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Modeling and Analysis of Rotor System Tolerance Based on Small

Displacement Torsor

LIU Zhuangzhuang, HAN Dong
(National Key Laboratory of Science and Technology on Rotorcraft Aeromechanics, Nanjing University of

Aeronautics and Astronautics, Nanjing 210016, China)

Abstract: Helicopter vibration is closely related to manufacturing technology. Reducing manufacturing error can ef-
fectively reduce helicopter vibration. In order to analyze the geometric rotation accuracy of helicopter rotor system,
the key tolerance on the assembly path of parts is modeled based on small displacement torsor (SDT), and the er-
ror transfer on the closed-loop link is analyzed by homogeneous coordinate transformation method, and the geomet-
ric rotation accuracy model of rotor system is obtained. On this basis, combined with Monte Carlo simulation, an
example model of rotor system is analyzed. The results show that the variation range of rotor blade root in space is
approximately ellipsoidal, and there are complex fluctuations in the process of rotation. The radial fluctuation error
of rotor blade root in the plane of rotor disk is about 0.58%, and the fluctuation in the direction perpendicular to the
plane of rotor disk is relatively large,, about 0.89%.

Key words: small displacement torsor; tolerance modeling; tolerance analysis; error transfer; random simulation

Wi B 202007-30;  fEEIBE: 2020-12-27
BEEWMB: ERARP¥IL4011972181) ; LA m A F R & TR % B H
BIE1EH: #/, donghan@nuaa. edu. cn
LA XA, B 2T /MURR BRI S R Ge 22 BT T [T]. iz TREBENE , 2021, 12(3): 144-152.
LIU Zhuangzhuang, HAN Dong. Modeling and analysis of rotor system tolerance based on small displacement torsor[J]. Advances

in Aeronautical Science and Engineering, 2021, 12(3): 144-152. (in Chinese)



% 34

KA - /N0 RS e Ak O e 3 AR SR 22 R oy 145

0 35l

BB TOKS FEAEAR R AR B s 25 1. 20 B fid
R R PERE  fF TR SC B P 2 B % R . 2R
e T RE 4 T BOLE A Y B P 57 Bk Bh IR
SERE . H LB YR B RS TRE AR A &
BHIR . AHlE R T2 AR, 828 A
J 2 5 e B RO B B0 R BT A AR S T LA
LB A e fi A AH [R) A5 E 3 BT A N P i [R) , DL K
A R S W A W R S AR W) 1 T A R TiE B R Bl
ANV i S TR, A T R AR B T BIL A iR B K COF X
BER RGN g TR S BAER A
DA

H AT, 75 =28 25 g i by o i, = Ah
K 3 AR T-Map 367 M AT L iE
PULL BN RS i i (SDT) 361094 X s gy ik
PR E A EAERIAR , FIH LA 35 25 B3t dE 478
RURS B SR A o T-Map ik 093 ARG B3, AL F
NEW R R RN E R, DT A
FFA N 22 BRI s AR R X 4% 28 08 22 FR IR kA7
T SR F T-Map 72 5 DL 3R 2= 14 (8] 3% 22 1)
VE 2 2 M H o A i 0 o AT BG T o 3 0 Al T
LU T 3k FIHE it 7 vk RH 45 A NS 25 AT B AR A
AL [F) A Ak 3 RS) N 25 LA A 25 HiE AT LTk 2
DS IE X RR BN, DLALES A NI Az 3l
2 A% B S Ok R AE T PR AE I B BN S 5 e B
TSR /N BE AR, LA 32 29 O Y JE o 2R i ok R
TE G /N AR 2y i 5 FE AT LY e £ vk B3 AT 3 (0 AR i
FE BN — |, A B AT M AN iR o

AN RS T i (SDT) ¥ J2 8 R AF 58 bR f fiE 5 2
RURRIE 22 (8] 1935 22 B /ML B8 e 7 % 12 19 T 1R 3RO
ok SR E B TR AT R 25 B T IR
AR AT 4 0 JLART R AiE AT H S FIE R R RN o R
FH /NS # THE it 3, BV RE — > 3804 3 18 Y L An] R 1R
57 B AR X T o — PHAR SR T Y LA R AR 47 0 WA
BE AN BB AR R B =k
M= A K. RIS HF 5 T /M e it 1Y
ORI S A T WA AR AR e B S 5T R 1A
& E A L 0 2 AR A3 B, O S B R T
ZOT T AT 5T N Asante ™ f B iR 22 H
L T i S B AT Fn Ol Ot s 22 BRI oK
fif B BRAF AR B I TR AR A B R SR
7 A% i i BIS , 45 A 52 RE R P 5 e N TE AH 45 A
[ A B N 22 A0 A7 ik L B U TR T R
HUPR RS BE T B 9 52 F M 5 S, Jin S5 100 /N B8 e

il

vk T IR AL TR A 2 22 SR A Rt — ol [
P S N R s T5 3k O ad 1 52 1 R A
GEit oy B4 R 5 I RS R R A ) Y 24 oE
175G A, R /N RS i 1 e 57 U A AR AR 4 AR 25 5
07 G o A 1 2Tl LA [ R B2 Y 1) 5
JE S5 /N 57 B T RO N TR 9 AR 45 A AL T
R e 19 2> 25 LR SK figt J7 3% , OF a8 5 52 461 23 A ik
TIZIT R BB RORE I . BARIE N AME /MRS
ik 3 B4 B S K S0 o3 A O T XA T ORI
(ELJE R R T TP T 50 A i 0

Bl & LT HLEE AR B A W A R o BAR L T AL
MV RETE A 7 AR AT TR B EOR . N T REA KL
Woe ARG L T AL A A B, A 0 B R AER T 3 15 2 7 T
PEAT B AT o A SCaE o e 3AL B R SRR K
i /N RS e B (SDT ) 9 28 22 (T, 25 45 5% I AL A
BWRAL N 2 Bt o At R A& AR A
Jie i Bk B JLAWT [ 2 B2 AT 35

1 REAERBNEILRSH
1.1 HEZRZEBPYE

R SCHIE FE e 3 28 8 JL AT 1] B G R 5 B
A IR ) R S 22 {7 B A R A T R AR 4 S T Y A
B DL o AR ST ST B e 3 AR G R T AL 4 4% 5 —
AR A R 2L AT R R E A 1 S R T, e A, KA
A REE EBE ARARE, WA LR . Horh AT R
AR AR R GEAR I SOk [ 14-15 ] g, R S AR 4
Ji€ B PR . X TR R GE, AL B 8 ik fe
L FN AT B U A, 2 e 3 g R MR R — A
SCRMBER . T ROZES AR LAY RI R 2N 2545 B Y [m]
R 22 RV R e 38 2 S ) e A L o

AR
i — S
SRR

— i A

e T
TR

!—_ B —AZ i Vi fe L

Bl i3 AL s R G R
Fig.1 Rotor drive system model



146 i as TR

L JiE 012 %

e S A TR SR /I R e 0 R AT A 22 IR
XF T FAF A By AR 0 T G o SR A RN R
(), RV AR B A7 A B AR RS 5% 25 MRS & %
T 07 B 22, 5 B0 4B I 11 18] 1 52 P it & R i 5
4 SCBE & R W AT AR 22 0SSP IS & 2 A X T 44
SCHE A 2 T A 25 8] A7 B 78 Bl e B O R G0 O NG R iR
ZEfH . X T HER ARG, RN BEYUE LA J7 1%, 1 5F
UK A8 o P 46 I 2 A S5 s TEE 3 6 THI AR X T 44 SCTE
B A TR 22 (A, I A 3 IO BE R A AR 4T
P9 B G 2 R 22 2E AT Rt AR AR AR B BE B B Y
R

1.2 MIBEREHNAEZEE

/MRS i (SDT) R WK 5932 3l JH 8~ is
gl 73 8 o, A LU R R AR BARE IR W i 4 AT
[ =9 ) A S I 9 e R 2 N [ e TR
i85,

X S B B LB T, O T 3 R —
A5 PR AR R T A A D 22 AR IR SR T . AR AT AR R
JUAT AR AIE 7T P R FIE 4RO B 7 o T JL A 45k )
AR By B AT DA = A F 3l 5k R = 5% 3l Ok kg
B2 7s o SR /IO RS e B O A ik, B3R — > B
R S, A LA R AEAH X T 55— BAR i S, 19 UL
AR A7 Y AL B A e, N 2 BT o

2 FAERE S, X T S, B LA AR AR AL
A bR R IR
Fig.2 Schematic diagram of the coordinate transforma—
tion of the geometric feature position of the ideal
surface S, relative to S,

SIX\Y\Z,.S,X,Y, Z, 5y B K on AE K S, .S,
A JLTRRAE A2 5 &R o /M S E B D e % < 1+t o
FAFH% 2 e X P2 2% B 4L i, B
a u
D=(p,e)=|F © (1)
y w
Ko foy BEAALER R BAEJR TR R 2.y, 2
B ERBE s wv w AR R TR R BB AL AR
B RS
i 1k AL NI Bl 2 AL bR R 4 TS R A 25
YRR B 4 }< 4 1 55 IR A Bk AR 4 5 B (Homogene-
ors Transformation Matrix, faii #x HTM) JE =X 791,
1 =y B u
T— Y 1 —a v
—B o« 1 w
0 0 0 1
P A b 2 & AR bR RS, XLY L Z, B 4 B
SIX\Y\ Z, TR KRN

XSZ XSI
PSZZ Ysz =T- Y51 :T'PSI (2)
ZSZ ZSl

TEBRZETH BRI p 2 I M A 25, —J2
RSP a 28, RN 25 o X RS2 22 B9 82 i m]
PUABSE BT AT 2 A WA . X TR A S R A
26 FUS W) JFG S T 64 95 1] 57 B8 BSCRE T A [ 402 K
ANHEAE /N F B2 AR BE IR TRt [ A T AR /N
R U6 M RT3 22 e 4l 5 U 38 B W it 47 303
o XIEALAZE W ILAY A 22 R BV T AR 22 (n
ELERE T RE LB RE AR ) E I A 22 (MR B 6
B SFATRESE) 228 2 CHn [R) g JBE X PR EE Ao
BREAE) = AL 22 AR B 2 R K i R Y A
RN 1R



53 SHHE A ST /N RS B e 1 e B R 0 2 A 4y # 147
F1 AN A
Table 1 Geometric tolerance modeling'”’
NP N EREE UNDREY S YRR o S
i< 2
1 0 B 0 A
a 0 H
p=|g 0 T — 0 1 —a O ‘ﬂ‘<§
P B 1w
0 w H
0 0 0 1 ol ~-
B _H
lw|+|a \*Hﬂ‘? <5
U Mg;i
K, 1 0 8 gl <
' @ u oo L
—a v
: D= T= H
A : ﬁ . ~poa 10 <5
' o 0 0 1
. Lwﬁgé;
Y H
RS Nt 1) +aorral Ly <2

1.3 FRERBREZEBZRST

FEUR AL FR S 4 148 A AR R i A o 4 A AR 1
] 48, 76 $007 33K v 1 5% U4 b 722 4 0 [ T DLAR
J5 58 b K — A~ 55 U A bR DA — A 23 [] A bR 2% S5 )
Ty — A M AR bR FR o AE A IG5 T Ak 43 ) ST
% SCHC A 2 T8 JLAA] R AE A bR 52 R 52 B i A 26 181 JL
TR AR AL AR 22, W0 IE 3 T, 3 FH 5 U A s 728 46
R T DL D i 5 PN 45 SCAR bR R T AL Al b A
ﬁ&%ﬁLﬁ%T%hﬁLﬁwﬁ%M P —

23 ] AL bR 2 51 55 — > 25 () AR AR R g, e
Qﬁ%l%ﬁ%ﬁ$%%l%ﬁ%%%ﬁ%ﬁ£
PR &

P,
/ P
A > ,én ------ o P (i)
N e
P
| I
0, /;/ ,’//\P
0, /
/ ILE» l
B3 B AR 2545 0 B AR

Fig.3 Assembly tolerance transmission path
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P in the global coordinate system

0.4
03
0.2
0.1

-0.1
-0.2
-03

Psix[A 22 )56 Fl/mm
S

<
~
T

0 2000 4000 6000 8000 10000 12000
B
PI1 e G PAE 2R A AR &R Y o 1) A2 ) i [

Fig. 11 Range of x—direction variation of measuring

point P in the global coordinate system

P iyl A8 5 75l /mm

-0.5 1 1 1 1 L )
0 2000 4000 6000 8000 10000 12000

B
P12 et s PTE AR A AR R T B y 6] 22 Sl

Fig. 12 Range of y—direction variation of measuring

point P in the global coordinate system

0.8
0.6
0.4
0.2

-0.2
-0.4
S 106
-0.8
0 2000 4000 6000 8000 10000 12000
LigIR 7€
13 Wt s PTE AR A AR 2R T B = 1] A2 ) g il

Fig. 13 Range of z—direction variation of measuring

5z [ AF Bl /mm
(=1

P

point P in the global coordinate system

MWEI0 P LLE PSRRI R T A
(] 78 By 15 L 30T 18 2 B — A RO .

MBI T1I~E 13 7] LAA i 5 PAE 2y 7 1)
e 25 FR 42230, o 2l 25 fH 0 0. 854 684, T i 158 2%
B4 2R 0. 58 %, 1M 7 = J7 ] Y 158 25 PR kot
Wsh2ZME N 1.322678, T HiREHT LA N
0.89%.

BESL FR G 1 1 2 7 e — ] 3k R o i i Bl
18 L An L 14 It , BT DL 2 e 38 4 AR 007 522 B
FER IR IZ 3 .

P14 @ b pl 3 A T i — A a R v Bk Sl
Fig. 14 Fluctuation of the blades on the

rotor during one revolution
AN
4 & it

(1) A SCHCHE /N7 B8 Jie k14 2% 22 580 B 5% IR
AR o A A8 B T3k RT LAEE fRIOKS B 5 0L e 3L R - A 2
LV 1T A B 3 B AT T A I 3 A D .

(2) 352 %) e 3 52 8 10 2> 25 B8 80 23 A7 ] R T
B MR A AR B I i = MRS O . LS (]2
23 BT B — R BROE X 53 A B
G5 K X8 B AR RS B

(3) 38 id 1 22 PR ARG B TH 3, A A T TR S0 ik
HR SRS B ML TR R 3R R R Bl 0 T B R O R
1 X AN M BT A AL I R R

2 % X

[1] DAVIDSON J K, MUJEZINOVIC A, SHAH J J. A new
mathematical model for geometric tolerances as applied to po-
lygonal faces[J]. Journal of Mechanical Design, 2004, 124
(4): 609-622.

[2] JAISHANKAR L N, DAVIDSON J K, SHAH J J. Toler
ance analysis of parallel assemblies using tolerance-maps®
and a functional map derived from induced deformations
[C]// ASME 2013 International Design Engineering Techni-
cal Conferences and Computers and Information in Enginee-

ring Conference. Portland, Oregon, USA: ASME, 2013:



152

Mo zs TR HE R

W12 4%

[10]

12394-12403.

DESROCHERS A, GHIE W, LAPERRIERE L. Applica-
tion of a unified Jacobian—torsor model for tolerance analysis
[T]. Journal of Computing &. Informationence in Enginee—
ring, 2003, 3(1): 2-14.

MM, BE3E K, TAEBE, 5 JEFOUBR Lol A Re ik 22
HEBTT T LT]. MUK 5T, 2016, 44(7) : 116-120,
124.

CHENG Binbin, HUANG Meifa, WANG Zhiyue, et al.
Research of assembly tolerance modeling method based on
actual working condition [J]. Machine Tool &. Hydraulics,
2016, 44(7): 116-120,124. (in Chinese)

KB, BRI, AL, A5 BE T AT LU E A Y S B
AZEBEBT] HEAERG RS, 2011, 17(1): 77-83.

ZHANG Weimin, CHEN Can, LI Pengzhong, et al. Toler-
ance modeling in actual working condition based on Jacobian—
torsor theory [J]. Computer Integrated Manufacturing Sys-
tems, 2011, 17(1): 77-83. (in Chinese)

INEWE, P2, XGERI, 45 %5 R TR D 2 Y R
il L AT Il o B 58 O vk [T ). LA TR 224, 2017, 63
(3):173-182.

SUN Yanhui, HONG Jun, LIU Zhigang, et al. A calculat-
ing method for the geometric rotation accuracy of precision
spindles considering the manufacturing errors of component
parts [J]. Journal of Mechanical Engineering, 2017, 53(3) :
173-182. (in Chinese)

GUO JK,HONG J,YANG Z H,et al. A tolerance analysis
method for rotating machinery[ J]. Procedia Cirp, 2013, 10:
77-83.

B, LM, RIGR . SRR B 5 N S A A5 R 1
MEJE A 25 BB AR [T ], DY 23838 R 2 4L, 2014, 48(7)
53-59.

LYU Cheng, AI Yandi, YU Zhimin. Cylindricity tolerance

model solution combining Monte Carlo simulation with re-
sponse surface method[J]. Journal of Xi’an Jiaotong Univer-
sity, 2014, 48(7): 53-59. (in Chinese)

SRR KL T /N AL B ek A O 2 BB RS K AN 22 43 T [T ).
BB BE T Sl , 2010(1) = 205-207.

WU Zhaogiang. Stimulated tolerances modeling based on
small displacement torsors and tolerances analysis[J]. Ma-
chinery Design &. Manufacture, 2010(1) : 205-207. (in Chi-
nese)

ASANTE J N. A constraint-based tolerance analysis in a
multi-operation single setup and multi—operation multi-setup

part-fixture assembly [J]. The International Journal of Ad-

[12]

[13]

vanced Manufacturing Technology, 2013, 68(5/8): 1001~
1014.

JIN'S, CHEN H, LIZ M, et al. A small displacement tor-
sor model for 3D tolerance analysis of conical structures[J].
Journal of Mechanical Engineering science, 2015, 229(14) :
2514-2523.

HOHE, TRBL, BRAT . /NOLAS E ik A R AR S5 S A 1
N FEST TR #2077 ]. V5 A8 R 2 AR, 2017, 51
(9): 77-84,91.

HUANG Kang, XU Rui, CHEN Qi. Gear tolerance model-
ing with small displacement torsor and response surface meth-
od[J]. Journal of Xi”an Jiaotong University, 2017, 51(9) :
77-84,91. (in Chinese)

WAL, bt , WAt e, 55 . BT 5 AR AR A2 e Y 1 i
FAEMIOTILLT]). HITLR 2224 (22D, 2008(6) : 1021-
1026.

XU Xusong, YANG Jiangxin, CAO Yanlong, et al. Manu-
facturing error modeling based on homogeneous transforma-
tion [J]. Journal of Zhejiang University (Engineering Sci-
ence), 2008(6): 1021-1026. (in Chinese)

B R TP AL S RS B BB K
[D]. Bist: Mafias ik R, 2018.

LI Lei. Design and analysis of variable-speed helicopter
main transmission test stand[ D]. Nanjing: Nanjing Univer-
sity of Aeronautics and Astronautics, 2018. (in Chinese)

F LW HEFNE S RGBT I [D]. #at: R
ZERER KA, 2011,

WANG Weigang. Research on design method of helicopter
transmission system [D]. Nanjing: Nanjing University of
Aeronautics and Astronautics, 2011. (in Chinese)

SR T, AR . T LabVIEW R 28 5588 AN E 2 50
HRGEBITT]. TA RS Ak, 2016(4): 81-84.
ZHANG Haining, BAT Fu. Design of the measurement sys-
tem of hydraulic torque converter shape parameters based on
LabVIEW [J].
2016(4): 81-84. (in Chinese)

Industrial Instrumentation & Automation,

EEEN -

XA (1995— ), 55 8L RFoT AR . B BAFFE )5 1] - ELTHLAL
KRBT

B ORQ979—) M B BEMR 1 TSl )
2 B FARE ) R RE BRI B eI AT Ay AT IERESE .

(%% : 5 #)



