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A thermodynamics-based neural network modeling approach for
turbofan engines

REN Likun, XIE Jing, QIN Haiqin, XIE Zhenbo
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Qingdao Campus of Naval Aeronautical University, Qingdao Shandong 266041, China)

Abstract: Owing to the inaccuracies of the component characteristic maps, the traditional
thermodynamic model for on-wing turbofans exhibited a significant modeling error. Moreover, when the
model was iterated near the boundary points of the maps, it was prone to non-convergence, rendering it
unreliable. To address these issues, a neural network modeling method for turbofans based on
thermodynamic was put forward. This method improved modeling accuracy by fully considering the
optimization of thermodynamic constraints during the training process of neural network models. By
constructing a component-level network structure, implementing a components-cooperating loss function,
and applying a fusion training process, the traditional iterative process of the thermodynamic model was
transformed based on the component characteristic maps into a multi-objective optimization and training
process of the component-level neural network. This approach improved the convergence and modeling
accuracy of the model. The model was trained and tested using 26 970 actual engine flight data. The results
demonstrated that the maximum error of the proposed modeling method was approximately 7%, even
under loose quasi-steady-state data, which was about 5% lower than that of the thermodynamic model

based on the characteristic maps.
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exit temperature

0.0010
0.0008 |-
o
E0.0006
is_j
@ 0.0004 -
0.0002 |
wihs. b st
0 1 1 1 1 1
0 200 400 600 800 1000
R
K8 R A i R RIS AU AR T i 3
Fig. 8 Trend of flow balance loss maximum with
training epochs
0.0010
0.0008 |
o
E0.0006
i};&_
- 0.0004 -
R
0.0002 |
0 1 1 1 1 1 1
0 200 400 600 800 1000
ILRAEL
K ES SIS N iV Eiw g =

Fig. 9 Trend of the maximum power balance loss

with the training epochs

0.0010

0.0008 |

0.0006 [

0.0004 |

EVIRE PN

0.0002 |

400 600 800 1000

PlEN v

0 200

10 JES AR R R 2B R a3
Fig. 10 Trend of maximum pressure balance loss with

training epochs

BEH VI GRAHEAT, 2% 1B 8 2R B s T 1 #2252 1Y
RE(<2x107)JEH .

Zo i (5 FAR R TN 2R )5, & IR S S5
B RIRZZ WA 11 FR

AT LA Y AR OB 1 Ak T 5 ) A A
B RARZEN 3.2%, 3 i T HAM A S 4, X2
O WA AT AR T LB R 9 g A S B e h
SRS R BRI Z AN, AR S 2 80 i
KA 2R T 1.5%, B0 Uk T f7 E A3 42 Tl
RBA R

0.035r
I
0.030 1 B 5T
O Sk
0.025
K 0.020
X I
i 0.015
0.010 1
0.005
0
3 4 4 6 13 16 64 8
W=
11 (AR POl gRiR 22
Fig. 11  Errors after the simulation data pre-training

32 KTHEREINEER

nscrpss 2.3.2 i, 7E0 ARSI ZRR,
W LAY — Al AT R 2. AT R R
B NN Qo T IMIAIE Qoo HerP, YNZREE
Tk A RS FEAT Y 2R, A T I Y
P 2% A AL SRS BE AT I I — 4R RS A
F 8 B & S ALY AT BE SR BT 26 970 2% ifE
FaASRE . HER S BRI SR BUR E D - 3 s KK
AP S/ N T 1%, 5 ARG 6 KT
ASTERE SR ASRIE GEF 9T TFAEE 30 s JF 5L 3 min



573

AESL IR FET T2 0 10 F A2 Sl 22 000 2 A 1579

A % B /N T 0.5%) M EL 12 B 2 i IO o A
R TER

PN XA R B B A R i ik
1125 1] BE Bt AL 6 B 6 970 4% 54 A4 7 I 3 2« 24
FESC S B JC AR BB R S B e e, R B %
7 B F T AR A AR, RS B AR 2 Tk B
RSB S, 7E A BB s R B AL BE ) 5
TPl 23x 20 000 Z5H4 N5 4E .

WESEATF : HRARECH 100018, LK H
0.000 1, & 100 A8k 5%, YLt/ INA 256,

2 (8) r 11 £ 1 b1 2 f K ABL BE I 2R 5 1)
AR REHAN P 12, B 13 K& 14 fiR . ATLLEH,
Bl E VIR AT, AR AT A 40 S 1R 22 (H B
LN AR b N (BB S TR A PR L PN
FEZ IR 2 (< 5% 107°) JEH .

R T B UE TR TEICHE G 20 11 5% ) 4 A AR A
K BE RS THVE A, X EL T AT SRR 4l R S
Do 248 A TR AT I A P I e T 1 A R 2
Gy, G 15 iR .

0.005

0.004 |

0.003 -

0.002

N iR ETEN

0.001

0

0 200 400 600 800 1000
e e
12 AT IR R TR R S R A R I 5 R
A
Fig. 12 Trend of flow balance loss maximum with training

epochs in flight dataset

0.05

0.04

0.03 -

0.02 -

BYIR S S TEES

0.01 1

0 200 400 600 800 1000
VI ERAw

13 RATUIZRER P R S B BE U 2R R
AL
Fig. 13 Trend of power balance loss maximum with training

epochs in flight dataset

0.05

0.04 -

0.03 -

0.02

VIR EPN

0.01

0

0 200 400 600 800 1000
YIZRAEL

14 TRATUIZRER b PR R S B BE VI 2R
A
Fig. 14 Trend of pressure balance loss maximum with training

epochs in flight dataset

020
B3 AT AR I AT
M = TR IR
0.15}
0.10}

0.05

B2 DX [] Y AU REAS e ]

0 0 002 0.04 006 008 0.10 0.12 0.14
PR X [H]
K15 RATERVIZRATE M AR e 5 TR Y
IERERIZ M
Fig. 15 Modeling error distribution of network models for
turbine exit temperature before and

after flight data training

AT LA, AN 7 A5 A I 2 1 ) 245 A5
U108 6 I I B ) AR 22 Bl 6% oA
7 R R 3 A AE, fe K AR 22 1R 3K 13.8%.
1T QAT VI 2505 A I 28 7R, JHC A 158 22 4 v
T 4% LN, e KEBRZE R 7.1%. Bk T iT
BCHE R A0 I 25 % 65 I Do) 2 A 7R AR OR 25 1 A
Bk
33 SRAZERMTLE

2850 AT B VIR 5 11 Do 28 B 78 % R AT 5040
DA (Y AR 25 5 T 7 22 AR (1) AR 2 % LE
mE 16 fros . o, $O)2EBRAE 67 4 RAT4K
P b R AT B0 A R GE AR B ARSI,
0.96%) , X e & BRI A TTF AR 2Z G001 &
D 28 AT T AR AT RS AR A B T AR AE AR

P FH T 11 25 0 245 A5 78 1) )5 08000 4 ol 2
I 2R 7= 1), DR A AR 1) A 1R 25
G35 5 TRAT R I 2T 1 D00 28 A5 70 AR R 2 40 AT



1580 o= 3

% %38 %

0207 B B
= s
0.15

R XA A REA LL A3

0 002 004 006 008 0.10 0.12 0.14
RZEX[A]

P16 ATy 2SR 5 2 SR I LR 22 43 A % 1
Fig. 16 Error distribution comparison of the thermodynamic

model and the proposed model

Fl, e KRR %] 12.3%.

X HL 1R 25 5 S PR TR I X A ) 2 AR R iR
ZRER (1% 2 47) 2K, HEZFHEM T,

1) T EMRa SR 2 RS ZoR R &, iR
2 E L HRRAS AR IRUF I — B A 5 AR 1 2~3 min
JE TR TERE SR A, AT RS A BRI
I R 2 min PN G S UE S AN 3T 0.5% (AN A br
HB7507-2014) 5 11 4 3C H 1 F2 28 A2 ASE B RAT
YIRS R BEBURY , U578 52 Bl 4% 8 L
AU RS A A, WA R AR R R AR i e o
U, A SO TR A Y 2510, #5135 PN AIR R s
W/ T 1% BEHARAS AT, Xk i A KRR s
W,

2) TEPTHRESREKRZZESIKE G50
AT H T, WA % R R VL & sh AL T AR 5
Me), T AR SCH T ALE 5 B S AT X, KR
D e Xof A TR 152 25 1) 5% M K

3) TR RS 15 25 L X A o L 2R N
A BR S, Jo ik B 3 A AT, ARSI
XF R R A AL 2 I HE X

4) TARH TSR 2238 H N B H IR 22, AR
Sk ISR RS IR 22 N IR IRZE . AL
R, R 2HBIRNRIEAE 4% Iofa, AR SR 1%
FEAE 1.5% £Ai o
34 EEHREZTEE

R TR HAR S 2 o) 2 B AR B R TR R 4
TS AU 25 & sl ML AR ) A P, 8 B H iRy
PEEUEIE ) 2 R B 2006 e ki &G
PEAT X H: Hodr, Cubict™ 2R FH = WK oA 0 3B 1 4
PEE #1718 1E, Elliptical™ ¥ 5] i 2k X5 & 44 45 P
HATIG o BIR PR 5 i3 R R 2 & s LA )

2% 72 R 4 PROOSIS(propulsion object-oriented
simulation software) i) FE M K& IE T B 1752 8,
R T AR SCEE T R S AL ER A 2 m] A
25 ) 245 A5 Y 5 B 2l B i K B A D RS AR ) R
TEIRCHE T2 AR 25 D00 246 114 A 2 iR AT T
1R 22 LA HE J5 TR (To) PR AF XS T A 15 2 A7 o
Ts— Tl

e= T (16)

XFECE R AN 1 s, Ho, “BIE" RN
TS AT DN A B AR 22 (L, < J7 227 30K
IR BT A I AR AR 8 S 5% 22 T 22, 25%” 3K
718 R T A I AR A A 15 2 4 M/ N B A B
FPEATHER , HEP AL T REAS K 25% AR iR 22
RN, e R F 7R RN B A7 AR AS (1 28 1R
ZE B e KA

x1 ARBEFHRRENLL

Table 1 Accuracy comparison of different methods
i DR
25 50 75
Cubic™  0.036 0.021 0.013 0.032 0.051 0.11
Elliptical™  0.033 0.019 0.012 0.027 0.053 0.126
CNNPT" 0028 0.016 0.011 0.024 0.037 0.104
ACEAL 0,014 0.011  0.005 0.012 0.019 0.071

s AR IS https:/gitlab.ethz.ch/arimanue/Fusing-physics-
based-and-deep-learning-models-for-prognostics.

A LU Y, A SO M 4 1) 4 A 700 L EL A A 7Y
14 AR 22 B /N, DA e AR 25 Ol B, AR SCARE
T B e R R 22 LU AR e R ) 2 TR 5% 2644,
o = WKL 18 IE BRI 4% 2247, O B 85 15
TEBERUAIE 5% 2o A7, Bb B ol H s o 3l i 45 Bl ph 22
R 281G 3% A A o

AR SCASE ARG 2 1) B Ty T ok T bl 42 1 4%
B AU TE ek T PR R I 5 Ry R , AN TR F 2 X
LA B R R LG, 18 SO R JR) B T 4 1R
A H AT AR, 38 2o B b 28 ST AL ER, T DA K A
R P A 0 e A R R B — L, R[] TR
2 BRI B 2Ty B P 28 I 28 AR, A SRR ) R A
L[] T AR Lo FAAR T 20 0 28 6 RAT 550805 14 3 0
&, BRI FERB S W1 % & S L L SE i Ty 2
oy | 58

4 £ it

WSO T — T Y 2 T8 7 2 i A 1 7



587

AESL IR FET T2 0 10 F A2 Sl 22 000 2 A

1581

K sy LA 22 I 2 AR T 1« e R TR I 2
A, R H R~ AR A Sk AR g P 15 7 R ik
REFG AL i 22 2% i R it ol e, i PRk AU R A
& S SR ECRCIDANT N SNSRI E S TP NE
s 2 HRER S DU Tk, 183 K sh AL
g [R) T A 5 e 7 R A AT R Y
BINGR, e TR N MG . R
SETRATHE b b 2 2R R RLEAT T IR E, S
P, P22 [0 255 A TR A A v A R AL SCPE Y [) I
Wi BRI, LI e IS SRR A X e 22
i, 20 22 ) 2 A ) AR R 22 T LR B 7%,
FO B B ) ARG 5%, B0tk T AR SCRERY i1 A
Rtk

WK EZQHAET AT 34 J5 i .

1) &1 — T i 25 T 0 e A s LR R Y
P 2 S5 K, K 3R 2 R 1 3 AR AR A A S i 22
P 2 B RIS B3 R ) e R A o e P ) K
RS, T4 g A ) WA Bk R A8

2) 48T AR AL [ T AR R 2 H BRI A
Tk, R R [R] AR A SF- J7 Re 4L5% Ak D
22 W 245 I a4 % pR AR, e DI o AR
S O 28 AR [ 2 AL T TR A R TR
SV 18 5 ) ML S, e IO PR A 3 R TR AR Y
fey i

3) #EAL T RATRL N 2 KU IR A Rl S I 2k
Jrik, LA M BRGE . B A8 /AT RAE
2 ) 2R HEAT Rl N R 12, |l ST Sk 4
THS JEE 5 0 16 B S HILA 22 R 28 AR

SE Bk

[1] SELLERS J F, CARL J D. DYNGEN:-a program for calculating
steady-state and transient performance of turbojet and turbofan en-
gine[R]. NASA TN-D-7901, 1973.

[2] BRUTE, 95 = 3K, 2258 i 25 R S WL I 8 4 1 e 45 0 1k [0).
i 25 3 71 £ 4H, 2020, 35(3): 651-657.

CHEN Zhenlai, SU Sanmai, LI Rong. Turbine characteristics con-
version method of aeroengine[J]. Journal of Aerospace Power, 2020,
35(3): 651-657. (in Chinese)

[3] LIU Xiaofeng, ZHANG Liming, LUO Chenshuang. Model refer-
ence adaptive control for acro-engine based on system equilibrium
manifold expansion model[J]. International Journal of Control,
2023, 96(4): 884-899.

[4] &0, B4R T2 K S HL IR AR 1 68 S Hemh & T0 (1] o =
4%, 2009, 30(10): 1795-1800.

LU Feng, HUANG lJinquan. Engine component performance prog-
nostics based on decision fusion[J]. Acta Aeronautica et Astronauti-
ca Sinica, 2009, 30(10): 1795-1800. (in Chinese)

[5] SANCHEZ L L, VEGA J] M, MONTANES J L, et al. Gradient-

(6]

(7]

(8]

(10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

like minimization methods for signal treatment and aeroengines di-
agnosis and control ROM methods and LSI future applicability[C]/
AIAA Propulsion and Energy 2020 Forum. Virtual Event: AIAA,
2020: 3681-3688.

HmEAE, 2245 AL 25 K 3 WL T 77 i ot 2 R4 ) O vk
] fin 2z TRk R, 2010, 1(2): 103-106.

GAN Xiaohua, LI Wei. A summary of military aero-engine life de-
termination methods[J]. Advances in Aeronautical Science and En-
gineering, 2010, 1(2): 103-106. (in Chinese)

b, R, R, S AS R S LB A R R Y BF T
HERE[0). HfEUEHE AR, 2018, 39(7): 1441-1454.

WANG Zhanxue, SONG Fu, ZHOU Li, et al. Research progress in
numerical zooming technology of aero-engine[J]. Journal of
Propulsion Technology, 2018, 39(7): 1441-1454. (in Chinese)
KONG C, KI J, KANG M. A new scaling method for component
maps of gas turbine using system identification[J]. Journal of Engi-
neering for Gas Turbines and Power, 2003, 125(4): 979-985.
KONG C, KI J. Study on component map identification from gas
turbine performance deck data using hybrid method[J]. Internation-
al Journal of Turbo and Jet Engines, 2007, 24(3/4): 171-182.

LI Y G, GHAFIR M F, WANG L, et al. Nonlinear multiple points
gas turbine off-design performance adaptation using a genetic algo-
rithm[J]. Journal of Engineering for Gas Turbines and Power,
2011, 133(7): 071701.1-071701.9.

LI'Y G, ABDUL G F, WANG L, et al. Improved multi-ple point
nonlinear genetic algorithm based perfor-mance adaptation using
least square method[J]. Journal of Engineering for Gas Turbines
and Power, 2012, 134(3): 031701.1-031701.10.

TSOUTSANIS E, MESKIN N, BENAMMAR M, et al. A compo-
nent map tuning method for performance prediction and diagnos-
tics of gas turbine compressors[J]. Applied Energy, 2014, 135: 572-
585.

TSOUTSANIS E, MESKIN N, BENAMMAR M, et al. Transient
gas turbine performance diagnostics through nonlinear adaptation
of compressor and turbine maps[J]. Journal of Engineering for Gas
Turbines and Power, 2015, 137(9): 091201.1-091201.12.

KIM S, KIM K, SON C. Adaptation method for overall and local
performances of gas turbine engine model[J]. International Journal
of Aeronautical and Space Sciences, 2018, 19(1): 250-261.

YU Y, CHEN L, SUN F, et al. Neural-network based analysis and
prediction of a compressor ’s characteristic performance map[J].
Applied Energy, 2007, 84(1): 48-55.

GHORBANIAN K, GHOLAMREZAEI M. An artificial neural net-
work approach to compressor performance prediction[J]. Applied
Energy, 2009, 86(7/8): 1210-1221.

ST SRS B R S AL AR AR T 5 £ R 4 1 BF 5T (D).
LT K% KM TR, 2021,

Al Lu. Research on component characteristics prediction and multi-
variable control for a turbofan engine[D]. Dalian Liaoning: Dalian
University of Technology, 2021. (in Chinese)

F R as K 3 HLR A 6 T A A B0 AT 5T (D). AL T K%
R BT R, 2022.

WANG Hao. Research on remaining useful life prediction of aero-
engine[D]. Dalian Liaoning: Dalian University of Technology,
Dalian, 2022. (in Chinese)

S AR BOHE 3K 3 T %S & 3 HLRULT I 84 2 5F 5¢ D).


https://doi.org/10.1080/00207179.2021.2016979
https://doi.org/10.1115/1.1610014
https://doi.org/10.1115/1.1610014
https://doi.org/10.1115/1.1610014
https://doi.org/10.1016/j.apenergy.2014.08.115
https://doi.org/10.1007/s42405-018-0016-4
https://doi.org/10.1007/s42405-018-0016-4
https://doi.org/10.1016/j.apenergy.2006.04.005

1582 o= s ¥ M £ 38
T R KEF Tk, 2021. [21] CHAO M A, KULKARNI C, GOEBEL K, et al. Fusing physics-
SHI Guohua. Research on data-driven aero-engine RUL prediction based and deep learning models for prognostics[J]. Reliability En-
model[D]. Dalian Liaoning: Dalian University of Technology, gineering & System Safety, 2022, 217: 107961.1-107961.18.

2021. (in Chinese) [22] Eo, ZRKLT, B 4. 3k T A AL IE Broydendt] 4= i 5 B At
[20] 2% [ 75 JE T4 2 000 4 0 3o Al AU 25 2 B HL A ) AR 00 A A 28 R S LR BB T3 [0]. 0025 3 1 2 3, 2016, 31(1): 249-

AL FE [D]. WK : 7 RE B K2, 2019. 256.

LI Guojun. Research on control system of turboshaft engine based WANG Yuan, LI Qiuhong, HUANG Xianghua. Numerical calcula-

on component method modeling and neural network[D]. Chengdu: tion of aero-engine model based on self-tuning Broyden quasi-

University of Electronic Science and Technology of China, 2019. Newton method[J]. Journal of Aerospace Power, 2016, 31(1): 249-

(in Chinese) 256. (in Chinese)

(%, % )



	1 航空发动机热力学模型
	2 基于热力学过程的神经网络模型
	2.1 部件级神经网络模型结构
	2.2 多目标联合优化
	2.3 多目标联合优化的部件匹配分析
	2.4 多数据源融合训练方法
	2.4.1 仿真数据预训练
	2.4.2 飞行数据训练


	3 模型测试
	3.1 仿真数据集预训练结果
	3.2 飞行数据集训练结果
	3.3 与热力学模型的对比
	3.4 模型误差对比

	4 结　论
	参考文献

