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Fig.1 Diagram of integrated temperature control system
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Fig.2 Spaceborne blackbody
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Fig.4 Three-wire blackbody temperature measuring circuit
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Fig.5 Flowchart of blackbody temperature control
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Fig.6 Blackbody temperature control simulation curve
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Tab.1 Comparison of different temperature control

algorithms
Control algorithm ~ Bias/°C  Stabilization time/s ~ Overshoot/°C
PID 0 1302 4.97
IPID -1.767 114 0
FIPID 0 467 0

ERaES w2, FIPID W SIGHE B #2 = T 64%, Joid i,
PID LA 12.4% (i of, 3£ £ FIPID Bk 17
VN 3

2 KWHERESWN

2.1 RFBEIZH
E 233~373 K U P, [81F% 0.1 K A & 4 L BHL, i
b B 2> WA T — R . R =R 2 RS, B
A MUK 7, RMSE WAWLER 2. [ — k2T
14 # RMSE {85 2 /N T 0.001, [7] i i /A 2055 2
B2, R R A, U 4 A BEL BEL (A i
R TN W
T(R) = 9.896¢ —06R> +0.234 4R +30.71  (14)
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Fig.7 The fitting curve of blackbody’s resistance vs temperature
&2 TEAFEMUEIEE RMSE b
Tab.2 Comparison of RMSE of temperature fitted by

different methods
Fitting method RMSE
Linear polynomial 0.01819
Quadratic polynomial 0.00077
Cubic polynomial 0.00077
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Ve FH A %5 1 LT BB AK 247~376 K I VG il k47
RYGMERE AR E . A0 3 B, 43 ) e — Ik 2300
K. kA =R EZ WA E 1) RMSE {8, —iK
Z W XA RMSE /b, R IR AL E, K IE
Je LB AER M-

R=2.915¢ = 06R,cusure> +0.997 R ouure + 0.101 6 (15)

&3 FEAFEUENERE RMSE L&
Tab.3 Comparison of RMSE of resistance fitted by

different methods
Fitting method RMSE
Linear polynomial 0.0975
Quadratic polynomial 0.0692
Cubic polynomial 0.0721

T W4T B (L R e 1A 2 (1) HHEE S
), AR (15) 75 B IE S5 LA, WG IE IS R
PERIE Ty 2

Ta(‘z‘m‘acy = T(Rxlandard) - T(E) (16)
KL T R GRS EE The W:
Tarruracy = T(R.wandard) - T(Rmeasure) (17)

247~376 K Y[ P I R W%4%moﬁmm
TR R B oh 0.383 K, MC1E J& A 0.035 K, I RS Fi 42
T 90.9%.

R4 BENEBRGHEE
Tab.4 Accuracy of blackbody temperature measure-

ment system

Ryandard @ Runcasure @ R/Q Toord/ K Taceurac/K

900 900.271 900.034 —0.068 0.009
1000 1000.065 1000.082 -0.016 0.021
1050 1049.809 1049.974 0.048 —0.007
1100 1099.789 1100.117 0.054 0.030
1150 1149.564 1150.069 0.111 0.018
1200 1199.426 1200.122 0.147 0.032
1250 1249.076 1249.978 0.237 —0.006
1300 1298.960 1300.083 0.268 0.022
1350 1348.627 1349.985 0.355 —0.004
1400 1398.527 1400.134 0.383 0.035

2.2 RTINS
MREIR M FPGA SC3E, FPGA %4 ACTEL /A H)

PUEAL RN 1 S A 22 77 i AX2000-CQ352, - fift
HH Verilog HDL % 5 45 , SRR IR RAE AN 2 ms,
PR A9 30 ms, 4506 R H] FIPID 850k o Ji o b i

PEL AR R 6 IR BN X FIPID B0k PR IRRE T . F2
zEH‘JIIEﬂ i PR A R 25 5F 4 PP iE T I

b 1T AR RS S SR AR 2 B AE ARG I v, L2 i
AR 4 K %725 0], FL25 E P 22 28 AT A
AMLAE A AR AL o 38 2 T HE 2 el AR 2 = iR
WOE AR AT, A 32 st — N BRI, BT
T R ML an Al 8 R .

FERAPERE L2 5. 7F 256~367 K {1 [l N, 5 IR K
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Fig.8 Blackbody temperature control curve in thermal vacuum test

* 5 BAAEZTHEERNA
Tab.5 Blackbody temperature control in thermal

vacuum test

Stabilization Control

Set point/K time/min Overshoot/K accuracy/K Bias/K
256 - - 0.036 —0.008
265 3 0.170 0.037 0.013
273 4 0.249 0.037 0.009
282 5 0.300 0.037 —0.003
295 7 0.292 0.037 0.007
300 4 0.012 0.038 —-0.012
308 6 0.024 0.038 0.013
315 6 0.171 0.038 0.018
326 7 0.014 0.038 —0.014
344 11 0.031 0.039 0.008
350 6 0 0.039 0.006
360 9 0 0.039 0.001
367 8 0.006 0.039 —0.006
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J& 0.039 K, FaSm2E At 0.018 K, i mfoRifid 0.3 K.
kR U U B K, R 367 KR 1.5 h %%
P AR e M, BRI BEARUE RN 367.006 K, B R (E K
367.045 K, fic/ME K 366.967 K, brifE 24 0.013 K, &
TiAaE E H+0.039 K.

FERUT PR A RE A T, R A 268 K.
273 K. 290K, 295K, 315K, 334 K I 350 K & 74>
PR R AT TE PR R S e b, SRR BE N A% TR R
32 s, B—MRE S, IR A& 9 Bs .
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Fig.9 Blackbody temperature curve in orbit

H RS EERE W 6 TR . 7E 268~350 K
IR EIN, i s AR 0.469 K, #IEAEE R 0.039 K,
FR A 25 AN T 0.013 K, &I 10 K AR B[] AN 8 4o
10 min, 1 /& £LIMHBLAE PR S bR ek

&6 BUEEIRE
Tab.6 Blackbody temperature control in orbit

Set point/K St:::g/z;tiinon Overshoot/K  Control accuracy/K Bias/K
268 4 0.469 0.037 -0.008
273 3 0.393 0.037 —0.012
290 7 0.312 0.037 0.006
295 3 0.274 0.038 0.012
315 8 0.139 0.038 -0.013
334 9 0.046 0.039 0.008
350 10 0.013 0.039 0.013
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Design of high-precision integrated temperature control system of

spaceborne blackbody

Hei Huage'?, Li Xiaoyan®’, Li Lufang'?, Cai Ping', Chen Fansheng'?

(1. Key Laboratory of Intelligent Infrared Perception, Chinese Academy of Sciences, Shanghai 200083, China;
2. University of Chinese Academy of Sciences, Beijing 100049, China;
3. Hangzhou Institute for Advanced Study, University of Chinese Academy of Sciences, Hangzhou 310024, China)

Abstract:

Objective  As space infrared technology advances towards high quantification, higher requirements are
demanded for the precision of blackbody temperature control. Simultaneously, as spacecraft functionality
becomes more complex, integrated design is necessary to reduce power consumption and weight. Traditional
blackbody temperature control systems based on CPU or DSP are unable to meet the demands of high integration
and high precision. To address this issue, this paper presents the design of a high-precision temperature control
system for on-board blackbodies based on FPGA.

Methods Temperature acquisition and control are performed using an FPGA as the core control unit, enabling
multifunctional high-speed parallel processing. The blackbody temperature measurement module adopts a three-
wire Wheatstone bridge to minimize the influence of wire resistance. In the signal conditioning section, a three-
stage active filtering and amplification, composed of integrated operational amplifiers, is employed to achieve
low-noise amplification of the electrical output. Compared to traditional instrumentation amplifiers combined
with passive filtering, this method exhibits stronger interference suppression capabilities. Additionally, to address
the non-linear error between platinum resistor resistance and temperature, as well as circuit errors in the
temperature measurement system, a hierarchical fitting correction method based on polynomial models and least
squares theory is proposed to further improve temperature measurement accuracy. The temperature control
module incorporates a novel fuzzy control and incremental PID (FIPID) combination to reduce overshoot,

accelerate convergence speed, and achieve high-precision temperature control.

Results and Discussions Based on the measurement results using precision standard resistors, the temperature
measurement accuracy of the system within the range of 247-375 K is 0.035 K, which is a 90.9% improvement
compared to the uncorrected accuracy of 0.383 K (Tab.4). Temperature control simulation experiments
demonstrate that compared to PID control, the FIPID algorithm achieves zero overshoot, while the PID algorithm
has a 12.4% overshoot. Furthermore, the FIPID algorithm exhibits a 64% improvement in convergence speed
(Fig.6). Ground thermal vacuum and on-orbit temperature control experiments indicate that the measured
temperature control accuracy within the range of 256-367 K is 0.039 K, with a steady-state deviation not

exceeding 0.018 K, and a temperature rise stabilization time of less than 10 minutes for a 10 K increase (Tab.5-6).

Conclusions  Traditional blackbody temperature control systems based on CPU or DSP cannot meet the
requirements for high integration and high precision. To address this issue, this paper presents the design of a
high-precision integrated temperature control system for on-board blackbodies based on FPGA. The approach

uses a three-wire Wheatstone bridge to minimize the influence of wire resistance and introduces three-stage active
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filtering and amplification to improve the system's interference suppression capabilities. To mitigate temperature
measurement errors, a hierarchical fitting correction method based on polynomial models and least squares theory
is proposed. Additionally, a novel fuzzy control PID temperature control algorithm is introduced in the
temperature control module to achieve high-precision temperature control. Experimental results demonstrate that
the temperature measurement accuracy of the system is 0.035 K, which is a 90.9% improvement compared to the
pre-optimized accuracy. Temperature control simulation experiments show that this method achieves a 64%
improvement in convergence speed compared to traditional PID control, with zero overshoot, while the PID
algorithm exhibits a 12.4% overshoot. Ground thermal vacuum and on-orbit temperature control experiments
indicate that the measured temperature control accuracy within the range of 256-367 K is 0.039 K, meeting the
requirements for on-orbit high-precision calibration and high integration. The system has been successfully
applied to an on-orbit infrared camera of a specific model. The system possesses the advantages of high
temperature measurement and control accuracy, wide dynamic range, and ease of integration, making it suitable
for widespread application in other high-precision active temperature control systems in space.

Key words: spaceborne blackbody; integrated design; FPGA; high-precision temperature

measurement and control;  fuzzy incremental PID
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