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Tém tat

Nghién cifu danh gia anh hudng riéng ctia cdc tham sb ty 1&, tich phin va vi phan dén luc dong banh xe trong hé treo chi
d6ng mo hinh mét phin tu xe. M6 hinh hai bac tu do dude xdy dung trén MATLAB/Simulink va kich thich bang mit dudng
ngau nhién cip E theo ISO 8608. Kha ning bam dudng dugc ddnh gia qua gia tri cin trung binh binh phuong cta luc dong
banh xe. Mién khéi tao tham sb dudc xac dinh tif rang budc Iuc chip hanh; thuit toan Nelder-Mead dudc dung dé tim bd
tham s6 co s, sau d6 phuong phép thay ddi ting yéu t6 duge 4p dung dé khio sit titng hé s6. Bo tham s6 co s6 1am giam
gia tri cin trung binh binh phuong tir 484,907 N xubng 309,358 N, tuong ting 36,2% so vé6i ciu hinh hé treo bi dong tham
chiéu. Két qua ddi chiing véi thuat todn t6i uu biy dan cho thiy nghiém tt nhét ctia hai phuong phép gan tuong duong.
Khao sit riéng 1é cho thiy tham s6 ty 1& dnh hudng 16n nhét, tiép theo 12 tham sb vi phan, con tham s tich phan anh hudng
nhd, véi ty phan tuong dbéi 1an lugt 1a 77,6%, 21,0% va 1,4%. Két qua cung cip cd s6 dinh lugng cho lua chon tham sb diéu
khién nhim cai thién kha ning bam duong trong gi6i han luc chip hanh.

Tir khod: hé treo chii dong; bd didu khién ty 1é—tich phan—vi phan; luc dong banh xe; mo hinh mdt phan tu xe; kha ning bam
dudng.

EFFECTS OF PID PARAMETERS ON DYNAMIC TIRE FORCE IN A QUARTER-CAR ACTIVE
SUSPENSION MODEL

Abstract

This study evaluates the individual effects of proportional, integral, and derivative gains on the dynamic tire force of a
quarter-car active suspension. A two-degree-of-freedom model was developed in MATLAB/Simulink and excited by an
ISO 8608 class-E random road profile. Road-holding performance was assessed using the root-mean-square dynamic tire
force. An initial parameter region was established from the actuator-force constraint; the Nelder-Mead algorithm was used
to determine a baseline parameter set, followed by a one-factor-at-a-time analysis of each gain. The baseline set reduced the
root-mean-square value from 484.907 N to 309.358 N, corresponding to a 36.2% improvement over the passive reference
suspension. A comparison with particle swarm optimization showed that the best solutions obtained by the two methods
were nearly equivalent. The individual analyses showed that the proportional gain had the largest effect, followed by the
derivative gain, whereas the integral gain had only a minor influence. Their relative contributions were 77.6%, 21.0%,
and 1.4%, respectively. The results provide a quantitative basis for selecting PID parameters to improve road-holding
performance while satisfying the actuator-force constraint.

Keywords: active suspension; proportional-integral-derivative controller; dynamic tire force; quarter-car model; road-
holding performance.

https://doi.org/10.31814/stce.huce2026-20(3)-04 © 2026 Truong Dai hoc Xay dung Ha Noi (DHXDHN)

1. Gii thiéu

Hé théng treo thuc hién dong thdi hai chiic ning quan trong: han ché dao dong truyén tir miit
dudng 1én than xe va duy tri tiép xiic giita banh xe v6i mit dudng nhiam bao dam kha ning bam dudng
va 6n dinh chuyén dong [1]. Tuy nhién, hai yéu cAu ndy ton tai quan hé ddnh d6i, bdi giam dao dong
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than xe khong phai lic ndo ciing dong nghia v6i gidm dao dong tii trong banh xe. Khi 6 t6 chuyén
dong trén mit dudng khong bang phang, bién dang ctia 16p va dao dong ciia khdi lugng khong dugc
treo lam tai trong thang ding tai banh xe bién thién quanh gid tri tinh. Bién do bién thién 16n c6 thé
lam suy giam kha ning truyén luc doc va luc ngang ctia 16p, tit d6 anh hudng dén hiéu qua phanh, dan
huéng va 6n dinh ctia 6 t6 [2]. Vi vy, luc dong banh xe can dudc xem xét nhu mot chi tiéu doc 1ap
khi ddnh gid kha ning duy tri tiép xtic 16p—dudng ctia hé thong treo.

Déi v6i hé thdng treo thu dong, do ciing 10 xo va hé s6 giam chin dugc xac 1ap tir giai doan thiét
ké va khong thay ddi theo trang thdi van hanh. Mot bo thong sd phit hdp v6i mot diéu kién mit duong
hoic dai tan nhit dinh c6 thé khong con phit hop khi do nham mit dudng, van téc hoic tai trong xe
thay ddi. Viéc ting do ciing hodic hé sd gidm chin c6 thé han ché hanh trinh tuong dbi ctia hé treo,
nhung dong thdi lam ting dao dong truyén 1én than xe hoidc dao dong tai trong banh xe. Do chi sir
dung cic phan ti thu dong, hé thdng khong thé chii dong tao luc bu theo su bién thién ctia kich thich
mit duong [3]. Hé thong treo chi dong khac phuc mot phan han ché nay biang cich bd sung co cu
chip hanh gitta khdi lugng dudc treo va khdi luong khong dudc treo. Thong qua tin hiéu phan hoi, co
chu chip hanh tao luc diéu khién dé thay d6i ddp ting dong luc hoc ctia hé théng, qua d6 cho phép
uu tién do ém diu, hanh trinh hé treo hodc kh ning duy tri tiép xic 16p—dudng. Hiéu qua dat dugc
phu thudc khong chi vao luit diéu khién ma con vao tin hiéu phan hoi, chi tiéu danh gia va kha ning
tao Iuc clia co cu chip hanh [4]. Trong diéu kién thuc té, ddp Ung clia hé treo chi dong con chiu anh
hudng ctia cong suit, do tré, biang thong va gidi han luc [5]. Do d6, mifc cii thién chi tiéu dong luc
hoc can dugc dinh gid dong thdi véi kha ning dép ting clia co cAu chip hanh.

Trong sb cac phuong phap diéu khién hé treo chi dong, bo diéu khién ty 1é—tich phan—vi phan
(PID) dugc st dung kha phd bién nhd ciu triic don gian, s6 lugng tham s it va thuén 1¢i khi trién khai.
Mot sb nghién cifu da 4p dung PID cho mé hinh mot phan tu xe va cho thiy kha niing cai thién dap
ting dao dong ctia hé thong [6]. Bén canh ciu triic diéu khién, diéu kién kich thich ciing 4nh hudng
truc tiép dén két qua danh gid. Bién dang mit dudng ngiu nhién theo ISO 8608 cho phép md ta do
nham mit dudng thong qua mat do phd cong suét va dudc st dung rong rii trong phan tich dao dong
phuong tién [7, 8]. So véi kich thich dang bac hoic diéu hoa don, kich thich ngiu nhién chifa nhiéu
thanh phan tan s6 va phan anh phu hop hon dic diém bt quy tic cia mit dudng. Vi vy, st dung cling
mot bién dang mit dudng, van toc va thdi gian md phong 13 diéu kién can thiét dé€ bao dam su khac
biét gitta cac két qua chi yéu xuét phat tir thay d6i tham s diéu khién.

Céc nghién ctiu vé diéu khién PID cho hé treo chi dong chii yéu tap trung thiét ké hoic tdi uu bod
tham s6 va danh gi4 hiéu qua tdng thé ctia hé thdng [6, 9—12]. Cach tiép cin nay cho biét bd tham sb
nao tao ra dap ting tbt trong diéu kién khao sat, nhung chua 1am rd6 mot cach c6 hé théng xu huéng va
muc do anh hudng riéng ctia tiing hé sb dén gia tri cin trung binh binh phuong ctia luc dong banh xe.
Khi ba hé s6 thay ddi dong thoi, tic dong riéng ctia tiing thanh phan khé dugc tich biét; dong thdi,
mot nghiém thu dugc tir bai todn ti wu khong phan dnh diy di su bién thién cla chi tiéu trén toan
mién tham s6. Ngoai ra, néu khong xét dén gidi han luc chip hanh, mifc giam luc dong banh xe c6
thé dat dudc bang mot luc diéu khién khong kha thi vé mit ky thuat. Do d6, can khio sat riéng tling
hé s6 trong cuing diéu kién md phong, trong khi giit ¢d dinh hai hé s6 con lai va loai b nhiing trudng
hop vi pham gidi han Iuc chip hanh.

Tir khoang tréng trén, nghién cifu nay huéng dén dinh lugng dnh hudng riéng ciia ba hé s6 PID
dén luc dong banh xe trong hé treo chii dong mo hinh mot phan tu xe. Trude hét, mot bd tham s6 co
s& dudc xdc dinh bang thuat toan Nelder—-Mead trong mién c6 xét dén gidi han luc chdp hanh va dugc
ki€m chiing bang thuit toan tdi vu bay dan trong cung diéu kién khao sit. Sau do, tiing hé sé dudc
thay d&i riéng trong khi hai hé s6 con lai dudc giit c6 dinh nham x4c dinh xu huéng bién thién, mic
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cai thién va mic anh hudng tuong d6i. Péng gép chinh clia nghién ciiu 1a xay dung quy trinh két hop
diém 1am viéc co s, rang budc luc chip hanh, ki€m ching phuong phép t6i uu va phan tich riéng
tiing tham sd, qua d6 ho trg nhan biét tham sb chi phdi va lua chon mién hiéu chinh PID theo muc
tiéu giam dao ddng luc dong banh xe.
2. M6 hinh dong luc hoc va chi tiéu danh gia kha nang bam dueng
2.1. Mo hinh todn hé treo mdt phan tu xe

M0 hinh mot phan tu xe 12 md hinh dong Iuc hoc don gian héa, thudng dudc st dung trong phin
tich dao dong thang diing ctia hé thong treo 6 to [9, 13]. Cu tric ctia hé treo bi dong va hé treo chi
dong trong mo6 hinh mot phan tu xe dudc trinh bay trén Hinh 1. Hé treo chi dong dugc bd sung co
chu chip hanh tao luc diéu khién F,(¢) giita khdi lugng dudc treo va khoi lugng khong dudgc treo. Céc
thong s6 va ky hiéu sit dung trong mé hinh dudc téng hop trong Bang 1.

Ap dung dinh luat II Newton cho hé thdng treo chti dong, cic phuong trinh chuyén dong dudc viét
nhu sau [13]:

{mszs = —ks - (25 — 2u) — €5(Zs — Zu) + Fa(?) )
myZy = ks - (25 — 2u) + ¢5(Zs = Zu) — ki(zu — 2) — Fa()
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(a) Treo bi dong (b) Treo cht dong
Hinh 1. M6 hinh mdt phan tu xe ctia hé thong treo

Bang 1. Céc thong s6 dic trung ctia mo hinh hé treo mot phan tu xe

Thong s6 Ky hiéu Pon vi
Khbi lugng treo ng kg
Khéi lugng khong treo my, kg
Do cing cuia 10 xo than xe kg N/m
Hé s6 giam chin Cs Ns/m
Do cting ctia 16p k; N/m
Luc diéu khién ctia co ciu chip hanh F, N
Dich chuyén than xe s m
Dich chuyén banh xe Zu m
Chuyén vi mit dudng Zr m

Mb hinh mot phan tu xe thudng dudc st dung trong cic nghién ciiu mo phong hé treo chii dong
diéu khién bang PID trén MATLAB/Simulink do c¢é ciu tric don gian, s bac tu do it va thuan 1gi cho
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viéc xdy dung phuong trinh dong luc hoc. Mic du 1a md hinh rit gon, mo hinh nay van mo ta dudc
cac dic tinh dao dong thiang diing co ban ciia khéi lugng dudc treo va khéi lugng khong dudc treo,
nén phi hop cho phan tich diéu khién hé thong treo va khao sit anh hudng clia cac tham sd bo diéu
khién [3, 9, 13].

2.2. Mo hinh kich thich mdt duong

Bién dang mit dudng 1a dau vao kich thich chinh tic dong 1én hé thdng treo va truc tiép chi phbi
dic tinh dong luc hoc cta luc tiép xic 16p—miit dudng F, [4]. Do d6, viéc mo hinh héa chinh xic dau
vao nay 1a can thiét cho c4 qua trinh thiét ké va ddnh gia bo diéu khién PID. Trong nghién ctiu nay,
kich thich mit dudng dugc md hinh héa theo tiéu chuin do nhdm mit dusng ISO 8608 [7].

Cic bé mit dudng thuc t& c6 cac bat thudng ngiu nhién, cé thé dudc dic trung vé miit théng ké
bing tiéu chuin ISO 8608. P nham mit dudng dudc biéu dién biang mat do phd cong suit (PSD) ciia
tin hiéu chuyén vi mit dudng [7].

Ga(n) = Ga(ng) - (n%) 2)

trong d6 G 4(n) 12 PSD mit dudng tai tan sd khong gian (n); G4(ng) 12 hé sb do nhdm mit dudng tham
chiéu tai ng = 0,1 m™'; w 1a s6 mii do gon séng, thudng bing 2.

Kich thich mit dudng dudc tao theo tiéu chuin ISO 8608 bing phuong phép loc nhiéu trang [7, 8].
Theo tiéu chudn nay, dd nham mit dudng dugc phéan loai thong qua hé sd G,, nhu trinh bay trong
Bang 2.

Bang 2. Phan loai d nham mat dudng theo ISO 8608

Cip dudng G, (m®/chu ky) Loai bé miit
A 16-107° RAt nhin
B 64-1076 Nhén
C 256 -107° Trung binh
D 1024 -107° Go ghé
E 4096 - 1076 Rét gb ghé
F 16384 -107° Pudng dia hinh

Trong nghién ctiu nay, mit dudng cip E dudc sit dung d€ mo phong diéu kién mit duong rat gb
ghé. Khi sit dung miit dudng cip E, van toc xe cin dudc lua chon phit hop vi cudng do kich thich dong
ting theo vén tdc chuyén dong. Néu van toc qua thip, dap ting dao dong clia hé treo khong thé hién 16
su khéc biét gitta hé treo bi dong va hé treo chi dong. Ngudc lai, néu van tdc qua cao trén mit dudng
rit gd ghé, luc dong banh xe va luc diéu khién c6 thé ting manh, 1am ddp dng dé vuot khéi mién 1am
viéc hop ly ctia co ciu chip hanh. Do d6, nghién ctiu chon V = 20 m/s nham tao kich thich di 16n dé
dénh gia 4nh hudng cla céc tham s PID, dong thdi van duy tri diéu kién mo phéng phu hop véi gidi
han Iuc chip hanh, cing mot chudi nhiéu tring va cung diéu kién khéi tao dudc st dung trong tit ca
céc trudng hop mod phong dé bdo ddm su khéc biét két qua chi xuét phat tir sy thay d6i tham sb diéu
khién. Véi gia thiét s6 mii d6 gon song w = 2 bién dang mit dudng ¢ thé dudc tao bing phuong phap
tich phan nhiéu trang. Khi chuyén tit mién khong gian sang mién thdi gian véi van téc xe V, phuong
trinh tao kich thich mit dudng dugc bi€u dién nhu sau:

2p(t) = 2nng /G 4V w(t) (3)
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trong d6 G, 1a hé s6 do nham mit dudng theo tiéu chudn ISO 8608; V 1a van tdc chuyén dong ciia xe;
no = 0,1 m™! 1a tan s6 khong gian tham chiéu; w(r) 1a qud trinh nhiéu tring don vi; z,(¢) 1a chuyén vi
mat dudng.
2.3. Ddnh gid khd ndng bdm duong
a. Luc dong banh xe

Kh4 niing bam dudng c6 lién quan chiit ché dén kha ning duy tri tiép xudc lién tuc v6i bé mit
dudng ctia 16p [4]. Luc dong banh xe biéu thi su bién thién cla tai trong 16p xung quanh gi4 tri can
bing clia né trong qua trinh xe van hanh. Dao dong qua mifc clia luc dong banh xe c6 thé dan dén
hién tugng gidm tai 16p, tir d6 lam gidm chét lugng tiép xiic 16p—mit dudng va 1am suy giam &n dinh
diéu khién ctia xe [4]. Trong md hinh hé treo mot phan tu xe, tuong tic 16p—miit dudng dudc biéu dién
bing luc dong banh xe. Luc dong banh xe dudc biéu dién nhu sau [3, 14]:

Fi= kt(zu - Zr) (4)

b. Tri s6 cin trung binh binh phuong luc dong banh xe
Dé€ danh gid muic do dao dong tong thé clia luc dong banh xe, gid tri cin trung binh binh phuong
(RMS) dudc st dung 1am chi tiéu ddnh gid [4]. Tri s6 RMS dudc x4c dinh nhu sau

T
RMS(F;) = % f FX(ndt (5)
0

trong d6 F;(t) 1a luc dong banh xe tai thoi diém ¢, don vi N; T 12 tong thdi gian md phdng, don vi s;
RMS(F;) 1a tri sd cén trung binh binh phuong ctia Iuc dong banh xe trong khoang thdi gian khéo sat,
don vi N.

Tri s6 RMS biéu thi do 16n hiéu dung ctia dao dong Iuc banh xe trong toan bo thdi gian mo6 phong.
Tri s6 RMS thip hon cho thdy dao dong tai trong 16p nhé hon va tiép xic 16p—miit dudng &n dinh hon.
Do dé, tri s6 RMS(F;) thip hon tuong ting v6i kha ning bam dudng tot hon [4, 15]. Hiéu qué ctia hé
théng treo chi dong diéu khién bang PID dudc ddnh gid bing cich so sanh cic tri s6 RMS cia luc
dong banh xe trong ciing diéu kién van hanh. Bo diéu khién cho tri s&6 RMS(F,) thip nhit dugc xem
1a dat dugc kha niing bam dudng tot nhét [15].
2.4. Chi tiéu ddnh gid
a. Tri s6 RMS va gia tri cuc tiéu trong mién kha thi

Kh4 niing bam dudng dugc ddnh gia thong qua tri s&6 RMS(F,) tai Phuong trinh (5). Gi4 tri nay
biéu thi kha ning bam dudng tot nhat dat dudc trong qué trinh quét tham sb. Trong qud trinh khao sét
cac hé s6 PID, chi cic diém thda man gidi han luc chip hanh méi dugc xem 1a kha thi:

RMS,in = min {RMS(F,) : max |Fu(1)] < Fa’max} (6)
0<i<T

s iKa
b. Muic cai thién ctia hé treo chi dong so véi hé treo bi dong
DéE danh gia hiéu qua clia hé treo chii dong, gia tri RMS(F;) ctia hé treo chu dong dudc so sanh
vGi hé treo bi ddng. Mic cai thién dugc xac dinh nhu sau:
RMS(Fpass) = RMS(Fiact)
RMS(F' pass)

x 100% (7

Nact =

trong d6 RMS(F as) 12 gid tri RMS cida lyc dong banh xe trong trudng hop hé treo bi dong;
RMS(F;4ct) 12 gid tri RMS cua luc dong banh xe trong truong hgp hé treo chu dong.
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c. Miic cai thién RMS khi khao sét riéng tiing hé sb PID
Chi s6 ng biéu thi ty 1& giam RMS(F;) thu dugc khi chi thay d6i hé sd K, trong khi hai hé s6 con

lai dugc git tai gia tri co s6.
_ RMS) — RMSk min

RMS,
trong d6 RMSy 1a gia tri RMS cia lyc dong banh xe tai bd PID cd s6; RMS g min 12 gia tri RMS nhd
nhét dat dugc khi chi khao sét riéng hé s6 K, K; hodc K.

Nk x 100% ®)

d. Ty phan tuong dbi ctia miic cai thién OFAT

Ty phén tuong dbi duge st dung d€ so sanh mic déng gop tuong ddi cla céc hé sb K, K; va K,
so v6i tong muc cai thién ctia ba hé s6. Chi sb nay dudc st dung dé so sanh tuong dbi trong diéu kién
khao sat da chon, khong dai dién cho dong gép toan cuc va khong phan anh tuong tac gitta cac tham

sd PID.
nk

Kk = ——————— x 100% )
Nkp + Nki + Nkd

trong d6 Bk 1a ty phan clia mic cai thién do hé s K tao ra trong tdng miic cai thién thu dugc tif ba
khao sat OFAT.
3. B diéu khién PID
3.1. Cdu triic bé diéu khién PID

B0 diéu khién PID (Proportional-Integral-Derivative) gdm ba thanh phan ty 1é—tich phan—vi phan
dugc st dung dé tao luc diéu khién chi dong F, tic dung gifta khéi lugng dudc treo va khdi luong
khong dudc treo. Trong cic nghién ciu mo phdng hé treo chii dong md hinh mét phan tu xe, bo
diéu khién PID dugc st dung dé cai thién ddp ting dao dong ctia hé thdng [10, 11]. Pay 1a dang
diéu khién phan hoi c¢é ciu tric don gidn, dé trién khai va c6 thé dugc thiét ké, hiéu chinh trén
MATLAB/Simulink [12]. Muc tiéu ctia bd diéu khién 12 cdi thién kha ning bam dudng thong qua
viéc giam dao dong cuia luc dong banh xe.

e(t) = ki - [zu(®) — zx(1)] (10)

Luc diéu khién F, dugc tic dung thong qua cd ciu chip hanh chi dong nhim thay ddi dic tinh
dong luc hoc ctia hé treo va giam dao dong luc banh xe do kich thich mat duong gay ra [13-15]. Luc
diéu khién chii dong dudc tao ra theo luat diéu khién PID

de(t)
dt

t
Fu(t) = Kpe(r) + K,-f e(tydt + Ky (11)
0

trong d6 K, 1a hé s ty 1&, khong thi nguyén; K; 1a hé s tich phan, don vi s™! va K, 1a hé sb vi phan,
don vi s.

3.2. Vai tro ciia cdc thanh phdn PID dén luc dong bdnh xe

Céc hé sb PID anh hudng truc tiép dén luc diéu khién chii dong F,, tit d6 1am thay ddi chuyén
dong tuong dbi gitta 16p va mit dudng. Vi vay, miic do dao dong ciia luc dong banh xe F; ciing thay
d6i, din dén su khac nhau vé kha ning bim dudng ctia hé thong treo [11, 15]. Thanh phan ty 1€ K e(r)

!

tao ra luc diéu khién ty 1& véi sai léch tiic thdi ctia hé théng. Thanh phan tich phan K; f e(t) dt phan
0

4nh sai 1éch tich liiy theo thdi gian va thudng c6 tic dung dbi véi sai 1éch tan s6 thap hoic sai léch
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xéc 1ap. Thanh phan vi phan Ky de(t)/dt tao luc diéu khién ty 1& véi tbc do bién thién clia sai léch, c6
tac dung ho trg gidm cac dao dong nhanh ctia hé théng. Vi ba thanh phan PID c6 ban chét tic dong
khéc nhau, anh hudng riéng 1& ctia titng hé s6 dén kha ning bam duvng cin dudc danh gid bang mo
phong. Trong nghién citu nay, mic dnh hudng cia K, K; va K; dugc khao sat thong qua sy thay doi
ctia RMS(F;) bang phuong phap OFAT.
3.3. Thiét lgp diéu kién khdo sdt
a. X4c dinh mién khdi tao va mién khéo st

Mién khdi tao ctia cic hé s6 PID dudc xdc dinh dua trén rang budc luc chip hanh. T phuong
trinh (11), 4p dung bét dang thiic tam gidc, dong thdi phan bd gidi han luc chip hanh cho ba thanh
phan ty 1&, tich phan va vi phan thong qua cdc hé sb @, @; va a,. Do chua ¢6 ¢d s6 uu tién thanh phin
nao trong budc thiét 1ap mién khéi tao, nghién ciiu gia thiét gii han luc dugc phan b déu, ta co:

|Fa(t)| < KpEmax + Kilmax + KdDmax

! de(t)
Emax = max|e(f); Imax = max e(t)dt|; Dmax = max 7 (12)
0 t
1
aptaitag=1, apzai:adzg

trong d6 Emax, Tmax> Dmax 1n 1uot 13 gia tri cuc dai cda sai 1éch diéu khién, tich phan sai 1éch, dao
ham sai léch dudc xac dinh tit két qua mo phdng cia trusng hop tham chiéu hé treo bi dong trong
cung diéu kién médt dudng, van tdc va thdi gian md phong. Cac hé sd @), @; va a4 bi€u thi ty 1¢ phan
b& gidi han Iuc chap hanh cho ba thanh phan PID trong budc x4c dinh mién khdi tao.

Diéu kién ddm bo hoat dong co cAu chip hanh

KpEmax + Kilmax + KgDmax < Fa,max (13)

trong d6 F, max 12 gidi han bao hoa luc chap hanh. Tir gid thiét phan bé tai Phuong trinh (12), can trén
ctia cac hé s6 PID dudc xdc dinh nhu sau:

ap + Famax i - Famax @4+ Fomax
K __P > . K =—"" K = — 14
p,max Emax i,max Imax d,max Dmax ( )
Mién khdi tao dugc dinh nghia:
QY = [0, Kp.max] X [0, Kimax] X [0, K max] (15)
Mién khao sat dugc xdc dinh:
QY =10- QY (16)

Mién khéi tao tai Phuong trinh (15) phu thudc vao diéu kién kich thich mit dudng thong qua céc
gi4 tri Ennax, Tmax, Dmax dudc xdc dinh tif tién mo phéng. Trong nghién ciiu ndy, cc gid tri trén dudc
xé4c dinh v6i mit dudng ngiu nhién cp E theo ISO 8608, van tdc va thdi gian md phéng di chon. Do
kich thich ngiu nhién chiia nhiéu thanh phan tin s6, E . phan dnh mic ddp ting cuc dai clia sai 1éch,
Inax phan anh mic tich 1y ctia ddp ting, con Dy.x phan dnh tc do bién thién ctia ddp ting va do d6
chiu anh hudng rd hon clia cc thanh phan tan s6 cao. Vi vy, anh hudng cia cudng do va dic trung
tan sb ctia kich thich mit duong khong xuét hién truc tiép trong Phuong trinh (15), ma dugc dua vao
gian tiép thong qua ba dai luong dic trung nay. Khi cip dudng hoiic vén tbc thay ddi, cac gid tri Emax.
Imax, Dmax va mién khéi tao tuong Ung can dudc xac dinh lai.
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Cich x4c dinh nay gitp qua trinh t6i vu bat diu trong mién phu hop véi diéu kién kich thich va
rang budc Iuc chip hanh da chon, dong thdi cho phép khéo sat anh hudng ctia tiing hé s6 PID trén
mién rong hon. Mién khao sat tai Phuong trinh (16) chi 1a su md rong ctia mién khdi tao phuc vu phin
tich OFAT, khong biéu thi su thay ddi ctia tan s6 hodic cudng dd kich thich mat dudng. Gia thiét xem
mifc phan bd clia cc thanh phan 1a nhu nhau chi dudc st dung cho budc khdi tao, khong ham y ring
ba hé s6 PID c6 miic anh hudng nhu nhau dén RMS(F;). Mic d6 anh hudng thuc té ctia tiing hé s6
dugc danh gia thong qua phan tich d6 nhay bing phuong phap OFAT [16].

b. Thi vu héa bing thuat toan Nelder-Mead

B6 hé s PID cd sé dudc xdc dinh bang thuit toan Nelder—Mead. Day 1a phuong phap ti wu truc
tiép khong st dung dao ham, dua trén qud trinh bién d6i don hinh thong qua cac budc phan xa, gian
nd, co lai va thu hep dé€ tim cuc ti€u ctia ham muc tiéu [17]. Phuong phdp nay pha hgp véi céac bai
toan trong dé ham muc tiéu dugc danh gia thong qua md phdng sd va khong cé biéu thifc dao ham
giai tich rd rang. Trong céc nghién ctiu diéu khién, Nelder-Mead ciing da dudc sit dung dé tinh chinh
tham s6 PID va PID bac phén sb nham céi thién ddp tdng ctia hé thdng [18, 19]. Do Nelder-Mead 1a
phuong phép tim kiém cuc bd va chi dugc thuc hién trong mién khéi tao QE?), bo (K0, Kio, Kao0) dude
xem 1a bo PID co sd, khong phai nghiém t6i uu toan cuc trong toan bd khong gian tham s6. Trong
budc tiép theo, mién OFAT dudc md rong dén 10 Q(I?), do d6 gia tri nhd hon RMS c6 thé xuit hién
khi mot hé s6 dudc khio sat ngoai mién khdi tao. Ham muc tiéu t6i vu dudc xac dinh 1a gid tri ciin
trung binh binh phuong cia luc dong banh xe:

J(Kp, K, Ki) = RMS(F)) a7

trong d6 RMS(F/) 1a chi tiéu danh gia kha nang bam duong da dugc xac dinh § Phuong trinh (5). Do
d6, bai todn tdi wu dudc biéu dién nhu sau:

(K0, Kio, Kao) = arg min {RMS(F)) : (K, K;, Ka) € Q) (18)
(Kp,Ki,Ka)

c. Kiém chiing qua trinh xac dinh bd PID co s6

Dé kiém chiing qu4 trinh xdc dinh bo PID co s8, thuat toan ti uu bay dan PSO dudgc Iua chon 1am
phuong phap dbi ching do da dudc st dung trong t6i uu PID cho md hinh hé treo chii dong mdt phan
tu xe va c6 xem xét tdi dong banh xe [10]. Do thong s mo hinh, diéu kién kich thich va ham muc
tiéu trong [10] khac véi nghién ciiu hién tai, bd PID cong bd trong tai liéu khong dudc st dung truc
tiép. Thay vao d6, PSO dugc trién khai lai trén cing mé hinh, ciing mién Q(I?) , cung mat dudng ngau
nhién cap E, ciing ham muc tiéu RMS(F,) va cuing gidi han luc chip hanh v6i Nelder-Mead. Phép
ki€m chiing dudc thuc hién bd sung véi 10 diém khéi tao khac nhau trong Q(I?) . b€ bdo dam kha néng
danh gia do lip lai trong cung diéu kién, PSO ciing dugc thuc hién doc 1ap 10 1an. Viéc da khéi tao
Nelder-Mead trong phép kiém chiing nay chi nhiam danh gia anh hudng ctia di€ém bat diu va khong
thay thé quy trinh x4c dinh bd PID co sd tai muc b. Két qua kiém chiing dudc trinh bay va thao luin
tai Muc 4.1 cung v6i két qua xac dinh bd PID co sd.

d. Khio sit do nhay bing phuong phdap OFAT

Sau khi xdc dinh bd hé s6 PID co s (Kpo, Kio, Kao), phuong phap phén tich tung yéu t6 mot (a
one-factor-at-a-time — OFAT) dudc st dung d€ dénh gid 4nh hudng riéng 1é cta tiing hé sb PID dén
khd ndng bam dudng thong qua gia tri RMS(F,). Phuong phap OFAT dudc st dung d€ danh gid miic
d6 nhay ctia ddu ra mo6 phong dbi véi tiing tham sd dau vao bang cach thay d6i mot tham s6 trong khi
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gitt c¢b dinh cac tham s con lai [16]. Toan bo thong sb xe, cip mit dudng, thdi gian md phdng, van
téc xe va gi6i han luc chip hanh dugc giit khong ddi trong qua trinh kho sat.

RMS(F)) = f(K,, Ko, Ka0)
RMS(F;) = f(Kpo, Ki, Kao) (19)
RMS(F)) = f(Kpo, Kio, Ka)

Trong qud trinh OFAT, cic diém khao sét chi dugc xem la kha thi khi luc diéu khién khong vugt
qué gidi han luc chip hanh. Gi4 tri nho nhit cia RMS(F;) trong mién kha thi dugc ding 1am co s so
sanh gilia cdc trudng hgp khio sat. Cac diéu kién mo phong va thong s6 c¢b dinh dugc gili thong nhét
trong toan b qua trinh khao sat va dudc tdng hgp trong Bang 3.

Do nghién ctiu khong nhim tdi tao mot mau xe cu thé, cic thong s vat ly trong Bang 3 dudc lua
chon nhu mot cau hinh danh dinh trong mién gi4 tri da dugc st dung cho cdc mo hinh mot phan tu xe
tai [1, 2, 11, 13], thong sb mit dudng dudc xic dinh theo [7, 8]. V va T 1a diéu kién khéo sat; F4.max
1a rang buoc thiét ké; Epax, Tmax> Dmax dudc xdc dinh tir két qua tién md phong clia ciu hinh hé treo bi
dong tham chiéu. Cau hinh nay dugc xac 1ap trudc qua trinh xac dinh cac hé s6 PID va dugc st dung
1am hé treo bi dong tham chiéu. Tinh hop ly dong luc hoc ctia cAu hinh dugc kiém tra thong qua tan
s6 riéng va ty s6 can gan diing ctia dao dong than xe theo [1, 2]:

j— CS

2 Vksmy
trong d6, M va K 1an lugt 1a ma tran khoi lugng va ma trin do cling ctia mo hinh; w; va f; 1an ludt 1a
tan sd goc riéng va tan s riéng; £, 12 ty s6 can gan ding ctia dao dong than xe. V6i bo thong s trong
Bang 3, tan sb riéng clia dao dong than xe va dao dong banh xe 1an ludt xap xi 1,22 Hz va 11,43 Hz,
con £ xap xi 0,20. Céc két qua nay cho thdy ciu hinh dugc lua chon c6 dic trung dong luc hoc phu
hop d€ st dung 1am ciu hinh hé treo bi dong tham chiéu.

o
det(K — w?M) =0; fi = E s (20)

Bang 3. Céc thong s6 cb dinh sit dung trong md phong va khao siat OFAT

Thong s6 Ky hiéu Pon vi Gia tri
Khbi lugng treo my kg 250
Khéi lugng khong treo m, kg 40
Do cuing cua 10 xo than xe kg N/m 16.000
Hé s6 giam chan Cs N.s/m 800
Do ciing ctia 16p k; N/m 190.000
Cép dudng - - CipE
Do nham mit dudng G, m?®/chu ky 4096 x 107°
Van toc 1% m/s 20
Thoi gian md phong T S 10
Luc diéu khién tbi da F o max N 5.000
Gia tri cuc dai cia sai 1éch diéu khién Emax N 1.817,1474
Gia tri cyc dai cua tich phan sai 1éch Lnax N.s 184,7489
Gia tri cuc dai cia dao ham sai 1éch Dinax N/s 39.115,5976

4. Két qua md phong
4.1. Bdp iing tai bo PID co sd

Két qua mo phong tai bd hé sb PID co s& dugc trinh bay trong Bang 4 va Hinh 2. B hé s6 nay
thu dudc tir thuat toan Nelder—Mead véi diém khdi tao x( trong mién khao st Qg, do d6 bd PID co
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s6 théa man diéu kién kha thi ban dau da xac dinh tif rang budc luc chip hanh.

Hinh 2(a) cho thiy bién d9 luc dong banh xe ctia hé treo chi dong nhin chung nhé hon hé treo bi
dong. Do kich thich médt dudng c6 tinh ngu nhién, gia tri tic thoi F;4e ¢6 the 16n hon F pg tai mot
s6 thoi diém; vi vy hiéu qua téng thé dudc danh gid thong qua RMS(F,) trén toan bo thdi gian mo
phong. Gia tri RMS(F,) gidm tir 484,907 N dbi v6i hé treo bi dong xubng 309,358 N tai bd PID co
s8, tuong ting mifc cai thién 36,2%. Két qua cho thiy bo PID co s 1am giam bién thién tai trong banh
xe va qua d6 cai thién kha niing duy tri tiép xic 16p—mit dudng. Mic céi thién niy dugc xdc dinh so
v6i cAu hinh hé treo bi dong tham chiéu trong Bang 3 va khong dai dién cho mufc cai thién so véi mot
cAu hinh hé treo bi dong da dudc tbi uu doc 1ap theo RMS(F).

Hinh 2(b) cho thiy luc diéu khién F, dao dong quanh gid tri 0 va khong xuét hién hién tugng bio
hoa lién tuc. Gia tri luc diéu khién 16n nhét dat 1.073 N, thip hon ddng ké so véi gidi han 5.000 N da
thiét 1ap. Két qua nay cho thiy bd PID co s& théa man rang budc luc chip hanh trong diéu kién khao
sat. Cac chi tiéu tuong ting dudc tong hgp trong Bang 4.

Bang 4. Két qua xac dinh bd PID co s& va chi tiéu dap ting tai diém lam viéc co s&

Thong s6 Ky hiéu bon vi Gia tri
Mién khdi tao QF [0, K p max] - [0; 0,9172]
[0, K max] s7! [0; 9,0213]
[0, K4 max] s [0; 0,0426]
Piém khdi tao Nelder-Mead xo = [Kp, K, K" - [0,4586; 4,5106; 0,0213]
B6 PID ¢0 s6 (K0, Kio, Kao) - [0,5985; 4,5924; 0,0128]
Tri s6 RMS(F,) tai bd PID co s6 RMS, N 309,358
Tri s6 RMS(F) treo bj dong RMS(F pass) N 484,907
Cai thién RMS(F,) bo PID ¢ s6 Mact0 % 36,2
Gia trj luc diéu khién 16n nht max |F,(1)| N 1.073

2000

1000

Luc (N)

-1000

-2000
0

Thei gian (s)

(a) Lyc dong banh xe truong hgp chi dong va bi dong

-500 k il
-1000 L L 1 1 1 L L 1 =
0

1 2 3 4 5 6 7 8 9 10
Thei gian (s)

(b) Luc diéu khién
Hinh 2. Dap ting tai bo PID cd sd

Nham danh gia thém d tin cdy clia qud trinh xdc dinh bd PID cd s3, phép kiém chiing trinh bay
tai Muc 3.3c dugc thuc hién bang cich so sanh Nelder-Mead va PSO trong ciing diéu kién md phong.
Céc chi tiéu danh gid gdm nghiém t6t nhit, gia tri trung binh cia RMS(F;), s6 1an danh gia ham muc
tiéu va thdi gian tinh toan trung binh. Két qua dudc trinh bay trong Bang 5.
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Bang 5. Két qua dbi chiing Nelder-Mead va PSO

Chi tiéu Ky hiéu bonvi Nelder-Mead  PSO
Gi4 tri nhd nht clia luc dong banh xe RMS RMSin(F) N 243,937 243,344
Gia tri trung binh cua luc dong banh xe RMS ~ RMStg(F) N 318,007 244,289
S6 1an danh gid ham muc tiéu trung binh - lan 588.,9 558,0
Thoi gian tinh todn trung binh - S 578,95 619,11

Téng hop két qua tai Bang 4, Hinh 2 va phép kiém chiing trong Bang 5 cho thiy bo PID co s6 cai
thién RMS(F,) so véi cu hinh hé treo bi dong tham chiéu va théa man gi6i han Iuc chip hanh trong
diéu kién khéo sat. Nghiém t6t nhét thu dugc tir Nelder—-Mead gan tuong duong véi nghiém tot nhit
ctia PSO; tuy nhién, gid tri trung binh ctia Nelder—-Mead cao hon, cho thiy két qua ctia phuong phap
nay phu thudc rd hon vao diém khdi tao. Anh hudéng nay dude han ché bing cach xdy dung mién tham
s6 va diém khdi tao tli rang buodc luc chip hanh va két qua tién mo6 phdng. Vi muc tiéu ctia nghién cifu
1a x4c dinh mot bd PID cd sé phuc vu phan tich OFAT thay vi tim kiém nghiém tdi vu toan cuc, bd
(K0, Kio, Kq0) trong Béng 4 dugc gitt 1am diém lam viéc co s6 d€ ddnh gid riéng anh hudng cta K,
K; va K; dén luc dong banh xe.

4.2. Mé phong OFAT vdi mién khdo sdt

Két qua khao sat OFAT dugc trinh bay trén Hinh 3 va tdng hop trong Bang 6 cho thiy miic do
4nh hudng ctia ba hé s6 PID dén RMS(F;) 1a khic nhau. Trong d6, ng 1a miic cai thién RMS(F;) khi
chi thay d6i riéng mot hé sd K, K; hodc K, so véi gid trj tai b PID cd sG con Bk 1a ty 1€ dong gop
clia hé s6 d6 trong tdng muc céi thién clia cd ba hé s6. K&t qua cho thiy hé s K, tao ra miic cai thién
16n nhit véi RMS(F;) giam 60,36%. Hé s6 K tao ra mtc cai thién trung binh 16,32%. Trong khi d6
K; chi lam giam RMS(F;) 1,10% cho thiy 4nh hudng cla thanh phan tich phan dén chi tiéu luc dong
béanh xe 12 nhé trong diéu kién khao sat hién tai. Theo ty 1& déng gép tuong ddi K, chiém khodng
77,6% téng muc cai thién, K; chiém kho4ng 21,0%, con K; chi chiém khodng 1,4%. Két qua nay cho
thiy thanh phan ty 1¢ giii vai tro chii dao trong viéc giam luc dong banh xe, thanh phan vi phan c6 vai
tro ho trg, trong khi thanh phan tich phan it &nh hudng hon dén chi tieu RMS(F,).
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M= KIK,
Hinh 3. Mic cai thién RMS(F,) theo hé sb chuin héa
Cic dudng khao sit khong kéo dai dén Agx = 10 trong moi trudng hdp vi céc diém vudt gi6i han

luc chip hanh di dugc loai khoéi mién kha thi. Két qua khio sat OFAT va dong gép tuong dbi ciia cac
hé s6 PID dudc thé hién trong Bang 6.
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Bang 6. Két qua khao sat va ty phin tuong dbi ctia mic cai thién OFAT

Tham s6 RMSk min nk (%) Bk (%) Muic dnh hudng
K, 122,620 60,36 77,6 Manh nhat
K; 305,958 1,10 1,4 Nhé
K, 258,867 16,32 21,0 Trung binh

Xu huéng trén Hinh 3 phit hop véi co ché tic dong vat Iy ctia bd diéu khién PID va quan hé giita
luc dong banh xe véi bién dang 16p [13, 14]. Do Fy(t) = k; - [z.(t) — z,(t)], sai 1éch diéu khién dudgc
chon bang luc dong banh xe, thanh phan ty 1é tao luc diéu khién tic thdi theo dao dong bién dang
16p. Trong mién khao st hién tai, co ché nay lam RMS(F,) giam manh khi K » tang. Thanh phan vi
phan K, phan ting véi toc d6 bién thién ctia Iuc dong banh xe, qua d6 han ché mot phan céc dao dong
bién thién nhanh [11, 15]. Trong khi d6, K; phu thudc vao sai 1éch tich lily, it phit hgp véi tin hiéu mit
dudng ngiu nhién bién thién nhanh, do d6 anh hudng dén RMS(F;) 1a nhd.

5. Két luan

Nghién ctiu da danh gid 4nh hudng ctia cac tham sb PID dén luc dong banh xe trong hé treo
chti dong mo hinh mot phan tu xe. Két qua cho thiy bd PID co sd xdc dinh bang Nelder-Mead lam
giam RMS(F,) 36,2% so véi hé treo bi dong tham chiéu. Pong thdi, luc diéu khién 16n nhét dat
max |F,(¢)] = 1.073 N nho hon gidi han bao hoa Fymax = 5.000 N, cho théy bo diéu khién thda
man diéu kién kha thi vé luc chap hanh. Phép kiém chiing v6i PSO cho thiy nghiém t6t nhit ctia hai
phuong phap c6 gia tri RMS(F;) gan tuong duong, dong thdi lam rd dic di€ém phu thudc diém khdi
tao ctia Nelder-Mead trong phép ki€m chiing nay.

Két qua OFAT cho thiy ba hé s6 PID c6 miic do anh hudng khic nhau rd rét d&n RMS(F,). Hé
s6 K, c6 anh hudng 16n nhat, v6i miic cai thién 60,36%, tiép theo la K, v6i 16,32% trong khi K; chi
dat 1,10%. Theo ty phan tuong d6i K,, K4, K; 1an ludt chiém 77,6%, 21%, 1,4% tdng miic ci thién.
Két qua nay cho thiy thanh phan ty 1 giif vai trd chi dao trong viéc giam dao dong luc dong banh
xe, thanh phan vi phan c6 vai trd hd trg, con thanh phan tich phan it anh hudng trong diéu kién miit
dudng ngiu nhién di khio sat. Céc két qua chi phan anh anh hudng riéng 1é trong diéu kién mo phong
da chon va chua xét dén tuong tac dong thdi gitta cdc tham sd.

Déng gép chinh clia nghién ciiu 12 1am rd vai trod riéng ciia tiing tham s6 PID dbi véi chi tiéu bam
duong, thay vi chi ddnh gia hiéu qua ctia mdt bo tham sb PID da xac dinh. Quy trinh két hop giiia
rang buoc luc chip hanh, Nelder-Mead, phép kiém chiing bing PSO va phan tich OFAT cung cp co
s& dinh luong cho viéc lua chon tham s6 PID trong diéu khién hé treo chi dong. Trong cic nghién
clfu tiép theo, c6 thé md rong khao sét véi nhiéu cAp mit dudng, nhiéu van tdc, md hinh phi tuyén,
mo hinh nifa xe hoiic toan xe, dong thdi xem xét anh hudng tuong tic giita cdc tham sé PID va céc
phuong phép ti wu toan cuc.
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