CREIECHE BEE s R TR Vol.34 No.12
2026 4£ 6 A Optics and Precision Engineering Jun. 2026

TEHE  1004-924X(2026)12-1817-13
NI ESZTEERMNESZHAST RS/

BN, AR BRE, BWEA, kEA
REE &2 6 REW°, 245"
(1. KERBEAF RAMFZER LEABEFNESALRNRETRAR T Q,
7 KR 030024
2. ARMBEAFBERERELEHAFTN, LA B K 2262005
3. EERM M A R AFEZNE AT, A E % 064400;
4. VEHEELERAEARFTELAT, LFE KE 030008)

FE AR B A T O PR Z A5 (H,, CO, CH, S A I b, b7 8 i85 5 5 2 SR 3h ot T R E
B RO A% B RO AR A A5 22 U5 T MRS I, S B0 B BOIEORG BT R 0 1) R, A SCHR M — R R T N AR AR 1 AR e TG A
WIS Z W P26k ik . B4, DU % A7 7E BAL PR RS 1 COLTE N NAR 225 4143 M AR L R, LA
T B 2R G 25 A LA T3 HOuR 8 LR GEIE S8 MV T S, SEBURSUE HEST O 30 25 2 G0 S8 48 19 S 38640 s e
FE AR L R RO OGS S R G 3 o5 A i 3 A S 8O R i ACRAAE L SR A LightGBM 3k # 37 22748t =l 2k 2 [nl 1
BERL % H,, CO, CH, =R 4 43 Vi BE AT =0k B2 B il o Se g 25 R 3R W) it i 2 8 G BT H,, CO, CH, I ¥ 77 iR
W22 (RMSE)#E T 0. 09% , F B 436t 5 43t i 22 (MAPE) B MIL T 0. 6%, 15 430K JH 5 6 1% B0 2 80— P b B G 50 280
FH G, RMSE 8RB IR 29 37 % ~63% o I A BOME T AR S5 U bR AL R i JE et T4, R A T E 2 T
BT B AL B2 G 1 VR B OO B O T B AR R R M PR T AT AT T R

X B OW:EIAE BN S EIROESNESFT

FES2ES:0433. 1 CHERFRIRED : A

doi:10. 37188/0OPE. 20263412. 1817 CSTR:32169. 14. OPE. 20263412. 1817

Multicomponent Raman detection of coal gas based on internal
standard calibration and multivariate modeling

GUO Songjie', LI Junkai', QIU Xuanbing'*, TIAN Yali', ZHANG Qisheng'”’,
DONG Zhancui’, LI Wei’, SONG Liming’, LI Chuanliang'’

(1. School of Applied Science, Taiyuan University of Science and Technology,
Shanxi Province Engineering Research Center of Precision Measurement and Online Detection
Equipment, Taiyuan 030024, China;
2. Qidong Intelligent Equipment Research Center at Taiyuan University of Science and Technology,
Qidong 226200, China;

75 B #1:2026-04-22; 81T H #1 : 2026-05-16.

BEET A : FERARE%E 4 (No. 52506204) ; 111744 & 40 & 71 %] (No. 202402150301012,No. 202302150101006) ;
ook 5 50 05 B & R ¥ 4 H (No. YDZISX2025C026) 5 1l 78 4 B 37 81 5 A A4 71 BA & 15 % B
(No. 202304051001034) ; KJEFHE K 2FBHF A 31554 (No. 20242148) 5 11PE A FHIF A 8614 (No. 20252013)



1818 e K TR 55 34 %

3. Beijing Shougang Co. , Ltd. , Qian'an Iron and Steel Company, Qian'an 064400, China;
4. Shanxi Jinpu Optoelectronic Technology Co. , Ltd. , Taiyuan 030008, China)
* Corresponding author, E-mail: clli@tyust. edu. cn

Abstract: Raman spectroscopy enables multi-component gas analysis but faces challenges in complex in-
dustrial environments such as converter and coke oven gases. In these settings, online measurements of
H,, CO, and CH, suffer from reduced accuracy due to multi-source interferences, including gas pressure
fluctuations, laser power drift, and variations in optical path transmission efficiency. To address these is-
sues, this paper proposed a Raman spectroscopic analysis method based on internal standard calibration
and multivariate joint modeling. First, CO,, which was ubiquitous and chemically stable in the gas mix-
ture, was used as an internal reference component to construct the internal standard ratio R,, thereby elimi-
nating common-mode interference in system gain. Second, a system gain calibration operator S, was de-
fined to enable real-time characterization of system state variables, including pressure and scattered light in-
tensity. Finally, several parameters were jointly used as input features, including the internal standard ra-
tio, gas pressure, scattered light intensity, and the system gain calibration operator. A multivariate nonlin-
ear regression model was then established using the LightGBM algorithm. This model enabled high-preci-
sion retrieval of H,, CO, and CH, concentrations. Experimental results demonstrate that the proposed
multivariate joint model achieves a root mean square error (RMSE) of below 0.09% for each of the three
components. The mean absolute percentage error (MAPE) for each component is below 0.6%. Com-
pared to models using only raw spectral data or a single internal standard ratio, the RMSE of the proposed
model is reduced by approximately 37% to 63%. This method effectively compensates for the nonlinear
interferences caused by variations in gas pressure and scattered light intensity, significantly improving the
accuracy of concentration retrieval for multi-component gases in complex industrial conditions using Raman
spectroscopy. and provides a feasible solution for online industrial gas detection.
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Fig. 1 Flowchart of internal standard calibration and mul-

tivariate joint modeling
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Tab.1 Raman shifts and band assignments of common

components in gas

1

Gas Raman shift/cm Type of spectral band

H, 595 Pure rotation

CO, 1285 Bending vibration

CO, 1388 Fermi resonance peak

CcO 2143 Pure vibration

CH, 2917 Symmetric stretching vibration
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3.1 XWERE

SCH A E AR 2 R o I E DN AN
(AT A R T A E R HERE O RO A G
EECG G R B O B W g R R W
2O, oK 532 nm 8306 25 (MGL-N-
532-3W, K B Hr b ) 78 hy 3 & R 5 2 R Sk
(RPB-532, K 7 # ll ) P8 45 B 37 4% % 1 98



% 12 3

RAAIN 55« N BRI 5 227 B B RO MR 2 AL o B A 1821

oA S B OB . JEIE L (NOVA, &
) B ST M 15 000: 1 fFME Ly 1 000:1,
5500 H I B P IR 8 A SR A . D H
28 FH T W0 b o S O s AR A, TSR HL N
T T Ah B 5 e R R TR AT S AR A A oy

- - - Electrical signal

— - Optical fiber —-— Gas line

Laser . ieieiaieieieiiei —
532 nm laser :
Optical

l Outlet gas

K2 scmsk g

Fig. 2 Schematic diagram of the experimental setup
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