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ABSTRACT

This manuscript provides a detailed derivation dtith vehicle model, which may
be used to simulate the behavior of a vehicle imgitaidinal direction. The
dynamics of a 14 degrees of freedom (14- DOF) leehiwdel is derived and
integrated with an analytical tire dynamics namé€lgispan tire model. The full
vehicle model is then validated experimentally withinstrumented experimental
vehicle based on the driver input from brake orottie. Several transient
handling tests are performed, including sudden kraéon test and sudden
braking test at constant speed. Comparisons oéperimental result and model
response with sudden braking and throttling imposection are made. The
results of model validation showed that the trebesveen simulation results and
experimental data are almost similar with accepeabliror. An active suspension
control system is developed on the validated falhisle model to reduce
unwanted vehicle motions during braking and thnogfl maneuver. A
proportional-integral-derivative (PID) scheme intaged with pitch moment
rejection loop is proposed to control the systemptesented scheme the result
verify improved performance of the proposed cordgtalcture during braking and
throttling maneuvers compared to the passive velsgbtem. It can also be noted
that the additional pitch moment rejection loopailsle to further improve the
performance of the PID controller for the systerhe proposed controller will be
used to investigate the benefits of a pneumaticatiyated active suspension
system for reducing unwanted vehicle motion initoidgnal direction.

Keyword: Active suspension, 14 D.O.F. vehicle model, valbdatPID, pitch
moment rejection
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1.0 INTRODUCTION

Vehicle’s suspension system is meant to providetysand comfort for the
occupants. Both, vehicle comfort and driving safatg mostly influenced by
vertical accelerations and vehicle movements cahbgegitch and roll motions [1].
The suspension system perform six basic functitmsy are: maintain correct
vehicle ride height, reduce the effect of shockcésr maintain correct wheel
alignment, support vehicle weight, keep the tinrescontact with the road and
control the vehicle’s direction of travel. Withotlte suspension system, all of
wheel's vertical energy will be transferred to fheme, causing the frame to
moves in the same direction with the wheel.

Considering the characteristic of the vehicle moseimin longitudinal
direction, the vehicle will dive forward when bralseapplied. This is due to the
fact that, inertia will cause a shift in the vehbisl center of gravity and weight will
be transferred from the rear tires to the fromstirSimilarly, the vehicle will squat
to the rear when throttle input is applied. Thiglige to the weight transfer from
the front to the rear. Both dive and squat are um@dvehicle motions known as
vehicle pitching [1, 2, 3]. This motion will causestability to the vehicle, lack of
handling performance, out of control and moreovay irause an accident [4].

To avoid the unwanted pitching motion, a consideramount of works
have been carried out to solve the problem. Throtilghh combination of
mechanical, electrical and hydraulic componentsyide range of controllable
suspension systems have been developed varyingpst)y sophistication and
effectiveness. In general, these systems can lssifidal into three categories:
active suspensions [5, 6] semi-active suspensigjnand active anti-roll bars [8].
Active suspensions have the ability to add enemngy the system, as well as store
and dissipate it. A semi active suspension is a&ipassystem with controlled
components usually the orifice or the fluid vis¢psivhich is able to adjust the
stiffness of the damper. Whereas the active alitbes system consists of an anti-
roll bar mounted in the body and two actuators acheaxleto cancel out the
unwanted body motion.

In recent years many researches in active suspehsiee resulted with
various control strategies to be developed to daoge weight transfer using
active force control strategy [9], single inputeuhodules fuzzy reasoning and a
disturbance observer [10], integrated control afpgmsion and steering to [11]
and adaptive fuzzy active force control [12]. Othlean that, the research on
stabilizing body pitch and heave were investigatéti various control strategies
by Wang and Smith [13]; Labaryade et al. [14], kaekcet al. [15] and Toshio and
Atsushi [16]. Some of the studies used 4-DOF vehioodel [17, 18] 7-DOF
vehicle model has been investigated by[19], andl [19

Investigation of active suspension systems for wadels is recently
increasing much because when compared to passt/semi-active suspension
systems, they offer better riding comfort to pagees of high-speed ground
transportation. Generally, linear active suspensimiems are derived by optimal
control theory on the assumption that the car malelescribed by a linear or
approximately linear system whose performance indegiven in the quadratic
form of the state variables and the [6, 7, 21,22,24]. However, nonlinear and
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intelligent active suspension systems are propfisezbmplicated models with no
negligibly strong non-linearity and uncertainty. iyerical and experimental
results showed that such active suspension systgives relatively more
satisfactory performance, but need more incredsids to achieve active control,
compared with the linear active suspension syst@fs 29]. In this study a
pneumatically actuated active suspension (PAASYydducing unwanted vehicle
motion in longitudinal direction is proposed. Th®gosed PAAS system is used
to minimize the effects of unwanted pitch and waltbody motions of the vehicle
in the presence of braking or throttle input frone triver. The aims of using
active suspension system are to improve stabitigneuverability and passenger
comfort, the active suspension system is the systenwhich the passive
suspension system is augmented by pneumatic actutiat supply additional
external forces. The necessary forces for the fmit pneumatic system are
determined by a controller using the data fromsimesors attached to the vehicle.

The proposed PAAS system is developed using fouts ymeumatic
system installed between lower arms and vehicleybdtie proposed control
strategy for the PAAS system is the combinatiorad?ID scheme for the feed
back control and pitch moment rejection loop foe teed forward control [30 -
33]. Feedback control is used to minimize unwaiiedly pitch motions, while the
feed forward control is intended to reduce the urte@ weight transfer during
braking or throttle input maneuvers. The forcesdppoed by the proposed control
structure are used as the target forces by theuititipneumatic system

The proposed control structure is implemented malmated full vehicle
model. The full vehicle model can be approximatdgscribed as a 14 DOF
system subject to excitation from braking and tiir@ inputs. It consists of 7-
DOF vehicle ride model and 7-DOF vehicle handlingded coupled with Calspan
tire model [8, 34, 35]. MATLAB-Simulink software ishosen as a computer
simulation tool used to simulate the vehicle dyr@rbhehavior and evaluate the
performance of the control structure. In order &uify the effectiveness of the
proposed controller, passive system and activesystith PID controller without
pitch moment rejection are selected as the bendhmar

This paper is organized as follows: The first gmcticontains the
introduction and the review of some related worfkdlowed by mathematical
derivations of 14-DOF full vehicle model with Cadgptire model in the second
section. The third section presents the proposectralo structure for the
pneumatically actuated active suspension system.fdlfowing section explains
about the validation of 14-DOF vehicle model withe tdata obtained from
instrumented experimental vehicle. The fifth settigresents the performance
evaluation of the proposed control structure. Tast Isection contains some
conclusion.

20 FULL VEHICLE MODEL WITH CALSPAN TIRE MODEL

The full-vehicle model of the passenger vehiclestered in this study consists
of a single sprung mass (vehicle body) connectddup unsprung masses and is
represented as a 14-DOF system. The sprung mesgrésented as a plane and is
allowed to pitch, roll and yaw as well as to disglain vertical, lateral and
longitudinal directions. The unsprung masses a@vall to bounce vertically
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with respect to the sprung mass. Each wheel isaliswed to rotate along its axis
and only the two front wheels are free to steer.

2.1 Modeling Assumptions

Some of the modeling assumptions considered inghidy are as follows: the
vehicle body is lumped into a single mass whicteferred to as the sprung mass,
aerodynamic drag force is ignored, and the roltreeis coincident with the pitch
centre and located at just below body center ofiyraThe suspensions between
the sprung mass and unsprung masses are modefebsise viscous dampers
and spring elements. Rolling resistance due toiymstabilizer bar and body
flexibility are neglected. The vehicle remains grded at all times and the four
tires never lost contact with the ground during enavering. A 4 degrees tilt angle
of the suspension system towards vertical axiseglatted €os4= 0.998 =1).
Tire vertical behavior is represented as a lin@aing without damping, whereas
the lateral and longitudinal behaviors are represerwith Calspan model.
Steering system is modeled as a constant ratiadtendffect of steering inertia is
neglected.

2.2 Vehicle Ride Model

The vehicle ride model is represented as a 7-DQ¥keBy. It consists of a single
sprung mass (car body) connected to four unspruasses (front-left, front-right,
rear-left and rear-right wheels) at each cornee $prung mass is free to heave,
pitch and roll while the unsprung masses are fesdmtince vertically with respect
to the sprung mass. The suspensions between thegspnass and unsprung
masses are modeled as passive viscous damperpramgl elements. While, the
tires are modeled as simple linear springs withgarnping. For simplicity, all
pitch and roll angles are assumed to be small. $imdélar model was used by
Ikenaga [19].

-t
e '\F

o

2

Figure 1:A 14-DOF Full vehicle ride and handling model
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Referring to Figure 1, the force balance on spmags is given as
Fa+Fg+Fy +F + I:pﬂ + prr + I:prl + I:prr =msZg

1)

where,

Fq = suspension force at front left corner

Fi = suspension force at front right corner

F = suspension force at rear left corner

Fr = suspension force at rear right corner

m = sprung mass weight

Z = sprung mass acceleration at body centre ofitgrav
Fors Forri Forn i For = pneumatic actuator forces at front left, froght, rear

left and rear right corners, respectively.

The suspension force at each corner of the velsctiefined as the sum of the
forces produced by suspension components namehgsiorce and damper force
as the followings

Fr =Ks 1 (Zu,ﬂ —-Zg f|)+Cs, fl (Zu,fl _Zs, fl)
Fir =Kg fr (Zu’fr —-Zg fr)+CS, fr (Zu,fr _Zs, fr)
Fi =Kgp (Zu,rl —Zg )+Cs,r| (Zu,rl _Zs,rl)
Fr =Ksrr (Zu,rr _ZS,rr)"'Cs,rr (Z.nyr _Zs,rr)

2

where,

Ke = front left suspension spring stiffness

Ksy# = front right suspension spring stiffness

Ksw = rear right suspension spring stiffness

Ks.r = rear left suspension spring stiffness

Csr = front right suspension damping

Csi = front left suspension damping

Cs = rear right suspension damping

Csn = rear left suspension damping

Z,y = frontright unsprung masses displacement

Z,q = frontleft unsprung masses displacement

Z,, = rearright unsprung masses displacement

Z,y =rear left unsprung masses displacement

Z'u’fr = front right unsprung masses velocity

Z,q = frontleft unsprung masses velocity

Z'u’rr = rear right unsprung masses velocity
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Z,y =rear left unsprung masses velocity

The sprung mass position at each corner can beessgut in terms of
bounce, pitch and roll given by
Zg 5 =Zg—asingd+0.5wsing

Zs f =Zg—asind-0.5wsing
Zs y =Zg+bsing+0.5wsing
Zs w =Zg+asingd-0.5wsing

3)
It is assumed that all angles are small, thereiorg3) becomes
Zs q =Zs—ad+0.5wg
Zs r =Zs—ad-0.5wg
Zsy =Zs+bO+05wg
Zsy =Zg+afd—-05wg
(4)

where,
a = distance between front of vehicle &n@. of sprung mass
b = distance between rear of vehicle ar@l 6f sprung mass
g = pitch angle at body centre of gravity
@ = roll angle at body centre of gravity

Zsy = front left sprung mass displacement
Z, = frontright sprung mass displacement
Z,, =rear left sprung mass displacement

Z,; = rear right sprung mass displacement

By substituting Eqg. (4) and its derivative (sprumgss velocity at each corner)
into Eg. (2) and the resulting equations are thalosttuted into Eq. (1), the
following equation is obtained

mszs = _Z(Ks,f + Ks,r )Zs - 2(Cs,f + Cs,r )Zs + 2(aKs,f - sz,r
+2(aCs,f _sz,r ) + stzu,fl +Cs,fzu,f| + stzu,fr +
+Cs,fZ.u,ereru,rI +Cs,rzu,rl + Keru,rr +Cs,rzu,rr

'H:pfl + prr + l:prl + I:prr (5)
where,
6 = pitch rate at body centre of gravity
Zs = sprung mass displacement at body centre oftgravi
Z, = sprung mass velocity at body centre of gravity

Kss = spring stiffness of front suspensigisq = Ks )
Ksr = spring stiffness of rear suspensifis, = Ksr)
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Cst = Cqn=Csy = damping constant of front suspension
Csr =Cg = C,,r = damping constant of rear suspension

Similarly, moment balance equations are derivedpituh & and roll ¢ , and are
given as

1,0 = 2(ak _ -bK,, Jz, +2(ac,  -bC,, )7, - 2(a’K, , +bK_,
~2Ma%c,, +b’C,, -aK, Z, 4 —aC, Z, 4 —aK, Zy ¢
—aCs1Zy g +bKg Zyy +bCs; Zy +bKg Zy ;r +bCs Zy it
~(Fpit +Fpr ¢ +(Fprn + Fpr )l (6)

| = -05w2(K_ +K,, Jp—05w?(C.; +C,, Jp+05wK_ Z, 4
+0.5WCs Z, ff —0.5WKg¢Z, fr —0.5WCg Z, ¢ +
+0.5WKg Z 1 +0.5WCsZ,  —0.5WKg,Z, v —0.5WCsZ,,

w w
+(pr| +Fpr| )E“(prr +Fprr )E (7)
where,
6 = pitch acceleration at body centre of gravity
) = roll acceleration at body centre of gravity

roll axis moment of inertia
pitch axis moment of inertia
wheel base of sprung mass

=
x
I

E:g_

By performing force balance analysis at the foueelh, the following equations
are obtained

MyZy, g =Kg1Zs+Cy(Z, —aK, 8 -aC, 0+ 05wK, ¢
+0-5WCs,f¢‘(Ks,f +Ky )Zu,fl ~CstZyn +KiZrn —Fps (8)

muz'u,fr = Ks,f Zs +Cs,f Zs _aKs,f 6_acs,f 9_ O'SWKs,f ¢
_O-SWCs,f¢_(Ks,f + Kt)zu,fr _Cs,fzu,fr + KtZr,fr - prr (9)

m,Z,, =K., Zs +C,, Z, +bK_,8+bC_ 0+ 050K, ¢
+ O-SWCs.r¢ - (Ks,r + Kt)Zu,rI _Cs,r Z.u,rl + KtZr,rI - l:prl (10)

My Zyr = KgrZs+Cq; Z.s +aKg 6+bCq, - 0.5wWKs, ¢ +
- 0.5wCs, ¢ - (Ks,r + Kt)zu,rr - Cs,rz.u,rr +KZp o = l:prr (11)
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where,
Zu’fr = front right unsprung masses acceleration
Zu’ﬂ = front left unsprung masses acceleration
Zin = rear right unsprung masses acceleration
Zu,” = rear left unsprung masses acceleration

Zo 4 =Z g =2y =Z,y = road profiles at front left, front right, reaght and
rear left tires respectively

2.3 VehicleHandling M odél

The handling model employed in this paper is a #3@stem as shown in Figure
2. It takes into account three degrees of freedomthie vehicle body in lateral and
longitudinal motions as well as yaw motian) &nd one degree of freedom due to
the rotational motion of each tire. In vehicle hiamgimodel, it is assumed that the
vehicle is moving on a flat road. The vehicle exg®res motion along the
longitudinalx-axis and the lateral-axis, and the angular motions of yaw around
the verticalz-axis. The motion in the horizontal plane can barabterized by the
longitudinal and lateral accelerations, denotecapgnda, respectively, and the
velocities in longitudinal and lateral directiorgrited by, andv, , respectively.

Acceleration in longitudinat-axis is defined as
Vx = ay +vyf (12)

By summing all the forces ixaxis, longitudinal acceleration can be defined as

Fyf COSO + Fyf Sind + Fy4 COSO + Fyfr SiNO + Fyy + Fyyy (13)
ay =
m

Similarly, acceleration in latergdaxis is defined as
\./y =ay —Vy T (14)
By summing all the forces in lateral directionglat acceleration can be defined

as
_Fyni €0SO — Fyq SiNO + Fyfr €0SO — Fygy SINO + Fyn + Fyrr

Y m

(15)

where F,; andF; denote the tire forces in the longitudinal andritelirections,

respectively, with the index)(indicating front ) or rear () tires and indexj)
indicating left () or right ) tires. The steering angle is denotedbthe yaw rate

byr andm, denotes the total vehicle mass. The longitudinal keral vehicle

92



Jurnal Mekanikal, June 2009

velocities v, and v, can be obtained by the integratiom}g)hnd\}x. They can be

used to obtain the side slip angle, denoted.byhus, the slip angle of front and
rear tires are found as

vy +Lgr
as =tan'1(¥]—5f (16)
VX
and
-1 Vy - Lf r
a, =tan | ——— @an
VX

Where,a; and a, are the side slip angles at front and rear tirepeetively.l;and

I, are the distance between front and rear tire tohibdy center of gravity
respectively.

&
11— -7
W
;?
F .
e - —

Figure 2: A 7-DOF Vehicle handling model

To calculate the longitudinal slip, longitudinalneponent of the tire velocity
should be derived. The front and rear longitudirgbcity component is given by:
Vyxf = Vi COSO ¢ (18)

Where, the speed of the front tire is,
Vi :\/(vy+Lfr)2+v§ (19)

The rear longitudinal velocity component is,
Vwxr = Vi COSa; (20)

Where, the speed of the rear tire is,
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V, =l + L] +v2 (21)

Then, the longitudinal slip ratio of front tire,
_ Vwxf — Gt RW . .
Saf Bv— under braking conditions (22)
wxf

The longitudinal slip ratio of rear tire is,

s, = Jwr Z%Rw \nder braking conditions (23)

Vwxr

where,w, andw;are angular velocities of rear and front tirespeesively andr,, ,
is the wheel radiu§.he yaw motion is also dependent on the tire foregs and

F i as well as on the self-aligning moments, denoted/loy acting on each tire:

w w w w w .
?Fxﬂ Ccoso —?Fxfr c035+?F X”—?Fxrr +?Fyﬂ sin o —
F:Ji %Fyﬂ SING — 1 Fyy =1, Fyp +11Fyqcosd +1(Fyy cosd — ¢ Fyq sind -
z

't Fxtr SN0+ Mz + Mg + Mgy + M 4y
(24)

Where,J,is the moment of inertia around the z-axis. Thé aad pitch motion
depend very much on the longitudinal and later@eksrations. Since only the
vehicle body undergoes roll and pitch, the sprugsndenoted byn, has to be

considered in determining the effects of handlingpdch and roll motions as the
following:

5= ey + glmege—k,)+ 4= 5,)

(25)

‘]SX

f=_ mscay + H(mngc— ké?) + 5(_ ,36?) (26)
sy

Where, c is the height of the sprung mass centgradfity to the groundjis the
gravitational acceleration akg, 8;,k,andgB, are the damping and stiffness
constant for roll and pitch, respectively. The maiseof inertia of the sprung
mass aroungl-axes ang-axes are denoted by, andJ sy respectively.

2.4 Braking and Throttling Torques
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For the front and rear wheels, the sum of the ®ahout the axis as shown in
Figure 3 are as follows:

Fo Ry =Ty + Ty = 1,0 (27)

F. R, - T, +T, =1,w,

ar w™Tr

(28)

Where & and &, are the angular velocity of the front and rear videk,, is the
inertia of the wheel about the axI&,is the wheel radius],; and T, are the

applied braking torques, anbl; and T,, are the applied throttling torques for the
front and rear wheels

Vertical force reaction

Braking Torque

*

Angular Velocity
of wheel

Throttling Torque
(Ta)

Wheel Speed
VO

i

Figure 3: Free Body Diagram of a Wheel

2.5 Simplified Calspan Tire Model
Tire model considered in this study is Calspan rhadelescribed in Szostek al
[36]. Calspan model is able to describe the belmasfia vehicle in any driving
conditions which may require severe steering, Imgkacceleration, and other
driving related operations[34]. The longitudinalddateral forces generated by a
tire are a function of the slip angle and longitudislip of the tire relative to the
road. The previous theoretical developments in takost al. [36] lead to a
complex, highly non-linear composite force as acfiom of composite slip. It is
convenient to define a saturation functif(a), to obtain a composite force with
any normal load and coefficient of friction valy8g]. The polynomial expression
of the saturation function is presented by:
3 2

(o) o - QT *C0 (4o
K, Cod+Coo? +Cho+1

(29)
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Where, C,, C,, C; and C, are constant parameters fixed to the specific.tifée
tire contact patch lengths are calculated usinddh@wing two equations:

0.0768 /F,F,;
T,(T, +5)

0 =

(30)

ap = (1 - K;—ij (32)

Where ap is the tire contact patcfi,, is a tread width, andl, is a tire pressure.
The values ofFzr and K, are tire contact patch constants. The lateral and
longitudinal stiffness coefficientK{ and K., respectively) are a function of tire
contact patch length and normal load of the tirexgsessed as follows:

_ 2 AF,?
Kg=—+ F, - 32
2o re A @)
K¢ =LZFZ(CS/ Fz) (33)
apg

Where the values of\,, A, A and CS/FZ are stiffness constants. Then, the
composite slip calculation becomes:

2 2
g="2P Ksztan2a+Kcz[—S j (34)
81oF, 1-s

Ho IS @ nominal coefficient of friction and has aualof 0.85 for normal road
conditions, 0.3 for wet road conditions, and 0.1iéy road conditions. Given the
polynomial saturation function, lateral and londinal stiffness, the normalized
lateral and longitudinal forces are derived by héag the composite force into
the side slip angle and longitudinal slip ratio paments:

F
y _ f(U)Kstana2 +Yyy (35)
e \/Ksztan2a+K'C s?

Fy f(o)K.S

- ‘2
H2 \/Ksztan2 a+Kg s?

(36)

Lateral force has an additional component due ¢otitle camber angle,,
which is modeled as a linear effect. Under sigaiftc maneuvering conditions
with large lateral and longitudinal slip, the forcenverges to a common sliding
friction value. In order to meet this criteriongettongitudinal stiffness coefficient
is modified at high slips to transition to latestiffness coefficient as well as the
coefficient of friction defined by the parametgr.
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Kg = KC+(KS—KC)«/sin2a+Szcosza (37)

,u=,uo(1—Kﬂ)\/sin2a+82cosza (38)

2.6 Description of the simulation model

The vehicle dynamics model is developed based emtathematical equations
from the previous vehicle handling equations byngsMATLAB-Simulink
software. The relationship between handling modde model, tire model, slip
angle and longitudinal slip are clearly described-igure 4. In this model there
are two inputs that can be used in the dynamicyaisabf the vehicle namely
torgue input and steering input which come fromvari It simply explains that the
model created is able to perform the analysisdogitudinal and lateral direction.

h 4
F

Torque Input

VSpeed Ax

v

N Slip Angle

FZ
Ay

Steering mpuf

v

Delta  rdot

P

Ride Model E A > | |
Alfz
& | Ax [ S
o Handling Model M ot
} »a,
N _
b E Longitudinzl Slip
Tire Model

Figure 4: Full Vehicle Model in Matlab-Simulink
3.0 ACTIVE CONTROL SYSTEM DESIGN

The controller structure consists of inner looptoaier to reject the unwanted
weight transfer and outer loop controller to siabiheave and pitch responses due
to pitch torque input from the driver. An input depling transformation is placed
between inner and outer loop controllers that blgnedinner loop and outer loop
controllers. The outer loop controller provides tide controlthat isolates the
vehicle body from vertical and rotational vibratsomduced by pitch torque input.
The inner loop controller provides the weight tfensrejection controlthat
maintains load-leveling and load distribution dgrinehicle maneuvers. The
proposed control structure is shown in Figure 5.
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Decoupling Transformation

Figure 5:The Proposed Control Structure for Active SuspenSigstem

In this study the PID controller is used in theesubop control to isolates
the vehicle body from vertical and rotational viwas induced by brake or
throttle torque input. The outputs of the outerp@ontroller are vertical forces to

stabilize body boundg,) and moment to stabilize body pi{th,). The PID
controller that is applied in the system is showrFigure 1 and mathematically
can be described by equation (39).

Fo(t) =kp (1) e(t) + ki ()] e(t)dt + Ky (t)%e(t) (39)

Where e(t) = Zgref (t) — Z(t) and the proportional gaik,(t), integral gain,
ki (t) and derivative gainkgy(t) are the function of the position error body
displacement.

Mo (1) = kp (1) e(t) + k; () e(t)dt + kg (t)%e(t) (40)

Where €(t) = ¢ (t) — 6(t) and the proportional gaik,(t), integral gain,

k; (t) and derivative gainky(t) are the function of the position error pitch angle

3.1 Decoupling Transformation
As mention in Section 3.0 the outputs of the oldep controller are vertical

forces to stabilize body boun(iéz) and moment to stabilize pitfH ,). These

forces and moments are then distributed into tdiarees of the four pneumatic
actuators produced by the outer loop controllestiibiution of the forces and
moments into target forces of the four pneumatiwators is performed using
decoupling transformation subsystem. The outputs th& decoupling
transformation subsystem namely the target foraas the four pneumatic
actuators are then subtracted with the relevanputsitfrom the inner loop
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controller to produce the ideal target forces foe four pneumatic actuators.
Decoupling transformation subsystem requires arerstanding of the system
dynamics in the previous section. From equations (& and (7), equivalent
forces and moments for heave, pitch and roll caddfimed by:

I:z = prl + prr + I:prl + I:prr (41)
I\/Iélz_lzpfllf _prrlf +Fprllr+Fprr|r (42)
_c (W (W w(wW (W
M ¢ - prl (?j - prr (Ej + I:prl (?j - I:prr (?j (43)
Where F ", F ", F,,"and F " are the pneumatic forces which are produced

by outer loop controller in front left, front rightear left and rear right corners,
respectively. In the case of the vehicle input cerfrem brake torque, the roll
moment can be neglected. Equations (41), (42) 48Y ¢an be rearranged in a
matrix format as the following:

F o
f,(t) 1 1 1 1| e
Mo@)|=|-L, -L; L, L™ (44)
My (1) woooowoww Fon
2 2 2 2 ||Fp|

For a linear system of equatiopsCx, if C 0 O ™" has full row rank, then there
exists a right inverseC*such tha€™C =1™". The right inverse can be

computed using ™ =CT(CCT )_1. Thus, the inverse relationship of equation
(42) can be expressed as

I 1 1
2(|f+|r) 2(|f+|r) ﬂ
prl Ir - 1 _i E
For || Al +l) - Alp+le) 2wl 2 (45)
For | | 11|
F'[')I’I’ 2(|f+|r) 2(|f+|r) 2w ¢
I 1 1
Alp+1) Al +1) 2w

3.2 Pitch Moment Rejection L oop

In the outer loop controller, PID control is applior suppressing both body
vertical displacement and body pitch angle. Theeinlwop controller of pitch

moment rejection control is described as followsirty throttling and braking, a
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vehicle will produce a force namely throttling ferand braking force at the body
center of gravity respectively. The throttling fergenerates pitch moment to the
pitch pole causing the body center of gravity tift dlackward as shown in Figure
6 and vice versa when braking input is appliedftilithe body center of gravity
causes a weight transfer from axle to the othee.aRly definingthe distance

between the body center of gravity and the pitcle p® H ., pitch moment is

defined by:
M,=M(a)H . (46)

pc’

In case of brake, the two pneumatic actuatorslladtén the front axle have
to produce the necessary forces to cancel out ttveanted pitch moments,
whereas the forces of the two pneumatic actuatotisearear axle will act in the
opposite from the front pneumatic actuator. Pneimfiatces that cancel out pitch
moment in each corner due to braking input arendefias:

M p(ax>Hpc] .
L¢

. M(ay)H e . .
Forr =Fp =_PPX7 PC and For = Forr :—(

f

Whereas, pneumatic forces to cancel out pitch momeeach corner for throttle
input can be defined as:

. : M,(a,)H : : M ,(a,)H
Fprl :Fprr :M and prl = prr = —(%
r

r

(48)

Where,
Fon = target force of pneumatic system at front leftneo produced by

inner loop controller
For = target force of pneumatic system at front rigbtner produced by

inner loop controller
Fon = target force of pneumatic system at rear lefbepproduced by inner

loop controller

For = farget force of pneumatic system at rear rightheo produced by

inner loop controller

The ideal target forces for each pneumatic actua®mdefined as the target
forces produced by outer loop controller subtracwdth the respective target
forces produced by inner loop controller as thiofeing:

Fot =Fpn = F

pfi (49)
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prr = prr - prr (50)
For = F;)rl - I:Iprl (52)
Forr = F;)rr - I:Iprr (52)

Figure 6: Free body diagram for pitch motion.

4.0 VALIDATION OF 14-DOF VEHICLE MODEL USING
INSTRUMENTED EXPERIMENTAL VEHICLE

To verify the full vehicle ride and handling modedat have been derived,
experimental works are performed using an instruete®xperimental vehicle.
This section provides the verification of ride ahnandling model using visual
technique by simply comparing the trend of simolatiesults with experimental
data using the same input signals. Validation aifigation is defined as the
comparison of model's performance with the realteays Therefore, the
validation does not meant the fitting of simulattata exactly to the measured
data, but as gaining confidence that the vehicledlimg simulation is giving
insight into the behavior of the simulated vehigéerence. The tests data are also
used to check whether the input parameters fowghecle model are reasonable.
In general, model validation can be defined asrdeténg the acceptability of a
model by using some statistical tests for deviemeasures or subjectively using
visual techniques reference.

4.1 VehicleInstrumentation

The data acquisition system (DAS) is installed itlte experimental vehicle to

obtain the real vehicle reaction as to evaluatevitdcle’s performance in terms

of longitudinal acceleration, body vertical accaten and pitch rate. The DAS

uses several types of transducers such as singl@eoelerometer to measure the
sprung mass and unsprung mass accelerations fdn eamer, tri-axial
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accelerometer to measure longitudinal, vertical ktdral accelerations at the
body center of gravity, tri-axial gyroscopes foe thitch rate and wheel speed
sensor to measure angular velocity of the tire. Whati-channel p-MUSYCS
system Integrated Measurement and Control (IMQ)sied as the DAS system.
Online FAMOS software as the real time data prdngsand display function is
used to ease the data collection. The installatiothe DAS and sensors to the
experimental vehicle can be seen in Figure 7.

=

Gvro Se:ﬁsw.f_._.géreed S enser

W - = 7 k
el ‘ earwheel

-

S efisor

Instnn; é%i“!nside the
" xelffels

Experimental Vehicle

et i

Figure 7: In-vehicle instrumentations

4.2 Experimental Vehicle

An instrumented experimental vehicle is developed/dlidate the full vehicle
model. A Malaysian National car is used to perf@milden braking and sudden
accelerationtest. The tests were partly adopted from SAE J16@602)
proceduresNote that the vehicle is 1300 cc and used mageat shift as the
power terrain systems. The technical specificatiohshe vehicle are listed in
Table 1.

4.3 Validation Procedures

The dynamic response characteristics of a vehidédeithat include longitudinal
acceleration, longitudinal slip in each tire anttipirate can be validated using
experimental test through several handling testgmores namely sudden braking
test and sudden acceleration test. Sudden braggndstintended to study transient
response of the vehicle under braking input. Is tdse, the tests were conducted
by accelerating the vehicle to a nominal speed @pB and activating the
instrumentation package. The driver then applieshitake pedal hard enough to
hold the pedal firmly until the vehicle stopped qoetely. On the other hand,
sudden acceleration test is used to evaluate tractieristics of the vehicle during
a sudden increase of speed. In this study, thecleehiccelerated to a nominal
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speed of 40kph and activated the instrument packBge driver then manually
applied the throttle pedal full step as requiredrtake the vehicle accelerated
immediately.

Table 1. Experimental vehicle Parameter

Parameter Value
Vehicle mass 920kg
Wheel base 2380mm
Wheel track 1340mm
Spring rate: Front: 30 N/mm
Rear: 30 N/mm
Damper rate : Front: 1000 N/msedé
Rear: 1000 N/mseté
Roll center 100
Center of gravity 550mm
Wheel radius 285mm

4.4 Validation Results

Figures 8 and 9 show a comparison of the resutirsdd using SIMULINK and
experimental. In experimental works, all the expemntal data are filtered to
remove out any unintended data. It is necessanpt® that the measured vehicle
speed from the speed sensor is used as the inpitmofation model. For the
simulation model, tire parameters are obtained f8rostaket al [36] and Singh
et al [37]. The results of model verification for sudderaking test at 60 kph are
shown in Figure 9. Figure 9(a) shows the vehickedpapplied for the test. It can
be seen that the trends between simulation resmitk experimental data are
almost similar with acceptable error. The smalfedgnce in magnitude between
simulation and experimental results is due to #uo that, in an actual situation, it
is indeed very hard for the driver to maintain ith@ perfect speed as compared to
the result obtained in the simulation.

In terms of both longitudinal acceleration and Ipitate response, it can be
seen that there are quite good comparisons duhiagnitial transient phase as
well as during the following steady state phasstasvn in Figures 8(b) and (c)
respectively. Longitudinal slip responses of thanfrtires also show satisfactory
matching with only small deviation in the trangitiarea between transient and
steady state phases as shown in Figure 8(d) antt (e also be noted that the
longitudinal slip responses of all tires in the esimental data are slightly higher
than the longitudinal slip data obtained from theudation responses particularly
for the rear tires as can be seen in Figures 8¢f)(g). This is due to the fact that
it is difficult for the driver to maintain a constiaspeed during maneuvering. In
simulation, it is also assumed that the vehiclmaving on a flat road during step
steer maneuver. In fact, it is observed that tlael arofiles of test field consist of
irregular surface. This can be another source efatlen on longitudinal slip
response of the tires.
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Figure 8: Response of the Vehicle for sudden bratest at 60kph constant
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speed.

The results of Sudden Acceleration test at constpeed of 40kph indicate
that measurement data and the simulation resuleseagith a relatively good
accuracy as shown in Figure 9. Figure 9(a) shoew¢hicle speed which is used
as the input for the simulation model. In termspitth rate and longitudinal
acceleration, it can be seen clearly that the sitimrl and experimental result are
very similar with minor difference in magnitude gt®own in Figure 9 (b) and (c).
The minor difference in magnitude and small fluttwa occurred on the
measured data is due to the body flexibility whiedis ignored in the simulation
model. In terms of tire longitudinal slip, the tdsnof simulation results show
close agreement for both experimental data andlation and shown in Figure
9(d), (e), (f) and (g). Closely similar to the tion results obtained from sudden
acceleration test, the longitudinal slip responsfeall tires in experimental data
are smaller than the longitudinal slip data obtdifrem the simulation. Again,
this is due to the difficulty of the driver to mé&im a constant speed during
sudden acceleration test maneuver. Assumption mulation model that the
vehicle is moving on a flat road during the maneusgealso very difficult to
realize in practice. In fact, road irregularitiddize test field may cause the change
in tire properties during vehicle handling testsisiption of neglecting steering
inertia may possibility in lower down the magnitudktire longitudinal slip in
simulation results compared with the measured data.
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Figure 9: Response of the vehicle for sudden ac@de test at constant speed
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Overall, it can be concluded that the trends betw&mulation results and
experimental data are having good agreement witbpable error. Actually, the
error can be significantly reduced by fine tuninf lth vehicle and tire
parameters. However, excessive fine tuning workshbeaavoided since in control
oriented model, the most important characteristictie trend of the model
response. As long as the trend of the model respsnslosely similar with the
measured response with acceptable deviation in io@gn it can be said that the
model is valid.

50 PERFORMANCE ASSESSMENT OF THE PROPOSED CONTROL
STRUCTURE FOR ACTIVE SUSPENSION SYSTEM

This section describes the results of study onpérdormance of the proposed
control structure for the pneumatically actuatetivacsuspension system namely
PID with pitch moment rejection control. Performaraf the vehicle with passive
system is used as a basic benchmark. To investigatadvantage of additional
pitch moment rejection loop, the performance of pneposed controller is also
compared with PID without pitch moment rejectioropo The PID with pitch
moment rejection control for active suspension esystis evaluated for its
performance at controlling the longitudinal dynasnaf the vehicle according to
the following performance criteria namely body ieat acceleration, body
displacement, body pitch rate and body pitch angle.
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5.1 Simulation Parameters

The simulation study was performed for a period@&econds using Heun solver
with a fixed step size of 0.01 second. The cordrgllarameters are obtained using
trial and error technique as shown in Table 3. Atm@erical values of the 14-DOF
full vehicle model parameters are defined in Tableand Calspan tire model
parameters are as Table 2 adopted from Szestalk|[36].

Table 2: Tire parameter

Parameter FWD radial
Tire designation P185/70R13
Tw 7.3
T 24
Fzr 980
C, 1.0
C, 0.34
C, 0.57
C, 0.32
A 1068
A 11.3

A 2442.73
As 0.31
A -1877
Ka 0.05
CS/FZ 17.91
Mo 0.85

Table 3: Controller Parameters:
PID ko K ke
body heaveZb) 2000 2000 3000
body pitch angle §) 1852 7000 2251

5.2 Performance of The Control Structure At The Sudden Braking Test
The simulation results of body pitch angle and bpdgh rate at the body centre
of gravity on sudden braking test at 6Mpa brakesguwee are shown in Figures
11(a) and (b) respectively. It can be seen thapérormance of PID control with
pitch moment rejection loop are perfectly can ndized the body compare to
PID control without pitch moment rejection loop aoalssive system. In terms of
the pitch angle response, it is clear that thetihdil pitch moment rejection loop
can effectively reduce the magnitude of the pitebl@a response. Improvement in
pitch motion during braking can enhance the stghili the vehicle in longitudinal
direction.

In terms of the pitch rate response, PID contrahwitch moment rejection
loop shows significant improvement over passive Bid control without pitch
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moment rejection loop particularly in the transieesponse area. In steady state
response, PID control with pitch moment rejectioog shows slight improvement
in terms of settling time over PID control withqutch moment rejection loop and
significant improvement over passive system. Agdime advantage of the
additional pitch moment rejection loop is shownreglucing the magnitude of the
pitch rate response. Improvement in both pitch rasponse and the settling time
during maneuvering can increase the stability l@fahe vehicle in the presence
of braking input from the driver.

— PID with pitch moment rejection loop

—— PID wih pitch moment rejection loop

passive
-~ PIDwithou pitch moment rejectiontoop| ¢ A4 | epaie

pitch rate (rac/s)
pitch angle (rad)

5 4 5
time (s) time (s)

a)Pitch rate b)Pitch angle

—PID vith pitvh moment refection

passive
===~ PID without pitch moment rejection

—PID with pitch moment rejection
pasive
= PID without ptch moment refection

lacement (m)

body displac:
3 5
g

acceleration (m/s2)

body

5 1 5
time (s) time (s)

e) Body acceleration d) Body displacement

Figure 11: Response of the vehicle for sudden brptast at 6Mpa brake
pressure.

Body vertical acceleration responses of the vehatléhe body center of
gravity are presented in Figure 11(c). From the ybegrtical acceleration
response, both PID control with and without pitcbment rejection loops are able
to drastically reduce unwanted vertical accelerattwmpared to the passive
system. It can be seen by the capability of therober in lowering down the
magnitude of body acceleration and in speedindhagséttling time. Improvement
in vertical acceleration at the body center of gyawill enhance the comfort level
of the vehicle as well as avoiding the driver frémsing control of the vehicle
during maneuvering. The PTP and RMS values of mtafie, body acceleration,
body displacement and pitch rate on sudden braksigs presented in Table 3.

Table4: PTP and RMS values of simulation for sudden Iogkést at 6mpa brake
pressure
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PTP Value RMS Value

Performance PID without | PID with pitch PID without | PID with pitch
Criteria passive pitch moment|  moment passive | pitch moment|  moment
rejection rejection rejection rejection

Pitch Angle 0.129 0.121 0.06 0.0232 0.0198 0.0077

Pitch Rate 059 0.55 0.19 0.1191 0.0938 0.0361

Body Acceleration 281 1.7 0.487 0.6263 0.3882 0.161

Bady

i 0.0776 0.0571 0.0232 0.0196 0.0127 0.0051
Displacement

5.3 Performance of The Control Structure At The Sudden Acceleration Test
Figure 18 shows the simulation result of the vehidnder the PID active
suspension control with pitch moment rejection loBfD control without pitch
moment rejection loop, and passive suspensionmyiie comparison purposes.
The result shows that the PID controller with moiesection loop has good
performance in tracking of system and also theesysis stable and has good
transient responsé€onsider to Figures 12(a) and (b), the pitch bedrafdgr the
PID control with pitch moment rejection loop indieebetter performance reduce
squat during the maneuver compared to PID withdahpnoment rejection loop
and passive. The results show that the proposettotairucture is reasonably
efficient method to decrease the vehicle pitch.rAgea result vehicle looses the
momentum during the maneuvers, reduce the weigimsfier to the front and
decrease the pitch angle magnitude at body cehtgauity.

Figure 12(c) illustrates clearly how the PID cohtmith pitch moment
rejection loop can effectively absorb the vehicieration in comparison to PID
without pitch moment rejection loop and the passiygtem. The oscillation of the
body acceleration using the PID with pitch momaesj¢ction loop system is very
much reduced significantly, which guarantees beitler comfort and reduced the
body vertical displacement as shown in Figure 12(d$teady state response, PID
control with pitch moment rejection loop shows Btigmprovement in terms of
settling time over PID control without pitch momeatection loop and significant
improvement over passive system. Improvement inh bobdy acceleration
response and the settling time during maneuverdmgigcrease the stability level
of the vehicle in the presence of throttle inpwainirthe driver. The PTP and RMS
values of pitch angle, body acceleration, body ldigment and pitch rate on
sudden acceleration test is presented in Table 4.
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Figure 12: Response of the vehicle for sudden aca@bn test at full step
throttle pedal

Table5: PTP and RMS values of simulation results for sudacceleration test at

full step throttle
PTP Value RMS Value
Performance PID without | PID with pitch PID without |PID with pitch
Criteria passive pitch moment moment passive | pitch moment moment
rejection rejection rejection rejection
Pitch Angle 0.0248 0.0167 0.0074 0.0114 0.0088 0.0045
Pitch Rate 0.13 0.08 0.03 0.0191 0.0112 0.0058
Body Acceleration 0.767 0.27 0.088 0.1104 0.0415 0.0214
: Body 0.01638 0.008 0.00389 0.0048 0.0028 0.0015
Displacement
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6.0 CONCLUSIONS

A 14-DOF full vehicle model for passenger vehiclkieth consists of ride,
handling and Calspan tire subsystems has beenogpeekIThe models are verified
with CarSimEd software as the benchmark to obs#reeperformance and the
capability of the vehicle model to perform the dalion with experimental
vehicle. Predictions of the results show that iedel are satisfying similarity
with only small deviation compare to the softwanel accepted for the validation
with experimental vehicle. An instrumented expentaé vehicle has been
developed to validate the 14-DOF model with theessary sensors and data
acquisition system installed inside the vehicle.oTtypes of road tests namely
sudden braking test and sudden acceleration test been performed and data
gathered from the tests were used as the benchohahnlke model validation. The
wheel speed data measured from the test in bottesuiraking and sudden
acceleration tests were used as the inputs ofithelation model. Some of the
vehicle behaviors to be validated in this works evg@itch rate, longitudinal
acceleration and tire longitudinal slip respondd® results of model validation
show that the trends between simulation resultseaapérimental data are almost
similar with acceptable error. The small difference magnitude between
simulation and experimental results is mainly dughte simplification/idealization
in vehicle dynamics modeling and the difficulty tife driver to maintain a
constant speed during maneuvering.

On the other hand a PID controller with pitch momegjection loop is
presented to reduce unwanted vehicle motion inifodimal direction for enhance
vehicle stability and ride quality. A simulationudtes for proposed control
structure with validated full vehicle model are g@eted to demonstrate the
effectiveness of pitch moment rejection loop corelirwith PID control. The
performance characteristics of the control structamre evaluated and compared
with PID control without pitch moment rejection [p@and passive system. From
the results, it can be concluded that the propesatrol technique proved to be
effective in controlling vehicle pitch, vibratiomd achieve better performance.
The controller is also verified able to enhancewbleicle stability and ride quality
as the improvement in body acceleration in theukition responses.
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