756e-001
2.7837-004
1.39182-001
1.1877e-010
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(a) Phase A stator current.
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(b) Phase A flux linkage.

Fig. 7: Flux linkage FEM analysis results in starting conditions.
shown in Tab. This is because the electromagnetic

force generated by the stator winding cannot be con-
verted optimally by the rotor into mechanical torque
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(Fig. . The results of the flux linkage FEM analysis
show that the industrial design and the round closed
rotor produce high stator current (Fig. and low
magnetic flux linkage (Fig. . High rotor leakage
reactance causes low magnetic flux linkage in the in-
dustrial design and in the round closed rotor.

Figure[§land Fig. [0 represent the manufacturing pro-
cess of the optimal design of the circular closed rotor
slot and a machine quality measurement conducted
using the no-load test and machine balance analysis.
In high-speed spindle motors, rotor bar faults usually
begin from a fracture in the rotor bar. The fracture or
cracked rotor bar overheats around the crack until the
bar breaks. The rotor bars crack because of leakage
of induced current in them, gradually increasing the
asymmetry of the magnetic field. This leads to local
saturation in the stator and rotor teeth, a cracked rotor
bar, and a disproportionate distribution of the mag-
netic field in the air-gap. To avoid this problem, the
experiment was initially conducted at different rated
frequencies and voltages, and the results at 15000 rpm
are listed in Tab. Bl

Rotor
geometry

Spindle motor

Fig. 8: Prototype of circular closed rotor slot.

The rate of 500 Hz and 380 V produce the lowest
rotor current and highest starting current and torque,
flux linkage, and efficiency. Therefore, the experiment
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Tab. 5: Starting performances at difference rated frequency and voltage at 15000 rpm.

Parameters Rated frequency and voltage
400 Hz/380 V | 500 Hz/380 V | 600 Hz/380 V
Starting current (A) 12.65 12.75 11.8
Starting torque (Nm) 4.35 5.31 3.52
Flux linkage in starting (Wb) 0.154 0.161 0.151
Rotor current (A) 8.39 7.23 8.45
Efficiency (%) 86.65 88.65 88.15

Inverter and

Data regord &

Fig. 9: Machine quality measurements.

and FEM analysis in this study were conducted under
the rate of 500 Hz and 380 V.

A performance comparison of the three rotor slot
topologies based on the FEM analysis and experimen-
tal results is provided in Tab. [f] The table shows
that high rotor leakage reactance causes low magnetic
flux linkage, starting current and starting torque. The
round closed rotor slot produced high rotor leakage re-
actance and low starting current, starting torque, and
efficiency. The optimal design of the circular closed ro-
tor slot produced the highest starting torque, flux link-
age in the starting condition, and efficiency, as shown
in Tab. [6] and Fig. [I0]

Correlations between simulated and experimentally
measured parameters of the circular closed rotor slot
are listed in Tab.[6] At 3000 rpm, the percentage er-
ror was less than 5 %. At 12000 and 21000 rpm, high
percentage errors were observed in the starting torque
and rotor current. One possible reason for the higher
values of the simulated results than those of the exper-
imentally measured results is the predicted of sizes of
0.2 mm for hgy and 5 mm for by and bys.

The manufacturing process generates a value supe-
rior to the optimal design result. However, it is be-
cause of the machining process such as drilling or cut-
ting on the manufacturer who produced the rotor used
in this experiment measurement. Thus, the difference
between the rotor resistance and rotor leakage reac-
tance causes the difference in the rotor current and
starting current. Nevertheless, the measured results
are in favorable agreement with the simulated results,
thereby confirming the accuracy of the proposed high-
speed spindle motor design. This result proves that the
rotor configuration is a critical parameter for improv-
ing the starting performance of spindle motors.
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Tab. 6:

Starting performances at difference rated frequency and voltage at 15000 rpm.

Parameter Analysis and experiment results
Industrial Round Oval Circular | Experimentl Error (%)
design closed | closed closed results
3000 rpm
Starting current (A) 5.62 11.38 12.73 13.44 13.38 0.44
Starting Torque (Nm) 5.12 4.23 5.23 6.45 6.52 1.08
Flux linkage in starting (Wb) 0.166 0.169 0.18 0.188 0.186 1.06
Rotor current (A) 8.22 8.01 7.15 7.51 7.34 2.26
Efficiency (%) 50.29 63.33 63.21 72.94 73.21 0.37
12000 rpm
Starting current (A) 11.82 12.06 12.76 13.76 13.86 0.73
Starting Torque (Nm) 4.14 4.12 4.43 5.34 5.07 5.06
Flux linkage in starting (Wb) 0.172 0.17 0.175 0.186 0.183 1.61
Rotor current (A) 8.03 7.61 6.47 6.86 6.25 8.89
Efficiency (%) 72.18 78.79 87.71 87.43 86.96 0.53
21000 rpm
Starting current (A) 7.68 10.09 10.27 11.15 11.07 0.72
Starting Torque (Nm) 3.02 2.51 3.82 4.05 3.95 2.47
Flux linkage in starting (Wb) 0.1222 0.1229 0.123 0.12334 0.12335 0.008
Rotor current (A) 9.75 8.49 6.35 6.92 6.51 5.93
Efficiency (%) 82 89.37 90.00 91.44 91.14 0.33
4.  Conclusions References
This paper describes the optimal design of the rotor [1] ANSYS Maxw.ell 2D: User’s gul(.ie. Ansoft-
slot geometry for reducing rotor leakage reactance and mazwell — [online|.  2010.  Availabel  at:

increasing the starting performance by using the RSM,
DOE optimization, and FEM analysis. Three closed
rotor slot geometries, circular, round, and oval were
examined. The results show that the optimal design of
the circular closed rotor slot produces the lowest rotor
leakage reactance and highest magnetic flux linkage,
starting torque, and efficiency among the three slots.
Flux linkage generated by the circular closed slot is
the highest at all speeds up to 21000 rpm. This means
that the cross-sectional area of the rotor slots substan-
tially affects the flux linkage for converting electrical
energy from the stator to mechanical energy in the ro-
tor. The comparison between the simulation and ex-
perimental results for the circular closed rotor slot val-
idated the accuracy of the proposed model. The per-
centage error for the overall results is approximately
8 %. Furthermore, applying the model to high-speed
spindle motor in machine tool application operating
at 3000-21000 rpm are yield favorable results. Thus,
spindle manufacturers have a new reference regarding
rotor slot geometry for obtaining spindle motors with
high starting torque for quick response, flux linkage for
high maximum torque and load stability, and efficiency
for electrical energy saving.
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