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ABSTRACT

A numerical study on real time simulation for mean
value model of diesel engine based on artificial neural

network

Eun Hee Ko
Advisor : Prof. Park, Jungsoo, Ph.D.
Department of Mechanical Engineering,

Graduate School of Chosun University

Modern diesel engines employ complex engine sub-units to meet higher
performance and enhanced exhaust regulations. The trade-off relationship
between the response and accuracy of the applied control system is very
important. Therefore, verification process 1s required in the simulation
environment in the initial system design stage. Real time numerical analysis is
more needed because it can save time and cost compared to existing vehicle
system verification test. This study proposes a method of constructing a plant
model for real-time numerical analysis through hardware-in-the-loop (HiL)
real-time numerical analysis system. The detail 1s the construction of a virtual
diesel mean value plant engine model with sufficient accuracy and fast

execution speed through Co-simulation of 1D-Plant model and EGR control
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system. In addition, the average value model combined with EGR logic, that is,
the SISO model, verifies the accuracy and responsiveness of the EGR control
logic model through a step-transient step. By comparing the engine performance
results of the SISO model with the average value model, the SISO model
achieves the desired target EGR rate within 10 seconds. Not only the EGR rate
but also the volume efficiency of the engine cylinder and the amount of fuel are
predicted similarly. This is due to the intuitive prediction of the main
performance of the engine model through artificial neural networks and the
combination of control logic in a simple feedback loop rather than a complex
control system.

Finally, the mean value model had about 3% accuracy loss compared to the

detail model, but the model execution time was shortened by about 2 times.

_XI_
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@<l Gamma TechnologyAte] GT-SUITES Al&3te] F5skdch
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A, intake/exhaust manifold, 4—-cylinder, high-pressure EGR,
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X34 7AEE# Ed(Target BMEP control, target EGR control, target fuel
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Displacement volume 1.4L
Compression ratio 17:1

Common rail

njection lype direct injection

EGR system HP EGR
Turbocharger Waste-gate type

Table 1 Engine specification

1000 2, 4,8
1500 2,9, 16
2000 2,9, 16
2500 2,9, 16

Table 2 Operating condition
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1. Combustion modeling
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Figure 18 Multi—pulse model in GT-Power
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2}. Ignition delay
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2. NO, model

s
rfo
H
1o,
e
Y

A2 E (NOx) vl & 7= 2 o] Fol % extended Zeldovich
mechanism& 2 A2tetd k. A2Esd 2 (NO)9 o] 2Fad A2 (NOy)2 Uuk oz
NOx wj7|= &7 E/E™, o] &, diatst da7t Ady YA 3=
Aro Fd AAdET dvtdo =z NO JA4E& Avjsts 78 ¥ A2 o
o

w2 WA el ofs /3 ¥ eH35, 36].

O+ N,>NO+ N (15)
N+ 0,>NO+ O (16)
N+ OH—NO+ H 17)

Bt TRl e NOEAE S v WA S S8 wEA NO,2 ¥4 #h

oo
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Entrainment Rate Multiplier [ 0.5 - 2.8 ]
Ignition Delay Multiplier [ 0.1 - 2.0 ]
Premixed Combustion Rate Multiplier [ 0.01 - 2.5]
Diffusion Combustion Rate Multiplier [ 0.1 - 14 ]

Table 3 Input Variables and Their Ranges

DoE #}74 o] #1}il response optimization #43S E3] 7z} #lg ol EJEQ]
Ao A9y Ao ¥, BSFC, NO, W71 % A3 gy Ags 5559 @
[e] =
& Tkt

P O ) 168.0 ba I . .
T%"I . i gld'.ll;ilg;‘ s sa  ma Raly ‘y LT
£ - LI £ oy o I b . " -.q‘ T
3 T : ‘e R ‘ .
& Calnt 0y A L B AR lﬁ.l?" '._'....:
£ H
& 2 103 45548
® S BLEIZE
& &
0% e = ET 28 g Y] e ] 16 Zo
Factor : injection _emn Factar : injection jde
169.0; o wu S reniad |oy J e 34
Y otk B - S G op H‘*ﬁ: e . e
% ) : - & ¥ %a b : 2 y . R £
= L) . * . 2 e
uém'm '€ -8 = & gmﬁm. = .
£ ¥ . s
5 10945949 2103 45540 @ Samples
= P # Generation
H & o pies Best
g sl.o0 | M ootimum
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s 1 [ 101 1.51 0 B 0E 08 1,0 1.2 4
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Figure 20 Comparison between response value and factor value(all samples)
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2. Model reduction process

o] Ao =& T AF oA EGR Al=gle] Alo] logic datelss
P73 £ g =823 Adrol wmE A £52 71 7149 Diesel mean
value plant engine modelS 73l Zlo|th Mean value modelS 33817 3]
A1 Detailed model®] 21#%E wf
AHE&I w717k 29k e dAie #HHEd WMEE 2AS st ol 44
stk & Aol A AREE a1t EGRE 2= HE Hu7] Ao A5, A% a8

, 98 BEA} A7), EGR rate, 39 &% 9
il

¥ S 2 mean value cylinder modeldl €3 ¥ +=

AE e QA AR i AR
AH, W7l &= 3 hE, EGR rateolth. ZF wigeo] wieln Ayt EdelM o
2 e Aexde 5 A Sl e wels Al A skl

Engine Speed (rpm) [ 1000 - 2500 ]
Total fueling (mg) [ 3-38]
Injection timing (deg) [ -35 - 0]
EGR rate (fraction) [ 0 -0.39]
Boost pressure (bar) [1-25]
Boost temperature (K) [ 300 - 410 ]
Back pressure (bar) [1-1.35]
Back temperature (K) [ 430 - 770 ]

Table 4 Input Variables and Their Ranges
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i1, olo] GT-Powerdl A A& 3= RMS(Root mean squared) errorE 3318}l th

[21]. A3 AA Bl g & AE 5 A
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Figure 21 RMS error
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Figure 22 Training modeling for neuron network training
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o (D& dHalofsttt ot WA n= wHo oW, wi= BEE m 989
H g o] T,
y= / (a; + exp(— 7 | w;—ul))+C (21)

A HA He 2A 227 272 A ¥(Self-Organizing Local Linear) RX 24
d 247 Zom WA (22)02 ALMETH43] o] FAe ne wHe Folm 4l

We FHS As @ AgHE A8 4 ol £8 dea 538 4 5
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E 94709 nx1 MEHE 9u s
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x1[ [ ....... XI

Figure 24 Self-Organizing Local Linear mode

diagram

_25_

Collection @ chosun



U WA oz A 22 22 H]A 3 (Self-Organizing Local Non-Linear) &
2] WA (23)3 o] AAETH44] WA Al o] WaE A 27 274 AY 2
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Figure 25 Multi-layer feed forward
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Figure 27 Single input single output(SISO) system : A sampled-data

feedback control system
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Figure 28 Block diagram of PID control

a9 29+ HE# o2 MATLAB/simulink®} 233k 1D Plant modelS H.o] &t}

EGR_caller

Meurallet

=

=
Lylindel Mean_

TEgTInjection4 =

Comp_to_ Intercoaler-
inmai-1 1

Ex_Air A

Figure 29 Mean value SISO model
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320 % Measured

BSFClg/KW-h)

Figure 30 Comparison between measured

result and predicted result : BSFC
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Sp&w{rpm‘, 1000

Figure 31 Comparison between measured result and

predicted result @ P,

EGR ratio [%]

Figure 32 Comparison between measured result

and predicted result : EGR ratio
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Figure 34 In-cylinder pressure and Gross heat release rate of

Crank Angle [deg, ATDC]

detailed model : 1000RPM
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Figure 35 In-cylinder pressure and Gross heat release rate

{“/Collection @ chosun

Crank Angle [deg, ATDC]

detailed model : 1500RPM
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Figure 36 In-cylinder pressure and Gross heat release rate of

detailed model : 2000RPM
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Figure 37 In-cylinder pressure and Gross heat release rate of

detailed model : 2500RPM
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Al 2 A Artificial neural network training and Mean

value model

ol AW FHE 3 =% diesel mean value model®] A== yleotslr]
A3l AukAQd Xl H Ale] A ~"e] %S detailed model# Bl w et Th 1H
387452 mean value model?] AU Eo7t= A{E & w77t 2= 4

B ¥ AAY T Asolrh

Neural Net Output
"

+ Training input data

02 T T T T T T T T T
02 04 0.6 08 1.0 12 14 16 18 20 22

Data Output

Figure 38 Training input data
: Volumetric Efficiency of NNT results

Neural Net Output
I

-
04 *F = Training result data
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Data Output

Figure 39 Training output data
: Volumetric Efficiency of NNT results
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Figure 40 Point with zero error

: Volumetric Efficiency of NNT results
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Figure 41 NNT total data : Volumetric Efficiency
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Figure 42 Training input data
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Figure 45 NNT total data : Exhaust temperature
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A ZEe] A" 39 T 4= 33 dF 4% FH e addHd
EE5S Bolerh 53 &1 23 volE Af 063 0.7 T2 oSshA Eekad
o ool AAEES dF FHS T u, 48 e W E A oA ¥ wE
of Agtwo] Mol ATk w3 w7 7ka 2% 9 400K 1200K7HA = A& A
o7 & dEa AT, 9 dolHe HE oz 1200K0K FELe o EaA R
stttk o] 3k o= FA AL mean value model?] As QUAbol A= £AS
o] ¥}

RE
=
mean value model& X 59 F8 &4

5o,

Case 1 1500 2 5.52 34.7
Case 2 1500 9 20.51 13.3
Case 3 1500 16 37.55 0
Case 4 2500 2 6.19 14.8
Case 5 2500 9 20.01 9.9
Case 6 2500 16 34.01 0

Table 5 Mean value model operating condition

Tk 19 46750 detailed modelZ} mean value model®] 1% Ad5-& vl
g zolth AH F&e H9(2¥Y 46) case 37 case 49 7 FolA m
value model- detailed modeldl H]3] @& oz s 2 & 5 Uy 3
ZAREA Q1 7 Aol A mean value model detailed model®] 1|3
. adAn]e] A-(2Y 47), case 1, 49} case 3, 69 T2
o 4] = detailed model®] H|3] mean value model®] A2 S A& 4 =&
53] case 49 A% 7Hd & BSFC Aol & HITh ol oA st
W A3 oA wie & akE Rt 1E AW Fd A
A= AAA o AAEEI TARAA A RSkl aLFatelA HluAd  FE§
= A7t EAlEH, AA 289 AT AAY 9

e}
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mean value model result : Volumetric efficiency, Air
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Al 3 A Step-transient Test

Simulink®] EGR A9 logic® Z 338k 7142 diesel mean value SISO model €]
E ATHoE HFshr] Slal Aol wel £ 53 EGR rate©l
% 9 7HE A BEAF AJEd ol 3T Step-transient
SRS, simulink®] EGR Ao} logico] *3t3}A] &= mean value
model& AT = oA A&l st EGR Ao logicd] AsS 913l

= W3le}l 49 EGR rate W3S 7HA = B33
B A AE 2d1E FESAT AE 213 £X/53% EGR rate W3tE i

63 19 51754 e

Case 1 1500 2 5.52 347
Case 2 1500 9 2051 133
Case 3 1500 16 37.55 0
Case 4 2500 2 6.19 148
Case 5 2500 9 20.01 9.9
Case 6 2500 16 34.01 0

Table 6 Optimized parameter values at each conditions
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Figure 51 Acceleration step transient conditions as a function

of speed and BMEP
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Al 4 A Model accuracy and run-time summary
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