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Abstract—In this study, the dynamic interaction between road
and vehicle is modeled. For this purpose, a full vehicle model with
eight degrees of freedom is considered. The equations of motion
of the whole system are derived by the D’Alambert method and
numerical solutions are obtained by the Newmark average
acceleration method. Due to varying road roughness, the forces
affecting the driver and the vehicle-components are analyzed in
detail. Also, vertical and rotational displacements, velocities, and
accelerations are examined, and results graphs are given. Two
different pre-defined road profiles, created as non-random road
excitation, and five different vehicle speeds are presented and
analyzed.
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1. INTRODUCTION

Vehicle dynamics and forces affecting vehicle components
and driving comfort with increasing vehicle speed are an
emerging research topic. Many vehicle models have been
proposed to examine vehicle-road interaction. Generally, these
models can be classified in three types, quarter-car, half-car,
and full-car modeling. Using Taguchi L16 array and SNR
analysis, measurements for the performance of the semi-active
suspension system with MR damper were taken in [1] and
according to the results, damper cylinder material is the key
parameter to the design of the magnetorheological (MR)
damper. By using speed bump as road disturbance, overshoot
and settling time with passive suspension system were
analyzed in [2] for a quarter-car model with 2 degrees of
freedom. Adding an inerter on the suspension system, the
performance of vibration absorbing was investigated in [3]and
the vibration was considerably decreased. A robust quarter-car
control scheme was created in [4] along with a road disturbance
profile with a sliding mode controller. According to the
variable damping coefficient limit, semi-active suspension
systems were created in Matlab/Simulink in [5] and system’s
damping coefficient limit of 4000Ns/m performed best when
considering ride comfort. Theoretical and experimental
analyses of rail vehicles were modeled in [6] using electro-
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mechanic similarity theory. A quarter-car model with a PID
controller used to minimize the vertical body acceleration was
prepared in [7]. A method was developed in [8] for the
performance optimization of an eCAR considering the impact
of road dynamics, acceleration rate, mass changing and gear
ratio. According to the results, the proposed method was
efficient and simple and could be applied to any eCAR model.
An active suspension system which used sliding mode control
was created and compared with the passive suspension system
in [9]. The results show that this system has better effect on
vibration isolation compared to the passive suspension system.

A Grey Fuzzy Sliding Mode controller was proposed in
[10] for improving ride comfort. The results show that this
controller provides robustness to the system under the presence
of uncertainties. Under three different road roughness classes
classified by the ISO-8608 standard, Newmark Beta method
was used in [11] for quarter-car analysis. Under step road
roughness, the suspension system of a quarter-car model was
analyzed in [12]. The results show that ride comfort was not
suitable according to the ISO2631-1 standard. For half-car
suspension system analysis, ADAMS/Car program was used
and B class road and pulse input were utilized as road
disturbance in [13]. A nonlinear half-car model was created in
[14] and for reducing the vibration levels PID control, Fuzzy
Logic Control (FLC), Hybrid Fuzzy-PID control (HFPID), and
Hybrid Fuzzy Logic controller with Coupled Rules
(HFPIDCR) have been used. According to the simulation
results the HFPIDCR shows good performance in reducing the
vibration levels under nonlinear system parameters. A half-car
model with road adaptive nonlinear control was created in [15]
with road adaptive algorithm schemes, showing adaptation
potential for different road types. Active and passive
suspension systems of a half-car model were analyzed in [16]
using nonlinear suspension stiffness and damping. The results
showed that the nonlinear active suspension system performed
better when compared with the passive one. A full-car model
with seven degrees of freedom with nonlinear suspension
springs and dampers under sinusoidal road disturbances was
studied in [17] and according to the results the car response

www.etasr.com

Yildirim & Esen: Dynamic Behavior and Force Analysis of the Full Vehicle Model using Newmark ...



Engineering, Technology & Applied Science Research

Vol. 10, No. 1, 2020, 5330-5339 5331

could be chaotic. The suspension system of a full-car model
was examined in [18] using three different road assumptions,
while a full-car model was analyzed in [19] for passive and
active suspension systems under a sinusoidal road excitation
with optimization technique.

Using a bump road excitation as a road roughness model, a
semi active control algorithm was used in [20] for a full-car
model with an MR damper. The results show that this control
algorithm decreases displacements and accelerations. For
optimization of ride comfort and handling, a semi-active
control was created in [21] using a full-car model. According to
the results, this algorithm achieved the intended goals. A quasi-
LPV approach was studied in [22] as a semi-active controller
for seven degrees of freedom of a full-car model. For a semi-
active full-car model, LQ controller and observer were
compared in [23] with a real vehicle with a skyhook controller.
An Hoo observer was designed in [24] to decrease the effects of
unknown ground disturbances on the full-car model with seven
degrees of freedom. Ride comfort and frequency response up to
18Hz of a full-car model with ten degrees of freedom were
examined in [25]. For road profile irregularities estimation a
new technique called Independent Component Analysis (ICA)
was proposed in [26]. The obtained results show that the
proposed technique is adequate for identifying road
disturbances. Optimization of the passive suspension system
was examined in [27], and for this purpose, a numerical-
computational program was developed. Driver seat vertical
acceleration was reduced approximately by 21.14% of
weighted RMS value. A robust finite-frequency Hoo controller
was developed and studied in [28]. The fundamentals of full-

car dynamics and the vibration influence to the human body in
order to design better active suspension systems for suitable
comfort level were investigated in [29]. A full-car model with
seven degrees of freedom and an MR dumper was analyzed in
[30] for suspension system control. The control algorithm
included optimal control algorithm and Fuzzy Logic, Linear
Quadratic Regulator (LQR) and Fuzzy controller.

In this study an accurate modeling of vehicle road
interaction using a full-car model which can be used for the
investigation of vertical, pitch, and roll movements of the car
body, driver’s seat and other suspension components, is
presented. In addition, as an issue which has not been discussed
in detail in the literature, the analysis of the forces applied to
both the vehicle body and the driver's seat was also conducted.
Newmark average acceleration method was used as a different
method than the ones generally used for these studies. In
addition, in order to examine the effects of vehicle speed on
vehicle dynamics, analysis was performed at 5 different vehicle
speeds. For this purpose, analysis was performed for two
different proposed road roughness models.

II.  MATHEMATICAL MODELING

To study vehicle dynamics and dynamic forces affecting
vehicle components, the vehicle could be classified in one of
the three different models which are (from the least to the most
complex): quarter-car, half-car, and full-car. In this study the
full-car model was used because it is the nearest to real-life
vehicles (Figure 1). In this model, roll and pitch rotation
movements can be examined along with vertical movements
and forces.

m, I, 1

Fig. 1.

The full-car model has eight degrees of freedom and
includes passenger mass m1,, car body mass m,, front left wheel
mass my,, rear left wheel mass m,y,, front right wheel mass
mg.,, rear right wheel mass m,,,,, moment of inertia of pitch I,
moment of inertia of roll /,, and connecting elements which

The full vehicle model

comprise of dampers and springs with the same properties and
linear characteristics. In this system, springs are named as:
passenger seat stiffness k,, front left suspension stiffhess kg,
rear left suspension stiffness k,;, front right suspension stiffness
k., rear right suspension stiffness k,,, front left wheel stiffness
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kp, rear left wheel stiffness k;,, front right wheel stiffness k.,
and rear right wheel stiffness £,,.,, all with linear characteristics.
Similarly, dampers were named as: passenger seat damping
coefficient c,, front left suspension damping coefficient ¢4, rear
left suspension damping coefficient ¢,;, front right suspension
damping coefficient c¢;, rear right suspension damping
coefficient c,,., front left wheel damping coefficient c,, rear left
wheel damping coefficient c,,, front right wheel damping
coefficient ¢4, rear right damping coefficient c,.,, all with
linear characteristics. G is the center of gravity of the full-car
body. This system has both vertical and rotational
displacements, and so it needs reference directions for these
displacements. Vertical displacements were symbolized as:
passenger vertical displacement z,, center of car body vertical
displacement z;; front left wheel vertical displacement zg,,, rear
left wheel vertical displacement z,,,, front right wheel vertical
displacement zj.,,, rear right wheel vertical displacement z,.,,

pitch rotational movement 6, and roll rotational movement ¢.
Also, road roughness effects on vertical displacement were
symbolized as zgg, Z,g, Zji-g, Zing, representing front left road, rear
left road, front right road, and rear right road respectively.
Basic measurements of passenger and center of gravity of the
car body are shown in Figure 1. G is the location of the center
of gravity, L Lg, L;, and L, are the distances of G from the
front of the car body, rear of the car body, left of the car body
and right of the car body respectively. Passenger distances from
the left and the front of the car body are symbolized as L, and
L,y respectively. Rotation movements occur around each
direction on Cartesian coordinates. Pitch (), roll (p), and yaw
(y) movements occur around x, y, and z axes respectively.
Because cornering situation was not considered, the yaw
movement was not studied in this analysis. The motion
equations are given below:

Myl + Cpl2p = 2 + (Ly = Lpo )0 + (Lpst = L)@] + k25 = 27 + (Ly = Lpsp)0 + (Lpst — Li)] = 0 (1)
Mz = cpl2p — 25 + (Ly = Lpsy )0 + (Lpst = L)@ = kplzp — 27 + (L = Lpsy )0 + (Lpst — L) @] + cru2r = Lpf + Ligp — 271
+ kfl(zf - LfB + LI(P - Zle) + CTZ(Zf + LRH + LI(P - ZTZW) + le(Zf + LRH + LI(P - ZTZW)
+ (2 = Ly = Lo — Zppy) + k(27 — L0 — Lo — 2y ) + o (27 + L = Lyogp — 21y, )

+hp (2 + L = Lop — Zpry) = 0

198 = 2 [cp(Lpsy = Le)| = 2 [(cq1 + ¢pr )Ly = (et + )L + cp(Ly = Lpss )| — 6 [_(Cﬂ + ¢ )Lf = (cn + e)Li — 6 (Ly = LpSf)z]
— @[(crly = el )Ly + (e Ly = cL)Lg + (L = Lyst) (Lp = Lysp)] + ZpiwCrilip + ZprwCerLy = ZyiwCriLg
= ZrpwCrrLr = 2p[Kp(Lpsy = Ly )] = 2¢[(kpu + K )Ly — (kg + k)L + K (Ly = L) 3)
-9 [—(kﬂ kg )12 = Cepy + k)L — KLy — Lpsf)z]
— @[(kpLy = kprLy )L + (kpy Ly = kg L) Lg + ki (Ly = Lipsp ) (Lp = Lysp) ] + Zpuw kpily + Zpewkpr Ly = Zp Ky L

- errwkrrLR =0

Ip = 2p[cp (L = Lpst)] = 2¢[(cr + e )Ly = (e + ) Li + €5 (Lpst — L)
= 0(crrLr = cprlp)Lr + (cily = crila)lo+ €(Ly = Lpsy) (Lt = Lpsi)]
- (P [_(Cfr + Crr)Lz“ - (Cfl + Crl)L% - Cp(Lpsl - LZ)Z] + Zfrwcerr + erwcrrLr - ZflwcflLl - ZrlwcrlLl
= 2p[lep (Lo = Lpst )] = ¢ [Uepr + K ) Lr = (kg + bert )Lt + by (Lpst — L)) @)
= O[(kryLg = kL) Ly + (Kpuly = kriLg)Ly + kp(Ly = Ly )(Li = Lpst)]
-9 [_(kfr + krr)L%“ - (kfl + krl)L% - kp(Lpsl - LZ)Z] + Zfrwkerr + erwkrrLr - ZflwkflLl - ZrlwkrlLl =0

MewwZpe = CpZp = L0 + Lip = 2ps) = kpu (20 = Leb = Lip = Zpu) + o (Zpw — Zp1g) + ki (200w — 279) = 0 (5)
Mo Zriw — Cr1(2p + LeO + Lip — Zry ) — k(27 + L0 + L1 = Zyiy) + oy (Zrow = Zrg) + kriw (Zrnw — Z11g) = 0 6)
MerwZprw = Cr (2 = L0 = Ly — Zpry) = bpr (25 = L0 = Lrp = Zpry) + Cpru(Zrrw = Zrg) + pro (25w — 2prg) = 0 (7)
MyrwZrrw = Crr (2 + Lg8 = L) = Zypy) = Ky (2 + L0 = Ly = Zypy) + Cory (Zrrw = Zprg) + Koy (Zery = Zerg) = 0 (8)

III.  MODELING OF ROAD ROUGHNESS

The analysis of the effect of the bump height on the vehicle
dynamics and of the force on vehicle components for two
different road profiles is shown in Figures 2-3. In the model
illustrated in Figure 2, the amplitude of the first bump is higher
than the amplitude of the second bump. The mathematical
expression is given in (9), where EI, E2 represent the
amplitudes and G/, G2 represent the widths of the road defects.
In (9), TI=B+G1 and T2=B+GI+A+G2. In the second model
(Figure 3), the amplitudes of the irregularities in the road are
the same. The mathematical expression is given in (12) [31].

1 2n(x — B—G1)
( fEl 1 —cos ) forB<x<B+G1

1 2n(x —B—G1—A)
—cos|——m——

0, elsewhere

1 2n(x — C) cr<cC
) = EE 1 —cos — /) forCc<x<C+D (10)

0 elsewhere

)) forTI+A<x<T2 ©)
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Fig. 2. The first road irregularity model
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Displacement
Fig. 3. The second road irregularity model

IV. NUMERICAL ANALY SIS

For the numerical analysis of the full vehicle model, a
Matlab program that includes vehicle and road parameters and
Newmark average acceleration method [32] was created. The
used full-car model parameters are given in Table I. The road
profiles’ parameters are given in Table II.

TABLE L PARAMETERS OF THE FULL VEHICLE MODEL
Parameter Value Unit
Passenger and seat mass 80 kg
Car body mass 1500 kg
Wheel mass 50 kg

Car body’s moment ofinertia on x axis 1680 kgm®
Car body’s moment of Inertia on y axis 1500 kgm?

Seat damping coefficient 600 Ns/m
Front damping coefficient 1200 Ns/m
Rear damping coefficient 1000 Ns/m
Front wheel damping coefficient 60 Ns/m
Rear left wheel damping coefficient 50 Ns/m
Seat suspension stiffness 8000 N/m
Front suspension stiffness 30000 N/m
Rear suspension stiffness 20000 N/m
Front wheel suspension stiffness 150000 | N/m
Rear wheel suspension stiffness 120000 | N/m

Center of gravity - left wheel distance 0.75 m
Center of gravity - right wheel distance 0.75 m
Center of gravity - front wheel distance 1.4 m
Center of gravity - rear wheel distance 1.1 m
Passenger - left wheel distance 0.4 m
Passenger - front wheel distance 1 m
TABLE II. ROAD PARAMETERS
First road irregularity profile Second road irregularity profile
Parameters Values Parameters Values
B Sm B 10m
A 10m A 3m
Gl Im D 0.3m
G2 Im E 0.05m
El 0.1m
E2 0.05m

V. RESULTS

The effects of speed bumps, on the dynamics of the vehicle
were examined for five different vehicle speeds and two road
profiles. These speeds were taken as 60km/h, 90km/h,
120km/h, 150km/h, and 180km/h respectively.

A. Results of the First Road Irregularity

The first road irregularity profile is given in Figure 2.
Under this road irregularity, passenger seat vertical
displacement and car body wvertical, pitch, and roll
displacements are shown in Figure 4, for five different vehicle
velocities. When vehicle speed increased, all displacement
values decreased, and peak point locations occurred more at the
right side, for all displacement figures because of the increase
in the taken road during the period of oscillation. Passenger
seat displacement values are higher than car body’s and this
situation shows that passenger seat stiffness and damping
coefficients could have more suitable values. But compared
with road irregularities, more than 80% of disturbances of the
road are isolated according to the slowest vehicle speed that has
the highest displacement values. Pitch displacement values are
rather higher than roll’s yet these values are so small, the
highest value is rather smaller than 1°, that they could be
considered negligible. For the first road irregularity profile, the
speed graphs of the full vehicle model are shown in Figure 5.
Like displacement graphs, it is observed that the velocity
values decrease as vehicle speed increases. The changes in car
body speed are greater compared to the ones at the passenger
seat. Pitch and roll movement velocities and displacement
values are low.

Acceleration graphs of the full vehicle model are shown in
Figure 6. Like the displacement and velocity graphs,
acceleration values decrease when vehicle speed increases.
While passenger seat acceleration at the lowest vehicle speed is
in the “extremely uncomfortable” region, as the vehicle speed
increases, it moves towards the “uncomfortable” region. As for
the car body acceleration, both vertical and pitch movement
accelerations are in the “extremely uncomfortable region”,
according to ISO 2631-1 [31, 33]. As vehicle speed increases,
peak values locations exist more at the right side for all
accelerations as in the displacement figures. This situation
shows that the spring stiffness and the damping coefficient of
the passenger and the vehicle body are not suitable and need to
be reconsidered. When the passenger acceleration is taken into
consideration, it is observed that the values obtained are not
suitable for driving comfort. Roll movement accelerations are
not considered high when compared with the pitch values. The
force graphs of the full vehicle model are shown in Figure 7.
Acting forces upon the passenger seat are not high, and like
displacement, velocity, and acceleration graphs, when the
speed of the vehicle increases, these values decrease and peak
point locations move towards to the right side. When the forces
acting on the vehicle body are examined, it is observed that the
forces in the roll movement direction are not too high. But
vertical and pitch direction forces have high-level values, and
thus, they could be harmful to the car body equipment
especially considering the bearing location.
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B. Results of the Second Road Irregularity
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Fig. 9. For the second road irregularity profile: passenger seat vertical velocity, car body vertical, pitch, and roll movement velocities
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The second road irregularity profile is given in Figure 3.
Under this road irregularity, change of passenger seat vertical
displacement and car body vertical, pitch, and roll
displacements are shown in Figure 8, for five different vehicle
velocities. It is observed that there is a decrease in the
magnitude of displacement values that occur as vehicle speed
increases. The peaks of the displacement values occur more on
the right side, as in the first road graphs. In these graphs, this
situation differs slightly for the first speed only and this is
probably due to the fact that the bumps are closer to each other.
The velocity graphs are shown in Figure 9. We can see that
speed amplitude increases as vehicle speed increases from 60
to 120km/h, while speed amplitude decreases as vehicle speed
increases from 120 to 180km/h. The acceleration graphs are
shown in Figure 10. While passenger seat acceleration at the
lowest vehicle speed is in the “little uncomfortable” region, as
the vehicle speed increases, it moves towards the ‘“not
uncomfortable” region, according to ISO 2631-1. When the
passenger comfort is taken into consideration, it could be said
that the obtained values provide driving comfort. Also,
compared with the first road profile, it is observed that while
the amplitudes are reduced by half, in acceleration values
significant decreases occur. According to the ISO 2631-1
standard, the acceleration values are changing from the
“extremely uncomfortable” region to the “little uncomfortable”
region. Both the vertical and the pitch accelerations of the car
body are in the “extremely uncomfortable” region. This shows
that the acceleration values on the vehicle body are at
undesirable levels. Roll movement accelerations are not high
when compared with pitch values. According to Figure 11,
vehicle roll movement force and passenger vertical force have
low amplitude levels. This shows that the equipment of the
passenger seat is under the suitable condition. Similarly,
bearing equipment of the car body is not under high-level force
considering roll movement. As for the vertical and the pitch
movement forces, they don’t have low but high force values.
The car body equipment should be designed considering these
dynamic acting forces.

VI. CONCLUSIONS

The main contribution of this study is the analysis of the
forces applied to the vehicle body and the driver's seat. For
dynamical analysis, the Newmark average acceleration method
was used, which is not common in the literature. In this paper,
the full vehicle model was considered and the dynamical
behaviors of the vertical and rotational movements have been
analyzed for the driver’s seat and the car body. Two different
road irregularity models were created and analysis was run
with Newmark average acceleration method. For the first road
irregularity, accelerations are in the “extremely uncomfortable”
region except for the roll movement accelerations. When the
second road profile was examined, as the amplitude of the road
profile disturbance was halved, it is seen that the acceleration
values pass to the “little uncomfortable” and “not
uncomfortable” regions according to the ISO 2631-1 standard.
For the first road profile, the vertical force and the pitch
movement force of the car body have high values, and thus the
equipment of the vehicle should be designed considering these
forces. Similar with the acceleration values, under the second
road profile irregularity, road disturbance amplitude was halved

and the vertical and the pitch forces values of the car body were
significantly decreased. The forces of the seat and the roll
movement of the car body were not in a high-level for both
road profiles. On the other hand, as the vehicle speed increased,
it was observed that there was an increase in the period of
movement of both the vehicle and the seat.
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