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ABSTRACT

Accuracy in mode expansion-based reconstruction of radiated noise depends on which modes form
the reduced basis. Previous work ranked modes by the spatial distribution of each mode shape in the
structural model, thus fixing their number arbitrarily. Such a ranking scores each mode in isolation;
consequently, it can admit modes duplicating what the basis already spans. This adds little to the fit
to the measured accelerations and inflates the modal weights. This study treats mode selection as a
combinatorial search. The radiated pressure of each mode is computed once by finite element
analysis, so as to evaluate any combination by superposition alone. Next, a subset that reduces the
one-third octave band-level error is sought in post-processing through sequential forward, backward,
and floating searches, which approximate the optimal combination. The procedure was verified on an
induction motor from surface acceleration and sound pressure at seven positions, two of which were
withheld from selection. The proposed approach lowered both the band- and overall-level errors
relative to the ranking-based selection and was much less sensitive to the number of modes. A
similar improvement appeared in sound power and at the cover acceleration confirmation
points-neither used in selection-indicating that the improvement is not confined to the fitted positions.

However, the housing vibration remained overestimated by all methods.
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the mode removed at that step

Trans. Korean Soc. Noise Vib. Eng., 36(5) : 510~527, 2026 | 513



Wangki Seo et al.; Data-driven Mode Selection for Mode Expansion-based Reconstruction of Radiated Noise ...

SBS+= Al g FollA Alzel], AANS w54
T STV P AL BE mE Foh Mu=Mi\
(m 2 2T Q) ojul ;= 2 (12)¢F 2ol A

EEEY

m~ =argmin J(M,\ {m})

me M, (12)

SFFSE 2] (11)¢] A7 dAS =83k A5, 2 (12)
2 Mool A8t AA FH m S 3 5 4 (13)

27lo] AR B T AAZ B0,

Y

oI7|M, ME WA AL A7) ko] M e X
grolt}, o] AR F7 WA o AEd REE
ChAl w223k wA|E = QA sfed, AxIvke R
= Holuy] o wadld] Fels wAlE ¢slet
oh Al A B 2b dAlol A FR 23] HAgS
7k dastn, 2 (5)9 AP ARt 714 Bl
o] Hrh Yd Futom o]FofHrh ¥, SBSH
AA 507 REoA EWaing, BE 57 S44
FE de 27] A= 2 2)7F AAAA AT H
o] 21 (3)e] dgd xdS H&3 5 gleh o] F1tof
Me e A dde] Hang HaAssE T
O EARS g AATY BEE vwshs golvk 2
olal, K7} 40 °J3t& UH& Hell= gae] RE o

; N

AelA @2 dEo] AFsgolqry. H4gr 13]
H7M= ¢F 3.4ms(MATLAB R2024a, Intel Core
i5-11500)7F 48|H, k=179 &S 9+ ©] Qs
7h= SFS 7143], SBS 11223], SFFS 32373](&)
ge k=207 Al B B 10 ool Edt

A& 60 Hz, 1710 t/min°|th.
Atol 2% 0.23 m, PH-E vl % 0.1435m,
HA 0] 0.135 molth F2
ekt g7}, -3 Aoy, 3 A

514 | Trans. Korean Soc. Noise Vib. Eng., 36(5) : 510~527, 2026

220V AXo 2 WME ddAsle F+583lal, s
FI4E AE7)9 AA F3421 60 Hz2 A5
3 A sk A7) sk e b
aAse] AlY T A A F7o] ¥
RaL 3] o] Aol =Edt 5 Al

K 3
AJ3kaL COMSOL Multiphysics 2 7% 29 3
sth. 1A B AN 2eY il 57 A

B %
);E]

no)
o
o
ES
k)
ru
N
Iy

:IOL_"
B 12 2B o
o
il
o
T
N
!
S
S
S
jan
N
=
12
lo ftl
-4
BN

AZo] oz} QA WY Frwe
Yehlee me wge) 2707 27 e, o
2 a0z JAR S F27)4¢] Solgt BE
7} wega Alole] e 2jol7} oljel WE Aol
Ao} olapel e Aate] BebAHAT, welA
A%7) sn gl Aol Ao WA

& (e}
7t REYPAAS

Table 1 Material properties of the finite element model
and comparison of measured and modelled
mass (p in kg/m’, E in GPa, mass in g)

. Mass
Part group Material p 15 (meas./FE)
Housing and SPCC | 7850 | 68 3570/3626
stator
Front cover | GCI50 | 7150 | 110 590/606
Back cover GC150 | 7150 | 100 671/667
Shaft, rotor, | SM45C, | (573 | 205 | 1676/1676
bearing S60




Wangki Seo et al.; Data-driven Mode Selection for Mode Expansion-based Reconstruction of Radiated Noise ...

& Mwz Aiaketel 4 145 2ol 714E 4
stoiet.

(14)

Pyel B BEE P S BE Apals] 7]
1EEE FAsE A0, 4 ()~ 4@l 0 o,
A 4

A48lE meaAo g LAET
A8 Aol ds o] Aqfste FavIAe] 257t
7381914 8.86 0.7 7+Adto] HUEJTHO, o] =&
o] 21 HlaL JA] o] FF 7IE flolA o] Foixl
Aolw, webx 1 Aol REFPFY] EH 717t
oftel AFE REES Atole] HPEHA AolE v
ERdTE

Fig. 2% o]g7 4& 507 2= 7124 vl E o
Ali UrEM 740114 A % A (14)= Aarste 19
’é} 4 7N1A R AR AR

& f8 2Erct o
ﬂlﬂ AA7E A %

AR 25% WA

]
o A @& o]FH, BEAALS o] Tk

ol A (1)
o of| BRATS A A7k FAolth,

(c) Mode 19, 4717 Hz (d) Mode 50, 7548 Hz

Fig.2 Representative mode shapes of the finite
element model

3.3 24

Aot Axes e %S

SARZ R 71N 2| AL AL

FA A gAetE R,
7t me7h gmow wies MAREYS viE] Ata)
Folof gtk A (142 Aytekd 24t m=e] w9 W
AL MRS A7) B AEAeR Fofs
3, =53 (pressure acoustics) NAS FTIFA S
oV Al B3] Y Pl AT
O]Ui Al (5)4 ZFHE A A HE E
o]E Soog _‘s‘toﬂ

dlo
o
, #o
2
L
l"q.,
O

A FFomdt AaHE T A4 8
2, 5% 4 mde 7 99E Asta 3] 9
oAuto 2 FAskglth

&4 TS 500 Hz ~ 4500 Hz, 7317 7H4& 1 Hz
oltt. & WA d9L AEVE e BTE F
al 2 upge] 7 0.1 me] SAATHPML)S 871
Tom RFeglon, wHrgkd nies BALSH] 9
3 whet HH e WAL 2310 R FoITh 500 Hz ~
4500 Hzol A -7+ 1ol ?‘sﬁqo}Oﬂ o, Pk}
Al L4 A Tk A 2o 93789 16

7]

Lﬂ
i
N
E
H —H
oﬂ, o>’

ofs7t HEE St 3 Q1 W] WA E2
s 7] 4“401]/\1 BANA L A7t s 71 skE
Fohre] Wb ool E RS Asg{th(1000 Hz ~
4500 Hz 7+ 0.3 m, 500 Hz ~ 1000 Hz 73} 0.434 m).
T7)e Uk 12kgm’, §5 343 m/sE ARSI
AR Sl §7] 9o PMLY] AR &
& ddAE e A AdRs wAEete] el 6
4 goje] AL Fig 33 on, $3t gk9) o
A TR G PML 7= ARSI 1000 Hz ~

>

ay @

.u

4500 Hz 3+e] R=lel| 4] 2000 Hz 3 F3++5 34
= Ul BE 1|8 o 44, 507 RES BT

PML
(8 layers, 0.1 m)

Air domain

(pressure acoustics) Motor surface :

modal acceleration

prescribed
|
0.3 m—J
0.4 m!—.

Fig.3 Acoustic analysis domain. The radii are those
of the 1000 Hz ~ 4500 Hz sub-band; the 500 Hz ~
1000 Hz sub-band uses an air-domain radius
of 0.434 m

Sound-hard floor

Trans. Korean Soc. Noise Vib. Eng., 36(5) : 510~527, 2026 | 515



Wangki Seo et al.; Data-driven Mode Selection for Mode Expansion-based Reconstruction of Radiated Noise ...

ASR=Np |

Fejld 137 s7F 2el(COMSOL 62), F1
Ao 7IAE Tk HES AT WEFeE &
g aldg @ W ek g oF s
menrh e siME Felaty ALkl a2
2 HZ 2~Y(auxiliary sweep)S AFHS-8lo] Al2E] 3
92 9 ww Rajsn wede Sun aA sk,
1A 507 BEX40017 FaxASA o] Has
ot dlolEHlo] S gk M| Mow Fgraglon,
b 37h= o wlolEHo] 29 My A
15t Fefrtexz A e
%%1 2 —‘?i TS A s
2 (5)E FH AHRE left
A7 1000 HZ~1500HZ°ﬂ/‘1 Hlwslglom H A

l:l:l

p

3= 0.01 dBIU

3.4 715 54

T2 EH 437] AHelA RS S35 v
2= Fig. 49t Zom o9 AW 174, AW AW 163

(b) Back-cover side

Fig.4 Acceleration measurement points: Yellow
markers are the 40 points used for the
weight estimation and red markers the three
confirmation points. 1 phase-reference accel-
erometer, 2~4 confirmation points on the

front cover, housing and back cover

516 | Trans. Korean Soc. Noise Vib. Eng., 36(5) : 510~527, 2026

% 105lolth. e-AeA = FUFeE gem (H
, el A 2.8 cm Bzl XH-H A sklaL,
W AN % FHAOREE W7 34em 9F
o 45° FACR WSS o F 40H(FH 16,
A 1S, 594 9% A (39l 7FEAl ARl ARe-et
i, Y =] 3% (back: 5, front: 7, housing: 1)< A4
W 7k A Al de] ARgekA] Al AT AdE
Slete Brent @A Tk 7eA Aol AR
408 T 31300] A5 Anjel] ExFch
AZAlE 15 7= 5788 ARSI o] 5 14
T Aw S & 2 (back: 1ol $14 7153
= st YA 4715 ZWOE ol EAI7E
Aog 437 AFE ASFsAen, F44 Aol
o 9142 Simcenter Testlab-% A WY YA
OD) Al&sh= A7) s
} 4L wH “éé
} ]+ Simcenter SCADAS©|™, A
AElE= F 5(a)9]- 2tk ANEAE] A7 Table 2
rom, rH % 8192 Hz, f+& 2% 6400 Hz, A
= 16 84Hzi FH 533
5 spectrum - peak ’\71101
RMS 2Ald# o2 H5513]
/;1‘ (6)J,1r 7Lo] ANazk 7o s 3
7R, T AR S, SGUr%% zzy %Eﬂ Al
o7 74]?0} owm, Al AY
= 60 Hz®] F-aF A &4
Aol A Fahasich

do Jov N O

o> oEi o m{m
O

~

o
HOT—EC]: Al H

rlo Fl

]

1%
.
T:‘rl

ol«
38 ;&1
r{n
_11)1'

1

ofr
Jhl'

mlnﬁﬁL:{

%?j’—o‘ autopower -

/\6] _Q.Hgﬂuﬂo

r‘ﬁ _ELOE

Fig 5(b), Fig. 5(c)
H(front, back, left, right, top)S &
3}al, 2% (front_top, left top)> A
a1 o= Al HIouk AL
I A4, #9248 A5

A 7 e 47 front9} top
50 Wgel] A gct 774 A

Aol FHE wlola 4/E FAlol ARgste] 2 g
T Aol vrol HESATHA WAl front, back,
left, top/T WA front _top, right, left_top, top). Top
AR 7 A & *7@3}‘4 5 Abole] 54 #
s ERlagion, F FA0] 1/35EH e o

A]
Ak 01 3t o9 535S
A olg}t g}, HE #
Akel, lefts} top Abele] 4



Wangki Seo et al.;

Data-driven Mode Selection for Mode Expansion-based Reconstruction of Radiated Noise ...

Z}ol= RMS 1.18dB, & #@" o] 0.65dBY AL
AZ 7S T HA SHoR HPFO%E 71" Atel
2polo] Wal= 0.17 dB oWtk W 54L& top A
Aol ool ghste] F3aalon, Wd_ = ASst
A kot

9= <k 74
ISO 37440 wg} AE71& A= 45 1 m9)

right,

(c) Radiated noise measurement: front_top,

left top, top

Fig. 5 Measurement setup in the semi-anechoic chamber
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Table 2 Signal processing settings

Item Vibration Sound pressure
Function class Spectrum Autopower
Spectrum scaling Peak RMS
Frequency resolution 1 1
[Hz]
Measurement time 10 10
[s]
Window Hanning Hanning
Averaging Linear Linear
Overlap 0.9 0.9

Fig. 6 Microphone positions: 1 front, 2 back, 3 left,
4 right, 5 top, 6 front top, 7 left top.
Positions 6 and 7 (red) were held out from
the selection. All microphones were 200 mm
from the motor surface
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Table 3 Summary of the verification design

Data used for | Data used for .
Step . . Section
selection evaluation
Number of Internal CV over
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modes K o
positions
Single-position o o
behaviour Left position Left position 4
Prediction 5 selection 2 held-out 51
accuracy positions positions '
Leave-one-out
over the 7 6 positions 1 position 5.1
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Independent 5 selection Sound power,
e . 52,53
checks positions acceleration
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Table 4 Selected modes and the condition number of
the reduced basis

Method | K Selected modes Cond
1 26 7 8 9 10 13
GL 12 15 16 17 19 8.87
1 23589 10 12
SFS 17| 13 14 17 25 31 33 24.03
38 44 47
2 35 6 10 14 17
SBS |[17| 21 22 28 33 37 38 16.59
39 42 49 50

2 358 10 11 13
SFFS | 17| 14 17 21 22 27 28
30 33 40 50

25.04
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Table 5 Band-level RMSE and overall-level error,
averaged over the five selection positions
(train) and the two held-out positions. All
values in dB

Metod | band | T | “fang | Heldow
RMSE RMSE
GL (K=12) 4.67 2.84 7.04 4.09
SES (K=17) 2.82 0.65 5.19 1.77
SBS (K=17) 3.49 2.02 6.04 0.79
SFFS (K=17) 2.34 0.85 4.27 1.07
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Fig. 8 Band-level RMSE at each of the seven positions
for the four methods, with the modes selected
from the five selection positions (Table 4).
Positions to the right of the dashed line were
not used in the selection

Table 6 Band-level RMSE of the leave-one-out
cross-validation over the seven positions
(dB). Each row is the position excluded
from the selection and used for evaluation.
GL uses K=12 and the search strategies
K=17. Differences quoted in the text were
computed from unrounded values

Position GL SFS SBS SFES
Front 2.89 2.01 2.48 3.04
Back 5.34 3.62 1.74 3.39
Left 4.10 3.48 3.15 2.83
Right 5.10 3.87 4.18 2.81
Top 591 5.36 3.74 6.65

Front_top 8.85 4.85 5.68 5.38

Left top 5.23 4.81 5.94 432
Mean 5.35 4.00 3.84 4.06

Std. error 0.69 0.43 0.59 0.56
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Table 7 Measured overall radiated level and the deviation
of each reconstruction from it (dB). GL uses
K=12 and the search strategies K=17

Position Meas. GL SFS SBS SFFS
Front 59.0 -1.8 +0.0 0.1 0.6
Back 57.8 -39 +1.0 +3.0 +0.5
Left 54.2 +0.5 +0.4 +3.1 +0.7
Right 54.0 +3.0 +0.1 +2.5 -1.3
Top 55.0 —4.9 +1.6 +1.4 +1.1

Front top * 56.8 6.1 +1.3 -0.0 +0.7
Left top * | 532 | +2.1 | +22 | -16 | -14
Mean abs. - 3.20 0.97 1.67 0.91

* Held-out positions, not used in the selection.

Wl whH SFS 4070(63 %), SBS 3471(54 %), SFFS
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Fig.9 Measured (solid black) and reconstructed
(dashed) one-third-octave sound pressure band

levels at the two held-out microphone
positions. GL uses K=12 and the search strat-
egies K=17
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Fig. 10 Measured (solid black) and reconstructed
sound pressure levels at 1 Hz resolution at
the two held-out positions. SFFS is shown as
representative of the three search strategies
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Table 8 Measured one-third-octave sound power levels
and the deviation of each method from
measurement (dB re 10" W). The Overall
row gives absolute levels summed over the
nine bands; the deviations were computed
from unrounded values

Band Meas. GL SES SBS SFFS
[Hz] (K=12) | (K=17) | (K=17) | (K=17)
630 35.8 -4.2 -4.1 -2.9 2.9
800 39.9 -6.9 -5.8 -4.5 -4.2
1000 34.5 -9.7 -7.8 -7.8 -7.4
1250 29.0 -0.4 -0.3 -1.2 -1.1
1600 37.1 -0.6 -0.5 -0.9 -1.6
2000 49.5 -3.2 +1.1 +0.1 -0.1
2500 52.6 -6.2 -3.4 -3.9 -4.0
3150 40.5 -1.9 -0.5 -0.7 +0.3
4000 48.4 -0.5 -0.3 +0.9 +0.3

Overall 55.7 52.1 54.5 54.3 54.1

AOverall - -3.6 -1.3 -14 -1.6
Band

RMSE - 4.87 3.74 3.45 3.33
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Fig. 11 Measured (ISO 3744) and reconstructed
one-third-octave sound power levels (dB re
102 W) over the full analysis band
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Table 9 Reconstruction error at the three acceleration
confirmation points: overall level difference/
band-level RMSE (dB re 10 m/s?)

Method Front: 7 Back: 5 Housing: 1
Measured level 129.1 130.0 105.0
GL (K=12) —4.53/4.46 | —-5.38/4.30 | +13.11/10.70
SFS (K=17) | —2.37/1.73 | -1.66/1.36 | +10.75/10.18
SBS (K=17) | -1.79/1.93 | —-1.59/2.49 | +17.42/14.03
SFFS (K=17) | —1.22/1.54 | -1.48/1.13 | +18.79/15.66
[=—@=—Measured —@— GL --B-- SFS -k SBS 4~ SFFS

1301 Front:7 re 1070 m/s?
1201
110

100 1

901

1301 Back:5

Acc. level (dB)
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Fig. 12 Measured (solid black) and reconstructed
(dashed) one-third-octave acceleration levels
(dB re 10°m/s?) at the three confirmation
points. GL uses K=12 and the search strategies
K=17
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Table 10 Effect of the number of modes: overall level difference (housing columns) and mean band-level
RMSE (cover column), in dB. Modes are added to the 17-mode SFFS selection using the training

objective
K Housing fit (9 pts) Housing: 1 Lot
g p g: (2 pts)
17 +6.25 +18.79 1.33
20 +4.12 +16.04 1.19
24 +3.59 +18.31 0.91
28 +0.50 +23.76 1.18
30 +0.49 +23.47 1.37
cond(®;) ==-O-=- internal CV —@— held-out
10?4 selected
K=12:
H 10
' o
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Fig. 13 Condition number of the reduced basis (bars, left axis) and band-level RMSE (lines, right axis) as modes
are accumulated in GL rank order. The internal cross-validation curve is the one used to select K
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