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2020/Accepted:	7	September	2020/Published:	9	September	2020	The	Ã	diesel	engine	is	one	of	the	solutions	to	slow	the	depletion	of	fossil	fuels	due	to	its	high	efficiency.	However,	its	high	pollutant	emissions	limit	its	use	in	many	fields.	To	improve	its	efficiency	and	emissions,	Ã	has	been	replaced	by	a	conventional	mechanical	fuel	injection	system
(IFM)	with	the	common	direct	rail	injection	system	(CRDI)	for	the	purposes	of	this	study.	This	allows	injection	parameters	such	as	injection	times,	injection	pressure	and	multiple	injection	schedules	to	be	tuned	to	improve	engine	performance.	Ã	rail	pressure	and	speed	response	was	tested		of	the	modified	diesel	engine.	Ã	it	was	found	that	by
advancing	the	start	of	the	injection	timing	(SOI)	or	increasing	the	rail	pressure,	the	brake	torque	generated	can	be	increased.	Ã	more¹	injection	schemes	can	be	implemented	to	reduce	the	speed		peak	heat	release	(HRR).	Ã	was	observed	after	injection	to	increase	late	combustion	HRR.	The	speed		increase	in	maximum	pressure	(PRR)	may	be	reduced
by	applying	the	pilot	injection.	Further	research	has	been	conducted	on	optimizing	the	parameters	of	the	fuel	injector	to	improve	the	stated	average	effective	pressure	coherence	(IMEP)	and	reduce	the	energy	consumption	of	the	injector.	The	consistency	of	IMEP	Ã	was	indicated	by	the	coefficient	of	variation	(VOC)	of	IMEP.	Injector	parameters
included	open	time,	low	time,	and	injector	signal	cycle.	These	have	been	optimized	using	the	response	surface	methodology.	Optimized	parameters	were	observed	at	230	Âµs	for	open	time,	53	Âµs	for	low	time	and	27.5%	for	the	work	cycle.	The	VOC	error	rate	of	IMEP	and	the	injector	power	Ã	was	less	than	5%	when	the	expected	results	were	With
experimental	results.	Nowadays	energy	is	essential	for	our	life.	The	demand	for	energy	all	over	the	world	has	increased	rapidly	due	to	population	growth,	technological	development	and	industrialization.	It	is	estimated	that	the	world	population	reaches	9.2	billion	in	2040,	which	increases	further	to	11.2	billion	in	2100	[1].	The	additional	number	of
people	request	more	energy.	The	demand	for	global	energy	is	estimated	to	increase	approximately	25%	from	2016	to	2040	[2].	The	growth	of	demand	will	be	organizational	for	the	non	-organizational	country	for	economic	cooperation	and	development	(OECD)	and	led	by	China	and	India,	where	the	demand	for	energy	is	expected	to	increase	by	about
40%.	The	contribution	of	the	fossil	fuel	is	expected	in	the	ASEAN	to	the	request	for	total	energy	from	643	million	tons	of	equivalent	oil	(MtoE)	in	2016	to	1133	MtoE	in	2040,	with	an	average	annual	growth	rate	of	2.1%With	the	increase	in	energy	consumption,	the	use	of	fossil	fuels	increase.	The	demand	for	coal	and	oil	increases	by	40%	while	the
demand	for	natural	gas	increases	by	60%	in	the	same	period	[3].	Indonesia	is	expected	to	be	the	fifth	larger	energy	consumer	in	the	world	as	Superher	has	Japan's	energy	consumption	in	2035	[4].	In	general,	crude	oil,	coal	and	natural	gas	are	the	main	source	of	energy.	The	Asean	countries	depend	heavily	on	fossil	fuel.	Request	for	energy	from	the
ASEAN	sector	for	2011	and	2035,	the	transport	sector	is	the	main	oil	consumer	with	the	growth	of	the	demand	for	energy	of	almost	double	and	the	industrial	sector	is	the	highest	energy	consumption.	According	to	IEA,	the	emission	of	CO2	linked	to	the	energy	of	the	ASEAN	increase	from	1.2	GT	(Ton	Giga)	in	2011	to	2.3	GT	in	2035,	which	is
equivalent	to	6.1%	of	the	global	issue	[	5].	As	in	Europe,	the	Union's	energy	sector	recently	led	led	otatlusir	led	otiuges	a	elairtsudni		Ãtivitta'lled	e	eladarts	e	oerea	otropsart	led	enoizudir	etrof	alla	ozzem	ni	,ocirefsomta	otnemaniuqni	e	2OC	id	inoissime	id	issab	¹Ãip	illevil	e	aigrene	id	atreffo'lled	e	adnamod	alled	olac	nu	a	otitsissa	ah	)EU(	Healthcare
crisis	[6].	On	the	basis	of	current	fossil	fuels	reserves,	coal	ended	in	115	years,	oil	and	natural	gas	will	be	exhausted	in	about	50	years	[7].	Solutions	must	be	found	to	avoid	the	exhaustion	of	natural	resources.	In	addition	to	this	problem,	air	pollution	is	caused	by	the	combustion	of	fossil	fuels.	The	CO2	is	the	main	head	of	greenhouse	gases	and
emissions	are	rapidly	increasing	in	developing	and	transition	countries,	in	particular	in	China,	India	and	Asean.	Total	CO2	emissions	from	these	countries	are	responsible	for	over	50%	of	global	emissions	[8].	However,	in	three	decades	the	EU	recorded	a	constant	drop	in	greenhouse	gases	of	23.45%	compared	to	the	greenhouse	gase	values.	A	greater
energy	efficiency,	a	greater	use	of	a	share	of	renewable	energy	sources	and	fuels	with	a	smaller	carbon	intensity	would	have	contributed	to	the	degradation	of	emissions	[9].	Ollette	to	the	problem	of	exhaustion,	the	combustion	of	fossil	fuels	cause	atmospheric	pollutionThe	combustion	of	fossil	fuels	produces	carbon	dioxide	(CO2),	NOX,	HC	not	burned
and	volatile	organic	compounds	(COV)	that	cause	air	pollution.	Global	CO2	emissions	per	source	[10]	had	revealed	that	CO2	emissions	due	to	transport	should	double	between	2010	and	2050	due	to	a	strong	increase	in	demand	for	cars	in	developing	countries	and	air	transport	growthIf	the	effect	of	CO2	emissions	on	global	warming	is	neglected,	an
increase	of	2	è	°	C	of	the	global	temperature	can	cause	the	loss	of	hundreds	of	millions	of	human	lives	[11].	Global	warming	and	climate	change	are	taken	seriously	by	the	countries	of	the	European	Union	(EU).	In	response	to	the	environmental	effects	due	to	the	transport	sector,	the	EU	has	independently	introduced	two	paths.	The	first	consists	in
promoting	use	biofuels	and	other	renewable	fuels	in	transport	to	reduce	greenhouse	gas	emissions,	while	the	latter	is	to	regulate	emissions	from	diesel	vehicles	[12].	In	addition,	modern	technology	on	rapid	quality	detection		and	stability		diesel	fuel	ylivaeh	si	senigne	leseid	fo	ecnamrofrep	ehT	.detagitim	eb	ot	sah	enigne	leseid	yb	desuac	melborp
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siht	.noitulop	noitsubmoc	fo	noitcuder	noisime	na	ot	ywla	fuel	injection	system	design.	Fuel	must	be	injected	in	the	correct	timing	and	amount	into	the	cylinders.	Due	to	progressively	tightened	emissions	standard,	automakers	have	to	come	out	with	new	technology	to	reduce	the	emissions.	Conventional	mechanical-type	pump¢ÃÂÂline¢ÃÂÂnozzle
injection	system	is	cam	driven.	The	fuel	pressure	and	injection	timing	are	dependent	on	engine	speed.	Therefore,	it	has	some	limitations,	including	injection	pressure	being	dependent	on	engine	speed,	low	maximum	fuel	pressure	and	difficult	to	achieve	multiple	injection.	The	common	rail	fuel	injection	system	has	eliminated	cam-driven	fuel	injection
systems	and	dominated	as	the	primary	fuel	system.	The	term	¢ÃÂÂcommon	rail¢ÃÂÂ	is	used	because	high	pressure	fuel	is	supplied	to	multiple	fuel	injectors	by	a	single	rail.	It	offers	high	degrees	of	freedom	for	combustion	optimization	and	has	significant	advantages.	The	fuel	pressure	and	injection	event	are	controlled	electronically	and	independently
of	the	engine	speed.	Besides,	the	common	rail	fuel	injection	system	also	able	to	increase	the	injection	pressure	to	a	very	high	extent	(up	to	2700	bar	for	Robert	Bosch	CRS	3-27	common	rail	fuel	injection	system)	and	helps	to	improve	the	engine	performance	and	reduce	the	harmful	emissions	[17].	A	finer	atomization	of	fuel	can	be	achieved,	thus
improving	air¢ÃÂÂfuel	mixture	formation.	Multiple	injections	per	cylinders	are	possible	by	controlling	the	signal	to	injector	via	ECU.	The	amount	and	timing	of	the	injection	can	be	varied,	too.	These	parameters	can	be	adjusted	to	improve	the	engine	performance	and	efficiency	and	reduce	the	overall	exhaust,	particulate	and	noise	emissions.With
common	rail	fuel	injection	system,	injection	parameters	such	as	injection	timing,	injection	pressure	and	injection	duration	can	be	manipulated	to	improve	the	efficiency	and	emissions	of	the	diesel	engine.	Various	studies	have	indicated	that	injection	timing	retardation	reduces	NOx	emissions	[18,19,20,21].	This	is	because	retarding	yb	yb	The	injection
fasa	reduces	the	maximum	temperature	and	pressure	of	combustion	in	the	cylinder	and	therefore	reduces	the	formation	of	Nox.	On	the	other	hand,	the	emission	of	HC	and	CO	decreases	in	the	advanced	injection	time.	Study	conducted	by	Agarwal	et	al.	[22]	On	the	effect	of	the	fuel	injection	fabar	on	a	single	cylinder	diesel	engine.	The	results	have
shown	that	both	HC's	emissions	and	those	of	Co	decreases,	but	NOX	emissions	increase	significantly	with	advanced	injection	time.	Park	et	al.	[23]	They	also	reported	progress	in	the	injection	timing,	with	a	significant	reduction	of	both	HC	emissions	and	co.	Another	important	injection	parameter	is	the	injection	pressure.	In	general,	the	increase	in	the
injection	pressure	improve	the	atomization	of	the	fuel,	improve	the	mixing	of	the	airâ	€	Â	"fuel,	shorten	the	ignition	delay	and	guarantee	the	most	complete	combustion	[24,25.26].	With	the	increase	in	injection	pressure,	the	diameter	of	the	fuel	drops	and	the	variation	have	become	small	[25].	Cié	improves	the	mixing	of	air	fuel	and	the	rapid
evaporation	of	the	fuel	that	lead	to	complete	combustion	and	reduces	the	emissions	of	HC,	CO	and	soot	[27.28].	However,	the	emission	of	Nox	increases	with	the	increase	in	injection	pressure	[17,29.30].	Cié	is	due	to	a	reduction	in	the	ignition	delay,	which	determines	a	greater	release	of	heat	in	the	award	-winning	phase	and	an	increase	in	the
temperature	inside	the	cylinder	[26.31].	they	reduce	engine	emissions	[32.33].	In	essence,	the	introduction	of	the	pilot	injection	can	help	reduce	the	noise	of	the	engine	and	the	emissions	of	Nox	[34].	Even	the	main	injection	with	completely	open	needle	(rectangular	form)	or	with	the	shape	of	boost	reduces	the	nox	emissions	and	sooting	emissions
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onnah	]73[	.la	te	gnauhZ	.]63,53[	It	reduces	NOx	emissions	and	combustion	noise	while	the	delayed	main	injection	with	post	injection	reduces	NOX	and	soot	emissions.	However,	the	quality		and	the	timing	of	the	injection	should	be	precisely	controlled.	Goldwine	[38]	converted	a	single-air	cooled	diesel	engine	with	a	mechanical	injection	system	into	a
common	rail	injection	system	controlled	by	the	LabView	program.	The	main	modification	made	was	to	replace	the	mechanical	injection	with	ordinary	rail	injection,	but	most	parts	were	adapted	from	the	normal	diesel	engine	parts.	The	converted	system	was	equipped	with	a	piezoelectric	injector	and	implemented	a	multiple	injection	strategy.
ErgenÃ£Â§	and	Koca	[39]	also	modified	and	converted	a	single	cylinder	diesel	engine	that	the	injection	system	was	originally	mechanically	controlled	to	the	common	track	injection	system.	They	used	programmable	logic	controllers	(PLCs)	as	the	ECU	to	collect	data	from	sensors	and	generate	signals	to	the	injector.	A	similar	but	higher	Ã¹	cost
conversion	was	done	by	Andrew	L.	Carpenter	et	al.	[40]	This	converted	system	was	equipped	with	a	production	engine	control	module	(ECM)	which	Ã	was	programmed	using	the	Motohawk	development	environment	and	a	stand-alone	injector	driver	box	produced	by	National	Instruments.	Motohawk	was	a	platform	that	converted	the	block	diagram	of
Simulink	Matlab	into	C	code	language	that	led	the	ECM.	This	close-circuit	module	Ã	was	used	to	monitor	and	control	engine	operation	such	as	timing	and	injection	duration	under	variable	load	conditions.	A	much	simpler	and	cheaper	conversion¹	of	Avinash	Kumar	Agarwal	et	al.	[41]	has	the	capacity		to	check	the	injection	times	under	constant	speed	
engine	speed	of	1500	rpm.	The	circuit	or	controller	enumoc	enumoc	oiranib	id	enoizeini	id	ametsis	nu	ni	enoisrevnoc	al	ehc	aton	is	,arutarettel	allaD	.elaizrap	ocirac	id	enoizidnoc	a	ocirac	nussen	ni	)otrom	retnec	led	amirp	aerual	id	allevonam	id	ologna(	CDTB	AC	°Â	04"	52	ad	otairav	eresse	ebbertop	enoizeini	id	omsipmet	lI	.etnarubrac	id	enoizeini'l
rep	ilanges	otareneg	ah	ehc	555	remit	led	CI	nu	us	avasab	is	arusim	us	revird	sa	hcus	sdleif	gnireenigne	ynam	ni	deilppa	si	euqinhcet	sihT	.noitazimitpo	ni	desu	euqinhcet	etairavitlum	tnaveler	tsom	eht	si	)MSR(	ygolodohtem	ecafrus	esnopseR	.derreferp	era	seuqinhcet	citsitats	etairavitlum	,erofehT	.dedulcni	ton	era	deiduts	selbairav	eht	gnoma	stceffe
evitcaretni	eht	taht	si	dohtem	siht	fo	kcabward	rojam	eheh	T	.esnopser	eht	no	tceffe	sti	srotinom	dna	rotcaf	elgnis	a	gniyrav	yb	uto	deirrac	si	noitazimitpo	,yllanoitidar	T	.hcaorppa	ygolodohtem	ecafrus	esnopser	htiw	detnemelpmi	si	noitazimitpo	ehT	.denut	eb	nac	elcyc	ytud	dna	emit	wol	,emit	nepo	sa	hcus	sretemarap	eht	,noitsubmoc	enigne	dna
noitcejni	fo	ecnamrofrep	eht	imitpo	T	.yltnacifingis	decuder	snoissime	OC	dna	CH	htob	,gnimit	noitcejni	tnemecnavda	htiw	,taht	detroper	osla	]32[	.la	te	kraP	.gnimit	noitcejni	decnavda	htiw	yltnacifingis	desaercni	noissime	xON	tub	,desaerced	noissime	OC	dna	CH	htob	taht	dewohs	stluser	ehT	.leseid	gnisu	enigne	leseid	eleid	rednilyc-rednilyc	gnis	a
no	gnimit	noitcejni	leuf	fo	tceffe	eht	no	]22[	.la	te	lawragA	yb	demrofrep	saw	yduts	A	.gnimit	noitcejni	decnavda	ni	desaerced	OC	dna	CH	fo	noissime	eht	,dnah	rehto	eht	nO	.xON	fo	noitamrof	eht	desaerced	ecneh	dna	rednilyc	eht	ni	erusserp	dna	erutarepmet	noitsubmoc	mumixam	eht	eht	decuder	gni	it	noitcejni	eht	gnidrater	esuaceb	saw	sihT
.]12,02,91,81[	snoissime	xON	secuder	noitadrater	gnimit	noitcejni	taht	detacidni	evah	seiduts	suoiraV	.scitsiretcarahc	ecnamrofrep	dna	noitsubmoc	tnereffid	ecudorp	lliw	noitarud	noitarud	dna	IOS	ni	ecnereffid	ehT	.emit	trohs	a	ro	emit	gnol	a	rof	,retal	reilrae	tudo	deirrac	eb	nac	noitcejnI	.denut	eb	ot	retemarap	tnatropmi	na	si	gnimit	noitcejnI
.emehcs	noitcejni	tilps	dna	erusserp	noitcejni	,gnimit	noitcejni	edulcni	sretemarap	noitcejni	esehT	.senigne	leseid	fo	snoissime	dna	ycneiciffe	eht	evorpmi	ot	enod	eb	ot	sretemarap	noitcejni	fo	tnfo	tnemtnemtsujda	sujda	eht	swolla	metsys	noitcejni	leuf	liar	nommoC.sretemarap	noitcejni	eht	lortnoc	ot	ytiliba	niag	eht	ot	enigne	rednilyc-elgnis	a	no
demrofrep	yllamron	id	otatod	¨Ã	elibinopsid	ordnilic	olognis	a	leseid	erotom	lI	.etnemacinorttele	otallortnoc	etnarubrac	id	enoizeini	id	ametsis	nu	id	otatod	olognis	ordnilic	a	erotom	nu	avort	is	etnemarar	,itsoc	ied	amelborp	led	asuac	a	,aivattuT	.noimac	e	eruttevotua	ni	otazzilitu	etnemaipma	¨Ã	enumoc	oiranib	noc	etnarubrac	id	enoizeini	id	ametsis
nU	.MSR	odnageipmi	olonatto-N	leseid	elecsim	noc	onarepo	ehc	leseid	erotom	led	CFSB	e	ETB	,omuf	id	enoissime	,XON	id	illedom	otaerc	onnah	]25[	.la	te	lapoG	lamurepayilaK	.MSR	odnasu	ominim	la	ottodir	CFSB	e	olonate	id	leseidoib	id	leseid	erotom	led	ETB	li	otazzimissam	onnah	]15[	.la	te	thkabboohK	dammahomloG	.leseidoib	id	leseidoib	id
leseidoib	id	elecsim	el	e	erotom	led	ocirac	li	,enoisserpmoc	id	otroppar	led	ossergni	id	irtemarap	i	noc	elibairav	enoisserpmoc	id	leseid	erotom	nu	id	2OC	e	OC	,atatserra	non	CH	id	enoissime	,)CFSB(	onerf	led	ocificeps	,ETB	etnarubrac	id	omusnoc	li	otazzimitto	ah	]05[	.la	te	letaP	uhsnamiH	.agnaloP	id	leseidoib	id	elecsim	odnazzilitu	arepo	ehc	leseid
erotom	led	azneiciffe'lled	enoizazzimitto'llen	MSR	otacilppa	onnah	]94[	.la	te	amrahS	kehsihbA	.tupni	id	irtemarap	emoc	erotom	lad	otunettart	ocirac	li	e	elautnecrep	al	ednof	leseidoib	li	,enoizeini	id	ipmet	i	,airaivorref	enoisserp	al	odnednerp	etazzimitto	etats	onos	etaicurb	non	xON	e	CH	id	inoissime	el	,)ETB(	onerf	led	acimret	azneiciffe'L	.]84[
aimagnop	id	icilitem	iretse	noc	otatnemila	atterid	enoizeini	a	leseid	erotom	led	inoissime	elled	e	inoizatserp	elled	irtemarap	ied	enoizazzimitto'lleN	.la	te	hgniS	rivhsaY	ad	atautteffe	atats	¨Ã	MSR.	]74[	evitacifingis	ilibairav	esrevid	ad	ednepid	ehc	esseretni	id	atsopsir	al	erazzimitto	e	eralledom	rep	etardauq	o	iraenil	ilaimonilop	inoiznuf	el	emoc
ehcitametam	e	ehcitsitats	ehcincet	id	oppurg	nu	ednerpmoc	MSR	.]64[	05'	inna	ilgen	oroval	id	ingapmoc	ious	iad	e	xoB	ad	otappulivs	otats	¨Ã	MSR	.]54[	ottodorp	led	e	ossecorp	led	enoizazzimitto	©Ãhcnon	,]44[	eratnemila	airtsudni	,]34[	acitilana	acimihc	,]24[	inoizacilppA	mechanical	fuel	injection.	This	conventional	mechanical	fuel	injection	system
with	single	injection	is	driven	by	predetermined	injection	parameters.	The	conversion	of	the	fuel	injection	system	and	the	development	of	the	engine	controller	units	(ECU)	(ECU)	tset	eht	fo	weiv	tnorf	eht	dna	,9102	skroWdiloS	,erawtfos	ngised	dedia-retupmoc	gnisu	yb	delledom	si	deb	tset	enigne	ehT	.Wk	1.3	fo	tuputo	mumixam	a	sah	enigne	detaripsa
yllarutan	sihT	.tfahsmac	yb	demit	CDTBÂ°Ã5.61	fo	gnimit	noitcejni	tnatsnoc	htiw	rotcejni	leuf	break	the	dna	)rab	691(	pmup	leuf	erusserp	lacinahcem	a	fo	stsisnoc	metsys	ehT	.metsys	noitcejni	leuf	lacinahcem	lanoitnevnoc	htiw	deppiuque	saw	enigne	tset	eht	rof	esab	noitcurtsnoc	a	sa	desu	enigne	ehT	.)IC(	noitingi	noisserpmoc	htiw	enigne	leseid
)napaJ	ni	edam(	6N84L	RAMNAY	rednilyc	gnis	deloooc-ria	na	si	desu	enigne	tset	ehT	.hcraeser	siht	ni	metsys	noitcejni	leuf	liar	nommoc	otni	deifidom	si	metsys	noitcejni	elzzonÂ				ÃenilÂ	op	rotcejni	dna	PEMI	fo	ycnetsisnoc	ehT	.slangis	egatlov	eht	fo	elcyc	ytud	dna	emit	wol	,emit	nepo	eht	edulcni	sretemarap	rotcejni	leuf	ehT	.MSR	gnisu	denut	era
metsys	noitcejni	leuf	liar	nommoc	otni	detrevnoc	metsys	noitcejni	lacinahcem	lanoitnevnoc	sti	htiw	enigne	leseid	a	fo	sretemarap	rotcejni	leuf	eh	T	.emehcs	noitcejni	elpitlum	dna	erusserp	liar	,gnimit	IOS	noitcejni	eht	gniretla	yb	detagitsevni	si	enigne	leseid	eht	fo	scitsiretcarahc	noitsubmoc	ehT	.esnopser	deeps	enigne	dna	erusserp	liar	sti	gnivresbo
yb	detaulave	si	metsys	noitcejni	leuf	liar	nommoc	htiw	deppique	enigne	leseid	eht	fo	ecnamrofrep	ehT.elcyl	rep	snoitcejni	fo	rebmun	dna	erusserp	noitcejni	,gnimit	noitcejni	eht	lortnoc	ot	rellortnocorcim	)ylatI	ni	edam(	oniudrA	no	desab	depoleved	si	)UCE(	tinu	rellortnoc	enigne	nA	.metsys	noitcejni	leuf	lacinahcem	lanoitnevnoc	a	htiw	deppiuque
enigne	leseid	rednilyc-elgnis	a	rof	depoleved	si	metsys	noitcejni	leuf	air	nommoc	a	,hcraeser	siht	nI	.yduts	noitsubmoc	decnavda	erom	a	elbane	ot	noitarepo	fo	elcyc	rep	snoitcejni	fo	rebmun	dna	erusserp	noitcejni	,gnimit	noitcejni	sa	hcus	sretemarap	noitcejni	s	be	be	Sag	Rostimixorp	a	.slennahc	B	ro/dna	eht	no	noitacifirev	tnuoc	eslup	eslup	dna
gnimoh	rof	Nothulover	Rep	oils	secudorp	lennahc	â€â€â's	delac	́ht	1	Eht	ot	tnuom	ni	redocne	noitulover	rep	027	eht	.Rosneses	ytimixorp	mra	tek	edicne	tna	latnemercni	Morf	Slanis	tnimit	Seviecer	Uce	deman	yu	onudra	eht	Elihw	)ucwp-id(	tinu	lortnoc	htdiw-eslup	id	dna	)ucios(	nu	lortnoc	nocejni-ftrans	in	Deman	Era	Srellantnoc	agem	oneltnoc
ertdarp	lirtnoc	swarp	irmno	ROF	HTDDIW	eslup	noitcejni	eht	lortnoc	ot	demmargorp	saw	eno	rehto	eht	dna	gnimit	noitcejni	eht	lortnoc	ot	demmargorp	saw	srellortnocorcim	0652	ageM	oniudrA	eht	fo	enO	.)onU	oniudrA	eno	dna	0652	ageM	oniudrA	owt(	srellortnocorcim	eerht	fo	latot	a	htiw	tliub	si	UCE	sihT	.sretemarap	gnitarepo	enigne	Dna	metsys
noitcejni	leuf	liar	nommocc	lortnoc	ot	rellortnocorcim	or	onna	0652	agem	oningra	Ecruos-Nepo	tsc-wol	if	depoleved	saw	uce	elbamuporp	a	.2	elbat	leaf	dna	rotsrot	rotsrota	Tinu	rellortnoc	enigne	,pmup	ylppus	dna	liar	leuf	fof	fotsnoc	metsysys	noitcejni	leuf	liar	nommoc	eht	fo	snenopmoc	rojam	eht	.1	elbat	ni	detsil	era	scate	tset	elsed	leshed	leshit
lifnocifice	Eht	.metsys	noocejni	leuf	liar	nommoc	or	htw	decalper	mesaw	enigne	tset	eht	fos	me	Metsys	Noitcejni	Leuf	Epyt-Lacinahkem	langiro	eht.	Sie	Just	above	the	aspiration	rocker	arm.	When	the	suction	valve	is	open,	a	signal	is	emitted	that	indicates	the	engine	aspiration	race	which	is	very	useful	for	programming	the	injection	of	the	fuel	for	the
test	engine.	The	time	taken	by	the	microcontroller	to	process	the	signals	is	very	important.	If	the	time	used	is	too	long,	the	incoming	signals	may	be	missing.	Therefore,	the	Soicu	uses	three	interrupt	(ISR)	service	routines	to	collect	two	signals	from	the	incremental	encoder	(one	for	the	A	channel	A	and	one	for	the	Z	channel)	and	a	signal	from	the
shortness	sensor.	ISR	ensures	that	the	processor	quickly	responds	to	important	events	every	time	a	signal	is	detected.	The	Soicu	elaborates	and	calculates	the	signals	of	timing	received	instantly	and	generates	signs	to	Dã	¢	â	€	Â	“PWCU	through	digital	I/O	PIN.	However,	the	12-V	signals	produced	both	from	the	Encoder	and	from	the	short-minded
sensor	cannot	be	connected	directly	to	Arduino	Mega	2560	that	the	operating	voltage	is	only	5	V.	It	is	necessary	a	potential	divisor	circuit	to	reduce	the	signals	Ã	¢	â	€	â	™	4	V	voltage	(enough	to	activate	the	input	PIN)	before	the	signals	are	placed	in	the	microcontroller.	Three	pieces	of	resistance	1-Kãžâ	©	are	connected	to	series	and	the	entry	of	the
signal	to	the	Mega	Arduino	is	taken	after	the	second	resistance.	A	total	of	three	signals	is	generated	by	Soicu	which	corresponds	to	the	SOI	of	pilot,	main	and	post-injection	timing.	The	Dã	¢	â	€	â	€	Â	"PWCU	activates	the	injector	when	he	receives	these	signals	through	a	projector's	driver	circuit	(the	same	as	the	Mosfet	circuit	used	for	the	aspiration
control	valve).	The	Dã	¢	â	€	Â	“PWCU	is	scheduled	to	control	the	amount	of	fuel	injected	by	varying	the	duration	of	the	impulse.	In	addition,	the	DI-PWCU	was	also	scheduled	for	the	calculation	of	the	engine	speed	and	for	the	control	of	the	closed	ring	motor.	When	the	proportional	is	â	€	)rab/Cp	)rab/Cp	53.02(		Ãtilibisnes	atla	da	A.2	arugiF	allen
otartsom	¨Ã	UCWP-ID	,UCIOS	a	emeisni		Ãtimissorp	id	erosnes	led	e	redocne'lled	ilanges	ied	arutasaf	id	amehcs	oL	.erotom	led	emiger	li	erallortnoc	rep	elapicnirp	enoizeini'lled	arutrepa	id	oslupmi'lled	atarud	al	aloger	UCWP-ID	li	,otavitta	¨Ã	)DIP(	6052C	6052C	(made	in	Switzerland)	piezoelectric	pressure	sensor	was	employed	to	measure	the	in-
cylinder	pressure	for	combustion	characteristics	analysis	in	this	study.	The	pressure	sensor	was	mounted	into	the	combustion	chamber	to	provide	pressure	data.	The	instantaneous	signal	from	the	pressure	sensor	was	transmitted	to	a	charge	amplifier	(PCB	model	422E53,	made	in	USA)	before	a	high-speed	Dewe-43A	(made	in	Slovenia)	data
acquisition	system	(DAQ)	to	enable	data	processing	for	heat	release	rate	and	combustion	duration.	The	Dewe-43A	DAQ	has	24	bits	resolution,	200	kS/s	sampling	rate,	and	eight	analog	input	channels.	An	incremental	encoder	with	720	pulses	per	revolution	was	used	to	monitor	the	engine	crankshaft	rotational	displacement.	The	data	from	the	encoder
was	also	fed	into	the	DAQ	for	synchronized	with	cylinder	pressure	data.	In	each	test,	cylinder	pressure	was	continuously	measured	for	100	cycles;	the	data	obtained	were	then	recorded	and	averaged.The	injection	system	of	the	base	engine	was	disassembled,	and	a	new	common	rail	injection	system	was	retrofitted,	as	illustrated	in	Figure	3.	After	the
conversion	to	common	rail	fuel	injection	system	has	been	done,	tests	were	carried	out	to	investigate	the	capability	of	the	system.	The	first	test	was	to	study	the	response	of	pressure	and	engine	speed.	The	pressure	and	engine	speed	variables	were	controlled	based	on	the	closed-loop	PID	gain	control	scheme.	In	this	test,	the	engine	was	run	at	a
constant	speed	of	1600	rpm	and	an	initial	rail	pressure	of	200	bar	at	a	steady	state.	After	a	specific	timestep	(i.e.,	55	s),	the	rail	pressure	was	set	to	be	100	bar	higher	than	its	previous	value.	The	closed-loop	PID	control	system	would	detect	the	change	and	adjust	the	rail	pressure	to	the	value	set.	Rail	pressure	versus	time	graph	was	plotted	to	observe
the	response	of	rail	pressure	to	the	change	in	value	set	in	controller.	On	the	other	hand,	the	response	of	engine	speed	was	studied	by	setting	rail	pressure	as	constant	at	a	pressure	erotteini'lla	otaivni	elanges	led	otnemanoiznuf	id	olcic	led	elautnecrep	al	e	ossab	opmet	li	,otrepa	opmet	li	,etnedecerp	ofargarap	len	ossucsid	emoC.ittodnoc	itats	onos	ehc
enoizeini	id	tset	i	emussair	3	allebaT	aL	.omissam	RRP	la	ottepsir	alpitlum	enoizeini	id	amehcs	olled	errab	a	ocifarg	nu	ehcna	otangesid	otats	Ã	.alpitlum	enoizeini	id	imehcs	isrevid	noc	opmet	led	enoiznuf	ni	RRH	alled	e	opmet	led	enoiznuf	ni	ordnilic	len	enoisserp	alled	ocifarg	nu	otaiccart	otats	Ã	.CDTB°Â4	id	atats	¨Ã	tset	otseuq	ni	atazzilitu	IOS
acitsipmet	aL	.mN	5	a	otassif	otats	¨Ã	ocirac	li	ertnem	nim/irig	0061	a	otassif	otats	¨Ã	erotom	led	emiger	lI	.inoizatserp	el	onavresso	is	e	alpitlum	enoizeini	id	amehcs	osrevid	nu	noc	eranoiznuf	ottaf	otats	¨Ã	leseid	erotom	lI	.elpitlum	inoizeini	id	enoizatnemelpmi'l	etnesnoc	eiator	rep	etnarubrac	led	enoizeini	id	enumoc	ametsis	lI	.aiator	alled	inoisserp
itnereffid	rep	opmet	led	enoiznuf	ni	RRH	e	opmet	led	enoiznuf	ni	ordnilic	ni	enoisserp	alled	ocifarg	li	odnaiccart	itavresso	eresse	onossop	itatlusir	I	.CDTB°Â4	a	atassif	IOS	arutasaf	e	mN	5	a	otassif	ocirac	,nim/irig	0061	a	atassif	erotom	led		Ãticolev	noc	oiranib	id	inoisserp	esrevid	a	otanoiza	are	leseid	erotom	lI	.leseid	erotom	led	inoizatserp	ellus
airaivorref	enoisserp	alled	otteffe'l	ehcna	otaiduts	otats	Ã	.IOS	ipmet	isrevid	i	rep	opmet	la	ottepsir	RRH	alla	e	opmet	la	ottepsir	ordnilic	ni	enoisserp	alla	ivitaler	itad	i	eneitnoc	ehc	ocifarg	nu	otaiccart	otats	Ã	.mN	5	id	ocirac	e	nim/irig	0061	id	emiger	la	IOS	ipmet	isrevid	noc	eranoiznuf	ottaf	otats	¨Ã	leseid	erotom	lI	.etnarubrac	led	enoizeini	id	opmet	li
otacifidom	otats	¨Ã	odnauq	leseid	erotom	led	inoizatserp	el	etanimase	etats	onoS	.erotaloger	len	erolav	ous	led	enoizairav	al	opod	etnemataidemmi	emiger	led	atsopsir	al	eravresso	rep	otaiccart	otats	¨Ã	opmet	led	enoiznuf	ni	erotom	led	emiger	led	ocifarg	lI	.)s	04	¨Ãoic(	illavretni	icificeps	a	nim/irig	001	id	otnemercni	nu	noc	nim/irig	0002	a	0061	ad
elibairav	erotom	led	emiger	e	rab	003	cycle-cyclo	combustion	and	current	flows	through	the	injector.	In	response	to	the	variation	of	cycle-cyclo	combustion,	the	effective	medium	pressure	(IMEP)	is	acquired	indicated	for	100	combustion	cycles	and	the	variation	coefficient	(COV)	is	calculated.	In	addition,	the	area	under	the	graph	of	the	current	angle
compared	to	the	crank	corner	is	calculated	to	determine	the	power	power	erotom	led		Ãticolev	alled	oiggassap	led	enoizairav	anu	etnarud	aiator	alled	enoisserp	alla	atsopsir	aL	.erorre'l	atnorfnoc	e	itaraihcid	irtemarap	i	noc	otnemirepse'l	odneugese	atiugese	eneiv	adilavnoc	al	,erotteini'lled	elamitto	irtemarap	i	otunetto	reva	opoD	.erotteini	aznetop	id
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¨	shown	in	Figure	5	and	the	speed	response		of	the	engine	during	a	change	in	rail	pressure	passage	of	300	bar	Ã	is	shown	in	Figure	6.	Based	on	the	figures,	we	can	note	that	the	constant	The	status	error	for	both	replies	is	less	than	5%	compared	to	their	setpoints.	The	pressure	rise	time	of	the	Ã¢	railway	is	less	than	one	niam	Hcus	hcus	snoitcejni
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rednu	sgnimit	IOS	tnereffid	rof	elgna	knarc	tsniaga	RRH	dna	erusserp	rednilyc	fo	noitairav	eht	detartsulli	7	Edigann-	Main	followed	by	post	injection	and	combination	of	pilot,	main	and	post	injection	are	widely	used	to	control	engine	noise,	reduce	PM	and	NOX	emissions	and	help	in	the	management	of	exhaust	aftertreatment	devices.	Figure	9	shows
comparison	of	injection	strategies	for	cylinder	pressure	and	HRR.	The	engine	is	driven	with	a	speed		1600	rpm	and	a	load	of	5	nm	at	4	Â°	BTDC	SOI.	The	peak	pressure	of	the	cylinder	decreases	with	increasing	number	of	injections.	The	single	injection	strategy	has	the	highest	cylinder	peak¹	while	the	triple	injection	strategy	has	the	lowest	cylinder
peak¹.	The	maximum	PRR	is	calculated	from	the	maximum	gradient	of	the	pressure	curve.	The	combustion	process	Ã	was	smoothed	out	by	combining	the	pilot	injection	into	dual	and	triple	injection	strategies.	The	introduction	of	the	pilot	injection	reduced	the	maximum	PPR	and	helps	to	reduce	engine	noise	[34].	Apart	from	this,	the	peak	HHR	for
double	and	triple	injection	is	also	reduced	compared	to	single	injection.	This	is	because	the	pilot	injection	reduced	the	impact	of	the	dominant	premix	combustion	phase.	The	temperature	and	PRR	are	then	reduced	and	the	NOX	emission	is	reduced	[54].	It	is	also	noted	that	HRR	for	the	triple	injection	in	the	late	combustion	phase	Ã	is	greater	than
single	and	double	injection,	as	evidenced	by	an	oval	shape	in	the	figure.	CiÃ²	demonstrates	that	the	post	injection	increases	the	temperature	in	the	late	combustion	phase	and	potentially	reduces	soot	emission	[55].	Based	on	the	results	obtained,	injection	times,	injection	pressure	and	number	of	injections	per	cycle	can	be	controlled	by	the	developed
ECU.	The	developed	ECU	Ã	is	also	able	to	control	the	railway	pressure	and	speed		steady-state	error	of	less	than	5%	and	the	time	to	increase	by	less	or	approximately	noc	noc	02	e	51	,01	,5	,1	oremun	asroc	id	otnup	li	rep	ilcic	001	rep	atloccar	)PEMI(	aidem	avitteffe	enoisserP	otacidni	,enoizattegorp	id	otrepse	id	erawtfos	lad	itadnamoccar	irtemarap	i
noc	itnemirepse	ilg	ittut	otautteffe	reva	opoD	The	tabulations	in	Table	5	are	shown	in	Figure	10.	From	the	figure,	we	observe	that	the	IMEP	for	the	number	10	execution	point	with	an	open	time	of	50	Âµs,	a	low	time	of	20	Âµs	and	20%	of	the	working	cycle	fluctuated	by	more¹	than	others.	Based	on	the	analysis	of	the	variance	table	(ANOVA),
significant	factors	affecting	the	VOC	of	IMEP	and	injector	power	were	determined.	Based	on	the	ANOVA	by	VOC	table	of	IMEP	(Table	6)	and	Injector	Power	(Table	7),	Factor	A,	B,	AB	and	AC,	the	interaction	was	significant	for	VOC	of	IMEP	while	the	interaction	of	factor	A,	B	and	AB	was	significant	for	injector	power.	In	other	words,	open	time	and	low
time,	andÃ©	the	interaction	between	open	time	and	low	time	and	the	interaction	between	open	time	and	work	cycle	would	have	a	significant	impact	on	IMEP	VOCs.	While	the	power	of	the	injector	Ã	was	affected	by	open	time	and	low	time,	as	well	as	by	the	interaction	between	open	time	and	low	time.	The	prob>	f	(p-value)	in	the	tables	indicated	that
the	probability		that	the	factor	was	insignificant	to	the	response.	Since	prob>	f	for	those	factors	above	was	less	than	0.05,	they	were	significant	factors	for	the	responses.	To	identify	eligibility		of	the	experimental	data,	Ã	was	identified	the	R-square	value	for	the	VOC	of	IMEP	and	the	injector	power.	Figure	11	shows	the	IMEP	VOC	fitness	chart.	The
result	shows	that	the	VOC	of	the	IMEP	data	perfectly	matched	the	expected	line	with	an	R-square	value	of	0,928.	However,	the	data	collected	for	injector	power	did	not	fit	the	expected	line	and	VOC	of	IMEP	with	a	square	value	r	equal	to	0.8126	as	shown	in	Figure	12.	The	surface	in	Figure	13	shows	how	the	VOC	of	IMEP	varied	with	open	time	and
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optimization	algorithm.	Figure	5.	Response	of	the	rail	pressure	from	200	to	500	bar	with	a	step	variation	of	100	bar	to	the	1600	rpm	motor	regime.	Figure	figure	Response	of	the	train	pressure	from	200	to	500	bar	with	a	phase	change	of	100	bar	to	the	engine	speed	of	the	1600	rpm.	Figure	6.	Motor	speed	of	the	engine	from	1600	to	2000	rpm	with	a
variation	of	the	passage	of	100	RPM	with	300	bar	rail	pressure.	Figure	6.	Motor	speed	of	the	engine	from	1600	to	2000	rpm	with	a	variation	of	the	passage	of	100	RPM	with	300	bar	rail	pressure.	Figure	7.	Cylinder	pressure	and	HRR	curves	for	various	times	SOI.	Figure	7.	Cylinder	pressure	and	HRR	curves	for	various	times	SOI.	Figure	8.	Cylinder
pressure	and	HRR	curves	for	various	injection	pressures.	Figure	8.	Cylinder	pressure	and	HRR	curves	for	various	injection	pressures.	Figure	9.	Cylinder	pressure	and	HRR	curves	for	various	injection	strategies.	Figure	9.	Cylinder	pressure	and	HRR	curves	for	various	injection	strategies.	Figure	10.	100	IMEP	cycles	for	the	race	point	number	1,	5,	10,
15	and	20.	Figure	10.	100	IMEP	cycles	for	the	race	point	number	1,	5,	10,	15	and	20.	Figure	11.	Fitness	graphics	For	IMEP	COV.	Figure	11.	Fitness	graphics	for	IMEP	COV.	Figure	12.	Fitness	graphic	designer	for	the	power	of	the	Ejector.	Figure	12.	Fitness	graphic	designer	for	the	power	of	the	Ejector.	Figure	13.	IMEP	COV	response	surface
according	to	open	time	and	low	time.	Figure	13.	IMEP	COV	response	surface	according	to	open	time	and	low	time.	Figure	14.	Surface	of	response	of	the	power	of	the	lawor	depending	on	the	open	time	and	low	time.	Figure	14.	Surface	of	response	of	the	power	of	the	lawor	depending	on	the	open	time	and	low	time.	Table	1.	Motor	specification	(a)	used
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