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Esclarecimiento

Este documento ha sido traducido del reporte presentado en la Staffordshire University con el titulo
“Ride investigation and comfort behaviour of a Quarter Car, Half Car and Full Car Model Suspension
System using Simulink-Matlab.” Como proyecto de fin de master el 15 de febrero de 2019.

Es probable que algunos términos o expresiones no hayan sido correctamente traducidos, y ha de
tenerse en cuenta que la estructura del documento sigue los estandares de la Universidad britanica,
para poder comprender correctamente y poder evitar cualquier malentedido se recomienda la
lectura de la version original, la cual aparece en los anexos de este documento.
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Abstract

Over the history the need to isolate the irregularities from the road to the cabin in the mean of
transport has been always present. It was soon detected that the wheels had an important
influence. The connections between the wheels and the cabin could help to reduce those
effects and to maintain the wheels in contact with the road to improve the handling. Different
configurations of suspension system were tested, but the ratio comfort/handling has always
bothered engineers.

Habitually suspension systems use a helicoidal springs to store the energy and dampers to
absorb the energy introduced into the system, these systems are known as passive
suspensions. Modern suspension systems can vary the configuration of its parameters, semi
active suspensions, or even include actuators electronically controlled, that can introduce or
extract energy into the system creating a wide range of new possibilities to encounter all the
challenges that could not been resolved yet, the new generation of suspensions that include
actuators to control the system are known as active suspensions.

The main objective of this project is to test mathematical model of an average vehicle in
different scenarios that vehicles usually can be submitted. With different configurations of
new generation controllers, the comfort and handling can be undertaken at the same time.

To understand the behaviour of the vehicle different mathematical models of the suspension
system are used, starting from a simplification of the vehicle using a model of a one wheeled
quarter car to more complex models until a full car mathematical is tested to examine the
possibilities that these new suspension system configurations can contribute.

KEYWORDS: Suspension system, active suspension, passive suspension, semi-active
suspension, quarter car model, half car model, full car model, PID control, SIMULINK.
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Introduccion

Desde los origenes de la industria del automdvil la necesidad de aislar la cabina del conductor
de las irregularidades de la carretera ha estado siempre presente, gracias a la continua
evolucidn de esta industria se ha investigado mucho y se han encontrado muchas soluciones
mejorando la experiencia de los viajeros considerablemente.

Cuando pasajeros o cargos se transportan en los medios de transporte es necesario minimizar
las perturbaciones a las que puedan ser sometidos, bien sea para mejorar la sensacion de
confort o simplemente para evitar dafios en la carga. Evitando estas perturbaciones también se
consigue que el conductor no se fatigue con rapidez, mejorando asi la concentracién del
mismo y por lo tanto la seguridad.

La necesidad de utilizar sistemas de suspension no estd solo motivada por la comodidad de
los pasajeros, ademads el buen funcionamiento de un sistema de suspension se deben cumplir
otros factores:

* Proteger el vehiculo

* Mantener el contacto de las ruedas con el suelo
* Asegurar la estabilidad del vehiculo

* Mejorar la direccién del vehiculo:

Sistemas de suspension

Se ha mencionado con anterioridad la funcién de aislamiento que los sistemas de suspension
proporcionan, absorbiendo las oscilaciones en las ruedas producidas por el perfil del suelo. En
este caso tanto las ruedas como los amortiguadores y resortes tienen su funcion especifica, por
ultimo ha de recordarse que el asiento del conductor también tiene un gran peso en la
sensacion de confort.

La presion del aire de las ruedas permite absorber las pequefias perturbaciones de la carretera,
el principal objetivo de las ruedas es permitir un buen agarre y reducir el ruido que produce la
friccion del contacto con la carretera. Cuando las perturbaciones de la carretera son
demasiado grandes y no pueden ser absorbidas por la rueda, los elementos elasticos de la
suspension actdan, la sensacion de confort dependerd de la rigidez de estos elementos, estds
perturbaciones producen oscilaciones que son rdpidamente absorbidas por los amortiguadores
para mantener el contacto de las ruedas con la carretera.

Para explicar correctamente el funcionamiento de los sistemas de suspension han de
explicarse ciertos conceptos primero:

Masa semi-suspendida (m;):

Hace referencia a las ruedas y todos los elementos que las conectan con el chasis del vehiculo,
frenos, manguetas y amortiguadores entre otros.

Pablo Pérez Camporro
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Masa suspendida (m):

El término de masa suspendida se utiliza para referenciar a los elementos del vehiculo, no
incluidos en la masa semi-suspendida; como puede ser el motor, chasis, asientos o incluso
pasajeros si los hubiese.

Masa del vehiculo (m):
La suma de la masa suspendida del vehiculo y la masa semi-suspendida representan la masa
total del vehiculo.

Vibraciones:

La mayoria de los medios de transporte terrestres pueden alcanzar grandes velocidades, lo que
hace que se vean bajo el efecto de diferentes tipos de vibraciones, estas vibraciones se pueden
dividir en dos grupos; aquellas propias del vehiculo, como las vibraciones producidas por un
motor a grandes revoluciones o aquellas externas como las vibraciones producidas por el flujo
de aire o el perfil de la carretera. Estas vibraciones afectan a los pasajeros los cuales pueden
percibirlas de diferentes maneras; ya sea auditivamente, el oido humano puede escuchar un
espectro de frecuencias entre 25 y 25.000 Hz. Estas vibraciones son consideradas como
“ruido” y para estudiar del efecto en los pasajeros ha de realizarse un estudio paralelo a este,
al afectar de una manera completamente distinta a los pasajeros, por lo cual todas las
vibraciones superiores a 250 Hz. no se estudiaran en este proyecto. Por otro lado, las
frecuencias inferiores a 250 Hz pueden afectar de distinta manera a la suspension
dependiendo de la frecuencia.

e 1-3 Hz Estas vibraciones afectan principalmente a la masa suspendida.

e 5-40 Hz estas frecuencias afectan a la masa semi-suspendida

* 40-250 Hz estas oscilaciones se producen en la masa semi-suspendida debido a la
frecuencia natural de las ruedas.

Elementos de los sistemas de suspension

Hasta ahora unicamente se ha hablado de los sistemas de suspension contemporaneos, pero el
estudio de los antiguos sistemas de suspension permite darnos una idea mas concisa del
funcionamiento idoneo de estos.

Las suspensiones tipo ballesta:

Estos sistemas de suspension utilizan la unién de diferentes hojas de acero de distintas
longitudes, acopladas entre si para proporcionar una unién entre el vehiculo y las ruedas. El
sistema se monta siguiendo una piramide invertida donde las capas mads largas se colocan
sobre las més cortas. Esta configuracion permite tinicamente un desplazamiento vertical de las
ruedas sin necesidad de un elemento de guia, ademas fueron ampliamente usadas debido a que
tenian un coste de produccion bajo, son sencillas de reparar y de modificar, en funcién de las
necesidades. El sistemas produce claramente un movimiento eldstico, pero la friccion entre las
hojas produce también un amortiguamiento de las oscilaciones evitando asi la necesidad de
utilizar amortiguadores. Sin embargo, el excesivo peso y el mantenimiento que necesitan los
hizo obsoletos respecto a modernos sistemas de suspension en modelos de no muy gran peso.

Pablo Pérez Camporro
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Resortes / Muelles helicoidales:

Los muelles helicoidales son utilizados como elementos eldsticos en la mayoria de sistemas
de suspension, se utilizan como “acumulador” para absorber la energia

introducida en el sistema. Los primeros muelles helicoidales utilizados en los (eq.1)
vehiculos tenfan una seccidn y paso entre anillos constante lo cual permitia

obtener una respuesta casi proporcional a la longitud desplazada siguiendo la ley de Hooke,
sin embargo los muelles actuales varian tanto la secciéon como el paso para obtener una
respuesta mas adecuada dependiendo de la compresion a la que se vean sometidos. Aun asi,
en este estudio el comportamiento y la reaccion de los muelles se consideraran proporcional al
desplazamiento para simplificar los cdlculos.

F = —k Ax

Como se habia mencionado previamente, los sistemas de suspensién son sistemas vibratorios
que cuando una excitacién externa se aplica, producen movimientos oscilatorios. Se mencioné
también que el muelle es el elemento eldstico de la suspension, pero otros elementos eldsticos
como los “silent-blocks” ubicados al final del muelle como tope de compresion, que también
forman parte del sistema de suspension del vehiculo. Estos elementos, principalmente
formados por goma o elastomeros de poliuretano utilizados para evitar que las altas
frecuencias de la masa semisuspendida se transmitan a la cabina.

Amortiguadores:

El principal objetivo de los amortiguadores es el de disipar la energia cinética almacenada en
los muelles producida por la dindmica del de la masa semi-suspendida, esta energia se disipa
en forma de calor gracias a la viscosidad del aceite almacenado en su interior, permitiendo asi
que la suspension vuelva a la posicion neutral evitando cualquier balanceo innecesario para
mejorar el control del vehiculo. Las caracteristicas de los amortiguadores estdn claramente
referenciadas a la necesidad de evitar y prevenir posibles oscilaciones que provoquen una
sensacion de falta de confort que un amortiguamiento brusco pueda causar. Los
amortiguadores utilizan fluidos viscosos que producen fuerzas de rozamientos y diferencias
de presion entre camaras, lo cual produce una fuerza vertical opuesta al deslazamiento, y por
lo general proporcional a la velocidad del desplazamiento del véstago.

Diferentes categorias de sistemas de suspension

Es ya conocido que el perfecto balance entre confort y funcionamiento es dificilmente
alcanzable, este problema se complica debido a la multitud y diversidad de factores externos e
internos que condicionan su funcionamiento, tales como la diversidad de pavimentos, la
velocidad del vehiculo, la masa y muchos otros. Todas estas circunstancias han de tenerse en
cuenta a la hora de escoger los parametros del coche, el problema reside en que estos factores
puedan variar facilmente, pero los pardmetros de la suspensién no.

Las distintas implementaciones realizadas en las tltimas décadas en los sistemas de
suspension han podido mejorar el confort de los pasajeros y también las prestaciones de los

Pablo Pérez Camporro
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vehiculos. Hoy en dia los sistemas de suspension mads utilizados siguen siendo los pasivos,
pero los sistemas semiactivos son cada vez més utilizados en coches de gama media y la
llegada de las suspensiones activas a los vehiculos de calle ya es un hecho como la suspension
neumdtica de Tesla en sus modelos més asequibles, totalmente automaética.

I:@

(a) ib) (c)

Figura I - Diferentes configuraciones de sistemas de suspension
a) Suspension pasiva b)Suspension semi-activa c)Suspension activa FUENTE: (Conde, et al., 2008)

Sistema de suspension pasiva.
Los sistemas de suspension pasivos se disefian partiendo que las condiciones mas extremas
afecten en la menor medida de lo posible en el comportamiento del coche. Como ya se ha
explicado los sistemas pasivos no permiten una configuracién de los pardmetros de la
suspension, al menos no de una forma automatica y/o instantdnea. Ademads, las condiciones si
son cambiantes como puede ser la masa del vehiculo al aumentar la carga, es verdad que
algunos coches con suspension neumadtica, los Citroén fueron los primeros en introducir este
sistema, se regulan automaticamente, la gran mayoria de vehiculos no cuentan con estas
cualidades, por lo que los pardmetros de la suspension tienen una gran influencia en el
comportamiento del vehiculo.

Suspension semi activa:

La suspension semi activa es similar a la suspension pasiva, inicamente los valores de
amortiguacion pueden ser ajustados en funcién de los gustos del conductor o automaticamente
en funcién de los factores que afecten al vehiculo.

Los amortiguadores automaticamente regulables son comtinmente utilizados en la actualidad
y es un elemento diferenciador en los coches de gama media y alta. El ratio
confort/comportamiento es un problema que se pueda si no erradicar al menos si atenuar,
gracias a los sistemas semi activos, por ejemplo se puede utilizar una configuracién mas dura
cuando se necesite una mejor traccion y mas blanda cuando se desee un mayor confort.

Pablo Pérez Camporro
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La mayoria de los sistemas modernos semi-activos utilizan amortiguadores conocidos como
eléctricos, aunque el término correcto sea electro-mecéanicos, que permiten variar el
coeficiente de absorcion introduciendo un diferencial en el voltaje que permite al aceite
férrico aumentar o disminuir su viscosidad. Este diferencial de potencial puede bien ser
ajustado por el piloto o bien por la centralita del coche en funcién de la informacién
proveniente de los diferentes sensores que miden la aceleracion-frenada, inclinacion del
vehiculo, velocidad, desplazamiento de las ruedas, entre otros sensores dependiendo del
fabricante.

Suspension activa

Los primeros sistemas de suspension activa fueron utilizados a finales de los 80 en la férmula
1 con la intencién de subsanar las fuertes cargas aerodindmicas a las que se veian sometidos
los vehiculos al alcanzar grandes velocidades. Estas cargas aerodindmicas podian triplicar el
peso del vehiculo, este incremento de la carga vertical permitia un mayor agarre pero los
sistemas pasivos de suspension dificilmente podrian soportarlos. Este problema se convirtié
répidamente en una necesidad en mejorar los tiempos, por lo que los elementos pasivos fueron
rapidamente sustituidos.

El sistema mds simple de una suspension activa consiste en un actuador neumaético controlado
electrénicamente en lugar de muelles y amortiguadores. La fuente de la energia de estos
actuadores es un circuito hidrdulico el cual utiliza una bomba conectada directamente al
motor, uno o varios colectores se utilizan para reducir las fluctuaciones de la presion
requerida en cada instante.

Al igual que en los sistemas semi activos, se utilizan sensores los cuales graban el
comportamiento del coche de forma constante como puede ser la posicion del volante o
acelerometros. Estas sefales son enviadas a la centralita, la cual compara con informacién
almacenada y en funcién de los algoritmos envia una sefial para que los actuadores realicen
una fuerza siempre en funcion de la sefial recibida.

Los actuadores, uno por rueda, son cilindros de doble efecto donde el flujo es proporcional a
la sefial de control recibida. Este sistema se completa con un intercambiador de calor para
disipar el calor generado.

Otros sistemas de suspension activos combinan los elementos de una suspension pasiva
(muelle y amortiguador) con el actuador. Estos sistemas permiten a los elementos pasivos
absorber las oscilaciones mds espontaneas y reducir las fuerzas que el actuador ha de realizar,
disminuyendo asi su tamaiio y por lo tanto precio, peso y complejidad. Algunas de estas
suspensiones utilizan también actuadores neumaticos los cuales son mas rdpidos, pero tienen
menor fuerza, ademads el fluido en este caso si es comprensible.

Uno de los principales inconvenientes de este sistema es la perdida de potencia del motor,
debido a que tiene que mover a su vez las bombas del sistema, bien es cierto que esta pérdida
de potencia se ve recompensada ampliamente con la mejora del comportamiento del vehiculo.

Pablo Pérez Camporro
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Finalidad y objetivos del proyecto

La finalidad de este proyecto es la de comparar la simulacién de diversos tipos de sistema de
suspension; el pasivo, el semi -activo y el activo. Para ello se realizan cuatro modelos de
sistemas de suspension, empezando desde el mds simple con un grado de libertas, hasta un
modelo de 7 grados de libertad, aun con ciertas simplificaciones, permite un estudio del
comportamiento real del vehiculo.

Objetivos:

* Entender el funcionamiento de los diferentes tipos de suspension

* Encontrar las ecuaciones caracteristicas de los distintos modelos

* Implementar estas ecuaciones en Matlab

* Representacion del sistema de los modelos en Simulink

e (Calibrar y encontrar los correctos parametros de la suspension y almacenar la
informacién de la simulacién

e Simular los diferentes sistemas de suspension en los distintos modelos y estudiar la
sensacion de confort de los pasajeros asi como el comportamiento de la suspension.

e Comparar los resultados de los diferentes tipos de suspension

Modelacion matematica

Las vibraciones y fuerzas que actian en el vehiculo se pueden dividir en dos grupos, como se
habia comentado anteriormente, aquellas propias del vehiculo, como las vibraciones
generadas por un cigiiefial mal alineado, por ejemplo o externas como pueden ser las
vibraciones del vehiculo debido a una calzada irregular.

Por lo general, las calzadas irregulares contienen anomalias que pueden producir
indirectamente excitaciones en el vehiculo cercanas a la frecuencia natural de la masa
suspendida, lo que podria llevar a efectos resonantes. Es por ello que cualquier efecto de
rebote deba ser rdpidamente amortiguado.

m, m

X5 A
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Figura 2 — Modelo de cuarto de coche de un grado de libertad (Jazar, 2017)
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Para poder entender el comportamiento del vehiculo han de estudiarse el desplazamiento de
cada rueda respecto del chasis, el desplazamiento vertical del vehiculo, pero también el
cabeceo y balanceo (Alabeo).

Para poder adquirir los correctos valores de los distintos pardmetros de la de los elementos de
la suspension se realiza el estudio de un modelo de un tnico grado de libertad que permita
investigar el comportamiento y respuesta del vehiculo y establecer criterios y fundamentos
para el disefio de la suspension.

Modelo cuarto de coche de un grado de libertad (QCM 1GDL)

El modelo de cuarto de coche QCM debido a sus siglas en inglés, es un modelo simplificado
de la suspension de un vehiculo, que proporciona una representacion precisa del
comportamiento de la suspension. En este caso el sistema es considerado como una tnica
masa, es decir la masa semi-suspendida se considera despreciable respecto a la masa
suspendida. Este sistema puede representar tanto la parte frontal o trasera del coche en su
conjunto y estudiar el movimiento vertical del vehiculo.

Incluso este modelo simplista permite obtener una aproximacién de la frecuencia natural del
vehiculo y regular los pardmetros de la suspension.

La ecuacion para este modelo se puede obtener gracias un diagrama de cuerpo libre:

d?z(t) dz(t) 3 (eq. 2)
B < CIGENI0

Si F(t)=0, entonces la ecuacién diferencial puede transformarse en un polinomio caracteristico
y resolver la ecuaciéon como una ecuacion linear diferencial:

z2() =27 e®t (eq. 3)

A través de la ecuacion caracteristica del sistema se pueden obtener dos soluciones, wl y w2,
las cuales representan las frecuencias naturales del sistema.

(eq. 4)

Si el sistema tiene dos frecuencias naturales entonces se puede reestructurar las ecuaciones de
la siguiente forma.

Z(t):X ew1t+y. ewzt (eq5)

Donde X e Y son valores constantes que dependen de las condiciones iniciales. Sustituyendo
en las ecuaciones previas se tiene:

B (eq. 6)
z(t) = e_(m)t[X elt +ye 1t

Pablo Pérez Camporro
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Donde:

Para I=0, el sistema es oscilatorio y amortiguado. Entonces el amortiguamiento critico del
sistema se puede obtener a partir de estas ecuaciones:

K (eq. 8)
Borit = 2m %=2\/K- m
El coeficiente amortiguamiento se define pues como:
§= B/B crit (eq.9)

Dependiendo del valor de B, el sistema puede entonces clasificarse como sub-amortiguado,
sobre-amortiguado, criticamente amortiguado o sin amortiguar.

e & >1 (B>Bcrit) Sobre amortiguado: El sistema recupera la posicion natural sin
oscilaciones

e & =] (B= Bcrit) Criticamente amortiguado: El sistema recupera la posicién natural sin
producirse oscilaciones pero de la manera més rdpida posible.

* & <[ (B<B crit) Sub-amortiguado: El sistema recupera la posicion natural
produciéndose oscilaciones que un decrecimiento gradual de la amplitud de las
oscilaciones

e ¢ =0 (B=0) Sin amortiguamiento: Sistema con oscilacion pero sin amortiguacion.

Pablo Pérez Camporro
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Figura 3 — Ratio de amortiguamiento (fuente www.revolvy.com)

El efecto de amortiguacion en los sistemas de suspension se produce en los elementos
hidraulicos disipadores (amortiguadores). Puede parecer que un sistema criticamente
amortiguado produzca la mejor respuesta para un vehiculo y controlan frecuencias cercanas a
1 Hz satisfactoriamente, pero el comportamiento del vehiculo empeora cuando la frecuencia
aumenta. De la misma manera sistemas sobre amortiguados (¢ =2) presentan efectos
resonantes entre 3-4 Hz. Para £ =0.2 la frecuencia natural aumenta solo un 2% respecto del
sistema sin amortiguar y para ¢ =0.4 la frecuencia aumenta un 10% aproximadamente. Los
coches modernos tienen un coeficiente de amortiguacion (§) entre 0,2 y 0,4 mds precisamente
valores cercanos a ¢ = 0,25, de este modo la frecuencia natural apenas es alterada. La
representacion de estos sistemas se puede encontrar en la figura 3.

Si la suspension fundamental del sistema ha de ser cercana a 1 Hz para mejorar la sensacion
de confort de los pasajeros y el factor de amortiguamiento se ha definido como 0,25, entonces
el valor 6ptimo de K y B pueden hallarse:

1 |K (eq. 10)

Donde:
(eq. 11)

K =4n? -m- w?
Una vez se ha hallado el valor de K, sustituyendo en la ECUACION el valor de

amortiguacion sera:
(eq. 12)

Pablo Pérez Camporro
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B =025 Bu =025-2-VK -m

El QCM de 1GDL puede expresarse de forma polindmica y resolverse utilizando un método
matricial de modelos integrativos o numéricos para ecuaciones diferenciales ordinarios como

el método de Euler o Range-Kutta.

[M]{x} + [C]{x} + [K]{x} = {F}

(eq. 13)

Comparado los pardmetros de previos trabajos se puede comprobar lo mencionado en los
apartados anteriores:

Tabla 1 — Parametros de la suspension en publicaciones similares

(Florin, (Conde, et (Agharkakli, et | (Hurel, et al.,
2013) al., 2008) fll., 2012) 2012) (et 0112

k (stiffness) 13500 17900 16812 16000 18600 18147 | 18147
b (damping) 1400 1000 1000 1500 1000 1250 1962
m (mass) 466,5 282 290 250 250 284 284
o (natural

frequency) 0,856 1,268 1,211 1,273 1,372 1,272 1,272
& (damping

ratio) 0,278 0,222 0,226 0,375 0,231 0,275 0,432

Sustituyendo los valores en las ecuaciones 11 y 12, se puede comprobar como los factores de
amortiguamiento son cercanos a 0,25. Para comenzar este estudio se utilizaran los mismos
pardmetros utilizados por T. Nath en 2012, debido a que tanto la frecuencia natural como el
coeficiente de amortiguamiento se acercan a los propuestos anteriormente, ademds esta
publicacién contiene informacion suficiente como para extrapolar valores a un sistema mas
complejo como el que se va a modelar a continuacion.

D)

il

o |—
o |—=

Figura 4 — Modelo Simulink para el QCM de 1 GDL

En este especifico proyecto el modelo matemadtico es convertido a un diagrama de bloques en simulink
(figura 4), el cual resolverd el sistema utilizando sus propios métodos de resolucioén de integracién
ODE (ordinary diffetential equation), dependiendo de sus algoritmos escogerd uno u otro método. El
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sistema de resolucién de simulink le permite utilizar el método de resolucién mas conveniente en cada
caso en funcién de sus propios pardmetros como el tiempo de interpolacién o la exactitud de los
resultados. Por lo general, cuanto mds preciso se desee el resultado mayor tiempo de calculo
conllevara.

Modelo de cuarto de vehiculo de dos grados de libertad (QCM 2GDL).

M, 3
K, oy %;: @

. L

Figura 5 — Representacion de un modelo de cuarto de coche de dos grados de libertad (Agharkakli, et al., 2012)

El QCM de dos grados de libertad se puede considerar como una mejora del QCM de 1
GDL. En este modelo no se desprecia la masa semi-suspendida y no considera irrelevante
la influencia de la rueda en el sistema, este modelo solo representa un cuarto de vehiculo y
por tanto Unicamente permite estudiar el desplazamiento vertical de la masa suspendida y de
la masa semi-suspendida. Debido a que hay dos grados de libertad, serdn necesarias dos
ecuaciones para resolver el sistema. Las ecuaciones dindmicas se pueden obtener gracias al
diagrama de cuerpo libre y las ecuaciones de Newton:
mS'.X:-S = _CS('X.:S _'X':M)_kS(xS _xu): 0

mu).(u :CS().(S _Xll)+kS(XS _XU)_kU(XU - y)=0
. eq. 14
Siempre que se cumpla: (eq- 14)

Xs> X, >y (eq. 15)

Estas ecuaciones, de forma similar al QCM de 1 GDL pueden simplificarse resolviéndose de
forma matricial:

[M]{X} + [Cl{%} + [K]{x} = {F}

(eq. 16)

Pablo Pérez Camporro
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Ilx] =t

Simbolo | Significado Unidades
My Masa suspendida kg
n, Masa semi suspendida kg
c Amortiguacién suspension N s/m
ks Rigidez eléstica N/m
ky Rigidez eldstica neumadtica N/m
y Desplazamiento del neumatico m

El diagrama de bloques en Simulink se puede encontrar en figura 6 y se puede comprobar la

complejidad del mismo respecto al QCM de 1GDL.:

Py =
fen 1 l—
ROAD PROFILE

— k
sy
m ddx1 dX1 X1
5 5
P\D(s)L

Suspension travelling

> ¥ Lo 1 ax2
- i B

Figura 6- QCM 2 gdl en Simulink

Modelo de medio coche (HCM):

Figura 7 - HCM representacion (Jazar, 2017)

Pablo Pérez Camporro
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El QCM representa un vehiculo de una sola rueda, por lo tanto no puede representar todos los
grados de libertad de un vehiculo. Debido a la distancia longitudinal entre el eje frontal y el
trasero de las ruedas (batalla), no existe una tinica excitacion trabajando en el sistema si no
dos. Estas excitaciones y la distancia entre ejes producen un efecto de rotacion respecto al eje
transversal o cabeceo. Tanto el cabeceo como el movimiento vertical de la masa han de
estudiarse de forma separada, debido a que afectan al confort y comportamiento del vehiculo
de forma distinta.

El modelo de medio coche es una representacion 2D del vehiculo, para explicar este concepto
una vista lateral del vehiculo es utilizada figura 7. El modelo representa solo dos ruedas del
vehiculo, una rueda representa la suspension delantera del vehiculo mientras que la segunda
representa la suspension trasera. Ha de tenerse en cuenta que este modelo mas complejo
permite representar de forma casi exacta el comportamiento del vehiculo debido a la simetria
que suelen representar los vehiculos en los sistemas de suspension, suponiendo una
distribucién del peso ecudnime por lo cual la masa suspendida y semi suspendida se dividirdn
entre 2 para representar esta distribucion de la carga.

mic'+c1(5c—5cl —a19)+c2()'c—5c2 +a29)+k1(x—xl ~a,0)+k,(x—x, +a,8)=0
Iyé—alcl(fc—fcl —a19)+a2c2(5c—5c2 +a29) —alkl(x—x1 -a,0)+a,k, (x—x2 +a,0)=0

mx, _Cl(x - X _alg)_kl (x —X —a19)+ ktl(xl - yl) =0 (eq. 17)

myX, _Cz(x_xz +a29)—k2(x—x2 +a29)+kt2(x2 —y2)=0

Tabla 3 - Half car model symbology

Simbolo | Significado Unidades
m Masa suspendida kg
m Masa semi suspendida delantera kg
nm; Masa semi suspendida trasera kg
Iy Momento de inercia de la masa suspendida en el eje kg m"2
transversal
Ci Amortiguacién suspension delantera N s/m
c2 Amortiguacion suspension trasera N s/m
ki Rigidez eléstica suspension delantera N/m
k2 Rigidez eldstica suspension delantera N/m
ki, Rigidez eldstica neumadtica delantera N/m
ki Rigidez eldstica neumadtica delantera N/m
Vi Desplazamiento del neumatico delantero m
V2 Desplazamiento del neumatico trasero m
a; Distancia del CDG al neumatico delantero m
a Distancia del CDG al neumdtico trasero m
6 Cabeceo del vehiculo rads

Este modelo puede representarse de forma matricial:

Pablo Pérez Camporro
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[M]{x} + [C]{x} + [K]{x} = {F}
Donde:
X
0
=1,
X2
mo 0 0
101,00
M1=10"¢'m, o
00 0m,
2k kby — kb, —k —k
-k —kb;, k+k. O
-k kb, 0 k+k

2c Cb1 _Cbz —C —C

[C] — Cb1 - Cbz Cblz + Cbzz _Cbl 0

—c —ch, c 0
—c cb, 0 ¢
0
0

Fl=
() l)ﬁkl‘
y2k

El estudio del cabeceo depende principalmente de las aceleraciones del vehiculo y las
oscilaciones del vehiculo, ademas el estudio del cabeceo es importante ya que es la principal
fuente de las vibraciones longitudinales cuando el cuerpo se encuentra posicionado sobre le
centro de gravedad, el cabeced también produce una distribucién irregular de la carga lo que
conlleva a una perdida agarre y por lo tanto control sobre el vehiculo y el tiempo de frenada
en caso de emergencia.

Pablo Pérez Camporro
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Figura 8 - Simplificacion del HCM (Jazar, 2017)

Las excitaciones creadas por las irregularidades de la carretera no son independientes para
cada eje del vehiculo, por lo general las ruedas traseras siguen el mismo perfil que las ruedas
traseras pero con un retardo, este retardo depende de la velocidad del vehiculo. El retraso de
estas oscilaciones es igual a la batalla del vehiculo (distancia entre ejes) dividida por la
velocidad del vehiculo. Este retraso puede utilizarse para filtrar tanto el cabeceo como el
desplazamiento vertical.

Mauricie Olley fue uno de los ingenieros mas importantes en la década de 1930 y es
considerado como el padre de la dindmica de vehiculos moderna. Olley propuso ciertas reglas
para el disefio y la mejora del confort de los pasajeros, incluso considerando el confort como
algo subjetivo estas normas son aun utilizadas y aplicadas a los sistemas de suspensién. Una
de estas propuestas indicaba que endureciendo la regulacion de la suspension trasera para
filtrar el cabeceo del coche, las oscilaciones afectan en primer lugar a las ruedas delanteras y
después a las ruedas lo que conlleva a un cabeceo del coche debido la diferencia de alturas
entre suspension delantera y trasera. Si se aumenta la frecuencia natural de la suspension
trasera es posible armonizar ambas las fases de ambas suspensiones tras dos o tres
oscilaciones.

Pablo Pérez Camporro
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Suspension displacement
1,60

1,40
1,20
1,00
0,80
0,60 — Rear
0,40 e Front
0,20

0,00

Figura 9 — Desplazamiento de la suspension trasera y delantera ante un escalon unitario

Para evitar los efectos que una desincronizacion entre las suspensiones pueden causar, la
frecuencia natural de la rueda trasera ha de cambiarse en funcién de la velocidad del vehiculo.

Si se quiere que tanto la sincronizacién ocurra tras tres oscilaciones de la rueda delantera y
dos de la rueda trasera entonces el sistema se ve gobernado por la siguiente ecuacién, donde a

. . . b
representa el retraso de la perturbacion, es decir la batalla entre la velocidad (;):

2 =24 (eq. 19)
w,

.20
Bun-a (eq. 20)
B 2

Tras encontrar la frecuencia del sistema debe adoptar, la dureza de la suspension puede
hallarse resolviendo en ecuacién 9:

b
3'(1) — (=
K'=4n?> - m-w?>=4n%-m n—(V) (eq. 21)

Por lo que el valor proporcional del controlador debe adoptar sera:

Ppip = K" = K

Pablo Pérez Camporro



y g

1&?}\ UNIVERSIDAD DE OVIEDO

P

Hoja 20 de 43

0paIAQ 3P P!

Cuando las ruedas traseras y delanteras estan sincronizadas se puede considerar que la altura
es casi idéntica, reduciendo considerablemente el efecto de cabeceo, por lo que no disturbara
a los ocupantes.

Suspension displacement
1,60
1,40
1,20
1,00
0,80

0,60
Rear

0,40
Front

0,20

0,00

Figura 10 - Desplazamiento de la suspension trasera y delantera ante un escalén unitario

Modelo de coche completo (FCM).

El FCM representa un vehiculo de 4 ruedas con 7 GDL. El modelo representa tanto el
desplazamiento de cada rueda como el desplazamiento vertical, el balanceo y el cabeceo del
vehiculo. En estos casos atn ha de considerarse como insignificante la torsion angular del
vehiculo al tratarse del utilitario de un cuerpo rigido.

A

b; b;

> .
-« Lall Ll

d N I

P

@

LS

-

Figura 11 — Representacion frontal de un modelo de coche (Jazar, 2017)

El balanceo de los elementos del vehiculo produce una caida angular de las ruedas y de los
elementos de la suspension a ambos lados del vehiculo pero opuestos al estar bajo
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solicitaciones contrapuestas, lo cual origina una reduccion de la distancia entre ruedas y la
elevacion del centro de gravedad reduciendo asi la estabilidad del vehiculo.

Para el FCM atin resultan ciertas simplificaciones que han de tenerse en cuenta, cada uno de
los sistemas de suspension de cada rueda es independiente del resto, los elementos de la
suspensiones tienen una disposiciéon completamente vertical y normal al plano que representa
el vehiculo, los cuales ademds pasan por el centro de cada rueda simplificando asi las
ecuaciones, produciendo un error de coseno despreciable.

Figura 12 - Representacion FCM

mi+c, ()'c—)'cl +b1¢—a19)+cf ()'c—)'CZ —b2¢—a19)+cr(5c—5c3 —b2¢+a29)+
c,(fc—fc4 +bl¢+a29)+kf(x—xl+b1¢—alt9)+kf(x—x2 ~b,p—a,0)+k, (x
—x3—b2¢+a29)+ k,(x—x4+b1¢+a29) =0

1.8+bc, (-3 +bd-a,b)-boc, (i~ 5, —byp - a,0)-bye, (k- i, —bog +
a29)+b1c, ()'c—)'c4 +b,@ +a29)+b1kf (x-x, +bl¢—a16’)—b2kf (x-x,-b,¢-a,8
)_bZkr (x—x3 _b2¢+a20)+blkr (x—x4 +b1¢+a20): 0

I)'é_alcf (x —X +b¢- aﬁ)‘“l% (x — X, —by¢ _a19)+ a, ¢, (x — X b,

+a29)+a2cr(5c—5c4 +b,¢ +a25)_a1kf (X_xl +b1¢_a10)_a1kf (x—x2 ~  (eq.22)
b2¢—a1¢9)+ azk,(x—x3—b2¢+a2¢9) +a2k,(x—x4+b1¢+a26’) =0

m, X1 —cf()'c—)'q +bl¢—a19)—kf(x—xl +bl¢_a10)+ktr(xl _)’1):0
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m, X, —c,()'c—)'c3 —b2¢+a29)—k,(x—x3 ~b,@+a,0)+kt,(x, - y,)=0

mix, —c, ()'c—)'c4 +b@+ azg)—k, (x -x, +bh@+ a29)+ kt, (x4 - y4) =0
Estas ecuaciones pueden ser formuladas de forma matricial:

[MI{x} + [C]{x} + [K]{x} = {F}

0

4
{x} =|X1
X2

o
o o

F
X

,_
=
e
I
coocococo3
w

§OOOOOO

£

OS S O O OO

S O O O O«

o O OO
OOOHS o O O
OOS S O OO

i Q2 a3 ¢ T - G
Co1 C22 Cy3 _blcszcf bZCT‘ —blcr
C31 C32 C33 a,Cr A1Cr —AaCp —A2Cr

[C] = —cr —by ¢y a0
_Cf bZCf Clle 0 Cf 0 0
_CT' bZCT _azcr 0 0 CT 0
—Cr —bic, TG 0 0 0 Cr

ki1 kiz ki3 —ks  —ks -k, —k,
ky1  kaz o ka3 —biks byks  byk, —bik,
k31 ksz k33 arky arky —azk, —ayk,

_kT bZkT _azkr 0 0 kT + kt 0
—k, —bik, —ayk, 0 0 krtke

Hoja 22 de 43

(eq. 23)
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0
0
{F} = |y1ke
Va2k
y3ke
|y k]
Donde:
11l =2¢r + ¢,
C21 = €12 = bycg — byce+ bycr — byey
(eq. 24)
C13 = C31 = Zazcr - 231Cf
Cy5 = b?ce + bics + b?c, + b,
C32 = C23 = a1bycr —aybice + @by —azbyc,
C33 = 2cfas + 2cpa3
ky = 2k, + 2k,
ks, = kiz = 2a,k, — 2a,k ;
kzz = blzkf + bzzkf + blzk-r + bzzkr
k33 = Zkf a% + Zk-r a%
Tabla 4 Simbologia ecuaciones FCM
Simbolo | Significado Unidades
m Masa suspendida Kg
mi Masa semi suspendida delantera Kg
derecha
m: Masa semi suspendida delantera Kg
izquierda
ms Masa semi suspendida trasera derecha Kg
my Masa semi suspendida trasera izquierda | Kg
Ix Momento de inercia de la masa kg m"2
suspendida en el eje longitudinal
Iy Momento de inercia de la masa kg m"2
suspendida en el eje transversal
cf Amortiguacion suspension delantera N s/m
cr Amortiguacion suspension trasera N s/m
kf Rigidez eldstica suspension delantera N/m
kr Rigidez elastica suspension delantera N/m
kty Rigidez eldstica neumatica delantera N/m
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kt, Rigidez eldstica neumaética delantera N/m
Vi Desplazamiento del neumadtico m
delantero derecho

V2 Desplazamiento del neumadtico m
delantero izquierdo

V3 Desplazamiento del neumadtico trasero | m
derecho

V4 Desplazamiento del neumatico trasero m
1izquierdo

aj Distancia del CDG al neumatico m
delantero

a Distancia del CDG al neumatico m
trasero

bi Distancia del CDG al neumatico m
derecho

b Distancia del CDG al neumatico m
1izquierdo

0 Balanceo del vehiculo rads

0 Cabeceo del vehiculo rads

La complejidad del sistema lleva a utilizar diversos subsistemas en simulink como se puede
apreciar en la representacion del sistema en simulink:

Ace. Bouncing
Acc. Pitching

Ace. Roling

¥

Tyre acc. 2

Tyre acc. 3
Tyre ace. 4

Passive1

_—

fen

Road profile

kmis

Car Length .

Pasition

Figura 13 — Sistema FCM en Simulink

Velocity

<<~

0 \\ &
= 7 o477 Passived
w =\ Trasnfer load Centrfugal ace
100 =
v P ufe

Passive2

o]

-

fen

o

Aceeleration

fon

Steerina (1/Radius)
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Figura 14 - subsistema del FCM Simulink

Ha de tenerse en cuenta que las fuerzas que actiian en el sistema pueden ser debidas al
desplazamiento de la distribucién del peso en las ruedas debido a las aceleraciones
transversales y longitudinales, la transferencia de la carga es gobernada por la siguiente
ecuacion:

d h
= = _ (eq. 26)
Nr =mg|[1 L] + mAx[L]
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Control de la suspension activa:

El controlador PID puede ser definido como un método de control simultaneo de una sefial
gracias a la retroalimentacién continua del sistema. Este modelo integra tres controladores
diferentes con distintos pardmetros para calcular la sefial de salida del controlador;
proporcional, derivativos o integral. Este algoritmo analiza el error (diferencia entre el valor
actual y el deseado) para computar la sefial de control. El proporcional multiplica el error
actual por una constante, el integrador utiliza el mismo funcionamiento pero con valores
pasados; es decir integrados, y el derivativo multiplica el erro futuro o predicho por una
constante, cada constante es independiente del resto y para un funcionamiento correcto del
sistema estos valores han de ser afinados en funcion de la capacidad del sistema, la velocidad
y precisién. La suma de los tres controladores proporciona el valor de la sefial de respuesta
del sistema. Para una rdpida respuesta del y control del sistema la energia utilizada ha de ser
mayor.

v

P K e(t)

1+ t
—Setpoint—»@ Eror» I K I e(r)dr Process (—Output—»
0

A

D g %O
dt

A\ 4

Figura 15 - PID diagrama de bloque (source: programacionsiemens.com)

En el escenario mds sencillo de la suspension pasiva puede ser definida como un control PD,
donde el muelle actia como la parte proporcional del controlador (P) y el amortiguador como
el derivativo (D). Este ejemplo es sencillo de entender al comparar el controlador PID con el
diagrama de bloques del QCM 1 GDL.
Kpe(t) = K (X, — Xy) (eq. 27)
de(t)
Pdt

=C (Xc _XW)

La suspension activa utilizard un controlador PID el cual utiliza dos sistemas
complementarios, la suspension pasiva y la activa. Obteniendo los valores del controlador a
partir de:

Ps = Ks + Ppip (eq. 28)
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Dg = Cs + Dpjp

Is =Ipp

Es bien sabido que el conflicto comportamiento vehiculo-confort pasajeros ha dado muchos
dolores de cabeza a los ingenieros. La ventaja principal de utilizar un controlador gobernado
electronicamente permite cambiar la configuracion instantineamente en funcién de las
diferentes entradas del sistema permitiendo una configuracién mds blanda o dura cuando sea
necesario. Por lo tanto se pueden implementar por lo menos dos configuraciones variando los
parametros PID.

Resultados
QCM

Una vez todas las ecuaciones para los diferentes modelos han sido definidas un configuracion
correcta puede realizarse a partir del QCM 1GDL modelo. Se puede utilizar un controlador
PID en lugar del diagrama de bloques en FIGURA. Utilizando los valores de trabajos previos
se afinard el controlador PID del sistema.

Tabla 5 - Parametros suspension pasiva

P I D N

Suspension pasiva 18147 0 1250 -

Para afinar el sistema se utilizard un paso unitario como excitacion externa del sistema
manteniendo el tiempo de establecimiento y el overshoot.
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Figura 16 - QCM 1 GDL suspension pasiva vs PID control

La figura 16 muestra la respuesta de ambos sistemas, los pardmetros de la nueva

configuracion se encuentran en la tabla 6

Tabla 6 — Parametros suspension activa

PID controller 8834 659 2340 8.71

Tabla 7 - Performance and robustness

0.126

Rise time 0.13

Settling time 2.05 1.47

Overshoot 54.9% 53.8%

Peak 1.55 1.54

Gain-Margin 28 deg @ 8.71 rad/s 24.5 deg @ 8.5 rad/s
Closed-loop stability Stabla Stabla
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Una vez los pardmetros de la suspension activa hayan sido configurados, se realiza una
simulacién de los dos tipos de suspension para el modelo de 2 grados de libertad ante un
bache de 0,25 m de alto a una velocidad de 30 km/h. Se realizaran varias simulaciones
variando velocidad y masa, afiadiendo 70/4 kg por cada ocupante extra del vehiculo al tratarse
de un modelo de cuarto de coche.

Hb=0.25 m
Hb
Lb=0.5m

Lb

Figura 17 — Representacion del bache utilizado para la simulacion de la supension

Se comprueban los resultados obtenidos en el modelo de 1 grado de libertad, en este caso se
puede observar una frecuencia similar pero una recuperaciéon mucho maés rdpida de la posicién
natural de la masa suspendida en el modelo activo.

Bouncing (QCM 2 GDL)

0,08

Passive

Active (PID)
0,06

0,04

0,02

(meters)

2,25 2,7 3,25 \ﬁ‘/ 4,25

-0,02

Displacement of the centre of mass

-0,04
Time (seconds)

Figura 18 — Desplazamiento vertical para QCM de 2 GDL en suspension activa y pasiva

El desplazamiento de la suspension otorga resultados mucho més similares con apenas
variaciones, tanto la frecuencia del desplazamiento de la suspensién como el tiempo de
establecimiento.
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SUSPENSION DISPLACEMENT
— Active
Passive
0,8 (T 1

SECONDS

Figura 19- Desplazamiento de la suspension para QCM de 2 GDL en suspension activa y pasiva

Tal y como se habia establacido se puede comparar los efectos de la velocidad y de la masa
del vehiculo en la respuesta de la suspension. Se puede ver que la masa afecta tanto al
desplazamiento vertical de la masa suspendida como a la frecuencia de esta. Sin embargo, al
variar la velocidad apenas varia el desplazamiento vertical del vehiculo (las casi nulas
diferencias entre modelos son debidas a los modos integradores de Matlab) ni a la frecuencia,
pero si al retraso de la onda, es obvio que al aumentar la velocidad la perturbacién causada
por el bache ocurre con anterioridad.

Centre of mass acceleration
—m1=284 kg m1=318 kg

— m1=354 kg

0,50 0,60 0,70 0,80 0,90 1,00

m/s”2

seconds

Figura 20 — Aceleracion vertical de la masa suspendida al variar la masa del vehiculo QCM
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Suspension displacement

0,15
—m1=284 kg
0,10
~———m1=318 kg
0,05 ——m1=354kg
0,00
o _0’052,5 2,75 3,00 3,25 3,50 3,75 4,00
5
£ -0,10
-0,15
-0,20
-0,25
-0,30
seconds
Figura 21 — Desplazamiento de la suspension al variar la velocidad QCM suspension activa
007 Centre of mass position
0,06 —m1=284 kg
———m1=318 kg
0,05
——m1=354 kg
0,04
$ 0,03
@
£ 0,02
0,01
0,00
_0’012'50 4,00
-0,02
seconds
Figura 22 - Movimiento vertical de la masa suspendida al variar la masa del vehiculo QCM
o Centre of mass acceleration
v =30 km/h
v =25km/h
v =20 km/h
0,6 0,7 0,8 0,9 1

seconds

Figura 23 — Aceleracion vertical de la masa supendida al variarla velocidad QCM suspension activa
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v =20km/h
0,6 0,7 0,8 0,9 1
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Figure 24 — Desplazamiento de la suspension para un QCM de suspension activa
01 Centre of mass position
’ v=30km/h
01 v=25km/h
0,08 v=20km/h
©£0,06
D
E0,()4
0,02
0
0,02 1000 1200 1400
-0,04
seconds
Figure 25 — Movimiento vertical de la masa suspendida al variar la velocidad QCM
HCM

Extrapolando los resultados ya afinados de la suspension activa un modelo de 4 grados de
libertad, en el cual tanto la suspension delantera como trasera tienen una configuracion
idéntica. Como se ha explicado con anterioridad el efecto batalla permite filtrar el efecto de
cabeceo al aumentar la dureza de la suspension trasera. De este modo se comparan dos
modelos: El pasivo y el semi-activo (regulacion trasera dependiente de la velocidad).
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Pitching ratio

Rads/second

o
o
=

’

-0,02

-0,03
seconds

——ACTIVE PASSIVE

Figura 26 - Comparacion del cabeceo para suspension semiactiva y pasiva HCM

Centre of mass positioning

0,04
0,03
0,02

0,01

Metres

-0,01

-0,02

-0,03
seconds

——ACTIVE PASSIVE

Figura 27- Comparacion del movimiento vertical para suspension semiactiva y pasiva HCM
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Al aumentar la frecuencia natural en la suspension trasera, ambas frecuencias se sincronizan
tras 2 oscilaciones reduciendo asi el cabeceo del vehiculo.

PITCHING
0,03
0,02

0,01

Radians

-0,01

-0,02

-0,03
Seconds

——ACTIVE PASSIVE

Figura 28 — Comparacion del cabeceo entre una suspension semi activa y pasiva HCM

A mismo, se evaltia el modelo semi-activo variando la velocidad para la validacion del
modelo.

0,05 Pitching

0,03

0,01

Rads

-0,01 0 0,5 1 1,5 2 2,5
-0,03

-0,05
seconds
25km/h  ——20km/h

——30 km/h

Figura 29 — Estudio del cabeceo al variar la velocidad
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Bouncing
2 2,5
seconds
——30km/h  ——25km/h ——20km/h
Figura 30 — Estudio del desplazamiento vertical al variar la velocidad
Tabla 8 — Parametros para HCM
1136/2 kg
1824470 N/m
18600 N/m
1000 N*s/m
Variable
Variable
2400
1.35m
1.15m
8.33 m/s

FCM

Finalmente, se estudia un modelo de 7 grados de libertad. Notese que al tratarse de un modelo
simétrico cualquier estudio que conlleve un circuito rectilineo otorgard los mismos resultados
que el HCM. Este modelo evalda la suspension de un vehiculo de 4 ruedas en todos sus
grados de libertad, de tal manera que el coche siga un circuito en “slalom”, este circuito
permite evaluar la transferencia de cargas laterales a las que se ve sometido el vehiculo al
entrar en curva y la respuesta del sistema de suspension, el estudio es importante ya que un
comportamiento inadecuado puede conllevar a una pérdida de la estabilidad del vehiculo.
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Figura 31 - Slalom circuit (source: motodesdecero)

En este escenario se endurecerd la suspension del vehiculo aumentado un 50% la constante de
elasticidad y recalculando los parametros dela amortiguacion para obtener un coeficiente de
amortiguamiento de 0,4. Este modelo deberia proporcionar una mejor respuesta ante fuerzas

laterales.

Tabla 9 — Parametros de la suspension pasiva en FCM

27900 0 2252 -

Suspension parameters

Step Plot: Reference tracking

1.4
Tuned response
= = =Block response

Amplitude
e

@

[

<
=
[

0.4 —

0.2 —

256

0 u
Time (seconds)

Figura 32 — Suspension activa en FCM

Tabla 10 — Parametros de la suspension active en FCM

18600 657 2150 12.02

Suspension parameters

Pablo Pérez Camporro



un

UNIVERSIDAD DE OVIEDO

0OPAIAQ SP PEPISIAAL

Hoja 37 de 43

EP!

Rolling Ratio
2
1
0
-1
-2
= ACTIVE = PASSIVE
Figura 33 — Velocidad angular del balanceo del vehiculo
Suspension displacement
0,3
0,2
0,1
0 v
0,1 $
-0,2
-0,3
= ACTIVE = PASSIVE
Figura 34 - Suspension displacement for a slalom circuit in a FCM
Actuator Force
3000
2000
» 1000
c
2
s 0
[J]
Z -1000
-2000
-3000

Seconds

Figura 35 — Fuerza realizada por el actuador en el FCM

Tabla 11 — Parametros para la simulacion del FCM
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1824470 N/m

18600 N/m

1000 N*s/m

2400

400

1.35m

1.15m

0.53 m

0.53 m

0.8 m

8.33 m/s

4m

Conclusiones

La finalidad de este proyecto era modelizar y probar diferentes configuraciones de sistemas de
suspensién en Simulink de distintos modelos. Para alcanzar este objetivo, se ha realizado una
amplia investigacion y un estudio de publicaciones similares.

Se puede decir que el objetivo inicial del proyecto se ha conseguido, ya que se han estudiado
los distintos tipos de suspensiones (Activa, semi-activa y pasiva) para los diferentes modelos
(QCM; HCM y FCM). Existen una gran cantidad de publicaciones en referencia este tema,
sobre todo para el HCM y/o baches o irregularidades de la calzada, lo que supuso una gran
ayuda en los primeros modelos, por su parte no ha sido posible encontrar publicaciones en las
cuales la transferencia de carga afectard a la suspension del vehiculo, imposibilitando la
comparacion de los resultados obtenidos en el estudio del HCM y FCM.

Uno de los objetivos del proyecto era el estudio de la percepcion del confort en los pasajeros,
y aunque no se haya podido probar experimentalmente, comparando los resultados de las
diferentes simulaciones se puede comprobar como la suspension activa puede mejorar la
percepcion de confort en los pasajeros, lo que puede permitir una mejora en la seguridad de
las carreteras al aumentar la concentracion del conductor.

La suspension activa ademds de aumentar el confort de los pasajeros también permite reducir
ligeramente el desplazamiento de la suspension, lo cual permite mejorar el agarre y por lo
tanto la respuesta del vehiculo.
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Al variar la masa del vehiculo en el QCM, se puede observar como tanto la frecuencia y
aceleracion varian, cuando la masa del vehiculo aumenta la frecuencia disminuye, tal y como
se podria esperar en la ecuacion 7, desde esta perspectiva, la dureza de la suspension ha de
aumentar también cuando aumente la masa del vehiculo para poder mantener la frecuencia
natural de la masa suspendida. Sin embargo, al aumentar la masa disminuye la aceleracion
vertical a la que se ven expuestos los pasajeros ante una anomalia en el perfil de la carretera.
Estos resultados pueden ser contrastados con otras publicaciones (Conde, et al., 2008) (Mitra,
2013) (Thite, 2012) (Unaune, 2011).

Al contrario de lo que pueda pensarse, la velocidad del vehiculo no juega un rol importante en
la frecuencia de la masa suspendida, lo que si varia es el momento en la que las oscilaciones
ocurren es decir; provoca un desfase en los resultados. En este caso es obvio que el vehiculo a
velocidad de 30 km/h pasa por encima del bache antes que a una velocidad de 20 km/, este

0,5m
2,77m/s’

desfase que aparece en los resultados de 0,18 s equivale a

Al aumentar la velocidad en este caso si aumenta la aceleracion de la masa suspendida, esto es
debido a que el perfil del bache se ve més puntiagudo en funcién del tiempo dando menos
tiempo al sistema para compensarse.

En el caso del HCM, se puede comprobar como el filtro de la suspensién semi-activa reduce
el cabeceo ocasionado por el “efecto batalla”, sin embargo este filtro no parece filtrar los
desplazamientos verticales en el centro de masa, probablemente debido a que los actuadores
tan solo trabajan en la suspension trasera. Los efectos de la velocidad en el cabeceo si son
importantes, de todos modos la regulacion ha sido parametrizada en funcién de la velocidad
para poder evadir este problema. Los efectos de la suspension semi-activa son evidentes al
estabilizar el cabeceo del coche 1 segundo més rapido a la velocidad de 30 km/h.

Por dltimo, el FCM y el circuito “slalom” muestran como el desplazamiento de la carga
lateral produce un balanceo en el vehiculo el cual puede incluso provocar el vuelco de
vehiculo. En este caso el desplazamiento de la suspension no puede ser eliminado, pero sus
efectos si se pueden reducir. En la suspension activa las fuerzas aplicadas por los actuadores
llegan a los 2500N en sus picos de maximo esfuerzo, ha de tenerse en cuenta que este es un
escenario muy exigente, pero el valor medio ronda los 750 N, como se habia enunciado con
anterioridad, esta energia proviene de los motores y pueden reducir el par efectivo lo que los
hace poco conveniente en vehiculos pequefios ya que también conllevan un incremento en el
peso del vehiculo debido a la complejidad de los sistemas pero recomendable en vehiculos
deportivos o camiones.
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Futuras recomendaciones

Hoy en dia suspensiones semi-activas ya son ampliamente utilizadas, en este proyecto ademas
de estas y las més tradicionales e han modelado suspensiones activas, presente y futuro de la
automocion. Una de las claves de este proyecto han sido las simplificaciones realizadas,
asumiendo como constantes los pardmetros de la suspension, un modelo utilizando curvas en
lugar de constantes permitiria unos resultados mas realisticos

Ademas, durante el proyecto se ha llegado a modelar un coche con 7 grados de libertad. Aun
seria posible afiadir un nuevo grado de libertad la guinada, ligando por ejemplo este modelo
con otro que introduzca las ecuaciones de Pacejka. Este modelo permitiria obtener una
consola capaz que permitiese por ejemplo conocer el comportamiento de un vehiculo en un
circuito permitiéndose una optimizacién de trazadas para mejorar tiempos.
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1. Abstract

Over the history the need to isolate the irregularities from the road to the cabin in the mean of
transport has been always present. It was soon detected that the wheels had an important
influence. The connections between the wheels and the cabin could help to reduce those
effects and to maintain the wheels in contact with the road to improve the handling. Different
configurations of suspension system were tested, but the ratio comfort/handling has always
bothered engineers.

Habitually suspension systems use a helicoidal springs to store the energy and dampers to
absorb the energy introduced into the system, these systems are known as passive
suspensions. Modern suspension systems can vary the configuration of its parameters, semi
active suspensions, or even include actuators electronically controlled, that can introduce or
extract energy into the system creating a wide range of new possibilities to encounter all the
challenges that could not been resolved yet, the new generation of suspensions that include
actuators to control the system are known as active suspensions.

The main objective of this project is to test mathematical model of an average vehicle in
different scenarios that vehicles usually can be submitted. With different configurations of
new generation controllers, the comfort and handling can be undertaken at the same time.

To understand the behaviour of the vehicle different mathematical models of the suspension
system are used, starting from a simplification of the vehicle using a model of a one wheeled
quarter car to more complex models until a full car mathematical is tested to examine the
possibilities that these new suspension system configurations can contribute.

KEYWORDS: Suspension system, active suspension, passive suspension, semi-active
suspension, quarter car model, half car model, full car model, PID control, SIMULINK.
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5. Introduction

Since the origin of the automobile industry and with the continued evolution and
development of the means of land transportation the need of isolate the irregularities from
the road transmitted to the passengers was soon detected. (Aparicio, et al., 1995)

When passengers or cargos are transported using a vehicle, all the perturbations and
possible damages must be minimized. For cargo and shipment, vibrations transmitted into
the cabin must be reduced in order to avoid any harm on the content. On the other hand,
when people are transported the more comfortable the journey is, the longer they can drive
without feeling fatigue. Isolating the cabin of the driver from any disturbance can increase
the concentration of the driver leading to a safer voyage. (Casacajosa, 2000)

The need of using suspension systems is not only motivated by the comfort tolerance of the
passengers but also the requirement to maintain the wheels and the road in contact at all
time, the reason for that is that the stability and control of the vehicle are mainly related to
the vertical forces acting on each wheel. The wheels of the vehicles cannot transfer forces
to the road when the contact between them is lost. (Crouse, 1993)

6. Suspension system function.
The suspension systems must reduce the effects from the irregularities of the surface of the
road on the vehicle and maintain the vehicle in contact with the road, but these are not the
only functions that the suspension system must carry, more precisely all the functions that
suspension system must accomplish are:

Improve the comfort

This is the main reason why suspension systems were introduced in first place, isolating
the vehicle from the irregularities of the terrain can improve the comfort of the passengers
and at the same time the respond of the car. The seats and tyres also improve the sensation
and comfort of the passengers, the softer these elements are the more comfort the
passengers will sense. (Mitra, 2013)

Protect the vehicle

By avoiding the irregularities of the road to be transmitted to the cabin, the vehicles are no
longer under the influence of oscillations with big frequencies that may damage their parts,
such as the engine or transmission part that can stop the car from working correctly. In this
specific case the tyre is the main responsible to filter those isolation, since the natural
frequency of the tyres is close to the oscillations that can be found in the road avoiding that
they can be transferred into the vehicle. (Agharkakli, et al., 2012)

Stability

When the vehicle moves and follows a non-straight path during the trajectory, centrifugal
forces are generated. These forces transfer the load from one wheel to another, this may
result in the lost of grip and thus the safety of the passengers. The suspension system
reduces the forces that tyres are under by absorbing them. (Edmondson, 2011)

Some vehicles include auxiliary elements known as anti- rolling bar to try to minimize this
issue. The stability function opposes the comfort sensation, since both functions are
related to the stiffness of the suspension if the stability of the car is improved then the
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stiffness of the car must be increased reducing the comfort sensation into the passengers.
(Bastow & Howard, 1996)

Ensure the contact of the car and the road.

The displacement between tyres and vehicle allows the tyres to maintain the contact with
the road and to adapt the irregularities. If a vehicle did not have a suspension and the road
was slightly uneven, at least one of the wheels may lose the contact if this happens it is
impossible to transmit the braking, traction and directional efforts from the vehicle to the
road. (Unaune, 2011)

Improve the directionality

Another effect that the contact between the wheels and the road is the improvement of the
directionality. By ensuring the contact of the wheels with the road, the tyres can still
transmit the directional forces and control the direction of the vehicle. (Bastow & Howard,

1996)

7. Suspension System
It has been previously mentioned that the main function of the suspension systems is to
absorb the reactions produced in the wheels by the irregularities, so the passenger’s
comfort is not interrupted, and the cargo and parts of the car are not damaged. This is
achieved by the combined action of the tyre, the elastic system of the suspension and
finally the car seat. (Dieter, 2000)

The air pressure and the rubber only absorb the small imperfections on the road, the most
important objective of the tyre is to provide a good grip and a silent journey. When the
amplitude of the irregularities and perturbations cannot be absorbed by the tyres, the elastic
element of the suspension system absorb them generating oscillations on the wheel that
will be as low as the hardness of the suspension, these oscillations of the semi-suspended
mass must be quickly buffered by the absorbers to maintain the car in contact with the road
at any time. (Mitra, 2013)

In order to be able to explain the behaviour of the suspension system few concepts must be
explained first.

Vehicle mass
From the perspective of the suspension system the mass of the car can be split in two
different groups:

Un-suspended mass:

The un-suspended mass is composed by the wheels and all the elements that connect them
to the cabin of the vehicle, this includes the brakes, the elements of the suspension among
others.

The suspended mass.

The term suspended mass is used when referred to all the elements not included in the un-
suspended mass like the engine and the cabin, for example. Usually the lighter the
suspended mass the better the behaviour of the suspension system. (Luque, et al., 2004)
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Vibrations

Most of land means of transport can reach high velocities and that make them to be
submitted under different spectrum of vibrations. These vibrations are transmitted to the
passengers either visually, tactile or auditive. Auditive vibrations are usually referred as
“noise”. These vibrations can be classified regarding its frequency, anything below 25 Hz
can be classified as vibrations since the human ear cannot perceive them, between 25-
25000 Hz is the spectrum of the human sense, so these vibrations are considered as noise.
(Inman, 2014)

These vibrations can be originated either in the vehicle, usually the engine (direct forces)
or by an external source (indirect forces), the main external source of the indirect forces is
the generated by the contact of the tyre and the road and this increases as the velocity of
the car does. The vibrations that affect the car can also be classified in three different
groups:

e 1-3 Hz These vibrations affect mainly the suspended mass.

e 5-40 Hz the frequency of oscillation of the un-suspended mass.

e 40-250 Hz These oscillations are produced in the unsuspended mass due to the
natural frequency of the tyre. (Inman, 2014)

All the frequencies above 250 Hz can only by sensed by the ear in human beings and
should not be studied at the same time than the other frequencies named since the effect in
the comfort of the passenger is completely different.

8. Elements of suspension system
The first factories started to add simple suspension systems on the vehicles to create a
minimum isolation in the cabin from the irregularities of the pavement, such as leaf
springs, slender arc-shaped length of spring steel (Aparicio, et al., 1995) these systems
were mainly used in the previous century. The leaf springs link the wheels and the car
providing a flexible union between them. After the second world war the evolution of the
industry and the use of helicoidal springs leaded to the design of independent suspension
systems, these new elements had a lower resistance forces but did not dissipate the energy
induced into the system fast enough, so absorbers were then included in the new
suspension system to dissipate the energy. (Edmondson, 2011)

Nowadays there are many different types of suspension systems but most of them still use
helicoidal springs and absorbers in diverse shapes and geometries.

Leaf Springs

This system is formed by different steel blades of different length assembled together. The
position of each blade depends on its length, the system is mounted following a specific
pyramidal order where all the blades are linked to the longest blade decreasing their length
layer by layer. The longest blade is connected to the vehicle by its ends. (Bastow &
Howard, 1996)

The main reason why this system was so popular is that its geometry allows only the
vertical displacement evading the need of a guiding element, their fabrication is economic,
they are easy to repair, substitute or modify but also the friction between the blades

10




Pablo Perez Camporro 17025326

provides a dumping effect avoiding the need of use absorbers in the configuration.
(Crouse, 1993)

However, the excessive weight and maintenance made them soon obsolete.

Helicoidal springs

Helicoidal springs are widely used nowadays as elastic element of the suspension system
of most of the vehicles they are used as energy accumulator elements instead of the archaic
leaf springs. The first helicoidal springs had a constant pass between the rings and fixed
crossed-sections and diameters thus provided an almost constant spring coefficient,
modern springs change these parameters on the design to vary the constant of stiffness to
adapt the behaviour and performance of the car depending on the compression of the
spring. The functioning of these elements is ruled by the law of elasticity, also known as
Hooke’s law, that stipulates that for small deformations the reacting force of the system is
proportional to the displacement. (Crouse, 1993)

F=—kAx (eq.1)

As previously stated, suspension system is a vibratory system that when external
excitations are applied produces oscillatory movements. Helicoidal springs are not the only
elastic elements that may be found on suspension systems, most of the modern vehicles
possess compression buffer stops ubicated either in the springs, the vertical axes or in the
arms of the suspension. These elements are usually made out of rubber or polyurethane
elastomers that avoid the high frequencies in the un-suspended mass to the suspended
mass. (Casacajosa, 2000)

Shock absorber

The main objective of the absorbers is to dissipate the kinetic energy originated by the
dynamics of the semi suspended mass of the vehicle, this energy is dissipated thanks to the
heat transfer, to allow the suspension to return to its neutral position avoiding any possible
bounce of the tyre and thus improving the control over the vehicle. Viscid absorbers are
widely used benefitting by the hydraulic procedure. The required characteristics of the
absorbers are strongly linked to the need of prevent plausible oscillations into the system
and the lack of comfort that a rush cushion may inflict into the passengers. Absorbers use
viscous fluid to disperse the energy due to the dragging forces generated into the absorber
that are proportional to the vertical velocity of the suspension displacement, therefore the
bigger the velocity the bigger the reactive force of the absorbers. This dragging force is
obtained by the liquid into the absorber passing from one chamber to another through small
holes producing a differential pressure that is proportional to the velocity of the liquid
passing by. (Aparicio, et al., 1995)

Categories of suspensions systems

It has been known that a perfect combination between comfort and performance on vehicle
is not easily achievable. This problem become more challenging by the different types of
conditions that the road and vehicle are undergone, such as varieties of pavements, velocity
of the car or the mass of the cargo. All these circumstances made difficult to find the
correct parameters in the suspension system of a car that can provide an optimum balance
between the comfort and the performance. (Bastow & Howard, 1996)

During the history, implementations on the suspension systems have been introduced to
improve the comfort on the passenger and the carriage of shipment (Hurtel Erzeta, et al.,

11
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2013). Nowadays the most common suspension systems that can be found in different
vehicles are passive, active or semi-active suspension systems Figure 1 - Different
configurations of suspension systems

a) Passive Suspension system b) semi-active suspension system c¢) Active suspension
system .

(a) (b) (c)

Figure 1 - Different configurations of suspension systems
a) Passive Suspension system b) semi-active suspension system c) Active suspension system (Conde, et al., 2008)

Passive suspension Systems

Classic suspension systems are designed so the performance and comfort are not disturbed
under any situation, but the parameters and configuration of the suspension cannot be
modified by the drivers regarding their preferences or the conditions of the road, this
becomes a challenging situation when the vehicle is under extreme conditions and security
and stability of the vehicle are compromised. These suspension systems are also known as
passive suspension systems. (Florin, 2013)

Automobile industry is looking for a new and upgraded designs that may improve the
respond of the car. Engineers have developed new suspension system that completely
differ from the classic suspension system to avoid these situations, these are known as non-
passive suspension systems.

Non-passive suspension systems vary their characteristic to adapt to the circumstances of
the road or the vehicle.

Semi active suspension:

Semi active systems are similar to passive systems but the values of the dumpling
coefficient on the absorbers can be adjusted either manually or automatically. Usually a
controller changes this variable depending on different conditions like the load of the car or
the type of road to provide a better experience and improve the comfort. (Hurtel Erzeta, et
al., 2013)

Adjustable absorbers are widely used nowadays, and it is use is becoming a common
element in modern cars and medium range price. The comfort / behaviour dilemma can
become less problematic by the change of damping coefficient, when perturbations affect

12
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the suspended mass, producing resonance an enormous damping force is required, on the
other hand when the perturbations are small a softer configuration is desired.

Most of modern semi active suspension systems use an electro-mechanic absorber that can
vary the coefficient of its absorber depending on the information that the sensors of the car
can read. The logic that the control system follows usually difference between the comfort,
stability (lateral forces acting), acceleration and braking (longitudinal forces), velocity and
suspension displacement (Hurtel Erzeta, et al., 2013). When the suspension displacement
and steering angle surpass a set point, which depends on the velocity of the car, a change in
the configuration is made. These setpoints can be found in a map which is stored in the
memory of the controller and are read by the system periodically. The controller changes
the configuration of the system to improve the stability thanks to a harder configuration.

Active Suspensions

The first active suspension systems were used in Formula 1 to solve the problems related
to the aerodynamic load, which F1 vehicles are summited when they reach high velocities.
This aerodynamic load can increase the weight of the car over three times (Casacajosa,
2000). The increasement of the vertical load on the suspension lead to an increasement of
the grip on the tyres allowing higher lateral forces that the elements of passive suspension
system struggle to handle. This problem became a need, and the elements form the passive
suspension were substituted by active elements (Rosheila Darus, 2009).

The simplest design of an active suspension consists on a hydraulic actuator controlled
electronically instead of springs and shock absorbers. The source of the energy of this
actuator is a hydraulic circuit where the pressure is originated by a pump, which is
connected to the engine. One or more collectors are added to the circuit in order to reduce
the fluctuations on the required pressure and supply enough energy on the demand peaks
(Hurtel Erzeta, et al., 2013).

Like in semi-active suspension systems, different sensors are used to capture the behaviour
of the vehicle constantly, most of the time vertical accelerator are used but also lateral
accelerator and sensors to capture the position of the steering wheel, the position of each
wheel and the load that each wheel are submitted are also used. The signals and
information transmitted by each sensor are read by a computer and compared with the
previous information, then the computer sends a signal to the actuator with the information
of the load that must be supplied depending on each case.

The actuators, one per wheel, are hydraulic cylinders with double-effect where the flux is
proportional to the control signal. The system is finally completed with a heat exchanger to
dissipate the heat generated by the active suspension (Rosheila Darus, 2009).

Other suspension system combines the springs and absorbers of passive suspension
systems with the active suspension allowing the passive elements to absorb the fastest
oscillations and reducing the forces on the actuator decreasing the complexity and the
prices of these systems. Nowadays pneumatic actuators are also used, producing a faster
respond but smaller forces. (Hurtel Erzeta, et al., 2013)

On the other hand, active suspensions require to absorb a great amount of energy from the
engine to produce the desired pressure in the hydraulic system. Also, the complexity of the
system increases the weight and price of the vehicle. (Luque, et al., 2004)

13
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9. Aim and objectives
The aim of this project is to simulate the suspension of the car using passive suspension
systems and an active suspension system in three different simplified models used for
vehicles suspension systems and tune both systems to improve the comfort and the ridding
and compare these results in the different scenarios.

Objectives:
e Understand how the different types of suspension systems work.
¢ Find the equations of the suspension systems for the different models.
e Implement these equations in MATLAB.
e Model the QCM, HCM and FCM in Simulink.
e Find the correct parameters of the suspension and collect the needed data to use in
the simulation.
e Simulate the behaviour of the QCM, HCM and FCM in different scenarios.
e Study the perception of the comfort on the passengers

10. Mathematic modelling
The vibrations and forces acting on the vehicle can be split in direct forces or proper of the
vehicle and indirect or external forces, aforementioned. These vibrations can affect both;
the suspended mass and the semi-suspended mass, when their frequencies are in a specific
range. These vibrations are usually located between 10 and 20 Hz. On the other hand,
when frequencies are near 1 or 2 Hz affect mainly the suspended mass thus the comfort
sensation of the passengers. (Inman, 2014)

Generally, road profiles contain undulations that may induce indirectly excitations with
frequency close to natural frequency of the suspended mass, that could lead to big
displacement on the suspension due to resonance effects. The grip loses on the wheels and
the loss of control over the stability should be seriously considered and if possible evaded
or at least reduced.

my
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Figure 2 - Quarter car model of 1 degree of freedom representation (Jazar, 2017)

For security reasons any bouncing on the wheels must be reduced to maintain the wheels in
contact with the road at any time and prevent the loss of grip, therefore the control of the
vehicle. To understand the behaviour of the car and the suspension system, any movement
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or displacement between the semi-suspended and suspended mass, including the bouncing,
pitching and rolling of the car, must be studied.

In order to obtain the correct parameters and values for the elements of the suspension
system a study of a simpler model must be carried, starting from a quarter car model
(QCM) of the suspension system of 1 DOF (degree of freedom) that permit the researcher
to investigate the respond and phenomena and to stablish a criteria and fundaments of the
design.

Quarter car model (1 degree of freedom)

The QCM 1 DOF model is the simplest model for a suspension system that can be
designed and at the same time, provides an accurate representation of an independent
suspension of the quarter of a vehicle, but considering as irrelevant the suspended mass
and the stiffness of the tyre. It can either represent the front or rear wheel or a
simplification of the whole vehicle. If a representation of the rear or front wheel is made
the parameters of the wheels must remain the same but the vertical forces acting on it vary
depending on the distribution of the load of the vehicle. On the other hand, parting from
the half car model, because the springs of the suspension are located parallelly a
simplification of the two suspensions can be done creating a unique wheel with the
parameter of both wheels combined. (Thite, 2012)

Even if this model is extremely simplified it is used to obtain the magnitude of the natural
frequency for the un-suspended mass and adequate the parameters of the suspension
regarding the limits of the comfort.

The equation of the 1 DOF can be obtained from the free body diagram.

d?z(t) dz(t)
Tt O+ Kz(t) = F(1) (eq. 2)

If F(t)=0, then the differential equation can be transformed into a characteristic polynomial
equation and solved as a linear differential equation.

z(t) = Z et (eq. 3)
From the characteristic equations of the system two solutions can be obtained, wl y w2,
known as fundamental frequencies of the system.
B\ K
= —+ _ - — eq. 4
@12 - (2 m) m (eq 4)

It is a 2 solutions equation, where the respond of the eq(2) for a linear system will be as
follows.

z(t) =X e®1t 4 Y- e@2t (eq. 5)

Where X and Y are constant values which depend on the initial conditions. Substituting in
the previous equations:
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For I = 0, the system is oscillatory and damped. Then, the critic damping can be defined
as.

K
Berie = 2m \/; =2VK-m (eq. 8)

The dumping coefficient can be defined as.

§=5/p crit (eq. 9)

Depending on the value of B, the system then can be categorized as undamped,
underdamped, critically damped and overdamped.

e B > Bt Overdamped: The system returns to its natural position with no
oscillations

e B = B, Critically damped: The system returns to the natural position as quickly
as it can be with no oscillations

o B < Byt Underdamped: The system oscillates with a gradual decrement of the
amplitude till its value reaches zero.

e B =0 Undamped: The system oscillates with no damping.

T =T T T ~T ] "1 " |
2.0
1.5
R / _
& 40 Ll
BN i
0.5
0.0
N N R A N
0 I 2 3o 4o
wpt / rad

joure 3 - ing ratio gr rce .re .
Figure 3 - Damping ratio graph (source www.revolvy.com

The damping effect in a suspensions system comes from the hydraulic dissipating element.
Critically damped systems control the frequencies close to 1 Hz satisfactorily, but the
behaviour worsens when the frequency has augmented. Overdamped systems (§ = 2)
present resonance effects at 3-4 Hz. For £ = 0.2 the system natural frequency a 2% bigger
than the undamped system, if ¢ = 0.4 then the natural frequency decreases a 10%
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(Aparicio, et al., 1995). In modern cars usually, suspension systems have a dumping ratio
(&) between 0.2 and 0.4 so the natural frequency is not altered, commonly & =0.25.

(Luque, et al., 2004) A graphical representation of the different systems can be found in
Figure 3 - Damping ratio graph (source www.revolvy.com)

If the fundamental frequency of the suspended mass typically is 1 Hz or similar values (1
to 3 Hz) and the dumping ratio is equal to 0.25, the optimum value of K for this frequency
and suspended mass can be found.

Where:

K =4n* -m- w?

(eq. 10)

(eq. 11)

Once the value of K has been found, by substituting in eq.8 the damping value can be

found:

B=025B.y=025-2-VK-m

(eq. 12)

The QCM of 1 DOF and its characteristic equation (eq.1) can also be expressed as a linear
polynomial and be solved using integrative models or numerical methods for ordinary
differential equations such as the Euler method or Runge-Kutta.

[M]{x} + [C]{x} + [K]{x} = {F}

(eq. 13)

By using the data of the suspension system from previous work where the parameters of

the car were as follows:

Table 1 - Suspension parameters from previous works

(Florin, (Conde, et (Agharkakli, (Hurel, et

i | eoeel | ol i | 2 (Nath, 2012)
k (stiffness) 13500 17900 16812 16000 | 18600 | 18147 | 18147
b (damping) 1400 1000 1000 1500 1000 1250 1962
m (mass) 466,5 282 290 250 250 284 284
w (natural
frequency) 0,856 1,268 1,211 1,273 1,372 1,272 1,272
¢ (damping
ratio) 0,278 0,222 0,226 0,375 0,231 0,275 | 0,432

Substituting these values into the previous formulas, it can be seen that most of the values
of the dumping ratio are close to § = 0.25. As a starting point of the project the different
values of the parameters used by T. Nath will be used for this project Table 1 - Suspension
parameters from previous works, since their natural frequency and damping coefficient not
only match the expected values, but the paper also includes enough information to
extrapolate these values to a full car model.
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Figure 4 - Quarter car model 1 degree of freedom block diagram in Simulink

In this specific project the mathematical model is converted into a block diagram in
SIMULINK Figure 4 - Quarter car model 1 degree of freedom block diagram in Simulink,
which will solve the system by different ODE (ordinary differential equation) solver
methods depending on its own algorithm. The Simulink solver can choose a different ODE
to solve the system in the more precise way, always following a criterion depending on the
time of calculation and the precision of the results. Habitually, the more precise the results
are the longer time the software takes to solve the system. (Moore, 2012)

Quarter Car model (2 degrees of freedom)

W |
e R :%U s

1 L

Figure 5 - Quarter car model 2 degrees of freedom representation (Agharkakli, et al., 2012)

The QCM (2 DOF) can be considered as an upgrade from the QCM (1 DOF), this model
no longer considers as insignificant the suspended mass and the stiffness of the tyre, this
model still represents a quarter car model, but the movement of the semi-suspended mass
and the suspended mass can be studied at the same time. Since now there are 2 degrees of
freedom, two equations are needed to solve the system. The dynamic equations can be
obtained using Newton’s law following the free body diagram in Figure 5 - Quarter car
model 2 degrees of freedom representation :

ms:X’:s = _cs(xs _xu)_ks(xs _xu): 0 (e(]- 14)
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m,X, = c, (X, —X,)+k (x, —x, )=k, (x, = y)=0
Always that the following criteria are satisfied:
Xg> X, >V (eq. 15)

These two equations follow a similar pattern and the equations can be expressed as a
matrix system that can simplify the solving of the equations.

[M]{x} + [C]{x} + [K]{x} = {F}

iy &”ﬁ%ii ?Hﬁ%ﬂﬁgxgiJEﬂ:m(mm)

[ks(i y] = IF]

Table 2 - Quarter car model symbology

Symbol Meaning Units
Ms Suspended mass kg
n, Un-suspended mass kg
c Damping coefficient N s/m
ks Suspension stiffness (spring constant) N/m
kuy Tyre stiffness (spring constant) N/m
y Scope of the perturbation of the wheel m

The Simulink model can be found in Figure 6- Quarter car model 2 degrees of freedom
block diagram in Simulink and represents a more complex system than the QCM 1 DOF.

\J
w ddx1 _;[E ax1 B x1
PJD(s)L

Suspension travelling

’ ‘ H L D .
fon e =
ROAD PROFILE

x2
> : ddx2 1] dx2 1
3 : s s

Figure 6- Quarter car model 2 degrees of freedom block diagram in Simulink

19




Pablo Perez Camporro 17025326

Half car model

Figure 7 - Half car model representation (Jazar, 2017)

The QCM it is a one-wheel vehicle that cannot represent all the degrees of freedom of a
standard vehicle. Since there is a distance between the axis of the front and rear
suspension, there is not only one external force acting into the system but at least two
important forces acting at the same time for a HCM to be considered. These two forces and
the displacement between them produce not only a bouncing of the car but also a rotation
of the longitudinal axis or pitching. The pitching (0) and bouncing (z) of the vehicle should
be considered as two different case of study for the reason that they affect the riding and
comfort in different ways. (GAO, et al., 2007)

The half car model is a 2D representation of the car, to explain the modelling of the half
car model a lateral view of the car be used Figure 7 - Half car model representation . The
model represents only 2 wheels, one wheel represents the front of the car, including its
suspension and wheels and the second one the rear of the car. Assuming that the load of the
car is perfectly distributed at both side of the car, and that the profile of the road is
symmetric a simplification of the car is used, where the weight of the car is the 50% of the
total load but the model keeps the suspension parameters for each wheel. (Bastow &
Howard, 1996)

m)'c'+cl()'c—5c1 —a19)+ cz()'c—)'cz +a29)+ ke (xx = x, —a,0)+ ky (x — x5 +a,0) =0

Iyé—alcl()'c—fcl — a19)+ azcz()'c—)'cz + azé) —alkl(x—x1 —a,0)+ a,k, ()c—x2 +a,0)=0
(eq. 17)

m,x, —cl()'c—)'cl —alé)—k](x—x1 —a19)+k,1(x1 —yl): 0

m,x, —cz()'c—)'cz + clzé?)—lcz()c—)c2 + a29)+ k,z(x2 —yz): 0

Table 3 - Half car model symbology

| Symbol | Meaning | Units |
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m Suspended mass kg

mj Front un-suspended mass kg

m; Rear un-suspended mass kg

Iy Moment of inertia of the vehicle in the transversal axis kg m"2

i Damping coefficient in the front suspension N s/m

2 Damping coefficient in the rear suspension N s/m

ki Front suspension stiffness (spring constant) N/m

k> Rear suspension stiffness (Spring constant) N/m

ki, Front tyre stiffness N/m

k> Rear tyre stiffness N/m

Vi Scope of the perturbation of the front wheel m

V2 Scope of the perturbation of the rear wheel m

a Longitudinal distance from the centre of mass to the m
front suspension

a Longitudinal distance from the centre of mass to the m
rear suspension

0 Pitching angle of the vehicle rads

As the previous model, the full car model equations can also be represented as:

[MI{X} + [C]{x} + [K]{x} = {F}
Where:
x
0
=y,
X2
mO 0 0
07,00
00m,0
00 0m,
2k kby —kb, —k -k
kb, — kb, Kb? + kb5 —kb, 0

[M] =

[K] =

—k —kb;, k+k, O (eq. 18)
—k kb, 0 k+k
2C Cbl - Cb2 —C —C
—c —ch, c 0
—c cb, 0 ¢
0
0
Fl =
() I}ﬁkl
vk,

Pitching study in a vehicle is important because it is an undesired oscillation and it is the
principal source of the longitudinal vibrations when the position is above the centre of
mass, also the pitching produces an uneven distribution of the load producing a loss of grip
and increasing the time that the vehicle need to fully stop in case of an emergency braking.
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The combination of the pitching and bouncing governs the vertical and longitudinal
vibrations into the vehicle. (GAO, et al., 2007)

as aj; |

o g
TE-
&
—> =
b

ki Vi

Figure 8 - Simplification of the half car model (Jazar, 2017)

The excitations created by the irregularities of the road are not independent for the
different axis, rear wheels follow almost the same profile than the front wheels do but with
a delay. This delay is equal to the distance between the front and rear wheels divided the
velocity at that specific moment. The delay can filter the amplitude of the bouncing and the
pitching as later will be explained.

Maurice Olley was one of the greatest mechanical engineers in the 30’s and considered as
the father of the modern vehicle dynamics engineering. He proposed a few rules to
improve the comfort on the passengers, even if the comfort is something subjective these
rules are still applied in most of modern cars. One of this rule claims that the rear
suspension should be have a bigger stiffness coefficient thus a bigger natural frequency.
This rule sometimes cannot be so obvious but observing the vehicle passing through a
speed bump it can easily be explained, the oscillation affects in first place the front wheels
and then the rear wheels, increasing the pitching due to the difference in the height of the
rear and front part of the car. If the stiffness of the rear wheel has been changed then the
natural frequency will change as well (Olley, 2002). The bouncing of the both limits of the
car will be in the same phase after one or two oscillations, this is clearly explained in the
Figure 9 - Travelling of the passive front and rear suspension systems after a unitary step
and Figure 10 - Travelling of the active front and rear suspension systems after a unitary
step.
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Suspension displacement

1,60
1,40
1,20
1,00
0,80
0,60 e— ReQr
0,40 — Front
0,20

0,00

Figure 9 - Travelling of the passive front and rear suspension systems after a unitary step

To avoid the effects that unsynchronized suspensions can cause, the natural frequency of
the rear suspension can be changed by manipulating its stiffness.

Supposing that the oscillations of the rear and front suspension are wanted to be
synchronised after the third oscillations of the front suspension, the system will be
governed by the following equations where a represents the delay of the perturbation in the
rear wheel.

3 _2+

wn_w ¢ (eq. 19)
_(3wn)_a

B 2

After finding the natural frequency that the system must adopt, the stiffness of the rear
suspension can be found by substituting in eq.9:

by 2
M (eq. 20)

K' =4n? m-w?=4n°"-m 5

The value that proportional controller must adapt (Pp;p) is obtained by:

Ppip = K' — K (eq. 21)
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Suspension displacement

1,60
1,40
1,20

1,00

0,80

0,60
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0,40

Front

0,20

0,00

Figure 10 - Travelling of the active front and rear suspension systems after a unitary step

When the front and rear suspension are synchronised the position of the front and rear is
the same and the pitching of the vehicle is 0 and only the bouncing effects will disturb the
comfort into the vehicle.

Full Car Model

The FCM represents the whole vehicle and the 7 DOF. The model represents the bouncing
of the four wheels and the vehicle but also the pitching and rolling. The rolling (¢) is
defined as the rotation of the body on the X (longitudinal) axis of the vehicle. Generally
speaking, the rolling of the vehicle is the gathering of the rolling of the suspension and the
rolling of the axis of the wheel due to the deformations of the tyres. For a rigid body like a
utility vehicle, the torsional angle of the structure of the vehicle is insignificant.
(Edmondson, 2011)

A
Y
A

3
o

SN
:
N

—>

Figure 11 - Front view of car model (Jazar, 2017)

The rolling of the elements of the vehicle causes a drop in the tyres chamber angle, and the
elements of the suspension at both side of the car are under completely different
solicitations, this produces a vertical load transfer that usually leads to reduce the distance
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between the left and right wheels and elevate the height of the centre of mass decreasing
the stability and the control of the car.

For this model a few simplifications were made, an independent suspension system is used
for the four wheels and the elements of the suspension are located vertically, normal to the
plane of the vehicle and at the same position than the wheels to simplify the equations. A

representation of the model can be found in Figure 12 - Representation of a full car model.

Figure 12 - Representation of a full car model

mi+c, (- +bp—ab)+c, (t—%, —bp—ad)+c (i1, -

L0+ a29)+ c, ()'c— X, +b o+ a29)+ kf(x—xl +b1(0—a1¢9)+ k, (x

S

-X, —b2¢—a19)+ kr(x—x3—b2q0+azt9)+ k,(x—x4+ b,p+
a,0) =0

Lg+be, (t—% +bp—ab)-be, (i—x, —bop—a,0)-bye, (i, -

by + a,0)+be, (i — i, +bip+a,0)+ bk, (x—x, + bp—a,0)— by, (x

—x, —b,p—a,0)-b,k, (x—x; — b, +a,0)+ bk, (x—x, +b,p+a,0)=
0

1,6 -ac,(i—% +bo-a0)-ac,(i-% —b,p—a,0)ac, (i

— X, —b2¢+a29)+ azc,(fc—J'c4 +b1gb+a29)—a1kf-(x—x1 +b,p—

a,0)—ak,(x—x, —b,p—a,0)+ a,k,(x —x;— byp+a,0) + ak,  (€d-22)
(x—x,+bp+a,0)=0

m X1 —c; ()'c—)’q +bl¢—a16’)— kf(x—x1 +b1(0—a1«9)+ kt, (xl -y, )= 0
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m X2 —cf()'c—)'cz —l)zgz')—czlé)—kf(x—x2 — b, —a,0)+ kt,()c2 — ¥
)=0

m, X, —c,()'c—)'c3 —bng+a29)—kr(x—x3 —b2g0+a29)+ kt,.(x3 —
J’3):0

m,X, —c, ()'c—)'c4 +blgb+a29)—k,, (x—x4 +bp+ a2¢9)+ kt, (x4 —y4): 0

These equations can also be formulated in a matrix system.

[M]{x} + [C]{x} + [K]{x} = {F}

03 O O O OO

i “12 a3 =G TG —¢ —Cr
€1 C22 Cyg —bycebycr byc, —bicy
c31 32 33 a;Cp A1Cf —AyCr —A2Cr
[C] = —Cr —bi¢f ai¢r ¢ 0 0 0
—C¢r bycr  aqcf 0 ¢ 0 0
—C, bzcr —QC 0 Cr 0
—Cr —bic, @0 0 0 0 Cr

Where:
c11l = 2¢r + ¢,
C21 = C12 = by¢s — byce + byc — bacy
C13 = C31 = 2a,C, — 2a,C¢
Cy; = b2ce + b3ce + bZc, + bic,

C32 = Cp3 = a;bycr —ajbycr +abyc —azbye,

17025326

(eq. 23)

(eq. 24)
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C33 = 2c;a? + 2cqa3

kii  kiz ki3 —k;  —kf —k, -k,
ka1 kaz ka3 —byks byky  byk, —bik,
k31 ks k33 alkf alkf —ayk, —azk,
[K] = |=kr —biks aik; ke+ke O 0 0
—k, byk, —ayk, 0 o ketko O
—ky —biky —azk, 0 0 0 krth
Where:
ki, = 2k + 2k,
k, = ki, = bk;— bk, + bk, — bk,
k31 = k13 = 2a2kr - 2a1kf (eq_ 25)
kzz = blzkf + bzzkf + blzkr + bzzkr
ks, = k3 = ab,k, — a,bk; + a,bk, — a,b,k,
k33 = Zkf a% + Zkr a%
— 0 -
0
0
{F} = |y1ke
yake
y3ki
L yaky
Table 4 Symbology for the full car model equations
Symbol Meaning Units
m Suspended mass kg
mj Front right un-suspended mass kg
m: Front left un-suspended mass kg
ms Rear front un-suspended mass kg
my Rear left un-suspended mass kg
Ix Moment of inertia of the vehicle in the kg m"2
transversal axis
Iy Moment of inertia of the vehicle in the kg m"2
transversal axis
cf Damping coefficient in the front suspension N s/m
cr Damping coefficient in the rear suspension N s/m
kf Front suspension stiffness (spring constant) N/m
kr Rear suspension stiffness (Spring constant) N/m
kt, Front wheel stiffness N/m
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kt, Rear wheel stiffness N/m

Vi Scope of the perturbation of the right front m
wheel

»2 Scope of the perturbation of the left front m
wheel

V3 Scope of the perturbation of the right rear m
wheel

V4 Scope of the perturbation of the left rear m
wheel

a Longitudinal distance from the centre of mass | m
to the front suspension

a: Longitudinal distance from the centre of mass | m
to the rear suspension

b, Transversal distance from the centre of mass m
to the left extreme of the suspension

b; Transversal distance from the centre of mass m
to the right extreme of the suspension

Q Rolling angle of the vehicle rads

0 Pitching angle of the vehicle rads

In Simulink, the system complexity escalates a representation can be found in FIGURE
where the subsystem can be found in the Appendixes of the project.
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Figure 14 - subsystem in the FCM Simulink

External Forces

The forces acting in the system can either be internally induced (controller for active
suspensions only), or externally induced. When the forces are externally induced the two
reasons why they can be generated are the load transfer or the distance between the
suspended mass and the road. (Casacajosa, 2000)

The load transfer of the vehicle is governed by eq. 26.
d h
Np =mg[1——]+mA[] (eq. 26)

11. Control of the suspension system.
The PID controller can be defined as a mechanism that allows a simultaneous control of a
signal thanks to the continuous feedback from the system. This method uses three different
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parameters to calculate the output, the proportional, the derivative and the integrative
controller (Nath, 2012). The algorithm analyses the error of the system to compute the
response. For the proportional controller the system calculates the difference between the
desired value and the actual value, in the integrative controller this calculation depends on
the previous values of the error while in the derivative controller depends on the prediction
of the error, then these values are multiplied by a different constant for each controller. The
sum of these three actions is used to adjust the process and to achieve the closest value to
the setpoint (Conde, et al., 2008). The variables of the three different controllers must be
adjusted depending on the desired output of the system, the velocity of the response and
the accuracy of the results are the most important parameters to be considered when
adjusting the parameters. The faster to achieve the desired value to an oscillation into the
system the more effort the system must do. (Nath, 2012)

P K e(1)

A 4

+ t
_Setpoint—>®7 Error » | K, I e(t)dr Output—
0

A

D «x de(1)
dt

A 4

Figure 15 - PID block diagram (source: programacionsiemens.com)

In the simplest scenario the passive suspension system can be considered as a PD control,
where the springs acts as the P (proportional) and the absorber as the D (derivative). This
example is easy to understand by comparing the block diagram of an QCM 1 DOF with the
PID diagram.

er(t) =K (Xc - Xw)
de(t)
Pdt

The active suspension system with a PID controller can be established as two different
system acting at the same time, where the values of the PID control can be calculated as
follows:

=C (X, - Xy)

P =K + Ppp
Ds = Cs + Dpyp
Is = Ipip

It has been explained that the comfort- behaviour ratio has been a challenged for engineers
in the suspension system design. A softer suspension can reduce the vertical acceleration
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increasing the comfort and a harder suspension will reduce the suspension displacement
thus improving the behaviour of the car.

The proposed system used two elements where their specifications cannot be changed but
uses one controlled by a computer which values can be changed depending on the desired
response, for example a softer suspension can be used when the pavement of the road is
not good enough and a harder configuration when the vehicle reaches a great velocity and
the steering wheel has been turned. Then, at least 2 different configurations with different
PID values can be implemented, the actuator will no longer act as an Integrative controller
but as parallel PID control to the passive elements (PD) in the harder configuration and as
PID controller, with negatives P and D values for a softer configuration. (Prem Jeya
Kumar, et al., 2010)
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Once all the equations for the different models have been found an implementation is
carried starting from the QCM 1DOF. As previously mentioned, the equations of the
system can be stated as a block diagram in Simulink (Figure 4 - Quarter car model 1
degree of freedom block diagram in Simulink), similar to the PID controller (Figure 15 -
PID block diagram (source: programacionsiemens.com)), so the passive elements can be
substituted by a PID controller. By using the values of the previous work as a starting
point, the system can be then tuned with the new PID controller including this time an
integrative controller and compare the results.

Table 5 - Suspension parameters

P I D

Suspension parameters

18147 1250

To tune the system a unitary step is used as the external excitation of the system, this
method is widely used to tune this kind of controller.

The Figure 16 - QCM 1 DOF Passive Suspension vs PID control, shows the response of
the system and the response of the tuned block, the parameters of the new configuration
can be found in Table 6 - Active suspension Parameters after .

Step Plot: Reference tracking

Amplitude

Tuned response
= = = Block response

D.5 1 1.5

P2

Time (seconds)

Controller Parameters: P = 8834, [ = 659.6, D = 2340

Figure 16 - QCM 1 DOF Passive Suspension vs PID control

Table 6 - Active suspension Parameters after tuning

P
n
L

P I D

PID controller

8834 659 2340

8.71
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Table 7 - Performance and robustness

17025326

Passive Suspension

Active Suspension

After the QCM 1 DOF has been tuned, a test of the QCM 2 DOF is done by using the
values of the new configuration and the passive suspension of the QCM 1 DOF model,

Figure 17 - Speed bump configuration

Rise time 0.13 0.126
Settling time 2.05 1.47
Overshoot 54.9% 53.8%
Peak 1.55 1.54
Gain-Margin 28 deg @ 8.71 rad/s 24.5 deg @ 8.5 rad/s
Closed-loop stability Stable Stable
Hb=0.25 m
Hb
Lb=0.5m
f f

where this time the vehicle passes over a speed bump. The geometry of the speed bump is
shown in the following picture, but different configurations of the velocity and mass are
used to test the model. The velocity values are the standard for cities around Europe and
the mass increasement represents more passengers into the vehicle (70 kg/4 per additional

passenger).

By comparing the passive and active model for the QCM 2 DOF, the results lead to a

similar conclusion than the specifications stated for the QCM 1 DOF.

0,08

0,06

0,04

0,02

Displacement of the centre of mass
(meters)

Bouncing (QCM 2 DOF)

Passive

Active (PID)

e —

3,25 \#/ 4,25

Time (seconds)

Figure 18 - Active and passive suspension bouncing of a 2 DOF QCM

——
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It also can be proved that the model natural frequency of the suspended mass is almost 1
Hz (1 second per oscillation) and that the natural frequency of the un suspended mass is
approximately 10 times bigger, as Figure 19- Suspension displacement for an active and
passive suspension QCM 2 DOF shows, where both oscillations coexist.

SUSPENSION DISPLACEMENT

= Active

= Passive

— |
0,4 0,5 0,6 0,7 0,8 0,9 1

SECONDS
Figure 19- Suspension displacement for an active and passive suspension QCM 2 DOF

By using the same model, a study of the behaviour of the car varying its load has been
carried. By increasing the mass of the car by 35 kg and 70 kg (2 and 4 passengers for a
QCM) the behaviour of the controller can be studied.

Centre of mass acceleration
—m1=284 kg - m1=318 kg

e m1=354 kg

0,50 0,60 0,70 0,80 0,90 1,00

seconds

Figure 20 - Centre of mass acceleration for an active QCM varying its mass

Suspension displacement

0,15

—m1=284 kg
s m1=318 kg
e m1=354 kg

0,10
0,05

0,00

2 2
-0,05 ,5 ,75 3,00 3,25 3,50 3,75 4,00

metres

-0,10

-0,15
-0,20
-0,25

-0,30
seconds

Figure 21 - Suspension displacement for an active QCM varying its mass
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007 Centre of mass position

—— m1=284 kg
——m1=318 kg
——— m1=354 kg

0,06

0,05
0,04
0,03

metres

0,02
0,01
0,00
0,0027° 4,00

-0,02

seconds

Figure 22 - Suspension displacement for an active QCM varying its mass

A similar study has been done comparing the effects of the velocity into the comfort and
behaviour of the suspension, varying the velocity from 30 km/h to 25 km/h and 20 km/h.

Centre of mass acceleration

v =30 km/h
v =25km/h
v =20km/h

0,6 0,7 0,8 0,9 1

80 seconds
Figure 23 - Centre of mass acceleration for an active suspension QCM varying the velocity
03 Suspension displacement
' v =30 km/h
v =25km/h
v =20 km/h
&2
é 0,6 0,7 0,8 0,9 1

seconds

Figure 24 - Suspension displacement for an active suspension QCM varying the velocity
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01 Centre of mass position

v =30 km/h
v =25km/h
v=20km/h

0,1

0,08

40,06
0,04

0,02

0,02 0 200 400 800 1000 1200 1400

-0,04
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Figure 25 - Bouncing for an active suspension QCM varying the velocity

HCM

Extrapolating the tuned values to an HCM, where the rear and front suspension show an
identically configuration the effect of the distance between the rear and front suspension
was clearly shown (Figure 9 - Travelling of the passive front and rear suspension systems
after a unitary step). By increasing the stiffness of the rear suspension, the natural

frequency of the system is also increased and by changing its value these frequencies can
be tuned to filter the oscillations (eq.15).

Pitching ratio

0,03
0,02
'g 0,01
(@]
(&)
2 o0 4”__-"‘\g;d===:=="""
S~
2 0 0,5 1,5 2,5 3 3,5
& -0,01
-0,02
-0,03
seconds
= ACTIVE PASSIVE

Figure 26 - Pitching ratio comparison of an active and passive suspension system of a HCM
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Centre of mass positioning

0,04
0,03
0,02

0,01

Metres

-0,01

-0,02

-0,03
seconds

PASSIVE

—— ACTIVE

Figure 27- Bouncing comparison of an active and passive suspension system of a HCM
PITCHING
0,03
0,02

0,01

Radians

-0,01
-0,02
-0,03

Seconds
PASSIVE

—— ACTIVE

Figure 28 - Pitching comparison of an active and passive suspension system of a HCM

By increasing the natural frequency of the rear suspension, the two suspensions seem to
synchronize after two oscillations.

By varying the velocity of the vehicle to prove the validation of the active suspension in
different scenarios more simulations have been made.

0,05 Pitching
0,03
0,01
'g ———
® 0,01 2 2,5
-0,03
-0,05
seconds
=———30km/h ==———25km/h =——20km/h

Figure 29 - Study of an active suspension pitching HCM varying its velocity
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Bouncing

Metres

seconds

——30km/h =———25km/h ——20km/h

Figure 30 -Study of an active suspension bouncing HCM varying its velocity

Table 8 - Half car model simulation parameters

1136/2 kg
1824470 N/m
18600 N/m
1000 N*s/m
Variable
Variable
2400

1.35m
1.15m

8.33 m/s

FCM

Finally, another case is tested where this time the full car model follows a slalom circuit
(Figure 31 - Slalom circuit) to test the stability of the vehicle. This time a harder and
damped configuration is desired to decrease the displacement in the wheels due to the load
transfer and the pitching resonances effects.

Figure 31 - Slalom circuit (source: motodesdecero)

Any resonance effect on the car may lead to a loose of stability. The system has been
tuned again to find a new configuration.

38




Pablo Perez Camporro

17025326

As stated at the beginning of the document the harder the suspension the better the
stability, and as mentioned as well, the active suspension systems have sensors to measure
velocity and steering. The actuator can switch their parameters of its controller at any time
since it is electronically governed, so a ‘harder’ configuration can be programmed when
the steering and velocity overpass a setpoint. By increasing the stiffness of the suspension
a 50% and re-calculating the damping coefficient to achieve a 0.4 damped response (eq. 7),
the new model should provide a better response when big centrifugal forces are generated.

Table 9 - Recalculated parameters for a FCM

27900 0 2252

Suspension parameters

Step Plot: Reference tracking
1.4
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Figure 32 - FCM active suspension tuning
Table 10 - Recalculated parameters for a FCM active suspension
Suspension parameters 18600 657 2150 12.02
Rolling Ratio

———ACTIVE ———PASSIVE

Figure 33 - Rolling ratio for Slalom circuit FCM

39




0,3
0,2
0,1

-0,1
-0,2
-0,3

Newtons

Pablo Perez Camporro 17025326

Suspension displacement

M M M k i
e ACTIVE == PASSIVE
Figure 34 - Suspension displacement for a slalom circuit in a FCM
Actuator Force
3000
2000
1000
0
-1000 2 4 6 8
-2000
-3000
Seconds

Figure 35 - Actuator force in an active suspension for a FCM

Table 11 - Full car model simulation parameters

1136 kg
1824470 N/m
18600 N/m
1000 N*s/m
2400

400

1.35m
[.15m

0.53 m
0.53m

0.8 m

8.33 m/s

4 m
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13. Conclusions
The aim of this project was to model and test different suspension system configurations in
Simulink. To achieve this objective, many researches have been done and similar papers
have been studied.

It can be said that the aim of this project has been accomplished since the different models
have been not only modelled and tested but also tuned and compared. The great number of
papers that tested different models passing through a speed bump or other road profiles
provided a good background to start this project, but the lack of papers that use a FCM,
made this project more interesting. The few papers found that used a HCM or FCM did not
introduced the weight transfer due to the accelerations of the car, making it difficult to
compare and verify the results obtained.

One of the objective of the project was to study the perception of the comfort on the
passengers, and by comparing the active model and the passive model (Figure 18 - Active
and passive suspension bouncing of a 2 DOF QCM and Table 7 - Performance and
robustness) It can be clearly stated that the active suspension can provide a better sensation
of comfort decreasing the acceleration that passengers may feel but keeping the natural
frequency of the model close to 1 Hz to avoid dizziness effects.

The active suspension beside improve the comfort also reduces slightly the suspension
displacement (Figure 19- Suspension displacement for an active and passive suspension
QCM 2 DOF) thus improving the behaviour and ridding of the car.

By comparing the QCM when the mass has been changed (Figure 20 - Centre of mass
acceleration for an active QCM varying its mass), it can be observed that both frequency
and acceleration change, when the mass has been incremented the frequency decrease just
as it could be expected from eq.7, from this perception, the stiffness of the suspension must
be increased when the mass of the vehicle has augmented in order to maintain the natural
frequency of the suspended mass(Figure 24 - Suspension displacement for an active
suspension QCM varying the velocity). On the other hand, when the mass augments, the
acceleration that the suspended mass suffers decreases improving the comfort on the
passengers. Similar results can be found in other publications (Conde, et al., 2008) (Mitra,
2013) (Thite, 2012) (Unaune, 2011).

In contrast to it can be thought, the velocity of the vehicle does not play an important role
in the frequency of the vehicle, even when the velocity increases a 50% (from 20 km/h to
30 km/h) the frequency does not change, what changes is the time of the oscillation to
occur and the reason of this to happen is that the 30 km/h surpasses the speed bump faster
than the 20 km/h model, the delay of the oscillation matches the 0.18 seconds (0.5m +
2.77m/s) delay , which corresponds to the difference of time to pass through the speed
bump for both models (Figure 25 - Bouncing for an active suspension QCM varying the
velocity).

When the velocity increases, the acceleration of the suspended mass increases as well. As
it could be expected (Figure 23 - Centre of mass acceleration for an active suspension
QCM varying the velocity), the slower the vehicle moves the more comfortable the ride
will be. On the other hand, for the same configuration of the speed bump the displacement
of centre of mass is bigger for 20 km/h than for 30 km/h, when the system is accelerated
the speed bump will become sharper giving the system less time to settle.
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For the half car model, it can be clearly seen how the filter of the active suspension
decreases the pitching ratio (Figure 26 - Pitching ratio comparison of an active and passive
suspension system of a HCM). This filter does not seem to damp the bumping effects on
the centre of mass. Since the actuator only acts in the rear wheel, the effect on the first
seconds of the perturbation do not change much (Figure 27- Bouncing comparison of an
active and passive suspension system of a HCM). The effect that the speed bump may
cause in the pitching is very important, if the configuration of the suspension is incorrect
the oscillations in the pitching may not be dissipated easily, producing dizziness into the
passengers. The effect of the filter dissipates the pitching 1 second faster than the standard
configuration. This filter can be used regardless the velocity, but only in active suspension,
that vary their parameters increasing the safety and comfort into the passengers (Figure 29
- Study of an active suspension pitching HCM varying its velocity).

Finally, the FCM in the slalom circuit shows how load transfer produces displacement into
the suspension when centrifugal forces are applied. The displacement of the suspension
cannot be erased but their effects can be reduced (Figure 34 - Suspension displacement for
a slalom circuit in a FCM). The forces applied by the actuator reach the 2500 N in its
maximum peak, but the average value rounds the 750 N. These forces are generated in the
engine of the car and reduce the traction of the car, this system may not be worth for small
vehicles not because of the loss of traction but the increasement of the mass and the
complexity and added value, but other vehicles like trucks or competition cars may be
benefited by these new configurations improving the ridding and comfort at the same time.
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14. Further Improvements
Nowadays most of the vehicles use an active or semi-active suspension, in this project
passive and active system could be modelled. One of the keys of the project and
simplifications made was to assume that all the parameters were constant. The actual
suspension does not follow a linear model, the contact between the parts produces dragging
forces and even hysteresis. The shape of the modern dampers and springs permits to
accomplish a more precise configuration when needed by varying its parameters (semi-
active). Experimental data will be needed to acquire a more complex and realistic model of
the car and could become an interesting project in the future.

Also, during this project the FCM has been modelled and bouncing, pitching and rolling
could be tested. Nevertheless, 4-wheel vehicles include an 8" DOF, the yaw. The yaw
depends not only the vehicle itself, also the tyres play an important role and is governed by
complex equations (non-linear). If the 8th DOF (yaw) could be included into the system a
realistic console could be modelled and used to test the behaviour of the suspension, the
comfort ridding, and the dynamic analysis with different configurations in a wider range of
possible scenarios.
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16. APENDIX 1 -MATLAB CODE

% CAR DATA

oo
oo

oe

Data from '33365'

\o

°

kt=182470; %Tyre Stiffness [N/m]

br=0.53; $treat right [m]
b1=0.53; $Teat left [m]
b=br+bl; $treat [m]

kf=18600; $Front susp. Stiffness [N/m]

kr=18600; %Rear susp, Stiffness [N/m]
mc=1136; $Mass of the car [Kg]

mfs=60; %Unsprung mass at the fornt [kg]
mrs=60; %Unsprung mass at the rear [kg]
Iyy=2400; %Pitch moment of inertia [kg m"2]

Ixx=400; %$Roll moment of inertia [kg m"2]
cr=1000; $Rear damping [N*s/m]
cf=1000; $Front damping [N*s/m]

h=0.8; %G.C height

1lr=1.35; %$Distance from CG to rear
1f=1.15; %$Distance from CG to front
1=1r+1f; %Distance between wheels

r=0.3; %Radious wheel m

t=0.0001; %steps time maximum value =0.01
tmax=7.5;

%$Acceleration

Acc=0; %Acceleration m/s”2
Tacc=0; S%step time

v0=30/3.6; %m/s 8.33333m/s=30km/h
delay=1/V0;

Hsb=0.25;

Lsb=0.5;

k2=kt;

kl=kf;

bl=cr;

m2=mfs;

ml=mc/4;

wn=((kf/mc) " (1/2))/(2*pi);
krl=4*pi~2*mc* ( (3*wn-(1/V0))*0.5)"2 ;
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17. APENDIX 2 — Simulation Matlab Code

subplot (3, 4, 10)
plot (Data.Data(:,22), Data.Data(:,15)");
title('GC. Bouncing) ')
xlabel ('meters')
ylabel ('meters")
subplot (3, 4, 11)
plot (Data.time, Data.Data(:,16)");
title(['Pitching'])
xlabel ("time")
ylabel ('rads'")

subplot (3, 4, 1)
plot (Data.time, Data.Data(:,17)");
title(['Rolling'])
xlabel ('"time")
ylabel ('rads'")
subplot (3, 4, 5)
plot (Data.Data(:,22), Data.Data(:,18)");
title(['X1l wheel position '])
xlabel ('meters")
ylabel ('meters")
subplot (3, 4, 9)
plot (Data.time, Data.Data(:,11)");
title(['X1l wheel velocity '])
xlabel ("time")
ylabel ('meters/second")
subplot (3, 4, 4)
plot (Data.time, Data.Data(:,4)");
title (['X1l wheel acceleration'])
xlabel ("time")
ylabel ('meters")
subplot (3, 4, 8)
plot (Data.time, Data.Data(:,8)");
title(['GC. Velocity '])
xlabel ('time")
ylabel ('m/s")
subplot (3, 4, 12)
plot (Data.time, Data.Data(:,1)'");
title(['GC. Acceleration '])
xlabel ('time")
ylabel ('m/s"2")

for x=2:1:1length(Pl.data)
subplot (3, 4, [2 3 6 7])

plot3( [0 b b 0 0], [L 1 00 1], [Pl.data(x) P2.data(x) P4.data (x)
P3.data(x) Pl.data(x)]);

axis equal

hold on

for n=1:1:8 $%Wheels polygons representation the bigger the number the
slower

plot3 ([0 0], [1+r*sin(2*pi/8* (n-1)) l+r*sin(2*pi/8*(n))], [X1l.data (x)-
r*cos (2*pi/8* (n-1)) Xl.data(x)-r*cos(2*pi/8*(n))], '-k')

plot3([b bl, [1+r*sin(2*pi/8* (n-1)) l4+r*sin(2*pi/8*(n))], [X2.data (x)-
r*cos (2*pi/8* (n-1)) X2.data(x)-r*cos(2*pi/8*(n))]1, '-k')

plot3 ([0 0], [r*sin(2*pi/8* (n-1)) r*sin(2*pi/8*(n))], [X3.data (x) -
r*cos (2*pi/8* (n-1)) X3.data(x)-r*cos(2*pi/8*(n))], '-k')
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plot3([b bl, [r*sin(2*pi/8* (n-1))
r*cos (2*pi/8* (n-1))

end

Limits=[-0.5 b+0.5
axis

title(['"Animation'

(Limits)
xlabel ('X")
ylabel ('Y")
zlabel ('Z")
grid on

hold off

pause (t*0.001) ;
end

X4 .data (x)-r*cos (2*pi/8* (n)) ],

-0.5 140.5

1)
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