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DEVIATION ANALYSIS FOR SERIES-PARALLEL
ASSEMBLY OF LARGE MULTI-STAGE PLANETARY
GEAR SYSTEM

ABSTRACT

Large multi-stage planetary gear systems are used in ships and other
major equipments. Their overall assembly accuracy directly affects the
vibration, noise performance and wear resistance, so any whole assembly
must be inspected to ensure that its tooth backlash and tooth contact pattern
are qualified. The manufacturing deviations of the parts are inevitable, and
the deviations of position and direction of the geometric features of each
part is accumulated and amplified during the assembly process. Therefore
the inspections of backlash and contact pattern may still fail even if the
manufacturing deviations of each part are within the qualified range of
tolerance. The work period is greatly prolonged repeating trial assembly
and part truing. Deviation analysis is necessary to shorten the work period
by predicting the overall accuracy, finding the deviation source and
instructing the part truing. However, large multi-stage planetary gear
systems have many parts, combined tolerances and complex assembly
relationships, which make the deviation analysis rather difficult. The
existing deviation analysis methods are difficult to characterize the
combination of multiple tolerances on the same geometric feature, because
the requirements of form and dimensional tolerances are coupled with each
other, resulting in actual manufacturing deviations beyond the simulation
range. Meanwhile the existing deviation analysis method cannot analyze
the parallel assembly relationship between one part and multiple parts
through multiple surface contacts, because the parallel assembly
relationship have over-constrained degrees of freedom which the existing
method can only simplify and ignore, resulting in low analysis accuracy.

Therefore, there is an urgent need to improve the existing deviation analysis
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methods to solve the problems of combined tolerances and series-parallel
assembly relationships in the deviation analysis of large multi-stage
planetary gear systems.

In this paper, a complete deviation analysis method is proposed to
realize manufacturing deviation characterization, assembly relationship
characterization, deviation transfer calculation and tolerance sensitivity
traceability for the issues of combined tolerance and series-parallel
assembly relationship of large multi-stage planetary gear system deviation
analysis. Based on Small displacement torsor (SDT) manufacturing
deviation representation and Monte Carlo statistical simulation method, the
tolerance characterization model of all geometric feature types of gear
system is established and the influence of combined tolerance is discussed,
considering the coupling constraints of multiple tolerance domains of
combined tolerance. A general characterization model of the series-parallel
assembly relationship of the gear system and a general deviation transfer
calculation method are established based on the matrix model and
considering the assembly sequence and primary and secondary contact
relationships of the actual assembly process. The differences in accuracy
and tolerance sensitivity between the proposed and the existing methods
are analyzed. Finally, the proposed method is applied to analyze the
deviation transfer of manufacturing deviation on tooth backlash and contact
pattern in large multi-stage planetary gear systems. The accuracy of
deviation analysis is verified by actual measurement data. The proposed
method is used to develope a software for gear systems deviation analysis.
The main research contents are as follows.

(1) Assembly deviation modeling of large multi-stage planetary gear
system

According to the dimensional and form tolerance marking and
inspection process of the actual manufacturing deviation of the gear system,
based on the expression of small displacement rotation of manufacturing

deviation and the expression of inequality group of tolerance domain,
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considering the difference between the fixed tolerance domain of
positioning tolerance and the floating tolerance domain of orientation
tolerance in the combination tolerance, the inequality group expression
model of tolerance domain of the combination tolerance of the planar
geometric features and cylindrical geometric features of the gear system is
established. Combined with the Monte Carlo statistical simulation method,
the accurate statistical simulation of random manufacturing deviation is
realized, and the basis for manufacturing deviation transfer calculation is
provided.

(2) Series-parallel deviation transfer modeling of large multi-stage
planetary gear system

According to the complex assembly relationship and actual assembly
process of large multi-stage planetary gear system, we propose the
definition of assembly step and primary and secondary contact pairs to
express the assembly sequence and the contact positioning primary and
secondary relationship of multiple contact pairs. Based on the matrix model
of manufacturing deviation transfer, the general formulae for calculating
the unknown parameters in the primary and secondary contact
transformation arrays of "cylindrical + small plane" and "plane + short
cylinder" multi-contact assemblies are established based on the six-degree-
of-freedom positioning coordination of the primary and secondary contact
pairs. The differences in accuracy and tolerance sensitivity between the
proposed deviation transfer calculation method and the existing methods
are analyzed.

(3) Analysis and application of assembly deviation of large multi-stage
planetary gear system

Aiming at the requirements of circumferential side clearance and
contact spot deviation analysis of large multi-stage planetary gear system,
the information of manufacturing deviation and assembly relationship is
compiled, and the proposed manufacturing deviation characterization

method and assembly deviation transfer calculation method are applied to

VI
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realize the complete deviation analysis of the object and obtain the relative
positional deviation of the meshing gear pair. The mathematical equation
for calculating the meshing circumferential side clearance from the
positional deviation and tooth shape deviation is established, and the tooth
side clearance is calculated for all data samples. Input the gear pair attitude
deviation into the finite element meshing simulation and obtain the contact
spots of all data samples. The accuracy of the method is verified by
comparing the measured tooth side clearances and contact spots. The
proposed method is translated into a general gear system deviation analysis
software platform.

To sum up, this paper establishes a deviation analysis method
applicable to the series-parallel assembly of large multi-stage planetary
gear systems, improves the definition of tolerance characterization,
overcomes the problem that the existing methods based on series
dimensional chains cannot calculate the deviation transfer of parallel
assembly relationships in a broad sense, and achieves a high-precision
assembly deviation analysis of large multi-stage planetary gear systems,
which helps to reduce regrinding and improve production efficiency, and
feeds back to the design process to guide tolerance allocation.

KEY WORDS: Planetary gear, deviation description, tolerance analysis,

small displacement torsor, assembly simulation

Vil
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K S g

|

|

|

|

|
| g - Twz
| - I
| [ e fse{ tmome |
| ) Iy r T |
‘ TRER ik L
| it il

|

|

|

|

|

|

|

|

. . e el
AT IS (52D [ \
| |

|

boc |

|

il
L 1 |
-—' .Jv" %H 1 AR \ \ PN %%%fm k—}
INH‘/}'( ‘
\ LR )

\

| |
!J—\ |
\

RETUR |

L= |

B 3-4 v N JEBAGAR T A4S B 7 A S 89 Kk T K BUAR

Fig. 3-4 Independent subassemblies after adding virtural feature of gearbox case

3.1.2 WRAZHEHKKREXR

W R G AT 5 A T UATRFAE E A7 A T IR O 5¢ R AR 7 L, By
X IR o< 2 O 22 A% 0 B BRI . 18] 3-5 o 9 IR I R R ki fe 1
B, A, FRIR. RS ERAA R, ARG, TR

52



o5 TN 1 R DATS'S

R RS RmRAN, XEAEE, B FE1 £ FE9 ARAER . F 05 J LA R
fif (Feature Elements, FE). B CRRIMAHZ2E2I4 1, SR 5 500 22 25 22 Tl AN g
I ) 72 Ak L

FE1 FE2 FE3 FE4 FE5 FE6 FE7 FE8 FE9

FE10

B 3-5 &t BRERL K R T RELRLEM

Fig. 3-5 The assembled gear structure with parallel assembling characteristics

DR SR C A PR R BC B i ok 21 mT LR 1 3-6 7 e o) A B AT 3RALE, &2
SRAZIIRBE T R RO BRI R &R, =B A (A B 8eh . 728 RO Bl
BE A A 1 PR AL T A K P A, W RURI R IR LK & £ R@ ke
Al BRERE AR ) X RFAE TS B AT, WU L ERIFIEE LR R

iy NJph (AN

B 3-6 i T REBRANEPGEREZR

Fig. 3-6 The equivalent relationship of assembled gear structure

3.2 AR RS SR H B REL X R A RECD MR IEMEIRAE

TR AL OC AR AR O OC AR B i B R WDIR, TEik & B M rh SRR IR ST i
BEAT AT B 50 b SO B I s 22 326 o AT BT X0 SERR AR AP e RE AR —

53



B R Z AT RN R G R IR IR C i 22 1 1 A

Foft e R IR L 5% A8 (10 5 TR G 20 AN 6 e 81 1) ¢ SRALE, JE 8210 8 I Ik 22 4%
TSR TR R AEHEAT .
3.2.1 RECIBFXHAR R G HKRE WMEREHENR

A e LU e BB AL v] DU IR T B S IR D RO w2 AR 3k, EXFF IR
@itk {7 8 FE8—FE3. FET—FE6 Bififoc R I—A, AIRFEFAE =F4F
TR AT RSB o X R R R AN A HER, DR R R A i B 0 D e 24 1) s 7 b
#HEAHELZ/EN . FES—FE3 MifLEEHLEN | 3 AHXT TRV y 3. Wz P
. 8%y ek, 2%z eSS . FET—FE6 Pl E Ar T Ve AE Rt T-FEER
W x P EHE. BBIMERNE TR BN, HRE R A Z R H Bk sh
RN FERT R AR T Tl (1) 8 2 Al 22 7= A2 T 52, A B P Bk 3 B A, U o4
A HEA T . NHRE x 1A —4ERCT RN AR AL A ZINTF T,
N5 FE R FL S AL U 2 ZMERRIR I REmT, T Eop & % eI R R . Ik, X%
EIFBREERI R RV EE R G, (T2 o W 250 O, 2SR 50 1 = 4k
B 22 K /NS 32 S R T R RR BA () = ARG SE AL . 9 T (RIS B I 5% 2R 0
OB EEAT O 22 A5 T, ANE R IR 00 R AT RS, TR AR A 2 Y
KA R e AL B A
3.2.2 RESFERIEMEIE X

N TSI OR R 8 T =G L AT, TR DGR 3-6 PRI
RAIE i 22 A% 38 5 R e A N ER VIR AR DA i 22 TH SRR A o il 2228 g 1 B0
AP T A F ] E F A R R AR T S BN B AR e AL, Wz E 1 LR
FAEARSE R 1 €L 45 [RIIN 25 58— MR AL D IR 2 X RF kR, v TR R AT
FRCRBC R AP IT BA A B B €z, 200 R 2 R A R R B A 1 56
JERFP R 5 o BN ZEA 8 L “3-2-17 Js U)o 22 SR 70 DT P i ) 32 L 2k
i 1 0 VR A i ) B8 = B, 12 A7 SR AR e e i B e LA o R HE PR T2 1R
AR AR

— AR o5 T AR I I AR B2 o R A A 5 A R P R
MDA Be A, Bl 3-6 HHEEROMDIRD. & BRED R LHA T
(R R, Ragf — D gazsh 2 50— B2 M LR aai &
AL DPROTBAE 2R, BE T 28 DRQTBAE 2 ke,

54



o5 TN 1 R DATS'S

[E] 5 A A2 BE A AN S T LA o SR R E AR AL 2 RE AU SIE B e B »
AT a8 T 5E L5

xR 2R E] AR ECE, R R E CAR LS H R 2, K
2 X BRI B 73 N e B A E o an & 3-7 P (i 4= ] AR EAR IR
WRETT BAERS L IR E LI, 2R R M€ 1 —F— % PTE L, %
fig], TR 2T E T P E EEE, UG SR PIE RS T
AR Oy R E R, SEA R AR, SOk sebr B AR S R A R A v E
NRFERE, D AL B R, SEIUBOE M AR B B LR R . RRRCP
o ) 22 AL B A 75 0 IR IR T 5% AR IR IR B — > S BE AR C AR ) B — 22
2 PR R PR AR, 2R — e T A BRI S &R, i F A0
Bk AR . AT & 2 X b E], WA ISR B b IR A s,
TR R A& o

2 SRR SBReS R @ﬁ%ﬁ
{j’\ <:|
| —

B 3-7 EoRIEARE]Z L
Fig. 3-7 The definition of primary and secondary contact pair

Kl 3-6 FTn$ER0 o0 & 0] LR W 3-2 B $Ele 0 fl e ml ik, NG
BB E AL FAR R . DIROMM LV FE4 $05 SKAEHUS FE1 b, %
fil X%, ML FE5 SHhAME FE2 b A/ Ha A AhfLIe B, $RARA K%,
¥ FE4—FE1 BCA E A, FES—FE2 B REAME] . BT i) % 7L FE8
AERANR FE3 N KB LI IERC &, #efilX %, Fe A il FE7 MEE3AA4 -1 FE6
AP ES, BEflOR B %, WMok FES—FE3 W H:fihEl, FE7—FE6 & Mk
PR o

K 32 WETRBRAAREPIG KB Y Ao RIS

Table 3-2 The assembly steps and the contact pairs of assembled gear structures
FHfmR A
RO FE4 — FE1 FE5 — FE2
WIRQ FE8 — FE3 FE7 — FE6

55



i

RE R AT RS R G T IBCRE I i 22 4% 3 1 A

3.3 AR ARG HHKKRE X RNINFRERERETHERE

B AR VB 5 5L, B RO B U0 5 B
SAERBV SRR . RV F BRI R PR IR A s, )
A U B PTRS URSAE RO AT G . AR A2 R R R R E GRS A MK
R SRR, (5T LUAERTR A A6 Rt 2R HARRHE I
B I MR A A 51 L ERAAE AR R

331 ETFSRERNRECBNET HRL

i 22 PR B O AR 2 R IR T P = 4R A7 28t Z2 P PN B PR A7 28 5% A AR P ) T2 4%
i E AL LR AR E o ] 3-8 NINHE TR IC A SR (M RF AL 8 AR Ok R &, GCS
LR bR 2. IR A JUATRFIE FE @3 /HAAR R, MIPTHFAE FE
1 FEj fIAL 5% 5 155 IR AR A e b PEE 2R3, IXFEAT R PI JR # Akb5 & FEL, FEN
[A] PR A7 228 5% 28 7T LA H AR B A 3T (¥ 5 VR R -

pFEL _ PFFEE;PFFEE; ...pFEnt (3-1)

FEn FEn

GCS __pecs A e

FEL—
Pg%l
FEX—=—FE2

P A NPreto
FE§ pres FELO
FE9

FEL
FE4

7

FE4
p:EEfZ‘ fliié‘
FE FE6

7

Wikt
B 3-8 Wi T RBRAREPIAFIEAL L T X R

Fig. 3-8 The features’ position-pose transformation relationship of the assembled gear structure
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Fig. 3-9 Contact positioning relationship of subassemblies with deviations
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Fig. 3-10 Parallel assembly considering edge-contact
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Fig. 3-11 The assembled gear structure with parallel assembling characteristics
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Fig. 3-12 Objectives of deviation analysis of the gear system subassembly
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Fig. 3-13 The dimensions of assemble gear system
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Fig. 3-14 Position transformation and geometry measurement of gear system subassemblies
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Fig. 3-16 The deviation sensitivity of parts and assembled structure by four deviation propagation
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Fig. 4-1 Large multi-stage planetary gear system assembly relationship diagram
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Fig. 4-2 Large multi-stage planetary gear system deviation analysis target
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4.1.1 FIEREMKIXRBA

KRB ZPAT BN RIS B 4-3, 355 24 AN FERM, BOABIE R
T3 TR x, AR yzo NSEATHETAFERIRZE 20 M, 75 28 e E I Fe i F
TSI J FRAR AR R o K SR MO A AN 28 ZEARVE B LA T 8 SOAFAE, &4
FIRFEL AR 75 UM B R 4-1, RIS, H, AEREASS
WA EARY M AZERSR, MHhESOVRHE: FrT 25 BT H 2 RS
SRR ST RARGIRBC R RANBER: P9 260 27 . AT 2R
152 Jid K 27 [ S AT A2 SR ) — 2L SRR (R BEE 54T A SR LR A5 i S 70 S [RI A 7
AL, % A AT R RSO SL R R A A 0 SR R R R AR, DL TRIAE
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Fig. 4-3 Assembly drawing of large multi-stage planetary gear system
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Table 4-1 Part-feature- number table

Tl 5 TP
5 1 B
- R 44 2 ; il .
1-A JEHEA; 1-1 BRI 1-2 172402235 IR, = H o s |
1-3 AR 1-4 A oi s 1-5 = = I !
1L L
— AT R AR 2 ey

2-A FEVE A 2-1 HEh B ANE 2-2 1T AR
L (=ZAFL 2-2-1P1. 2-2-1P2, 2-2-1P3) ; 2-3 =

H— H 2A
Bl .
2]
213
— AT R 3
3-A B A; 3-1 1T E SRk 3-2 AT R S
AT (AR HILLIPL, IP2, IP3 FRiE) (N
£
3-1

ZRLMRE 103 W
M 3.3.2 /NAT, AR N R AR B 1A T B e S 22 AR B N 44 AR
it 222 # E TT DIARSE RAF A 215 BA R, 44 SRR AT DL & 2R AR CAD $FE[A]
(AR A7 B A B SR 3R AT o 3 TR B R 1 BT A ZZ AR5 B B a3k 4-2 Fiow,
SRR Ho: PRERHIE R B4R B AR A Z S Sk TR HRAE, JRHEREIE N
FORNZERRERSRME, R, PR SE A Z W R A SRR & A ZEhRiE
R[] i Sk P i )~ T8, P T RS B O~ T T s 2 2 T A 36 [ A A0 T 22 A2l
R s Z2hn0E, IEFEFW A EE+ATE” NHEAE: ~ESHUTS
s WEREMZE ETIR, DA ERIATEAL A ZE; TS8P s KK 5
B AT il rg AR, G5 e s 3 O 22 R ADLAE i, AR R A ZZ S 30T LT 2 35080
v 48 2B K
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Table 4-2 Part-feature- number table

P BRERHME BEMERHE NFEFRR AZEZHImm LIS E/mm
1 1-1 1-A B HE Bk 3 0.02 460
2 1-2 1-A B HE Bk 3 0.025 200
3 1-3 1-A B HE: Bk 3 0.01 70
4 1-4 1-A P Bkzh 0.01 [610,610]
5 1-5 1-A ST k) 0.01 [400,400]
6 2-1 2-A [ 43 Bk 5h 0.105 200
7 2-2 2-A (G A o B P+ AT B 0.046, 0.025 495
8 2-3 2-A - THi k) 0.01 [400,400]

BRLMFE 1L R

AR RFAE ) (1) 44 SO AR 4 mT H 4 Jay 44 ST S A3 3. P RpIE R 44 X
RN 4-3, SERIMES. BT R AT R R, AR SR AR AR T [ 2 AT
KA RAFR T ), I AT BRI A B AE I, SUE R PIRHIETE] 7S H

B4 USSR wa, B,y VIR ETTIG S, R UV IEE.
k43 MRS X A Bl £S5 K

Table 4-3 Nominal global position-pose parameters of the features

FFE u v RHIE u v

1-1 -1178.145 0 17-1 835.499 516.265
1-2 -12.145 0 17-2  1180.499  516.265
1-3 -449.645 0 18-1  1419.999  516.265
1-4 -439.645 0 18-L 1415 516.265
1-5 -112.15 0 18-R 914.999 516.265
2-1 -12.145 0 19-1  1035.749 0
2-2 -300.145 464.639  19-L 919.999 0
2-3 -112.15 0 20-1  1333.249 0

ZERRLME 113 T

NHAT I ZE AR I TR, AR SEPRBEBCN T A1 HE T2, & LK 2 HAT Btk

e R GBI A R R a0 3R 4-4, 3L 20 JPARTC, BeRe PSS Y ALFE [RA Bl AL
G PGS BN IERE PR B A RS B TR IR R A, &
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OB S ] PP 7 Sk 22 MO R BB AR IR RFAE A U D ] 5 BB AR AR AE . a3,
P T BARM =AM A =R E , = SRVEAH AL A T A% A v 2%
A EI, BRE AT AR R A AL L, SER SRR AT R SRNT ERhR , S
LB RSB AL ER 2+ 5+ 11 12 2ERCD A a8 SO O i el T AR e A o

% 4-4 FBY Fo £ RS Z L
Table 4-4 Nominal global position-pose parameters of the features

WROPTS REOPRA TEEE]  REBEAE
1 FE 1-1—-25-3
2 “FHI 26-1—1-5
3 FE 4-1-3-2
4 FE 3-1—-2-2
5 [ A%+ /N T 2-1—1-2 2-3—26-2
6 P+ EAE 5-3—25-1 5-4—25-2
7 V- T+ R AT 6-1—5-1 6-2—5-2
8 FE 7-1-6-3
9 PHE+EREE 14-3—25-4  14-4—25-5
10 PH+ERE 15-1-14-1 15-2—14-2
11 FTH 27-1—15-4
12 [JAE+NFHE 16-1—15-3  16-3—27-2
13 FE 17-1—16-2
14 # 18-1—17-2
15 P+ 24-4—1-4 24-3—1-3
16 PH+ERFE 23-1-24-1 23-2—-24-2
17 PH+ERFE 22-2—23-3 22-3—23-4
18 FE 21-3—22-1
19 FiE 19-1—21-1
20 FiE 20-1—21-2
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4.12 REMBETTHIRRESH
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N FENLA B3 I 22 IE T B A N SRR AR AR # [, (A % 2 A0 SR AG AR 1A]
FEfb E AR e, A3 BIRPIRAL 22 5¢ R A0 B A5 R HeffE S 7S B HEES Bt o 1)
i ZEBEHLAE TS, 2.3 715 B NIRRT R T VE S I, 3.3.2 /N
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Fig. 4-4 Process of deviation transfer calculation
A ARFAE A7 23 TG 1) P T AR A g AT SR AR U TG R, AT B TWE AL A T
fmZEAeid Tt R R . 1B 4-5 N FAF NRFAEAL L 5 R Ao lA] 18T, ASEHU0 A B I 72 i
THEHIE 2 SDT A AN 44 SO 7 22238 e [ (¥ 3R AR BT AT SR A A (R 28 5%
FARIRE, R TR LT A B O AL RS T K A EE A ZE KRR
RENS A AF N AR IL 18] (O RL 8 R R PR ICR, ORFFALE R AR B, 38 Y e 25
PR A RA 2 kAT BRI, fa B or 7 B RS CR A A 2 R E T4
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B 4-5 RN A X R R m B
Fig. 4-5 Undirected diagram of intro-part feature posture relationships
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Fig. 4-6 Undirected graphs of feature posture relationships in the progress
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AR, Pt 21 BURAREAS, PE-L i 31 AR
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Fig. 4-7 Undirected graphs of feature posture relationships in the progress

4.1.3 R o4

Kl 4-8 v 3000 IR E R B0 H T 5HAS B FrA flC s AR A 2 A, IEREEE
AL R AR 1R Hf I 7 VR AN 20 B R R R T VR B S5 2R, AH 43 B 3B AN
PRHEZE IR 4-5 Fos. B O RONASOTE, BOgRNBEEIE. WEK
LA VR — TR R . — 2 A A0 — 2 i A 1 45 S A FE A A], T 2%
T S PR 45 SR A B RS 2250, B R BT AR R BTV A A B =4 0.1mm.
KR AR RO R IR 28, IHRERER & KREHF R CR, RE
Pt ) R R A A 2% B8 T IR ER IO VR IR B B R 2R, AR I A A

& 4-5 T E5ATEE R G AR R £

Table 4-5 Mean and standard deviation of deviation analysis results

Y{E/mm PiEZE/mm
HAR IR
AT RV R TT TV
— 2 i [a] R 447.98 447.99 0.0580 0.0537
— 2l A 0.0155 0.0153 0.0077 0.0077
g e R 1861.1 1861.0 0.0386 0.0379
K Eh R A 0.0392 0.0391 0.0202 0.0200
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Fig. 4-8 Analysis results and the comparison of methods: Axis distance and axis angle
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Table 4-6 Design value of tooth shape deviation

—ORBA%E —RAT R TR R ViR

T JiE 4-L FiliE 7R 77 i 18-L £iJiE 20-R
i % /mm 124 125 202.5 192.5
JEJifare 20 20 20 20
WRNE A 29.35 29.35 29.35 29.35
5N BR/mm -0.202 -0.221 -0.221 -0.283
W E EFR/mm -0.173 -0.173 -0.184 -0.233
B A FE/mm 0.0044 0.0048 0.0044 0.0075
Ui [ i 22 /mm 0.0065 0.007 0.0075 0.012
VA7 JER A 22 /mm 0.007 0.008 0.007 0.012
2 1A Bz /mm 0 0.03 0.025 0.005

4.2.2 HRER ST EEERIE

PR EAE A 85 IR, SR A% R AR PR VA =0 B A B v SRR A
B, — ViR B M BR A B R E RN 0.543, FBRN 0.396, g kiR
MR BB R FIR N 0.647, IRy 0.4220 = Fb[ JE MR T 55 12 & k8 ik 4-
7 BN, ATER R EOR B AN BRSO VR B AR ER e, DRI S B 3 i 3
SR FH B R B FE M B vt S5 25 SR o e KT ) 00 R e R A5 Tt A 11 it IR 2 5K o 63
R B AR B8 T 20 R TR B A IR R 8T AR 2w B AE W] B YE A R 2K

X T DL KI5 B A 22 5 L BRAEAIE 1 22 94T B 50 A% 3 R 40 I B 2504 45
M1, R B ARRRES R A BRI UE VPN Fabr . — S0 9T B IR K
(5] J& A 5 s 22 4 AT B 4-9 s, [0 JR DN s 22 B A oy A AR 0T 225K IRV,
Horp—Z i e 5 FE AN R A A% Rk 71.4%, - Zh e R A M R S48 2N 63.9%.
A BT ER 20 2R, R MEBTH  ZE G AT 3 1) 2R 0 AR 14 ] J ] it i AR
AT EASIX AL o A 2250 AT B Al PR 15 (0 BR 43 A BAA A & A6 2, BRE 1%
W2z T kA R B
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Table 4-7 Design value of tooth shape deviation

TR i
—GITER ZYATR
Fe /N 0 B 0 0
F5e KL JE A 71.4% 63.9%
~F- 25 [ A 69.7% 52.5%
800+ 0.396 0.543
600
400
200
0 0.389 0.437 0.484 0.532 0.579 0.627
(a) —Z B R FAMRGE £ 2%
800 0.422 0.647

600+

400

200

0.242 0.354 0.466 0.578 0.690 0.802
(b) = BNk £ 5
B 4-9 [ RM IR £ 5 #7245 R oA B AL o4 F

Fig. 4-9 Distribution and the passing rate of backlash deviation analysis results

K 5K B & M PR R AR A 56 R G AR, 2 T e A 22 0 A B, 43 il
AR 224 366 O R H S A 22 0o [ T TR 1 T ik B 5 UK B, R R BRARRAIE A ZE 11
B 5515 JE B AR PR AR o — AR Bk % A ZE N — AT B e 5 TR B Y DT
BR S SHURE AP 4-10 Fros. AR ES 12 ANRE R o N b o 006 1 22 258 b 1 [ )
Alxf [ &AM R DTk FE 5 UKo, 408 0.703 5 11.926, RIULARRIBkE)
A ZEXAT A B R BR Y B D kB i R, L 222 eSO 6o [ A0 it D s il e K
FH T b A DT R R S BURR B 3 K, AL I AR A b A (B Bk 30 A 22 3 BRI A7 A % [ L U
BRI P A BN . TR ES 14 24 44 7. 9. 10+ 114 13, 16+ 18 MEFEXT
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Fig. 4-10 Contribution and sensitivity of 1% stage backlash deviation analysis
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AV A 2B R B 5 R PR 0 ok B T BUR FE AR, 2008 0.165 Al
5.352, [RGB A1 A Ak [0 B8k 80 A 22 91 TS A 7 2 e [0 A0 i P 2 ) A AR 2 S T [
TNER 1-44 7. 10-20. 22, 23, 25. 26 REAEXT B A OB 0% DTk A S U FEE 3 DN,
Rt A 22 2 Bl FE R S A A 220, A T AT B e 1) [ R A

WAL 5 A001 2 A008 3t 8 Bl AF 2 250, BBt Edkit & —
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B, WTLAE HREeAE 3 R — S G B 22 35 5 S0ME 1P 350 A 0T 1R 22
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Fig. 4-11 Contribution and sensitivity of 2" stage backlash deviation analysis

%48 R Uik RGBT 5 SN He
Table 4-8 Comparison of the predicted average value of backlash with the measured value
B sEIE A7 R I AL FHX R 2
—% % —% % —% —%

A001 0.476 0.764 0.49 0.489 294%  35.99%
A002 0.466 0.618 0.497 0.534 6.65%  13.59%
A003 0.438 0.548 0.483 0.519 10.27%  5.29%
A004 0.41 0.468 0.479 0.504 16.83%  7.69%
A005 0.41 0.466 0.496 0.504 20.98%  8.15%
A006 0.407 0.467 0.473 0.515 16.22%  10.28%
A007 0.407 0.467 0.475 0.511 16.71%  9.42%

A008 0.4086  0.4673 0.505 0511  2359%  9.35%
AR 1427%  12.47%
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WZ ST AR 8 & (EMHRILRR) A ZH, kRS
A001. A002. A003. A004. A005. A006. A007. A008. HHf 4.1 F54F K2 1
HEER, SRIUG G B RFEAERT ) “x Hh-P3h 7 “y Brersh . “z fhrsh 7. “x
B, Cy MiEs) “z s Rk G w2 MBS R u, v wa, By o 0T
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Table 4-9 The simulation results’ 3- o values of the teeth axis deviation

— AT R PR A2 W 22 3 0 SHAT RN AR &R E 3 o
HT

u v w o« By u v w o By

A001 0223 0224 0046 0 O O 035 -0353 0.043 -0.002 0.002 0

A002 0.244 -0.24 0 0 0 O 0.6 0.597 0 0.003 0.003 0

A003 -0.193  0.19 0 0 0 0 0498 -0.508 0 0.002 -0.002 O

87



Hh | &N

ENLESPNICE 2/ 8RRy oE s U R S VA

A004 -0.187  0.18 0 0 0 0 -0277 0.276 0 -0.002  0.002 0
A005 0.243  0.236 0 0 0 0 0281 0.28 0 0.002 -0.002 O
A006 -0.165 -0.165 0 0 0 0 -0229 -0.229 0 0.001  0.001 0
A007  0.172  0.171 0 0 0 0 0257 0256 0 -0.001  -0.001 0

A008 0.273  -0.261 0 0 0 0 -0255 0.258 0 0.001 0.001 O
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Fig. 4-12 Contact pattern simulation
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Fig. 4-14 Distribution of primary planetary gear contact pattern
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Table 4-10 Percentage of contact area of primary planetary gears

.. X BH#S Al o L[ %] T R HA 5 EE[ %]
i %8 77 17 %719 i B 77 17 W71
A001 0.435 0.5 0.313 0.545
A002 0.652 0.5 0.531 0.455
A003 0.957 0.583 0.969 0.636
A004 0.783 0.5 0.469 0.545
A005 0.696 0.583 0.656 0.545
A006 0.957 0.583 0.969 0.636
A007 0.783 0.5 0.813 0.455
A008 0.478 0.5 0.594 0.455
AERT R 2 13.20% 12.46% 13.78% 13.68%

% 4-11 ZBATE RS EMEMR LI

Table 4-11 Percentage of contact area of secondary planetary gears

.. R PR HE A 5 L[ %] A7 B e 5 B[ %)
758 7717 Wi JE 7 18] W58 7719 i JE 7 18]
A001 0.870 0.500 0.958 0.643
A002 0.913 0.667 0.917 0.643
A003 0.891 0.667 0.917 0.643
A004 0.413 0.417 0.042 0.143
A005 0.848 0.667 0.938 0.429
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A006 0.804 0.667 0.833 0.429
A007 0.870 0.667 0.792 0.500
A008 0.0 0.0 0.271 0.429
FEXT % 22 13.86% 16.36% 14.47% 14.36%
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Fig. 4-15 Software main interface
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Mt x

Bk 41 BRU4HIEFTE

Table 4-1 (continued) Part-feature- number table
T4 FF5 AR B K
— AT R 4 4-L 4R
31 FHAEAL: 3L Aliedi; 3R Akied ﬁ @
4-1

(ZAMTER S HILLIPLL IP2. IP3 FRVE)
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5-A JEHE A; 5-1 B, 52 1
5-4 b

BRI 5-3 AMERINEZ,
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o
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el N\ 5
S ONE R
6-1 A Nl 222 s 6-2 Ay A\ Al Ze e PN B 5

6

6-3 NPFHFCZEE N

— R PHES 7
7-A FEUEA; 7-L Aieih; 7-R AJiE
7-1 B LB

TR EIR 4R 14

14-A FEUE A; 14-1 4T B4R 22 3500
14-2 AT IENIR; 14-3 k%

Be; 14-4 FEARAMA
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LREEEK 41 BHHESTER

Table 4-1 (continued) Part-feature- number table

4 Fr s FARHL R R
AT RS 15

15-A FEUE A; 15-1 BRIR AL 22450 ; 165-2 MRk SR 2238
AME; 15-3 ATEZR RN 15-4 =854l

TRATESR 16

16-A JEUE A; 16-1 1T BB 38hMAl s 16-2 1724841
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TIRAT B 17 17-2
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17-1
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LS R 4 BERIER T A

Table 4-1 (continued) Part-feature- number table

21-A FevE A; 21-1 Ak st e, 21-2
FTE R P e v, 21-3 FEN B e

T4 Fe FHFHIE S 2
YA e A 20 .
20-1 fef; 20-R Ailieth ™
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TR A 21

YT B ik P 22 29-2
22-A FEAE A; 22-1 dANE e 22-2 22—3—\
VeI T 22-3 FEB R 2R 21

()
1t Ik 2
HERA 23
23-A FEifE A 23-1 1B A BT 23-2 T 23-3 |_/ | 231
AL N 233 S B L 28 | 23-2
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F]—— — 23~/
~ N~
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LiEg R 41 BERFIER TR
Table 4-1 (continued) Part-feature- number table

Ei4 7 FEHRFE R K
A B 24 941
24-A FEUE A; 24-1 HEEME AL, 24-2 HREM -
GHEAMA s 24-3 H i Hh B e, 24-4 Hd Rl
%ﬁ -|— 24-3
24-4
10 L 24-A
JSEE{PEREN 25 o

25-A FEYE A; 25-1 g NGh 2 VR AT 25-2
N2 NI, 25-3 Hyfl s & N, 25-4 4%
R S 4022 35T, 25-56 R Ia R L 4n 2k iy |

— AT B4R 26 1S
26-1 %A 2e B, 26-2 47T B AR B
TIRAT B AR 27 1S

E

27-1 R dEuE . 27-2 AT R AR
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R 42 HIEN EATE
Table 4-2 (continued) Part-feature- number table

P BRERRIE RMERRME AZESI AFEZHImm JUA Z 50U mm
9 31 3-A [ AT Bk 3)) 0.029 495
10 3-2 3-A AT Bk 3)) 0.012 344
11 4-L 4-1 [ AT Bk 3)) 0.03 125
12 4-R 4-1 [ 42 Bk 50 0.03 125
13 5-1 5-A “FTH Bksh 0.025 [270,270]
14 5-2 5-A [ A Bk 50 0.015 10
15 5-3 5-1 TR RS+ ATEE [-0.015,0.025], 0.025 [270,270]
16 5-4 5-A [ A k50 0.015 10
17 6-1 6-2 P BkED 0.025 [270,270]
18 6-3 6-2 ()4 i) 5 0.01 79.5
19 7-1 7-A AT Bk 3)) 0.02 250
20 7-L 7-A AT Bk 3 0.01 124
21 7-R 7-A AT Bk ) 0.01 124
22 14-1 14-A “FTH BkBh 0.05 [1400,1400]
23 14-2 14-A [ 50 0.02 120
24 14-3 14-A FTH k3 0.06 [2140,2140]
25 14-4 14-A [l K Bk 3 0.06 365
26 15-1 15-A T iH Bk 2 0.05 [1400,1400]
27 15-2 15-A Bl Bk 3h 0.03 120
28 15-3 15-A B Bk 3h 0.025 240
29 15-4 15-A FiH Bk 2 0.02 [1240,1240]
30 16-1 16-A [ 44 Bk 50 0.025 240
31 16-2 16-A B B+ AT 0.035, 0.02 660
32 16-3 16-A “ETH Bk Bh 0.02 [1240,1240]
33 17-1 17-A I Bk 3 0.015 654
34 17-2 17-A I Bk 3 0.015 500
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Table 4-2 (continued) Part-feature- number table

FPh O MRERRAE ERMERRLE AZESI AFEZHImm JUE Z 50U mm
35 18-L 18-1 A3 Bk 3)) 0.025 202.5
36 18-R 18-1 AT Bk 3)) 0.025 202
37 19-L 19-1 [ AT Bk 3)) 0.05 192.5
38 20-R 20-1 [ 4Bk 50 0.05 192.5
39 21-1 21-A [+ Bk 5 0.05 44
40 21-2 21-A [ Bk 5 0.05 44
41 21-3 21-A [ A3 Bk 3)) 0.05 46.5
42 22-1 22-A [ A Bk 5 0.02 70
43 22-2 22-A P BkED 0.05 [1894,1894]
44 22-3 22-1 [ ) 0.01 15
45 23-1 23-A P BkED 0.05 [1894,1894]
46 23-2 23-A AT Bk 3)) 0.02 15
47 23-3 23-1 TFHERS+HTATE [-0.05,0.05], 0.05 [1894,1894]
48 23-4 23-2 [ A [l 2 0.01 15
49 24-1 24-A “FTH BkBh 0.05 [1894,1894]
50 24-2 24-A [ 50 0.02 15
51 24-3 24-A [l K Bk 3 0.05 46.5
52 24-4 24-A T iH Bk 2 0.02 [1300,1300]
53 25-1 25-A - iH Bk 2 0.025 [270,270]
54 25-2 25-A B Bk 3h 0.015 10
55 25-3 25-A [ 43 Bk 3)) 0.02 460
56 25-4 25-A Pl kzh 0.06 [2140,2140]
57 25-5 25-A I Bk 3 0.06 365
58 26-2 26-1 P PAT 0.05 [1120,1120]
59 27-2 27-1 SPIPAT S 0.05 [1120,1120]
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