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Research on High-precision Multi-channel Strain
Measurement System

Abstract

Strain measurement system is a data acquisition system that can measure the deformation
of objects. It is widely used in the fields of aircraft structural strength testing, projectile
structural health monitoring, vehicle structural strength testing, ship structural health
assessment, and rail health monitoring. Since the measured object is usually very sensitive to
strain, and when the deformation exceeds the specified deformation, it will cause a major
accident, so improving the strain measurement accuracy is the key research direction of this
paper. This paper carries out analysis and research on the strain measurement system based on
resistance strain gauges, carries out theoretical analysis and circuit design, provides ideas and
references for the field of strain measurement, and has important research significance and
practical value. The main research contents of this paper are as follows:

(1) The basic principles of resistance strain gauges are studied, the relevant formulas of
Wheatstone bridges are derived, and the large resistance self-calibration scheme based on
analog switches is proposed for the parameters and performance of the strain measurement
system, which is controlled by high-precision DAC. A self-balancing scheme is designed for
the reference voltage control method of the operational amplifier of the instrument; a system
self-calibration scheme is designed using the DAC to generate a high-precision voltage analog
source. In addition, according to the actual requirements of strain measurement, solutions such
as bridge matching, signal processing, and bridge excitation are proposed, and related factors
affecting measurement accuracy are studied, and corresponding solutions are proposed.

(2) Research and analysis on the key technology of the strain measurement system are
deeply studied. First, use simulation software Tina-TI and PSpice to model the resistance self-
calibration, self-balance, system self-calibration, signal processing, bridge excitation and other

circuits, and then the simulation analysis of AC and DC transmission characteristics is carried
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out, and finally the parameters of the designed circuit are calculated and deduced. The
feasibility of the circuit is verified by the method of combining simulation and calculation.

(3) A test platform for the strain measurement system is built, and a test plan is developed.
First, the transmission line compensation capability, resistance self-calibration, self-balance,
system self-calibration and other functions of the corresponding strain measurement system are
tested. Then, the strain measurement accuracy and voltage measurement accuracy are measured
in detail, and finally the test results are sorted and analyzed. The test results show that the
functions of the high-precision multi-channel strain measurement system designed in this paper

are normal, reach the expected indicators, and have engineering practical value.

Keywords: Strain measurement, Resistance strain gauge, Bridge excitation, Resistance self-

calibration, Self-balance, System self-calibration
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Table 1-1 Strain measurement method and classification
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Figure 1-4 Static and dynamic strain gauge developed by Beijing Yiyang
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Figure 1-5 The static stress and strain test and analysis system developed by Jiangsu Donghua
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Figure 2-1 Typical structure of resistance strain gauge
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Table 2-1 Advantages and disadvantages of different types of strain gauges
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Table 2-2 Maximum operating frequency of various grid length strain gauges

MG (mm) TR (k)

1 250
2 125
5 50
10 25
20 12.5
25 10
50 5
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Figure 2-2 Basic composition of Wheatstone bridge
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Figure 2-3 Four types of Wheatstone bridge
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Figure 2-4 Common uniaxial strain gauges and rosettes
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Figure 2-6 Dynamic simulation method
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Figure 2-8 Wire temperature compensation method wiring
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Table 3-1 The proposed design index of the strain measurement system
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Table 3-2 The measurement range is intended to design indicators
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Table 3-3 Comparison of related parameters under different input types
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Figure 3-17 Microcomputer program scheme
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4. NENERGXBRARMAR

TSR = BAEAF LR T S AAEAN B, BT AR TN B R G A R BOR AT 7T . S it
frasfrrietl, A CRBRERBONE . B idy (ADC). FLFRHUIT I, Fsia Sl
KA IRJEIRIEREF F it T 5, MU T rBR O OB, BEAT 1 ELUAR AR ME A S A%
WrRrvE O F . mJ R BT A LA R ARG S, e HLE R RE

4.1 SREESAERERIT

P RELI AR Fr 4t A5 535 T 0 B gs, T b B SR B ) L VB Tk £ 15V,
O S R, XS T AL B SR AR R ISR, AT LA B )R s A
FEM R AR /L vt DA SIOR. SRR NS SRR R, TR AT 1 A AR A 1
(S
4.1.1 MAHRBESFHER SR

R 4-1 =P URIB IR S

Table 4-1 Related parameters of three instrument operational amplifiers

ZH AD620 INA818 AD8253
B RN S L R (V) 50 35 150
i\ LK e 75 (nV /VH zZ) 9 8 11
/NN E(dB) 110 130 100
s/ L EAI I EE(dB) 110 130 110
ZE I NBEPU(GR||pF) 10]]2 100]|1 4)|1.25
W55 (kHz) 120 270 200
e K 25 52 (ppm/°C) -50 35 10
AR TAERR (mA) 1.3 0.385 4
A0 I VU L (°C) -55-+125 -40-+125 -40-+85
JE AR % % 2
HLIRTE (V) +23-+18 +2.25-+18 +5-+18
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Figure 4-2 Schematic diagram of signal amplifying circuit
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Figure 4-3 Signal amplifier circuit modeling
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Figure 4-5 AC transmission characteristics of amplifying circuit
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Figure 4-6 Schematic diagram of Butterworth filter
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Figure 4-8 Simulation results of the AC characteristics of Butterworth filter
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Figure 4-9 Modeling of amplifying circuit and filtering circuit
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Figure 4-10 Output noise simulation results
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42.1 BREESRERBERFIELR

R S 5 R AR LR I B (IR R G ADC JE%UF1 ADC IRBh 85 iE R . A T HRIE
T TE [ R IR S 2, SR RN EIE XS N — ADC SREES T, ¥ ADC %
H B ATRG . R 42 X T RS ADC MRS
R 42 =S ADC MR ZSH

Table 4-2 ADC related parameters of the three models

ZH ADS1271 AK5385B AD7768
L% (bit) 24 24 24

LN =it HIES G BFEGY

PR 3 RIS SR Y T — A% T — A% % — AR
A EAE R IR (ksps) 105 8-216 156
fEEEEL (S/ND 109 114 115
FERLDI R 90 183 160
B A 4 1 2R SPI SPI SPI
Sl Ay s IE & 4 o

MERTUEH, =ZFA5H ADC FESH /8L, H BRI OB RAR
KRG BA Z@IE R AL TTEANEEX N —A ADC &, X7 ZIEEU) ADC 38
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MEZRTT DA AR SCBE T (0 R Rl L B T ARMEE U RO AR A2, X0 S B T
REE HATHE LR X

4.7 ZiBEEERBERKIRIT

ARSI BT EAR Y 48 BIE AT RN RENA(E S, AN LIET, W RN EY
ONFIBIEBETE, AN N IR 2 W TE A N 2 B i i S AR R B T R
o

4.7.1 ADC Fie N RS TR I8

ERZRGH, BRIEHEE N ADC 724 I N AR s . 24> ADS1271 7] L%
TR ERLE i, LRI R AT 3 &R . — > ADS1271 1 DOUT i#E#:3 F —4> ADS1271
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78 T LA SPI RS =X Bl iy B 2 B . 8 H BT i 75 2 96 /) SCLK .
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L DIN DOUT DIN DouT DIN DouT DIN DOUT |—=

- SCLK SCLK SCLK SCLK

K] 4-28 SPI B R, £/~ ADSI1271 451 5% B2

Figure 4-28 In SPI mode, multiple ADS1271 daisy chain connections
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K] 4-29 SPI B2, 2 e 8k 30 s [al k% =X

Figure 4-29 In SPI mode, daisy chain connection data read back format
£ SPI #& b, FEH A SYNC / PDWN ¥y NERA R, XFEATIE
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Figure 4-30 Schematic diagram of control signal centralized management circuit
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AW SR SR & RGEKH 24V b, BB R 216V, +5V (b, 7
FLEE 75 23,3V i, AT SR A R TH R A 4R FR 1 2 AR L %

MRAEEE 3.3.8 FTH NI 3-20 & Gt LR LK 7 SR X R RS FEACS fr, A4 BUCK PEIE
O3, INVERTING [#JEE AV E 2 LDO. Gt &4k, 1E i B IR 2 AR ok F 0 1
PRI RSy LT8471 (RIS Ao IE A7 HL Y ) A 20 ) SR R A P A 3 1 10 78
54 TPSTA3901 ] LDO. +5V HI14% Ff He R AR AL AR B9 LMR14010, e 2% R FH 7S
MAXES ) TPSTA4901,+3.3V Jy% g i, NS A — P RIAT, SR F I L S
F 54+ VAL B R4 T s ] — 5. 16V YR LR IR PR G B 4-31 flioR. +5V H
5 R SR B A0 T 4-32 Pl +3.3V EE IR BB TR B B A0 1) 4-33 FiToR

AGND AGD
2 J:cs _l_ca
4y “MBRS360 26 | 226
T w =
< 5 >
L3~ AU | D S VNI v
l RS WK 6 3SUH R21
2 ¢y — L F———— ovwv R7 | ATV
26 | AGND —
= — rat 0K Rz 100M@IK
7 m1 - NEOW
17 pa MK A - T--@Cg“ BT
. | .
= c1s |25 o | fl-acp acxp |||_|:, ¢
AGND s 2 o L1 100M@IK
) c7 |25l 1 D) (e cs
@D cs
oy [} Cawm y 26
4 C19 ==C20
—CIE JHB 5 sy g Tﬂﬁ T .
) 2 e 15| o D3
= B 2 {a-17v
RIS —J§TK 7 | oo : Ja-17
— .
c2s  q|ues . T3 SONC R1g MBRS360
el P VINL [Es
| ve OK  Rio
5
&3PS et snour B2 1 1
e MR
L CTSITIERE
AGND

AGND'll

v o o s
104
4 5 Ham
SHDN SW :
2UH
DI
$534

| - — )

_L _L 100M@IK e 5 N .
2| oo L3 I acD 4 cl0 ==cI1 28 | GND GND | 2 26 L hisox
S AG sk | 26 | 226 s P TPSTAIS0IDRBT
[MRI4010ADDCT AGND| N

AG
N

K] 4-31 16V H 5 L R BRI

Figure 4-31 Schematic diagram of =16V power supply circuit
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Figure 4-32 +5V power supply circuit schematic diagram
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Figure 4-33 +3.3V power supply circuit schematic diagram
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ik, EARE AR R BE R A O E o X R TH AN B A0t LR AR 2R G
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5. RGMRAS 54

FERTI Y FESTH, AR B R G RO ALl e . BT TG B b E . B
FRHERLER . 5 SRR, 55 R, KRG HBIT 7RI 5, &
B NSEPR I A H A, B E MRS, AR5 15 @IS, el gl Rt
T RVEFIAR ST I AR I B AR e I FE b

51 NENERFENKTEEEE

AR B 2R G0 T 5 AOAES QL RE AR HE AR . Rids . Ak S T K.
A BTG S B IESE . thAh, SB35 FPGA JT AR ADC #EAT #id
KA RN 1) B HLgEAT i 2

i S AR B SRARA S AR5 5, SR & R Gl AT RER, SRAE 31 RAE
bR HE AR RSN B E I BUE AT HLE . AT & A8 R b S AR DA IR AL 5y
XL2106-4, iR n % BTG E A +11110ue, B0 R A N 120Q, HEALK R
AR AR B A1

NV FH SR L7 % Yl PR )t B0 . (S FH 7R R 259 RTB2004.

ks P 65 200 FH 2 A DU R AR AL H e b & A0 r U HE R i o R 0 b P T R
ff)714-5 >4 KEITHLEY 2002

A P LIS 5 TR SRR ol o AR ) B R 8 2 ) PP o 5 P 1 R R T LU SR
[174-5 y KEYSIGHT B2961A.

LU L IR AR B R SR 24V AL R, AL PAN3S-5A.

FPGA JFRARAE A ALINX BT 1FE T Spartan6 112 7h% FPGA FF M . HAER T
TIRLLKM, fEds FAL 2 B,

52 NTMERGMAF R

AR AR B R G & I Re, A 5.0 IR AGE, Bt BRIy
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kI R
e v
PRAER AR
— NANERS [P JATG [ i
PRAERLERYR
UREVCEN — T

24V IR

B 5-1 R AR I R G AR AT 5
Figure 5-1 The overall test plan of the strain measurement system
AR ] 5-1 Al & 5 S nT A58 5-1 A (1) BRI R G DI RE I AH R S 40
F 5-1 BRI R GG U]

Table 5-1 Test verification instructions for strain measurement system

Tt MEZH

HbriE PRENE L

ERE -1 i

B R RN FE

M B il SU A AME AR A B
HL 0 PR N R

N2 A I S A I R P

52.1 HEEHEEBNSBENER R

ST D L A S S B, B R Y H SOBIE — E SR R AT AME R A%
M2 A B RAE . S LR, #EH DAC far tHAH BT HLS, DAC %t ) H T 22
Ao L R L A T ) 3 LB P R BT I fEL T T o RE s A AR B A T
BHL LAy R R 28 b, 368 T 0 5 I8 A B 1 P FL P SR 1A U U i R SR IBU LR (19 A R 11
A B 0l P it S0 I O FR 1 5-2 o
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P 5-2 M EURh L s S0 I

Figure 5-2 Ripple test connection of bridge excitation circuit

i FH — 3t e L BELRSEAUL A FEURR (RO BELAEL, P P Y R R LRSS S A a2 o LB, 4
MU A He N R BE I 26 rhr, SR B HLIEAT SR A, A i JR0 il LB At — € A R
Fe o i iR A i 2 L BEL PR ELAE, U S AL A% R P L L A8 i P PR A A 15 5 B0 1Y)
HUEE—E, MU EE RN, U8 2R e BB (R MERE 77, TER T
WIS (A A e FELBEL R, 1P FELAE BRIV DA B 0D P B A T R 2% A T BRI RMEE FR die RA H
2R P

M BB HIMEE A% i 2 r BRI ] 5-3 B
— L *

B 5-3 Arits ol M A a2k Fi B 1 12

Figure 5-3 Bridge circuit excitation compensation transmission line resistance test connection
522 BRUE. BENEREMNESTR

XA HLREAT S RE, I3 I ACGRIZ G A S N 21 B RS L, P2 B R f it i L
—EMHEAE, B FPGA JFARMRBEIE S REHBERER M BIEE, R55BRMER
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A Eh PR AR VR P R AR BEAT X B, o BT H Ao 2R AR 56 ol B IS HE T e

R vk B ELAUE S VRIE T MR N RHE R N AR R ARS8, T8 i & s H
TS YR S, ST FPGA T HCIN & 2 fK) AR, X6 B M7 RIAT 45 281 o L 00 B
JEE o R S PR I e SE R 1 5-4 B

AL —

B 5-4 H 0BRGN R S 12

Figure 5-4 Voltage measurement accuracy determination connection
523 BrE. BEE. NEKENEL R

W br e AR B AGE I e NN AR R G, AL TR, oA il
RELER TSRS W B AR 4 FL I D U040 . 77 B U000 P B POV P 55 . 8] FPGA JF
R ADC HIEUE, 98 J5 K A5 AR o S AR SGEAT LA o AR AR AU 5 AR
& R GER Kl 5-5 s

Bl 5-5 ik AR BN 5 N A B AR G
Figure 5-5 Standard strain simulator and strain measurement system connection
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Figure 5-6 Bridge excitation ripple test
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ME TG, USSR RN 16V B, 8BNS 76mVpp, WA R FL %
RO FRLR LG, AR T — M B s P el B PR, Sy tH ARG, A7 BETH 23K

Xof A R Al FL S R AT B R A M AR i 2 F BN, 50 D00 381 P 7 i Sl s O 4 i
RN 29V, X5 4.6.2 WRITRERAR, Ziagath)a, FEEZDIR MOS B A
BG5S MOS BEZ MR . & 5-7 AR R N 120Q1E 0L N, e s S
FAMEE ) e K AR A L L 5% AR
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Figure 5-7 The relationship between the set voltage under 120 resistance and the maximum transmission
line compensation resistance
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HIBH (& 4-26 W1, Ry Rs) SAEMMZAHAR TR, AL Am2k A FEHIZ TG R, 79 A BEG A%
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Figure 5-8 The relationship between the set voltage under 350€ resistance and the maximum transmission

line compensation resistance
532 BRUE. BEMNEFEMNREREER S

BT A9t ARG, A bR R R IR NS SN, AEA R A LR AT O T
TLSRARHERT 5 AR B RGN EAE . 3R 5-2 ARG WS EDE. RERER
CPANG RS ) R S e e R =Rl RSV EREST Rt IR ==l 0 e =

R 5-2 KRl E AR I EoE

Table 5-2 Data measured before and after calibration

FRAEHE (V) KHERT (V) KHERTIRZE (V) KHEE (V) RHUEFIRZE (V)

-15 -14.856253 0.143747 -14.996856 0.003144
-10 -9.865236 0.134764 -10.000125 -0.000125
-5 -4.861284 0.138716 -4.998872 0.001128
0 0.191278 0.191278 0.001124 0.001124
5 5.145624 0.145624 5.001695 0.001695
10 9.789659 -0.210341 9.999287 -0.000713
15 14.885626 -0.114374 14.998754 -0.001246

M 5-2 W UUE AR E S BRSO R, e e A R iR 22 B T e R

88



B R AL S

RO R 22, 1t ] B RV FEL B vl A B/ AR I R G L e R iR 22, SRBL T B R
The, KBTI RCR . T AT R AR I R A 4 R RS R

FHESE RS, X ARHE 5 AR R A 2R Ge b AT SRS A AL B iR 22 20 A, R

=]

=

HE )G B HERAE IR RO, e T8 . R 5-3 JUBCHE s AT B AR B 20 Hr

=]

==X

2 5-3 FL AR 2 23 A

Table 5-3 Voltage measurement and accuracy analysis

FrAERE (V)

MWAHEE (V)

HXTREE (%)

WERERE (%)

-15
-13

-11

11
13
15

-14.996696
-12.996245
-11.003825
-8.997165
-6.997368
-4.996897
-2.997568
-1.003268
1.002856
3.003452
5.001698
6.995623
8.996258
10.999623
12.995922

14.996563

-0.0220
-0.0289
0.0348
-0.0315
-0.0376
-0.0621
-0.0811
0.3268
0.2856
0.1151
0.0340
-0.0625
-0.0416
-0.0034
-0.0314

-0.0229

0.0220
0.0250
-0.0255
0.0189
0.0175
0.0207
0.0162
-0.0218
0.0190
0.0230
0.0113
-0.0292
-0.0249
-0.0025
-0.0272

-0.0229

=

M 5-3 FTLAEH, 4R i R E AR FE RN 0.3268%, s A IRAICKE N
-0.0292%, My R s U B S ARG FE FR AR 0 0.025%, 28 K HE 70 et s /2 P BEFR bR
Mg, HYBLINE AR B R R AT RE N (1) bRl r R IR4 RS AN . (2) E LRI
Hrp, R BN R, (3) MEFEAKEARL, HBBEYIREE,
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53.1 BirE. B¥E., NEREMNAEREZEL SR

TERGCA TR A RHERITE LT P FR R AR LA (4 77 30 N R AR I R
Girp, AT B RN T R RE, B P B e R, S,
B G HEY-2.032V 2 2.051V, 5 422 T HEIR £2.048V ik, A4 —E
5 DR TBOK L Hh S Wt FELBEL IR — BRI 22, 3 UK R BOAN HE Rl . FPGA 5 5 5 LA AT
&, HFEERETEIIRE. R 5-4 NERG—EVIHNBEMEL T, REH TS,
B A 1) AR

R 5-4 R AT G S AR
Table 5-4 Strain value output by the system after self-balancing

VIIENARAE (ue)  ~PHTRRNAE (ued

-20 0
-5 -1
10 1
50 0
M 5-4 ATLAE H, B PETHUEE AT DLVE R IR N ARE, AR SR AR AR TOVERE AR
AT 0 BTG, LRG0 TG, & GX FEHL T REA AR B (1) W& 3 AR .

() RGEAFMEARESE . (3) JHEPHE RS ERIRT 16 2 DAC 73 #%A 2 .
EBIR [ ST R T V5 50 A IR B R o8 (R AR S AR AL, (FL 2 FEmT DU AR KA
B 1pue, XA RGN A FE TR0 o L5450 0T, T4 P mT DA S BT BR AT 46 AR [ Th g
FA BT F BRI RE

BV e R, A LTI AR, X B ERE DIREREAT I E o WIE K RIAR KR
AEFLEE 120Q, A55E K HLFHS5kQ. 15 H bR € DI bn i R AR BAUAC#EAT A5 5E , 0 bR
SEAH, ARG FBNERE AR e R R A, B2 R & & SIS ) R AR 55 e 14
ET 408, 0N RIS BR v B AR B AR AR, B =0k, R iRk 5-5 PR
WIS 2.4.3 WRTAL, FAESRAET, BAL EARERIRIARE A 2177 pe, MWFE 5-5 ATLLE
T FE b E A I 2 bR A, 5 BARAA T3l B4t An e H Shn i E IF A 8 24,
HARMEE AR AN, i a8 X R R 22 10 R R 2 3 25 8 3 RI4S et (1 4 i
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R BELNT R RO G 1) St LB, 36 s s e N FL % 114 K FlL PELFELE U AR (B A e . 7E
AR, AT RUE I 2 O E B BE R TR ER E RS . SRE A BT, Aid
SCBCE A E AR E B DIREIEH AR BTHEDKR
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Table 5-5 Self-calibration measured data

brEfE (ue) PRUEME (ue)  iRZE (ue)

2186 2175 11
2174 2169 5
2178 2171 7

fE B bR E SRR, RN 2R Gt AT AR I B LI e , KA A0 At R AR
HIEH 12002, MrESRAOy e, MRt il oy S5V o I e e b vk I AT A e L
DR BRI RS, BEBON ARSI AR GG A N E, Al s, EE =R, BUFIME.
K 5-6 NhRMEN AR 5INE AL SRR .
R 5-6 bRAENAR 51T N AR
Table 5-6 Standard strain and measured strain

EE (ued  SEIME (ued ARG (%) TWEERE (%)

-10000 -9991 -0.0900 0.0600
-8000 -8012 0.1500 -0.0800
-6000 -5987 -0.2167 0.0867
-4000 -3995 -0.1250 0.0333
-2000 -1985 -0.7500 0.1000
-500 -516 3.2000 -0.1067

500 495 -1.0000 -0.0333
2000 1994 -0.3000 -0.0400
4000 4009 0.2250 0.0600
6000 5985 -0.2500 -0.1000
8000 7996 -0.0500 -0.0267

10000 10013 0.1300 0.0867
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R 5-6 WIEN, NARI S AR G 4a 0 A B RN 3.2%, i R I R P A
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PR B . EARHEBEG BARE . EOPET HBR SE BEAT T SEBR IR AN . MK
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