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ABSTRACT

A tolerance analysis is important in electric machine
industry for improving product robustness and reducing
production costs. Therefore, Stochastic simulation is
required to evaluate the uncertaimy because the tolerance
analysis requires yielding the uncertainty of design
variables. This paper presents a new way of tolerance
analysis using stochastic response surface methodology,
which is one of the stochastic simulation methods, in
electric machines.

INTRODUCTION

The design of electric machines needs to consider the
proper allowance of dimensional tolerances on
manufacturing them. In general, small tolerances in
manufacturing processes result in  increase of the
production cost but large tolerances give less expensive
one [1, 2]. On the other hand, dimensional tolerances of
clectric machines can affect their performances in the
electrical point of view. Therefore, finding the proper
band of tolerances are interesting to the designer and
manufacturer. So, in the design stage of electric machines,
the design puide of tolerances of design variables is
required.

Such a tolerance is defined as uncertainty of design
variables.  Stochastic  simulation  treats  uwsually  the
uncertainty of design variables as random parameters.
The general method for the tolerance analysis is Monte
Carlo Simulation. However, the outstanding disadvantage
of this method is that it requires a great number of
computations to  have an acceptable precision of
statistically significant results, The number of the samples
will be very much, with very high computational costs,

In order to overcome this point, this paper proposes the
method of the tolerance analysis by using Stochastic
Response Surface Methodology (SESM). The SRSM,
which is one of the techniques of statistical approximation,
approximates the output function by using a polynomial
fitting and calculates specific statistical quantities of
outputs [1, 3]. These quantities of both input and output
uncertainty are used to define patterns of their variability
and to achieve the tolerance analysis in electric machines.
As an Example, Tolerance analysis using SRESM is
applied to design for a synchronous generator,

CONCETP OF STOCHASTIC SIMULATION

The SREM deals with all input parameters in terms of
random  variables, which has the standard normal
distribution, N(0,1) [3]. The uncertainty in the i-th input
of the model, x;, 15 transposed properly as a function of
the i-th standard random wvanable, £, by applying an
appropriate transformation. The second order polynomial

approximation of the uncertainty between the outputs and
inputs 15 addressed by the series expansion of standard
random variables in terms of polynomial chaos expansion,
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where » is the number of standard random variables used
to represent the uncertainty input in the model and the
coefficients g is the unknown coefficients 1o be estimated.

ELEMENTARY STATISTICS FOR EVALUATING
TOLERANCE

In this symmetrical distribution, the tolerance band of
design variables is easy to quantify in terms of the
percentage of the area that will occur between one, two or
more standard deviation from the mean g as follows [2]:

Arx=4no (n=1213) (2)
Modeling variation of outputs according to tolerance of
design variables is made by SESM. From a set of N
samples, the basic moments of the distribution of an
output y; can be calculated as follows [2]:
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where, 1, is a mean, o f., is a variance and o, is a
standard deviation, f; ,(v.3;) is a joint probability density
function, Fy; {v:») is a joint cumulative distribution
function, respectively.

CASE STUDY FOR TOLERANCE ANALYSIS
A, Model and Defining Desion Variables Framework

The applied machine is a single phase 200{W)
symphonious generator as shown in Fig. 1 {a). The stator
has 16 slots, 2 layer and short pitch (3/4) winding, and the
rotor is built of 4 title of radial magnets, bonded NdFel:
magmets, The no-load EMF waveform of synchronous
generators is a criterion of performance assessment and
the maximum distortion factor of the output voltage is
specified in the literature [4]. In designing a generator, the
design puide of its design variables required to evaluate
the variation of the distortion factor of the output voltage.
In order to apply the tolerance analysis regarding design
variables on the gencrator, three design variables of the
generator are defined as shown in Fig. | (b).

8. Field Computation Framewsark

The magnet field within the generator is computed using
the two-dimensional finite element method (2-D FEM).
The analysis domain comprises a fourth model of the
whole generator and periodic conditions are used as
boundary conditions of analysis model.
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(a) Analysis model
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(b} Design vanmables
Fig. 1. Analysis model of the single-phase generator

TABLE |
BOMENTS REGARDING TOLERANCE OF DESIGH VARLAHLES
T Lo Oy
G s atAn, = £10%  alAv, = £5%
Frale-nre (x;) T2.68 (deg.) 2,423 1,211
Taper (x: 2.39 (min) (1.0 (b, (b
Shew (xa) 307 {edew.) 102 0051

o Framework for Evaluwating Tolerance

In order 1o consider uncertainty of design variables, the
mean () and standard deviation (o) of them are
obtained from (2). The tolerances of design variables are
regarded as 3o and their distribution are assumed as
normal distributions, and the fundamental moments of
design variables are calculated with assuming uncertainty,
which is [0(%) and 5(%), respectively. Table | presents
the moments of design variables,

RESULTS FOR EVALUATING TOLERNACE

When the manufacturing process is running at the
design variable tolerance of 10 (%) based on the three-
sigma level. The joint probability distribumtion of the
induced voltage and distortion factor is shown in Fig. 2.
In order to reduce scatter of the ouwlputs from their
population, design variables need to run at a tighter
tolerance than 10 (%), such as 5(%).

5
_.J *
s
JM;"“'l. : T L
“*"n, - e
Fig. 2. Predicted joint probability distributions at the 10% tolerance
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Fig. 3. Senzitivities of each design vaniable

The scatter of population of outputs at the design variable
tolerance of 5(%) gravitates toward the means of the
outputs. However, if all design variables are regulated
with tight tolerance, the manufacturing cost is increased.
The sensitivity, which is obtained from variance analysis,
of each effect for three design variables, is shown in Fig.
3. From the resulis of variance nnalysis, the pole-are (x;)
needs to be controlled with a tighter iolerance than the
others, The results according 1o running tolerances are
compared with each case and then they are shown in Fig 4.
These results show, when the pole-are (x;) is controlled
with a proper tight tolerance and the tolerance of the
others are is regulated with loose tolerance, the scatter of
population of outputs extremely centralizes in the means
of the outputs, compared that all design variables are
regulated with tight tolerance,

CONCLUSION

Al design stage of electric machines, the design guide
of tolerances is required to guarantee the robustness of the
performance and to reduce the manufacturing costs on
electric machines. This paper proposed the new method
for the tolerance analysis and this method is applied to
estimate the varation of the performance of the no-load
EMF according to dimensional tolerances of design
variahles. The proposed technique for the tolerance
design will effectively assist in predicting the variations
of their performances and production quality.
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