NGHIEN CU’U - TRAO DBOI

MO HINH HOA, BIEU KHIEN VA TOI UU DA MUC TIEU HE THONG LAM
MAT DONG CO SU’ DUNG BOM NUO'C BIEN TU BPIEU KHIEN PWM

MODELING, CONTROL, AND MULTI-OBJECTIVE OPTIMIZATION OF AN ENGINE
COOLING SYSTEM USING A PWM-CONTROLLED ELECTRIC WATER PUMP

Tang Ba Dai
Truong Pai hoc Cong nghié¢p Viét — Hung
Email: tbdaicnh@gmail.com

TOM TAT

Trong cdc hé théng quan Iy nhiét dong co, viéc dong thoi dam bdo on dinh nhiét va hiéu qua
nang lwong van la mét thach thire do ddc tinh phi tuyén ciia qud trinh truyén nhiét. Nghién ciru nay
dé xudt mot phwong phdp diéu khién dwa trén mé hinh dp dung cho hé thong lam mdt sir dung bom
nude dién tir diéu khién PWM. M6 hinh nhiét dang tép trung dwoc xdy dwng diea trén cdn bang nang
liong, két hop véi diéu khién phan hoi tuyén tinh theo trang thdi nhiét, nham diéu chinh leu lwong
chat lam mat theo trang thdi nhiét. Bai todan 16i wu da muc tiéu duwoc thiét lap dé can bdng gitta sai
léch nhiét @6 va tiéu thy nang lwong va dwoc giai bang thudt todn PSO. Két qud mé phong cho thdy
phirong phdp dé xudt cdi thién dang ké so véi bom co khi, véi thoi gian xdc ldp giam khodng 25-
30%, sai léch nhiét do giam hon 40% va nang luong tiéu thu giam 22-28%. Phdn tich Pareto xdc
dinh viing van hanh hiéu qud nang lwong trong khodng 135-170 W véi sai léch 1,6-2,6°C. Két qua
ching minh rang viéc tich hop diéu khién dwa trén mé hinh va téi wu da muc tiéu gép phan ning
cao hiéu ning hé thong, dong thoi cdi thién hiéu qua sir dung nang heong.

Tw khoa: Quan ly nhiét dong co; PWM,; Bom nudc dién tir; Te i wu da muc tiéu.

ABSTRACT

In engine thermal management systems, simultaneously ensuring thermal stability and
energy efficiency remains a significant challenge due to the nonlinear characteristics of heat transfer
processes. This study presents a model-based control approach for an engine cooling system employing
a PWM-controlled electric water pump. A lumped-parameter thermal model is developed based on
energy balance principles and integrated with a linear state-feedback controller to regulate coolant
flow according to the engine thermal state. A multi-objective optimization problem is formulated to
achieve a trade-off between temperature regulation performance and energy consumption, and is
solved using the Particle Swarm Optimization (PSO) algorithm. Simulation results indicate that the
proposed approach significantly outperforms the conventional mechanical water pump, reducing
settling time by approximately 25-30%, decreasing temperature deviation by more than 40%, and
lowering energy consumption by 22-28%. Pareto analysis identifies an energy-efficient operating
region corresponding to a pump power range of 135-170 W and a temperature deviation of 1.6-2.6
°C. The results demonstrate that integrating model-based control with multi-objective optimization
effectively improves overall system performance while enhancing energy efficiency.

Keywords: Engine thermal management; PWM control; Electric water pump, Multi-
objective optimization.
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1. MO PAU

Trong cac dong co d6t trong, hé thong
quan ly nhiét c6 vai trd quan trong trong viéc
duy tri nhiét d¢ lam viéc tdi uu, nang cao hi¢u
sudt, d6 bén va giam phat thai. Tuy nhién, &
cac hé thong lam mat truyén thong, bom nudc
co khi dugc dan dong truc tiép tor dong co nén
luu lugong chit 1am mat phu thudc vao tde do
quay, dan dén hién tuong 1am mat khong ti wu
& mot s6 ché do van hanh [5], [7]. Su phat trién
ctia cac hé thong diéu khién dién tr da thuc day
vi¢c ung dung bom nudc dién td (EWP), cho
phép diéu chinh luu lwvong chat lam mat doc lap
v6i toe do dong co, qua d6 ning cao hiéu qua
quan ly nhiét va giam tiéu thy ning lugng [5],
[13].

Bén canh d6, nhiéu nghién ctru di tng
dung cac phuong phap diéu khién va téi wu hoa
nham ning cao hiéu ning ciia hé théng lam mat
dong co [8], [12], [16]. Tuy nhién, phan 16n cac
nghién ctu mai tap trung vao tung khia canh
riéng 16 nhu m6 hinh héa nhiét, diéu khién luu
luong hodc t6i wu hoa niang lugng. Viéc tich
hop dong thoi mo hinh nhiét, didu khién va toi
wu da muc tiéu dé can bang gitta d6 6n dinh
nhiét va hiéu qua niang lugng van con han ché
[4], [6], [9], [10], [14].

Xuit phat tir thyc t& d6, nghién ctru
nay xay dung mot phuong phap tich hop cho
hé théng 1am mat dong co sir dung bom nudc
dién tir diéu khién PWM, két hop diéu khién
phan hoi trang thai va tdi vu da myc tiéu bang
thudt toan PSO. Hiéu ning cua hé thong dugc
danh gia thong qua céc chi tiéu vé do 6n dinh
nhiét, dac tinh dap ung va hi¢u qua s dung
ning luong. Pong thoi, tip nghiém Pareto duoc
phan tich nham xéc dinh vung van hanh tbi uu,
bao dam su can bang giita hiéu qua lam mat va
hiéu qua nang lugng cta hé thong.

2. PHUONG PHAP NGHIEN CUU
2.1. P6i twong va pham vi nghién ciru

Nghién ctru tap trung xay dung va danh
gia phuong phap diéu khién t6i uu cho hé thong
lam mat dong co sir dung bom nudc di¢n tir
diéu khién PWM, két hop mé hinh nhiét, diéu
khién phan hoi trang thai va tdi vu da muc tiéu
bang thuét toan PSO nham nang cao d6 6n dinh
nhiét va giam ning lugng tiéu thy cua hé thong.

Déi twong nghién ctru 1a hé théng lam
mat ciia dong co xing 4 xi-lanh thang hang
dung tich 2,0 L, gém 4o nuoc lam mat, két tan
nhiét va bom nudc dién tor c6 cong suét 100-
300 W. Céc diéu kién khao sat dugc lya chon
trong ving lam viéc dién hinh cia dong co,
v6i nhiét dd 1am viéce tdi wu tir 85-95°C va luu
luong chat lam mat tir 0,1-0,3 kg/s.

Pham vi nghién ctru tap trung danh gia
ddc tinh nhiét, chat luong diéu khién va hiéu
quéa ning luong cua hé thng thong qua mo
phong; khong xem xét phan bd nhiét cuc bd
trong cac chi tiét dong co.

2.2. M6 hinh toin hoc hé théng

H¢ théng lam mat dugc md hinh hoa
theo phuong phép tham sé tip trung véi hai
bién trang thai la nhi€t do dong co (T ) va nhiét
do chat 1am mat (T ). Bién diéu khién cua hé
thong 1 hé s6 didu ché PWM cua bom nudc
dién tir. Cac thong s6 va tham sb chinh st dung
trong mo hinh dugc trinh bay trong Bang 1. Cac
tham sb nay duoc lya chon tir cac tai li¢u tham
khao va hi€u chinh phu hop véi dac tinh cua
dong co xang dung tich 2,0 L nhim bao dam
tinh phu hop trong diéu kién van hanh thyc té
ctia hé théng 1am mat.
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Bdng 1. Cdc thong s6 dau vao va tham sé ciia mé hinh nhiét hé thong lam mat dong co.

Ky hiéu Dai lugng Gia tri Pon vi
C, Nhiét dung trong duong ctia dong co 4,5x10* J/K
C. Nhiét dung twong dwong ctia chat 1am mat 8,0x10° J/K
A Dién tich trao d6i nhiét hiéu dung 0,85 m?

c, Nhiét dung riéng ctia chat 1am mat 4180 J/(kg'K)
kp Hé s dic trung ciia bom dién 0,30 kg/s
Ap Chénh 4p trung binh ciia hé thong 5x10* Pa
M Hiéu suit bom dién 0,70 -
o Nhiét do lam viéc muc ti€u 90 °C
. Nhiét d¢ chat lam mat dau vao 80 °C
Quen Cong suat nhiét sinh ra tir dong co 15-45 kW
Dua trén nguyén ly can béng nang luong m= kp.D 4)

va ly thuyét truyén nhiét d6i luu [2], dong hoc
nhié¢t cua h¢ thong dugc mo ta boi cac phuong
trinh sau:

Phuong trinh dong luc hoc: Hé phuong
trinh nang lugng:

dT,
CEE = ng_ h‘q(Te - Tc) (1)

dr, :

Cc - = hA(T, — T) — nicp(Tc — Tin)(2)
Mo hinh truyén nhiét d6i luu: Hé sb

truyen nhiét doi luu duoc xac dinh thong qua cac

s0 vO thir nguyén Reynolds, Prandtl va Nusselt:

Nu = f(R,,P.),Nu = 0,023Re%EPr%4(3)
M6 hinh bom dién PWM: Quan h¢ gitra

hé s6 PWM va luu lugng chét lam mat dugc
xap xi tuyén tinh trong vung van hanh khao sat:

Trong do: kp 1a hé sb dac trung cua bom.
Quan h¢ tuyén tinh dugc 4p dung trong dai hé
s6 PWM tir 30% dén 100%.

bé diéu chinh nhiét do lam viéc cua

dong co, luat didu khién phan hoi trang thai
dugc xay dung dudi dang:

D = Ki(T; — Tref) + K(T, — Tin) Q)

?roqg do, K, va K, 1a cac h¢ s6 diéu
khi€n can t6i wu, T _ 13 nhi¢t d0 muc tiéu cua
hé thong. Gid tri PWM dugc gidi han trong
khoang 0 <D < 1 nham bao dam diéu kién 1am
viéc cua bom dién tir.

2.3. Thiét Iap bai toan t6i wu va diéu kién md phong

Cac hé s6 diéu khién (K)) va (K,) dugc &
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xac dinh théng qua bai toan ti uu da muc tiéu
nham can bang gitra d§ 6n dinh nhiét, muc ti€u
thu nang luong va d dao dong nhiét ciia hé thong:

Bai toan dugc xay dung:
min _[h®
K, K, T = e (6)

Trong do:
J,(K): Ham muyc tiéu danh gia do on
dinh nhiét;
J,(K): Ham muc ti€u danh gid nang
lugng tiéu thy;
K, K,: Cac tham s6 diéu khién can toi wu.

Thuat toan PSO dugc str dung dé xac
dinh cac tham sb diéu khién tdi wu véi 40 hat,
100 vong lap, hé ) quén tinh w = 0,7 va cac
hé s6 ca thé, hé sb bay dé}n lan luot 1a c, =15
Vé‘l‘Cz = 1,5. Céc tham s0 nay dgqc lua chon
nham bdo dam kha nang hoi tu 6n dinh trong
qua trinh tbi uu.

Pé danh gia sy danh dbi gitra d6 on
dinh nhiét va hiéu qua nang lugng, tap nghiém
Pareto duoc xay dung thong qua nhiéu lan t6i
uu véi cac bd trong s6 khac nhau cta ham muc
tiéu tong hop. Cac nghiém khoéng bj trdi duoc
st dung dé xac dinh vung van hanh hi¢u qua
ctia hé thong.
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Hinh 1. Qua trinh hoi tu cia thudt toan PSO

Hinh 1 cho thiy gid tri ham muc tiéu
giam nhanh trong giai doan dau va gan nhu 6n

dinh sau khoang 70-80 vong lap, chung to thuat
toan dat dugc nghi¢ém hdi tu 6n dinh véi cau
hinh da lya chon.

Diéu kién mé phong: M6 phong duoc
thyc hién trén dong co xang 4 xi-lanh 2,0 L vdi
tai nhiét thay doi theo ba muc 15 kW (0-400
s), 30 kW (400-800 s) va 45 kW (800-1200 s).
Nhiét d6 moi truong dugc gia thiét 25°C, nhiét
d6 ban dau cua dong cova chit lam mat lan luot
la 35°C va 40°C, nhiét d0 muc tiéu la 90°C.
M6 phong duoc thuc hién trong MATLAB véi
budc thoi gian 0,1 s. Cac chi tiéu danh gia gobm
thoi gian xac 1ap, sai 1éch nhiét do on dinh,
RMSE, ITAE va cong suét tiéu thy ctia bom.

3. KET QUA VA THAO LUAN

3.1. Panh gia dic tinh nhiét va tinh hop ly
ciia mo hinh

Hiéu ning cta hé thong duoc danh gia
thong qua moé phong véi ba phuong phap: bom
co khi, diéu khién PID va bom nuéc di¢n tur
diéu khién PWM két hop t6i wu PSO. Két qua
trén Hinh 2 cho thay phuong phéap dé xuét gitp
nhiét do dong co dat gia tri muc tiéu nhanh hon,
déng thoi giam dao dong nhiét va sai 1éch nhiét
dd so voi cac phuong phap con lai.
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Hinh 2. Pdp img nhiét dg dong co va chat lam mat

Céc chi tiéu trong Bang 2 cho thay
phuong phap diéu khién PWM-PSO cai thién
dang ké hiéu ning ctia hé thong, véi thoi
gian xac lap giam khoang 27%, RMSE giam
hon 40% va cong suat tiéu thu ciia bom giam
khoang 26% so v&i bom co khi.
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Bdng 2. So sanh cdc chi tiéu déap vmg nhiét gita bom co khi va diéu khién PWM

Chi tiéu Bom co khi PID PWM-PSO
Thoi gian x4c 1ap (s) 820 690 600
Sai 1éch 6n dinh (°C) 3,5 2,5 2,0
RMSE (°C) 2,85 2,10 1,65
ITAE 1850 1240 980
Cong suat bom (W) 190 150 140

Dé danh gia tinh hop 1y ctia mo hinh, két
qua mo phong dugc ddi chiéu véi tai liéu tham
khao [5]. Sai sb gitta m6 hinh d& xuat va dit liéu
tham khao dao dong trong khoang 5-8%, cho
thiy mo hinh c6 kha nang phan anh tuong dbi
chinh xac dac tinh nhiét va xu hudng tiéu thu
nang luong cua hé thong. Mic du nghién ctu
moéi dimg & mo phong, cac két qua thu duoc
cho thdy mé hinh cho d¢ tin cay phu hop dé
danh gia qua trinh diéu khién va t6i wu hoa hé
thong.

3.2. T6i wu da muc tiéu va hiu qua ning
lwgng

Bai toan tdi wu da muc tiéu duoc xay
dung nham can bang giita sai léch nhiét do
(RMSE) va cong sudt tiéu thu cua bom. Bién
Pareto thu duoc tir qua trinh t6i vu duge trinh
bay trén Hinh 3.

RAMSE (T}
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42|
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Cihng sud tidu thy cka bom (W)

Hinh 3. Bién Pareto gitta RMSE va céng sudt bom

Két qua cho thiy ton tai mdi quan hé
danh d6i 15 rét gitta do 6n dinh nhiét va higu
quad nang lugng. Viéc giam RMSE doi hoi tang
cong suit bom dé nang cao luu lwong chat lam
mat, trong khi giam cong suét tiéu thu s& lam
gia tang sai 1éch nhiét do cua hé thong.

Phan tich bién Pareto cho thiy ving
van hanh hiéu qua nang lugng tuong tng voi
RMSE tir 1,6-2,6°C va cong suat bom tir 135-
170 W. Diém van hanh duoc lua chon nim gén
diém udn ciia bién Pareto, noi c6 thé giam dang
ké cong suat tiéu thu ma chi lam ting nho sai
Iéch nhiét do.

Két qua mod phong cho thiy phuwong
phap diéu khién PWM gitip giam cong suat
trung binh tir 180 W xudng 140 W va giam
nang luong tiéu thu tir 216 kJ xudng 160 kJ,
tuong tmg muc tiét kiém khoang 22-26% so
v6i bom co khi, dong thoi van duy tri nhiét do
lam viéc trong vung tdi wru. Diéu nay cho thy
viéc két hop diéu khién PWM va t6i wu da muc
tiéu bang PSO c6 tiém ning nang cao ca do 6n
dinh nhiét va hiéu qua st dung nang lugng cua
hé thdng lam mat dong co.

3.3. Thao luan

Két qua nghién ctu cho thdy phuong
phap diéu khién PWM két hop t6i uwu da muc
tiéu bang PSO mang lai hiéu qua quéan 1y nhiét
va hiéu qua ning luong cao hon so v6i mot sd

nghién ctru da cong bo. Cu thé, nghién clru cta &~
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Ermakov va cong su [5] su dung diéu khién
thich nghi cho bom nudc dién tir dat mrc giam
sai 1éch nhiét do khoang 30% va gidam nang
luong ti€u thu khoang 20%, trong khi nghién
clru cua Zhang va cong su [15] ghi nhan muc
cai thién tuwong ung khoang 35% va 22%. Trong
nghién ctru nay, sai 1éch nhiét do giam khoang
42% va nang lugng tiéu thu giam khoang 26%,
cho thay viéc két hop dicu khién phan hoi trang
thai v6i t6i vu da muyc tiéu c6 kha ning nang
cao déng thdi do 6n dinh nhiét va hiéu qua
nang luong cua hé théng 1am mat dong co. Tuy
nhién, nghién ctru van con han ché do str dung
mo hinh nhiét dang tap trung va méi dung ¢ mé
phéng; do d6 can thuc hién kiém ching thuc
nghiém trong cac nghién ctru tiép theo. Két qua
thu duoc cling phu hop véi xu hudng nang cao
hiéu qua quan ly nhiét dugc bdo cdo trong céac
nghién ciru gan day vé hé thong 1am mat dong
co va thiét bi dién cong suat [1], [3], [9].

4. KET LUAN

Nghién ctru da xay dung mo hinh nhiét
va dé xuat phuong phap diéu khién phan hoi
trang thai cho hé thdng 1am mat dong co st
dung bom nudc dién tir diéu khién PWM, két
hop t6i wu da muc tiéu bang thuit toan PSO.
Két qua md phong cho thiy phuong phap dé
xuét giup giam khoang 27% thoi gian xéc 1ap,
43% RMSE va 26% nang luong tiéu thy so véi
bom co khi. Phan tich Pareto xac dinh ving van
hanh hiéu qua nang lugng trong khoang 135-
170 W, bao dam su cin bang giira d6 6n dinh
nhiét va hi¢u qua nang luong. Tuy nhién, cac
két luan chi yéu phan anh xu hudng cai thién
hiéu ning dudi cac gia thiét mo hinh hoa da dat
ra. Trong tuwong lai, can thyuc hién kiém chimg
thuc nghiém va hoan thi¢n mo hinh nham nang
cao do chinh x4c va kha nang g dung thuc
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