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NGHIEN CUU PHUONG PHAP MO PHONG MAP MO MAT DUONG
TREN MIEN THOT GIAN

Vi Tuén Dat'*

Tém tat: Map mé mat duong (RSR) theo phuong thang ding, duoc xem la qua trinh ngéu nhién én dinh,
1a sé liéu quan trong trong mé phdng déng luc hoc va dao déng ctia 6 té. Trong bai bao nay, mét sb phuong
phép mé phdng RSR trén mién thoi gian da duoc dé cap va phén tich. Xem xét dén anh huéng cda vén téc
chuyén déng cua 6 t6, phuong phép bién doi nguoc Fourier (IFT) trén co sé mat dé phé cong suét (PSD)
clia mat dwong da duworc lira chon dé mé plzo’ng RSR. Két qud mé phéng cho théy: PSD ctia mét duong cé
dworc ttr mé phdng phu hop véi PSD cua cap mat duong da cho.

Ttr khod: Map mé mét duong; qua trinh ngéu nhién 6n dinh; méat do phé céng suét; bién déi nguroc Fourier;
trén mién thoi gian.

Research on the method of simulating road surface roughness in time domain

Abstract: The vertical road surface roughness (RSR), as a stationary stochastic process, is the most im-
portant data for automobile dynamic-vibration simulations. In this paper, the methods of simulating RSR in
time domain were introduced and analyzed. Considering the effect of the vehicle velocity, the inverse Fourier
transform (IFT) method was chosen to simulate the RSR based on power spectral density (PSD) of road
profiles. The simulation results show that: the PSD, which was generated in this method, is same as the
given one.
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@ 1. Dat van dé

Trong qua trinh khai thac, cé nhiéu ngudn kich thich gay ra dao dong cla & t6, trong d6 ngudn kich
thich t» mat dworng khong bang phang 1a nguyén nhan chd yéu, cé6 anh hwéng dén nhiéu tinh néng khai
thac, ddc biét anh hwéng dén tinh ém diu va an toan chuyén déng cta & t6. Vi vay, trong cac nghién ctru
vé dao dong va do bén két cAu cta 6 t6 khi chiu tai trong dong tir mat dwong thi sé liéu vé d6 mép moé bién
dang méat duwdng (Road surface roughness - RSR) 1a khong thé thiéu [1-3].

Dé thu dwoc sb liéu phan anh RSR thwong st dung hai phwong phap: thic nghiém do dac va moé
phdng. Phuong phép thwe nghiém cho két qua chinh xac hon, phan anh duoc ca trac doc va trac ngang
clia mot doan dudng cu thé. Tuy nhién phwong phap nay doi hdi chi phi I16n va tén nhidu cong strc. Hién
nay, v&i cac cac phwong phap tinh toan hién dai va co s tro gitup clia may tinh, phwong phap mé phang
RSR da va dang dwoc str dung rong rai trong nghién ctru dong Iwc hoc phwong tién noi chung va dao déng
clia 6 t6 noi riéng.

Trong bai bao nay, trén co s& Iy luan qua trinh &n dinh ng&u nhién théng qua mat d6 phd cong suét
(Power Spectral Density - PSD) mé ta d&c tinh théng ké ctia mét dwong, tac gid da tién hanh nghién ciru
moét s& phuong phap mé phdng RSR trén mién thei gian. Xem xét dén sw anh hwéng clia van tbc 6 to, trén
co s& tiéu chuan ISO 8608:1995 vé phan cAp mat dudng theo PSD, bai bao da Iwa chon phwong phap
bién ddi ngwoc Fourier (Inverse Fourier transform - IFT) d& mé phéng RSR trén mién thoi gian. Phwong
phap IFT cé y twéng va thuat toan rd rang, két qua chinh xac hon so v&i cac phwong phap khac. Hién nay,
phwong phap IFT duwoc st dung rat phd bién trong mé phédng RSR trén mién thoi gian trong nghién ctu
dao dong cua 6 to.
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1’2 KET QUA NGHIEN CUU VA UNG DUNG

@ 2. Co s& ly luan trong mé phéng RSR

RSR 14 d6 sai léch theo phwong thang ding ctia bé mat dwdng so véi mét chuan nao d6. Nguyén
nhan lam cho méat dwérng khéng bang phang cé thé dwoc chia lam ba nguyén nhan chinh: yéu té tw nhién,
do chét lwgng thi cong xay dung va do qua trinh s dung chiju tai trong tlr cac phwong tién giao théng.
Nghién ctru vé RSR & mdt phan trong nghién ctru do lwng va kiém tra chat lwong mét duwdng dwoc xuét
phat tir nhirng nhu cdu: kiém tra va danh gia chat lwong mat dwdng; cung cép sb liéu théng ké cho hé théng
quan ly mat dwong; tham s héa dung trong cac muc dich nghién ciru khac nhu mé phdng RSR, nghién
ctru déng lwe hoc phwong tién,...

2.1 Ham PSD cua RSR

T rét nhidu cac nghién ctvu do dac thyc nghiém cho thdy RSR c6 dac tinh ngau nhién, 6n dinh,
tuan theo luat phan bd Gaussian. Do d8, c6 thé dung Iy luan qua trinh &n dinh ng4u nhién théng qua PSD
mo ta d&c tinh théng ké clia méat duwdng [4]. Can c ly luan bién dbi Fourier, b4t civ ham xac dinh f(t), thda
man didu kién kha tich tuyét déi déu c6 thé bién ddi Fourier trwc tiép (tr ham sb c6 tinh chu ky sang cép
sb Fourier) va thu dwoc phd tan sb twong trng. Tuy nhién, déi v&i qua trinh ngau nhién binh 6n g(t) thwéng
khong thda man diéu kién kha tich tuyét ddi, vi vay khong thé tién hanh phan tich truc tiép tir sb liéu mién
trén thoi gian. Céin ol tinh chét ctia ham ty tuong quan R, (7) khi 7 — oo thi R (7) =0, vivay c6 thé tién
hanh phan tich phd tan so doi véi qua trinh ngau nhién théng qua ham ty twong quan. Can ct céng thirc
Wienner-Khintchine, duwéi day dwoc goi la cap cong thivc bién dbi Fourier:

S, =" R (X)e ™ dx (1)
R/(X)= j“; R, ()™ dO) )
trong do: S (©) la ham PSD cla mat dwdng; R (X) la ham ty twong quan khong gian, Rq(X)=E[q(x),q(x +X)J;
x 1a huéng chuyén dong cla 6 t; X la khoang cach theo hwéng chuyén déng, twong quan véi  trong ham

tw twong quan; Q 1a tan sé séng mét dwdng, la nghich ddo cta bwdc séng khéng gian clia mét dwong A.
Theo ly luan qua trinh ngau nhién, céng thirc (1) va (2) biéu dién theo tan s dai f va tAn sé goc o nhw sau:

S,(f)= j: R (0)e ™ dr (3)
R,(D)=["S,(N)e" " df (4)
va:
l * —iot
S, (@)=>— [ R,(2)e " dr (5)
R()=[" S, (e do (6)

trong do: R (X) = E[q(x) q(x+X)] la ham tw twong quan th&i gian; a) 2 f va S (f)=27S (®). Gia thiét
616 cod van tbc v theo huéng chuyén déng x, ta cd X = vt. Véi Q = A= T) = f/v trong do Xla chu ky
séng mat dwong, tw (1) ta co:

5.@)=[ 7 (el a(r) ] R () ()05, (1) )
Do van téc 6 to khong ddi, R (r) chila ham cla z, tir (7) ta co:
S, (Q)=vS,(f)=2vxS, (o) 8)

2.2 Tiéu chuan ISO 8608:1995

N&m 1995, T chrc tiéu chuan quéc té (ISO) dwa ra phwong phép biéu thi RSR véi tiéu chuan 1SO
8608:1995 [5]. Cong thirc PSD clia RSR dworc bidu thi nhuw sau:

S,(Q)=5, (%)(EJ ©)
Q

trong d6: £, 1a tan sb khong gian tham khao; O, = 0.1m™"; wla chi s mi, thuwdng 1y gia tri bing 2. Trén co
s& d6, dwa ra 8 cAp méat dudng twong trng pham vi can trén, can dwdi va gia tri trung binh cta PSD twong
ng voi Q. Dodng thoi dwa ra gia tri binh phwong trung binh (Root Mean Square - RMS) o, latwong tng voi
0.01Mm™" < Q <2.83m™" nhw trong Bang 1.

TAP 11804

—o72017 AP CHI KHOA HOC CONG NGHE XAYDUNG




KET QUA NGHIEN CUU VA UNG DUNG 1’2

Bang 1. Phén cép mat duong theo PSD - ISO 8608:1995

Phan cép S,(2,)(10*m?m") v&i 2, = 0.1(m™) 0,(10°m*m™) v&i 0.011m" < 2<2.83m"
mat dwong Can dwéi Trung binh Can trén Can duwéi Trung binh Can trén
A 8 16 31 2.69 3.81 5.38
B 32 64 128 5.38 7.61 10.77
C 128 256 512 10.77 15.23 21.53
D 512 1024 2048 21.53 30.45 43.06
E 2048 4096 8192 43.06 60.90 86.13
F 8192 16284 32768 86.13 121.80 172.26
G 32768 65536 131072 172.26 243.61 344.52
H 131072 262144 524288 344.52 487.22 689.04

Dang ham phan thirc ctia PSD trén mién tan sé [6]:

S,(Q)=(20p")/ 7(a” +Q) (10)
trong dé: a, S la h&ng sb phu thudc cap mat dwdng clia ham phan thire. Can civ ham phan thie Parkhilovski
biéu thi PSD trén mién tan s6:

$,(Q)=(2ap) (e +(22Q)’) (1)
@ 3. Cac phwong phap mé phéng RSR trén mién thei gian

3.1 Phwong phép loc tuyén tinh (- LFWN)

Co s& clia phwong phap loc tuyén tinh (Linear Filtering White Noise - LFWN) |a dwa trén ham phan
thirc clia PSD theo cdng thirc (10). Dung phwong trinh loc tuyén tinh sau lam mé hinh toan hoc kich thich
RSR trén mién thoi gian [6]:

g; (O +avg, (t)=¢; voi i,j=12 (12)
trong d6: i 1a bidu thi vi tri kich thich tai banh trudc (i=1) va banh sau (i=2); j 1a biéu thi vi tri kich thich cla
banh bén trai (j=1) va banh bén phai (j=2); 9, (t) I& kich thich ng&u nhién ctia RSR; v I van tbc chuyén dong
clia 0 t0; f I& d6 léch chuan clia qué trinh ngdu nhién Gaussian, théda man diéu kién ky vong:

E[&, (t)é:U (0)]= 2av/3 o(t- T)é‘ij (13)
E[&,(05,,(D]=2avp*5(t - 1)5, (14)
E[flf(’)gzj('[)] = 2av/5’25(|t _T| _tw)éij (15)

trong d6: 7, = (I, +1,)/v=L/vvéil,,I 1a khodng cach tir trong tam toi cau trudc va cau sau; L 1a chiéu dai
co s cla 6 t6; J(1), 5 Ia ham suy rong Dirac va Kronecker.

Trong céng thuc (12), < dong vai tro thong sb dau vao, q; déng vai trd théng s dau ra clia qua trinh
loc séng. q (t) va g, (t) la mo phong RSR va téc do thay déi cua RSR theo thoi glan Mat khac, cong thirc
(12) c6 thé tlen hanh bién dbi Fourier d& kiém chirng sw pht hop PSD trén mién tan s ctia ham phan thic
(10). Phwong phap LFWN duoc str dung twong déi phd bién d& mo phéng RSR theo phd méat dwong tiéu
chuan trén mién thoi gian.

3.2 Phwong phap phén tan thoi gian trén co’ sé ham phan thiec cia PSD - IUWN

Can clr ham phan thirc Parkhilovski bidu thi PSD theo cong thirc (11). Thiét lap mé hinh mé phéng
phan tan trén mién théi gian (Integral Unit White Noise - IUWN) ctia RSR bang cong thire dé quy:

4, = P, (16)

qi — efaAzqi_l +ﬂ [l_e—ZaAta) (17)

trong do: At la khoang chia thoi gian clia cac diém; 14 gia tri ngau nhién ddc lap tuan theo phan bé chuan
N(0,1); g,,®, 1a gia tri ban dau dwoc chon.

Qua trinh mé phdng bao gém cac budc: ding phuong phép sb du sinh ddy sé ngau nhién phan bd
binh quan {u} trong vung (0,1). Tt d6, tinh toan day sé ng&u nghién c6 phan bd chuén la . Sau cung, xac
dinh khoang chia thoi gian At, theo cong thirc (17) tinh toan duoc RSR trén mién thoi gian g, Khi biét van tbc
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12 KET QUA NGHIEN CUU VA UNG DUNG

chuyén dong cla 6 to, sé biét dwoc do tré thdi gian clia banh sau so véi banh trwéc. Phwong phap IUWN
cho tinh toan don gian, tuy nhién dé chinh xac mé phéng phu thudc gia tri At, s6 lwong day sé ngau nhién
trong phan b chuan N(0,1) va d6 chinh xac khi tinh toan day s6 ngau nhién nay.

3.3 Phwrong phdp chét chéng diéu hoa - HS

Phwong phap chat chéng diéu hoa (Harmonic Superposition Method - HS) v& ban chét ciing la
phwong phap mé phdng RSR bang phan tan thoi gian. Tin hiéu ngau nghién cé thé thoéng qua bién dbi Fou-
rier phan tan dé phan thanh tap hop céac séng hinh sin c6 tAn sb va bién do khac nhau. PSD cla RSR twong
(ng véi binh phuwong dai tan sé twong (rng véi cac gia tri bién dd khac nhau clia cac séng sin nay. Khi biét
PSDciaRSRIa S (f)trong khoangtansé f < f < f,, loi dung tinh chét clia qua trinh binh 6n ng&u nhién,
phwong sai 2 cla RSR dwgc xac dinh:

o’ = jf{f S, (S )f (18)

Chia khoang (£, f,) thanh n khoang nhd, m&i khoang c6 budc tan sb 1a Afva tan sé trung tam la £, ,

i=(1,2,...,n). Thay thé gia tri S (/) bang cac gia tri S (/) trong tat ca cac khoang nho. Cong thire (18) co thé
viét thanh:
? =" 8, (fruai) (19)
Muc tiéu bay gio’ can tim la cac ham sé sin co tan sb £, va d6 1éch chuén la |[S,(f,,_)A . Ham s6

nay c6 dang \/Sq(fmid,l)Afsin(Zﬂme,it+9l). S dung phuong phap chéng chét cho tat ca cac ham sb hinh sin
twong (ng v&i mdi khodng chia, sé cé duoc kich thich ngdu nhién ctia RSR trén mién thai gian [7]:

q(1)= 27 IS, (frua) A sin (27 £, 146 (20)
trong do: 6, 1a s6 ngéu nhién cda phan bé déu, & = (0,27). Ca hai vé cong thirc (20) déu co6 thé dao ham
theo thoi gian, vi vay ciing tim dwoc gia tri ngau nhién cta van tbc thay déi RSR. V&i khodng chia dd nhd
va n da 1én, dic trung tn sb cla kich thich RSR trén mién thdi gian theo (20) véi phd mat dwong la nhw
nhau. Nhw vay, q(t) khéng chi phan anh mirc d RSR ma con phén anh dwoc yéu té van téc clia 6 t. Trong
cong thire (20), gia tri 6, khdng lam anh hwdng téi gia tri PSD, nhwng ¢ thé lam cho gia tri q(t) qua I&n, 1am
gidm tinh &ng dung ctia md hinh.

Phwong phap HS thich hop véi mé phéng RSR trén mién thoi gian véi phd mét dwong cé dwoc khi
do lwdng thue nghiém. Déc biét 13 dbi voi cac mat dwdng phi tiéu chudn hodc khéng cé phan cép theo ISO.
3.4 Phurong phdp bién déi ngwoc Fourier - IFT

Céc phuong phap moé phédng LFWN, IUWN va HS trén day cé nhuoc diém 14 tdn tai sai s6 nhat dinh
do twong quan gitra cac ham PSD clia RSR va ham PSD c6 sén 1a khong ddng nhét. Co sé clia phwong
phap bién déi ngwoc Fourier (Inverse Fourier Transform - IFT) la can c biéu dat thirc dwdi dang ham sé
mi ctia PSD, str dung phwong phép IFT d& mé phéng kich thich ngau nhién tir PSD. Cac bwéc co ban cla
phwong phap nay nhw sau [8]:

- Tién hanh phan tan hop ly PSD clia RSR thanh cac sé liéu trén mién thoi gian;

- Dung bién dbi Fourier - FFT tinh toan RSR phan tan trén mién thoi gian;

- Tién hanh bién dbi IFT v&i nhitng quy tac bd sung déi vai sb liéu RSR. Tir d6 thu dwoc sb liéu
cta RSR trén mién thdi gian ma van dam bao sw ddng nhét cla gitra cac ham PSD cla RSR va ham
PSD c6 sén.

Gia dinh tan s6 khong gian clia RSR c6 gidi han trén va dwdi 1a Q,va Q,. Theo (9), ta co:
Q J‘W Q<00

s (Q)| —
-
0 o 0<Q;50>Q, o

Viéc lwa chon pham vitan s6 khéng gian phai dam bdo cé chlra cac vung tan s6 thoi gian phu hop
voi pham vi tbc d6 chuyén dong clia 6 t6. Gia thiét dao dong cda 6 t6 c6 pham vi tan sb thoi gian 1a f, va f,,
gidi han tan so khong gian la: Q = f, /vva Q = f /v. V&i quang duwong chiéu dai L, s6 diém chia la
N, khoang cach gitra hai diém theo chiéu dai la AL hay L=NAf, khoang céch diém chia theo tn sb khong
gian AQ=1/L. Trong tinh todn mé phéng, d& ddm bao PSD khdng bj Iap chéng tan sé phai théa man mat sé
diéu kign: AL <1/(2Q,), Q,> AQva L > 1/Q,. Dat g, v6i m=0,1,2,...,N-1 1a s6 liéu cia RSR, bién dbi Fourier
phan tan ta co:

(21)
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N-1 _J2mim
0,=>q,e " véi i=0,1,2,..,N-1 (22)
m=0
M&i quan hé gitra Q,va PSD clia RSR duoc biéu dién nhu sau:
N . N .
0] =75 S () VoI k=0.1.2.... 5 va O = kAQ (23)

T cong thire (23) chi co dwoc gia tri suét ctia bién dbi Fourier, v&i Q, 1a s6 phirc. Néu twong vi goc
la 6,, ta co:

0, =[0,]e" voi k=0.1.2.... 2 (24)

Trong cong thire (24), 0, co thé 14y tuy y trong khodng (0,27). T cong thirc (23) va (24) thu duoc
(N/2+1) s6 dau tién cla bién déi Fourier phan tan, vi vay, muén théng qua IFT dé c6 dwoc sb liéu cia g, voi
m=0,1,2,...,N-1, cAn phai b sung cla sb con lai ctia bién dbi Fourier phan tan. Dé bd sung can can clv dac
tinh cta bién ddi Fourier phan tan dé c6 Q, day du voi k=0,1,2,...,N-1. Tiép theo tién hanh IFT dbi véi cac
Q, day du dé thu dwoc RSR:

S vl m=0,1.2,.. N1 (25)
qmz_ Qe N vol m=0,1,4,...,N-
NZ; ‘
Cong thire (25) bidu dién dwdi dang PSD ctia RSR trén mién thoi gian:
(1) =" \[45,(9,) AQcos(Qt +0) (26)

Phwong phap IFT c6 y twéng va thuat toan ré rang, cé xem xét dén anh hwéng cta tan sé dao dong
va van tbc chuyén dong clia 6 6, két qua chinh xac hon so véi cac phwong phap khac. Hién nay, phwong
phap IFT dwoc st dung phd bién nhéat trong md phéng RSR trén mién thdi gian trong nghién ctru dao déng
clia 0 to.

@ 4. Két qua md phong RSR bang phwong phap IFT

Bai bao ng dung phan mém MatLab xay dwng chwong trinh mé phéng RSR bang phwong phap
IFT v&i cac thong sé co ban nhw sau: van téc chuyén déng ciia 6 t6 v = 40 km/h (hay 11.11 m/s); pham
vi tan s6 0.5 Hz < f< 30 Hz; ©, = 0.1m"; thoi gian md phdng ¢ = 40.96 giay, N = 22 = 4096, tvong (ng
At = 0.01 giay; chiéu dai quang dwdng mé phong L = tv va AL = L/N. Tién hanh md phéng cho bon cap mat
dwong B, C D va E theo tiéu chuan ISO 8608:1995 v&i mat do phd céng suét trung binh clia méat duong
twong tng.

Trén Hinh 1 dé&n Hinh 4 12 két qua m6 phdng q(t) twong tng:

002 . : . . . . . . 004
001} . ooz B
° 001} . ozt B
002 : ) . . . . : : 04 . . . . . ‘ . .
0 5 10 15 20 25 30 35 40 45 i 5 0 15 20 25 30 35 40 45
Thoi gian (s) Thoi gian (g)
Hinh 1. q(t) v6i méat duong cép B, Hinh 2. q(t) v6i méat duong cép C,
v =40 km/h v =40 km/h
005 : : . . . . : : 0.1
008
E E
= 0 = u
-0.05
0o 5 T 015 5 W 15w % @m0
Thoi gian (g) Thoi gian (s)
Hinh 3. q(t) v&i méat duong cép D, Hinh 4. q(t) v6i mét duong cép E,
v =40 km/h v =40 km/h
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@ 5. Két luan

Nghién ctru v& RSR la mét phan trong nghién ctvu do lwong va kiém tra chat lwong mat duwdng voi
cac muc dich: kiém tra va danh gia chat lwong méat duwong sau xay dwng méi cling nhw sau nang cép, duy
tu; cung cap sb liéu thdng ké cho hé thdng quan ly mat dweng; mé phéng RSR phuc vu cho nghién ctru
dong lwc hoc phwong tién.

Trén co s& ly luan qua trinh 6n dinh ngau nhién théng qua PSD mé ta dac tinh théng ké cla mat
dwdng vai tieu chudn 1ISO8608:1995, bai bao da tién hanh nghién ctru phan tich mét sé phwong phap mé
phdng bién dang mé&t dwéng trén mién thei gian. Tl d6, bai bao da lwa chon phwong phap IFT va tng dung
phan mém MatLab d& mé phdng cho ra két qua map mé mat mét dwong véi mot sé cap mat dwdng khac
nhau. Phwong phap IFT la mot phwong phap dwoc st dung réng rai trong mé phdng RSR, phwong phap
nay c6 xem xét dén anh hwéng cta tan sb dao dong va van toéc chuyén dong cla 6 t6, két qua md phéng
chinh xac hon so véi cac phwong phap khac.

Két qua nghién clru clia bai bao khong chi 14 tai liéu tham khao cho cac nghién ctru vé déng luc hoc
phuwong tién néi chung va dao dong 6 to néi riéng, ma con a tai liéu tham khao cho huéng nghién ciru vé do
bén két cAu phwong tién khi chiu tai trong ngau nhién tir mat dwérng trong qua trinh khai thac.
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