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Fig. 1 Dual-planet gearbox speed increasing transmission system
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Tab.1 Basic parameters of planetary gear speed increaser

2 R fipe81

N KW fiREE fiRE KW

AR 67 22 68 23
FEB/mm 1 1 1 1
JEF1#a/(7) 20 20 20 20
WA /() 10 10 8 8
% % /mm 15 17 15 18
LEVEN A4 0.4127 04515  -02355  0.2886
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Fig. 2 Rigid model of the speed increaser transmission system
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Fig.3 Finite element model of the gearbox housing
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Tab. 2 Virtual sensor placement position

A i
1 N T AR N
2 K i 5 9 G P
3 K i T AT 46 1
4 S T AT 4 2
5 St 2 T 7 AT AR 46 3
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Tab. 3 Detailed parameters of bearings

2 Vi ﬁi/ &;ﬁi/ ﬁrf/ — Tﬁfﬁ;ﬂ)ﬁw iﬁfﬁ%ﬁé/
B7008 40 68 15 15 15 8.5
B7003 17 30 10 12 15 5.5

B71900 10 22 6 12 15 3.0

Ty Nl R R R 16 500 r/min, B Al 8 T
H}0.75 kgo MRAEIIZS L IHLETHTHE), fi ARISR
H G P59, B ARV U, N

L

T 000w
P, GRS RAG s M s T 0 N TAEM
B

B S i e K 15% #8315, B 19 000 r/min.
ANl B S B AR T AR 2 e

=0.43 g-mm (1)

F.=mw’r="0U,,0" =170N (2)

A, m AP B s r AP B BT AR 2 A
B Al eh 2 A BhORARBE SR o TRl R A AR Ui

Bt S Bk A Bl 7R 5 3 g R b el RE AR AR A 1l
HRAZ TR TE O, X Mg SRR B4R ) B i K. B
KA ) B fep 55 T A2 AR R 2 A S O BT 2
A, ) o Al 4 e RAR ) B F N

F..=F +Mg+F =77.61N

:L:68.83N (3)

cos a cos B
b, g HE AN, g = 9. 8 m/s> s F, W& J15F N
B JE 7 5 o Ry A 5 B R BERTiE A
MR (i 25 & S AL )= % T 4lide m A5 0E |, £
FE kAR A AR 0 AR 6, 1R R
5]_:M(%§)m (4)

Ccos &
K, D, R SR AR ; Q, 32 Bde R ITR sh ik i far
A R s RS- G far A0 B
(%=P@‘:5U4N (5)

K, m, ATREREL

¥ 25 SEARA K (4) i 45 BRI R 10 AR JE 8, =
6.68 x 107 mm fill A% [] W] B AT 38 Aol 7 A KO AR 1)
A 518 1) A 9 LA AT S RO TS . T AR A A
BRI R 1. 16 % 10° N/mm , 172 iR 12
] ]I A 8. 42 x 10* N/mm, 4y HH il R (6 422 1) W1 5
472 % 10* N/mm.

P SCRIk[ 23 1 AT 0, 142 fk BR 2l R 1% Zh 1) P 5 4
] Wil B2 Z A cot oo AR SCRAZR B 42 fih £ 4 15°, R
ot e W BE 249 A 428 ) WS 11 3. 73 A% . BRI AGA
TR SRR BABUA N 3R 4 s .

R4 HAKANE
Tab.4 Bearing support stiffness

257 AR AT AR R bR
A2 M EE /(107 N/m) 11.6 8.42 4.72
KA W EE/(107 N/m) 433 31.40 17.60
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Tab.5 Motor parameters under operating conditions

T e WU oS bR/
(r/min) (r/min) kW (N+*m)
= 100 000 2 360 7.56 6.5
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Tab. 6 Natural frequency
A4 A W Hz BB A M Hz
1 1707.8 6 2958.0
2 1726.7 7 32255
3 2421.6 8 3430.7
4 2424.9 9 3445.0
5 29203 10 35472
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Fig. 4 Campbell diagram of the transmission system
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Fig. 5 First-order critical speed mode shape
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Fig. 6 Second-order critical speed mode shape
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Fig. 8 Physical diagram of the test system
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Fig. 9 Sensor measuring point layout diagram
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Fig. 10 Vibration time-domain waveform diagram
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Fig. 11 Curve of rotational speed-time
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Fig. 12 Peak-to-peak value of the vibration acceleration
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Tab.7 Critical speed when changing K,

SORMIBE LIRS 2B A 3 Wil S e/

K,/(10° N/m) (r/min) (r/min) (r/min)
1 15 289.0 103 831 156 418

3 233535 104 671 156 445

5 292339 105 847 156 463

8 36122.3 107 191 156 499

10 39741.2 108 027 156 541

30 64 180.1 117 608 156 922

50 77 621.0 127 906 157 352

80 90 579.2 135 740 157971
100 97 110.2 140 457 158 770
300 128 360 150 538 165 323
500 138 273 155914 168 011
800 141 297 162 130 170 699
1000 141 801 163 978 172715

®8 HTKMHEREETILE
Tab. 8 Rate of change of critical speed when changing K,

K0t Nm VPR 2BTIEARECE 3B
! AR /% AL/ % LR 1%
1~10 159.93 4.04 0.786

10~100 144.36 30.02 1.42
100~1 000 46.02 16.75 8.78
AT 7 8 AL

1) 25 i A e 7 9 SR MBS AL T % 10° N/m 42+
1 X 10° N/m i 1R I 5 3 5 4 2 0 G, 384 Wik
304. 29% ; bt S AR W EEHE— 2D HE A 1 Bl AU o ) 3
KRGS, ot ThoE , N R A B AR,

2) 7 By A Tt 7 SR NI BE ) AN [R] 28 AR IXC TR Y, 2
Bl A 2 o 4 B B MR AR AR : R 1 x 10° N/m 3 &2
1 X 10"N/m.1 x 10" N/m# £ 1 x 10 N/m.1 X 10* N/m
B4 & 1 x 10" N/m 1) 34 1§ 43 0 4 4. 04% . 30. 02% .

16. 75% , 21t BB R F] 50. 81%.

3) i Attt AR SR MBS BT x 10° N/m 3§ 22 1 x
10° N/m ()b F2 v, 3 [l S sk B A AN A% 5 XS I B 4k
221 x 108 N/m42TH 2 1 x 10° N/m B, 3 Biyilfs FL4% 8
I/ NEE K SRR 8. 78% .

4.3.2 A7 E FhEH R RN 6 RALHLIE

FE AR R SR NI EE R AR 454, 2447 B Al
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B I At ol ) ELAAR TSR 25 R A 3 9 T 7, X I 1) 4% By
Il -2 AR AR B T AN 26 10 T .
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Tab.9 Critical speed when changing K,

SR LBvilm PUA5 8/ 2 il SR/ 3 Bl A/
K,/(10° N/m) (r/min) (r/min) (r/min)
1 9 408.6 46 596.8 79 511.2
3 10 080.6 68 227.1 90 464.1
5 10 920.7 83 527.6 100 063
8 11 856.9 92 909.9 111 369
10 12 035.1 97278.2 124 015
30 12 3419 102 498 130512
50 12 360.7 103 516 157 053
80 12.390.0 108 138 173 357
100 12405.2 109 665 177 022
300 12 449.7 113513 179 692
500 124719 114 198 179 809
800 12 488.1 114 553 179 952
1 000 12 488.1 114 694 180 037
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Tab. 10 Rate of change of critical speed when changing K

K VPR 2R 3B
’ S % A 5
1~10 27.92 108.77 55.97
10~100 3.08 12.73 42.74
100~1 000 0.67 4.59 1.70

i 9 R 10 AT

1) 2447 5 b & 09 SZ RN EE 1 x 10° N/m 34 &
1 x 10° N/m I, 1 Birilfs S5 sl i 28 AL IR P /N, HLBEE
SR BE R — 253 T, 1 B A5G A R R
EN B RT3

2)47 5 i R SR NI BE R 1 X 10° N/m 38 &2 1 x
107 N/m i, 2 Bivilfs Suds ok 52 b 5 B MR IA 108, 77%;
BUJ, Bl 25 S AR W B R 38 A, 2 v If A 2 o ) 34 K e
TR, TR, AR A B ARk .

3) FEAT ALl Al R S R NI RE R R AS AR X R N 3
B 11 5 2 2 B B P R R P TR AR o SRR R 1
10° N/m 34 2 1 x 107 N/m RO 381§ A 55. 97% , KW B
Hi 1 x 10" N/m3# % 1 x 10° N/m B34 15 Hy 42. 74% , &
THEIE IR 98. T1%. 24 RN k223 R, 3 Brilfs
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Tab. 11  Critical speed when changing K

SORNIEE LIRS 200G A 3 il S e/
K./(10° N/m) (r/min) (r/min) (r/min)
1 12429.2 393145 169 691
3 12 449.7 58 467.7 178 427
5 124719 68212.4 178 628
8 12471.9 76 780.9 178 960
10 12 488.1 80981.2 179 047
30 12 488.1 103 495 179 390
50 12 488.1 114 561 179 593
80 12 488.1 124 502 179 808
100 12 488.1 128 793 179 922
300 12 488.1 143 806 180 515
500 12 488.1 147 585 180 750
800 12 488.1 149 795 180 905
1000 12 488.1 150 576 180 964
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Tab. 12 Rate of change of critical speed when changing K

Kooy VPTIIHRERE 2B 3
‘ A ARI% A3 /% A /%
1~10 0.47 105.98 5.51
10~100 0.31 59.04 0.49
100~1 000 0 1691 0.58
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Tab. 13  Fitting parameters and R*

PR P q u v R?
S (K,)  9.268x10*  -1.38x107° -7.861x10* —-4.12x10°* 0.996
fu (K 1.503x10°  1.75%107°  -4.443x10* -1.96x10° 0.975
S (K 9.993x10*  8.61x107"  -7.291x10* -2.92x10"°  0.998
fo(K)  1.507x10°  3.82x1072 -8.502x10* -1.02x10°  0.977
S (K,)  4.385x10* 03247  7.427x10"  7.206x10° 0.978

Il L% /(10* r/min)
—_— N W R Y 0 O
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Fig. 13  Fitting curve of K and Y,
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K HL K (Sequential Quadratic Programming, SQP ) %7
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Fig. 14 Optimal solution of the K,
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Fig. 15 Optimal solution of the X,
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Fig. 17 Comparison between target critical speed and calculated
critical speed
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Tab. 14 Corrected critical speed vs. tested critical speed

Rk TR B A1/ (r/min) B A/ (r/min) R2/%

1 23379.4 23 064.8 1.34

28 82 226.6 85 168.0 3.58

3 122 032 124 442 1.97
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Critical speed prediction and model correction of a dual-planetary gear

speed increaser
HUANG Hongtao"*> SHI Yibo"’ CHEN Junhao' TUO Yunsheng' HUANG Shuaizong'
HOU Nai' SHI Lubing' QU Yanghua’
(1. ZRIME Gearing Technology Co., Ltd., Zhengzhou 450001, China)
(2. School of Mechanical and Aerospace Engineering, Jilin University, Changchun 130025, China)
(3. China Academy of Machinery Zhengzhou Research Institute of Mechanical Engineering Co., Ltd., Zhengzhou 450001, China)
(4. Beijing Long March Tian Min Hi-Tech Co., Ltd., Beijing 100176, China)
(5. Military Representative Office of HJJ Equipment Department in Zhengzhou Area, Zhengzhou 450005, China)

Abstract: [Objective] In order to accurately predict the dynamic characteristics of an ultra-high-speed dual-planetary gear
speed increaser used in rotor strength tests and to avoid resonance risks, this study conducts an in-depth investigation through a
combination of simulation and testing. [Methods] Firstly, a rigid-flexible coupled dynamic model of the transmission system
including a flexible housing was constructed. The natural frequencies and vibration modes were obtained through modal
analysis and Campbell diagram analysis, and the critical speeds were predicted. Secondly, a vibration test bench was built, and
the actual critical speeds of the system were identified through a run-down test. Finally, addressing the discrepancies between
initial simulation and test results, the sensitivity of the first three orders of critical speeds to various bearing support stiffnesses
was systematically analyzed. On this basis, a parameter inversion optimization method was employed to correct the bearing
stiffnesses in the model. [Results] The results indicate that the bearing stiffnesses of the input shaft and planetary shaft
predominantly govern the first and third-order critical speeds, respectively, while all three bearing stiffnesses collectively
influence the second-order critical speed. The error between the corrected predicted critical speeds and the test values is less
than 5%. This research provides a reliable method and model basis for the dynamic design, condition prediction, and fault
diagnosis of this type of high-speed planetary speed increaser.

Key words: Dual-planetary gear speed increaser; Critical speed; Rigid-flexible coupling model; Support stiffness;
Parameter inversion; Model correction
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