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The Performance of Passive Cab Suspension Systems in
Tractor-Semitrailer Vehicles

M.M. EIMadany
Mechanical Fnginvering Department, College of Engineering, King Saud University,
P.O. Box 800, Riyadh 11421, Saudi Arabia.

Abstract. In this paper, the planar vibrational response of an articulated vehicle with a suspended cab is
considercd. The statistical performance of innovative linear passive suspensions in response to n randomly
profiled road is evalusted. Design guidelines based upon the analytical model derived are provided. A
procedure for optimizing driver comfort/cab deflection trade-off is prescnted. The trade-off is made
explicit in the form of a performance index comprised of weighted mean squared driver acceleration and
mean syuared suspension dynamic deflection. In addition, the potential improvements offered by non-
linear passive suspensions are investigated.

Nomenclature

system dynamics maltrix
system input matrix
vehicle dimension
system input matnix
suspension damping rate
nonlinear damping coefficient
tirc damping rate
s damping and spring forces, respectively.
vehicle dimension
unit matrix
cab, scmitrailer and tractor pitch moments of inertia, respectively.
V-1
performance index
suspension spring rate
linear stiffness coefficient
nonlineur stiffness coefficient
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tire spring rate

mass of wheel-axle assembly

cab, scmitrailer and tractor masses, respectively

spatial frequency of road roughness

reference spatial frequency {n, = /25 ¢/m)

vector of correlated road inputs

road input at tire j

state spectral density matrix

spatial spectral density of road roughness

mean square spatial spectral density of road roughness at the reference
spatial frequency n

temporal spectral density of road roughness

mean square temporal spectral density of road roughness at the refer-
ence temporal frequency w,

time

time deluy between inputs to the jth and kth tires

vehicle speed

state vector

system frequency response

longitudinal motion coordinates of the centers of gravity of the cab,
semi-trailer and tractor, respectively.

cab deflection

vertical motion coordinates of vehicle wheel-axle assemblies

vertical motion coordinates of the centers of gravity of the cah, semi-
trailer and tractor, respectively

rotational coordinates about the centers of gravity of the cab, semi-
trailer and tractor, respectively.

weighing factor

expected average

temporal frequency

temporal reference frequency

1. Introduction

Reduction of cab vibration in on-highway tractors has been an important engineering
objective. The vibrations induced in vehicle components as u result of riding over
irregular road profiles are not only prejudicial to riding comfort but may also cause
physiological damage and inefficient performance. This research describes work
undcriaken to allcviaie, through the use of analytical methods and optimization
techniques, some of the truck ride problems,

Analysis and ride comfort evaluation of truck response to road cxcitation have
been the subject of considerable analytical work. The modeling techniques to truck
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ride problem have included lumped mass methods [1-5], finite element methods
[6-8], and model analysis methods [9-11]. The solutions of the governing equations
have included transfer function, spectral density approach [12-14], and covariance
anatysis for lincar vehicle systems [15], whilst cquivalent lincarization approach [16]
and simulation technigues [17, 18] for nonlinear vehicle systems. These analytical
and simulation techriques have been very useful tools to evaluate the design alterna-
tives at the design concept stage.

Several measures have been used 1o quantitatively deseribe vibration environ-
ment. Among these measures are: 1) acceleration power spectrul densitics compared
with International Standards Organization (1SO) vibration tolerance criteria [19,20],
2) distribution of root mean square acceleration in one-third octave frequency bands
weighted by ISO standards [20], 3) 150 “wcighted sum” method {weighted root
mean square acceleration) [21], 4) simple root mean square acceleration levels, and
$) absurbed power [22,23].

A number of studies have employed optimization techniques and various forms
of oplimization criteria in the design of vehicle suspension systems [11,17]. A review
of various optimization criteria is included in reference [24]. These studies have rec-
ognized that good vibration isolation and small suspension deflection are contrary
goals, and that the suspension design is essentlatly a trade-off between these compet-
ing gouls, The tradc-offs are made through the use of a performance index in formal
optimization procedures or through the use of a trade-off diagrams in the analysis of
suspension performance.

In this paper, the heave, fore-ait, and pitch motions of a tractor-semitrailer
truck are considered, with primary emphasis on the evaluation of the statistical per-
formance of the linear and nonlinear passive suspension systems in response to road
irregularities. The main goal of this research is to develop an analytical model for cab
suspension design, to cvaluate suspension performance, and to provide design
guidelines based upon the derived model.

A procedure for optimizing the comfort-deflection trade-off is presented
herein. The trade-off is made explicit in the form of a performance index comprised
of weighted mean squared acceleration and mean squared suspension dynamic
deflection.

2. Heavy Trucks Dynamic Models

In order to predict the truck-road dynamic interaction and to describe its perfor-
mance, several mathematical models varying in complexity have been developed.
Because of the complexity of the problem, various assumptions regarding vehicle
model and road representation have been made by the various researchers in order
to model and simplify the system and to obtain a solution.
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Ellis [25] used a three-degree-of-freedom vehicle model including tractor heave
and pitch and semitrailer pitch. The model was excited by a harmonic function. Noon
{26] comsidered the motion of the cab on the tractor chassis, and neglected the
bounce and fare-aft mations of the tractor and trailer.

Walther et al. [27] used a model of seven-degree-of-freedom by including the
bounce motions of the unsprung masses of the three wheel-axle assemblies. The fore-
aft motions of the tractor and semitrailcr were ignored and a stiff spring was substi-
tuted for the fifth wheel king pin. The road profile was assumed to consist of a flat
surface with periodically spaced tar strips. Walker and Potts [18] employed a six
degree-of-freedom model in which the fore-aft motions of the two units were consi-
dered, and the constraints caused by the fifth wheel in the vertical and fore-aft direc-
tions were made use of. ‘The resulting degrees of freedom were tractor heave and
pitch motions, semitrailer pitch motion, and the vertical motions of the three axles.
The input to the vehicle system was sinusoidal excitation. Dokainish and EIMadany
[3] applicd the power spectral density approach to obtain the response of the six
degree-of-frcedom model to random road irregularities. The driver seat was model-
led as a single degree of freedom system in reference [5).

Van Deusen [17] viewed the heavy truck-road system as a thirty degree-of-free-
dom system excited by single road profile speetral density. The model included the
tractor frame flexibility which was modelled as twelve concentrated mass elements
interconnected by beam equations, with each heam element being represented by
two degrees of frecdom. The two bogies of the tractor were modeled in three degrees
of freedom ¢ach. The cub was represented by rigid body having two degrees of free-
dom on flexible cab mounts, while the driver and seat assembly was represented by
asingle degree of freedom. The semitrailer was modeled in five degrees of freedom,
including vertical and pitching motions of the semitrailer body, the rotational motion
of the walking beam ussemnbly of its two front axles, and the vertical motions of the
unsprung masses of ils two rear axles.

Allen [2] investigated the limits of ride quality improvement with isolation sys-
tems only at the rear of the cab. A single degree of freedom representing cab pitching
motion was used. The cab madel accepted as inputs the frame vertical and longitud-
inal accelerations at the cab hinge and at the rear cab suspension pad. Recorded vib-
rations from a tractor {rame were played into the simulated cab.

2.1. Nine-Degree-of-Freedom Model

The most desirable mathematical model of the vehicle is one which is not very
complex, and which will be realistic enough to infer valid conclusions about the ride
performance of the vehicle. With this objective the planar vehicle model shown in
Fig. 1 is developed. The tractor chassis and semitrailer payload are represented by
two planar rigid bodies interconnected at the fifth wheel. The cab is represented by
a planar rigid body suspended on tractor frame. The masses of axles and wheels are
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represented by masses supported by the tires. The vehicle is modelled in fore aft,
bounce and pitch for sprung masses and bounce only for the unsprung masses.

The vehicle motions are assumed te be small compared with its dimensions. This
assumption indicatcs that all displacements and rotations arc small and first order
approximalions are used. In addition, it is assumed that the constitutive retations for
the vehicle suspensions are linear.

Each suspension for the tractor and semitrailer is composed of a spring and a
damper. The tire is modelled as a spring in parallel with a viscous damper. The cab
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Fig. 1. Tractor-semitrailer truck model

is isolated from tractor chassis by different types of suspension systems comprised of
springs and viscous dampers.

By considering the constraints imposed by the fifth wheel on the ve{'tical and
longitudinal motions of the tractor and semitrailer, the motions in the ver?tcal plane
give rise to nine degrees of freedom. The degrees of freedom of the vehicle mctdel
include cab and tractor vertical translations (y,.y,) cab, tractor and semitrailer pitch
motions (8_, 8,,8,). and vertical displaccments of the four whecl-axle assemblies (y,,

Y1, ¥ar Yol

‘The main objective of the model developed herein is to study the effects of sus-
pension system madifications on the vehicle ride quality. A frcquency domain
approach is implemented on digital computer to obtain vehicle accclc.ratlons._ The
frequency domain is preferred overtime domain since most ride quality specifica-
tions consist of limits upon the acceleration of the vehicle asa function of frequency.
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3. Road Representation

The input excitation to the vehicle is assumed to be the apparent vertical road-
way motion, caused by the vehicle forward speed along a road having an irreguiar
profile. In order to apply spectral densily approach to analyze and evaluate vehicle
ride quality, a statistical representation of road irregularitics is required. Measured
data of road profiles indicate that the surface irregularities may be treated as a
stationary Gaussian random process with zero mean and characterized by a single-
sided power spectral density of the form [28].

s(n} = 3(ng) (ny/n)*, (M

where n is the spatial frequency, s(ny) is the vertical amplitude mean square speetral
density at the reference spatial frequency ny(n, = 1/2x c/m). The exponent w has two
values, w, = 2.0 and w; = 1.5 for n < ng and n > n, respectively, s{n,) is taken to be
100 1078 m¥/c,

A vehicle travelling at a constant forwurd speed v therefore sees an input of the
form s () = s (0g)(wg/m)*, where w = 2xnv and sqlen) = sy{ng)/2mv.

4, State Power Spectral Density Matrix

\ .
The system equations can be expressed in the form

x=Ax+ Bq+ Cq (3}

where x is the state vector, A is the vehicle system dynamics matrix, B and C are input
matrices, q is the vector of correlated roud irregularity inputs to the four tires, i.e.,

q7(t) = {q,(t), gu(t), (1), q,(t)]
= [q,(1), q4(t-T12). q(t-155), qy{t-7 )] 3

where 1, is the time delay between inputs to the jth and keh tires, and ¢, (t) is the input
to the front tire.

Taking Fourier transform of equation (2) and using equation (3), the system
response can be calculated from
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where * denotes complex conjugatc transpose.

The diagonal elements of S, (w) representing the spectral densities of the statcs
are real. The state cross-spectral densities in gencral are complex.

£,  Statistical Performance Measures

In order to evaluate the performance of the different suspensions and to design
an effective cab suspension system, some specific measures of that performance are
needed. For the suspension types under consideration, the indicators of suspeasion
performance are chosen to be cab acceleration levels (acceleration levels at the
attachment point of the seat 1o the cab) as a measure of ride quality or ability of the
suspension to isolate the cab from road disturbances, and the suspension cxcursion
(suspension relative dynamic deflection) as a measure of stroke length needed.

The quality of ride offered by a vehicle is rather subjective. However, several
attempts have heen made to specify a vehicle ride quality criterion. Much work has
been done to relate the various sensations experienced by a person undergoing
wholebody vibiration, to the frequency and level of that vibration. In this study, the
1SO recommended frequencies weighting technique is used to produce a single
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number representation of ride. The acceleration spectrum to be assessed is modified
throughout the frequency range using a weighting function. By intcgrating the result-
ing spectrum the weighted mean squared acceleration can be obtained. The fre-
qeuncy range over which the integration is performed in this study is from 0.1 to 30
Hz.

To estimate the rundom vertical displacement of the suspension due to road
irregularities, the root mean squared displacement is used.

6. Evaluation of the Suspension Alternatives

In this scction an analysis is sought to improve the ride quality at the cab by rede-
signing the cab suspension systems. The statistical performance of the suspension is
evaluated for a vehicle operated along a road whose irregularitics are represented by
the power spectral density function given by equation (1). For ride quality asscss-
ment of the vehicle, the acceleration spectra and weighted rms accclerations are
used. The study is for a vehicle operating at 8) km/h, and the baseline values of the
vehicle are listed in Table 1.

Table 1. Values of baseline vehicle parameters

Masses Dimrensions
m, = 950 kg by = (L6Sm
m, = 24800kg b, — 2Rm
m, = 34Slkg by, = 3.68m
m, - kg b, = $&2
m, =  I1503kg by = 22m
my = 1503 kg b, - 0Tm
m, - 180%kg B, = 09m
I, = 800 kg.m? by = 0.85m
I, = 200000kg.m? by = 1.15m
I, = 9500kg.m’ hy = 03m
h, = 1.0m

hy = 1.0m

Suspension characreristics

k, = A0 kN/m e, = 33 kNs/m
k, = FOOkN/m ty = SR 3KkNs/m
ky — 100 kN/m c, 83.3kN/me

k, - M0 KN/m ¢, = B83.3kNym
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Table 1 (continwed)
Masses Dimensions _
Tire characieristics
k, = 2000kN/m ¢, = 0.7kNs/m
k, = 4000 kN/m €., = 12kNs/m
ka = AN kN/m ty = 1.2kNs/m
k, = 4000 kN/m ¢y = L2ZkNs/m

Three suspunsion systems are evaluated: the conventional, the elastically-
isolated conventional (EIC), and the conventional with elastically connected damper
(ECD). Figure 2 illustrates the different suspension types. Table 2 gives description

of the different suspension types, and the corresponding definition of natural fre-
quency and damping ratio.

K,

a- Conventional b Elastically-isolated conventionsl

c- Counventional with elastically- C,
ronsecied damper K,

Fig. 2. Smspension types
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Table 2. Description of the different sespension types

M.M.EIMadany

. Natural Damping
Saspension type Description froquency, rate,E
u'll
1- Conventionat Second-order system, I
A spring and viscous _—
damper connected in 2vm Zk
parallel.
2-Elastically Third-order system. k, Ec:j
isolated A comventional - _
conventional suspensiun system in m_ 2vmk,
(EIC) series with a spring.
KK
L]
(e, =I— )
(K +K)
3- Conventional Third-order system.
with elastically A spring connected Zc|
connected damper in paralle| with -
[ ) elastically- 2 \/m‘_Iki

connected damper.

Figures 3 and 4 show the ride quality/dynamic deflection trade-oifs for the dif-
ferent suspension types. The weighted rms vertical and longitudinal accelerations
versus average cab suspension dynamic deflection are given in Figures 3 and 4,
respectively. The damping ratio is varied between 0.1 and 0.8. The data presented in
the figures permit an evaluation of the different suspension types and the effective-
ness of damping in reducing vehicle accelerations.

Several conclusions can be drawn from the results presented in Figures 3 and 4.
The conventional suspension system gives better results than both the etastically-iso-
lated conventional and the conventional with elastically connected damper. This
indicates that most of the rms acceleration contributions are low frequency. Increas-
ing the stiffness ratio in the clastically isolated conventional system will result in
reduction in the acceleration levels, and at the end will approach the performance of
the conventional system. A reduction in weighted rms vertical accelerations is
achieved by increasing suspension damping until a minimum is reached, after which
a further increase in damping impairs vertical ride quality. However, further
decrease in the acceleration may be obtained only by decreasing the cab suspension
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spring rates. The dynamic deflection can he significantly improved by increasing the
damping while leaving the stiffness at its baseline level. A trade-off exists between
the level of rms cab vertical accelerations and suspension dynamic deflections. Thus
as the vertical acceleration levels are reduced, larger dynamic deflections oocur. Sus-
pension design, therefore, represents a trade-off between achieving low dynamic
deflections and good ride quality represented by low accelcration levels.

® Couventional

@ EIC

@ E1c. hardery,

30 3) ke

CAB heave naturul Irequency = 1 Hx

f
g .20}
:
B
-l
.00 | | |

.0605 .010 .015

Average CAB suspension deflection,m

Fig. 3. Weighted rms CAB vertical acceleration versus aversge cab suspension dynamic deflection
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Conventional

EIC
EIC, harder k,

.30 ECD

©@eeo

CAB beave natural frequency = 1 Hz

Weighted rms CAB longitedinal accel..g
~
(=]
I

A0

-00

. 005 .010 .05

Average CAB suspension deflection,m

Fig. 4. Weighted rms cab langitodine acceleration versus averuge cah suspeasion dynamic deflection

7. Vehicle Suspension Dynamic Optimization

The cab suspension dynamic response optimization techniguc is presented in
this section. The dynamic performance measures include weighted meun squarcd
acceleration in the vertical direction and mean squared suspension deflection. The
design parumeters are the cab suspension springing and dumping characteristics.

To measure the overall suspension performance for suspension design pur-
poses, the following performance index is used.

Y-a +go {6)

Ya
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Where
a denotes the expected average. This performance index is a quadratic functional.

o> is the weighted mean squared vertical acceleration at the driver position; a

Ys  measure of vehicle riding comfort.
o? is the average mean squared values of the cab front and rear suspension
' dynamic deflections.

The value of the weighting parameter ¢ may be taken arbitrarily. The choice for
the value of 3 sets the relative importance placed upon the two functions in eguation
(6). A tradc-off curve is obtained through the determination of the value of .

Many mathematical programming techniques, for solving optimization prob-
lems, have been developed and evaluated for engineering optimization [29]. Optimi-
zation of the vehicle suspension considered herein is carried out using Hooke and
Jeeves pattern search algorithm [30] which required function evaluation but not
gradient information. Tt is an iterative algorithm which varies the system parameters
in a scarch to minimize the performance index.

The computer optimization technique is applied on the three types of cab isola-
tion systems of conventional, ciastically isolated conventional and conventional with
elastically connected damper. Two values of the weighting parameters o (10° and
106) are used for each type. The performance index is minimized in each case and the
optimum values of the cab springing and damping parameters are calculated. Table
3 gives the weighted rms values of the cab vertical and longitudinal accelerations, the
cab front and rear deflections, and the oplimized suspension purameters.

From examination of the data in Table 3, it can be stated that with large penalty
on cab dynamic deflcetion, the deflection is reduced but at the expense of increasing
cab acceleration in both the vertical and longitudinal directions. The conventional
suspension offers the best results as regard to the riding comfort bascd on using the
same weighting factor. The optimum values of the springing paramcters, ke and kg,
for the elastically isolated conventional und conventional with elastically connected
damper are very large and in cffect the two types of suspension approach a conven-
tional one with a spring and damper in parallel.

The acceleration power spectra at driver’s location in the vertical and longitud-
inal dircctions for g = 10 arc shown in Figures 5 and 6, respectively. The resubts are
given for the three types of the linear passive suspensions. ISO for 1 and 8 hours
fatigue decreased proficiency are shown in the figures for comparison. It can be seen
that the vehicle system dynamics are characterized by several rigid body modes:
bounce, pitch and whecthop. The respense spectra peak at the corresponding
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Fig. 5. Cab vertical acceleration powr spectra for the optimized suspensions with p = 10*

frequencies, The pitching modes of the three units (cab, tractor and semitrailer) form
a wide peak in the 1.3 to 4 Hz frequency band and contribute significantly to the ver-
tical and longitudinal accelerations. The response spectra exceed the 8 hour ISO
specification. Among the three passive suspension systems considered, the conven-
tional on¢ provides the best response and proves to be less fatigue causing particu-
larly for the frequency range above 2 Hz. It can be concluded that the ride quality
even for the optimized passive linear suspension is unacceptable. This shows clearly
the limitation of the passive suspension systems in providing a good ride quality for
such a particular combination of vchicle configurations and road characteristics.
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Fig. 6. Cab longiludinul acoeleration power spectra for the optimized suspenslons with p = 10*
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8. Performance of Cab Ride with Nonlinear Suspensions

In this section the improvement in cab ride quality through the use of nonlinear
springing and damping characteristics is examined. The cab suspension system con-
sists of springs in parallel with dampers. ‘The modification to the suspcnsion includes
the use of linear-square and linear-cube type for the nonlinear springing characteris-
tics, and square law type for the dampers. The stiffness and damping coefficients for
the nonlinear suspension are determined by sctting the force balance for the non-
lincar suspension equal to the peak force obtained from the use of the optimal con-
ventional suspension with ¢ = 106,

T!1e linear-square and linear-cube system models for stiffness are given by the
following force-displacement relationships:

F.=k, y+k,ylyl )
Fo=k. y+ky ®

where y is the relative motion between the cab and tractor frame at the suspension
connecting point.

The force-velocity relationship for the square law damper is given by
Fy=c, 917! ©

The solution of the nonlinear stochastic differential equations describing the
motion of the vchicle system is obtained through the use of the equivalent lineariza-
tion technique [16] in which a nonlinear characteristic is replaced with an equivalent
linear model.

The effects on cab performance of the variations in the stiffness coefficients of
the nonlinear suspension systems are studied. Typical resutls are shown in Table 4
which are obtained using the optimum damping parameters for the conventional sus-
pensions. It may be inferred from Table 4 that by using higher values for the linear
part of the stiffness, the equivalent stiffness increases. This leads to an increase in the
vertical and longitudinal accelerations, accompanied by a decrease in the suspension
dynamic deflections. The rms acceleration levels are lower for the nonlinear suspen-
sions {linear-square and linear-cube) than the corresponding linear ones, leading to
improvement in ride quality. Comparing the results of the linear-cube with that of
the linear-square type, the linear-cube system shows lower acceleration levels but
higher suspension deflections. This results from the fact that the equivalent stiffness
for the lincar-cube system is lower than that of the comparable linear-square system.
It can be said that improvement in the cab ride quality can be achicved by using non-
linear springs for cab suspensions.
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Thg rc'sults of using squure law damper in cab suspension system together with linear
springing characteristics are presented in Table 5. It can be seen that the rms acceler-
ation tevels and the relative dynamic deflections arc larger than thase ohtained with
the linear viscous dampers. In other words, the nonlinear square law damper pro-
_vides less effective cab vibration control than the linear viscous dﬁmpcr for such veh-
icle system. This behaviour may be justified since the equivalent damping is lower
than that of the linear viscous damper.

Table 5. Results using square law daspers

Weighled cab acceleration, g Cabdeflection, m{x 107 Equivalent damping, kNs/m
Vertical LoagHudisxal Front Rear Fromt Rear
0.148 0.092 0.3 0.621 6.1 33

9. Conclusions

The dynamic performance capahilities of passive suspension systems in isolating
the cab from the random road irregularitics arc evaluated. A tractos-semitrailer
model incorporating diffcrent suspension systems in search for better riding quality
at the cab is presented. Among the linear suspension alternatives, the conventional
system provides the best ride quality/deflection trade-off. For the combination of
vehicle system and road characteristics studied here, the optimized acceleration
power spectra cxceed the ISO fatigue decreased proficiency standards due to the
impuosed limitation on the cab dynamic deflection (stroke). Modest improvement in
performance over the linear system can be obtained by the use of nonlinear springs
in the cab isalation system. The square law damper is infcrior 1o the ride guality com-
pared with the linear viscous damper.

Recommended areas for future investigations include the incorporation of
active suspension system for improving cab performance, and development of more
complex models (e.g. frame flexibility).

Acknowledgement: The author gratefully acknowledges the support of the Research
Center, King Saud University.
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