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Abstract:

Introduction/purpose: The study of vehicle suspension is a challenge for
researchers in the field of vehicles regarding the impact of the suspension
system on vehicle performances such as ride comfort, road holding, and
working space. This paper presents the simulation of the Land Rover
Defender 110 vehicle in the roll plane (half vehicle) in Simulink/MATLAB.
The obtained results were compared with the results obtained in the
ADAMS/CAR software package of the Land Rover Defender 110 simulation
model previously experimentally validated. The Defender 110 vehicle has
a dependent suspension system in both axles and a passive suspension
type with four degrees of freedom (4 DOF).

Methods: The equations of the system can be solved mathematically with
a scheme in Simulink/MATLAB while half-vehicle modeling has been done
in ADAMS/CAR.

Results: The comparison of the vehicle characteristics obtained by the two
simulation methods was done for three different scenarios, and it was
noticed that there is a good correlation between them.
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Conclusion: It was concluded that the Defender 110 vehicle simulation
model in Simulink/MATLAB is validated. The validated model can be used
to perform suspension system optimization in future work.

Key words: suspension system, Defender 110, ADAMS/CAR,
Simulink/MATLAB.

Introduction

Automotive researchers pay attention to suspension because it
ensures the comfort, stability and safety of passengers and keeps the
wheels always in contact with the road whatever the nature of the road is.

Most of research activities during last decades have been directed to
vibration control of vehicles which are influenced by the harmful effects of
vibrations caused by road irregularities on driver's comfort (Mitra et al,
2013).

The primary function of the suspension is to minimize vibrations
arising from irregularities in the road profile. Consequently, it is crucial to
meticulously choose suspension characteristics such as spring stiffness
and the damping coefficient to ensure optimal performance across diverse
road profiles. When the vehicle is driven over an uneven road profile, there
should not be too large-amplitude oscillations, and if they occur, they must
be removed quickly (Turakhia & Modi, 2016).

One of the models used in the literature is a quarter vehicle model
because of its modeling simplicity. This model can give sprung mass
acceleration, road holding, and suspension working space. In (Mitra et al,
2018), an experiment was conducted on a quarter car test rig to obtain the
ride comfort by varying different parameters. The same dimensions of the
test rig were replicated to develop a quarter car simulation model in
ADAMS/CAR.

Another model that has been carried out by researchers is a bicycle
type model which is more complex than the quarter vehicle model. This
model provides one more parameter than the quarter vehicle model, and
that is the pitch angle. In (Zuraulis et al, 2014), there are the analyses of
the impact of the road micro-profile on the duration and the type of the
vehicle wheel contact with the road surface driving at different speed, and
the selected vehicle bicycle model describes vertical displacements of
front and rear wheels and their suspension as well as the impact of the
vehicle body motion and longitudinal oscillation.

There are some other parameters which are essential in the study of
vehicle suspension and among them is the roll angle. In order to be able
to study this parameter, we have developed a mathematical model of the
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Land Rover Defender 110 in the roll plane. The dynamic motions of the
vehicle in the roll plane are generally described by a 4DOF model. The
vehicle has a dependent type suspension, meaning that there is an axle
which connects the left wheel to the right one and the suspensions are of
a passive type.

The Land Rover Defender 110 model was made in ADAMS/CAR
software and the simulation model was validated using the instrumented
experimental vehicle for two scenarios, namely, the bump test and the
double lane change maneuver (Khettou et al, 2016).

This article focuses on the validation of the mathematical model using
Simulink/MATLAB with the ADAMS/CAR model of the vehicle in the roll
plane of the Land Rover Defender 110.

In the analysis of suspension in general, there are parameters called
design variables which are: stiffness and damping coefficients and the
performances such as ride comfort, road holding, and suspension working
space. These performances are dependent on design variables. The
objective of this work is to validate and compare the mathematical model
with the Adams model in order to optimize the performance characteristics
of the suspension system in the future work.

Mathematical model for suspension

A Land Rover Defender 110 vehicle in the roll plane with four degrees
of freedom (4 DOF) is presented in Figure 1: the vehicle body mass
(sprung mass), the moment of the sprung mass relative to the vehicle x
axis points forward and is parallel to the vehicle plane of symmetry, the
unsprung mass and the moment of the unsprung mass relative to the
vehicle x axis are identified by m,, I,,,, m, and I, respectively.

The suspension stiffness k and the damper coefficient ¢ are placed at
a distance d from the center of gravity of the suspension system. The tire
stiffness k; and the damper coefficient of the tire ¢, are placed at a distance
b from the center of gravity of the suspension system.

The vertical displacement, the rolling angle of the sprung mass, the
vertical displacement and the rolling angle of the unsprung mass are
represented by z, .0, , z,and ,, respectively.

The vertical excitation in the left and right wheels is represented by
zo; and z,,, respectively, and Figure 1 shows the details of the vehicle half
in the roll plane. The specifications of the suspension system are given in
Table 1.
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Figure 1 — Suspension system of the half vehicle in the roll plan

Table 1 — Suspension system specifications

Entity Value Entity Value
my, 2125 kg mg 232 kg
Ly 744 kgm? Loy 45.08 kgm?

k 55000 N/m k. 200000 N/m
c 5700 Ns/m Ct 0 Ns/m

The equations of motion of the passive model are given in Egs. (1),
(2), (3), and (4):

my, 7, + 2z, + 2kz, — 2c2, — 2kzg = 0 (1)
mg Z, + 2¢z4 + 2kzy — 2¢2, — 2kzy, + ¢ (Zg; + Zor) (2
+ki(zo; + zor) =0

L6, + 2cd?6, + 2kd?6, — 2kd?6, — 2kd?*6, = 0 (3)

L0, + 2cd?8, + 2kd?0, — 2¢d?8, — 2kd?8,, + c;b?(Zo] — Zoy)
+ ktb2 (Zo1 —Zor) =0 4)

The performance characteristics are described as follows:
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1. The vertical acceleration of the vehicle body is a measure of the
comfortability of ride and is expressed in Eq.(5):

fi = 12| ()

2. The dynamic tire load is a measure of the road holding and is
expressed in EQ.(6):

f2 = zq — 2| (6)

3. The suspension working space is expressed in Eq.(7):

f3 =z, — 24l 7)

4. The roll angle is expressed in Eq.(8):

fa=16y] (8)

Development of a simulation model

Two methods are used for the simulation of the half vehicle model to
make the comparison between them. The first method is to perform the
simulation using Simulink/MATLAB Software and the second method is to
use ADAMS/CAR Software.

Simulink model

Figure 2 shows the Simulink model which is made using Egs. (1), (2),
(3), and (4). In the solver, we chose step fix equal to 0.001, and automatic
solver selection.

Following the input excitation and from the graphic representation of
the model, we obtain essential information such as: displacement, velocity,
acceleration along the z axis and the angular displacement, angular
velocity, and angular acceleration along the x axis for the two masses
(sprung and unsprung).
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Figure 2 — Simulink model for the vehicle in the roll plan

Adams/Car model

The Land Rover Defender 110 suspension model was initially
developed by (Khettou et al, 2016) and, based on it, some modifications
were made, shown in Figure 3 representing the vehicle in the roll plane in
ADAMS/CAR. The model is represented by two masses connected by a
suspension system. One of the masses is called sprung mass and it
represents the body which carries the same characteristics of the vehicle
while the other is called unsprung mass and it represents the axle with two
wheels which have the same characteristics as real vehicle wheels.

After preparing the model and specifying input excitations of the
wheels, the simulation was performed using the same test parameters
used in the original model and in Simulink model which are cited in Table
1. We chose the resolution parameters in the solver: integrator: GSTIFF,
Formulation: I3, Corrector: Modified, and at the end we read the simulation
results in the postprocessing windows.
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Figure 3 — Representation of the vehicle Defender 110 in the roll plan in Adams/CAR

Results and discussion

In this study, we focus much more on the performance characteristics
mentioned above, in addition to vertical displacement, vertical velocity, and
angular velocity of the vehicle in three scenarios:

e Sinusoidal profile;
e Obstacle test; and
o Double bump test.

Scenario 1: sinusoidal profile

The profile of (Baumal et al, 1998) is used and shown in Figure 4.
The profile of the road is of a sinusoidal shape with the amplitude
h; = 0.102m, h, = 2h; and the wavelength 1 = 24.4 m.
The vehicle velocity v is assumed to be 24.4m/s.
As a function of time, the road conditions are given by Egs.(9) and
(10):
Zor = 5 (cos(wt) = 1) ©

Zor = h(cos(wt) — 1) (20)
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where z,;, z,, are the road profiles in the left and right wheel, respectively,
represented in Figure 4, while w is the forcing frequency and is given by

Eq.(11):

w =

L

Editation {m)

(11)

. .
15 2 25 3
Time (8)

Figure 4 — Sinusoidal profile of the road (scenariol)

Figure 5 shows the comparison between the Adams and Simulink
results of the sprung mass for scenario 1, while Table 2 shows the
comparison of the performance characteristic values between the Adams
and Simulink models for scenario 1.

Table 2 — Comparison of the performance characteristic values between Adams and
Simulink for Scenario 1

Performance Maxlfvl Max|(za - ZO[)l Maxl(za - Zor)l Maxlz,, - Zal Maxleu |
characteristic | (™/.2) (m) (m) (m) (rad)
Adams 6.96 0.083 0.058 0.113 0.101
Simulink 7.20 0.085 0.057 0.117 0.101
Deviation (%) 3.34 2.67 1.81 3.65 0
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Figure 5 — Simulation results in Adams and Simulink of a sinusoidal road profile
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Scenario 2: Obstacle test

In this test, the vehicle must cross a discrete obstacle with one wheel
(left) and then its response is determined.

The same discrete obstacle with the same speed, v = 8.33 m/s, was
used as in (Khettou et al, 2016).

The characteristics of the discrete obstacle are presented in Figure 6:

50

/&,
\

500 5Q0

Figure 6 — Dimensions and the profile of the discrete obstacle (scenario 2)

Figure 7 shows the comparison between the Adams and Simulink
results of the sprung mass for scenario 2, while Table 3 shows the
comparison of the performance characteristic values between the Adams
and Simulink models for scenario 2.

Table 3 — Comparison of the performance characteristic values between Adams and
Simulink for Scenario 2

Performance Maxlzvl Max|(za - Zol)l Maxl(za - Zor)l Max|z,, - Zal Maxlev |
characteristic | (™/s2) (m (m) (m) (rad)
Adams 2.79 0.049 0.021 0.0172 0.011
Simulink 291 0.050 0.023 0.0191 0.0109
Deviation (%) 43 2.27 8.53 10.6 091
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Figure 7 — Simulation results in Adams and Simulink of the discrete obstacle

Scenario 3: Double bump test

In this test, the vehicle is driven over a double bump shape shown in
Figure 8. The wheel on the right-hand side is late in time t, in comparison
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to the wheel on the left-hand side. The vehicle has a speed of v = 8.33 m/s
while the bump width is L = 0.5m and its amplitude is h = 0.1m.

(2]

- = Right Exiistion

Time (s}

Figure 8 — The double bump profile scenario 3)
As a function of time, the road conditions are given by Eqgs. (12) and (13):

g (1 — cos(w(t — tl))) ify<t<t,
Zoi(t) = %(1 — cos(w(t — t3))) ifty<t<t, (12)
0 elsewhere
2(1 — cos(w(t — tz))) ift, <t<ts
Zor(t) = 2(1 — cos(w(t — t4))) ifty <t<ts (13)
0 elsewhere
And the time steps are given in Eq.(14):
tl = 1S
L
T=—
V
ti=t1+nT n=2,....,5 ¢t,=T (14)

Figure 9 shows the comparison between the Adams and Simulink
results of the sprung mass for scenario 3, while Table 4 shows the
comparison of the performance characteristic values between the Adams
and Simulink models for scenario 3.

Table 4 — Comparison of the performance characteristic values between Adams and
Simulink for Scenario 3

Performance Max|Z,| Max|(Z, — Zoy)| Max|(Z, — Zo,)| | Max|Z, — Z,| Max|6,, |
characteristic /) (m) (m) (m) (rad)
Adams 5.34 0.086 0.077 0.024 9.62 1073
Simulink 5.21 0.092 0.077 0.027 1.05 1072
Deviation (%) 243 7.37 0 12.5 9.14
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Figure 9 — Simulation results in Adams and Simulink of the double bump profile
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Conclusion

In this paper, we have presented the Simulink model of the half
vehicle of the Defender 110 and performed its validation with the
ADAMS/CAR model for three scenarios. After the detailed analyses, we
noticed that the simulation results obtained by Simulink are in good
agreement with the simulation results of ADAMS. The extreme values of
Simulink are greater than those of Adams which can be explained by the
fact that the modeling in Adams is more detailed compared to the
mathematical model. Also, another reason is that the numerical resolution
method used in Adams is different from the methods used in Simulink, and
the calculated percentage error between the two simulations for the three
scenarios for all performance characteristics does not exceed 15%.
Therefore, we can say that the model is validated. It can be, therefore,
concluded that by using the validated model, the system can be further
optimized to study the relationship and sensitivity of different design
variables for optimal ride comfort, road holding, and suspension working
space.
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Modelado matematico y simulacién de un sistema de suspension de
medio vehiculo en el plano de balanceo
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Aleksandar G. Bukvi¢, Abdellah B. Ferfouri

Universidad de Defensa de Belgrado, Academia Militar, Departamento de
Ingenieria Mecénica Militar, Belgrado, Republica de Serbia

CAMPO: ingenieria mecéanica
TIPO DE ARTICULO: articulo cientifico original

Resumen:

Introduccién/objetivo: El estudio de la suspensién de vehiculos es un
desafio para investigadores en el campo de los vehiculos sobre el impacto
del sistema de suspension en el rendimiento del vehiculo, tales como la
comodidad de marcha, el agarre en carretera y el funcionamiento del
espacio. Este articulo presenta la simulacién del vehiculo Land Rover
Defender 110 en el plano de balanceo (medio vehiculo) en
Simulink/MATLAB. Los resultados obtenidos se compararon con los
resultados obtenidos en el paquete de software ADAMS/CAR del modelo
de simulacién Land Rover Defender 110 previamente validado
experimentalmente. El vehiculo Defender 110 cuenta con un sistema de
suspensién dependiente en ambos ejes y un tipo de suspension pasiva con
cuatro grados de libertad (4 DOF).

Métodos: Las ecuaciones del sistema se pueden resolver
matematicamente con un esquema en Simulink/MATLAB mientras se
realiza el modelado de medio vehiculo en ADAMS/CAR.

Resultados: La comparacioén de las caracteristicas del vehiculo obtenidas
por los dos métodos de simulacion se realizd6 para tres escenarios
diferentes, y se observé que existe una buena correlacién entre ellos.
Conclusion: Se concluyé que el modelo de simulacion del vehiculo
Defender 110 en Simulink/MATLAB esta validado. El modelo validado se
puede utilizar para realizar la optimizacion del sistema de suspension en
trabajos futuros.

Palabras claves: sistema de suspension, Defender 110, ADAMS/CAR,
Simulink/MATLAB.
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MaTtemaTtnyeckoe MogenmpoBaHMe CUCTEMbI MOABECKM aBTOMOOUNS B
nonepeYHon NIOCKOCTH

A60ecenem b. beHmennax, KOppeCNOHAEHT,

Momup M. Opakynny, Anekcandp C. Oxypud, CpemeH P. lNepwny,
AnekcaHop . Byksud, Abdennax b.®epdypu

YHuepcuteT o6opoHbl B I. benrpaa, BoeHHas akagemusi, kacdbeapa
BOEHHOro MalLUHOCTpoeHus, I. benrpaa, Pecny6nuvka Cepbus

PYBPUKA TPHTW: 78.25.09 BoeHHasi aBTOMOGUINbHANA TEXHUKA
BWO CTATbW: opurmHanbHasa Hay4Has ctaTes

Pesrome:

BeedeHue/uenb: W3yyeHue cucmeM 1008eCKU  MPaHCIOPMHbLIX
cpedcme sensiemcsi Herpocmol 3adavel 0Ona uccrnedoeamened,
udyqaruwux enusHue cucmeMm o08ecku Ha Xxapakmepucmuku
asmomoburns: ydobcmeo rpu 80x0eHuU, ycmou4ugocmb
asmomoburnis, ynpaensemocms aemomobuns u m. 0. B daHHOU
cmambe npedcmasieHo ModenupogaHue pabomsl cucmeMbi 1008ECKU
asmomobuns Land Rover Defender 110 & nonepeyHol miockocmu.
UmumayuoHHasi moOernb pa3pabomaHa 8 rnpospaMMHOM rakeme
Simulink/MATTLAB. lNony4eHHble pe3ynbmamsl bbiriu cornocmasnieHsl
C pe3ynbmamamu  paHee  IKCMepUMEHMasbHO  PO8epPeHHOU
umumauyuoHHol molersu Land Rover Defender 110. Aemomoburns Land
Rover Defender 110 umeem 3agucumyio cucmemy rnodeecku Ha obeux
0csX U No0BecKy rnaccugHoO20 muria ¢ YemblpbMsl cmerneHsMu c80600kb!
(4 DOF).

Memodbl:  YpaeHeHuss  cucmembl  Mogym  b6bimb  peuwleHsbl
mMamemamudecku rno cxeme 8 Simulink/MATLAB, a modenuposgaHue
mpaHcrnopmHbIX cpedcme 8 MornepeyHoU IoCKoCMuU 8bIrNOIHSIemcsl 8
ADAMS/CAR.

Pesynbmamei: CpasHeHue Xxapakmepucmuk asmomoburis,
rnony4YeHHbIx 08yMsi Memodamu ModesnupoeaHusi, b6bin10 8bINOIHEHO 10
mpem pasfuyHbIM cueHapusaMm. CpagHUMesbHbIU aHannu3 nodmeepourt
ydosnemeopumersibHoe cogrnadeHue roslyYeHHbIX Pe3yibmarnos.

Bbigo0dbi: Ha ocHosaHuu pe3ynbmamos uccriefogaHusi coOesiaH 8b1800,
Yymo umMumauyuoHHasi Modenb asmomobunsi Defender 110,
paspabomaHHasi & Simulink/MATLAB 0daem ydoenemeopumeribHO
moyHble pe3ynbmamsbl. CrnedogamesibHO, MOXHO cYumambs, 4mo
sepugpukayus ebirioniHeHa. BanudupoeaHHas molderib Moxem bbimb
ucrionb3ogaHa 6 onmumusayuu cucmembl rodsecku 8 bydywel
3Kcryamayuu.

Knoyesbie crnosa: cucmema roodsecku, Defender 110, ADAMS/CAR,
Simulink/MATLAB.
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MaTtemaTnyko MogenoBake U cumynaiuja cuctema 3a ocnawbame
BO3usia y NOMNPEYHO] paBHU

Ab6decenem b. beHmepnax, ayTop 3a Npenucky,

Momup M. Opakynuh, AnekcaHOap C. bypuh, CpemeH P. NMepwh,
AnekcaHOap . byksuh, Abdennax b. ®epdoypn

YHuBepautet ogbpaHe y beorpaay, BojHa akagemuja, Kategpa
BOjHOMaLLUUHCKOT nHXeHepcTBa, beorpaa, Penybnvka Cpbuja

OBJIACT: mawmnHCcTBO
KATEITOPUJA (TUM) YITAHKA: opyruHanHu Hay4Hu pag

Caxemak:

Yeod/uure: lNpoyyasare cucmema 3a ocrarmbarbe 8o3usia rnpedcmassba
u3as3o8 3a ucmpaxueade Koju caznedasajy ymuuaj cucmema 3a
ocnarar-e Ha nepghopmarce eosuna: y0obHOCM 80XHe, crmabuninHocm u
ynpasrbusocm goaurna, umo. Y pady je npedcmasrbeHa cumynayuja pada
cucmema 3a ocriarbarbe 803uria y norpeYHoj pasHu, 3a eosusio Land Rover
Defender 110, Koja je passujeHa y npospaMCKOM rakemy
Simulink/MATLAB. [obujeHu pe3ynmamu riopefjeHu cy ca pesynmamuma
dobujeHum y npoepamckom nakemy ADAMS/CAR 3a cumynayuoHu modesn
eosuria Land Rover Defender 110 «koju je eepucgbukosaH ca
ekcriepumeHmarnHum pesynamuma. Bosuno Land Rover Defender 110 uma
cucmemM 3a8UCHOe OcraraHba Ha 0be 0Co8UHE U nacueHU muri ocrnarmara
ca Yyemupu cmeneHa criobode (4 DOF).

Memode: JedHaquHe cucmema Mo2y ce Mamemamuyku pewumu WemMom
y Simulink/MATLAB-y, a modenupare 8o3una y [MOrNpeyYyHoj pasHuU
ypaheHo je y nakemy ADAMS/CAR.

Pesynmamu: lNopeherwe nepgopmarHcu go3urna AobujeHux rmomohy Ose
Memode cumyrnauyuja U3epUeHo je 3a mpu pasnu4yuma cueHapuja; yo4eHo
je 0a nocmoju 3adososbasajyhe nodydapar-e 0obujeHuUx pe3ynmama.

Sakrbyyak: 3akrbydeHo je da cumynayuoHu moden eosuna Defender 110
y Simulink/MATLAB-y daje 3adogorbasajyhe mayHe pe3ynmame, Yume ce
Moxe cmampamu Oa je u3spweHa Hezo08a 8epugukayuja
BepugbukosaHu cumynayuoHu mModes1 Moxe ce KOpucmumu ca ee/lukoM
mayHolwnhy 3a onmumu3ayujy cucmema 3a ocrnarbarse y 6ydyhem pady.

KmbyyHe pedu: cucmem 3a ocnawame, Defender 110, ADAMS/CAR,
Simulink/MATLAB.
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