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Application of convolutional neural network in static calibration
of wind tunnel balance

* . ’ ’ M ’
WANG Yunpengl’ > NIE ShaOJun1 %, WANG Yue" ?, JIANG Zonglm1 2
(1. State Key Laboratory of High Temperature Gas Dynamics, Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190, China;
2. School of Engineering Science, University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract: As the most important measuring device in aecrodynamic testing, the wind tunnel balance is used
to measure the magnitude, direction, and point of the aerodynamic loads (forces and moments) acting on the test
model. The accuracy of the measurement is directly related to the static calibration of the wind tunnel balance,
which establishes the mapping relationship between the balance output signals and aerodynamic loads on the
calibration equipment. This paper explores the possibility of improving the calibration performance of the strain-
gauge balance in the calibration system AiBCS, developed by Institute of Mechanics of Chinese Academy of
Science, using the convolutional neural network (CNN). The applicable conditions, validity, and reliability of
CNN in the balance calibration are discussed and evaluated. Results obtained by the CNN-based calibration
method and the traditional polynomial fitting method are analyzed and compared. It turns out that the CNN-based
calibration method can effectively reduce the load interference between various balance components, yielding a
significantly improved performance. Consequently, the deep-learning technology shows great application
potential in calibrating wind tunnel balance.

Keywords: aerodynamic measurement; wind tunnel; strain-gauge balance; static calibration; deep-

learning; convolutional neural network

Yk H#A:2022-06-01;  1&3T A#A:2022-07-13; RA AH#A:2022-07-19; MILEH hRATIE]: 2022-07-28

SR F %K 8 AR 234 (11672357, 11727901)

VEB B B (1978-), B, I 2k TARIE, BF 5t 77 R ikt XU K F- 0 /). E-mail: wangyunpeng@imech.ac.cn

SIRE: g, BbZE, T, 5 BRI M4 1E XA P AR R L], 23380 03241k, 2023, 41(3): 25-32.
WANG Y P, NIE S J, WANG Y, et al. Application of convolutional neural network in static calibration of wind tunnel balance[J]. Acta
Aerodynamica Sinica, 2023, 41(3): 25-32(in Chinese). doi: 10.7638/kqdlxxb-2022.0096



26 ol | N B = S

41 %

0 35

=
Bk — B R E ML LR AT B IR B R KGR
60 O U R B, ) S KR RS ()
$6 7 A0 P B 5 M . KU R T TR R
bt 75 3 G137 R, LR AE R PR HE T T, 7 B
22 4 5 A RS 7 5 B SR A A B4 56 B R T
JEFR AT ST, LASR i KU T F 0 B e

JRUIR] T T RV T 4 A e 25 v A B 2 A o, A
SOV IR HE R R T A W B SRR R . B AR
YRR PR S RO B, R R PR SRR &
R R 6 B HE R 0D, 1 s S RS 7 v,
S KPR U S 5 T SR R B B 2 ] A Ok A
3 AR, BT 3R ER 2 2R R S A T g 2 5l
W HERBEE RO MR . th THSREEERE TR
T2 T A R HER M, 96 2 B KGR K 78 ) &
H R A5 PR S B0 RSV E T DA XU R S 8 A A v
Bk g R B i A o i R I, RO R
ARy — AR R 0 DT B R 8%, 78 [ bR bR R g o
G5 — ik bR v P BRIk, R — R U A KGR R
S, 24 SR S )RS v AR (R B 9 v 7 9 9 4T A B
i, TR R AR RRGEE —EER, BEEY
M 0 2 SR AN 5 B . 3 SR R 1 4 A
£ 773 (e e IR AR ZHE, B R
% 4388 WA KT 1 AN 4 B 6] A2 46 AR B30, OF HLid
W RS TS B AR R R, SR R
W T7 e g R 2=, (45 KU K S S R
M it DR 52 ) 5000 Ak 3 5 99 (LR PR ) ) R R T A e
R .

N T8 e A o 22 I 2%, B AR R 2
5 2 AL T RE, RERLLF R AR Rk R G R A E &
G5, FLHIIG R 2 W % (i BP BV 7E R BOE I £ 4k
A7 B 3RO B S 4T A5 3 BB ok, —
4 8 i I 76 R Ge R AL IS R R VB IF | A%
SIS TT AR F) T 18 2 R R TIT IR o 4 A %
T 34 RS R v, — 7 TR R K LA
PERFAE, 53— 75 T 5% 31 4% B 5 2 O ) 5 SR v o
TEAE 2 FhiR 2 R 2. VEBR AR 510V 400 BP 5930 F) T A5 1%
WA RE NGB IE, HRIE T % & W 45 7
BT . TIRE S IF R T — 8 HL 5 A s
B AR HE R G, [FRE K F BP 4 4 0 4 T 7 A A e
e T 5 DU B A AT 5 T RS A SR IR A [
BRI, R T AL RS S RO R GRS
AR SEE . R SR R 6 NN T AR

6 I H YT R I = 2 BP 2 I 25 BIE 0 IKUIA RSP AR
ERHE A PR TT R T A GBI F0 o %0 8 X 2 A 7 0k
13 21 1) 45 FATPN A K FE 342 S it 60%, [R] I A 2%
MR T RG] R R E .

SR, FAT BCIR AR L MR WU B2 7 (1) BP #4802
TEECHE BT R I T B AR . {2 BP #&2MY
S HA — g RRYE, Wi BT BP #4478 A
I ZR b AR E PR32 3] 57 2 3R i 29, BN SRR
R BT XF ARG M ] 43 1) LRSS, BP #1258 [0 24 01 W] g HS B
Jy B g /NEL, AT T B HME AT B 4 SR B A A, HAE T
X RKFEAE G I, 377 iR 2 (MSE) id KA/ 2R
FRARAMEW S . FsE b, Bl A TR REBORWR AR TH I &
VF 2 MR (1 10) R, 1R FAS 7] b 8 0 28 7 32 %) R 4%
P BRI & Ab B, 15 3 45 RS B, AT SEME Ok
25 H B A TR IE, W IR BE 2% ) IR h SR I AR i B R A
FUAT R JCE 58 4 PR RN fig ke o DRI, X SR A1) 75 22
AR AR i 22 DX 28 15 R ) AN W7 61037 g, 9 90 R 38 G AN [
W 8% 52 AR T B A R0, DA 2 30 B B ) A O I
N o

I JUAE, B N LB REBOARAE 1 20 90UIs 1) B T
R, IREES 7R T il R . Hr, BRME
M £&% ( convolutional neural network, CNN) 7E £ /™ 41l 3,
Can G ANIE 5 IR A HE 55 )15 21 1 251 10 Kk
RiF o A —REEHERIHE H ARG R EL R
L 2%, AR I RUE L 2 A8 ) 25 e I SR S 50
A, AR T WA R, g b i LA, AT 3RS
Tz AR

A SCANAE R i A 1 B s AL B AR, SR IR
JE 22 ) BRI A M4 T8, W2 mRFARIME T
AT ST . A BEE I R B ST BRI TN, FARAR
RN LA e ARAE R R -0 A5 1 4 2508 H o

1 RUAXFEEHSRETESEE

20 42 40 FEARED, SR R 1 B A A o o 42 A B
gy B N LINEHE RS I HE & K 2175 40 & H S IR #E X
# (RGO, WH CEBD YR T K KPR 18
(i B8 11 25 8 3 7 v,
11 EEXEREARNMEFE

— B BERPFREERMERS LG, o Hd
17 m AN E GE SR R RS, 45 3 — 41 B it in 2% 4
FIGS R o RS Al . W Fy (=1, o msj=1, -,
m) MBS, AV, (=1, - nj=1, - m) A
R . T — AN BRI HE, B n = 6.
m = 144, WA SRAGVE M S Y B0 8 27 A KRR & 1)
144 D7 R I 25 1 7 R 2P



%34

TEISMEAE . 5 B4 20 000 48 7 XU R T i A5 A o ) 2 27

C]AV) 1 +CIF 12 +CiF 13+ CF14+CiF 5

6 5 6
+C?F1,6 +ch1’lFii+Z Z Cll’jFl,iFl,j =F11
i=1 i=1 j=i+l
(1

CiAVg’l + C%Fz,g + C?Fzg + C?’FQA +C?F2,5

6 5 6
+CFye+ Y CHFy i+ Y Y CUFyFaj=Fa)
i=1 i=1 j=i+1
@)

CiAVy 1 +CIF 2 +CiF 3+ ClFma+CiF s

6 5 6
+CF g+ Y ClFpit Y. > CYFpiFj=Fp)
i=1 i=1 j=it]
j 0
[ B HE, AT B A0 0 50 ML R J1HE M il
6 3 X< 1 73 Zo AR AL 7T 58 M, B2k J5 RE 4 . 7333
XX NANENE T RE AR, RIVAT A5 2 R PR 2~ 2
£ 5H.
TR NN TT R LA W T W3R A A B A
A 27T DNRMAEM 144 D TT R LAETTIEA . T2
A BOR T RFIAZ B KA EG B T — A/ 20
SE MRS, XRTT RN E TR, & E i
o MSERR A, 8 R R/ —3RE SR B R R/
AR, A A G TR IR AR A RO A B
o X TTIEAE — 58 2 AF ZER T A R, T LA ok
T AR S B ]
1.2 BAEERREXFERERS AIBCS
BT ok ok TR FR I 7 R AP R AR R o R A
T AR FER R B T — 5 K BT U R e A 4
B R HE R 45 (AIBCS), WL 117, 3% 3 4% 4 i
AR 2 ARHE T, BV, AR XU R 52 U AR T S, T T
SCHL IR0 % 3 E B A, R BIIAE R A, T
DRAF W00 73 A0 3 56 B 77 16 46 25 5 R 1 fA B A 5 2R £R
2

1 AIBCS RERGRH
Fig. 1 The photo of AiBCS™"

AIBCS Wit 8B fEtr R H I8 T 2K, Wi
L RAT 2% T PH EGRE A O KGIR R 3 gl e s U
& o AIBCS K HERS BEFR AR T 0.05%FS(full scale, 15
i = N s R R S Ll = D B 2/ B 5 N
115 kN & F2 V0 B 0 ik b B4 R T 0 m RS i R« — 4
X7 gk,

2 WZEMEFEERESERRK S NANRY
A i) B R+

G, IR TR T A HE B4 2 TN 3848 A il 2R 9 A
[, AT 73 D s Al 28 %1 S i 6 A b e 2 RSP A TE st
Fro N MU R AHE &, I AT R 5 1 B -
RBL MR R AR AR TR
o R T AR MR, — Rl I R T S2 E  AE
K022 ] B, o it 8 A7 kAT AR s il R A2 I, IRAS AL
TAE A AR R PR HE R A BRI R o X T i R AR
Ve 9% 110 5, LRI AT T 17 46 445 R ARl R
B M PRAE A AE N 3L R 5 52 B R X 32 30 Fe
BA—H R, AR T A R RS, RAAERD
REHERSHERE o PR RACHE & KRB PSS, A
AR M2 L 2 o A2 TR A il 2 R A v R 6 5
B2k B, ER L RHER B RO 4 U, T
T K Y gk /b, T 0 W B A, R R R
FERMEE R HE & BOR B AT B S AL, AR R
G R, AER 2R Ve 4 AN 2 8 it n e 7 1) i K
WA Ja A, = GIN—E R 2%, X T
DN HG P o I Al 2R A e AR o oA 22 A 1Y
X B, AR AR R T A HE B B T e R
PERE . BRIA R RV 52 8ATY S5, 1% 98 B B4 T S R
A A K/ I R R A R, {8 A5 B0 AT 5 17
5 R R B B HTT A SRR R G R
ER P I #R S A,

HR, RV RGERINBEEA 255 B R AR 2 kA
A X IR, AL45 PR HE R 264k, £% 4 i 2 T At
B 7 IR TV AL B R AR LR TR g 4 T 1
J — PR A W0 2%, DL R SR N LA
REAIBLAS 2 ST BRI BOR H AT Q& A8 2 i
TR T NI FE, LA R h il g R P B
BREAL IR R A, i 2 o 28 B A 7 A AR A5 T LA
FEUF I BR R T r B R AR LR ME TSR R 2 .
o228 X 2% TR (i N T 2 T % 6 B e 4 R 246 55D
82 T RV i A R HE e A B, 3 B T XN B K
PE PRI SR A, 19 PR HERL A, AR 2 1 e/ 3
2 WA TTVERS B AL SR TR 2 2

{FL[R] IRt 8238 5 B, 4 8 I 246 5 1 o — AL



28 ol | N B = S

41 %

155 A0 — 4l 5 5 2 A e BT 6 R kAT @, Sl
B Y KR A (RN T ) 2 I AR L E B I R
MK B AL FEAS 0 . R 9 — R BB AR 7 i, B
Sty tHRE TR A B TR A B AR S, X R
TR R A5 O EGE ) 5 R SPAE FDIR 45 OS2 2 3
AR B, M4 i TR — B A R 224
SAFHAE A AR 15 BN B R A . PR,
T T 43 £ 1 ol 2R 48 4538 A T 0 RS P o 28 T 4% T
VX A B AT A B R, T4 IR A T 1 5 R
Sk il 2 ) R — B0 RS B0 A 25 N L A T
GRS LA EE . LIS RO R HE B R B R
B e ZThAE, [ 94— Lo RF RN RSB T —
G A TE FE 1S, DR — b il 2R RSP HE BT LA
S IR A 2R A IR (BT B S R o R v 4 R
AT Y TFR P A I 396 A 5 FF SR

L LTI, o M 28 I £ 7 VETE KT E A R e
) 00N, T S T 5% R A S 7 3 A i 4
77 16 5 RS b AR 2R — B 4 1

3 EFCNNHXERERHBELIETE

3.1 HRWENLE

X — N TR REAT 5510 &, R BURRAE /2
o2 H R M G D IR AR SR ES 2 o) v E i
N T 75 B R RS 4, 2 ) 8 b 3 %
I, 7% BEAC TR 0N DK &= (B[R] FOORG g, i L SE B
I 850 R (AN B TR R 2 5 ORI RRAE R AN B A,
B2 A AR BUAFAE . AL TGP = 5
5, TR A 2] SR 4 1 B B E ) Y R AR AL, i
2 SJRRAE 54T 45 22 18] 1) SR IEG, SR 4% J2 ] SRR A 20
B BCRE SR AT 55 1 B A R AIE, DA T A5 B2 A i) 85075 3
BH AR VRIE A 2] J7 i T 3 A S R IE MR )
R RS R VL B R FE AR B /NS AL TR 2 A &
BT TIZ BB, a0 vh BB SR A B R
b agliel,

122 ) 4 2 ) 2 R JBE 2 3] v 3 O E B8 48,
i 22 [ 28 A5 B (1) AE A 28 25 72 A BRI 52 . CNN 2
TR 5 > H B — b ol 22 0 4% 5 4, P T i e P
AG AR A [ U1 00 5 ) R

TEX RV AT 50 A AL HE I R 2 o, R0 2
BeEAaHMETHRAE BN XR, Y RTPH
Ay L L R, Ko N7 ) 28 A At B W o RSP
it AS 5 5 B 108 R AR B[R] T e .
CNN 7E 4b 2 7% [ {5 2 o B A BORs 1 00 34, 76 X FE A
HHE AT IR A= 21 JE R DL B B iR BUR St AE S
HR ) SRR AIE T I S T I 5 52 RO R TP S LS 5 3

BATE T WA, AT TR0 R~ 4t ) 2 mr 15 5o i
AR T CNN BB e AR A X R AT B AR
HEVI S, M 3R AT IR ST K B RDAS A e B S A A 1 g
fatr.
3.2 CNN RAEERMNIEE

X — &N B N AR KT AE AIBCS Ml &
By L PR R R ANOGT S P AT AR, ) 2 PRI R 7 S AR
EECHE ) CNN R EBLAY . 7E M BB AN 2 1l 77 Bk 4R
& B A AS, GHE I ZRRE A B0k A AR AR A
ZHAERFAE B RZR AT BE R Bl B JG1E AIBCS
FRAR 144 R, FREARBERENLRI 2 AR AR
IS UEFEALE, Hod 80% HIFEARIE NUIZRFEA, T
B N 2% 2 8, 4% 20% O REASVE NI UEAE A B T
DR 28 S 40 . 7E CNN R 1R R 4 3 5 Rl 2
J&, 7 AIBCS bR 82 3d & R AR AR A H T AL
HEHUE 73, 2 BEALRERS FE | % 22 DL SN 58 FE A3 AT o
3.2.1 BRLE L5

CNN R HERL R FE N 2 B RUZ 2,
N2 7N 73 B 1 R 1 B A AR B 0 8 faf 18 s B AR 2
JE& CNN R HERE A AR A% 0 2 F 8 H AR/ 22 #2
BRI 2R 3, SO R — 4E B8 ok 4 il 2 2
7N 3 R R P B TIOE

7E CNN R AE AL B Il 2Rk B2 b, 5 FH 400 2% BR 2K
(loss) >k 1l & X 26 A5 1Y 1 o & o B o )11 R e 2000 1
I, A BT BG40 2% oR 50V {E, DA SR 9 26 2 400, AT
A 45 70 T8 B UL BIOIR 75 o CONIN ARG A58 70 SR ) 44 5 iR 25
(mean square error, MSE) B8 #2441 2K % 40, MSE &
SR AR TR B S T ) B EORE B, A
/N, YR S R S R R T, R T
If . MSE Wit B A XA :

N
1 a2
EmsE = I ; >i—9) )

A N R SHL 953 5l o2 55§ AR AR S
1B 5 A -

CNN K HERE R Y SR B2 an 1 2 Bros o o Skl
SRAF A R R RSP i A 1 E R R K L 1 A8 e B A
BINE, SR 5 A2 R A B 45 S 8 G 4
R R HORTI ZREe B0 2 ZEKR 5, i H R ST R A )
B, B 5E B CNN 2 HEAR L (1 5
322 ZHhA IR R

TEH E CNN AR HEBL B (1 &5 /) 2 )5, T BB 5%
TR — D R AR 22 WX 25 S 40, — Mt 5o Il e 250
HAZHO CNN B AERE B AT AR Ak . AR AL H AR & 7E
PR UE A5 BURE e B2 R 0% S 1B 0L R, AT R a2 2 (1)



%34

TEIB MG 5 25 B 22 90 2% 1 U 2R 1 i 2 R v 110 2 29

LIPNES
TR G 8 P P (LRI o ) 280 7 L

ERE:
— AR PR AL

P eREHIN 2R
S B 20K

LR
RV BB TR

2 CNN REER| iR 2 E
Fig. 2 Flow chart of the CNN calibration model

WIGRI A, 58T H A . @ik b, A SRR
ERFRRIVIES BB T ERUEECN 4, %R
N 1x107°, YN ZRE K 10000,

MHA S AR, —ERE b, B 255
(38 0, A5 P 450 2k o B 2 B ARG, IR 2 R (RO Vi 3
S AH RIS s (RN U B TR 2 A R . 1 EOR
(R A I 2558 B2 5] A& 100004 50000 AT 100000 B ) 46
UERE AR SE I P K B AUE - 2SI 2R H0=Z 10000 B, 47
5 BB BT EA 1 1x10° B 21 K3 1x10% B 4% s
29I SR 6 HE 0 1) 50000 B, 451 2% 2R K A A R AR 2
11072 520 ; 4k S 4% 0 2R %6 B0 100000, 1 I 45
5 BRI BURE SEAE 1x10 % B R AR5 AR, (B T B i) B
SR X U B AE — B Y E N, Bl ZREe BonT DU
REBRAR T bR B . ML, SR 10k R BUE 5 i SR
8], 126 I 2R HH 50000,

F1 FEVIZEREH CNN BEZEER loss XfLE
Table 1 Loss of CNN calibration model with different epochs

R 2 AREEREHA CNN KEEEH] loss XFEE
Table 2 Loss of CNN calibration model with
different convolutional layers

EBREH Yldfiloss & 1Floss
4 2.74 x 10° 3.72 x 102
8 2.74 x 10° 5.69 x 10°
12 2.75 x 10° 4.63 x 102

I ZREe %L %ﬂtﬁ‘loss & 1k loss
10000 2.74 x 10° 1.14 x 10°
50000 2.74 x 10° 3.72 x 102
100000 2.74 x 10° 4.75 x 102

TEM € W ShFe B2 Ja, W 5046 A0 2 o 58 20 )11 25
gE B Sm, JE I Eh A 56 R R AR 4R 1451 0% bR BUE R A
WA S H. BB RZ 0 4 5 513 E 8 il 12, 4
SRR BUE AR 2 . 2R 2 SR T AL I
AN 50000 I, & HUZ KA 4. 8 AT 12 1) CNN K #E
5 R 1 e 25 132K BR BB 3 el 1}10° B 4 BRI B
1x1072 & 2%, I H iR & fhirfaetady . EERZESK
(38 0, A 28 5 A B0 A2 2% AH R 1 T R T A £
e Rk, 5 IR BCERZECN 4 2.

25 TR, TE ORI e & Bk R U 2 08 /N LR
(1 LR, AT RE 48 40 TE SR, PR 4K S 1) CNN 2
Re A B 1) 5 B BN 4, I ZRE 40N 50000, 2% 2]
H1x107,
33 REREHBEBREEDHT

TERf & CNN I HEAR AL (1) 45/ S EUR 2 50 e
Jeis N T 3BV I ZREe HON U R 5 R s, B
L 326 B 36 I B A 4 rh i — 4 B0 AT A 6 AR 22 0y
BT o BAIR P H ARG B (1) 80407 B R L SXME F, CNN
12 A 2R Bt %) R AT A D TR £, T S5 3 1
X R 2, HHAXA:

d=

x 100% (5)

KIRRMIZREGHEZELEN 4. FHAFEIZE 5
i, CNIN A HE AR R () A 6 4% 22 i S s SR . 3R
(0 E5HE o] 1, I ZRE 0 10000 B, AR R 22 (E T
BOR, HEAR BT A RS B0 Il 2R 2 & 50000
I, RSP 2% 40 B B A X iR 22 B R BRAIG, JEARTE 1% &
5 10 24 I ZR5E H0 N 50000 AT 100000 B, 1 & (1) AH XF
iR 722 LU T, SIS 9 22 38 0 I 25 %6 20T A Re S THE
YRR T BEE

R3 FEVIGREH CNN BAEEEMNAEIHRE (% ) 3Ttk

Table 3 Relative error (%) of CNN calibration model
with different epochs

Rt
Pon S

10000 50000 100000
Y 4.06 -0.03 -0.04
M, 25.89 0.89 1.79
M, —64.00 ~2.50 -3.00
X 19.42 0.79 0.90
Z ~34.55 0.60 0.60
M, -182.43 0.91 -0.54

AL H T UIGEREN 50000, K HAFERZE
Hih, CNN I HERL A (A X iR Z I F A5 R . &
R T DLAS SR Bl 4 5 & 8 A 12 1
R84 5 (R X 15 22 I VA B SR I BRI, et B
THmE A . B, 25 ik B ZRE H0CR 50000,
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ERZH 4, BLI CNN R HE R ) R 7 & 7 B 1Y
FR R 72 F AP AL 1% LA, B B 1R HE
H & Z ik S A 8. UL E TARRAE 1%
CNN K HERE Y B AT ATV, DR 207 V6 B T R 1 i
SRHESR AL T AT SR B S

F4 TESFREHH CNN RERBFEINRE (% ) 3ttt

Table 4 Relative error (%) of CNN calibration model
with different convolutional layers

ERZH
i
4 8 12
Y -0.03 -0.07 -0.10
M, 0.89 0.89 1.34
M, —2.50 —4.00 -3.50
X 0.79 0.81 0.92
4 0.60 0.85 0.73
M, 0.91 0.95 1.09
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Fig.3 The six-component pulse-type strain-gauge balance

RS RF S01-2 EHHHA
Table S Design load of balance S01-2

K CNN I &5 1 A8 0 6k R - )1 25 R A 33k 47 Adb
H, 3 i R, RS I RS B S R
15 5 %08 I PR B 52 288 L 2 1) PR AFDRT 33 22 A /N, A TR
FER . R, 2285 1% ONN B AE AR 7 3 T K7
MR AEEAS o B X5 S01-2 K F7E AIBCS H R 42 3d & il
RAEA, K O AL ) ONIN S v A 70 tof S Sk e A 3k
A7 AR T, St R T B A R M e N AR 25 A 2 B R
SRR AT T

KR LEA INER Z R TR 4 I CNN R 5 2
Kb FE S, A AR A A U AR 55 BT e o ) 28 A (i
CECSEAED 2 18] B AR HE D 22 248 b e i T D0 & ik 72
HI RS R % . (ESEhRERAE Y, SR CNN AR #E 5 1Y
X RAF B R T H S 5 AT AR B, K 15 B 1) b B
g 5 S bRk e HEAT X B, TS B RSP SR A I Ek
W RPGEIMBRZETHEARXN:

1 “ 2
W=——w—— F;i—P;;) x100%,
l Pmax,i\'(m_l) ;( Y l])
(i=1,2, +,65 j=1,2, -, m) (6)

R W R R KT L5 B M RAR 25 5 P 8 B K BE
s FA P 4y 2 o A AL 38 A 8 A B S R A AR
m TR B BT IS AEG FhR i A4 R R
i s A j2H e AR

2 6 g T 2o A G5 K SF R E A AT CNN K
YR TR b B I 1) RS S INRAR 22, IF 5 [ F bR St
FeRR AT TR b W LUK B, [ A RSO S
T, CNN R J5 124 75 00 28 140 2 R 8 ARG, e K
@ 70%, HEEA K F] T H % bR e it He bR R

x6 RFEEMBIRE (%FS)

Table 6 Balance combining loading error (%FS)

g AL OW T e

AR AR ERiEELaD St bR
Y 0.05 0.015 0.4 0.1
M, 0.11 0.047 0.4 0.1
M, 0.21 0.157 0.5 0.2
X 0.02 0.017 0.5 0.2
Z 0.04 0.024 0.4 0.1
M, 0.24 0.067 0.4 0.1

o Wit i
Y 5000 N
M, 200 N-m
M, 50 N-m
X 2000 N
z 2000 N
M, 100 N-m

SEAb, FEAR R ISR AF R, ARE R BN &
(3B TE B, X R PREAT R I, LAV AL I
EHEENIRZE. HTRTPEPENGZSMBEESR
ERARCA I FASWAR

2
1 1 1<
S = Z[xi,—;inj] x 100%,

Xmax,i i1 i—1
J= J=
(i=1,2,-,6; j=1,2, -, n) (7)
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TEIB MG 5 25 B 22 90 2% 1 U 2R 1 i 2 R v 110 2 31

P SRR KPR 6 N AR A% s XA Xiax 70 501 R
78 RSP A A R KV B AT s n R X KP4
BEZMEINERN LG TR MR RRE &
ANER j IR R N

R T AR GER TR HE 2~ FORT CNIN R A Y Ak 2
Ja B RF R IECE B XS E . AT, CNN KR HE A
R L PEAG 2 1 Ko R RS R AL, AR R TBOR
W BE BT, B3 T FE AR S i FE AR ) R

xRT1 REGZEMHBEEM (%FS)
Table 7 Balance combining loading repeatability (%FS)

gAY OW T WER Rk

RHEA RAER R SR EiEL St fabn
Y 0.02 0.037 0.2 0.06
M, 0.02 0.013 0.2 0.06
M, 0.04 0.025 0.3 0.10
X 0.03 0.009 0.3 0.10
Z 0.02 0.016 0.2 0.06
M, 0.14 0.041 0.2 0.06
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X RV S I HE AN 8 FEBEAT 1 00T, 1R A
MEAR TR 45 31 ) 45 2R 5 0 S 3 (B 2 18] PR R AR L [
I B N 3 AR P ) R G iR E MBE LR 22

R 8 ARG R TR HE 2~ 2R CNIN R I A 7R A e
25 R A E BEX L, o kRO BAR KN 95%
I RS BT o RSP R v 24 ST CNIN A HE 2R £
B AN R FE (T EE A3 AT IR AN 2 S AU R R
FRGE 5N AN & FE AR HE B4 5N AN & B Ok
FF—BG 0 EARIUAE A SR E B (B
RPEAEMBIRZM R FLEEMBEEEE F .
CNN 2 HE R R SR AT AN B 38 3 /N T R I v 2 5K
THRAF B ATRE B . 22T CNN 2B i A I e
RERUE G RV SRR 2] T RORIEEE 1T

®8 RETRAMEE (k=2) (%FS)
Table 8 Balance expanded measurement
uncertainty (k= 2) (%FS)

DESCFRIEAR e AR s
Y 1.0 0.26 1.0 0.3
M, 0.98 0.27 1.0 0.3
M, 1.74 0.78 1.2 0.5
X 0.51 0.47 1.2 0.5
Z 0.87 0.27 1.0 0.3
M, 1.0 0.29 1.0 0.3
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AT HE— R TN AR R SR HE R BE, A SCHR
2K ) ONIN X R 1 A v R a0 2 AT R 2 >0 i A
o AE5I N CNN BOAR Z R, f i 48 0 48 SR (R 35
BP 41 42 {4 % . CNN 25 ) ££ R R T i 25 R 1 b 2 A
K13 FH PR 2% AR BEAT T 0018 o ol 0RO ST i S R T
AE, R T8 HE Jt I 38 A 7 1] L 5 R T 44 Bl AR A R —
B AN T R BT R BRI, SRR
A PR B R HE HL B 2h AL D) BE RRHE BE &, FFER RSN
AHHE HEAT CNN PR, TR IR A e -

SR FI CNN Il 2 (15 AR R SR B 1 R 1 Fi s i e
5 i 52 B4 ) e RS B R AN SR 2R o BUdlE 45 R B AL
T AL g8 4 ik, CNN R HE R A 75 31 1R R o 45 R 10 2%
EINEARZE HRNE LA E E = TR AR i K A
B BB L 70%. CNN AL AERE R0 K i A5 5 = B
FELAE T AL BAR T AL G075, A BRI T &40
B[R] B BT T P0, AR BT CNN 7R R P B S R b 1Y
AR N IR L 22 ) BAR 5 KU KPR HE R
A2 SN B AT BOR B TR HET N AN A2 1R
JER 3.
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