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ABSTRACT

This paper reported on the parameters optimization and semi-active control of suspension for a case study of heavy
duty truck, in order to improve the road friendliness of commercial vehicle. In which, the effects of the suspension
parameters on the road friendliness and the ride comfort were investigated based on an established dynamic model of
1/4 vehicle. Based on which, a semi-active control of suspension was studied based on adjustable damping shock
absorber, concerning both the road friendliness and ride comfort. The results showed that the optimal fuzzy controlled
semi-active suspension can significantly reduce the road damage coefficient and, to some extent, improve the
vibration comfort, compared to the passive suspension.
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INTRODUCTION

Since larger trucks may have much greater damageashthan that of other vehicles, heavy traffis haen proved
to be a main factor of the road damage. RecentBnynresearches were focused on the road friendlinks
profound study on the passive suspension systemremsrted by Cole, in which numerical analysis bé t
parameters of road friendliness were conductedffareint combination of suspension stiffness anchgiag. Based
on which, an optimization design of passive susipensystem was also perfornfdYi et al., found that the road
friendly of vehicles can be effectively improved bging the semi-active suspension, through the eoisgn of
different suspension typ®s It was also found from the simulation analysiattthe road friendliness can also be
significantly improved by active suspensiirGood effect of active and semi-active suspensioroad friendliness
and ride comfort was also reported by Chen, in tyhém comparison between semi-active and activimgeiontrol
and passive suspension was empléVe@learly, the key to improve the road friendlinesfsthe engineering
vehicles lies in the proper selection of suspenpamameters. By which, the road damage causedligles can be
reduced by decreasing the vehicle dynamic loadigdisas improving the vibration comfort of the velei

In this paper, a parameters optimization and setiva control of suspension was employed on a sasay of
heavy duty truck, for the consideration of roaceridliness. The main focuses were on the establishofea
dynamic model of 1/4 vehicle using Simulink, thgastigation of the effects of suspension parameterthe road
friendliness and vibration comfort, and the optiatian of the suspension stiffness and damping thighgoal of
improving the road friendliness. Based on whichmaarning both the road friendliness and vibratiomfort, a
semi-active suspension control was studied basebdeodamping adjustable shock absorber.

EXPERIMENTAL SECTION

1 The establishment of a vehicle kinetic model
To analyze the road friendliness and vehicle ridenfort, suspension system was simplified approgiyatl/4
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vehicle model is selected as the research objéttvehicle model is set up as shown in Fig. 1.hi& iodel, tire
damping was ignored.

zyT m:

Fig.1 Modle of 1/4 vehicle

Fig. 1, m and m, represent the weight of the wheel and the bodthefvehicle, respectivelyz, zand z,

represent the vertical displacement of the roadtagtian, wheel and body of the vehicle, respectiviebnd k,
represent the equivalent stiffness of the susparesid the tire, respectively.

The motion differential equations of the preserspgmsion model can be written as
m2 =k(z,-2) -k (z,-zo)+c(2,-2)
m,2, = -k(z,-2,)—c(2,- 2, (1)

Select system state variable and output varialae, i
X=[z-2 2,2, 2, 2]' (2)
Y=X

Combining with the differential equation and roagut of vehicle model, the system state space moueaan be
expressed as:

(3

X = AX +BU
Y =CX +DU

where, Ais the system matrixB is the control matrix;Cis the output matrix, it is a unit matrixp is the
transfer matrix, it's a zero matrixt =[u 2" is damping force matrix and road input matrix.

2 Optimization of suspension parameters

2.1 evaluation indexes

The evaluation index of road friendliness and viehiide comfort is various. Commonly used roadmfkness
evaluation index has three kinds: the dynamic lozefficient, the dynamic load stress factor and3bepercentage
fourth power aggregate force. Many studies havevehthat the first and second indicators exaggettaeroad
fatigue damage. the British scholar through in-Hegitidy, considering the correlation of dynamicdl@and space
repeatability, put forward the 95 percentage foymlwer aggregate force ind&€% which improve the evaluation
accuracy of the road fatigue damage caused byleekiz the paper selects this index to evaluate fiiendliness.
For the 1/4 vehicle model, road damage coeffident
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In the formula, O 4 is the standard deviation of 4 times the power fance of tires, (unit isN4); m INEES

average of tire’s fourth power aggregate forcet(isriN 4).

Vehicle ride comfort evaluation method mainly h&0OP631, absorption power, K coefficient method aadn,
weighted acceleration root mean square value has bédely accepted and used. This paper use bodicale
acceleration as the comfort evaluation index.

2.2 Theinfluence of suspension parameters on vehicle performance

Commercial vehicle ride comfort and road friendimeare important indicators to evaluate them perdoice.
Suspension spring stiffness and shock absorberidgnafi have great influence on vehicle ride cormfamd road
friendliness. A large number of experiments shoat,ttvithin a certain range, the vehicle's roadfilimess has a
higher sensitivity to damping coefficient changerthstiffness. Therefore, we use the suspension idgmp
coefficient as a variable in the simulation, in@rdo conclude that road friendliness relationstith the change of
damping coefficiert.

In this paper, the rear axle unilateral parameatées heavy commercial vehicles is choosed to estail4 vehicle
model, the specific parameters are shown in tabl@li.1 The simulation parameters

parameter] mkg m/kg Kk/N-m' k/N-m' c/N-snt nf/Hz w/m-s8 Gy m’cycle!
value 15986 2140 1780000 7840000 117000 0.01 20 -664e

According to the formula (1), establish dynamicsdeloof 1/4 vehicle model in the Matlab/Simulinkplit is the
pavement excitation, Output is the root mean squaliee of vehicle body acceleration and road dancagéficient.

The vehicle at a speed of 20 m/s over B level mhdn simulating, B level road use random white eoiih a low
pass filter to simulate, the formula is:

g =—2rmyv, [G + 27m,, /G [iv (5)
In the formula, n, is the cutoff frequency;G, is the road roughness coefficient, is the speedw is the road input
white noise signal;

The damping is respectively reduce 0.2, 0.4, 0&tithes, and magnified 1.2, 1.4, 1.6, 1.8, 2 tintlesn we fit the
results of simulation and obtain the change ruleoafl friendliness and ride comfort with the chaon§elamping

coefficient, as shown in figure 2 .
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Fig.2 The changerule of road friendlinesswith damping

Figure 2 show that with the damping coefficientreasing, road damage coefficient of vehicles isehesed first
and then increased, thus is can be seen, redugeirdpooefficient appropriately will improve vehictiele comfort
and road friendliness in a certain extent.

2.3 suspension parameter s optimization

Change suspension stiffness and damping, truck foaddliness will change accordingly. In this pgpthe
stiffness and damping of the suspension was opitiiz variables, road friendliness evaluation indeas the
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objective function, to obtain optimized the optietizsuspension damping and stiffness by geneticitlgg which
can make the road damage coefficient is minimal.

Optimization algorithm on the suspension parametextching has been more used in recent years. Aeselmore
island genetic algorithm to implement single olijecbptimization problem in this paper. Optimizationodel is
established based on the Isight software, the desigables, target, constraints, and initial vadiso was defined.
Isight provides rich optimization algorithm and ieaus agency model method, and a good visual funcgaitable
for optimization design of engineering systems emechprehensive system analysis

The damping values range was determined accordiagpiartial heavy trucks frequency, heavy truclksléa with
partial frequency between 1.7 to 2.17 Hz, dampipiintization range according to the same as thénesé ratifs’.
The initial value of optimized variables and scageshown in table 2.

Tab.2 Therange of optimize variables

variable Lower limit  initial value  Upper limit
K/N.m™ 890000 1780000 3560000
C/N.s.m' 58500 117000 234000

The suspension stiffness is 126300N.rand damping is 91600 N.snafter optimization, stiffness and damping
are decreased.

Figure 3 is the comparison of road damage coeffidiefore and after optimization, as the figurevamothe road
friendliness evaluation index is decreased whichrealuce the damage to the road by vehicle.
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Fig.3 The comparison of road damage coefficient

3 thedesign of optimal fuzzy controller for semi-active suspension
The Semi-active suspension can adjust suspensiopidg according to the vehicle vibration when digi so as to
effectively reduce the road damage by heavy truck.

The vehicle dynamic load has a close relationship suspension system characteristic, the dynaoad lis an
important factor of influence road friendliness. Bbtain good road friendliness, the semi-activepsusion

controller was designed in this paper,, the gotd i®duce the vehicle dynamic load,The key is peedhe required
damping force in the shock absorber of the seni@acuspension control. This paper, we used thenaptfuzzy

control strategy, the outer optimal controller ¢fa optimal damping force based on vehicle stdte,damping
coefficient can again by the inner fuzzy contrqlles as to realize the control of the damping,stnecture of the
control strategy is shown in figure 4.
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Fig.4 The stuck of optimal fuzzy control strategy

In figure 4, F,, is the optimal damping force an#, is the actual damping force. Dampigadjusted by the
fuzzy controller, makingF, near F,,as much as possible.

3.1 The design of optimal controller

The optimal control is to make the system work adity to certain control rule, which can make aaierindicator
of the system performance to achieve the optimdeucertain significance. The control goal is tkenthe vehicle
to get good road friendliness, and also consideriting comfort of vehicle. The decrease of théisle dynamic
load can obviously improve the road friendlinesghiele body vibration acceleration, suspension thna
deflection and tire dynamic displacement can bel tisevaluate the riding comfort and handling stigbof vehicle.

So the vehicle dynamic load, the vehicle body \tibraacceleration, tires dynamic displacement dedsuspension

dynamic deflection were choosed as the system auflie semi-active suspension LQG integrated pevdmce
index functional scheme as follows:

1Tr

P= T“Tw?g[qlzzz +0,(z, - 20)2 + qs(zz_ 21)2 *tq J<t2(z iz ()ZJdt (6)
In the formula, q,. q,. g,. Q,are the weighted coefficient of the vehicle veitiaaceleration, tire dynamic
displacement and suspension dynamic deflectiondnggl dynamic load.
The expression ofZ, get by solving the system movement differential aigun, then plug into the performance
index functional, P was rewritten into a standard form:
P = jim %JJ(XTQX+UTRU +2XTNU ) (7)

Too
In the formula, Qis the state weighted matrixk is the the weighted matrix of controlN is the cross weight
matrix.
According to the optimal control theory, the optireantrol rule of the system is:

U =-KX (8

K =R*(N" +B"P)is the optimal feedback gain matrix of the systefn; is the only positive definite solution for
Ricatti equation PA+ A'TP-PBR'B"P+Q =0.

Each index is the vehicle performance index of dpémize objective functiof? , considering their importance
degree, using the Analytic Hierarchy Process (ahpletermine the proportion of subjective weightiogfficient”.
This paper identified tyre dynamic load is the mosportant, then is the vehicle body vertical aecation,
suspension dynamic deflection is the least imparthe comparison matrix is:
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1 1 3 1/2

11 2 212 (9)
“|1/3 1/2 1 1/
2 2 5 1

Assumes that the weighting coefficient of the \eaftiacceleration idV,, its subjective weighting proportion
coefficient is 1, and it is the quantitative stamtjaother subjective weighting proportion coeffiti® is obtained
according to the formula:

;42%,021,2,3,4} (10
1

Select the root mean square value of each perfarenamdex as the basis, process them with the samle s
qguantization. The scale of quantitative ratio o tvertical acceleration is 1, the weighted coeffitiof other
performance index is obtained

0.2
ﬁi =_2 (11

2

Q

The total weighted coefficient of the indexes isaited according to the formula:

q=yxB (12)

The parameter were plug into those formula, thdoutate A, B, Q, R, N. Using the linear quadratiptimal
controller design function LQR(A, B, Q, R, N) ,talmed the optimal feedback gain matrix K

K=-665740 -124100 97800 -234600

3.2 Thedesign of fuzzy controller

The structure of the fuzzy controller is two inpatsd single output. Tow input are the efornd its change rate
€ petween the actual damping force and the optinamhping force, output is the shock absorber damping
coefficient C. The input choose Guassmf type mesthprfunction, output choose Trimf type memberdhipction.

In fuzzy, to fuzzy, input and output are both selarguage values, they are positive big (PB), th&tijye median
(PM), is positive small (PS), zero (Z) and negaswaall(NS), negative median (NM) and negative @), fuzzy
comprehensive domain are [6, 6].

The fuzzy controller used the Mandani reasoninghott The principle of fuzzy rules is: when the efigobig, the
control quantity is selected to eliminate the easrsoon as possible; When the error is smallcdhérol quantity is
selected to prevent overshoot, give priority tdwgystem stability, the fuzzy rules in table 3.

Tab.3 Thefuzzy rules

NB NM NS Z PS PM PB
NB|[NB NB NB NM NS NS z
NM | NB NB NM NS NS z PS
NS | NB NM NS NS z PS PM
Z NM NS NS z PS PS PM
PS | NM NS z PS PS PM PB
PM | NS Y4 PS PS PM PB PB
PB YA PS PM PM PB PB PB

RESULTSAND DISCUSSION

The simulation and theresult analysis of semi-active suspension control

Selecting the optimized suspension stiffness amtpifeg, the semi-active suspension control modesiablished in
Simulink. Then do a performance comparison betwiensemi-active suspension and the passive suspensi
vehicle. The road damage coefficient comparisolpifmal fuzzy control suspension and passive sispRmBs
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shown in figure 5. It can be seen from the diagrdm®,optimal fuzzy control suspension vehicle réahdliness is
obviously improved, compared with the passive Mehithe root-mean-square value of road damage icimeft J
was reduced by 11.8%.

Figure 6 is the root-mean-square value of vehiddybvertical acceleration comparison of the optimatzy
suspension control and passive suspension, agytive §hown, the vehicle body vertical acceleratamplitude is
also decrease.

------- optimal fuzzy controlled semi-active suspension

passive suspension

Road damage coefficient

1 1 1 1 1 1 1 1 1 1

a 10 20 30 40 al G0 70 g0 90 100
Time tfs

Fig.5 Theroad damage coefficient comparison of optimal fuzzy control suspension and passive suspension

4

passive suspension

35 |- optimal fuzzy contralled semi-active suspension

au:u:eleration,rn.s'2

ast .

D 1 1 1 1
0 20 40 kO ga 100

Tirne tfs
Fig.6 Theride comfort comparison of optimal fuzzy control suspension and passive suspension

In this paper, the control objective is improvirte tvehicle on road friendliness, the key performneaimdlicator
lowering road damage coefficient. It can be seemfthe simulation results, compared with the passiwspension,
the vehicle road friendliness is better for theiropt fuzzy control, and the tyre dynamic load idueed, the vehicle
driving security and ride comfort also have impmbve

Therefore, select this control method can greathyrdased road friendliness on the premise of wehiciving
security and ride comfort.

CONCLUSION

1) Established the kinetic model of 1/4 vehiclengsBimulink, rear axle parameters of a heavy detyicle was
employed on a case study of the truck, for the stigation of the effects of suspension parametershe road
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friendliness and vibration comfort, and used théinsgation method to optimize the suspension st and
damping with the goal of improving the road friendks, the results showed that the optimized ssspefor road
friendliness has certain improvement.

2) A semi-active control of suspension was studieded on adjustable damping shock absorber, cangeonth
the road friendliness and ride comfort. The ressittswed that the optimal fuzzy controlled semixgguspension
can significantly reduce the road damage coefficinl, to some extent, the tyre dynamic load isiced, improved
the vibration comfort, compared to the passive snsjon.
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