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ABSTRACT

Tolerances and dimensions play a key role in the manufacturing process as it is possible to have
some deviations from the designed values, which significantly impact a product's functional quality.
On the other hand, it is known that the correlation between cost and precision is that the more pre-
cise/tighter the tolerance value required, the more expensive it is. In a permanent magnet generator,
the gap between the stator and the rotor/air gap is an important requirement for the permanent mag-
net generator to function optimally. The air gap is formed from a pile of components with certain
dimensional values and tolerance values from a permanent magnet generator. This paper analyses
the tolerance piles on generators and proposes reducing the contributing variables to the air gap
tolerance piles to reduce the tight tolerance values on the components. The proposal is based on
consideration of the ISO 2768-1 and 2768-2 standard approaches. The details of the nominal dimen-
sions of the permanent magnet generator and the allowable gap range obtained from the electrical
and mechanical design of LIPI (Indonesian Institute of Sciences) are used as input parameters for
the tolerance analysis. The tolerance value resulting from the initial design is used as a comparison
for the final tolerance value allocation. The worst-case method was chosen to carry out the tolerance
stack analysis process. Referring to the allowable air gap distance range of 0.8 - 1.2 mm, the result
of the air gap tolerance pile distance calculation is 0.81 - 1.18 mm. The smallest tolerance value
obtained was found on the rotor shaft, 0.011 mm, in the initial design, which was 0.001 mm. A
machining centre (CNC) can achieve this tolerance value during manufacturing.
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INTRODUCTION permanent magnet generator components, which
is related to the gap between the stator and rotor
that must be met. Because dimensions are very
possible to have several deviations/variations
from the initial design values , which have a very
significant impact on the quality and functional
requirements of the final product, the deviations
or variations in dimensions and tolerances must
be controlled, so from this it is very important to
analyze the determination of dimensions and
their tolerances. According to [2] who has re-
searched tolerance analysis related to the pro-
duction process of permanent magnet generators
that will be mass-produced, states that tolerance
allocation, tool selection, production process se-
lection, generator design, and production time
analysis will greatly affect the performance of
the magnetic generator. In his research, the per-
formance of the magnetic generator was ana-
lyzed using FEM including the measurement pa-
rameters of the gap between the stator and the
rotor, the cogging torque, and the power gener-
ated by the generator.

Tolerances and dimensions play a key role in the
manufacturing process because it is possible to
have some deviations from the designed values ,
which have a very significant impact on the qual-
ity and functional requirements of the final prod-
uct, as stated by [1]. This will involve different
component shapes, as well as different compo-
nent characteristics, such as component length,
hole position, pins, etc. In several standards that
refer to ASME Y14.5M and ISO 2768-1 and
2768-2 standards which explain product design,
tolerance intervals are determined based on
knowledge from company research and scien-
tific analysis to determine acceptable dimen-
sional variations and tolerances. From product
development to the final phase of production,
tolerance analysis is used to organize and man-
age efficient and profitable production processes
and ensure safety and performance on both the
production process line, operators, inspections,
and the components themselves.

In these matters, tolerances and dimensions have

a very important influence on the functioning of The impact of manufacturing tolerances on the

performance of permanent magnet synchronous
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generators has been investigated by [3]. The re-
search was carried out by measuring the air gap
magnetic flux density, air gap length, as well as
the magnetization and size of the permanent
magnet. The results of this research found that
the remanence value of the permanent magnet
used was below tolerance, the air gap distance
was smaller than specified, and the resulting air
gap magnetic flux density was lower than speci-
fied. From these results, it can be concluded that
the design must consider tolerances and quality
control of spare parts, especially the magnetiza-
tion of permanent magnets, to obtain the ex-
pected machine performance.

At the same time, there is a relationship or cor-
relation between cost and precision, where the
looser the tolerance, the lower the manufacturing
process costs, while the tighter the tolerance, the
more expensive the manufacturing process and
inspection process costs, as stated by [4]. The
manufacturing process for making a feature will
produce varying dimensions, shapes, and toler-
ances [5]. The machine operator influences the
general manufacturing process method used.
The machine operator is allowed to change the
machining parameters, and by using the inspec-
tion process, the optimal tolerance value for the
manufacturing process results can be deter-
mined. Based on this, if the manufacturing pro-
cess is very complex, it will take much time so
production costs will increase.

The tighter the tolerance, the higher the produc-
tion cost [6]. However, when product quality is
used as a reference other than just the manufac-
turing process capability, it requires not only op-
erator capability but also all aspects of the man-
ufacturing process for tolerance analysis so that
production costs can be minimized.

Stack-up tolerance analysis is used to study the
suitability of parts with tolerance zones [7]. Dif-
ferent dimensional and geometric tolerances are
given to the various component parts. When
these components are assembled, an accumula-
tion or accumulation of tolerances will arise
which plays a very important role in the assem-
bly's functionality. The process of analyzing the
accumulation of tolerance stacks requires a
stack-up tolerance analysis to calculate the accu-
mulation of tolerances on assembly dimensions,
according to the dimensions and tolerances
given to each component, along with the result-
ing consequences in relation to the assembly per-
formance of the components before and after the
assembly process.

According to [8], from the variations in dimen-
sions and tolerances on each building component
of a product from the results of the tolerance
stack analysis, optimization of component and
assembly tolerances in new designs will be ob-
tained, a balance between precision, accuracy,
and cost with manufacturing process capabili-
ties, determination of component tolerances to
guarantee the process assembly, determining the
allowable component tolerance variations ac-
cording to the assembly process, determining
whether the tolerance stack analysis will work in
the worst case or statistical conditions, determin-
ing whether the tolerance variations will affect
the assembly process, finding problems that oc-
cur during the assembly process, finding alterna-
tive designs using different components or mod-
ified components, as well as determining how
much influence changes in the assembly process
have on variations between related component
features.

This article discusses the process of stack-up tol-
erance analysis in the permanent magnet gener-
ator prototype design. The tolerance stack anal-
ysis method used in this study is the worst-case
method, which guarantees a 100% assembly fit
process, as stated by [9] in his book.

Furthermore, the tolerance value obtained will
be compared with the tolerance value from pre-
vious research to obtain the optimal tolerance
value.

RESEARCH METHOD

Referring to previous research, the tolerance val-
ues obtained from the tolerance stack analysis
process are very tight, so these tolerances are dif-
ficult to work with in general production pro-
cesses. The component tolerance values from
previous research are shown in Table 1.

1. Product Structure and Functionality Analysis

Architectural products are the embodiment of
component functions and physical components
in a product because a product is built from com-
ponents that are designed functionally and phys-
ically. The product architecture of the permanent
magnet generator is shown in Figure 1, while
Figure 2 depicts the assembly of permanent mag-
net generator component parts.

Tabel 1 Final Aloate tolerane value [10]
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2. Important Factors that Influence Component
Functionality

The permanent magnet generator will be able to
function properly if the conditions are met, in-
cluding the gap between the stator and the mag-
netic rotor must meet the specification value of
0.8 — 1.2 mm because this gap affects the coging
torque which will affect the output power of the
permanent magnet generator as shown in Figure
3 .The larger the gap, the coging torque will de-
crease, but the smaller the coging torque, the
output power of the permanent magnet genera-
tor will also decrease. Meanwhile, if the gap is
too small, the coging torque will increase, and
the greater the coging torque, the lower the out-
put power of the permanent magnet generator
will be. The gap between the stator and rotor is
formed from a pile of tolerances for the compo-
nents that make up the permanent magnet gen-
erator. So variations in the dimensions and ge-
ometry of the constituent components will cause
variations in the gap between the stator and ro-
tor. The gap variation must remain within the
allowable range of 0.8 -1.2 mm as shown in the
figure so that the gap variation must be con-
trolled.

3. Possible Component Relationships That Re-
duce Component Functionality

Efforts to ensure the functioning of the harvest-
ing magnetic generator components are to ana-
lyze and control possibilities that could reduce
the functioning of the permanent magnetic gen-
erator.

Based on the relationship diagram between
components in architectural products, the possi-
ble component relationships that contribute to
reduced functioning of permanent magnet gen-
erators include: the position of the shaft is not
on the same axis/tilt, which causes the rotor also
to experience tilt and this affects the gap be-
tween the rotor and the stator (Figure 4),
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Energi
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ture

front endshield |~ rear endshield

rotor

front bearing

rear bearing

___________ o _=—————paros

Figure 2 Half cut of Permanent Magnet Generator Com-
ponent Assembly

the relationship between the shaft and the bear-
ings is not correct or tilted which is a result of
the shaft geometry not being on the same axis
as well as incorrect installation of the bearings
which causes the shaft tilts and results in a wide
gap between the stator and rotor, the relation-
ship between the bearing and the endshield is
incorrect/skewed which causes the position of
the endshield to become tilted which will result
in a gap between the stator and rotor because
the endshied is the frame mount and the frame
is the stator mount so if the connection between
An endshield with an incorrect frame will re-
sult in a gap between the stator and rotor, an
incorrect/tilted connection between the end-
shield and the frame will result in a gap be-
tween the stator and rotor because the frame is
a stator mount, the connection between the
frame and the stator is not on the same axis/tilt
so that resulting in a gap between the stator and
rotor (Figure 5)

Based on the features of the components that
make up the permanent magnet generator in
Figure 7, the relationship between the features
can be realized. component functioning is
shown in the form of a Liason diagram in Fig-
ure 8
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Figure 4 Illustration Of Faulty In The Connection Between
Rotor Components And Bearings Resulting In Gaps
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Figure 5 Illustration of Faulty Bearing-Endshield-Frame-
Stator Component Relationships Resulting in Gaps
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Figure 7 Relationship between Permanent Magnet
Generator Component Features

RESULTS AND DISCUSSION

Geometry Dimensional Tolerance (GDT) is very
important in the product development process,
especially at the detail design level which
includes tolerance allocation and feature
geometry.

1. Initial Tolerance Allocation for Tolerance
Stack Analysis

Tolerance allocation is based on the 1SO 2768-1
standard which is shown in Table 2 for
dimensional tolerances and ISO 2768-2 for
geometric straightness and flatness tolerances
which are shown in Table 3
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Figure 8 Liason Diagram of Permanent Magnet Generator
Component Feature Relationships

The geometric run-out tolerance for shafts refer-
ence to SKF standard bearings which allocated
according to standard bearings for normal condi-
tions of tolerance (moderate speed and load)
IT5/2 tolerance value of 13 um [11].

The tolerance allocation considerations, both lin-
ear tolerances and geometrical tolerances, are as
follows: Tolerances based on the precision that
can be achieved in normal workshop processes
(if general tolerances are applied to components,
workmanship will be easier), Selection of grade
tolerances in general tolerances based on the ca-
pabilities of the machine used, If the general tol-
erance has to be exceeded or resized, the deci-
sion making regarding the tolerance variation is
rejected or accepted according to the function of
the component. Any change in tolerance varia-
tions for each feature will affect the cost/eco-
nomics of the entire component (if the tolerance

e-ISSN 2623-0313
p-ISSN 3032-1972

rear

endshield

www.prosiding.bkstm.org

Nurmawanti et al./MAN-79/472

sekretariat@bkstm.org



e-ISSN 2623-0313
p-ISSN 3032-1972

PROSIDING SNTTM XXI 2023

Volume 21, Tahun 2023, 5 Oktober 2023

is tighter, the process and inspection costs will
be more expensive, while if the tolerance is
looser, the process and inspection costs will be
cheaper). The initial allocation of tolerance val-
ues for permanent magnet generator components
is shown in Table 4

Based on the ISO 2768-2 standard [12]: Circu-
larity is not presented in tabular form however,
the circularity tolerance value must not be al-
lowed to exceed the dimensional tolerance value
or at least be equal to the dimensional tolerance
value.

Cylindricity is not presented in table form but the
cylindricity value is not allowed to exceed the
tolerance value parallel geometry, circularity

the bearing component, E is the dimensional
vector quantity of the shaft component, F is the
dimensional vector quantity of the frame compo-
nent, G is the vector dimension of the Endshield
component. The loop diagram for tolerance anal-
ysis is shown in Figure 9.

Efforts to ensure that the gap value is within the
required range, namely a minimum gap of 0.8
mm and a maximum gap of 1.2 mm, are neces-
sary.

component dimensions are considered based on
the material condition of each component which
influences both minimum and maximum gaps.

Table 4 Initial Tolerance Allocation

and straightness because cylindricity is a combi- Lomb | Nama | Dimensi | 9™ | Toleransi Geometri (mm)
nation of these three tolerances. In the case of Komp | Komp | (mm) @m) [H (@ [# |o
imi H i 101 iati imi D 2400 | D =05 0.5
limit and fit, cylmdrl_c_lty dewatlons_ are limited A |Smer | QoY OO0 2 s
by ® Envelope conditions so there is no need to B |Magae |RI6TS [Dowt 205 | 0
- .. . i 3 in:x05 ]
allocate a cylindricity tolerance or and even if a = =
. .. . . c Rotor Dout:323 |Dout:x05 - 0.013
cylindricity tolerance is allocated then the cylin- —
dricity tolerance is usually ignored D | Beaing |DoM130 p g o N
Coaxiality or concnetricity is not represented in E | Poros |D:75me@® | D OUF abii 0013
tabular form, but the value of concnetricy or co- o i TDom Tos o T o6
axiality is not allowed to exceed the tolerance F | #am |Din:400 |Din:205 | 06 | 06
412
value. B el Rl
Table 2 Permissible Deviation for Linear Dimension [13]

f fine +0,06 0,05 £01 | 40,15 0,2 +03 +05 -
m medium +0,1 40,1 £0,2 03 +0,5 +08 £1.2 12
© coarse 02 0,3 £0,6 +0.8 1.2 +2 +3 +4

very ovaras_ 05 =1 16 +25 L4 6 8

1) For nominal sizes below 0,6 mm, the deviations shall be indicated adjacent o the relevant nominal size(s).

Table 3 General Tolerance on Straightness and Flatness
[12]

Values in millimetres

2. Tolerance Stack Analysis

Description: A is the dimensional vector quan-
tity of the stator component, B is the dimensional
vector quantity of the magnetic component, C is
the dimensional vector quantity of the rotor com-
ponent, D is the dimensional vector quantity of

D.8<air gap<12

<

-1

Figure 9 Loop Diagram of Permanent Magnet Gener-
ator

The effect of component material conditions
on the maximum and minimum gaps as re-

Straiohtness and flstness Tolerances for ranpes quired is shown in Figure 9 and Table 5 for
Toter- —— e avar 1 ovar the minimum gap conditions and Figure 10
=] 07 | upre | upto | wpto | upte | upto and Table 6 for the maximum gap condi-
0 100 300 L 3 D00 .
H 0,02 0.05 0.1 0.2 0.3 0.4 tions.
K 905 | 91 02 9.4 0. 9.8 3. Calculating Gap Variations and the Re-
L .7 0.2 0.4 0.8 1.2 1.8 Its
su

Things that contribute to the variation in the
gap include the variation in the gap obtained
from the tolerance value both dimensional
tolerance and geometric tolerance, the gap
variation obtained from the presence of a
shift assembly or a shift in component posi-
tion related to the presence of clearance
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between paired components, gap variation
obtained from the existence of a datum shift
on components.

The contribution of geometric tolerances to
material requirement conditions, both at
maximum and minimum conditions, is ex-
pressed as follows:

MMR = MMS + geometric tolerance (shaft)
MMR = MMS — geometric tolerance (hole)
LMR = LMS - geometric tolerance (shaft)
LMR = LMS + toleransi geometri (lubang)
MMR : maximum material requirement
LMR : least material requirement

MMS : maximum material size

LMS : least material size

The effect of geometric tolerances is ana-
lyzed using tolerance indicators as explained
in Figure 11 for the stator component at
maximum gap conditions, Figure 12 for the
shift assembly which occurs due to loose-
ness between the frame and stator at maxi-
mum gap conditions and Table 7 for the cal-
culation of the stack tolerance analysis

simulasi simulasi
stator kondisi material MMC frame kondisi MMC
(maksimal material condition)

1]

o
simulasi

magnet kondisi MMC =
..... lasi 5
ol 2=
rotor kondisi MMC §®
EE
L L €
BE

Figure 9 Material Requirement Minimum Gap Condi-
tion

simulasi
frame kondisi material LMC

simulasi
stator kondisi material LMC
(least material condition)

simulasi
magnet kondisi LMC

gap melebar
(maksimal)

simula = L
rotor kondisi LMC b
—4

Figure 10 Material Requirement Maximum Gap Con-
dition

Table 5 Material Requirements Minimum Gap Con-
ditions

S5y PROSIDING SNTTM XX| 2023

Gap
Minimal Kondisi Material

. - .. Dout = MMC

Stator MMC (maksimal material condition) Din = MMC
. . . Dout=NMMC

Frame MMC (maksimal material condition) Dim = MMC
. . . Dout=1LMC

Endshield LMC (least material condition) Din= LMC

. . . .. Dout = MMC

Bearing MMC (maksimal material condition) Din — MMC
Rotor MMC (maksimal material condition) Dout=MMC
Poros MMC (maksimal material condition) Dout=MMC
. . . Dout=MMC

Magnet MMC (maksimal material condition) Din= MMC

Using the same method, the results of the
tolerance stack analysis on permanent
magnet generator components are shown in
Table 8

Table 6 Material Requirements Maximum Gap

e-ISSN 2623-0313
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Condition
s E;::l . Kondisi Material
Stator LMC (least material condition) gf;i:;i{r\éc
Frame LMC (least material condition) gf;t::L]i{I\éc
Endshield :gnMd(ii(;ia)ksimal material gfﬁ;{rl\\-d{hé[c
Bearing LMC (least material condition) gf;tzzfidr\gc
Rotor LMC (least material condition) Dout=LMC
Poros LMC (least material condition) Dout=LMS
Magnet LMC (least material condition) glcrll:: ;T;gc

stator kondisi LAC

tol 3one cylindricity Dout 0.5
il i e yienpangan zona tel cylindriciy Din akibat conenetrity (0.5/2)4{0.5/2)=0.5

cylindricity Din 0.5 tanga pengaruh concenctricity

M5 : @350.5
M5 : © 337.5

cylindricty Dout 0.5

concentricty Din 0.5

Figure 11 Effect of Geometry Tolerance on Stator
components on Tolerance Stack Analysis

7277 '

e T NS — 8§

g % ¥ g 4

H | e s ] H
22000

0.5 shift assy

Figure 11 Shift assy on Stator Components against
Tolerance Stack Analysis

Table 7. Stack Analysis of Stator Component Tolerances
in Maximum Gap Conditions
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ALOKASI TOLERANSI AWAL PADA ANALISA TUMPUKAN TOLERANSI
KONDISI GAP MAKSIMUM
| Product | : Assembly Generator Magner Permanent
Problem | - Stack Tolerance Arah radial dengan Memperhitunglan Effect Toleransi Geometri
Object Menganalisa Jarak Gap antara Komponen Stator dan Magnet

Dim Dim ! N
Arab | Arah foleransi
Nomor | Diskripsi | waik | Turun | 2"

) o || e

Nama | Symbel

Sumber dan Perhitungan Stack
Komp. | Koup. i leransi

3 (LMS Dout - LMS Din)2 = (3995 - 337.5)2 =31

A

Stator
(ILMC)

Table 8 Gap between Stator and Rotor Component
Tolerance Stack Analysis Results
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Gap Maksimum Hasil Gap Minimum Hasil

Analisa Tumpukan Analisa Tumpukan Keterangan
Toleransi Toleransi
5963 2344 Reguidrement gap

belum terpenuhi

Because the results of the initial tolerance stack
allocation analysis did not meet the specified
requirements, namely a gap of 0.8 — 1.2 mm, the
resize process was carried out using the same
method to obtain the gap values between the
rotor and stator in Table 9 with the tolerance
allocation

Table 9. Gap Stator And Rotor Resize Results

Gap Maksimum Hasil Gap Minimum Hasil
Resize Analisa Tumpukan Resize Analisa Keterangan
Toleransi Tumpukan Toleransi
Reguirement gap
1.179 0.812 terpenuhi
(0.8—-12mm)

Table 10 Final Tolerance Values Resie Results

K Dimensi Toleransi Geometri
omp Toleransi o © 24 ey
s i Din=0.05 Din=0.05 - -
Stator Din=337-04 | 5 out=0.05
Dout =400-0.1
: o3 Din=0.05 Din=0.05
Din = 400-0.3
Frame " o | Dout=005 | Dout=0.05
Dout =412-0.1
Din= 130061 Douwr=0.05 | Dout=0.03

Endshield o
Dout =412-0.1

0
Bearing Din = 75-0.015
(produk | Dout=

SKF) ]_30—0.%).3
Poros Dout = 753'311 Do=0.013
Rotor | poye=323 -0 Do=0.013
Rin= 16750 Din=0.05
Magnet Rout= Do=0.03
161501

4. Production Process Planning Based on
Resize Results of Stack Tolerance Analysis

The tolerance contribution to the selection of
production processes is very large because it will
affect production costs, tools, and inspection

Based on considerations of the tolerances that
can be achieved by the machine, the shapes that
can be produced by the machine, the MRR (ma-
terial removal rate) that can be achieved by the
machine and the batch size that can be achieved
by the machine, the production process for per-
manent magnet generator components is shown
in Table 12. Process selection EDM production

on stator components because even though the
CNC machining center can reach a tolerance of
1 um, the CNC machining center cannot produce
small shapes due to the limitations of the endmill
tool or slot mill. The production process that can
produce components with small dimensions
(slots, holes, radii and chamfers, inner and outer
threads) is wire EDM (wire electrical discharge
machine).

Figure 12 is a detailed image of the stator com-
ponents. Consideration of the stator production
process using wire EDM according to the ad-
vance machining characteristics table in Table
12 MRR wire EDM 6 mm/minute, no surface
damage due to exposure to electrical jumps (wire
EDM uses wire as a tool cutter and not using
spark) [14] on , the tolerance that can be
achieved is 0.025 — 0.5 mm for the roughing pro-
cess and 0.0125 — 0.025 mm for the finishing
process, and the batch size that can be achieved
is 1000 units [15]

w00 s s 5 6 2 05 20,001 in.
1000 250 63 16 4 1 10050 2010 5 2 1 050201005
Abrasive-flow machining
Low-stress grinding
Uttrasonic machining

ELECTRICAL

‘Shaped tube electrolytic machining
THERMAL

Electron-beam machining |

— Electrical-discharge grinding "

Electrical-discharge machining (roughing) I
Laser

machining I
CHEMICAL
Chemical machining

MACHINING
ing

=== 1] ]

2500 1250 500250125 50 25 125 5 25125
Tolerance, +mm x 10%

0.
Surtace Roughness, R, (m)

Note: (a) Depends on state of starting surlace. "B Average appiication (normally anticipated values)
(o) Ttanium alloys are generally rougher than nickel alloys. B Less frequent applcation (unusual or precision conditions)
(c) High current densiy areas. 3 Rare (special operating conditions)
(d) Low current densit areas.

Figure 11 EDM Process And Tolerance Diagram [14]

Figure 12 Stator Component Details

Table 11 Production Process of Permanent Magnet
Generator Components

e-ISSN 2623-0313
p-ISSN 3032-1972

Nama Proses Produksi Yang Direkomen-

Komp dasikan

Stator EDM (wire EDM)

Frame Universal machining center (CNC)
Endshield | Universal machining center (CNC)
Rotor Universal machining center (CNC)

Powder Metalurgy (roughing)

Magnet | G rinding (finishing)

Separator " .

Magnet Universal machining center (CNC)
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CONCLUSION and Insspection, vol. 21, no. 1. 2020.
Based on the results of the analysis of tolerance [71 A. K. Sahani, A. K. Sharma, dan J. K.
stack research on permanent magnet generators Bajpai, "Tolerance Stack up Analysis of
using the worst-case method, it was concluded a Mechanical Assembly,” Mater. Today
that the allocation of tolerance values for each Proc., vol. 4, no. 2, hal. 1459-1468,
generator component in order to ensure the per- 2017, doi: 10.1016/j.matpr.2017.01.168.
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