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With the advancement of vehicle technology, there is a growing demand for vehicle comfort in addi-
tion to the focus on safety and functionality. On certain accident-prone sections of highways, such as entrance and
exit ramps, tunnels, and downhill stretches, continuous speed bumps are typically installed to remind vehicles to
reduce their speed. However, while enhancing safety, these measures also introduce a degree of discomfort for
passengers and drivers alike. Vehicle speed and the type of road speed bump are key factors influencing vehicle
comfort. In order to improve the ride comfort, this paper investigates the problem of adaptive speed control for
vehicles passing over different types of continuous speed bumps and proposes a method for solving the opti-
mal speed. In this research, a 4-degree-of-freedom vehicle suspension model and a road excitation model are
employed to simulate vehicle vibrations. Simulation optimisation is performed using MATLAB in conjunction
with an immune algorithm to obtain the optimal vehicle speeds for traversing three types of continuous speed
bumps — sinusoidal, rectangular, and trapezoidal — while adhering to specified constraints. The simulation results
demonstrate that this optimisation algorithm effectively enhances the ride comfort of vehicles when navigating
speed bumps. The algorithm, when applied, reduces vehicle vertical displacement, acceleration, suspension de-
flection, and tyre load to varying degrees when crossing speed bumps. It also reduces tyre ground clearance to
some extent, achieving a balance between comfort and safety. Furthermore, the study identifies the range of com-
fortable vehicle speeds for traversing these three types of speed bumps, providing valuable insights for selecting
the appropriate speed bump design on roads with varying speed limits.

Open Access

Intelligent driving technology has progressively matured
with the rapid development of a new generation of informa-
tion technology and has developed into a practical applica-
tion. The driving comfort and safety of the vehicle are cru-
cial as a product for real-world applications. However, the
majority of current research on the comfort of vehicles has
been carried out with vehicles travelling on flat surfaces, such
as in route planning (Motallebi et al., 2020) and suspension
optimisation (Gao and Qi, 2021). There are few studies on
the comfort and safety of vehicles when passing over un-
even surfaces, especially when it comes to passing speed

bumps. When drivers encounter speed bumps while driving,
they rapidly identify the type of speed bump and adjust their
vehicle’s speed based on their subjective experience to min-
imise discomfort during passage (Barreno et al., 2022). In the
case of semi-automated driving, forward-facing cameras are
used to detect speed bumps on the road ahead, and the driv-
ing assistance system assists the driver in adjusting the vehi-
cle’s speed to reduce vehicle vibrations (Zein and Darwiche,
2020). However, vehicles lack the capability for subjective
evaluation, making it challenging to adjust to an appropri-
ate speed based on comfort requirements when encountering
speed bumps. This presents a significant hurdle in achieving
the optimal balance between driving comfort and safety.



The discomfort experienced during rides primarily arises
from vertical vibrations induced by uneven road surfaces,
and vehicle speed also affects the intensity of the vibra-
tions. Therefore, the enhancement of ride comfort predom-
inantly focuses on the suppression of vertical vibrations
due to the presence of the driver. The suspension system,
as a crucial component ensuring comfort, can absorb vi-
brations generated by road disturbances and has become
an active area of research. To date, numerous studies have
been conducted on suspension systems. Researchers such as
Yan et al. (2019) have applied Hy suspension control to
quarter-vehicle active-suspension systems to dampen vibra-
tions, thereby enhancing vehicle handling stability and driver
safety; however, considering road incentives to be distur-
bances has limited the guidance of road information. Mah-
moodabadi et al. (2020) proposed a method based on op-
timal fuzzy adaptive robust proportional-integral-derivative
(PID) controllers, aiming to minimise the relative displace-
ment between the vehicle body acceleration and tyre spring
mass, thereby improving active-suspension performance and
ride comfort. Nguyen and Nguyen (2022a) proposed a state-
multivariable-based sliding-mode PID-integrated suspension
control method combined with a quarter-dynamics model,
significantly reducing spring mass displacement and accel-
eration and thus enhancing vehicle stability and comfort.
Further research introduced the optimised sliding-mode con-
trol (OSMC) algorithm to control the operation of active-
suspension systems, substantially improving vehicle oscilla-
tions on uneven road surfaces while effectively preventing
wheel separation, further enhancing ride comfort (Nguyen
and Nguyen, 2022b). Additionally, an AFSPIDF active-
suspension control algorithm, blending PID, SMC, and vari-
ous fuzzy algorithms, successfully suppressed vehicle vibra-
tions, significantly reducing vertical body displacement and
acceleration and ultimately enhancing vehicle stability and
comfort (Nguyen and Nguyen, 2023). However, due to the
complexity of vehicle systems, the above researchers mainly
utilised a quarter-vehicle model in studying ride comfort and
safety. Nonetheless, the quarter-vehicle model can only in-
vestigate vehicle motion in the vertical direction, overlooking
many crucial vehicle vibration characteristics and thus mak-
ing it challenging to fully capture vehicle system information
(Yang et al., 2015). Moreover, the use of more complex mod-
els would increase the difficulty of mathematical modelling
and dynamic analysis. Therefore, employing the 4-degree-
of-freedom (4-DOF) nonlinear vehicle suspension model is a
moderately complex yet closer-to-reality approach, enabling
more accurate acquisition of vehicle feedback information
and providing precise adjustment solutions for vehicles nav-
igating different speed bumps.

For advanced intelligent vehicles, their sensors and net-
work systems have the capability to acquire information
about the road ahead. Consequently, based on this con-
text, researchers have proposed novel approaches. For in-
stance, drawing upon road information obtained from net-

works and forward sensors, Wu et al. (2020) introduced a
comfort optimisation strategy capable of coordinating speed
variations and suspension vibrations. This approach utilised
a hybrid horizon variance (HV) model predictive control
(MPC) method, resulting in enhanced comfort for passive
suspension vehicles operating at a fixed speed. Building
upon this foundation, Liu et al. (2023) developed an in-
tegrated approach based on road information, combining
preview active-suspension control and longitudinal veloc-
ity planning. This integrated approach employed a road-
information-based semi-explicit model predictive controller
(SE-MPC) for active-suspension control, further elevating
the ride comfort of autonomous vehicles. Huang et al. (2023)
and others approached the problem from the perspective of
adaptive nonlinear control, introducing a novel suspension
control method. Leveraging X-shaped biomimetics inspired
by the skeletal structures of animals or insects and utilising
road information to solve multi-objective optimisation prob-
lems, this method significantly enhanced vehicle comfort.

It is evident that forward road information is paramount
for speed adjustment, particularly when considering ride
comfort. However, current research has not adequately ad-
dressed whether speed planning can achieve optimal com-
fort when navigating uneven road surfaces, especially over
speed bumps. In various road segments, such as tunnel en-
trances, downhill slopes, and pedestrian areas, speed bumps
are commonly deployed to control vehicle speed and to en-
hance the safety of both vehicles and pedestrians. These
speed bumps come in different shapes, including rectangular,
semi-sinusoidal, and trapezoidal designs. However, current
research concerning vehicle traversal of speed bumps pre-
dominantly focuses on trapezoidal speed bumps, with limited
exploration of other shapes (Walavalkar et al., 2021; Miracle
et al., 2021). In fact, different shapes of speed bumps have
different optimal passing speeds, and the study of trapezoidal
speed bumps alone is relatively homogeneous and lacks uni-
versality. In addition, there are different speed limits at dif-
ferent road locations, and the study of what kind of speed
bumps should be laid on different speed-limited sections is
relatively limited. Hence, conducting research on the opti-
mal vehicle speeds for driving vehicles to navigate different
speed bump shapes holds significant importance. Such re-
search endeavours contribute to enhancing the comfort and
safety of vehicles, facilitating their adaptation to the diverse
road conditions and speed limit requirements.

When adjusting vehicle speed, it is imperative not only to
ascertain the optimal speed for comfort but also to compre-
hensively consider the influence of other factors on comfort.
While the immune algorithm (IA) (Gong et al., 2009) is a
multi-objective optimisation method constructed by mimick-
ing the biological immune mechanism and integrating the
incentive of gene evolution, it has the advantages of self-
adaptation, stochasticity, and population diversity, as well as
superior global search capabilities, parallelism, and robust-
ness, which overcomes the phenomenon of prematurity that



exists in general optimisation. Significantly, the IA has found
successful application in the realm of automotive mecha-
tronic systems. For example, Chen (2020) used the IA to op-
timise the front- and rear-suspension parameters of an off-
road vehicle, which enhanced the suspension performance
of the off-road vehicle, thus improving the ride comfort and
stability of the whole vehicle. Similarly, Shieh et al. (2014)
combined the TA with adaptive fuzzy control and finally de-
veloped an integrated adaptive fuzzy controller which was
integrated into the vehicle suspension system to achieve a
balance between comfort and operability. However, it is note-
worthy that these studies predominantly treated vehicle speed
as a quantitative parameter, focusing on the enhancement
of comfort through suspension system parameter improve-
ments. Regrettably, the pivotal role of vehicle speed as a de-
terminant of driving and riding comfort has often been over-
looked.

Based on the aforementioned statements, this paper ap-
proaches the topic from a different perspective. Utilising
the information obtainable with regard to road speed bumps
through networks and sensors, the vehicle speed is consid-
ered to be an unknown condition. The research focuses on
a 4-degree-of-freedom nonlinear vehicle suspension model.
It employs the immune algorithm for optimising the speed
of vehicles when traversing various speed bumps. This op-
timisation aims to achieve the ideal speed for navigating
speed bumps, thereby reducing vibrations in vehicles. This
approach facilitates adaptive speed adjustment in vehicles,
ultimately enhancing both ride comfort and safety. Simulta-
neously, determining the optimal speed for traversing speed
bumps provides valuable guidance for the installation of
speed bumps in different speed limit zones.

The structure of this paper is as follows: the first part anal-
yses the current state of research on vehicle suspension sys-
tems and comfort; the second part introduces the 4-degree-
of-freedom nonlinear vehicle suspension model, as well as
the trapezoidal, half-sine, and rectangular-wave speed bump
models, and also describes the relevant parameters of the
models; the third part outlines a multi-objective optimisation
algorithm based on the IA; and the fourth part details the ex-
periments on applications in different speed bump scenarios,
and the results are analysed.

Figure 1 depicts the simplified diagram of the 4-DOF nonlin-
ear vehicle suspension model applied in this paper (Yang et
al., 2016). The nonlinear suspension model consists mainly
of the vehicle body, unsprung masses of the front and rear
suspension, springs, front and rear suspensions, tyres, and
dampers. It enables the study not only of the vertical and
pitch motion of the vehicle body but also of the vertical mo-
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Nonlinear vehicle suspension model of 4-DOF.

tion of the front and rear wheels (Yang et al., 2014). Table 1
shows the definitions of the symbols used in the model shown
in Fig. 1.

From the d’Alembert principle, the system equation of
motion can be expressed as in Eq. (1):

Ferr + Fso + Fera + Foo + mpg = —mpXp

(Fef2 + Fsp2) ;080 — (Fory + Fyp)lrcos® = JO "
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In some simplified nonlinear dynamics studies of vehicle sus-
pension, the suspension spring is regarded to be linear; that
is, the deformation amount of the spring has a linear relation-
ship with the spring force range; fs = kAx holds, where k is
the stiffness coefficient, and Ax is the deformation amount
of the spring. However, in actual situations, the suspension
spring will only be approximately linear when there is a small
deformation, and nonlinear motion characteristics will ap-
pear when the deformation is large. The suspension spring
will exhibit nonlinear deformation under road excitation. To
better fit the actual situation, the nonlinear spring character-
istics are expressed as follows (Yang et al., 2016):

fs= Sgn(As)kslAs|n» ()

where f; represents the dynamic spring force, sgn(-) de-
notes the signum function, Ag signifies the deformation
of the spring, ks represents the stiffness coefficient of the
spring, and n denotes the nonlinearity coefficient of the
spring. When n # 1, the spring exhibits nonlinear character-
istics; otherwise, it demonstrates linear characteristics. Con-
sequently, the nonlinear characteristics of each spring in the



Symbolic interpretation of the model.

Symbol  Symbol interpretation Symbol  Symbol interpretation

If Distance between front wheel and vehicle centre Iy Distance between rear wheel and vehicle centre
my, Spring loaded mass Xb Spring loaded mass displacement

mg Front unsprung mass Xf Displacement of front unsprung mass
my Rear unsprung mass Xr Displacement of rear unsprung mass
Xfd Front-wheel motivation Xrd Rear-wheel motivation

Fq1 Front-suspension tyre spring Fep Front-suspension tyre damping force
Fsp Front-suspension elasticity Fep Front-suspension damping force

Fyr Rear-suspension tyre elasticity Fep1 Rear-suspension tyre damping force
Fyo Rear-suspension elasticity Feo Rear-suspension damping force

0 Angular displacement of the vehicle J Vehicle inertia

vehicle can be expressed as follows:

Fiyr1 = sgn(Axpp) 100001~ Dgegy |Axf1 |nfl
Fyrp = sgn(Axp) 10002~ Vg | Axp |12
Fy1 = sgn(Axp1) 1000 =Dk [ Axyy [t )
Fyo = sgn(Axp) 100027 Do | Axpo |2
where
AXxfy = sf1 — Xfd
Axgy = xp — Spp — xf — [£sin6 @
AXr] = Xp — S¢1 — Xrd
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We express the damping force of the nonlinear suspension
system as follows (Yang et al., 2016):

fse = cs AXs, (®)]

where f,. represents the damping force, Axg signifies the rel-
ative velocity of the damper, and ¢ represents the damping
coefficient, which exhibits different characteristics when the
damper is stretched and compressed. Therefore, the nonlin-
ear damping forces of various vehicle suspension systems are
expressed as follows:

Foft = cp1 Axp

Fery = e Axn ©

Ferl = ¢ Axyg '

Fop =crnAxp
where cf; and ¢ denote the front- and rear-tyre damping
coefficients, and ¢y and ¢y» denote the front- and rear-tyre
damping coefficients. Furthermore,

Axf) = Xf — Xfd

AXp = Xp — lfé cosf -

AXy] = Xr — Xrd ™

Ak = xp — 1,0 cos

Let the state variable x| = xp, Xp = Xp, X3 =0, X4 = 9, X5 =
Xf, X6 =Xy, X7 =X, and xg = X,. The equation of state of
the 4-DOF nonlinear suspension system is expressed as in
Eq. (8):
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When the suspension system is in relative static equilibrium,
it can be calculated using the following equation:

Fr1 = sgn(Agp) ket | Agp1 "1 = (mps +mg) g
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where Agfi=1,2) and Ag=1,2) denote the static deforma-
tions, which can be obtained from Eq. (4); the masses of the
spring load mass my, at the front and rear axes, mys and my,
respectively, are expressed as follows:

mblr
lf + lr

_ mblf
YT+ 1

Mypf = my, (10)

Accurately obtaining road surface information is crucial for
analysing and evaluating vehicles. The uneven road surface
between speed bumps also serves as a source of vehicle vi-
brations. When the vehicle’s speed changes, the road surface
excitation experienced by the vehicle also varies. In other
words, the road surface excitation encountered by the vehi-
cle when passing over speed bumps is influenced jointly by
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Periodic trapezoidal speed bump excitation model.

the speed bumps and the uneven road surface. Hence, this
study takes into consideration the unevenness excitation that
the uneven road surface between speed bumps imposes on
vehicles and simulates the road surface’s unevenness exci-
tation using a sine wave model. Let xp, (¢) be the excitation
function of the speed bumps, let A be the average amplitude
of the uneven road surface, and let f; represent the excitation
frequency of the uneven road surface. Then the excitations
xtq and x.q of the front and rear wheels of the vehicle are
represented as follows:

xpa (1) = xn (1) + Asin (27 fr1),

(11
Xea (1) = xp (t + A1)+ Asin[ 27 f; (t + AD)],

with At being the time difference between the front and rear
wheels of the vehicle through the road point, approximately
equal to (It +1;) /v.

Figure 2 shows the excitation model for the periodic trape-
zoidal speed bumps (Yang et al., 2022); d is the separa-
tion between the speed bumps, and w and / represent the
width and height of the speed bumps, respectively. The vehi-
cle passes over the speed bumps with speed v, and then the
excitation period of the periodic trapezoidal speed bumps is
T=(w-+d)/v.

The excitation of the wheels in Fig. 2 is represented as in
Eq. (5):

!
Eh,titl
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fr—t . (12)
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Thus, the excitation of the front and rear wheels of the ve-
hicle on the periodic trapezoidal speed bumps is respectively
expressed as follows:

xfq () = trap () + Asin (2w fit),

. (13)
Xpa () = trap (1 + At) + Asin [ 27 f; (1 + Ap)].
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Periodic half-sine speed bump excitation model.

Figure 3 shows the excitation model for the periodic half-sine
speed bumps (Zhang and Zheng, 2022); the speed bump’s
height is A, its width is w, and the separation between the
speed bumps is d. After measurement, the width of the speed
bump is roughly equal to the separation; that is, w = d. When
the vehicle passes over the speed bump with speed v, the ex-
citation of the front and rear wheels of the vehicle on the
periodic half-sine speed bump road surface is defined as fol-
lows:

hsin (z’;—vt) + ‘h sin(%—”t)‘
2
+ Asin(2m ft),
hsin[z’;—”(z +At)] + ‘hsin[zg—”(wr At)]‘

2
+ Asin[27 £, (1 4+ AD)]. (14)

xtd (1) =

xd (1) =

Figure 4 shows the excitation model for the periodic
rectangular-wave speed bumps (Wu et al., 2014). The height
and width of the speed bumps are 4 and w, respectively, and
the separation between the speed bumps is d. The speed over
the speed bumps of the vehicle is v, and then the excitation
of the periodic rectangular-wave speed bump road surface to
the front and rear wheels of the vehicle can be expressed as
follows:

(1) h square 2wy t 100w +1
X == ,——
d 2 q w+d w+d

+ Asin (27w ft),

2mv (t+ A1) 100w)+1
+d "w4d

w

_h
xd (1) = 3 square(
+ Asin 27 £, (t + A)], (15)

where square (-) denotes the rectangular-wave function.

The 4-DOF vehicle suspension parameters used in the
simulation are shown in Table 2 (Zhu and Ishitobi,
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Periodic rectangular-wave speed bump excitation model.

2004). The simulation takes the static equilibrium point
[xb,)&b,e,éb,xf,)&f,xr,icr] =1[0,0,0,0,0,0,0,0] 1in the
vertical direction of the vehicle as the initial condition. Due
to the nonlinearity of the differential equations, a numerical
investigation of the dynamics of the vehicle model was
conducted using a fourth-order fixed-step Runge—Kutta
algorithm (Yang et al., 2022).

This chapter aims to discuss the problem of speed adap-
tive adjustment of vehicles and optimises multiple objectives,
such as the speed- and suspension-damping coefficients, si-
multaneously. Firstly, objective functions are established by
combining the optimisation objectives with the vehicle in-
dexes to evaluate the comfort of the optimisation objectives.
Then, the optimisation objectives are regarded to be a set of
antibodies, and we use the immune algorithm to establish
the multi-objective optimisation algorithm for optimisation,
which can achieve the purpose of improving the comfort of
the vehicle.

The vertical movement of the vehicle body, the dynamic de-
flection of the front and rear suspension, and the front- and
rear-wheel dynamic loads are used as evaluation indexes of
the vehicle to assess the overall performance and balance re-
sponse. In addition, all indexes are combined for a compre-
hensive assessment of comfort.

The vertical displacement of the body is usually propor-
tional to the vehicle speed when the vehicle passes over speed
bumps. Appropriate vertical body vibration displacement can
effectively protect the driver and occupants from unevenness
excitation of the road surface; thus, this paper takes the ver-
tical body displacement to be the evaluation index of vehicle
comfort (Pan and Sun, 2019); combined with Eq. (8), let

fi=xp=1x1. (16)

The vehicle’s suspension deflection directly affects the han-
dling stability of the vehicle. If the dynamic suspension de-
flection exceeds the design stroke of the vehicle, it will cause
damage to the vehicle’s suspension components. Therefore,
the paper selects the front- and rear-suspension deflection fo¢

and f>, as indicators for assessing the vehicle’s smoothness
(Sha et al., 2020); these are expressed as follows:

Jfor = xp — xf = x1 — X5,

S =xp — X = x1 — x7. 17

Vibrations generated by the ground excitation on the wheels
will cause discomfort to the driver, and the dynamic loads
generated by the vibrations will aggravate the wear of the ve-
hicle and even cause damage. Therefore, the dynamic loads
fas and f3; of the front and rear wheels are used to evalu-
ate the vehicle’s safety when driving on the road (Yu et al.,
2019). The stiffness coefficients for the front and rear wheels
are expressed in terms of kf; and k1. Moreover, xfg and xq
represent the road excitations to the front and rear wheels;
thus, the dynamic loads of the vehicle are expressed, respec-
tively, as follows:

36 = ket (xf — xga) = ke1 (X5 — Xga)

(18)
Sar = ket (cr — Xed) = ket (X7 — X1a)

We use the root-mean-square (rms) value to dimensionlessly
process the sub-objectives, such as the vertical displacement
of the vehicle body, the dynamic deflection of the suspension,
and the dynamic load of the wheels, thereby reducing the in-
fluence of incidental factors such as data inequality. Based on
the influence level of each sub-objective, the linear weighting
method is used to sum up the sub-objectives, and the objec-
tive function is expressed as follows (Wang et al., 2022):

F = min[w;rms (f1) + wzrrms ( for)
+ warrms (f2r) + w3grms ( f3£) + w3z rms (f30)]. (19)

Due to the varying impact of different influencing factors on
the overall comfort of the vehicle, this study takes the relative
weights w1, wor, war, w3f, and w3, of each sub-objective as
an example, setting them at 0.20, 0.15, 0.15, 0.25, and 0.25,
respectively, as examples for investigation. This paper simu-
lates the scenario where the vehicle passes over trapezoidal,
semi-sinusoidal, and rectangular speed bumps when exiting
a highway ramp with a speed limit of 60 kmh~!. The initial
speed of the vehicle before optimisation is 40kmh~!. To en-
sure the accuracy of the simulation, the duration of vehicle
motion in the simulation is set to 120's (Yang et al., 2022).

Establishing the objective function facilitates the evaluation
of the optimised comfort, which indicates the degree of opti-
misation. While this part describes the implementation pro-
cess of the optimisation objective through the immune algo-
rithm, which is to achieve the practical application of the al-
gorithm by optimising the speed of the vehicle passing over
the speed bumps and the relevant parameters, the specific
flowchart is shown in Fig. 5.



Parameters of 4-DOF vehicle suspension.

Parameter  Value Parameter  Value Parameter ~ Value
I 1.123m I 1377m  J 633.615 kg m?
mp, 1180.0kg mg 50.0kg  my 45.0kg
51 500 mm 5 S00mm  Cjy 10.0Nsm™!
kg1 140000.0Nm~!  ng 1.25 Cr 10.0Nsm™~!
kel 140000.0Nm~! 7 1.25 Crau 500.0Nsm™!
ke 369520Nm~!  np 1.50 Cid 359.7Nsm~!
ke 30130.0Nm~!  np 1.50 Crou 500.0Nsm~!
g 9.81 Nkg! h 0.015m Cpq 359.7Nsm~!
from Sect. 3.1. A higher affinity value implies better com-
Start . . .
- fort when the vehicle traverses speed bumps. While ensuring
the algorithm’s global search capability, this paper sets the
Initialise related parameters population size N to be 30.
I In optimisation problems, it is generally considered to be
Initialize firs o advantageous to initiate optimisation from the current best
a -generation antibodies X : .
T data point and to select the nearest data point to the current
— - one for further optimisation. The introduction of heuristic in-
Simulation calculation of| . L. . L. L. .
the objective function F formation plays a significant role in aiding the optimisation
process. By combining the affinity and concentration of an-
Output results MY Mt the maximun evolutiomar GGl tibodies, the excitation level of each group of antibodies is
generation G computed to perform the final assessment of antibody qual-

T

Calculate the concentration den(x;) Population Refresh

and excitation sim(x;) of antibodies

-mmmemes e )

Immune
operation

|
|
TR — o |
|
|

Basic flow of IA optimisation.

In order to facilitate the acquisition of the vehicle bal-
ance response, the relevant vehicle parameters should be ini-
tialised to achieve better optimisation of the vehicle’s perfor-
mance. This paper addresses the problem of adaptive con-
trol of vehicle speed when passing over speed bumps. It con-
siders a set of antibodies, x = {v, Cy, Cy2}, where v repre-
sents the vehicle speed, and Cr, and Cyy denote the front-
and rear-suspension damping coefficients. These antibod-
ies form the initial generation of the antibody population
X ={x1, x2, -+, xy} using an immune algorithm. Simula-
tions are conducted using the vehicle model to obtain perfor-
mance feedback, and the objective function (19) is computed
accordingly. The affinity of the antibodies is calculated as
aff(x) = 1/F, where F is the value of the obtained objec-
tive function. This affinity assessment is used to evaluate the
comfort of the vehicle when passing over speed bumps in
conjunction with the reciprocal of the objective function (19)

ity. A higher excitation level of antibodies indicates better
quality, signifying that the group of antibodies can enhance
the comfort of vehicles when traversing speed bumps. The
concentration of antibodies is defined as

N
den(xﬂ:%ZS(xi,xj), (20)
j=1

where N is the population size, and S (x;,x;) is the similar-
ity between the antibodies; the incentive of the antibodies is
denoted as

sim(x;) =« - aff(x;) — B -den(x;). 21

The calculation of the excitation degree suppresses the high
antibody concentration, which ensures the diversity of the an-
tibody population and ensures that the algorithm can be op-
timised to obtain the optimal speed and related parameters
after optimisation. Optimising the speed of the vehicle has
to satisfy a variety of constraints, such as smoothness and
safety, in addition to the optimal comfort of the vehicle over
the speed bump; however, the optimal solutions obtained so
far do not meet the requirements of the various constraints.
In order to obtain the optimal vehicle speed and related pa-
rameter solutions for the current problem as much as possi-
ble, after multiple experiments and verifications, it was found
that the affinity of the antibody in the paper had almost con-
verged before the evolution of 200 generations, and good re-
sults could be obtained. However, after the number G was set
to 200 generations, the affinity of the antibody rarely contin-



ued to increase. Therefore, the maximum generation was set
to 200.

In each round of the evolutionary process, immune opera-
tions play a crucial role in ensuring the continuous improve-
ment of vehicle comfort. Various immune operations from
the biological immune response, including immune selec-
tion, cloning, mutation, and clone suppression, are employed
to enhance the quality of antibody parameters affecting ve-
hicle comfort and to optimise the comfort of vehicle passage
over speed bumps. The immune selection operator filters an-
tibodies in the population, activating high-quality antibod-
ies that improve vehicle comfort, with the immune selection
ratio set to 50 % of the population (50 % NP). The cloning
operator replicates activated parameter antibodies to gener-
ate several copies. In order to ensure that changes in anti-
bodies’ variations lead to alterations in vehicle comfort, the
cloning quantity (M) is set at 10. The mutation operator is
applied to copies of vehicle speed and suspension damping
coefficients, using a real-number-encoding algorithm with a
certain probability. This mutation is aimed at modifying the
vehicle’s comfort while traversing speed bumps, maintaining
population diversity, and enhancing local search capabilities,
as illustrated below:

T (5.10) = |

Xi jm +(rand —0.5)-8, rand < ppy,

. (22

Xi jms otherwise
where the symbol x; ; ;, represents the jth dimension of the
mth clone of antibody x;, where 6 denotes the defined neigh-
bourhood range, and the mutation rate pp, is set to 0.7. The
clone suppression operator performs a reselection on the re-
sults of mutation, suppressing and eliminating parameter an-
tibodies with low vehicle comfort and ensuring that high-
quality antibodies that improve vehicle comfort are retained
for the next generation. This ensures that the next generation
of antibodies has a rich diversity in terms of vehicle com-
fort results, maintaining diversity in the new antibody popu-
lation.

To enhance the global search capability of the optimisa-
tion algorithm and to obtain new antibodies with different
vehicle comfort levels, a population refresh strategy is em-
ployed after each round of evolution. This strategy randomly
generates new antibodies and eliminates half of the anti-
bodies with low stimulation levels to ensure that the vehi-
cle comfort of the next generation of antibodies entering the
new round of evolution is better than the previous genera-
tion. When the specified number of evolution generations is
reached in the algorithm, the current best antibody, Xpe, iS
output, which includes the optimal vehicle speed and front-
and rear-suspension damping coefficients for passing over
speed bumps.

This paper details an optimisation algorithm considering ve-
hicle speed v and front- and rear-suspension damping coeffi-
cients Cr and Cp,. Simulating the vehicle passing through
the highway exit ramp with a speed limit of 40kmh~!,
combining the reality and hardware conditions, the con-
straint ranges of each variable are set to be Okmh~! <
v <60kmh~!, 0kgs™! < Cp <2000kgs~!, and Okgs~!
< Crp <2000kgs™!.

After applying the multi-objective optimisation algorithm
to the trapezoidal speed bumps, the convergence began in
the 173rd generation. The affinity of the best antibody was
1.7419, the vehicle speed v was 17.06kmh~!, the front-
suspension damping coefficient Cgy was 1997 kgs~!, and the
rear-suspension damping coefficient Cp was 1575kgs ™.

From Fig. 6, it can be observed that the optimal affinity sta-
bilises and gradually increases after the 54th generation, ulti-
mately converging. Between the 54th and 172nd generations,
when both v and Cy remain stable and mostly unchanged,
only variations in Cp contribute to a slight improvement in
the optimal antibody’s affinity. After the 173rd generation,
due to the presence of mutation operators and population re-
freshing in the optimisation model, mutations in v, Cy,, and
Cy» lead to a sudden change in antibody affinity, yielding
antibodies with higher affinities that subsequently stabilise.
Afterwards, it becomes increasingly challenging to generate
new antibodies that would lead to an improvement in affinity.
Affinity has reached a state of near-convergence, indicating
that the optimal vehicle speed and related parameters have
been obtained.

The response curves of the vehicle suspension system be-
fore and after optimisation are plotted in Fig. 7.

Before optimisation, the vehicle speed was 40.00 km h1,
and after optimisation, it was reduced to 17.06 km h~!. Ob-
serving Fig. 7, it is evident that the optimised objective func-
tion value is significantly lower than before optimisation. The
suspension deflection response has decreased from 0.0119
to 0.0054 m, and the wheel dynamic load response has been
reduced from 2510.5 to 1106.9 N, both lower than their re-
spective values before optimisation. Additionally, the maxi-
mum vertical displacement of the vehicle body has decreased
from 0.0816 to 0.0771 m, and according to the rms criterion,
the average value of the vehicle body displacement has de-
creased from 0.0105 to 0.0092 m. This indicates the effec-
tiveness of the optimisation algorithm. These improvements
reflect that the optimisation has enhanced the comfort and
safety of the vehicle when passing over speed bumps. The
spring mass acceleration curves before and after optimisa-
tion are shown in Fig. 8.
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Figure 8 shows the acceleration curves before and after
optimisation when passing over the trapezoidal speed bump.
Prior to optimisation, the maximum acceleration value for
the spring mass reached 0.9088 ms~2, which was reduced
to 0.7264 m s~ after optimisation. The average values were
0.0597 m s~2 before optimisation and 0.0557 m s 2 after op-
timisation. These findings further confirm the improvement
in comfort after optimisation.

For the half-sine speed bumps, after 200 generations of op-
timisation, the affinity of the best antibody converges to
1.4321 when the vehicle speed v takes 15.33kmh~!, the
front-suspension damping coefficient Cyp, takes 1971kgs™!,
and the rear-suspension damping coefficient Cpp takes
1819kgs~!.

From Fig. 9, it can be observed that, between the 51st and
123rd generations, the affinity of the best antibodies remains
essentially stable, with minimal variation. During this evolu-
tionary phase, changes in speed v are relatively small. How-
ever, there was a notable exchange in the values of the front
and rear damping coefficients (Cy; and Cyo) at the 97th gen-
eration due to a mutation, which essentially corresponds to
an interchange of front- and rear-wheel damping coefficients,
resulting in relatively minor effects on affinity. Between the
130th and 140th generations, vehicle speed gradually starts
to converge towards its optimum value. During this period,
as the front and rear damping coefficients need to converge
continuously around the optimal values, they start to oscillate
around this optimum. Consequently, the affinity of the anti-
bodies increases rapidly, leading to improved vehicle com-
fort. This trend continues until approximately the 170th gen-
eration, when the affinity of the antibodies stabilises. At this
point, there is little room for further improvement, signifying

that the optimal vehicle speed for passing over speed bumps
has been obtained.

Figure 10 shows the system response curves of the vehicle
suspension system at steady state; these are contrasted to the
response curves prior to optimisation.

Before optimisation, the vehicle speed was 40.00 km h—!,
which was reduced to 15.33kmh™~! after optimisation. Ob-
serving Fig. 10, it can be noted that the objective function
value after optimisation is significantly lower than before,
halving the value from the pre-optimisation state. This in-
dicates an overall improvement in comfort. However, there
is a slight increase in vertical body displacement, rising from
0.0097 to 0.0109 m, which has a negligible impact. On the
other hand, suspension dynamic deflection decreased from
0.0112 to 0.0086 m, and the wheel dynamic load response
was reduced from 2208.8 to 1313.6 N. Further analysis re-
veals that, before optimisation, there was a risk of wheel lift
due to excessive speed, which has been significantly miti-
gated after optimisation. The spring mass acceleration curve
at this stage is shown in the Fig. 11.

The spring mass acceleration has shown a slight in-
crease due to the increase in vertical body displacement.
The maximum acceleration value has increased from 0.8828
to 0.9301 ms 2, and the average acceleration has increased
from 0.0593 to 0.0645 ms~2. While there is a slight sacri-
fice in comfort when passing over the semi-sinusoidal speed
bump, it ensures the safety and stability of the vehicle.

After applying the optimisation algorithm to the rectangular-
wave speed bumps, the optimal antibody has an affin-
ity of 1.5087 after convergence, the vehicle speed v is
25.40kmh~!, the front-suspension damping coefficient Cy,
is 1623kgs~!, and the rear-suspension damping coefficient
Cris 1617kgs™!.

From Fig. 12, it can be observed that the variations in
vehicle speed v occur relatively infrequently, and their im-
pact on the optimal affinity of the antibodies is relatively mi-
nor. The optimal affinity remains stable between the 160th
and 175th generations. Similarly, the rear suspension damp-
ing coefficient Cyp converges around the 175th generation.
The trends in changes for the front and rear damping coef-
ficients are relatively similar. Upon comparison, it is evident
that the overall optimal affinity increases as the absolute dif-
ference between the front and rear damping coefficients de-
creases. Consequently, when passing over speed bumps of
rectangular shape, it is necessary to maintain closely matched
front and rear damping coefficients. Ultimately, at around the
190th generation, the optimal affinity nearly converges, in-
dicating that the optimal vehicle speed and related parame-
ters for passing over rectangular speed bumps have been ob-
tained.
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Figure 13 shows the steady-state response curves of the ve-
hicle suspension system for each parameter system are plot-
ted and contrasted to the response curves prior to optimisa-
tion.

Before optimisation, the vehicle speed was 40.00kmh~!,
and after optimisation, it became 25.40kmh~!. Upon ob-
servation of Fig. 13, it is evident that the objective func-
tion value after optimisation is significantly lower than be-
fore. The vertical body displacement has been reduced from
0.0129 to 0.0115m. Additionally, there have been various
degrees of improvement in suspension deflection and wheel
load response after optimisation, decreasing from 0.0112 to
0.0054 m and from 2209.1 to 1394.9 N, respectively. These
values are considerably lower than the responses before op-
timisation. Furthermore, it is notable that the risk of wheel
lift when passing over rectangular speed bumps, which ex-
isted before optimisation, has been reduced. This indicates a
substantial increase in the comfort and safety of the vehicle
when crossing rectangular speed bumps after optimisation.
And the acceleration variation curves of spring mass before
and after optimisation are shown in Fig. 14.

It can be observed that, after optimisation, there has been
a certain degree of reduction in the acceleration of the spring
mass. The maximum accelerations before and after optimisa-
tion are 0.9807 and 0.9330 m s~2, respectively. According to
the rms criterion, the average accelerations before and after
optimisation are calculated to be 0.0612 and 0.0543 ms™2,
respectively. This indicates that, through optimisation, there
has been an improvement in the comfort and safety of the
vehicle when crossing rectangular speed bumps.

After the optimisation of the IA, the comparison results be-
fore and after the vehicle pass over different types of periodic
speed bumps are shown in Table 3.

After optimisation of the immune optimisation algorithm,
the optimum speeds and the relevant parameters for pass-
ing trapezoidal, half-sine, and rectangular-wave speed bumps
are obtained. The indicators for measuring vehicle safety and
comfort have been vastly improved compared to those before
optimisation, and the most obvious is the trapezoidal speed
bump.

The following information can be gleaned through hori-
zontal comparison:

1. Under the premise of ensuring the efficiency of pass-
ing over speed bumps, the vehicle can maintain better
comfort and safety when passing over rectangular-wave
speed bumps at a relatively fast speed (25.40kmh~!)
while keeping the front and rear damping coefficients
of the vehicle within a relatively low range and requir-
ing relatively little from the body suspension.

2. When passing over the half-sine speed bump, it is
necessary to maintain a relatively low vehicle speed
(15.33kmh~!). However, the relatively large range of
the vehicle’s front and rear damping coefficients places
relatively high demands on the body suspension.

3. The speeds and suspension damping coefficients over
the trapezoidal speed bumps are between (1) and (2).

4. Passing over the rectangular speed bumps requires low
vehicle suspension. These speed bumps can be passed
over faster; they suitable for roads where the speed lim-
its are not very high and do not need to be passed over
at a very slow speed. Trapezoidal and half-sine speed
bumps have relatively high requirements in terms of
the body suspension, and the damage to the body sus-
pension is more significant when passing over quickly.
Therefore, these speed bumps are suitable for sections
where speed limits are demanding and where passing
speeds are slow to ensure the safety of the vehicle.

By comparing results before and after the optimisation, it
can be observed that the vehicle has a slight increase in ver-
tical displacement due to the influence of the shape of the
speed bumps and the change in the relevant vehicle parame-
ters when passing over the half-sine speed bumps. Although
a small part of the vehicle’s comfort has been sacrificed, it
ensures the safety and stability of the vehicle.
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Figure 13. Comparison of vehicle response curves over periodic rectangular-wave speed bumps before and after optimisation. (a) Response
curve for objective function values F. (b) Response curve for vertical body displacement xy,. (¢) Response curve for front-suspension dynamic

deflection dg¢. (d) Response curve for front-wheel dynamic load dy¢.
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Analysis of optimisation results for vehicles passing over three types of speed bumps.

Trapezoidal Half-sine Rectangular-

Parameter speed bumps speed bumps wave speed bumps

Before After | Before After | Before After
v (kmh~1) 40 17.06 40 15.33 40 25.40
Cp (kgs™ 500 1997 500 1971 500 1623
Cp (kgs™h 500 1575 500 1819 500 1617
The rms value of xt, (m) 0.0105 0.0092 | 0.0097 0.0109 | 0.0129 0.0115
The rms value of dg¢ (m) 0.0119 0.0054 | 0.0112 0.0086 | 0.0112 0.0054
The rms value of dg; (m) 0.0130 0.0079 | 0.0111 0.0062 | 0.0142 0.0080
The rms value of djf (N) 25105 1106.9 | 2208.8 1313.6 | 2209.1 1394.9
The rms value of dj (N) 1991.6  1026.0 | 14904 7409 | 2244.7 1521.4
The rms value of a (m s72) 0.0597 0.0557 | 0.0593 0.0645 | 0.0612 0.0543
Objective function value F 1.0000 0.5741 | 1.0000 0.6973 | 1.0000 0.6628
Combined percentage improvement (%) 0 4259 0 30.27 0 33.18
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Acceleration curves before and after optimisation over
rectangular-wave speed bumps.

The paper constructs a multi-objective optimisation algo-
rithm based on the IA to optimise the vertical displacement
of the body, the dynamic deflection of the suspension, and
the dynamic wheel loads. The experiments simulate the 4-
DOF vehicle passing over the periodic trapezoidal speed
bumps, the periodic half-sine speed bumps, and the peri-
odic rectangular-wave speed bumps to solve for the optimum
speed and relevant parameters for passing and draw the fol-
lowing conclusions:

1. After optimisation by the immune optimisation algo-
rithm, the optimum speed of the vehicle can be obtained
when driving over various shapes of continuous speed
bumps.

2. Various factors will affect the safety and comfort of the
vehicle when passing over different speed bumps. In ad-
dition to adjusting the speed of the vehicle, the coeffi-

cients of the front- and rear-suspension dampers need to
be adjusted based on an optimisation algorithm to ob-
tain the optimum level of comfort and safety.

3. After optimisation by the immune optimisation al-
gorithm, the comfort index of the vehicle over the
three types of speed bumps was significantly improved,
with the most remarkable improvement being in trape-
zoidal speed bumps, followed by rectangular-wave
speed bumps, and finally half-sine wave speed bumps,
with improvements of 42.59 %, 33.18 %, and 30.27 %,
respectively.

4. Based on the premise of ensuring the efficiency of pass-
ing over speed bumps, rectangular-wave speed bumps
are suitable for being passed over at a faster speed
and can obtain good comfort and safety; they are suit-
able for road sections with relatively low speed limit
requirements and do not need to be passed over very
slowly. However, trapezoidal and half-sine speed bumps
require relatively high suspension damping coefficients
and need to be passed over at a slower speed to ob-
tain good comfort and safety. They are suitable for road
sections where the speed limit is strict and need to be
passed over carefully and slowly.

The results of the paper offer a solution to the speed adapta-
tion problem of vehicles passing over different speed bumps,
provide a scientific basis for the installation of speed bumps
on different-speed-limit roads, provide a reliable reference
for the study of the comfort and safety of vehicles on uneven
roads, and also provide reliable data for subsequent research
on the comfort of speed adaptive regulation.

However, the optimisation algorithm is not sufficient to
optimise the vehicle passing over the partial speed bumps;
it improves the safety when the vehicle passes over the half-
sine speed bumps, but the comfort is slightly sacrificed, and
further research is needed. Meanwhile, the results of this



study are still at the theoretical stage, and further experi-
mental verification and optimisation on actual vehicles are
required to achieve a higher level of research results.
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