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TOM TAT

Thu hdi va st ning luong dién cam trén 6 t6 1a mot huéng nghién ctru méi hién
nay. Muc tiéu chinh ctia luan 4n 1a nghién ctru thu hdi ngudn ning lugng dién
cam ton tai trén cac cudn ddy trong qua trinh hoat dong dé tai sir dung cho nhiéu
ung dung trong d6 c6 viéc cai thién tinh dap img cia kim phun. Noi dung nghién
ctru khong nhitng gop phan tiét kiém nang luong trén dong co danh lira cudng
btrc ma con gitip tiét kiém nhién liéu, giam thiéu 6 nhiém moi trudng va ting tudi
tho cac chi tiét dién tir ctia hé thong dién trén 6 to.
Nhitng dong gop méi cia luan an thé hién qua cac ndi dung sau:

- Xy dung md hinh vat Iy va mé hinh toan cho hé thong thu hoi ning lugng
dién cam trén bobine béng vi€c st dung hé siéu tu dién.

- Thiét ké, ché tao md hinh thir nghiém thu hoi nang luong dién cam trén cac
cudn ddy so cip bobine va kim phun.

- Sur dung hé siéu tu dién tich trir ndng luong tu cdm dé diéu khién kim phun.

Luan an dugc trinh bay trong 5 chuong bao gdm 99 trang (khong ké phan tai lidu
Luén an dugc trinh bay trong 05 chwong bao gdm 99 trang (khong ké phan tai
liéu tham khao va phu luc). Trong d6, chuong 1 trinh bay tong quan cac van dé
nghién ctru vé hé thdng niang luong dién cam trén 6 td, phén tich cac cong trinh
trong va ngoai nudc co dé& cap dén hudng nghién ciru. Trén co sd do, ngudi
nghién ciru dé xuat muyc tiéu va noi dung nghién ctru. Chuong 2 nghién ctru sinh
phan tich co sé 1y thuyét vé cudn cam, ning luong dién cam, xay dung mo hinh,
tinh toan va mo phong ning luong tich lity trén bobine, kim phun. Co s& 1y thuyét
hé siéu tu, két ndi phu tai dién, cai thién d6 nhay kim phun ciing duoc xem xét.
Noi dung chuong 3: qua trinh thiét k& hé thdng thu hoi va tich trit ning lugng
dién cam thong qua viéc khao sat dang song suit dién dong tu cam thyuc té, thi
cong mo hinh thyc nghiém, thiét ké hé thong thu thap dir liéu, thu hoi, tich trir
nang luong, thi cong mach diéu khién kim phun sir dung ning luong dién cam
tai sinh. Chuong 4 trinh bay qua trinh thuc nghiém va danh gia san phdm nghién
ctru qua 02 giai doan. Giai doan 1: thir nghiém thu thap dir liéu va tinh toan nang




lwong thu hdi & cac ché do van hanh khac nhau trén mé hinh thuc nghiém. Giai
doan 2: thir nghiém san phdm trong trén xe thyc té trong phong thir nghiém theo
chu trinh ECE R15, tir ¢6 danh gia hiéu qua va so sanh két qua thu duoc Véi
nghién ciru 1y thuyét va cac nghién ciru khac. Chuong 5 khang dinh cac két qua
dat duoc trong qué trinh nghién ciru va kién nghi hudng phat trién.
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Chuwong 1: TONG QUAN

1.1 Ly do chon dé tai

Nham nang cao tinh kinh té nhién liéu va giam 6 nhidém moéi trudng, cac hing san
xudt 0 t6 khong ngimg tim kiém cac giai phéap, trong d6 co giai phap thu hoi ning
lugng mAt mat vo ich. Mot sb nghién clru vé viéc thu hoi nang lugng da duoc
thuong mai hoa nhu cong nghé thu héi nang lugng phanh i-ELoop (Intelligent
Energy Loop) ctia hang 6 t6 Mazda. Cong nghé nay giup giam khoang 10% ti€u
hao nhién liéu ctia dong co. Cong nghé phanh tai sinh, thu hdi ning lwong quan
tinh trén cac xe Hybrid hién ciing rat pho bién. Audi da thiét ké hé théng thu hoi
nang luong tir hé thong treo dua trén nguyén 1y bién dao dong cta hé thong treo
0 dang co nang thanh nang luwong dién thu dugc vao bd tich trit. Cac nguén nang
lugng khac nhau dugc thu hdi dudi dang dién nang dong vai tro nhu mot nguén
du trir nang luong riéng dé cung cip cho mot s6 hé thong trén xe. Tuy thude vao
thoi gian thu hdi va mat do tich trir duoc, ning luong s& duge dung dé cung cp

cho céc b chap hanh & cac hé thong khac nhau.

Trén cac thiét bi di€n 0 td co6 cau tao cudn day deu sinh ra nang luong dién cam
tur suat dién dong ty cam trong qua trinh chuyén mach. Thiét bi c6 nang lugng
dién cam do hién twgng cam ung dién tir bao gom: may phat dién, cam bién dién

tr... do hién twong hd cam nhu: bién ap, bobine danh Itra...

Ngudn ning luong dién cam néu trén ¢ kha nang thu hoi va sir dung nhu mot
dang nang luong tai sinh. Nang luong nay ton tai phan 16n trén cac bobine cla
hé thdng dénh lira. Khi dong dién qua cudn so cap cua bobine bi ngat dot ngot dé
bét dAu cho qua trinh phong dién trén dién cuc bugi, trén cudn so cip s& xuat hién
mot suit dién dong ty cam khoang 200V dén 500V do su thay ddi dot ngot cua
tir thong qua cudn day. Ngoai ra, trén xe con nhidu co ciu chip hanh c6 két ciu
dang cudn cdm nhu: kim phun, van dién tu, role...ciing xuat hién cac sudt dién
dong tuong tu c¢6 bién do tir 70V dén 120V trong qua trinh hoat dong. S6 lugng
16n cac xung dién tir 70V dén 500V nhu thé lan truyén trén toan hé thong dién 6

t6 anh hudng xau dén tudi tho thiét bi dong ngit, linh kién dién twr, sinh nhiét va




lang phi ning luong. Cac giai phap k¥ thuat dugc ap dung nhu: méc diode zener,
dién trd, tu di€n song song véi transistor cong suét chi nham bao vé cac thiét bi
dong ngit nhung khong tan dung dwoc phan ning luong t cam sinh ra trén cudn
day.

Mot trong nhitng thiét bi giup thu hdi nhanh va du trit ning luong tai sinh rat
hi€u qua chinh 1a cac siéu tu. Hién nay, siéu tu dién dang ting budc dugc ting
dung rong rai trong nhiéu linh vuc ctia nganh cong nghiép 6 t6. Trong nhirng nam
gan day, cac siéu tu duoc img dung ngay cang nhiéu trén cac phuong tién giao
thong than thién voi moi truong nhu xe dién, xe lai. Ngay ca trén nhiing 0 to
truyén thong str dung dong co ddt trong, siéu tu di va dang duogc sir dung nhu
mot ngudn luu trit nang lugng nhim dép tmg nhimg hé théng hoat dong lién tuc
& tan s cao nho dic tinh nap-xa nhanh cua ty, dién hinh nhu hé théng phun nhién

liéu truc tiép trén dong co Diesel (CRDi) ctia Audi.

Muc tiéu ctia nghién ctru 1a mé hinh héa qua trinh sinh ra va thu hdi ning lugng
tai sinh tir cac cudn cam, tim ra cac giai phap thiét thuc dé co thé tich trit ning
lugng vao hé si€u tu, tai st dung nguén nang lugng di€n cam lang phi néu trén,
cai thién tinh ning hoat dong kim phun gop phan tiét kiém nhién liéu giam thiéu
6 nhidm méi trudng va ting tudi tho cac chi tiét ban dan trén xe theo md

hinh Iy thuyét nhu hinh 1.16:

HE THONG KIEM SOAT NANG..,
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Hinh 1.16: M6 hinh Iy thuyét hé thong thu hdi va tng dung ning luong dién cam
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MACH DIEU KHIEN KIM PHUN

Nguoi nghién ctru quyét dinh chon va thyc hién dé tai: “Nghién ciru, irng dung

nang lwong dién cam trén 6 t6”.




1.2 Muc tiéu nghién ctru
Luan an duoc thuc hién véi muc ti€u nhu sau:
Nghién ctru thu hdi ngudn ning luong dién cam trén 6 t6 va str dung cho viée cai
thi€n tinh nang hoat dong kim phun xang.
1.3 N@éi dung nghién ciru
Nham hoan thanh muc tiéu nghién ciru, nhitng ndi dung da duogc trién khai:
- Téng quan vé nang lugng dién cam, cac cong trinh nghién ctru lién quan.
-Cosoly thuyét vé cudn cam, suit dién dong tu cam, nang lugng dién cam.
- Phan tich mé hinh tinh toan cac qua trinh hoat dong trén cudn cam.
- Phan tich, md hinh héa hé siéu tu dién va hé siéu tu két ndi phu tai dién.
- Tinh toan, m6 phdéng nang luong dién cam.
- Phan tich qué trinh hoat ddng cta kim phun.
- Khao sat dac tuyén céc suit dién dong tu cam.
- Thiét ké, thi cong, thir nghiém san pham mé hinh thyc nghiém.

- Thir nghiém san pham trén 6 t6, danh gia lai tinh ning dong hoc.




Chuwong 2: CO SO LY THUYET VE NANG LUOQNG PIEN CAM
VA HE SIEU TU PIEN

2.1 Cac co ciu chip hanh tich trir ning lwong dién cam

Dé diéu khién 6 td thuc hién céc chirc ning theo yéu cau ciia ngudi lai xe, ECU
(Electronic Control Unit) tac dong 18én cac co cau chap hanh chuyén déi ning
luong dién thanh co nang hay nhiét nang. Cac co cau chap hanh trén 6 to rat da
dang: bobine danh Iua, kim phun nhién li¢u, motor nang kinh - khéa cua, day
nhiét sudi kinh, dén chiéu sang, role.... Trong do, bobine danh lira va kim phun
nhién liéu 1a hai co ciu chap hanh hoat dong lién tuc trong sudt qua trinh van
hanh 6 t6. Pic diém chung cua bobine va kim phun 1a déu sir dung cac cuon
day, sinh ra suit dién dong ty cam co bién d6 cao trong qué trinh chuyén mach.
ECU doéng vai tro trung tim trong qua trinh diéu khién, tiép nhan va phan tich
cac tin hiéu dau vao tir cac cam bién, xtr Iy va diéu khién dau ra 1a céc co cau
chap hanh dang cudn day nhu bobine danh Itra, kim phun, van diéu khién khong
tai, role.... Hinh 2.1 trinh bay so d6 diéu khién cua cum bobine trong hé thong
danh lira truc tiép. Bobine gom hai cuon day, mot cudn so cAp va mot cudn thir
cap. Khi cudn so cap chuyén mach s& xut hién dién &p cao trén cuon thi cap,
duogc cap dén bugi dé thuc hién qua trinh dénh lira dong co.
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Hinh 2.1: Nguyén Iy diéu khién céc bobine d4nh lira
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Hinh 2.2 md ta mach dién caa 04 kim phun INJ1, INJ2, INJ3, INJ4. Mdi kim
phun duoc ciu tao co ban gdm cudn day cé hai cuc, trong d6 mot cuc ndi dén
ngudn dwong 12V, mét cuc con lai dugc diéu khién dong, ngiat mass tai cac
chan #10, #20, #30, #40 bai céc transistor cong suat trong ECU.

#10
#20
#30

#40

Hinh 2.2: Nguyén ly diéu khién cac kim phun xing
Céc van dién tir va cac cuon day trong role c6 cau tao co ban tir C&c cudn cam
cling c6 mach dién diéu khién tuong duong mach dién kim phun hinh 2.2.
Nhan dinh: bobine danh Itra, kim phun xdng, van dién tu, ro le cé cAu tao co ban
1a mot cudn cam. Mot cuc cudn cam duoc ndi dén dwong ngudn, cuc con lai dugc
diéu khién boi cac transistor cong sut. Mdi khi transistor cong suat ngit, tai cac
cuc am cua bobine va kim phun ludn xuat hién cac suat dién dong tu cam tir 70
dén 500V. Tan s6 xuit hién cac xung tu cam nay 14 rat 16n, ti 18 thuan véi sé xy
lanh va toc do dong co. Cac dién ap tw cam xung cao nay lan truyén trén duong
day, di vao cac hop diéu khién, gay hu hai cac linh kién dién tir va sinh nhiét.
Suit dién dong tw cam:
Suét dién dong ty cam & ti 1€ voi hé s6 tu cam va bién thién cua dong cam rng.
o _ di_  di

tc dt dt L dt (2.2)

Dau trir (-) trong biéu thirc 2.1 ching t6 dong dién cam tng c6 chiéu theo dinh

luat Lenz.

Dang xung suét dién dong tw cam:

Cac bo cha‘ip hanh trén 6 t6 ¢ ciu tao tr cudn cam déu cod chung mét dic diém,
d6 1 sau mdi qua trinh chuyén mach déu xuat hién cac xung dién ap cao. Tuy cac
xung ndy ton tai véi thoi gian rat ngan nhung bién d¢ rat cao, lan truyén trong hé
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théng dién d& gay hu hong cho cac bd chip hanh. Qué trinh biéu thi xung dién
ap tu cam qua 06 giai doan tir A dén G nhu hinh 2.3.

D\

E
A B /‘/F G
ov

Hinh 2.3: Cac giai doan biéu thi dang xung dién ap tu cam

- Poan A: mirc dién ap duoc cap (dién ap ac quy).

- Poan B: thoi diém dong ngit mach.

- Poan C: thoi gian dong dién qua cudn day.

- Poan D: xuét hién xung dién ap tu cam.

- Poan E: duy tri dién ap tu cam.

- Poan F: qua trinh tiéu hao nang luong.

- Poan G: trd lai chu ky hoat dong.
Trong d6 doan D c6 bién d6 tu 70V dén 500V phu thudc chu yéu vao tdc do bién
thién cua tir thong va s vong quin ciia cudn cam. Dé tai 13 tap trung nghién ctru
giai doan D véi viéc thu hdi dang ning lwong ndy dudi dang ning luong dién
cam.
Nang lwgng dién cam:

w=flaw =[/Lidi =15 (2.3)

Trong do:

W: nang lugng tich trix (J)

L: hé sb tw cam (H)

I: cuong 6 dong dién (A)
Nang lugng dién cam trong cudn day duoc tao ra trong khoang thoi gian dong
dién trong mach thay ddi (ting hodc giam) caa qué trinh chuyén mach.




2.2 M6 hinh toan va mé phéng

2.2.1 M0 hinh toan

Dua trén nguyén 1y diéu khién cudn cam, so d6 trong dwong (mé hinh vét 1y) cua
cudn cam trong qué trinh tich lity nang lwong dugce dé xuat theo hinh 2.8 va so
dd twong duong cua cudn cam trong qua trinh giai phong ning luong duoc dé
xuat theo hinh 2.11.

K
7
Hinh 2.8: So d6 tuong duong diéu khién cudén cam trong qua trinh tich liy

nang lugng

R .

il 13

12

c2

L1

Hinh 2.11: So d6 twong duong diéu khién cudn cam trong qua trinh giai phong
nang lugng

Trong do: I: dong dién qua cudn cam; R: téng trd mach; L: d6 tu cam caa cudn

day; U: dién ap hoat dong; C,: tu ky sinh; r: dién tro ro cua tu C, ; i;: dong dién

qua dién tro R; i,: dong dién qua tuC,; i5: dong diénro quar.




Phuong trinh toén suét dién dong ty cam &, trén cudn cam:
di
&, =Vi(®) = -1t (2.11)
V1(t) = —L[ae*t cos(yt) + ze*t sin(yt)]

Phuong trinh toan nang lugng dién cam Wy (t) qud trinh tich lity nang luong:
2
-R
Wier () = % X L x (i(t))2 = %x L x <%<1 - eTt>> (2.8)

Phuong trinh toan nang lugng dién cam Wy, (t) qua trinh giai phong nang
lugng:

Wy (t) = % X L X (il(t))2 = %X L x (ae*t cos(yt) + ze**sin(yt)) ? (2.13)
Trong d6 a, b, ¢, d 1a cac hé sb dwoc dit theo mdi quan hé véi R, T, L, by iy, 0y
2.2.2 Md hinh mé phéng

|§| D
From
= 1 -)f
» Drivided
To Workspace3
4’ Fredue
Subsystem?
= RLY )
+ x
= oar e O N
Add Product1

Prodict o ToWorks pace
Functon

Hinh 2.10: M6 hinh mé phong qua trinh tich Iy nang lugng dién cam

U s 3 e sl

Hinh 2.13: M hinh md phong suét dién dong tu cam
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2.3 Tinh toan ning lwgng dién cam

2.3.1 Ning lwong dién cam tich lity trén bobine

Hinh 2.18 biéu thi ning lugng dién cam cua bobine W,,;,, ning luong can thiét
dam bao dién ra qua trinh danh lira W,,, ning luong c6 kha ning thu hdi Wy,
trong mot 14n déanh lta trén cudn so cép bobine tai dai toc do dong co tur 750 dén
6000 vong/phut.
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Tbc d6 dong co (vong/phut)

Hinh 2.18: M6 ta Wy, Wy, W, trong mot lan danh Itra theo toc do dong co

Ning luong dién cam c6 kha nang thu hdi trén 04 bobine theo toc do n,
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Hinh 2.19: Nang lugng dién cam c6 kha nang thu hoi theo téc do dong co
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Nhan dinh: khi tbc do dong co cang cao, nang luong dién cam c6 kha ning thu
hoi cang thap. Nang lugng dat gid tri cuc dai dao dong quanh dai tée do 1500 dén
2500 v/ph tuong (ng vai dai toe do trung binh cua khi xe van hanh trén duong.
2.3.2 Nang lugng dién cam tich liiy trén kim phun

Hinh 2.21 biéu thi nang luong dién cam cta kim phun Wip, nang luong can thiét
dam bao dién ra qua trinh phun Wip—ct» nang lugng c6 kha néng thu hoi

Wiep—¢n, trong mot 1an phun tai dai tbe 6 dong co tir 750 dén 6000 vong/phut.

0.0095
0.0085
0.0075
0.0065
0.0055
0.0045
0.0035

0.0025

Ning lugng dién cam (J)

e=@=\\/kp =O==\Vkp-ct ==@==\\kp-th
0.0015 >

750 10001500200025003000350040004500500055006000
Téc d6 dong co (vong/phut)

Hinh 2.21: M6 ta Wyp; Wip—ce; Wip—entrong mot lan phun xing

Ning lugng dién cam ciia kim phun dat gi4 tri cao nhat khoang 9,69x107%] tai toc
d6 cAm chimg 750 v/ph va dat gia tri thip nhét khoang 7,1x107J tai tbc d6 dong
co 6000 v/ph. Chéch 1éch ning lwong giita gi4 tri cao nhat va thip nhét cta kim
phun & dai tdc d6 trén 1a khong nhiu (khoang 2,59x1073J).

2.3 Tinh toén trén hé siéu tu
Mot mé hinh don gian cho hé tu dién hai 16p c6 thé duoc biéu dién bang dién

dung twong duong (Cdl), dién tré song song twong duong (RIK) va dién tré ndi
tiép twong dwong (Resr) nhu hinh 2.23.

Hién c6 hai phuong phap dé nap va xa hé siéu tu: mot 1a nap-xa hé siéu tu véi
dién ap khong dbi theo thoi gian, cach con lai 1a nap-xa hé siéu tu voi cuong do
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dong dién khong d6i theo thoi gian. Phuong phap nap va xa hé siéu tu v6i dién

ap khong d6i dugc chu trong va trién khai trong dé tai.

— Ca

(e} L

Hinh 2.23: So dd mach tuong dwong ctia hé siéu tu

Mot hé gdm n siéu tu c6 dung lugng dién dung (C), gidng nhau duge mic nbi

tiép, dung luong téng cong cua hé siéu tu (Crorqy)-

1 1
Crorar = T 3,1~ 3¢ (2.27)
€1 C2 C3 " Cn

Nang lugng cuc dai va cong suét cuc dai ma hé siéu tu c6 thé tich trit 1an luot

dugc tinh theo biéu thuc:
cu?

Emax = 2x3600xmass (2.40)
cu?
Pmax = O'O6ES_RDC (241)

Trong do:

Emaxnang lugng cuc dai trén hé siéu tu.

Pmax: cong suét cuc dai trén hé siéu tu.

mass: hé s6 khdi luong hé siéu tu.

ESRpc: dién trd ro hé siéu tu.
Nang lwgng trén hé siéu tu
HE siéu tu gém n siéu tu dugc mic ndi tiép vo1 nhau tao thanh mdt hé siéu tu co
dung lugng tong cong Crotar. Biéu thirc (2.42) biéu thi ning lugng dién truong
(Weap) ctia hé siéu tu v6i dung lugng (Ciotar) va dién ap trén tu (U).

Weap = 5 CeotarU? (2.42)
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Heé siéu tu két ndi phu tai dién

Mot mach kin gdm hai thanh phan co ban 1a dién dung (C) va d6 tu cam (L). Qué
trinh hé siéu tu cap dién dén phu tai dién dang cuon day duoc mo ta bang mot so
dd mach tuong dwong & hinh 2.26 bén dudi.

R L
— S
Ur L
C total TUR

Hinh 2.26: So db trong duong mach siéu tu va phu tai dién
Tai thoi diém t = 0, trudc khi hé siéu tu phong dién, dung luong, dién ap va cudng
d6 dong dién ban dau cua tu & trang thai nap day 12 Ciow = C/n, U = Uy, 1= I
Khi tu bit dau phong, cuong d6 cua dong dién xuat hién trong mach duoc xac
dinh.

()
-Rt . . . \571
LCtotqr \2L

I =leze (2.49)

Biéu thuc (2.49) md ta cudong do dong dién phong trén hinh 2.26.

2.4 Pac tinh kim phun

2.4.1 Piéu khién kim phun

Kim phun nhién liéu dugc diéu khién theo hai phwong phap phd bién, phuong
phap diéu khién theo dong hay con goi 1a phuong phap “nhéc va git” (Peak and
Hold) va phuong phéap diéu khién theo &p (Saturated Voltage). Trong qué trinh
chuyén mach, cudn cam trong kim phun tao ra mot suét dién dong ngugc vé phia
nguon cap cho kim phun, diéu ndy van la mét trong nhimng nhugc diém cé hitu
ctia cac bo chap hanh c6 ciu tao tir cugn cam.
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Saturated Voltage Peak and Hold
Hinh 2.27. Dién ap ¢ hai ché d6 diéu khién
Hai phuong phép diéu khién nhu trén déu cap mot ngudn dién ap dén kim phun
dé nhéc kim. Tuy nhién, & phuong phap diéu khién theo dong, mach diéu khién
s& cap dong dién c6 cuong do cao dé md kim phun, sau d6 dong dién s& duoc
giam xudng bang céch ha dién ap xudng du dé duy tri hoat dong ma cua kim voi
muc dich lam giam mot phan suat dién dong khi chuyén mach (hinh 2.27).

2.4.2 Pac tinh cwong d¢ dong dién qua kim phun

Khi dién &p cap dén kim phun, dong dién trong cudn tir s ting dan do sy can tro
ctia dong tu cam, dong dién sinh ra c6 xu huéng chong lai nguyén nhan sinh ra
nod, mot dic tinh co ban cua cudn ddy. Dong dién ting dan tuong wng véi luc tir
tac dung 1én ty kim tang dan, dén thoi diém nhat dinh, khi luc tir 16n hon luc nén
cua 10 xo hdi vi va p luc tir nhién liéu, ty kim s& dich chuyén Ién trén va nhién
liéu duoc phun vao xy lanh.

Qua trinh thay ddi cua do tu cam L trong kim phun & qua trinh nhac kim dugc
chia thanh 03 giai doan nhu hinh 2.30.

L _
L
Th T Ty

Ampere [A]
inductance [mH]

02 |-

1 1 1 1 1
0 1 2 3 4

Time [ms]

Hinh 2.30: Buong dic tinh cuong do dong dién qua kim phun
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Giai doan 1 (T1): ty kim déng, do tu cam luc nay c6 gia tri la L1. Lac nay, luc tur
(Fm) trong kim phun 12 rt nhé so véi can luc tdng cong cua 10 xo hdi vi (Fs) va
cua ap luc nhién liéu (Fy).

Fy +F, > B, (2.63)

Cuong d6 dong dién trong giai doan 1:
—-R

I = %(1 - eTtl) (2.64)
Giai doan 2 (T»): ty kim bat ddu nhac 1én, do tu cam Iic nay s& tang tir L dén L.
Luc tir thiang duoc céc tré lyc, ty kim bat ¢au nhac 1&n khoi bé.

Fr +F = Fy, (2.65)
Mt khac, do ty cam caa kim phun bét du ting 1én tir L —L’, cudong d6 dong
dién IGc nay s& giam xudng dot ngot (d1/dt khac 0).

U it U il’ U R __ t,
L=2(1-eit) = (1 e ) =2 (1-eTen)  (260)

U, R c4c la gia tri khong doi trong qué trinh nhac kim, nén do ty cam ting 1én dot
ngot dan dén cuong d6 dong dién s& giam xudng. Tuy nhién, khoang thoi gian
cuong do dong dién roi xudng 12 rat ngan, vi gia tri t, ting dan theo thoi gian,
dan dén L 1- e 2 ) tién dan dén L, luc nay cuong do dong dién sé tiép tuc ting
Giai doan 3 (T3): ty kim duoc nhéc 1én hoan toan, do tw cam c6 gid tri 1a L. Lyc
tir dd 16n hon can luc caa 10 xo va can lyc caa nhién liéu. Ty kim da duoc nhic
I1én hoan toan khoi bé.

Fr +F, < Fy, (2.67)
Luc nay d6 ty cam da dat gid tri L, cuong do dong dién tiép tuc ting dan cho dén
khi dat gia tri bdo hoa.

-R

I = %(1 - eTt3) (2.68)

Giai doan 4 (T,): cudng d6 dong dién dat gié tri bdo hoa, 6n dinh theo thoi gian.
Iy == (2.69)
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Chuong 3: THIET KE HE THONG THU HOI VA TiCH TRU NANG
LUONG DPIEN CAM

3.1 Thiét ké md hinh thwc nghiém diéu khién phun xing danh lira

Phuong thitc b tri cum dénh Iira hién hanh dam bao hé thong nho gon nhung co
yéu diém 1a khong tan dung duoc ning lugng dién cam “thira” trén cudn so cip
bobine. Dé giai quyét van dé quan tam, nguoi nghién ciru d& xuét chuyén doi két
cAu ctia cum diéu khién danh lira c6 IC va bobine roi nhu hinh 3.6 phu hop véi
kha ning tan dung niang lugng dién cam “thira” nhung van dam bao van hanh 6n

dinh, an toan va thiét thuc.

T

IC ddnh Itva

Cudn danh Idra

4 ‘Cudn danh ira

Hinh 3.6: Cum danh lira dugc dé xuat thay thé

M6 hinh thyc nghiém:

Hé théng dién diéu khién dong co trén mot khung thép kich thude: 1320 x 700 x
1690 (mm) v6i cac cum chi tiét ciia hé théng dién diéu khién dong co 1TR-FE
¢6 két hgp Card NI 6009 giao tiép dit liéu da ning giita may tinh va thiét bj thong
qua cong USB, bd tich trit ning lugng va mach thu hdi ning lwong dién cam tai
sinh nhu hinh 4.1. M hinh sir dung ngudn dc-quy 12V dé van hanh dong co mot
dién mot chiéu va cac bd phan dién ciu thanh, c6 gia 1ap téc do dong co tuong

tmg lap dai tc do dong co tir 750 dén 6000 v/ph theo muc tiéu thyc nghiém.
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3.2 Phin tich, lya chon b lwu trit ning lwong

Vi muc tiéu chon loai thiét bi c6 kha nang nap va phong nhanh, tiép nhan cac
sudt dién dong dang tit dan dong thoi 1 ngudn tich trit ning lugng ¢ dién ap
cao hon dién ap cua dc quy va c6 dung luong dii 16n nham cai thién tinh dap ung
cua kim phun. H¢ siéu tu dién 27V-35F duoc ghép ndi tiép tr 10 siéu tu Maxwell
BCAP0350 (hinh 3.2) dugc chon dap tmg day du tiéu chi vé dién ap, dic tinh nap
phong, dung lugng nhiét d9, 1y tinh, cong suét riéng, nang lugng riéng, do an

toan, tudi tho, than thién méi trudng.

Hinh 3.10: H¢ siéu tu dién 27V-35F
3.3 Thi cong hé thong thu thap, do lromg va kiém soat niing lwong dién cam
Mach thu hoi ning luong dién cam tai sinh duoc thiét ké, lap trinh theo nguyén
ly nhu hinh 3.12 va san phdm hoan thién nhu hinh 3.14.

Hinh 3.12: So d6 nguyén 1y mach thu hdi ning luong
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Hinh 3.14: Mach thu hoi ning lugng
Nham hién thi tryc quan cac théng s6 trong qua trinh thir nghiém, mot giao dién
trén may tinh dung phan mém LabVIEW duoc thiét ké truc quan dang bang dong
hd trung tdm nhu hinh 3.21.

THU THAP DIT LIEU HE THONG KIEM SOAT NANG LUONG DIEN CAM

GIAO DIEN CHINH BIEU DO

ACQui SIEUTU

Hinh 3.21: Giao dién thu thap dir liéu va kiém soat nang lugng dién cam
Céc thong s6 hién thi trén giao dién chinh:

- Tbc d6 dong co (TACH).

- Pién ap dc quy (BAT).

- S$6 1an phun xing (#10).

- S6 1an danh lira (IGT).

- Hoat dong dén canh bao (W).

- Ché do str dung nguén dién: 4c quy hodc siéu tu.

- Nang luong hién tai tich trir trén si€u tu.
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3.4 Thiét ké hé théng danh gia d¢ nhay kim phun
So dd nguyén 1y ciia mach danh gia d nhay kim phun nhw hinh 3.25.

Rshunt
1 2

D1 Q3
1 ’ 2
1/0 arduino
1

1/0 arduino

g

Q2

1 Ohm/sW

-

-

s

.

2 1
11

— BATTERY
12v E
R1
20K

]

o

1/0 arduino
1
-
-
R2 1
110K - gkl\f’ERCAPACITORS

x°

1/0 arduino

>-1 Q1
_K TIP122

Hinh 3.25: Nguyén Iy thu hdi nang lugng va diéu khién trén kim phun

Khi h¢ siéu tu dugc nap dﬁy boi suét dién dong tu cam trén cac cudn so cép
bobine (C1, C2, C3, C4), tin hiéu dién 4p s& duoc truyén vé vi diéu khién thong

qua mdt cau phan ap. Luc nay, vi diéu khién s€ diéu khién transistor Q2 mé va

Q3 déng, hé siéu tu s& cung cap dién ap hoat dong cho kim phun thay cho dc quy.

Mot dién tré cong suat c6 gia tri 1Q/5W dugce mic nbi tiép voi kim phun nhim

xac dinh gia tri cuong do dong dién.

Mot mach cong suat didu khién kim phun dugc xay dung nhu hinh 3.26.

Hinh 3.26: Mach thu hdi ning lugng va diéu khién trén kim phun

Céc phan chinh ctiia mach cong sut gdm: ngudn dién 12V tir dc quy dugc dung

lam nguon cép cho hé thdng, Arduino Nano duge sir dung 1am bo diéu khién

trung tAm. Kim phun dugc diéu khién boi mot transistor cong suat TIP122.
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Chuong 4: THUC NGHIEM VA PANH GIA

4.1. Thyc nghi¢m, danh gia bd thu hdi va tich trir ning lwong dién cam
Nham muyc tiéu danh gia kha ning thu hoi va tich trit nang luong dién cam cua
san phém ché tao 13 bo thu hoi va tich trix nang lugng dién cam.

Két n6i bo thu hdi, bo tich trir, hé thong kiém soat nang luong nhu hinh 4.1,

Hinh 4.1: So dd két néi bo thu hdi, bo tich trit, hé thong kiém soat ning lugng
trén mo hinh thir nghiém

Van hanh, diéu chinh bd didu khién dé toc d6 dong co 6n dinh tai 750 v/ph, gia
1ap cac tin hiéu du vao tuong Gmg. Quan sat, danh gia cac thong tin trén giao
dién thu thap di liu.

Két qua thir nghiém

Hinh 4.2 cho théy: nang luong dién cam thuc té thu hdi duoc tai cac dai tbe do
dong co (dudong mau do) dat gia tri 5707 tai tbc d6 cam chirng 750 v/ph va co xu
huéng ting dan khi gia tang toc do, nang lwong thu hdi cuc tai dat 1,0907 tai tc
d6 2000 v/ph. Sau d6 ning lwong nay cé xu huéng giam dan khi téc do dong co
tiép tuc tang. Cho thdy, viéc thu hdi nang luong dién cam trong dai tc do 1500
— 2500 v/ph 14 tbi wu.
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Hinh 4.2: Ning lugng dién cam c6 kha nang thu hdi theo toc do dong co
Chénh 1éch vé tri sb khoang 4% giita ning luong dién cam c6 kha ning thu hoi
theo 1y thuyét va nang lugng thu hdi duoc theo thuc té.

4.2 Thwe nghiém cai thién tinh dip &ng ctia kim phun
Thyc nghiém trén kim phun véi hai ngudn dién ap: nguén ic quy hién hanh 12V
va ngudn 24V trén hé siéu tu dugc nap day tir suat dién dong tw cam tir bobine

va kim phun nhu hinh 4.3.
S UL T LIS

Hinh 4.3: Thuc nghiém kha nang dap tng ctia kim phun
Cac thong s6 ctia kim phun gém: Pién tro: R = 14,5Q, B6 ty cam: L = 0,02H.
Hinh 4.4 va 4.5 biéu thi duong dic tinh dong dién va dién ap cua kim phun &
mirc dién ap 12V tir ic quy va khi ding siéu tu 24V.
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Hinh 4.5: Pac tinh dong dién va dién ap cta kim phun khi dung siéu tu 24V

Puong s6 1 1a cudng d6 dong dién qua kim biéu dién ting dan tir luc kim phun
dugc cap dién ap dén thoi diém dong dién bao hoa, duong sé 2 1a dién ap trén
kim phun. Khi ting dién ap hoat dong cia kim phun Ién hai lan thi tinh dép tng
ctia kim phun duoc ting 1én twong Gmg hai 1an, hay n6i cach khéc 1a do tré cia
kim phun dugc giam di 02 lan.

T, 1

T, 2
Cu thé, két qua thuc nghiém chi ra rang v6i muc dién ap 24V dit vao kim phun,
thi thoi gian dap tmg ciia kim ting 1én gép 2 1an tir 1,59 x103s & mirc 12V giam

xudng con 0,8 x1073s & mirc 24V.
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4.3 Thyc nghi€ém trén o0 to

Nhim xem xét dudng dic tinh cong suét va dudng dic tinh momen cta dong co
lap trén 6 to thir nghiém vi mong mudn rang hai duong dic tinh nay s& khong
thay doi khi xe duoc lap dat thém bo thu hdi nang lugng nhu hinh 4.8. Qua do6
chtng minh dugce tinh 6n dmh cla san pham nghlen clru, mg dung.

Hinh 4.8 San phim nahién ciru Guoc 55 e 0 16 thif nghiém
O t6 07 chd dugc thir nghiém trén bing thir cong suit Mustang Dyanometer MD-
500 theo chu trinh ECE R15 tai phong thi nghiém 6 t6 tai Cti Chi Motor Sport.
Két qua thue nghiém
Két qua thu thap dugc dit liéu tir hé théng PowerDyne trong qua trinh thir nghiém
nhu hinh 4.14.

102 ¢ T2
92 = L 92
= [ o2
%82 82%
= 72 - 72‘;
L o
~8 62 —PE 628
& 52 52

7 = ME g
%1)42 - - 42O
RS
832 Vi o 3=
22 / L 22
12 12
O O O O O O o o o o O C) O o O O O O o
FEERERER3EEREEEREES
Toc 46 ddng co (V%ng/pTluﬁ

Hinh 4.14: Dgc tinh so sénh cong suét va momen dong co voi hé thong danh
Itra nguyén thuy va hé thong danh Iua co6 lap bd thu hoi nang lugng dién cam
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Thuc nghiém khi 6 t6 hoat dong v6i hé théng danh lira nguyén thuy cho thiy
cong suét c6 ich cuc dai dat gia tri 90,2 kW tai tbe d6 5250 v/ph va momen cuc
dai dat 100,7 Nm tai toc do 4000 v/ph (cac duong PE va ME trén hinh 4.14).
Két qua thyc nghiém khi 6 t6 hoat dong voi hé théng danh Itra co lép bo thu hoi
nang lugng di€n cam: cong sut co ich cuc dai dat gia tri 89,6 kW tai tde do 5250
v/ph va momen dat cuc dai 99,8 Nm tai tai tde do 4000 v/ph (dudong PE’, ME’
trén hinh 4.14). Sai léch cac gia tri cia cong suat va monen tuong {ng tai cac toc
d6 khac nhau trong toan dic tuyén 1a <5% (trén hinh 4.14).

Dic tuyén dir liéu thir nghiém (hinh 4.15) dwoc xut va in ra tir h¢ thong thu thap

dit liéu PowerDyne cho thdy d6 6n dinh cta san phim trong 03 1an thir nghiém.

w Mustang Dynamometer Test Report m

Updates, Documentation & Moze At
wwew MastangDyne . com
Or Call 1-330-363-5400

_ CUCHI Motorsports —
ﬁn}:‘l 231 Quos 1o 22, Tan Thong Hoi, Cu Chi, |=1E|ﬁﬁ|
—— e g Viarnam —
Phona: 0396300888 f = Fax:
Date Printed 1 2DZ0/07/25 Filter Mode : FIR
Time Printed ¢ 16:21 Filter Walue : EO
Rung# License Owner heguired Test Comments
1 51538 S5lA - 5 07/24 14:46 MY13 INNOVA 3TH STOCE
2 51538 S5l - 3 07/24 14:49 MY13 INNOVA 3TH STOCE ZND ROUN
3 51538 Sl - 53 07/24 15:18B MY13 INNOVA 3TH CUSTOM MOBIN

Whoeal Pewar T B

68.56
5832

48.08

37.84

Hinh 4.15: Dic tinh so sanh cong suat va momen dong co voi voi hé thong danh
lira c6 1ap bd thu hdi ning lwong dién cam trong 03 lan thir nghiém.
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Chuwong 5: KET LUAN VA KIEN NGHI
5.1 Két luan
Két qua nghién ciru cta ludn 4n cho phép rut ra nhitng két luan sau day:
- Pa xdy dyng md hinh vét 1y va mé hinh toan cho hé thong thu hdi ning lwong
dién cam trén cac cudn day béng viéc st dung h¢ siéu tu dién.
- b3 thiét ké, ché tao md hinh thu hoi nang lugng dién cam trén cic cudn day
bobine va kim phun.
- Pa thiét ké, thi cong hé thong gidm sat nang lugng dién cam tai sinh ing dung
vi diéu khién dam bao yéu cau tiét kiém ning lugng. Du nang luong tiét kiém
trong mdi chu ky hoat dong khong 16n nhung véi s6 luong 6 t6 rt nhiéu, hoat
dong lién tyc thi ning lugng tiét kiém khong nho va day 1a mot nghién ciru phu
hop xu thé tuong lai.
- Nang luong dién cam thu hoi thuc té sai biét nhé hon 4% so véi tinh toan 1y
thuyét.
- Nang luong dién cam tai sinh dugc tich trir trén hé siéu tu dién & muc 24V goép
phan ting d nhay ctiia kim phun Ién hai lan so v6i ban dau.
- San pham nghién ctru 13 bd thu hdi va tich trit ning lugng khi lip trén 6 t6 07
chd khong 1am anh hudng tinh ning dong hoc ctia xe. Pic tuyén vé cong suit va
momen dong co thay ddi khong déng ké (nhé hon 5%) khi dugc lap bo thu hoi,
tich trir, ing dung nang lugng dién cam.
- Nang lugng dién cam dugc nghién ctru va ing dung trén 6 t6 da dat hiéu qua
budc dau, gop phan vao nén tang quan trong cho cac nghién ctru ké tiép vé van
dé nay.
5.2 Kién nghi
Ngudi nghién ciru kién nghi dé tai c6 thé duoc phat trién theo cac hudng sau:
- Nghién ctru danh gia hi¢u suat ciing nhu thoi diém phun ctia kim phun dang
dién trd cao & murc dién ap 24V nhim cai thién qua trinh tron hdn hop nhién ligu
va qua trinh chay ctia ddng co.
- Tinh toan giam dung lwong va kich thuéc dc quy khi 4p dung siéu tu.
- Phat trién thuat toan va lap trinh phan b tai gitta may phat, ac quy, hé siéu tu.

- Tinh toén ning lugng tir cudn diy pha ctia may phat dé nap hé siéu tu.

24



TAI LIEU THAM KHAO

[1] John Smart, Jim Francfort, Donald Karner. va cong sy, Advanced Vehicle
Testing Activity, Idaho National Laboratory, EVS24, Stavanger, pp. 1-13, 2009.
[2] Cieslik W., Pielecha 1., and Borowski P. , Effects of Start—Stop System on
The Operation of Drive System in Urban Traffic Conditions, Journal of
Mechanical and Transport Engineering, Vol. 67, No. 2, 2015.

[3] Xueying L., Yanju J. va cong su, Research Review of a Vehicle Energy-
Regenerative Suspension System, Energies, 13; doi:10.3390/en13020441, 2020.
[4] Pasquier A., Plitz L., va cong su, A Comparative Study of Li-lon Battery,
Supercapacitor and Nonaqueous Asymmetric Hybrid Devices for Automotive
Applications, Journal of Power Sources, Vol 115, pp. 171-178, 2003.

[5] Thounthong P., Rael S. and Davat B., Utilizing Fuel Cell and Supercapacitors
for Automotive Hybrid Electrical System, Twentieth Annual IEEE Applied
Power Electronics Conference and Exposition, pp. 1-7, 2005.

[6] Do Van Dung, Do Quoc Am, Nguyen Tan Ngoc. Effects of Resistance,
Capacitance and Self-Inductance on Accumulated Energy in the Hybrid

Ignition system. International conference on system science and engineeing
Hochiminh city, July, pp. 1-6, 2017.

[7] Am Do Quoc, Dung Do Van, Le Khanh Diem, Le Khanh Tan. An Application
of hybrid method for improving of ignition system in small power explosion
engine. International conference on advances in civil, structural and mechnical
engineering, doi: 10.15224/ 978-1-63248-039-2-2, pp. 1-5, 2015.

[8] Do Quoc Am, Do Van Dung, Nguyen Tan Ngoc. Estimation of the
Accumulated Energy in the Hybrid Ignition System. International conference
on Green Technology and Sustainable Development (GTSD), IEEE, doi:
10.1109/GTSD.2018.8595520, 23-24 Nov. 2018.

[9] Milan SEBOK, Miroslav GUTTEN, Lubomir OSTRICA, Matej KUCERA,
Marek MAKYDA. Analysis of Distributorless Ignition Systems. PRZEGLAD
ELEKTROTECHNICZNY, ISSN 0033-2097, R. 89 NR, 2013.

TLTK- 1



[10] SEBOK M., JURCIK J. va cong su. Diagnostics and Measurement of the
Gasoline Engines Injection System. Przeglad Elektrotechniczny, 2015.

[11] Edward B. Rosa and Louis Cohen, Formule and Tables for the calculation
of mutual and self-inductance, pp. 116-142, 2017.

[12] Wiectawski, Krzysztof & Maczak, Jedrzej & Szczurowski, Krzysztof,
Electric Current Waveform of the Injector as a Source of Diagnostic Information,
Sensors. 20. 4151. 10.3390/s20154151, 2020.

[13] Tom Denton, Automobile Electrical and Electronic Systems, (5th Edition),
Published by Elsevier, 2018.

[14] Toyota Company. Engine - 1 TR-FE Engine - Description. Internet:
https://www.academia.edu/14069176/ENGINE-1TR-FE_ENGINE_EG9_1TR-
FE_ENGINE, 2018.

[15] Pd Qudc Am, Nghién ctru, tinh toan, ché tao hé thong danh Itra hdn hop
dién dung — dién cam st dung bobine don, luén an tién si Truong BH SPKT TP.
HCM, tr. 1-21, tr. 44-49, tr. 115-116, 11/2020.

[16] Huynh Xuan Thanh, Thuc nghiém danh gia kha nang tich lily nang lugng
trén hé thong danh ltra Hybrid, luan vin Thac si Truong DPH SPKT TP. HCM,
tr. 49-85, 2018.

[17] Duong Tuan Tung, Nghién ciru ning cao hiéu quéa thu hdi ning luong cua
hé thong phanh tai sinh trén 6 t6, luan an tién si Truong DPH SPKT TP. HCM, tr.
82-98, 06/2020

[18] Nguyén D& Minh Triét, M6 phong, thir nghiém va danh gia thiét bi thu hoi
nang lugng dién cam trén hé théng dién 6 to, luan van Thac si Truong PH SPKT
TP. HCM, tr. 21-63, 2016.

[19] PGS.TS. B Vin Diing. Dién dong co va diéu khién dong co. NXB Dai hoc
Qudc gia Tp.H6 Chi Minh, tr. 129-132, 2013.

[20] Lé Khanh Tan. Ung dung nén tang Arduino va LabVIEW trong thu thap di
liéu dong co. Tap chi Khoa hoc Giao duc K¥ thuat s6 51, tr. 44-49, 2019.

[21] Nguyén Thanh Luan, Lé Thi Hong Nhung, Lai Hoai Nam. Do luong va diéu
khién ti sdy sir dung LabVIEW. Tap Chi Khoa Hoc Gido Duc K§ Thuat sé 58,
tr. 60-66, 2020.

TLTK- 2



MINISTRY OF EDUCATION AND TRAINING
HO CHI MINH CITY
UNIVERSITY OF TECHNOLOGY AND EDUCATION

PHAN NGUYEN QUI TAM

RESEARCH AND APPLICATION OF
SELF-INDUCTANCE ENERGY IN AUTOMOBILE

Major: Mechanical Engineering
Major code: 9520103

SUMMARY OF PHD THESIS

HO CHI MINH CITY - 06/2021




THE WORK IS COMPLETED AT
HCMC UNIVERSITY OF TECHNOLOGY AND EDUCATION

Supervisor 1: Assoc. Prof. Dr. Do Van Dung
Supervisor 2: Dr. Nguyen Ba Hai

Reviewer 1:
Reviewer 2:
Reviewer 3:

HO CHI MINH CITY — 06/2021




COMMITMENT

| guarantee this is my scientific research.

The data and results stated in the thesis are true and have never been
published by anyone in any other works. | also guarantee that all references to
the implementation of the thesis have been clearly cited.

Ho Chi Minh City, June 04™, 2021
(Signature and name)

Phan Nguyen Qui Tam




ACKNOWLEDGEMENTS

The researcher would like to thank:

- Assoc. Prof. Dr. Do Van Dung and Dr. Nguyen Ba Hai, two science supervisors
who gave me the opportunity to start the thesis, enthusiastically guide, orient,
and spend time reading and editing scientific content.

- Rector Board, Training Department - Postgraduate Department, Dean of
Mechanical Engineering Faculty, Faculty of Automotive Engineering,
Department of Electrical — Electronics and lecturers of Ho Chi Minh City
University of Technology. HCM City.

- Faculty and Staffs the automaobile electronics laboratory, automobile laboratory
HCMC University of Technology and Technology who have been
wholeheartedly supported and encouraged me during time to perform scientific
content.

- The members of the evaluation board who took the time to read and comment
on the research content.

- Leading experts, scientists who have criticized and commented on scientific
articles and the summary.

- PhD candidates of the same course 2013-2016 majoring in mechanical
engineering.

- Family members and relatives who have always trusted, supported and created
all favorable conditions for me to focus on the process of studying, researching
and implementing the dissertation.

Best regards!

Ho Chi Minh City, June 04™, 2021
PhD candidate

Phan Nguyen Qui Tam




ABSTRACT

The recovery as well as application of inductance energy is a new research trend
in automobiles. One of the main puposes of the thesis is to recover the self-
inductance energy occurring in coils during circuit switching, and then use it as
regenerating power to supply either to low-mid power loads or improve of fuel
injector response. In addition, the thesis not only solves the energy recovery
problem on the internal combustion engine but also solve fuel economy, reduces
environmental pollution, and protection of electronic elements in vehicle
electrical systems..

Contributions of the thesis is presented below:

- Building physical and mathematical models for ignition coils and injectors
based on inductance energy recovery system by using supercapacitors.

- Designing and manufacturing experimental models to recover inductive energy
on ignition coils and injectors.

- Using the supercapacitor system to store inductive energy to improve injector
sensitivity.

The thesis is presented in 5 chapters including 99 pages (excluding references
and appendices). Chapter 1 presents an overview of research issues on inductive
energy in cars, analysis of literature, referring to the research direction that is
being focused. On that basis, the researcher proposes research objectives and
content. In Chapter 2, the author analyze the theoretical basis of inductors,
inductance energy, built a mathematical model, calculate and simulate the
accumulated energy on the ignition coils and injectors. Theoretical basis for
supercapacitors, connecting electrical loads, improving injector sensitivity also
are carried out. Content of chapter 3 shows the process of designing the inductive
energy recovery and storage system through the investigation of the actual
inductive electric power waveform, construction of the experimental model,
design of the data collection system. Recovery, storage of energy, building the of




control circuits of injectors which have used for regenerative inductive energy.
Chapter 4 presents the process of experimentation and evaluation of research
products through 02 phases. Stage 1: Testing data collection and calculation of
recovered energy in different operating modes on the experimental model. Stage
2: Testing the internal product on real car in the laboratory according to the ECE
R15 cycle, thereby evaluating the efficiency and comparision the obtained results
with theoretical research and other studies. Chapter 5 confirms the results
achieved in the research and recommends the direction of development.
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Chapter 1: OVERVIEW

1.1 The reason to choose the thesis

In order to improve fuel economy and reduce environmental pollution, car
manufacturers are constantly looking for solutions, including solutions to recover
useless energy losses. Several studies on energy recovery have been
commercialized, such as Mazda's i-ELoop (Intelligent Energy Loop) brake
energy recovery technology. This technology reduces the fuel consumption of
the engine by about 10%. The regenerative braking technology and inertial
energy recovery in hybrids are also very popular. Audi has designed the system
to recover energy from the suspension system based on the principle of turning
the oscillation of the suspension in mechanical form into the electrical energy
collected into the storage. The various energy sources are recovered as electricity
which acts as a separate energy reserve to power several vehicle systems.
Depending on the time of recovery and the density stored, energy is used to feed
actuators in different systems.

In automotive electrical equipment with coil structure, inductance energy is
generated from the electromotive force inductively during the switching process.
Equipment with inductive energy due to electromagnetic induction includes:
generators, electromagnetic sensors ... due to inductance phenomena such as
transformers, ignition coils...

The above inductance energy source can be recovered and used as a form of
renewable energy. This energy exists mostly on the ignition coils. When the
current through primary coil is suddenly interrupted to initiate the discharge on
the spark plug electrode. On the primary coil, an inductance of about 200V to
500V will appear due to a sudden change of magnetic coil. In addition, there are
many actuators with inductors such as: injectors, solenoid valves, relays... also
appear similar electrodynamic capacities with amplitude from 70V to 120V
during operation. Such a large number of 70V to 500V electrical pulses spread
throughout the automotive electrical systems, adversely affecting the life of
switches, electronic components, heat generation and wasted energy. The applied
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technical solutions such as: connecting zener, resistors, capacitors parallel to the
power transistors are only to protect the switches but do not take advantage of
the energy generated on the coil.

One of the devices that help to quickly recover and store renewable energy is
supercapacitors. Currently, supercapacitors are gradually being applied widely in
many fields of the automotive industry. In recent years, supercapacitors are
increasingly used in environmentally friendly vehicles such as electric cars and
hybrid cars. Even in traditional cars using internal combustion engines,
supercapacitors have been used as an energy storage source to accommodate
systems that operate continuously at high frequencies thanks to the charge-
discharge properties fast capacitors, typically the direct fuel injection system on
a Diesel engine (CRDi) from Audi.

The goal of the research is to modelize process of generating and recovering
renewable energy from inductors, finding practical solutions to store energy in
the supercapacitor system, and reuse the energy source. The above wasted
inductance, improve the injector performance, contributes to fuel saving,
minimizes environmental pollution and increases the life of the semiconductor
parts on the vehicle by the theoretical model figure 1.16 is as follows:

HE THONG KIEM SOAT NANG...

‘ ECU DONG CO

FEEE
|

Figure 1.16: Theoretical model of inductive energy recovery and application

*
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MACH DIEU KHIEN KIM PHUN|

systems
The researcher decides to select and implement the topic: “Research and
application of self-inductance energy in automobile”.




1.2 Goals of research
Research to recover self- inductive energy sources in cars and use them for
improving performance of fuel injectors.
1.3 Research content
The following contents of the thesis have been deployed:

- Overview of self - inductive energy, related studies.

- Theoretical basis of inductors, inductance electromotive force, self-
inductance energy.

- Analysis of computational models of the processes operating on inductors.

- Analysis and modeling of supercapacitors and supercapacitors connecting
electrical loads.

- Calculate and simulate inductive energy.

- Analyzing the injector's operation process.

- Surveying the characteristic of inductance electromotive force.

- Designing, constructing, testing products on the experimental model.

- Testing the product on a real car, re-evaluated the dynamics.




Chapter 2: THEORETICAL BASIS OF INDUCTIVE ENERGY
AND SUPERCAPACITY SYSTEM

2.1 Actuators store inductive energy
To control the automobile to perform the functions required by the driver, the
ECU (Electronic Control Unit) acts on the actuators that convert electrical
energy into mechanical or thermal energy. Actuators in cars are very diverse:
ignition coils, fuel injectors, glass lift motor - door lock, glass heater wire, lights,
relay.... In which, the ignition coils and the fuel injectors are two actuators that
operate continuously during automobile operation. The common feature of
ignition coils and injectors is that they both use coils, which generate high
amplitude inductance electromotive force in the switching process.
ECU plays a central role in controlling, receiving and analyzing input signals
from sensors, processing and controlling the outputs of coil-type actuators such
as ignition coils, injectors, control valves, relays .... Figure 2.1 shows the control
diagram of the ignition coils assembly in the direct ignition system. The ignition
coils consists of two windings, primary and secondary. When the primary coil
is switched on, a high voltage appears on the secondary coil, fed to the spark
plug to perform the ignition.

+B
3

IGT4
I
LIGF 1

Figure 2.1: Principle of control of ignition coils
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Figure 2.2 shows the circuit of 04 injectors J1, J2, J3, J4. Each injector is
basically composed of a two-pole coil, in which one pole connects to a 12V
positive source, the other is controlled to close, disconnect mass at pins # 10,
# 20, # 30, # 40 by the power transistors in the ECU.

S w

12

13

J4

LT e

Figure 2.2: Principle of controlling fuel injectors

The solenoid valves and the relay coils are basically composed of inductors with
a control circuit equivalent to that of the injector in figure 2.2.

Assessment: ignition coils, fuel injectors, solenoid valves, relays are basically an
inductor. One coil is connected to the positive source, the other is driven by power
transistors. Every time a power transistor is turned off, at the cathode of the
ignition coils and injectors, inductance electromotive force always appears
between 70 and 500V. The frequency of these inductance pulses is very large,
proportional to the number of cylinders and engine speed. These high pulse
inductance voltages propagate across lines, enter control boxes, damage
electronic components and generate heat.

Self-indutance:

The self-inductance is proportional to the coefficient of inductance, the variation
of the induced current.

_ 4o _ )
tc dt dt dt (2'2)

The minus sign (-) in the expression proves that the induced current has the
direction according to Lenz's law.

Waveform of self-inductance:

Actuators in cars made of inductors share the same property, that is, after each
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switching process, high voltage pulses appear. Although these pulses exist for
a very short time, but the amplitude is very high, propagating in the electrical
system easily causing damage to the actuators. The process of showing
inductance voltage pulses across 6 phases from A to G is shown in figure 2.3.

D\

E
A B //FE G
oV
Figure 2.3: The phases represent self-inductance voltage impulses
- Section A: voltage level (battery voltage).
- Section B: time of circuit breaker.

- Section C: current time through the coil.
- Section D: inductance voltage pulse appears.

- Section E: maintain inductance voltage.
- Section F: process of energy consumption.
- Section G: return to operation cycle.
In which segment D has amplitude from 70V to 500V depends largely on the
variable speed of the flux and the number of turns of coils. The topic is to
focus on phase D research by recovering this form of energy in the form of
inductance energy.
Inductive Energy:

w=flaw =[/Lidi =15 (2.3)

Where:
W: energy stored (J)
L: inductance factor (H)
I: current (A)




Inductance energy in the coil is generated during the time the current in the
circuit changes (increases or decreases) of the switching process.

2.2 Mathematical modeling and simulation

2.2.1 Mathematical modeling

Based on the principle of inductor control, the equivalent diagram (physical
model) of the inductor in the energy accumulation process is proposed in
figure 2.8 and the equivalent diagram of the inductor during the release of

energy proposed in figure 2.11.

Figure 2.8: Equivalent diagram of controlling inductors during accumulation

nang lugng
R .
il i3
i2
Cc2

—

Figure 2.11: Equivalent diagram of controlling inductors in the process of
energy release
Where: I: current; R: resistance; L: inductive factor of coil; U: operation voltage;
C,: internal capacitor; r: leakage resistor of capacitor C,; i;: current of R; iy:
current of C,; i5: current leakage of r.




Mathematical modeling of self-inductance &, :
ai
A AGERY (2.11)
Vi(t) = —L[ae*t cos(yt) + ze*t sin(yt)]

Mathematical modeling of inductive energy W;.,(t), storing process:
2
-R
Waer () = 2 x L x (i)’ = 2x L <g(1 - eTt>> 2.8)

Mathematical modeling of inductive energy Wy, (t) ,releasing process:
Wi () = % X L % (iy (t))2 = %x L x (ae** cos(yt) + ze*sin(yt)) 2

(2.13)

In which a, b, ¢, d are the factors that correspond to R, r, L, i, ,1, 1, .

2.2.2 Simulation model

Fles E E Frem
Switch Scopet
w ‘ T w:nspscea
e

=
e
Subsystem?
T {-RIL1)
= l%.akHD
Froduct!
mdua M,m

ToWorkspace

Figure 2.10: Model simulating inductance energy accumulation
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Flgure 2.13: Model simulating inductance electromotive force
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2.3 Inductance energy calculation

2.3.1 Inductive energy accumulates on the ignition coils

Figure 2.18 shows the inductance energy of the ignition coils W, the energy
required to ensure the ignition process W_ct, the energy recoverable W_th in

one ignition on the primary coil at the speed range engine level from 750 to
6000 rpm.

>

gy _J)

=@ \\/ct

©
w

Inductive ener
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VTR AT AT AT S
Engine speed (rpm)

Figure 2.18: Description of Wy,; Wy,;,; W, in one engine cycle
Inductance energy is capable of recovering over 04 ignition coils according

to speed n,
1200
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Figure 2.19: Inductance energy can be recovered according to engine speed
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Assessment: the higher the engine speed, the lower the inductive energy that can
be recovered. The maximum energy value fluctuates around the speed range of
1500 to 2500 rpm, corresponding to the average speed range of the vehicle when
operating on the road.

2.3.2 Inductive energy accumulates on the injector

Figure 2.21 shows the inductance energy of the injector Wy, the energy needed
to ensure the injection process Wy,,_.¢, the recoverable energy Wi, _tp ne in 0ne
injection at engine speed ranges from 750 to 6000 rpm.

0.0095 4
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Figure 2.21: Description of Wy,; Wyp,_ ¢t : Wiep—¢n in One cycle
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Inductance energy of the injector reaches the highest value of about 9.69x103)
at the idle speed of 750 rpm and the lowest value of about 7.1x10-3J at the engine
speed of 6000 rpm. The energy difference between the highest and lowest value
of the injector in the upper speed range is not much (about 2,59x1073J).

2.3 Calculation of supercapacitors

A simple model for a two-layer capacitor system can be represented by
equivalent capacitance (Cdl), equivalent parallel resistance (RIk) and equivalent
series resistance (Resr) as shown in figure 2.23.

There are two methods of charging and discharging supercapacitors: one is
charging and discharging supercapacitors with constant voltage over time, the
other is charging and discharging supercapacitors with constant amperage over

10



time. The method of charging and discharging supercapacitors with constant
voltage is focused and deployed in the topic.

RCSF

— Cq

O L 4

Figure 2.23: Equivalent circuit diagram of supercapacitors

A system of n supercapacitors with the same capacitance capacity (C), the same

is connected in series, the total capacity of the supercapacitor system (Ceptar)-

L =Ic (2.27)
n

C =
total 1, 1,1
atetat e,

The maximum energy and maximum power that the supercapacitors can store is
calculated by the expression:

_ cu?
Emax = 2x3600xmass (2.40)
cu?
Pmax = O'O6ES_RDC (241)

In which:

Emax: maximum energy of capacitor.

Pmax: maximum power of capacitor.

mass: mass factor of capacitor.

ESRoc: leakage resistor of capacitor.
Enery on supercapacitors
The supercapacitor system consists of n supercapacitors connected in series to
form a supercapacitor system with total capacity Ciw. Equation (2.42) is
represent to electric field energy (Weap) Of supercapacitors with Cial and voltage
u.

Weap = %Ctotale (2.42)
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Supercapacitors connected to load

A closed circuit consists of two basic components: capacitance (C) and
inductance (L). The process of the supercapacitor supplying power to the load is
depicted with an equivalent circuit diagram in figure 2.12 below.

R L
vy 1 —
—
u
Ur L
Ciotal TUR

Figure 2.26: Diagram of the supercapacitor and load equivalent circuit
At time t = 0, before the supercapacitor discharges, the initial capacity, voltage
and current of the capacitor at full charge is Ciorar = C/n, U = Uy, I= 1o
When the capacitor starts to discharge, the amperage appears in the circuit as
shown in figure 2.26.

1 R\2
—Rt  IIc _(_L) t
[ =I,ezreV toral (2.49)

Equation (2.49) discribed releasing current of capacitor on figure 2.26.

2.4 Injector properties

2.4.1 Injector control

Fuel injectors are controlled by two popular methods, the flow control method,
also known as the Peak and Hold method and the Saturated voltage method.
During the switching process, the inductor in the injector generates an
electromotive force opposite to the injector feed, which is still one of the inherent
disadvantages of actuators constructed from inductors.

12



Saturated Voltage Peak and Hold

Figure 2.27: Voltage in two control modes
The two control methods above both supply a voltage source to the injector to
lift the needle. However, in the current-control method, the control circuit will
supply a high-intensity current to open the injector, then the current will be
reduced by lowering the voltage enough to maintain the open operation of the
needle. for the purpose of reducing part of the electromotive force when
switching (figure 2.27).
2.4.2 Characteristics of current through the injector
When the voltage is applied to the injector, the current in the magnetic coil
increases due to the resistance of the inductance, the current produced tends to
counteract its cause, a fundamental characteristic of the coil. Increasing current
in proportion to the magnetic force acting on the core increases, up to a certain
point, when the magnetic force is greater than the compression force of the return
spring and the pressure from the fuel, the needle will move upward and fuel is
injected into the cylinder.

The process of changing the inductance L in the injector in the needle lifting
process into three stages as shown in figure 2.30.

v _
L
Th B T,

inductance [mH]

Ampere [A]
T

02

Time [ms]

Figure 2.30: Curve of current through the injector
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Stage 1 (T1): needle closed, the inductance is now L;. At this time, the magnetic
force (Fm) in the injector is very small compared with the total drag of the return
spring (Fs) and the fuel pressure (F).

Fr+ F > EFy (2.63)

Electric current in phase 1:
-R

I = %(1 - eTtl) (2.64)
Stage 2 (T»): needle starts to lift, the inductance will increase from L to L’. The
magnetic force overcame the resistance, and the needle began to lift off the base
Fr+F =E, (2.65)
On the other hand, the inductance of the injector starts to increase from L — L’,
the amperage will drE)Rp suddenly (dI/dt_ Ls different from 0)._R
I =1 1—eﬂt2) =2(1—eri?)=2 1—emt2> (2.66)
U, R is the constant value during needle lifting, so the inductance increases
suddenly leading to the current decrease. However, the period of current falling
is very short, because the value of t; increases with time, leading L (1-e 2) to
progress towards L’, at which time the amperage will continue to increase.
Stage 3 (Ts): Needle is completely lifted and the inductance is worth L’. The
magnetic force is greater than the resistance of the spring and the resistance of
the fuel. The needle valve has been lifted completely off the base.
Fr+ F < Fy (2.67)
At this time, the inductance has reached the value L’, the amperage continues to
increase gradually until the saturation value is reached.

-R
I = %(1 - eTt3) (2.68)

Stage 4 (T4): current reaches saturated value, stable over time.
I, = % (2.69)
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Chapter 3: INDUCTIVE ENERGY RECOVERY AND STORAGE
SYSTEM DESIGN

3.1 Experimental model design of ignition fuel injection control

The current ignition assembly method ensures the system is compact, but the
weakness is that it cannot take advantage of the “excess" inductance energy on
the primary coil. To solve the problem of concern, the researcher has proposed
to change the structure of the ignition control cluster with igniter and ignition
coils as shown in figure 3.6 in accordance with the ability to utilize “excess”
inductance energy but still ensure stable, safe and practical operation.

T

IC ddnh Itva
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il
4\'\ ‘Cudn danh ira

Figure 3.6: Recommended ignition cluster replacing

Experimental model:

The motor control electrical system on a steel frame size: 1320 x 700 x 1690
(mm) with components of the 1TR-FE engine control system incorporating the
NI 6009 card for universal data communication between computer and device
via USB port, energy storage and regenerative inductance energy recovery circuit
as shown in figure 4.1. The model uses a 12V battery source to operate DC motor
and its electrical components, with a corresponding engine speed simulator to set
the engine speed range from 750 to 6000 rpm according to experimental goals.
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3.2 Energy storage analysis and selection

With the goal of choosing the type of device capable of fast charging and
discharging, receiving gradually deactivated electrodynamic energies and at the
same time as a source of energy storage with a voltage higher than that of the
battery and with a capacity large enough to improve improve the responsiveness
of the injector. 27V-35F supercapacitor system is connected in series from 10
Maxwell BCAP0350 supercapacitors (figure 3.10), which are selected to meet
the criteria of voltage, charge and discharge characteristics, temperature capacity,
reason, specific capacity own energy, safety, longevity, environmental
friendliness.

Figure 3.10. Supercapacitors 27V-35F
3.3 Construction of inductive energy collection, measurement and control
Regenerative inductance energy recovery circuit is designed and programmed
according to the principle of figure 3.12 and the finished product in figure 3.14.

Figure 3.12: Schematic diagram of energy recovery circuit
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Figure 3.14: Energy recovery circuit
In order to visualize the parameters during the test, an user interface using
LabVIEW software is visually designed as a central dashboard as shown in figure
3.21.
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Figure 3 21 Inductance energy data acqmsmon and control interfaces
The parameters displayed on the main interface:
- Engine speed (TACH).
- Battery voltage (BAT).
- Number of fuel injection times (# 10).
- Number of ignitions (IGT).
- Operation warning light (W).
- Mode using power source: battery or supercapacitors.
- Current energy is stored on supercapacitors.
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3.4 Design of injector sensitivity evaluation system
The schematic diagram of the injector sensitivity evaluation circuit is shown in

Rshunt
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Figure 3.25: Principle of energy recovery and control on injectors

When the supercapacitors are filled with inductance electromotive force on the
primary coill (C1, C2, C3, C4), the voltage signal is sent to the microcontroller
via a voltage potentiometer. At this time, the microcontroller will control the
transistor Q2 open and Q3 is closed, the supercapacitor system will provide
operating voltage to the injector instead of the battery. A power resistor of 1Q
/5W is connected in series with the injector to determine the amperage.

An injector control power circuit is constructed as shown in figure 3.26.

Figure 3.26: Energy recovery and control circuit on injector
The main parts of the power circuit include: 12V power from the battery used as
the power supply for the system, Arduino Nano is used as the central controller.
The injector is controlled by a power transistor TIP122.
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Chapter 4: EXPERIMENT AND EVALUATION

4.1. Experimenting and evaluating inductance energy recovery and storage
To evaluate the ability to recover and store inductance energy of manufactured
products that recover and store inductive energy.

Connection of recoverer, accumulator, energy control system in figure 4.1.

Figure 4.1: Diagram of the conction of the recoery uit, the storage unit,
the energy control system on the test model

Operate and adjust the controller so that the engine speed is stable at 750 rpm,
simulating the corresponding input signals. Observe and evaluate the information
on the data collection interface.
Experimental results
Figure 4.2 shows: Actual inductance energy recovered at engine speed ranges
(red line) reaches 570J at 750 rpm and tends to increase gradually as speed
increases, energy recovery pole at 1,090J at a speed of 2000 rpm. This energy
then tends to decrease gradually as the engine speed increase. It shows that the
recovery of inductance energy in the speed range 1500 - 2500 rpm is optimal.
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Figure 4.2: Inductance energy can be recovered according to the engine speed
The difference in value is about 4% between the theoretical recoverable
inductance energy and the actual recoverable energy.

4.2 Experimentally improving injector responsiveness

Experiment on the injector with two voltage sources: a current 12V battery source
and a 24V source from supercapacitors fully charged with inductance
electromotive from the ignition coils and injectors as shown in figure 4.3.

e LTI T

Figure 4.3: Experiment on the responsiveness of the injector
The parameters of the injector include: Resistance: R = 14,5Q, Inductance: L =
0,02H. Figure 4.4 and 4.5 show the current and voltage characteristics of the
injector at 12V from the battery and when using a 24V supercapacitors.
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Figure 4.4: Current and voltage characteristics of the injector when using a
12V battery

Figure 4.5: Current and voltage characteristics of the injector when using a
24V supercapacitors
Line 1 is the amperage of current through the needle representing increasing from
the time the injector is voltageed to the time the current is saturated, line 2 is the
voltage across the injector. When the operating voltage of the injector is
increased by two times, the response of the injector is increased by two times, or
in other words, the delay of the injector is reduced by 2 times.
T, 1
T, 2

Specifically, the experimental results showed that with a voltage of 24V applied
to the injector, the response time of the needle increased by 2 times from 1,59
x1073s at 12V to 0,8 x10 3s at 24V.
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4.3 Experiment on autmobile

In order to consider the power curve and the torque characteristic of the engine
installed on the test car, it is expected that these two characteristic curves will not
change when the vehicle is equipped with an energy recovery unit as shown in
figure 4.8. Thereby proving the stability of product research and application.

Figure 4.8: Research products are mounted on test automobile
7-seater car tested on Mustang Dyanometer MD-500 capacity test tape according
to ECE R15 cycle at automotive laboratory at Cu Chi Motor Sport.
Experimental results
The results of collecting data from the PowerDyne system during the test are
shown in figure 4.14.
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Figure 4.14: Features comparing engine power and torque with traditional
ignition system and ignition system fitted with inductive energy recovery
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Experimentation when a car operates with a traditional ignition system shows
that the maximum useful power reaches 90,2 kW at a speed of 5250 rpm and a
maximum torque of 100,7 Nm at a speed of 4000 rpm (PE and ME curves in
figure 4.14).

Experimental results when a car operates with an ignition system fitted with an
inductive energy recovery: maximum useful power reaches 89,6 kW at a speed
of 5250 rpm and a maximum torque of 99,8 Nm at 4000 rpm (PE’, ME’ in figure
4.14). The deviation of the values of the respective power and monent in different
speeds of the whole characteristic is <5% (in figure 4.14).

Test data characteristics (figure 4.15) exported and printed from the PowerDyne
data collection system showed product stability in 3 tests.

Mi Mustang Dynamometer Test Report wg

Updates, Documentation & Mara AL
X nabyne . com
O Call 1-330-963-5400

— CUCHI Motorsports —

E=m 291 Guos o 22, Tan Thans Aoi, Cu Chi E=m
— 5. e s o Vitndn —
Phonae: 0336300888 / - Fax: /

Date Printed : 2020/07/25 Filter Mode : FIR
Time Printed : 16:21 Filter Value : BO
Runi License Owner qui res Test Comments
1 51538 51 - 5 07/24 14:48 MY¥13 INHOVA 3TH STOCH
2 51538 S51h - 5 D7/24 14:49 MY¥13 INNOVA 3TH STOCE ZND RUN
3 51598 51k - 5 07/24 15:18 MY¥13 INNOVA 3TH CUSTOM MOBIN

1704 2147 2530 3033 3475 1913 4361 4803 5246 5633 6131

Figure 4.15: Characteristics to compare engine power and torque with ignition
system fitted with inductance energy recovery in 3 tests.
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Chapter 5: CONCLUSION
5.1 Conclusion
Research results of the thesis allow the following conclusions to be drawn:
- Building a physical and mathematical model for the system to recover
inductance energy on the injector using the supercapacitor system.
- Designing and manufactured models to recover inductive energy ignition coils.
- Designing and constructing the regenerative inductive energy monitoring
system with microcontroller application to ensure energy saving requirements.
Although the energy savings in each operation cycle are not large, with a lot of
cars and continuous operation, the energy savings are not small and this is a
suitable study for future trends.
- The actual recovered inductance energy is 4% smaller than theoretical
calculation.
Regenerative inductance energy is stored on the supercapacitor at 24V,
increasing the sensitivity of the injector up to 2 times compared to the original.
- Researched product is an energy recovery and storage unit, when mounted on a
real car, does not affect the vehicle's kinetics. Motor capacity and torque
characteristics are not significantly reduced (less than 5%) when installed with a
collector, storage, and application of inductive energy.
- Inductive energy researched and applied in cars has achieved initial efficiency,
contributing to an important foundation for the next researches on this issue.
5.2 Recommendation and future works
The researcher suggests that the topic can be developed in the following
directions:
- Study to evaluate efficiency as well as injection timing of high-resistor injectors
at a voltage of 24V to improve fuel mixture mixing and engine combustion.
- Calculate reduction of battery capacity and size when applying supercapacitors.
- Develop algorithm and programmed load distribution between alternator,
accumulators, supercapacitors.
- Calculate the energy from the phase of the alternator to charge the
supercapacitor system.
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