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Optimization design of hemispherical harmonic oscillator
based on machining error simulation

ZHENG Chaos ZHANG Lin, XIAO Yinjing, WANG Rui

(Beijing Aerospace Times Laster Inertial Navigation Technology Co., Ltd., Beijing 100094, China)

Abstract: In response to the machining errors in the manufacturing process of hemispherical re-
sonator gyroscopes, finite element simulation is used to analyze the effects of structural parame-
ters, dimensional tolerances, and geometric tolerances on the working mode frequency and
adjacent mode frequency of the hemispherical resonator. The effects of positional tolerances on fre-
quency splitting and quality factor are studied. Through simulation analysis, it can be concluded
that the structural parameters of the hemispherical resonator, such as wall thickness, hemispher-
ical center radius, and internal chamfer radius, all affect the mode frequency; the distance error
between the inner and outer spherical centers in geometric tolerance of the hemispherical resonator
has a significant impact on the working mode of the hemispherical resonator, and the parallel error
of the central axis of the hemispherical resonator has a significant impact on frequency splitting and
quality factor; the variation in wall thickness, inner chamfer radius, small column radius, and dis-
tance between inner and outer spherical centers of the hemispherical resonator results in interfer-
ence between the working mode frequency and adjacent modes. On this basis, optimization design
suggestions for the structural parameters and geometric tolerances of the hemispherical resonator
are proposed, and these suggestions are verified through quality factor Q values and frequency

splitting measurements of the hemispherical resonator.

Wi B HI: 2023-08-03; 11T HH#H :2024-02-11
EE B B (1990—) 2, T+, 32 22 A 35 b R H R O if A9 5%



5% 3

H TN TR 22 05 BB R BRI AR T AL Bt 137

Key words: Geometric tolerances; Finite element simulation; Hemispherical harmonic oscillator;

Mode frequency; Frequency splitting; Quality factor

0 3

e BRI IR BE 2 — Fh 3 T AF 200 i R
ShEE IR, TG 15 B8 HLAR G IR A w5 1 5% T RIS ol S HE
HA R B B L T SE M o IR BN Bt o 2R
DAL R Ty I o NN | R S SN L B -1
FLASEE BT R AT s B AR 4
ARIGTRA KR ARy SR Pk 5 A48 1, 28 2R IR
B IR TE 45 A B R 4538k 9 1 51 R e A 4 [ R
A

BRI IR - 1F R B 2 BRI R B8 A% O
TR M R e TR R IR PR R A TR
Ji . P BRIER T i LA R AR Bk R Ao
P IF 1) b 2 B M 1 0 il A7 0 4 RLAS % i
B A Bl SRR G L 2 BRI R T L
Sy St T 5T S 2 T 45 A L i R e BRI R T
I T BE A FE T T i 0 AR — R S AR AE I T
TR 5 2 BRI R P IR AR T M A R R AR A
B DRI, DA 205 2 X 2K BRI IR T TR 22 R AT 4
Bt A A5 4 2850, DTG 52 B0 2 3R 18 I 7 19 5 K 2%
T,

B2 BRI R 7 25 4 S B0 R B, R A
SR B O 2 R BRI AR T 45 0 X PR AS T P AN BT
ok Ao 2 B i, oF 2 BR RS PR T 11 R JEL R il A 2 1
PEAT AL A5 8 T A S BOUE I B . 25
FRAETTUOR A BR T O R [ 45 0 S 808 IR T
FIRLES A3 AT - R R 58 2 B A S AL R AR 2 /N F
1/3 B 5 Bk TAEREAS ik TAEREAS S T3
B . AU X 45 B A5 25 4l 8 04 2R 5 1)
(£ B AR 1 T2 2RO BR T 45 40 2 80, LRt e 3R
RIMR AR A . e B AEY 38 o 4 B 45 4 RF A8
At 2 BRI IR T B AT R 5 L Ak @ R BRI
IR T (10 BE JEE R FE B A% 45 40 2 80, DUAR T2 3Rk 9 Fi
PR AR RE . AT SCHER T BT R BRI R T 45 R
TE RT3 2 4 P 7 BE LRI 142 R 2 8l 1k
Bt b T 56 T2 BRI PR 1 0 T A% 22 X A R
it R it o TRR0 S5 B 8 A 5 i B BIF 5 A D

AR SRR 2 BRI AR P R AR ] R o A
FERY N T3R8 25, Ok AT BRJC 05 2, 40 B 17 2 Bk 4
FEER SRR TN 22 T A S 22 78 A L T 4 48

jif

S A AN SRS B R W) B ST T2 RGO IR
T 2 78 A A3 4 2R figk 1 i o DR R P B2 WL A
PEEEA L3R TR BRI R T A S BB LA 22
DAV T HEL, 38 3 2 BRI 4R 1 T R 450 AR R
L1 D i X AT T RIE

1 FIKERREBENR TERE

BRI IR P8R T R 30 090 PR 1 58 X B
Ty i 7 A A R TCORONE HE AT A R B A R
o HUHT . 2 Bk 4R P IR B 25 Fy e 2 20
P S R R R A = R R
BRI IR T Bk E B A T R AR 4 2 A 4
Ja& 23 B, 38 O U H A L F BRSO o AR I
e 2% THI 1) 4 J B 8 )2 o 21 3RO Ik - R ) B B AR
R R EAE S . MAEEWRRESL =5/
AU B b 00Rh H AR 5 A0 H B R R — A
a1 s

EL[10-12]
H

T
T L R T

B LR I e

(a) HRG = EHE

IR T

ALY
S
(b) HRG A EME-FHBERFX
1 FIKiERREEEURER

Fig. 1 Schematic diagram of hemispherical

resonant gyroscope structure
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Fig. 2 Working principle of hemispherical resonator gyro and

structure diagram of harmonic oscillator
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Fig. 3 Finite element model of hemispherical oscillator
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Fig. 4 Finite element simulation of the tenth order mode of hemispherical oscillator
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Fig. 5 Relationship between structural parameters and

natural frequency of hemispherical oscillator
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Fig. 6 Influence of dimension tolerance of hemispherical

oscillator on the natural frequency of working mode
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Tab. 1 Suggestions for optimal design of structural

parameters of hemispherical resonators
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Fig. 7 Diagram of hemispherical oscillator geometric deviation
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Fig. 8 Model diagram of geometric error of

hemispherical oscillator
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Fig. 9 Influence of the geometric deviation of

hemispherical oscillator on natural frequency
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Fig. 10 Influence of geometric deviation of hemispherical

oscillator on the natural frequency of four-wave abdominal mode
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geometric deviation on frequency splitting
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Fig. 12 Finite element simulation model diagram of support

loss for hemispherical oscillator geometric deviation

ZE7RAFER 2 BB IR - O Bl AT 58 25 6 B
PR SCHEPBAE Q (B 52 M f5c K, U5 ) 38 K 2 &
W5 o R R AN AR ERO LR A R 25 L N AR BR
Do BE B IR 225 X 2 BRI R F SR Q H 52 M AH X 3¢
AN TR HOC Bl AT R 257 0. 01~0. 30 mm i [l
WA GRS, Q fE FH 10° Wi/ 2 10° 5 il 2k ff) B 152 25 7
0.2°~2. 0°Vu R W ZE AL A, Q fH H1 10° /N & 10°%;
JEUT 5 o e R R 25 7E 0. 2°~5. 0% [ N A2 fk
Q{1 107 W/NE 107,
3.4 FEHBERFEMCRERITEN

BT BB R 1Bk B R 2 o Bl AT
R VRIS oLl e R KN A Bk oe il 2 A R AR
X 18 IR - 4 S RS T A A R R R e Q H A
FROCA B 245 5 5 B AR 4l 400 & it 43 530 2 3K 4R 1
AL R 5 2 BRI R 1 IR 20 B2 [ A 40 38 A 32 2L
it Q HXFR . ffifb)s #1744 R oo i Bk, %
HERIE R 1 BB AR 22 58 i T, gk 2 s,
3.5 FEHKIBERFMNIRENTEMENZ

EERE R 70 TR 22 B ECEEOE R R
AR AF R EROE R 777 4 1~4 YOF G , %
M) ~f 35K 955 % - o Joi DX B Q AR A AR L i

Q A I £ 2 A A S8 i R s ks o L SR
B S8 L T R AR 35 B B I el R L R AR
Bl MR ELTE R I ] o 0 S s AR e S Q H =2 (A
R X5 7 56 R R 1AL



%5 3 4 H TN TR 22 05 BB R BRI AR T AL Bt 145
F2 FHRIERFEARERITEY
Tab. 2 Suggestions for design of geometric deviation of hemispherical oscillator
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Tab.3 Measurement results of Q value and frequency

splitting of hemispherical oscillator
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