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Abstract: The inversion accuracy of carbon monoxide (CO) concentration measurement using tunable di-

ode laser absorption spectroscopy (TDLLAS) technology is affected by various measurement errors, such
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as those pertaining to laser intensity, temperature, and pressure. To improve the measurement accuracy
of TDLAS and reduce the influence of multiple errors on measurements, an error distribution method for
each measurement error was proposed. First, an error model for CO concentration inversion was estab-
lished. It included common error terms such as the peak value of the second harmonic, laser intensity,
driving current, temperature, pressure, and optical path, based on the second harmonic measurement prin-
ciple. Second, the influence of various error sources on the measured concentrations was studied separate-
ly using a randomized numerical fitting method, enabling the relationship between the concentration error
and each error to be derived and the sensitivity of the concentration error to each error to be compared.
Lastly, the various errors were effectively distributed by considering the sensitivity relationships, concen-
tration measurement requirements, available devices, and technical complexity. Simulation of the error
distribution scheme was performed using the Monte Carlo method. The simulation results show that when
the gas volume fraction is 2. 5%, the absolute error of concentration measurement is less than 0. 025% un-
der the error distribution scheme. Experiments to measure CO with a volume fraction of 2. 5% show that
the absolute error is less than 0. 01% , demonstrating the high inversion accuracy inversion of CO concen-
tration measurement. The results of this research show that the proposed error distribution method ensures
high measurement accuracy for a TDLLAS concentration detection system under the influence of multiple
errors. In addition, the method can effectively decrease the design difficulty and cost of the systems,
which is significant for the development and application of such instruments.

Key words: tunable diode laser absorption spectroscopy (TDLLAS); carbon monoxide (CO); concentra-

tion inversion; error distribution; Monte Carlo method

1 3 = 1E 7, Upadhyay 85 X% 630 45 BOG &% H 5 2 80k
17 SE B AE R bR T, B R SE XS CO Ak 4y filf 48
PO T ROREAS 58 A R BE 7 A 1 — AL ik R ST T AR . FRIRES

(CO) R —Fi A 3 UM R R S EOR AN oy e 5 5 T A T — S g 5 L (H 23 7 1 5
M7tk WSRO, AT S B R IE epgmiia oz . T LB AT TDLAS WU Rt 12
T COTREN 5010 79010 SRR S s b v S50 22 40 0 BT RO IE 1240
FECCO TR RAONC, A5 8RS WM gy 2 g g0 350 B S0 W 0 45 2 1 9 507
P79 COMMER R F BB A ETRIII . e

LIS L0 B e 2 2 4 L A 1 2 B 5 A 1R 2 S B 6

19 0 F 9
AR IR A SR T 2% 4TI
ﬁT%ﬂﬁCO%%Wﬁ%iﬁ“ﬁﬂﬂ% ggrﬁmiéx&z %@ﬁ2§%i§%r
AR A OL WO 3 (Tunable Diode La- BB A 5 2 I - -

cer Absorpnon Spectroscopy, TDLAS) £ A /7 TDLAS Z ¢ #1522 B8, F FH BEHL AL 07 125 70 Br
e ﬁiﬁ% TDLAS&%%H}?E‘.E?J‘?_E%f T% T AR 22 TGS e B I kY 5 e O 3 o H (R A
i /Eitr r#ﬁ;&gg{muiq:w M TD-  BE R RERE R RR A5G Hm
LAS ¥ B I 5 22 85 4F 15 £ T 2 5515 22 1 Bl AL 152 CO ¥ i 1y ) 2 75 K LAY 45 10 19 T2 K7 %
2 % T e B AR Tk R I kS R AE 1%~ REFKTARZE AT T A HAEL . A SCHY 545
561 O T AR R 2%, AW R Gy SCAF X TDLAS ¥ B2 I 28 ¢ 10 4% 30T 22 43 T 4 1
3 S 6T R PR B R R Al AT B TR TR A R EENS % L



57

W = ,5 : TDLAS — S ALk e B #6258 1% 22 43 1 1541

2 M= R

2.1 TDLASRZEAMK

7t TDLAS HOR AR 4l — 88 O &8 19 Dk
VA R T8 R R O AR I TE AH
T, T R AR 1 B R AR I S R, A
SR E AT . TDLAS AR A5G 5 4 ik
)6 % (Direct Absorption Spectroscopy, DAS)
A A PE KO % 3% (Wavelength Modulation
Spectroscopy, WMS) AR Hodr WMS £ A A
FLA B Ry A AR T A2 B T N . AR
WMS H AR o O & K 2 AR U Il 15
5 0 e AU 52 A T S 00 R4 Ol R i
SRS, R FH IR R R 45 X8 325 S O 5 A 5 ik
ATV AT | AR AT AL & SRR 915 B . SRl Y
TDLAS W FE W &R g8 an & 1 F s, £ 2 A 4500
TS T SRR IBORE H R 5 A A e

Temperature| Gas in Gas out
controller €« l x
X

I [
Current "> || I i
controller I Gas cell =
Diode laser Detector
/]/]/] Tuning Slbna ¥
'VV\, Modulatlon signal f
Signal AMN | Lock-in | ata
! o : {— - C It
generator | Reference amplifier acqé';f.:iuon omputer
signal 2f; ‘

P AR A OO T £ g4
Fig. 1 Block diagram of TDLLAS system

2.2 RENERE
EWMS F AR, A @ 4 5% R 5 5 (A
RN w, 0 = 2xf) J5 BB AT -5 8] e L
TN
v(t) =v+ v, cos(wt), (1)
Horb . v HOG SR B b BB, OB R
DK R R R E O 2 R RRRME AT A S O
5% U8 VA T PR I A R B G, B E L I LB R R A
2 LSO f B AR -6 58 98 i (FM-IM)
AEAE 22, i B B RE S8 R
L(2)=I+1, cos(wtﬁL x//), (2)
Ao I I OO0 1, O g £k
P ' i I R EE  HLAE AN B EOG A OG R 19 A2 1k
T8 AR 10 2 5 8 o] ) W 8w, B L 5y g e

S5 A ] 5 4 A R ) 22 R) 6 R A 25

WO 38 I I AR A G R A LG
SR /£ Lambert-Beer & 3, Jﬁﬁﬁ‘ﬁﬁ%%%:

I(2)=1,(¢)exp [—PS(T)¢(v)CL ]~
I,(t)[1—PS(T)p(v)CL ]=1I,( z‘)[l*a(u)],

(3)

K P RIERASR B, S(T) WEETF
R AR TR WA T 2 A 2R o (v) R AR I A £ Y bRy
B, CHRRr AR IR TR 0 50, L W A RBOGRR
a(w) MCTERIERE o a(v) Al & H K Fourier 4% 7%
PHOL B

*a[ﬂJr Vin cos(wz)] = in(ﬂ, v, )cos (kwt), (4)

)Flt

(v -+ v, cos 6) dg

C |

'[ u—H/ cosd cos(/eﬁ)dﬁ

(5)
Az (2) ~0(4) , 4533 G ok 1 R 35 50
.
I(1) = [Io +1, cos(wer y/)] X

{1+ in(ﬂ, vm) cos(/ewz)] (6)
W WA 4 1 2 i 3R 3R RN R

. ( he, E”)
xpl ——F——
Q(TO) kp, T
SO =s(1) 50 he, E\
e =
exp( . n)
17 hCo VO
exp| — b T -
/l(,o Vo ’
1—exp|— b T,

Forp:SOT) A8 il N IR0, T,=296 K, h h %
B o B, o LS RO EE Ry R B R 2% 2 E R,
E" N5 TR R AR S RE B, v N 4 T IR IS £: 1Y
Hn AR, Q(T) R L 4y R 8. Q(T) Tl M HI-
TRAN ¥4 B 5 28], 8 5 EMIE X R
wmr .
Q(T)=a+bT*+ ¢T°+dT". (8)
AW W £k 7Y bR BICR F Lorentzian £k Y ok
ik



1542 b= K 5 29 %
po)— L M (g FE S T 2 4
s 2 Ay, Y — Vg
(v—w) +( 5 ) T= (11)
T A, R R R R R R 4L LR A 2
wmr. m:ii:. (12)
Av (T, P)= ZyI(TO)(T“) P, (10) 2
I Horh s g U — b R 2 2R R m o VO
Forbr sy (T0) SR TR 1 J88 58 22 880, m 20y i B2 48 %50, X BEL MR (5)TE % .
FCOXMnELO. 69,
‘ __ps(n)cL - 1 1
Ho(z,m) = Ay, J—n 2n (x+mcos@)+1 a7
2
) (13)
oy Ps(ncL - 1 cos (£0)
H(,m) = A, Ln (2 meosdy+ 1%
2
LB PR kil Axner 84t _ PS(T)CL 2 2+ m’
MRk o s 5 T A\ )
SR 2
1. = cos(2w?). (14) (16)
Elég/tg | []J :‘;ﬁ\‘ E 3
2 o BN G 8 % (3 0 B 25 R 5 *‘W‘Hﬁﬂm YOI B WAL S TR BB R
SRR S (S S Rk X, P .
H(15) W W 2 s C= ph
Xyo—{zmHz+4LJH1+HJam4-&<w> ' m \ 1 E

v B o #0045 O v B He 2R K0S ORI A ¥ i
e R .

500
400
300
200
100

-100
-200
-300

Second harmonic signal/mV

6 4 22 0 2 4 6
Normalized center frequency detuning

K2 ZYaRifs s iie

Fig. 2 Waveforms of second harmonic signal

M oe=0 0, WA & KE P, ,, I
H=H,=0,H,FisWF .

(17)

3 AARESNH SR
3.1 REEBEN

M (16l LR B REMRZES P, o,
Av, I, P,S(T) L, m%FAF 54 5%, it 2. 2795 1]
I, Av SRR TAIESR PR SR, S(T) RIRE T
B4 PR EC, 0 SR A IR 0 E v, R BE T MR SR P
140 BB, T I A R S I v, 5 O R o R 4
E b, DRI B 26 52 I i BE Y 1R 22 AT A 45
Py o 1y, i, P, T, L 63, F R 2253 5510 AP, o,
AL, Aiy , AP AT, AL, /1 IEHE R B e BE 19 4 X6 15
ZL K AC,

Ay, S(T) Rl m 51 AR T 1 2B 50 3

) (P+aP), (18)

T,
/:
Ay, 2}’1,(T0)(T+AT



55 7 3] W =, % TDLAS — %Ak filk v 5 K I 3R 40 152 2% 40 i 1543
N E!/ 17 7& Vo
oty TP\ Tk TtaT N T AT
S(T)/:S(To) . ) (19)
Q(T+AT) he, E" heo Vo
exp _TPTO 1—exp —??0
QIT+AT)=a+b(T+AT)+ (T + D LR
Ty +d(T+ATY, (20) =/ (Psy—os Iy in, P, T, L). (22)
=t B G, _ 8 B2 1k FE R IR
5 yL(TO)(T_ZAT) (P+AP) C'=f(Py o+ APy o 1,+ AL, i, +
(21) Aiy, P+ AP, T+ AT, L+ AL).  (23)
K (17) & Pyoou i, Pu T, L 6 A5 B 1 56 PRI s e 2 14 248 6 52 22 O

AC:f sz—o+AP21—07

X6 2E T, AP, o, AP, AT 5 I 5 45 1K
FEA O LR T3z 2IOC AR DRk g 4 A
77@%5/ %ﬁum — R — VOB A e R
WA = AT 3 — Ak B 7 2% 05 B H 5 e I o
Aloﬁua—ﬂa%mweﬁfﬁaé;Azmzsﬁlﬂ%ﬂEﬁiﬁﬂﬁﬁ
FE PR OGRR L3248 T8 Y 8 AR Sl i 5 e A
AL YRR ENE -

3.2 REREMNSTIREMNRBESNT
W R 25 AR AN A AL O R M 0, 3 A R K

o+ ALy, i, +Ai,, P+ AP, T+ AT, L+ AL)—

J( Py, 1o i, P, T, L).
(24)
TR RO, L4 M) P Bl ok i LA S ok R R 2
55 FEAb A IR 25 19 O 2, DR AR SCR BB HILAL T7
TR NF 4% T 25 HEAT B A o %07 IR T BE AL
FREGE TR A S A5 SR 0 T i A 1 TR i A )
R, T REA AT B AT e A B A B A G R
oA A DA TR i
I 7 JH A % 22 30 0 O, % 23 A (9 1R 22 T0, 3¢
e G B 15 22 BCTE A O T i 210 3 AN, X9 X ]
PR A BT, 2B Bl — 2R 97 IE 25 0 A1 i BEAILEL,

x10°

107
12
10
8
%]
36
4
2
oL~ . . ‘ E
0 5 10 15 20 25 0
APy/mV
(a) ZE kg {E iR VR IR 2
g A Al

(a) Effect of second harmonic peak
value error on concentration error

. 0
0.1 02 03 04 05 006 07 0
Aly/mW

(b) e 98 FEE R 22 4 MR FE IR 22 1Y

(b) Effect of laser intensity error on
concentration error

0.02 0.04 0.06 0.08
Aiy/mA
(c) VR ) FEL G 8 22 VR P R 2 Y R
(c) Effect of modulation current error
on concentration error

0.1 0.12

%105 =10 x107
0
-2
-4
3 3 %
-8
-10
0 0.01 0.02 003 004 005x10° 0 10 15 0 1 2 3 4 5
AP/Pa ATIK AlL/em

(d) FE 9 15 25 2o Y BT 1R 22 1) R
(d) Effect of pressure error on
concentration error

(&) ¥ B2 158 2 X BE 1R 22 A R0
(e) Effect of temperature error on
concentration error

(0 JERRIRZE AT LR R
(f) Effect of optical length error on
concentration error

3 2% i 22 ) R JEE Y 52

Fig. 3 Effect of each error on concentration error



1544 e K% TR

29 %

HBIE R0, 752 R iz i B 22 09 1/3, MR 4
3 (24) 7E Matlab it A3 5] — RAI R IR 2, 5
TFH 3 A5 AR A 3 1 U3 50 AR 7 174 ¥ 3 A B 5%
22, R U A5 3 4% 15 2 T0UIROAN [) A PR 15 2 1 ) ¥ 2
MR R 25 . fETHRE D R E SRR EE N 2.5%,
S5 BE O 13,26 mW , I8 i HL 3 IR R 2.5 mA,
SR B ESR N 1X10° Pa, I8 N 296 K, EFE N
100 em, B4 3. 785X 10" V/W , YK ¥ I 1 (i b
508.7 mV o 43HT 45 I 15 25 BUA [R] 1) 1 ¥ 3 1%
22 T AR R S5 SR A 3 R o
XiF PR3 e B R 25 5 4% TiR 22 HE AT R0 U
IR
AC=4.64X10 °AP, ,—6.15X 10"
AC=—1.83X10*AI,+9.68X 10 °
AC=1.93X10 *Ai,2—1.72X 10 "Ai,,+
9.49x 107
AC=1.23X10"*AP*—5.94X 10 *AP+
7.72X10°°
AC=7.15X10°AT—2.95X 10"
AC=—2.42X10*AL+7.20X 10"
(25)
i & 3 X (25) AT LU M, 45 T 1% 22 X ik )i
1 52 e JE R B2 R — o Hodh Ad R AP TR
W5 AC WG X R R, ACTE 107 8 94, 1M
oA 4 350 i 00 G 2R Ve R, AC TT A 107 4
%Ko T A, AP FEAS TIN5 G /N T
b 4 350, AE HEAT B S BT S T 2 R i At 4
T 15 25 1) 52 ) FH R B0 SR E AT LA . X AR
PEIR 22000, RAE SR
s=|ac/ax], (26)
Horh AX PR 2 45 T 158 25, AT U R Bl — vk il
SRR A X o SRR R 1R 2 TN R R
26 1Y 5 ) B e A 4% TS 22 I RBEE Ak 1
FIiR o
H 8 1 AT, U J3E 0T A% a5 22 8 Ak 110 R AR
KB NMEIR R - AL>AL>AT> AP, > AP>

F1 REREMNETIRETHHREE

Tab.1 Sensitivities of concentration error to each error

127 R e
AC/AP,, 4.64Xx10°°
AC/AIL 1.83X10°°
AC/AT 7.15X107°
AC/AL 2.42Xx107"

Alyo A& TR 21 53 B ¥ 2 2% i R BUE ¢ R it
11, Horb ALRT AL 1 2 800 S5 A, Rt 3 8 4% il
T T % 22, E DR UE AR R 25 T bR 1 0 T A
TiUAT DA Y w8, AR ARA A% 0 BT ME R, T 4
BUA
3.3 BEMRESNAE

BT A& T 25 0 R Y AT T 2K
UE A AE X 2% 015 25 AT 0 Bie o R 4 Bk
2.5% By, FOR M Y 4 6 IR 25 R i
0.025% . HHiH M B ¥E A, W Tektronix Key-
sight . NI, LitePoint % , H 3 B 45 & 7% 0. 25% ~
2.5 % 500 mV ZE A WME S IR ZE/E 2 mV A&
AT R EER . XE I P U — Al R X 5 25 ]
INT 1%, WO A% 5K 3l 2% F ] Wavelength  ILX
Newport, Thorlabs % iy i , H L 3 4 B — i 78
0.005~4 mA Z [a] , i 45 2 A58 5C &, X L Ui A2
E JE ) BESR AT DUBIS , P AR B 0. 02 mA BT i f2
BRI AR KT FEAE 0. 01 %0 ~10% Z [a] AJ
O3 N A GG, H I 745 B 40 Honeywell
Keller 25 , HoR5 B 7£ 0. 05%~0. 5% , 1 T & 58 1%
25 0 v B R 25 1 S W B/ L SR FE DL BORS BE CR
0.5%FS &N 1 MPa iy JE £ 18E% , e KR
9 0.05X 10° Pa R AJ 3 2 20K o 8 F A9 AL =X
IR TSR A 0. 1~5 K2 ] , Bt 1 K., bt
R 22 5 A I Y 4R 2 AR R AR A D] R B AR
S EE R TR AEMAMELEO. 3 em
FEAT T AE I AR E R A A, I Ik R 8
TE 10X 10 °~20X10 °/K, & BE JE 4 2 cm /2
A, AR AL S B B AR A TR B AR Y
LR /NPT AN B 9, B OGRR R E PRI 0. 4 em,
Fie 2445 T 25 1M 238 43 A K o3 TS 1 A BR 152 22
ML 2R .

x2 BWRESER

Tab. 2 Distribution for each error

A% b 24 R WS WA
TR 22 AP, IEAME 2mV
WOLSR IR 2 AL EA i 0.1mW
VAL L R 25 A, E& SR 0.02 mA
JESRIR2E AP ELSM 0.05X10° Pa
BREEIRZE AT IEA 44 1K
JeAR IR 22 AL IE& A 0.4 cm




%7 i =, 48 TDLAS — S ALk B2 I 2 48 1% 22 70 e 1545
4 1 A 4000
£3500]
41 fEFE b
AT LR ST A TR 2 5 R I v B R 2 S2000
£ Matlab % F2 5 45 T I 5248 R 6 % LR 33:333‘
AN T AT O B B2 R Uk SRR B TR |

S0t R L LS 0 B 15 0 L S f R £ o, i —

SRl . EFXF TDLAS SRR I 2 G0 il 12 22 4
BT, 52 5 0% D LAY DG B 7 T 0T 45 T35 25 4 i
— RGN BENUEC, THE Hy ™ AR i — R A B
W2, G MR A KRR A R T
99. 73 %6 B Ay vie B 1% 25 A A DNk A A BR 5% 2, D
FL AR A A 4 BT R .

4 SRR H R

Fig. 4 Flowchart of Monte Carlo simulations

4.2 FE%R

A2 2 P 28 IR 22 &R DLIE 404 18 AR
A (24) i, R FH 58 45 R 18 1k X vk B8 1% 22 AT 47
BRI ERZENS T E AL WE SR

P P 5 H Rl v B R 22 40 RO IR OE S
I35, 7E 100 000 ¥ 1 B 45 5 v, vk i A FR 5% 25 /)N
F0.025% BYURELHN 99 742 K MR N 99. 74 % .

AC x10*

K5 WEREM g H

Fig. 5 Histogram of concentration error

MR A5 3o 50, B BB AF RN 99. 7320 (30) , 1E UM
BT AC B BUE LT 23 % #E (— 306, 30) X
], A% 20 & fE X | (—0.023%,
0.023%) . M AT, 78 45 T 22 43 A0 DL K iR 2%
A& R 2MEW T, W R R R 2E/NF
0.025% , XTI 2 /N T 1%, T 2 5 bR Bk o

5 % %

5.1 XLBESE

& 6 BT 7~ S Fl H TDLAS 5 AR & CO #e
M SC U0 %6 H . RGH — A =l Y U R A
HL (GWinstek, GP-3323) o 2R I i K 13 380 5K 3
#% (Wavelength, LDTC0520) 38R st %% , & 44
5 PR U 3K 2 R R AN 4. O g R
Hb K TE 1566 nm Fff 3T 19 DFB #06 &% (Ebla-
na, EP-1566-DM-TP39) , Y58 25 4y 10 mW ., i%fz
it 1 m K B85 B SR, B 0 1 e
1 550 nm Mt 3E /) Ge o6 H 45 0 2% (Thorlabs,

Diode laser

E 6  TDLAS ¥ JE i i 50564 5

Fig. 6 Experimental setup of TDLAS concentration mea-

surement



1546 P

K % TR

29 %

PDA30B2) 42 . R M 2% ) Fa s i 5 49 A il K
HL M A5 05 & A AR BCR A T Bk .
B J5 K JH 75 9% #% (Angilent, MSO6104A) 5 #i 4
TR HL AR T e S R S . SR
T ) — S AR B MR VR B Ry 2. 500, SE 56 TR E
296 K, JE#8 N 1X10° Pa, % S50 507 5 — 8.
5.2 XWHER

g X COWRBEE AT T 10 M & . mA
5 3 A9 Ui I 0 (B RN R AY VR G 3k 3
iR

M3 AT DLUE e R A xR 22
FE(—0.01%,0.01%) N , MR 2ZE/E(—0.4%,
0.4%) Z [a], 10 290 2 25 5 1) 35 J7 M 1% 2% (Root
Mean Square Error, RMSE) 24 8. 069X 107,
R R W BRIR 22N T 0. 025 %, A X R
ZNF 1%, 507 FL25 JE— 80, 0 R R R
L 2 R PR AR

FIFH TDLAS BAR X i )4 38 h CO Wk
AT R B, 25 55 52 6 om I B MR 98 A5 Y 52
M), 0 A B AR R 25 . AR SRR X R G B AR Y iR
P25 L 0] R0, 15 S 8 ST T VR BE R Y 1 25 A
WEAR 5 T 15 22 305 LU, R BE ML AL 7 vk A
BT 07 2% T 15 26 Xof Ve B 158 25 () S ), L A Tk RE R
2 5% 4 TR 25 AR Ak I R SRR AR Ik R
I 5 BB B 2% 1E T2 K 6 4 10458 2% k4T
THB. HTRRERIEENOEL R R, X

S E WK

(1] ahaemy, &2, Ry W] M CORM LA
RN HT]. sk 2% 42, 2012, 28(6): 41-43.
SUNY P, CAOHIJ, ZHANG Q F. Application of
CO detection technology in power plant flue gas[J].
Power System Engineering, 2012, 28 (6) : 41-43.
(in Chinese)

(2] ZHEB, 2448, 0E8,%F. ©3bmYy RE[M].
A P By AR, 2007,

RONG L E, YUAN ZH F, LIU ZH M, ez al.
Utility Boiler Principle [M]. Beijing: China Elec-

tric Power Press, 2007. (in Chinese)

F3 TWINE RIEKIEENREREHE
Tab.3 Second harmonic values measured in experiments

and concentration inversion data

P, o/mV C/% AC/ Y% AC/Cye
507. 2 2.493 —0.007 —0. 267
506. 5 2. 490 —0.010 —0.417
506. 6 2.490 —0.010 —0. 394
508. 7 2.501 0.001 0.024
507. 6 2.495 —0.005 —0.194
510. 6 2.510 0.010 0.391
510.1 2.507 0.007 0. 300
510.2 2.508 0. 008 0.313
507. 9 2.497 —0.003 —0.136
510.5 2. 509 0. 009 0.375

2. 5% PR B0 CO M 1 B % 224 0. 023 % 5
S A I 2 R AR I VR BE Y 4 iR 25 N T
0.01%, 55 45 R — B, uEW] 7R 22 40 B 8
P R0 T AR AR T I SR Y TR s R AR T
RS A RS TEME B o A SCRYDE S R T
TDLAS ¥ K5 5 G2 9 B0 5 1358 22 e I 4 4 ¢
R PSR T, XA BB K 5 N LA T Y
ZZME .

AR SCI F 5 A A A 1R 22 40 T v R o
T AT T —SE RO HJE 7E S50 T A A7 A — 2
ANEZAL . A AR 2. 5% He B 9 CO S AR FIE
S ik B R SR A5 AR AT T S BRI L3S A I T AR
AT ERBEFME TR . b T3 — 259 RAL
i B I FH L 5 2 o A0 e R ) AR R R
98 S8 PRI 2 R AR A I 5 D0 HE AT SE B A

(3] &REX, Hp, #AK, F. ETRBMECOLE

LRI R R B AL L) oA S B R,
2019, 25(4): 347-352.
ZHANG CH H, SU SH, CHANG SH B, et al.
Boiler combustion optimization based on online mon-
itoring of CO in flue gas[J]. Jowrnal of Combustion
Science and Technology, 2019, 25(4) : 347-352.
(in Chinese)

(4] &R, miv, kA&, 5. BOCHBOLIE H AT
Tl A 7 g P R 2 A T A PR AR I e i
T k% % 42, 2018, 26(8): 1925-1937.
ZHANG ZH R, SUN P SH, PANG T, et al. Ap-

plication of laser absorption spectroscopy for identifi-



57

W = ,5 : TDLAS — S ALk e B #6258 1% 22 43 1

1547

[5]

(6]

[7]

[10]

[11]

cation gases in industrial production processes and
early safety warning[J]. Optics and Precision Engi-
neering, 2018, 26(8): 1925-1937. (in Chinese)
HOU C C, CHEN HM, ZHANG J C, et al. Near-
infrared and mid-infrared semiconductor broadband
light emitters [J]. Light:
2018, 7(3): 17170.

MEI Y, WENG G E, ZHANG B P, et al. Quan-

Science & Applications,

tum dot vertical-cavity surface-emitting lasers cover-
ing the ‘green gap’ [J]. Light: Science & Applica-
tions, 2017, 6(1): e16199.

GAO L, CHEN C, ZENG K, et al. Broadband,
sensitive and spectrally distinctive SnS, nanosheet/

PbS colloidal quantum dot hybrid photodetector[J].

Light: Science & Applications, 2016, 5 (7) :
e16126.
AR, BamE, R, F . ATEE ZREHOLR

Llﬁu‘mgﬁtﬂﬁr“ﬁﬁﬁﬁﬁ JE&7].
45(9): 0911001.
NIE W, KAN R F, YANG CH G, et al. Research

TESL, 2018,

progress on the application of tunable diode laser ab-
sorption spectroscopy [J1. Chinese Jowrnal of La-
sers, 2018, 45(9): 0911001. (in Chinese)
FME, RE, ik, F . OEERAREXE Ak
WO R M B R [T]. bF HF LA,
2020, 28(7): 1424-1432.
LIM X, CHEN B, RUAN J, et al. On-line detec-
tion of carbon dioxide in large scale offshore by laser
technology [ J].
2020, 28(7): 1424-1432. (in Chinese)
FAEE, A, xgek, F . AR EOLR
WG HOA 1 5 (E*Rﬁl?ﬁi/uu M5 [T].
HF, 2020, 13(2): 281-289.
YUANZH G, MA X ZH, LIU X N, ez al. Testing

Optics and Precision Engineering,

on diesel engine emission temperature using tunable
laser absorption spectroscopy technology [J]. Chi-
nese Optics, 2020, 13(2): 281-289. (in Chinese)
xR, EEH, MK, F . AERIOEES B
SR I BRI e DT RIS T]. Sk B ik
4Hr, 2017, 37(2): 532-536.

LIU P J, WANG ZH X, YANG B, ez al. Re-
search on measurement method of gas velocity com-
bined absorption spectroscopy technique and cross-
correlation [ J].
sis, 2017, 37(2): 532-536. (in Chinese)

FHEAM, 2, R T LM O
T A i — S AL R A [T, ok 5ok s F it

Spectroscopy and Spectral Analy-

[13]

[14]

[16]

[17]

[18]

[19]

J , 2018, 55(5): 053002.

LIMY, WANG F, ZHANG Y Q. Measurement
of nitric oxide with low concentration based on mid-
infrared laser absorption spectroscopy [J]. Laser &
Optoelectronics Progress, 2018, 55(5) : 053002.
(in Chinese)

Fhe, HAE, FR, F . T TDLAS Vi
AW CORMBBM[T]. %5 5 ks
#r, 2017, 37(10) : 3165-3169.

LICHL, JIANG L. J, SHAO L. G, et al. The de-
tection of CO based on TDLAS combined with bal-
anced difference detection technology[J]. Spectros-
copy and Spectral Analysis, 2017, 37(10) : 3165-
3169. (in Chinese)

GOLDENSTEIN C S, SPEARRIN R M, JEF-
FRIES J B, et al. Infrared laser-absorption sensing
for combustion gases[J]. Progress in Energy and
Combustion Science, 2017, 60: 132-176.

B HE , WA, B4Rk, % . TDLASW & CO,
FY i 2 E”W*Iﬁ(tﬁﬁﬁt[]] X F LS
#r, 2018, 38(7): 2048-2053.

LIZH H, YAO SH CH, LU W Y, et al. Study
on temperature correction method of CO, measure-
ment by TDLAS [J].
Analysis, 2018, 38(7): 2048-2053. (in Chinese)
Fasl, BmE, mAgW, F.ORIHAEFM T
ARG TS JC bR I R IR [T ], RS
# a1, 2020, 40(5): 1407-1412.

LIJTY, FAN H Q, TIAN X L, ez al. Pressure

Spectroscopy and Spectral

correction for calibration-free measurement of
wavelength modulation spectroscopy in atmospher-
ic environment [J]. Spectroscopy and Spectral
Analysis, 2020, 40(5) : 1407-1412. (in Chinese)
UPADHYAY A, WILSON D, LENGDEN M, et
al. Calibration-free WMS using a cw-DFB-QCL.,
a VCSEL, and an edge-emitting DFB laser with in
situ real-time laser parameter characterization [J].
IEEE Photonics Journal, 2017, 9(2): 1-17.

Ik, BB, THE, F . LT UHRKHH-TH#
W% J5 vk Y CO 43 F 1567 nm Ab 1% 2k 2 40
WA [T]. 2233, 2020, 69(6): 064204,
WANG ZH, DU Y J, DING Y J, e al. High pre-
cision calibration of spectral parameters of CO at
1567 nm based on wavelength modulation-direct ab-
sorption spectroscopy [J]. Acta Physica Sinica,
2020, 69(6): 064204. (in Chinese)

ROY A, CHAKRABORTY A L. Intensity modu-



1548 e K TR 4 29 %
lation-normalized calibration-free 1/ and 2f wave- ments in high-pressure gases[J]. Applied Optics,
length modulation spectroscopy [J]. IEEE Sensors 2006, 45(5): 1052-1061.

Journal, 2020, 20(21): 12691-12701. [25] O i . S5 E =0k B A A b B [D].
[20] YANG C G, MEI L, DENG H, et al. Wave- FRER - HL TR R, 2019,
length modulation spectroscopy by employing the XIAO SH M. Hardware Circuit Design of High
first harmonic phase angle method [J]. Optics Ex- Precision Oscilloscope Module [D]. Chengdu:
press, 2019, 27(9): 12137-12146. University of Electronic Science and Technology of
[21] ROTHMAN L S, GORDON I E, BARBE A, e/ China. 2019. (in Chinese)
al. The HITRAN 2008 molecular spectroscopic [26] Esoft, 25k, WA, 5. BPEEZS IR
database [J]. Jowrnal of Quantitative Spectroscopy Wi Rk s BSE (0], 480 4155  2012(1): 15-20.
and Radiative Transfer, 2009, 110 (9/10) : KUANG ZH Q. LI L CH, YANG W, et al. Vi-
-572.
03357 bration analysis and retrofit research for a boiler
[22] SUNJC, CHANGJ, WANG F P, et al. Tuning ) . )
flue system [J]. Boiler Manufacturing, 2012 (1) :
efficiency of distributed feedback laser diode for . )
) 15-20. (in Chinese)
wavelength modulation spectroscopy [J]. IEEE (271 Bk B, BEL . B R R R
wAE, Ram, 1, L AR 7
Sensors Journal, 2019, 19(21): 9722-9727. " ‘; ;t;:' o [E jyt o - o le 2
== - B 54;_1. o , ,
[23] ARNDT R. Analytical line shapes for lorentzian e T -
10): 2071-2079.
signals broadened by modulation [J]. Jowrnal of (10 2071-2079
Applied Physics, 1965, 36(8) : 2522-2524. XU L ZH, YAN CH X, LIY, e al. Image mo-
i lculati istributi f 1al
'24] LIH. RIEKER G B, LIU X, ¢t al. Extension of tion calculation and error distribution for aeria
. whisk-broom imaging[J]. Optics and Precision En-
wavelength-modulation spectroscopy to large mod- . )
ulation depth for diode laser absorption measure- gineering, 2019, 27(10): 2071-2079. (in Chinese)
EE B BIRIEE:

& =(1992—), & LA ME A,
EHFS A, 2015 4F T op E AL R K
AT AL, F N RO
fer W J5 1 W 9Y . E-mail: dongdon-
gustc@yeah. net

BE®M(1973—), 5, WAt A 1
+ BFFE B A T, 1995 4F T K
2 R B ML 2 e AR A5 24 2 A
1998 4F T #fr 11 K 2% 3K A5 A 1 2 fir
2001 45 F v [ R 2% B 4K A O 2ok 25 AL
5 ) BRI SO0 AR AR 2y, R
IR 25 18] b 2 3 AR (1 ML L — {4
F AR 26 OGS A H] R AR
B AR KA 4 00 4 AR 45 Dy T 09 WF 5

E-mail: yancx@ciomp. ac. cn



