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The Effect of Training Conditions on the Accuracy of In-cylinder Pressure Prediction
DNN Model Using Engine Block Vibration in a CNG-Diesel Dual Fuel Engine
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Abstract : A deep neural network(DNN) model was developed in order to predict in-cylinder pressure. Engine block
vibration signal and in-cylinder pressure measured by accelerometer and pressure transducer were used as the input and
output of the model, respectively. The test engine was a single cylinder compressed natural gas-diesel(CNG-diesel) dual fuel
compression ignition engine. In order to evaluate the effect of training conditions on the accuracy of the model, CNG
substitution ratio, diesel injection timing, and intake air pressure were changed while maintaining an engine load of 0.6 MPa.
Test conditions were composed of unseen engine conditions in the training conditions to avoid overfitting problems.
Basically, the coefficient of determination(R?) between the predicted and measured in-cylinder pressure trace was used as an
indicator of the model performance. Peak in-cylinder pressure was also included in the analysis. The results showed different
prediction accuracies depending on the different intake air pressure and statistically biased test conditions compared to the
training conditions.

Key words : Effect of training condition( &5 371 2] < 3F), CNG-diesel dual-fuel engine(3 1 7}2~-t] A o] T & <l 7)),
Deep neural network('g 7721 Y| E= 9] =), Engine block vibration($1 %l &% Z1'5), In-cylinder pressure prediction(2 &1 T
W5 b2 o] =), Accelerometer(7}45 = Al A1)

Nomenclature NOx  :nitrogen oxide

CAD : crank angle degree PM : particulate matter

CNG  : compressed natural gas RBFNN : redial basis function neural network

CNN : convolutional neural network RNN  : recurrent neural network

COV - coefficient of variation R? : coefficient of determination
DNN  : deep neural network SR : substitution ratio
DF : dual fuel
IMEP : indicated mean effective pressure Subseripts
MPRR : maximum pressure rise rate DNN model(A): DNN model trained with Train condition(A)
MSE  : mean square error DNN model(B): DNN model trained with Train condition(B)
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M2

©]%< H(Dual Fuel, DF) &3 14 l%g 23t 54

o] & F /] A8 E TFstA Ahsle V)Eolth F
72 2plsl o] W A At °4§.(Low-cetane fuel)
o} 2pks} A 5ol =2 31 ME7) 9 5 (High-cetane fuel)
& ot AREgth 7 debAl s S S
Axle] F7|EE A M7t ARE Alste] 37]9)
A Me7t A5 2] o E3H7](Premixed mixture)S B4d 5}
L, ARE Y2 qERTE ST F S5k 38
A AL AR AR E AR AT el 23] A
= W o)t A MEE A8 712 (Gasoline), I
7}2~(Natural gas), 4>(Hydrogen)E = AF&-3}a1, 31
M E7F A5 = Y& (Diesel) vho] 2. T A(Bio-diesel) S
T2 ARSI 7 AR5 WA Zfo] & o] 8ete] AR
:é:t‘ﬂ— H & A S B8 A4 A A1 - ;q]o]%L =
= SHA 7]Ee] Al Ad AdeFe] A ARl A F o]
A /\*J(Combustlon phase) A&7} 71538t A

Fl

SpARE ke AT Ul A9 gepn] 2ol A 3 A
B Rl W A58 Bat Ak B 37
EAE WA R o2 A% FAd Ul o) g W
B4 F7H BAIE A9 gt Aasle] Jomw,
Al 0 ol FAR B4 AAES] A9 BE Ao
4% 9P 22K Piezo) W1 €] LA 7L A1) 5] 31 9
= 2golet. ol 43 Ak e 42 Bl AAR
o 1 ARE ARe] BASH BARES Aloiel]
SgFolch. S % ol & GrelalA o] & 23} e
IO A% N )G FEH Ee FAH L Y

o A
o 5 E S A SA s A7 2@ 7|3 lof
ot T2 AT Yo 2= A (Encoder) S ©]-8-5)
of Qll AW 745 F 7S e WEtE S48 W
WY 2~Egel Ao]X|(Strain gauge)S ©]-&3to] AT
2to]U(Liner)e] B3-S SAsE W) 7R AlA
(Accelerometer)S ©]-&3l] <X &5 V&S 545

[e)

ol et AT-S 5 5 Ak

Al B B Ade A A= ke e Ay E)
=, H, T8 5 9AES dojul= el o8] vERh =
71 9] HH-g(Response)= SA % &, 9 g S5 9]
&sto] ARE U S JoR 53t 3
o] Atk AR 2EH Q] Ao A= di-alol] #H et

A=t A5 = 87]%F ool dxleA= A=A 7=
(Crank Angle Degree, CAD) ©H]oll 4] A4 A|717}F F3
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H(Analytic method)™ ZHF2 A 2L o]&gt w
(Empirical method)©] AT} o] 24 %] 2]& o] &g
< AR M o] wh= glo] AR U 7]A1¢] 9
st} vl ghths 71221 oA Zbgh Wi ol
Tejar o] go] Xl E54] F Aot Aw A 3’&5101
ATF= Y] (Coupling)& ©]-8-7F Zlolth? o= 2 (1)3
21 @)°] 7P 7124 R 3l Xs o] BAIA S Fell &)

B 0% rE ol o

T

sk Qi) B 7S AlMolA] Azt ow SHE =
A7 B2 A% A5E= A YR ot A ¥
el 7hek= F4 (Impact)e] A3 Ll QR B
9] 31§ X§ 21 Z(Natural response), 2 AT - ¢F= 3}
3] 2] Asle w ¢+ 3} XF(Oscillation), W]
= 759 54, vz, e 9 71 AIA Q] 2ol 9
gt A S5 Al 3T

Pcyl x Acyng )]

where Py i 1
Acyl H
F, : gas force to wall

n — cylnder pressure,

In — cylinder surface area,

MI{X(O)} + [CIX (O} + [KI{X(0)} = {F(6)} @
where M : mass,C: damping, K : stiffness matrix
X,X,X : Acceleration, velocity, displacement

oJ71A QIZl EE9 1f FF AEE dubdg oz <l
e =2 7 V‘é(Stlffness)Ei Q&) gyl MEo =
e, A Ol FE et s A Ao ® A
Fue Aso 2 Yehd of, F A5 s BF A
o Y g Wl e 54 slse] A7)0 HlEHste
e A S, ol 4 3)F o] AHr yF- oY
o] F5E] 11% of Hj &gt}
o[ (50) | ®

A0/ max

where [ : Intensity of combustion vibration,
Pnax ¢ peak pressure,

dP . .
(—) : maximum pressure rise rate
de max
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A A 52 AflE AlS A= T2 X
of x4 528 whdskaL 7] wiitel] flaxel thet 4
e GRS HaL A vk 2 BE A Ui ¢t
2o} Zsa B e A Ful Ase] SAo] 9l obE
S Fadk Aew duiA] JekM s <l A
o] HAdQdAd 7 3 Ae BI)FolA EA e =
o)z E AT SR Qe o] 7k o] &3 el A
gL e Ao m deA Qv E=3, shute] Xl &
A 200N 2 AGAES Hole o5 wdo] v
A 2 E Z vk ok AR o] T ®are vt
AT

olf g TAHES sdst] Sl dFATAES o
G AN F B2 A AL T3l FAE A
=5 AT Aseh Ay i b Az A Z)A1e)
+#(Machine learning)< ©]-8-3+ A T] W7 §F=] 21574
ATE FHH AL ITh 7] AEE Fok= 20108

Z0 5 72 U E 9] F(Deep neuron network, DNN) 7|&2]
H]FA Q] HbA © 2 Q13| &Rk 7] <ot}

7184 o 2 918 Z(Input layer)} & 2 Z(Output layer)
Alelel 17 o]/de] &Y (Hidden layer) o2 -4 =M,
7} 2R ARES GS =5 (Node)d] FS A A st
mdo]l WE Ptk F FHe] k=5 BT A4
(Fully connected)3}] HIES A WS A8 & U E
2 AA Lol 7152 (Weight) = H-ol sl 91
Fx|9] Y ¥ ALE T A Hvk 1% 7 == EE
HZ*|(Bias)E 3oFal 8433} 5(Activation function) S
AA v o= A5 dEshA Hr Fig 12 o] 2] g
DNN o] 39| 3} of| 0|1, Fig. 2= Z} =X X o
Al 2 EE Axk A o] ol & YERATE'Y DNN Bl

o A s wolso =9 g ALt
Ska, 5% Z9 Akl AA| Fh(Label)THe] ZFol & Al

1o

o] 11 Aol Hrshehs WFos MEHoR v}
FA7} WEAE QA A mle] G e ok

Input layer

Hidden layer1 Hidden layer2 Hidden layer2

Fig. 1 Example of typical deep neural network model structure
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2 7(RDL1611Y, UNICO)= o] 3}
o, dE FgS Hsl v I ONG AsERIS E e
2 FHate] Azl FEstich v Ag- Q1A =
glolH & A|2tete] AE AL A7)0 1E AL 71
Aoysit). A g 9Fede 100 MPa® 83k AL AW )
< (Common rail) A|=F-& 0] 83l A= AAE | 3
Shith ARS-E T Al A5 RS ABA|(AVL, 733 s)E ©]
gato] A= I [g]= SABIATE CNGE] A 9-oll+=
Lo] Am AHE MAXEHA il FI|EEe| A&HH
o= AnE FElFo] F71¢F T3] Alol=F kgl
CNGO] T332 0.5 MPa® F-x]5ko] 25 724
(EQ75, Nawootec) & ©]-8-3+ I3 Al = Ff A7}
Sl BTt &1 2 371 23 71(IN-Flow, Bronkhost)

—_

rl
;

o

-

External L
compressor

Fuel
C

Engine
Controller
DC
dynamometer Exhaust | ~{DPAQ
I surge =7 system

Meter (Diesel) Intake
(o] surge
AVL 733
s O] tank tank
Injector]|
Pcv C """

driver
driver

Smoke
meter

AVL 415s

Gas analyzer
HC, CO, CO2, NOx

CNG flow
controller

Horiba 7200d

Cylinder pressure sensor

Fig. 3 Schematic of experiment engine and measurement
systems

Table 1 Engine specification

Component Specification
Cylinder number 1
Displacement[cc] 982

Valve per cylinder 4
Bore x Stroke [mm] 100 x 125
Compression ratio 174 : 1

Fuel system DI: Diesel, PFI: CNG

Boosting system External boosting

754 #AZASAHBEE =2 H29H A8B, 2021

Fig. 4 Accelerometer installation position and sign convention

of the sensor

£ o]g3le] SHF o, CNG A A2 f3F
A ] 71(EL-Flow, Bronkhorst) S £-& #|ojalo] ek ¢h9]
= YA ti¥] CNGE] HARFS = A o¥ CNG A&
(Substitution Ratio, SR)S 2F 1 % 2.2} W= Alo}a}3ich.
7] =P T 22 F7) £EA vox ¢t
2 K14 (4045A5, Kistler)9} K-type A TS o] &3] =
A3k

DNNE2 9] d=Igkel Axl B5 52 Fig 49} 29|
2 3= F7] Zoll o] o] E(Adapter)E A1 *]3H
izl el XY7 35 259 {53 7 A4 (8763B250BT,
Kistler) & ©]-83lo] =733tk o] 5 714 S/N(Signal to
noise) H]&°] =3 75 A2E 9 gho s AREsllth

A7 A W 9=E-E v]ol| = F2AlA(6052C, Kistler)

2

713}ete] ©lolE P& A]ZEN(CRIO-9234, National
instrument) S 3 A3 FAEE 100 17 Alo]E4

Sahich

2.2 DNN 2%

DNN 222 @ = A2 7k 31721 Pythong: ©]-8-3l
A 2= AT} Tensorflow keras 2F0] B.2{ 2] oA 22
< TEslan, dHoly dAet Ayt Fls 96l
Pandas, numpy, matplotlib, sklearn, scipy, seaborn 2] 2}
ol B & ¢ A&} th DNN 22l o] 48 Fig, 59} 7¢
oh WA ey SEEe] e = 600712 At
a10.2 CAD @92 F 54 & A 5ok A= v ¢t
2 AT E ) Fevel] FFE3it) Sl AMS-
H CAD Al7]= tf42] Al & Q 314(Trial and error) S
7 #] 30 CAD bTDC(Before top dead center)ol| 4] 90 CAD
aTDC(After top dead center)7}<] 2 4743} T} o= ¢
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Input (600)
| |

Hiden layer_1 (30)

Batch normalization

| |
Hiden layer 2 (20)

Batch normalization

Activation(‘sigmoid’)
T
Output (600) |

{ J
( ]
( normali )
[ Activation(‘hard sigmoid’) ]
( ]
( J
( )
[

Fig. 5 Deep neural network(DNN) model architecture

[}
normalization 5-& 7+ 2954 Altke 2
REE wolA e sho] wale] o3 A
= Ao I vt E4d 3t = Hard sigmoid
4+ Sigmoid B8 ALEBL. £H2) A4, 7t
R TN e RES A

H

2 ARReRsoR Rag Adste] dug vw
1=
=

_>;l_', T

wdo] &A%k (Loss function):™ Bt Al
(Mean Square Error, MSE)= A 2]3}3ia1, 343}
(Optimization function)™= RMSprop & A8-315it). e55
< 0.002%2 A3 RMSprop 3H+= AdaGrad 3+
& 7N A Rdlo] oJvtak X 5H(Back propagation)
Al EAREE 71E719] Aol A He]l AltEd
AdaGrad =2} &) A4 715 ©]5 1 (Exponentially
weighted moving average)E &3l 21 71&7|& ©] 2
HE 3l s g ghpolt), Bl Fx = 4F 3kl
& Al5o] 7-9-ZF CAD "= A dlole o] 4t ¥} ¥+
AzLE -ellA Aatst ake] FR kAT

TEo] of| 5 452 A AlG(Coefficient of determination,
R)E B3l B skelth AAAITE 53 AT 4
o} AA £ Aol s BAE shelslr] 9le A%
ot} £3] A3 3] #2](Linear regression analysis)l| 4]
3] 92141 9] A2} (Goodness of fit)S- ¥ 71H= F-Alol] T
2 ZgH 0014 14F0] 9] gh& 7HAH, 10l 7Pber s
AIs Atole] Aol s HERITE A ()~(8)2>
R ARg-E @3t 3, HA s 3, Aatst 3
Tejar AR A Aotk

oot fo
ol

1
SO =10= )

where S(x): Sigmoid function

HS(x) = max ( 0, min (l,xzi) ) )

where HS(x) : Hard sigmoid function

E)Li E)Ll
hoeph_ + (11— p)WG wm ©6)
where h: Accumulated square of loss gradient,
p : hyper parameter,
L : Loss function,

W : Weight

(x—m) %)

Sta(x) = .

where Sta(x) : Standardized x,
m : mean of x,
o : Standard deviation of x

. 5.)2
RZ =1 X }il)z ®)
i =)
where R? : Coefficient of determination,
9; + ith predicted result,
y :mean of measured result,
y; : ith measured result,
3. 49 =d
Table 2= & A9 A FEH o7 5T 2
3 A MFES R Blolth A7 %712 Tables 3~4
of zro] F 27l e] S 2 17] HlAE 2108
shit 2710] £gEA o
=z

o

& A F7) =ant
E7] ¢tzlo] 0.1 MPa® LA = ¢Th
739 &5 A TDCOIA 10 CADY A 715 217}
(Advance)st= W2 © & W SlA| Tl CNG SRE] H-$-
2 G160 % 0172 SRAIA = 10 % T4 = SRS
WAL 1 o]ake] P A4 = 20 % T = WA S
AT 8] 24 g gRE Sl H O e
E-(Maximum Pressure Rise Rate, MPRR)¢| 55 HX| ¢+
& FAE oM, A4 B o] AEQ] A
a Hi h=ge] WE AlSG(Coefficient of Variation of
Indicated Mean Effective Pressure, COV IMEP) 9A] 5 %
7HEA = skl
sk 22BN E S 230(A)9] A F71 o o
1] 20 %2t 40 %°] F7] 49 3
7 2S8R ONG SR
17 29 gz 0 % =A%t

of
BN
L

{

O
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Table 2 Common engine operation condition

Common parameter Condition

Engine speed [rpm] 1200
Engine load [MPa ‘IMEP] 0.6
Coolant temperature [K] 353

Oil temperature [K] 353
Intake air temperature [K] 303

‘IMEP: Indicated mean effective pressure

Table 3 Engine operation parameters for train conditions

Control parameter Condition

Train condition (A) 0.1
intake air pressure [MPa] (# of "NA cond. = 29)

Train condition (B) 0.1, 0.12, 0.14
intake air pressure [MPa] (# of NA + Boosting cond. = 69)

0, 10, 20, 30, 40, 50, 60, 70

Fuel injection timing [CAD . o
vel injection timing [CAD] \ ' VipRR, *COV IMEP limit)

CNG substitution ratio [%] 0, 20, 40, 60, 70, 80, 90

"NA: naturally Aspirated, MPRR: maximum pressure rise rate
"COV IMEP: coefficient of variation of IMEP

Table 4 Engine operation parameters for the test condition

Control parameter Condition

0.1 (cond:# 00-15)
0.12 (cond# 16-17)
0.14 (cond. # 18-19)

5, 15, 25, 35, 45, 55

Test condition
intake air pressure [MPa]

Fuel injection timing [CAD]

CNG substitution ratio [%] 0, 20, 40, 60, 70, 80, 90

L
=]

)

014 SR 60 % ©] &2 - E = 2 AL A7
. o

Fag & 230]7] HiZelth AR EAM] Y]

z27(A)l A 2} o] MPRR, COV IMEP A $H2
= o A9k 10 CAD W] 2 W 3}A F )
HAE 2719] 49 Fig. 6 &3 FAH o= gl
T Atk F 2071 =700 diste] 7] ot A8 RAM]
7], CNG SR ¥iste]] tfgh 2dle] o5 gt vists &
Akl 2eo] g5 dlo]Elol o gl ¥4 3H(Overfitting)
AIE vl Apdelr] f1E, HlAE 2319 AR FAL
A 719] 74%- 8k 213 Y27 5 CAD bTDCE 7|52
210 CAD z17tate] shey 277 2= 2710 fl=
= 33t

b B

1

o HU

A

m e

N

)

R )

=

> 5
PN

8h5 231 " WAL DNN 29l A5 412 8hey 211
o] FAol mh Bl E 21 ' R 2fo] & Wl ek
2oz asloit) Sy 227 WS HAE 2319] o

756 HAI2ASAHBEAE =2 H29H AsB, 2021

Intake air pressure (Abs.) (MPa)

22 4 &% Train conditions
# 01 & 012 4 014

A I Test conditions
— oV s T————
nt (MPa) Jimit = ]

8

—
=3

Jest Cond# 1P
Tes 0-15:01

o ‘
60 1617012 Lot ® 2 |

19:0.1 @ ‘
] 18 S e

Buiy, vonoesful ©sed

(DQLa avo)

Fig. 6 Train and test conditions for deep neural network
model development and evaluation

2 Aetol oWl YIS VI EA A U BAL
at7] SIS BlaE 2L B9l loHE HAA
(Shuffle) ¢37 2+ 271 9] HolH & x4 o= a3}
o Ao ® EABIRATE s 3 0] B AR =
AlojA] ol sk Rk, A7 E1S 918l vl &
A= Aelete] kg 270 W kg g A
ol 2 A3} sk 2ol thek DNN 2259 o= gt
T BE 27l giEl R 722 0,995 248kl th
Ao B EHAE 25 S R0 R e o
A s ol 2159 A3 BAS 98] =4 E A
A U b A se] e 48 st ol & 9
all, 2 (9~(10)3 o] AT - oh=le] Ase] He
(Kurtosis)2} 2 &=(Skewness)E 4 2|35l t). M= 4ol
Fhol 2 5 AR E gib] SAl5S 7o w WSl
gz E vebi, e 4o glol S5 A E
] 1% 0 2 2]-9-3 el 22 5 vEbdth
Kurt[X] = E[(X - E[X])"]2 _
E [(X - E(X))z] )
where Kurt(X): Kutrosis of X matrix,
E(X) : Expectation of X matrix
Skewit) = —ELOC= BT
E [(X - E(X))z] (10)

where Skew(x): Skewness of matrix X
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