hERIS: MBS H3 R 2024 %= 54 & 55 7 Hi: 270407 CRIERRE ) it

SCIENTIA SINICA Physica, Mechanica & Astronomica physcn.scichina.com SCIENCE CHINAPRESS
S CrossMark
i X A 5| JURIRMBE XA ZN ARG TR D

TR E I Z EHER SERRE
wﬁﬁi

SUF: DU D e S Sl | A =D | Rl =

- ERBUM ST, BTN 310024;

. ERFE R O, A6E 1001905

. HEREGRE, dEE 100049;

R EREE G RIS U AT, L 201899;
R EREGE R Y BT SR, R 200083
*k & A, E-mail: wangshaoxin@imech.ac.cn

w AW N =

Wk 1 393: 2024-03-05; 43252 H #1: 2024-03-28; W28 i fi H 11: 2024-06-20
[ 5 # A A RIS 2020YFC2200104) % B35 H

HE BACRBEEXIAZEELFTEBEMBRNGREHRE, ZAGREMPTREURBTFEHRHE

TR, ARRBENETE R EESERIBAFE-—RER. AXUEL RAEEHZC, X EEA~REE LT
TR BB AT N, FELEM EHET LG R T RER. FRE e QRSN TREFITRT HREFE
SR, ZAT L EBEE LR R 8T . A, R W T — 5 Z AR R B R AT R T, B
HFE AR S By T, R ZRIIET 2R 7 ENTATEUR TR s, SRR, AR#
TimE R F I ERT, &8 %7 % KR T BT & #9472 3 38 R 5K BWRMSPER 8 27/ F0.2%o.

XgE AR, L EHERE, SRS, TRED

PACS: 06.20.fb, 07.07.Df, 07.50.Ek, 06.30.Bp

][l

1 5l (EH)Z (A AHX L B OC R, ARG SR 12 H]
AN, RPN P BRATAIL, 3 7oA
TRV RS NS AR RS W E B 2 R, &&@%*’Jﬁnlmidgl%m%ﬂﬁ HLA AR
—, HFEEMATERE S WE SR BCL TR ) RS 25 5 ST PRI 25 2 14
UL 2SR 51 R . A A B AR R, EDHL’EI‘EUE%E’J%%@, BRI AEN
RRG I RS SS H SR S BT RS, R BUTAE AT B bR R, L L A S B
0 A A AR IR L ) SRS A I B DR R, JLe aRiEATRRE.
FEL A A SRR ) A P R A I M 1K 5 R (TM) 5 AR HLMY B, Fichterd: NPIELISATHRIF R I 7 £ /KR

SIAMI: R, EA0E, Foody, & E TR N2 8 b s R MR OT k. s ERE: PIE % K%, 2024, 54: 270407

Liu D X, Wang S X, Qi K Q, et al. Calibration test method of capacitance sensor for multiple degrees of freedom based on inertial sensor (in Chinese).
Sci Sin-Phys Mech Astron, 2024, 54: 270407, doi: 10.1360/SSPMA-2024-0090

© 2024 (PERE) FEHL www.scichina.com


https://doi.org/10.1360/SSPMA-2024-0090
www.scichina.com
physcn.scichina.com
http://crossmark.crossref.org/dialog/?doi=10.1360/SSPMA-2024-0090&amp;domain=pdf&amp;date_stamp=2024-05-28

MZRBEE. P ER P o RO

2024 F sS4k HTH

S YW TS A AL R AR AT AR E ;. PR ER A
VSR T RS ZE 4 F S HEAT B BOA A 1 U7 R A
T IR A S B M LA FL; Zhang® A1 TR
Yu NPT T R B TR 8 7 R F 3 5 4
ZE5r AT MU TS BR B o, L3R 7 kAT
FAAE—E It 25 0. e, LR TETCIE S LAY
VR, b€ 2 S ARSI S 10T Hx, _BiRTy
AR LR BURG A ThRE, Rt —77
T, JCiFH e % IR L B 1 RIS ) s el A% 4%
R R OC AR, DS B U Mo i A% JR e e T
TMEEHZ [8] (AR A B OG5 — 5, AR
FEEOTEREREAT AR E, oIk AR S KN TR 22 A A
B TR IR E .

ARICAE EIRWETESCR I SERE SR T — Ao AR
SETTE, R LR AN BUR S TREAENL, AUHIPIZ B
T2 SR 2l s ) % (038 52 14 1 e 042 1) R A S SR Al
[R5 5, JER AN IE5232 50 [F 5% s 1ok
BEATRRE, KB T BRSBTS IR s FE R, BRI
TUMERRTIR. SIEFN, ASORRH T HERE
BRI, JE I SR IR IR 1B ) IR A .

2 BAERSNIIEREREEGE

LA R R S N T RR e 7 TR (5 5 20
wET, HEEEE SR, RN TR
HIBURSS I BURTM 5 EHZ I AN A28, Ay
EWRET; BESURESERARBT,
Jih, A5 e N LA

BRI S5 LR, Horb, TMSEHA TS
HIHRET I RRE T R, SSHMBE S BIZE T
BAG T, 723 UK R (DAC) TN IR UK
EoOPRRES, PEREE S, @B FSA)K L

ET+ ]

FAR RO AR T IIME 5, I R 75 ;
fEE i FL B (DMC) H 3fe i 5 LA S AR T DB 23 (LPF) 4 A,
Ho B ARSI R IS S AT, B 2%
AR IRME. SIS S (AC) K EEAE A WA TS
Thi: D5 A O H B PR i A, B TN PR
PR R B R 55— D TR S 5 HEAT A R A
AR, ARLEE L/ P Rt R 3 (ADC) I
T EAE AR HEAT Bl R AR, DME T 5 Sedt AT Her .

2.1 fuFpsein R

TRURR S5 M) 3= B HEHMTMI) B, EHNMIFFET,
w0 2 S AR o A B2 s, Ho, TMA T
EHH O E, Wit RS RE5 1. fEEHRESF1H L
B AN TN, FAR, ) 7S S 22 43 TN B I, S BN
TM S EHAH XA B ¢ RAE7S H B SER AR 8. AE
T AR IE 1) 25 X6 FELAR I IE FEAR, 2 9 A AR

U &5 A R P ET P 1 5 TMF- T & A2 A XA B AR
A0S BT ) 122 73 AL PR B2 ) SR AGE I 3 2 () P A
SRS, HEHEE3 AR,

WK (@), X FETFHATM A - FA47
PAR AT S, HBEAEEN
egd

C==1r, (N
Horr, e E A B, TUE N8.854x107" F/m, &4

FHXTA LA, PRI IR T HAALINL, 4R
ETFITMAEIEX HARIAR, A =& AEE. B, T™
55 JHL T 00 R %o R AR A A o — 5 22 3 LR, I3 (b) T
R, HTMOL TP B, Wi se s, %0
HLAENO0; T S TMARR TP A B w2 if, WiEl3(c)
FioR, SEES, B0 AFEAESE, 2 AN

A ted e d _2epd-x
2-AC dy—x dytx  di-—x*’

(@)

T
) — B _

AC (W)— ™ f{ ; > FsA | LPF | apc
InNiS o :
: 9 i DMC
i ) DAC |

B 1 (A ROoR B e i L e A 4 P

Figure 1 (Color online) Structure diagram of sensing circuit.
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Figure 2 (Color online) Test mass and electrode distribution in the
sensitive structure. TM is located in the center and ET is attached to the
outside. Among them, the distribution of ET is: in the positive direction
of each axis, the upper side of X axis is X1+, and the lower side is X2+;
the left side of Y axis is Y1+, and the right side is Y2+; the left side of Z
axis is Z1+, and the right side is Z2+. The opposite electrodes are X1—,
X2—, Y1—, Y2—, Z1— and Z2—, respectively.
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Figure 3 (Color online) Schematic diagram of displacement detection. (a) Capacitance formed by TM plane and ET plane; (b) differential
capacitance formed by TM and ET on both sides when TM is located at the center of EH; (c) differential capacitance formed by TM and ET on both

sides when TM is deviation from the center of EH.

270407-3



XSS, R EEE: WBL J)0E R0 2024 4F S s4 % T W

C,+AC o]

- O

4 (MZRZIE) DACHEE A
Figure 4 (Color online) Schematic diagram of DAC.

H(6)k 2= (7)) T 15
(U—Uy-s- Cp*(Upl

R, AR A2 s 2 AR £ S B 81 5 3 e 2 1) P
iR

~Up)-s-Cy=I;=1  (10)

U, = SLI = skM ol o+ skM 1, (1)
Uy, = —skM I+ LI ,— skM 1, (12)
U, = skM 31— skM 1, + LI, (13)

Horb, KN RARAE L, Mo, M3, My 78 R 2% ) L& R
ﬁ, IE‘*ET%EYR‘_Fﬁ, k= 1, M12 :M13 = M23 =L ,[J:[:ETJ-, Hﬂ
R(D—(13)7] 15

1,—1,= %—15, (14)

U~ U, =2U.,. (15)
Bz R (10), (14), (1516 A] 15

U, U (16)
BALA(9), (14), (16)HLfRT I 43

2sACU, = H(s)U,— Z(s)I,, (17)

_252C L1 1 3
;H\: EF‘ N H(S) = W[R_b+scp]+s_L’ Z(S) =
1 igc+c
BT SR BR G, Tt
S

p

BEPT A, o T DB B RS Y A /D, 7T LA

LAPi o B 1 P TR iz BT, EIFAC = 0, 3(

(17)& 20/ MME D0, H I AT 45 i i FEL K PO 45 R BELA7

7 - Z(s) _ sL

“OHG) e 2Laogyc,
Ry

Ko, €= Cot Cy B TR ELHIAC, AT B R

IR R LB S, BUEECR, JLP AR

i, A8 F T LAamS. [N, #R¥ESCHR[15]

IR, AT RS R S R S IR

Uy, =5+ Zy - 2AC- U, (19)

P, WTOLR: B4 b i B Bt AT a4k, S5 RS
P,

Frb BT FROR AR S U L BHRHUEL R OR, T DL,
R R P B S 458 T A SR TSRS R R R BT FR R AL
SR RE R AU R

(18)

270407-4



XSS, R EEE: WBL J)0E R0 2024 4F S s4 % T W

RV

1

| S

CV

[
Cg
S )
=]

Ueq (’\,) Uac

5 DACHZ 4% Bl A ] o 1 H2e e 45 2 P i ]
Figure S Thevenin equivalent circuit diagram for the left port of the
transformer secondary side of the DAC.

.5+ Cp=0. (20)

AL 3 (18)—(20) 1] 45, DACH )%t F KA
2-52k,-L-AC- U

U.=— ,
1+2g—L+S2L(2Cl+Cg)
b

ac

2D

Hr, kg = C/ Cr, ZERILIATIEN, C = C,+C,.
Q21 BI £ 58 4R DL T L FLUATR (1 i S g A A
R IRTIAE SRR L TR, SE AR AN AT RESEILI, ANXS
FRGEHy 20 v (0 7 AR B, 1 Gan® N IBF S0 R
AR UK AEAE 2 T B0 73 TBOK LS 1A i R A7 AE
— AR T S I FE R B B, DR AR SCHE T L
SR AN PR FBDACK HAAE — NS UL IR
ELUE, SRS R S T AR R A

l]ac_real = kdac “AC- Ui+50' Ui’ (22)
A 252k, L
H ac— NEY
S 1+3L 5004 C,) SN ELIL B
b

B, XA R TE 5 SO S5 P HEAT BOAIE.

BB QDT BER A T LLURIL,
BB FIEIRIT, 21 +5°L2C, +C,) =0, fRAs =jo
PA Koo = 2mf W] LU € DAC A& AR 1 4R I 4512 9 Al
RIS fr 6t HE 23 A

1

- 23
fo 2 JL(2C,+Cy)’ (23)
Uen=AC-U;- Ry - 2nfy - k,. (24)

ASCHTH R T BRI AR S R R,
JihAiEE S VR Z BT AN RME, RIS 9100 kHz,
IR A70-75 kHz. 1ESLPRE T, CZI2N100 pf, £k
HUKZ) 4 mH, A4 0(23) 7T DLtk & b B A CoN
1 nf, JERHEIRAE H72.64 kHz, i 2 Bt ZKR.

2.3 FSAS5DMCHZE!

FIDACHH I IE5ZA5 S HAFSA, JEOKBEUh
TNHIHEEAE Y. BT —EEH, P IXFSASE
RO — AN 8 W 25 K o, BIFSA RIS HY LR U, N
Up, =Kz, - U

fsa ac_real®

5645 5 B ADMCHEIT R, 4 T (i iy —

Bk, B BBGE S U RN, FEdSEwRtiE A

AD734AN. T DL 2 A VU LI H Uy
_Ui Uy,
20 -

(25)

A (26)

C

FRAE AT SCRTIR,  H AR A b — AN 2R A I
IR, Bora(3), (22), (25), (26) LAHfE, 1424 H
HLE(E A
%C:g—g.nﬁa.g—g, (27)
Hrf, K=K, Ky K,, FRANLFE-H R /5,
PO 28 REL; 0= 04 Ko, BN E REL

FR A S8 = Tk BE R LT 28 F M e S 80, W1
FKIRHTHE 2 e H B 28 R B ES AR 1 T .

3 EIEFRE

ASCHEET EIR BT T R R T R G,
TF e 7 I 2 AR HhR R LA K i 5 2 (i 4 R 6L PO
FELAE. FFXIHTE, ASChe T — MR sbRE T %,
207 RAEBRE AT DU OCRE 2 b ) 55 AR 7 6] A 5

F 1 ORBAIAIY IR

Table 1 Theoretical gain of each link of circuit

) Bl

BUREE ) 2 7y A - R S R K 0.00462 pf/um
DACTE 100 KHZAM I 25 K 1, 0.0342 V/pf
FSATE100 kHZAL MY 2 K g, 175 VIV

SRR 1.4 0.02765 V/um

270407-5



XSS, R EEE: WBL J)0E R0 2024 4F S s4 % T W

LERAORIOTI, RmbrEd RIFENE, B RH,
AR T — R IE B R 1 2 i ri LS DA 7 8%,
B I R AT F WA R ) S5

3.1 EHRBRE
3.1.1 HRERS

BRI 25 RBOARE, ASCH R T RN H
bR E G, HAREEE M E 6T N, 5 i e R 2
B, ANEMEREET A, BURSK . BBRA. B
PR DA S PIAS ) A . %o v T S ML) 2 B 5 )
PRI . TSl BN LR DA 5 5h R B LA =384,
ARHA MR E 5 ThrE QR EE b, Hshii s LA
T TSl B M LR o 5 e M. o v TR AL
R AT LASEELF TMATEH 2 [8) #5472 B 7275 H B E L
WL R E 7, $EHI TMR AT R, FEHH LA E. 7N H
FH % K P & R PLA & 6 R P & fe 1 &, @it
BRAT 2 [ AR R BN R . PSS ) 2 T DA o
JEHSTF GRS H 1 L SEPlE B Ss s, k] bk
JEIE B SEB TMATEH 8] FH X A7 B 7R 7S B HE L
SE BNV, R B 6 0T DA AR oz sh g, 1X
RS TR I VR B, BURRZE M BHEH A TMAY
%, A EHE E T EHBF& L, TM@E SR LA 5 5%
SEBENARER:, 7E R IEN T AET, H T 1B
EHE TMAIHI AL E 56 &R, AR HT 7 8l i 1 il [+
ey P e A W ST R S R SR L i AL, 3F
WS INAETM b, S ETIE N [F) 5l i 28 28 5 i %
K6 PN A% B B A, RTINS 7S I 1) S N4 R

312 HRERE
ASCHEW T R R A R ORI E

6  (MZ RO/ A HERRE RSt

Figure 6 (Color online) Six degrees of freedom calibration system.
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Figure 7 (Color online) The peak of the average of product voltage-carrier frequency response curve of each channel. (a) X1 channel; (c) X2 channel;
(a) Y1 channel; (d) Y2 channel.
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Figure 8 (Color online) The gain coefficients of each channel under five tests. (a) X channel; (b) Y channel.

HEMRMEIE 2R, DERMTHMSTNSHE 42 TREZIEIE

SV SBURERRI I T D S, IR, 4 I e A T2 o I A 7 17 G
Séﬂ‘(lj\lﬂﬁﬁ?ﬁﬁ(f%é%%E/‘]RMSPER'TE:[:@/J\%O2%0, gﬁiﬂf ngﬁ_\u—E *ETEEEQ%B"JTEEEE ﬂ%mg@%}i%ﬁfﬁﬁ@%
TR T SRR, AAFIE: — RS K: SR SUMTH R EL,

270407-8



XSS, R EEE: WBL J)0E R0 2024 4F S s4 % T W

R 2 KB REOYHE UL RMSPER
Table 2 Average and RMSPER of gain coefficient of each channel
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Figure 9 (Color online) Zero-bias voltage measured by different
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voltages.
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LIU DongXu

A capacitive sensor is a key component of high-precision displacement detection in space missions. However, due to the
influence of sensitive structural manufacturing errors and electronics device precision, theoretical and actual system
circuit gains often differ. Herein, as the core of the capacitive sensing circuit, the theoretical model of the differential
amplifier circuit is analyzed. Considerably, a model of gain and zero bias of the circuit is proposed. Meanwhile, a
corresponding modulation calibration method is applied using the sensitive structure engineering prototype to calibrate
multiple degrees of freedom from displacement to voltage. Moreover, the calibration scheme feasibility and zero-bias
model accuracy are experimentally verified. Results show that the RMSPER (Root Mean Square Percentage Error) value
of the calibrated gain coefficient of each channel is <0.2%o under multiple tests without temperature control.

capacitive sensing, multiple degrees of freedom calibration, sensitive structure, zero bias model
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