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Abstract: Aiming at the common problems of insufficient measurement accuracy and poor high-tempera-
ture stability of traditional force sensors in dynamic force monitoring under high-temperature conditions, a
novel piezoelectric force sensor suitable for medium and high-temperature environments ranging from room
temperature to 350 ‘C and featuring excellent dynamic response performance was developed. Meanwhile,
a sensor design method integrating single-factor sensitivity analysis, nonlinear regression modeling, and
parameter optimization based on the Love Evolutionary Algorithm (LEA) was proposed. A lumped-pa-

rameter dynamic model of the sensor considering mass, stiffness and damping was established via mecha-
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nism modeling. Five core parameters affecting the natural frequency were screened out using the control
variable method, and a high-precision nonlinear regression model with interaction terms and higher-order
terms was constructed in combination with stepwise regression. Taking the maximization of natural fre-
quency as the optimization objective, the structural optimization of the sensor was completed using the
Love Evolutionary Algorithm. A high-temperature dynamic performance test system was built to experi-
mentally evaluate the dynamic characteristics of the developed sensor at elevated temperatures. The re-
sults show that the nonlinearity of the sensor is 1. 07% , and the repeatability error is 1. 37%. Within the
preset temperature range, its dynamic sensitivity remains stable above 30. 33 pC/N, and the temperature
drift coefficient is only —0. 014 % /°C. The research results can provide a theoretical reference for the struc-
tural design and parameter optimization of piezoelectric force sensors used in high-temperature working
conditions.

Key words: high temperature; piezoelectric force sensor; love evolution algorithm; dynamic force detec-

tion; structural optimization
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Tab.1 Dimensional parameters of sensor components

Dimensional parameter Value/mm
Piezoelectric ceramic thickness £/, 0.5
Insulating sheet thickness £, 0.45
Adjustment block thickness A, 1.5
Electrode plate thickness A, 0.1
Piezoelectric ceramic outer diameter r, 5.2
Piezoelectric ceramic inner diameter 7, 2.0
Adjustment block radius 7, 5.5
Upper housing load-sharing radius 7, 6.0
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Fig.2 Dynamic model of the sensor
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Tab.2 Parameter model for natural frequency optimiza-

tion objective

Attribute Value
SSE 1.633
R’ 99.30%
R’ (Adjustment) 98. 60%
R’ (Prediction) 97.80%
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Tab. 3 Significance analysis of the natural frequency equation

Model P
Constant term 0. 001
7 0.002 5
r, 0.003
r’ 0.0015
ryrs <0.001
hor 0.001
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Tab.4 Optimization results of sensors based on love evo-

lutionary algorithm

Lower Upper Pre-opt. Post-
Parameter o o
limit limit data opt. data

hy/mm 0.5 0.65 0.5 0.5
r/mm 4.0 5.5 5.0 5.2
r,/mm 2.0 2.2 2.2 2.2
r,/mm 5.9 6.0 6.0 5.8
rs/mm 6.0 6.5 6.1 6.2
F,/kHz 8.54 9.50
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Fig. 8 Iteration process of the love evolutionary algorithm
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Fig.9 Flow chart of sensor whole-process cleaning, performance detection and assembly process
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Fig. 10  Sensor dynamic calibration test system
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Tab. 5 Insulation resistance versus temperature data

Temp. /°C Ins. Res./Q
25 8. 11X 10’
100 5.31x10’
150 3. 15X 10’
200 1.12X10’
250 7.65%10°
300 2.43X10°
350 1.26X10°

200 C 250 C

(o)} ~ ]
T T T

W
T

Insulation resistance/(x 10~ Q)

i . High-temperature stage
Low-temperature stage

0 50 100 150 200 250 300 350
Temperature/C
B 11 # 2 BB bl e A8 fk

Fig. 11 Trend of insulation resistance with temperature

LA [ 35 DX R D R A B 2
o 2% BB 7E 28 05 22 350 “CTt Bl 9 i 28 4k vl 43y 79
ASFEAE B Be < 25~200 “CIR IR B B, BHAT A 8. 11X
10" Q@A 1.12X10° Q, Bt 20 6. 99 X 10°

Q, - 2 58 5 R 2y 3,99 X107 Q/°C, BT If & 4k
FE7E 10" Q & 9, W oy it O 2% 0 55 . 200~
350 Cry i B B, BHPT M 1. 12X 10° Qi — &
1.26X10° Q, B350 9. 94X 10° Q, - 2 5 ol i
A 6.63X10° Q/°C, BAR L By B R T 24—
ARG, BETRE 2 10° Q& 90, H 1a7 ik U R 5%
M g R PERE I B R . NI St ok B L 45
ek B ASORT IO 11 448 2% B B A8 A 15 B - B, oK B R
mﬁzmiﬁﬁi%ﬂ*ﬁ

X — A% A6 R 5 L P 0 bR R

MK, MEAEE T, WE V\]iBHHT%#LJéZQﬁﬁDEU
SEA R EHRRENE TR s TRk, ot
Iy £t % BH AT ) Sk 2 5 0a I B R 5 250 CE,



o518 1

TAEM A e I ) AR S 1 3l ) o S SR Y 2853

i B RE B9 A5 2 AR A HE — A5 iR T BE A0 5 D
FEEZTS
4.3.2 FHERBEZBIFIESH

1 T g B0 25 R U B I Y A Ak R a1
12/7R .

‘m

30.5¢

32.0

(98]
—
n

Sensitivity/(pC-N)
=
(=)

3=-0.01x+33.58

30.0
0

50 100 150 200 250 300 350
Temperature/C
B 12 sh R R A 1L

Fig. 12 Dynamic sensitivity trend with temperature variation
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Tab.6 Charge output amplitude of dynamic calibration

experiment for sensor at 350 °C

Test Force/N
No. 19.6 39.2 58.8 78.4 98.0

1 606.15 1200.19 1805.70 2413.60 3 019.43
2 603.92 1195.06 1796.89 2398.10 3 012.85
3 599.63 1192.71 1792.63 2396.58 3 012.67
4 592.05 1188.92 1789.69 2376.79 3 001.66
5 589.26 1186.57 1777.34 2373.11 2 986.31
6 586.31 1181.62 1771.55 2365.96 2 965.63
Average 596.22 1190.85 1788.97 2 387.36 2 999.76
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Fig. 13 Charge output amplitude under different force
loads at 350 °C
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Tab.7 Performance comparison of high-temperature

piezoelectric force sensors

Dev. Dytran  Kistler  ZT-
Index
sensor  1051C  9101A F2002
Maximum
350 260 120 150
temperature/C
Sensitivity pC/N  30. 33 4 45 2
Nonlinearity/ % +1.07 +1 +1.5 4+0.1
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