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Abstract : This research focuses on predicting combustion chamber pressure in internal combustion engines
using machine learning based on measured data of crankshaft angular velocity, angular acceleration, and
scavenging pressure from an practical vessel. A reliable prediction model was constructed using a deep
neural network. This model demonstrated that machine learning based on crankshaft angular velocity can
accurately simulate the combustion chamber pressure in the engine's cylinder. This technology has
significant potential to become a primary method for diagnosing performance in smart and autonomous
ships while reducing the cost of using electronic pressure sensors to measure combustion chamber
pressure.

Key Words : Crankshaft Angular Velocity, Combustion Chamber Pressure, Machine Learning, Deep Neural
Network
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Table 1 Specification of the main engine

Category Description

Model: MAN B&W 6S40ME-B9.5
Number of cylinder: 6
Cylinder bore: 400 mm

Stroke: 1,770 mm
MCR: 6,618 kW x 146 rpm
NCR: 5,625 kW x 146 rpm

Firing order: 1-5-3-4-2-6

Main

engine

Type: Controllable pitch propeller

Propeller Number of blade: 4
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(1 DAU Pressure sensor(ABB)

@ Encoder for angular speed

(@ Strain gauge for torque
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Fig. 1 Overall experimental setup

Fig. 2& & 479 7Ags dAaE vehdth
=43 dolElollA X (Sensitivity) T QZAl
(Offset) S AA4HStR, 1 Fe]of HEK(Fast Fourier
Transform, FFT), dlo]8 ZE & (Filtering) ¥ H&
3H(Smoothing)E &3l Fa(Noise) HE & %,
ERE] ZIzez HeolHE HAHER
(Resampling)3t= vlolE] HAAz FAHES Ah
o]l 7|As W F A% 217U ((Deep Neural
Network, DNN) R=&-& #8317 913 dlo|E&
EReta, HAY 2l gguHE AAstr] s
EA  2AY Y (Feature scaling), 3X}7Z(Cross
validation), 3}°]3 3I}2}u]E|(Hyper parameter) B4Y
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Table 2 Specifications for the experimental equipment HAE2ARZ Prsla, 923 A4 4y} A4
Category Description A4y 4Ee BTt =3 AL fgEs
Type: Incremental o] &3k X FHE A 9 vlwste] 1 A
Encoder Pulse/Rev.: 1024/1024 = golstygoh
Output: A,B,Z
Model: DAU-11
Pressure Type: PFPL203 !
sensor & ; 0 "
Amplifier Measuring range: 0~250 bar Data Measurement Machine learmng
Combined errors: <£ 0.5% of FS (Row Data)
Strain Type: FCB-6-350 l Data classification
gauge Resistance: 350 Q -
Data pre-processing Toi& -
AlS] == Validation data o
2.2 8 Ex Sensitivity & Offset
Table 32 Hlol8 H= A AA3 Mdute] AY I DNN Modeling
P‘K__j_;‘(]-f—'a— ‘4"5]"54_‘3]' o‘ﬂ;ﬂg] Q]: 10~70% l?‘—é—]’oﬂ k] =€ - MinMax scaler
_ - Data filtering & - Cross validation
= 7]-,{;:}_]:_ _{\_ o} Olj 5\_}\ o} [e] H = .
BAs s, 719, d Eel Wsks Smoothing - Hyper parameter
gelsty] al h% B Ralsh AR PR |
- Fast Fourier Transform l
TE3 HlolHE A3 - Low Pass Filter
- Moving Average Filter Model save
Table 3 Measurement scheme for experiment i
Dat li
Measurement RPM Engine load (%) b;irr:;]‘f:ﬁglig kﬁ:ﬂiﬁiﬁh
Acceleration 93~126 10~24 B
25% Load 127 24 l
Acceleration 127~134 24~54 I NE A
50% Load 134 54 - P-T diagram
Acceleration 134~136 54~72 - Engine Power
70% Load 139 72 Fig. 2 Flow chart for machine learning
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AZTEZHAA

- O|XHE - O|XIZ
ReLU: f(x) = max(0,z) )
ELU: f(z) ==z ifz>0
flz)=ale"—1) ifz<0
Softplus : f(z) = %*log(l + exp(B*z))
243 g5 o) 4 3)F Zo] T o)A Al
A 59 29 volH 9 o F9 94E dHeolH
=
N
= f(T,) = (3] W, +b) 3)
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function H1
| @B n
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I —
\ Activation
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In Out
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Fig. 3 Deep neural network schematic
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Table 4 Sensitivity & Offset values of measurement A= & °]°]'93\1?]- Fig. 82 aaga ZtEE = o
data ot A3 A7t dlolEolH, 7 ASE Al
Description Sensitivity Offset U4 WHEE AR 5 =S ST
No.l1 Cyl. press | 165.6 [bar] ALA ¢ dolEHe J5E EHHoZ AA
No.2 Cyl. press | 163.5 [bar] gsz:gfeof cach ’i‘h"l g Az o'}o;'\‘vﬂ:j’% %ﬁH olF ﬂég
No.3 Cyl. press | 167.6 [bar] | cylinder BDC “é“fﬂ(_Movmg Average Filter)E AHg3te] HlolH &
No.4 Cyl. press | 163.8 [bar] | £10" points) - Bassrglth.
No.5 Cyl. press | 165.4 [bar] Sf:::) air a
No.6 Cyl. press | 163.1 [bar]
Scav. air press 0.375 [bar] 0.524 [bar] 145
Angular speed | 2.62 [rad/s] -
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Fig. 4 Crankshaft angular velocity fluctuation
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Fig. 5 FFT processing of crankshaft angular velocity
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Table 5 Input and Output variables

Output

Model variable

Input variable

- Crank angle Each

- Scavenge air pressure .
cylinder

- Angular velocity
- Angular acceleration

DNN
pressure
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Table 6 Data classification for machine learning

ro

0|8

N
p-
o
s

air pressure

Engine Train & Validation Test Data
Load (%) Data [cycle] [cycle]
10 50
11~13 50
13~15 50
15~17 50 -
17~21 50
21~25 50
25 100
25~30 100 8
30~33 100
33~37 100
37~42 100 -
42~46 100
46~50 100
50 100 8
50~58 100
58~70 100 '
70 100 8
Table 7 Input and Output variables
Description — Scale -
Minimum Maximum
Crank angle 0 [deg.CA] 360 [deg.CA]
Scavenge 1.068 [bar] 3.285 [bar]
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Table 9 Final hyper parameters of DNN
Angular 8.772 [rad/s] | 14.848 [rad/s]
velocity .
Hyper parameter Value Evaluation
Angular 9 9
acceleration | -33-058 [rad/s™] | 32.829 [rad/s”] Number of initial o
nodes
Table 8 Hyper parameter arguments Dense layer size (16,16,16,6)
Hyper parameter Value Activation Softplus
Number of
initial nodes 64, 128, 256 Optimizer Adam RMSE
Dense 1 . (16,16,6), (16,16.8,6),
ense fayer size (16,16,16,6) Learning rate 0.005
Activation Relu, ELU, Softplus
Epochs 1000
Optimizer Adam, SGD, RMSprop
Learning rate 0.01, 0.005, 0.001 Batch size 50
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e 4 0668 0.717 0.895 S 4 0469 0.531 0.870
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Ejjme | Fhr—.
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Fig. 10 Performance evaluation of regression model
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