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Abstract: - An active roll control system using a combination of feedback and feedforward fuzzy logic control
active suspension for enhancement of vehicle roll dynamics is presented in this paper. The dynamics model
representing the vehicle behavior was first developed and then modeled in the Matlab/SIMULINK
environment. The tire model used was developed based on tire test data using loop up table method. The
validity of the vehicle model was verified using CarSim software for double lane change maneuver. The inputs
to the feedforward fuzzy logic control were the driver steering wheel angle and vehicle longitudinal velocity
and the output of the feedforward fuzzy logic control was the counter roll moment. For the feedback fuzzy
logic control, the roll angle error and error rate were the inputs whereas the counter roll moment was the output.
The effectiveness of the proposed control system was demonstrated for fishhook, step steer, and double lane
change maneuvers and this vehicle roll control system has shown its capability in reducing vehicle rollover
propensity.
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1 Introduction rollover warning system is a passive system in
Among the types of crashes, rollover is one of a wr_\ich warning is given to alert_the driver so 'Fhat the
most dangerous crash due to the relatively high driver can take corrective action by reducing the
number fatalities. Although only 3% of the steering angle or vehicle §peed to avoid rollover.
accidents lead to vehicle rollover, vehicle rollover is Among the rollover warning system that can be
the contributing factor to 33% of all the fatalities found in literature are early warning safety device
[1]. High center of gravity vehicles such sport utility [2], dynamic rollover threshold [3] and time to
vehicles (SUV) are more likely to rollover rollgver metric [4]. In active roll control, the
compared to vehicles with a lower center of gravity vehicle detects the possibility of rollover and
height. According to the rollover resistance rating vehicle itself takes the corrective action to avoid
by NCAP, SUVs have an average of 3 star rating roIIover_Wlthout requiring any input from the driver.
due to its high center of gravity location. In general, The active roII. control can be d|V|ded-based on Fhe
vehicle rollover may be divided to tripped and types of_ actuation. Th(_e types of actuation are active
untripped rollover. Tripped rollover happens when suspension [5,6], active roll bar [7], differential
the vehicle slips laterally of the road and comes into braking [8,9], and active steering [10,11]. It is
contact with obstacles such as curb and guardrail or important that the vehicle roll motion is reduced to
the wheel, hitting a pot hole which yields a roll avoid rollover p935|b|I|ty and he_nce increase the
moment that causes the vehicle to rollover. In safety of the vehicle user. There is possibility that
contrast, untripped rollover occurs on the road under the vehicle rollover can be recovered if the driver is
extensive driver inputs such as negotiating a tight skillful enough but it is more than impossible for a
corner with high vehicle velocity. The rollover typlcal drl\(er t(_) qv0|d rollover when the vehicle is
avoidance system can be realized through the at its handling limits.

rollover warning system and active roll control. The
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In this paper, a combination of feedforward and
feedback fuzzy logic control using active suspension
is implemented on a vehicle dynamics model to
reduce the roll motion of the vehicle. The remaining
of the paper is organized as follows: a 14 DOF
vehicle model coupled with look up table tire model
is presented in Section 2. Section 3 presents the
active roll control structure which consists of
feedforward and feedback fuzzy logic control
schemes. The simulation results are presented in
Section 4. Finally, the conclusion of the study is
made in Section 5.

2 Vehicle Modeling

In literature, there are various vehicle models are
employed in the implementation of the wvehicle
control strategies such as traction control, active
braking, suspension control, and vehicle stability
control. The vehicle models developed should be
simple enough for the purpose of control system
design, but at the same time having the capability
represent the important aspects of the dynamics. In
this paper, a full vehicle model with look up table
tire model is developed for the purpose of predicting
the dynamic behavior of the vehicle. The vehicle
model presented in this paper is extensively used by
researchers as a tool to investigate and enhance
vehicle handling. The vehicle model as shown in
Fig. 1 is made up of six degrees of freedom at the
vehicle center of gravity and two degrees of
freedom at each unsprung mass. Longitudinal,
lateral, vertical, roll, pitch, and yaw are the motions
at the vehicle center of gravity. The motions of the
unsprung mass are the wheel vertical travel and
wheel spin. Similar full car vehicle models can be
found in literature [5,12].

Fig. 1. 14 DOF vehicle model

2.1 Vehicle Modelling Assumptions

In order to simplify the complexity of the actual
vehicle, a few assumptions were made to develop
the vehicle dynamics model. The steering wheel
angles for the front left and right wheels were
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assumed to be the same. The wheel maintains
contact with the road throughout the maneuvers and
both wheel and suspension stay normal to the
ground. The longitudinal and lateral tire behaviors
are represented by the nonlinear table whereby the
longitudinal force is a function of slip ratio and
normal load and the lateral force is a function of tire
slip angle and normal load. Vertical tire behavior is
represented by equivalent spring stiffness. Small
angles are considered for the vehicle roll, pitch, and
yaw angles to avoid the need for coordinate
transformation. Suspension spring and damper have
linear properties.

2.2 Equations of Motion for 14 DOF Vehicle
Model

The Fig. 2 shows the vehicle handling model which
includes the motion along the longitudinal axis,
lateral axis, and rotation about the vertical axis. Fy;
and Fy; are the longitudinal and lateral tire forces
respectively. The subscript i denotes front (f) or rear
(r) whereas the subscript j represents left (1) or right

(r).

Ou 7 2 2222
=3 Sani Fxrr T
Fxfr Eypr % EyrrY I 0.5w
Vi )
4 */f\/ G
P Vy l b I(). 5w
s X
Fxn Fyn Fymw

Fig. 2. Vehicle handling model

By applying Newton’s Second Law of Motion,
the equation of motion along the longitudinal
direction is given as

Fuq €0s 6 —Fyq Sino + Fyg €0s 6 — Fig sino

+Fyy + Fr = m(\/'X ~Vyy + Zsé) @
The lateral equation of motion can be written as
Fa sino + Fyq cos & + Fy sind + Fyg sino )
+ Fyrl + I:yrr = m(\]y +V - Zs¢) @
The following is the equation of motion for the
yaw motion

aFy sind —g Fyn cos 6 +aFyq cos &

+g Fyn sind +aF sin6+g Fy COS O
@)

+aFy cos5—gFyfr sin&—gl:XrI

_berI wr = 1Y

w
_beI’I’ +EF
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The dynamics for the sprung mass vertical motion
is
K (Zun —Z5 +20-0.5wg)
+Co(Zun - 25 +ab—-0.5w4)
+ K (Zur - Z5 +20+05wg)

+ Cor (2o — Zs +a6 +0.5wg

+ Ko (Zyn — 25 —bO—-0.5w9) (4)
+csr|(zur, —7,-b6-05wg)
+ K (Zyyr = Zs —bO+0.5w9)

+Copp(Zur — 7, b6 +05wg)
—my(Z,-Vv,0+V,4)
The dynamics for the sprung mass pitch equation
of motion is given by

b[K g11(Zy1 — Zs —bO—0.5Wgp)
+Co(Zun—Z5 ~b6-05wg)
+ Kgpr(Zyre = Z5 —bO +0.5w¢)
+CS”(Z'urr -7~ b9+0.5w¢)]

—a[Kgq (Zufl -Z +39—0.5W¢) ©)

+Coy(Zun — 75 +ab—-0.5wg)
+ Ky (Zuy — Z5 +20+05wg)
+Coy (Zugy — 2 +a0+0.5wg ) =1,0

The dynamics for the sprung mass roll equation
of motion is given

w
_[stl (Zuﬂ -Z,+a6- 0.5w¢)

+Csﬂ( Zyn— Zs+a9—0.5w¢)
Ky (Zyy —Z5 +20+0.5wg)
sfr( -7, +aé+0.5w¢)
+ K, (zurl ~Z,-bo-05wg)
+C, |(zurI ~7,-bO-0.5w4)
~ K (Zyre = Zs ~bO+0.5w¢)
Csrr( Zyer —Zs —b¢9+0.5w¢)]
+h(Fy + Fyr + Fynt + Fyre )= 148

(6)

Fig. 3(a) presents the suspension unit for the front
left corner of the sprung mass. Zg, Z,;, and Z; are
vertical displacement of the sprung mass corner,
vertical displacement of the unsprung mass, and
road input vertical profile respectively. K, Cgj, and
Ki are suspension spring stiffness, damping
coefficient, and tire stiffness respectively. The
resultant force at each unprung mass is determined
from the summation of the spring, damper and tire
forces acting on the unsprung mass. The dynamics
of the unsprung mass vertical motion for front left,
front right, rear left, and rear right unsprung mass
are given in equation (7) to (10) respectively.
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(a) (b)
Fig. 3. Wheel dynamics model; (a) suspension model (b)
wheel rotational model

Ken(Zen = Zun )~ Kin(Zun — 25 + 20 - 05wg)

C e . . @)
—Co(Zun =25 + a6 - 05wg) = myZyq
Kie (Zvtr = Zute - Kie (Zuge — 25 +260+ 0.5w¢)
—Co(Zun — 2 + a0+ 0.5W) = my Zoe ®)
Ktrl(zrrl - Zurl)_ Ksrl(zurl T es T b6—0.5w¢) (9)
—Co(Zun = 25 —bO—0.5Wg)=my 7,
Kirr (Zrer = Zuer )= Korr(Zure = Zs —b O+ 0.5w ) 10)

_Csrr(zurr - Zs _bé+ 0'5W¢): murrzurr

As shown in Fig. 3(b), the resultant torque on the
wheel can be obtained by summing the driving
torque, braking torque and moment due to the
longitudinal force. The dynamics of the wheel spin
for each wheel are as in equation (11) to (14). The
effective rolling radius, wheel rotation moment of
inertia, and the angular wheel velocity are indicated
by R, 1, and wj; respectively.

Tan = Ton — Fa R = L@ (11)
Tate = Totr —Far R = L@t (12)
Tar —Tor —FaR = (WWor (13)
Tdrr _Tbrr I:xrrR - Iwa-)rr (14)

There are different tire models used by

researchers in order to compute the longitudinal and
lateral tire forces. Some of the tire models that can
be found in literature are Magic Formula, Dugoff,
and Calspan. In this paper, the tire model is based
on the look up table method as presented in Fig. 4.
The inputs to the tire model are the tire normal load
and slip angle and the output of this model is the tire
lateral force. The nonlinear tire model in Fig. 4
gives a more realistic behavior of the vehicle since it
is modeled based on the tire test data.

Volume 9, 2014



WSEAS TRANSACTIONS on SYSTEMS and CONTROL

10000
8000
6000
4000

2000

Tire Lateral Force (N)

0.l
12000

2000 Tire Slip Angle (deg)

Fig. 4. Tire lateral force depending on tire normal load
and slip angle

2.3 Vehicle Subsystems Interaction

The wvehicle model subsystems interactions in
Matlab/SIMULINK are demonstrated in Fig. 5. The
suspension model consists of the sprung mass
vertical, pitch, and roll motions and each unsprung
mass vertical motion. The tire normal load
subsystem computes the vertical reaction force at
each tire. The tire model subsystem determines the
longitudinal tire force which is a function of
longitudinal slip ratio and tire normal load and
lateral tire force which depends on the tire slip angle
and normal load. The handling model subsystem is
made of the vehicle longitudinal, lateral, and yaw
motions and each wheel rotational motion. The
input to the handling model is the steering angle,
driving torque or braking torque, and the
longitudinal and lateral tire forces.

N v, Eil—{Fy  Fy Fo
1 Fy
Ful—>{Fy s, F oo
—> ¢ )
Vi wy S B 1‘{‘ g
> Tals 3 ]
Suspension Tire Normal Tire Model Handling Model 5
Model Load Slip Angle

&
TaTy

Driver Inputs

Fig. 5. Interaction between vehicle subsystems

2.4 Validation of Vehicle Model

The wvehicle model is validated with CarSim
software double lane change maneuver. The reason
choosing CarSim for wvehicle model validation
purpose is because the performance of this software
in predicting the dynamic behavior of the vehicle is
very close to the responses obtained from real world
testing. CarSim is proven to be accurately
representing the dynamic behavior of the vehicle
and it is extensively validated with experimental
testing. For double lane change maneuver, the
simulation was done in CarSim at a constant
velocity of 80 km/h using a D-class SUV vehicle
parameters as shown in Table 1. The input the
CarSim for this test is the vehicle desired trajectory
in which a driver model is used to generate the
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steering wheel angle input based on vehicle
trajectory given. Since the vehicle model used in
this paper did not incorporate a driver model, the
steering wheel angle which is the input to the
vehicle model was obtained from CarSim software.

Table 1. Sport utility vehicle parameters

Parameter Value
Sprung mass, m; (kg) 1429
Front unsprung mass, myq, My (KQ) 40
Rear unsprung mass, my , My (KQ) 40
Sprung mass roll inertia, 1, (kgm™) 377
Sprung mass pitch inertia, 1, (kgm?) 1765
Sprung mass yaw inertia, J, (kgm?) 1765
Sprung mass C.G height, h (m) 0.67
Sprung mass C.G to front axle distance, a 1.05
(m) '
Sprung mass C.G to rear axle distance, b 157
(m) '
Track width, w (m) 1.57
Front suspension stiffness, Ken, Kgr (Nm™) 34000
Rear suspension stiffness, K, Kgr (NM™) 34000
Front suspension damping coefficient, Cqq, 2400
Csir (Nsm™)
Rear suspension damping coefficient, Cq , 2400
Car (Nsm™)
Tire stiffness, K, Kir, Kint, Kirr (NM™) 230000
Effective rolling radius, R (m) 0.36

3 Active Roll Control Strategy

The proposed active roll control strategy the
comprise of feedback fuzzy logic control and
feedforward fuzzy logic control is presented in Fig.
6. For the feedforward fuzzy logic control, road
steering wheel angle and the longitudinal vehicle
velocity were chosen as the inputs and the counter
roll moment was selected as the output. The inputs
for the feedback fuzzy logic control were the roll
angle error and its error rate and the output is the
counter roll moment. The roll angle error is defined
as the difference between the desired roll angle, ¢
and actual roll angle, ¢, as in equation (15). The
resultant counter roll, M, which the summation of
the counter roll moment by the feedforward fuzzy
control, My and counter roll moment due to
feedback fuzzy control, My, is given in equation
(16).

e¢ = ¢d - ¢a (15)
Mg =Myt +M (16)
N ff414
Py + < Feedback Myt My = s Pa

- de | é
dt

Fuzzy Control

Model

De

Transformation

+ Mgy

F
Fart Vehicle
F
5

Feedforward
Fuzzy Control

Fig. 6. Combination of feedback and feedforward roll
control strategy

Volume 9, 2014



WSEAS TRANSACTIONS on SYSTEMS and CONTROL

3.1 Feedforward Fuzzy Logic Control
Feedforward fuzzy control calculates the counter
roll moment based on the road wheel steering angle
and longitudinal vehicle velocity [13]. As presented
in Figs. 7 to 9, seven Gaussian membership
functions were selected for road steering wheel
angle, five Gaussian membership functions for the
longitudinal vehicle velocity error rate and seven
Gaussian memberships functions for the counter roll
moment. The Gaussian membership function was
used due to their smooth mapping property. The
seven variables for the road steering input and
counter roll moment are negative large (NL),
negative medium (NM), negative small (NS), zero
(2), positive small (PS), positive medium (PM), and
positive large (PL). The five variables for the
longitudinal vehicle velocity are very slow (VS),
slow (S), normal (N), fast (F), and very fast (VF).
The universe of discourse for the inputs was set
based on their operating range. The counter roll
moment from feedforward fuzzy control is obtatined
with a scaling factor of 5000 as shown in equation
@a7).

M4 =5000M 17

4
=

NM NS Z 3 P PL

Degree of membership
s = o
- @ @

o
L)

-5 0 5 10 15
Road wheel steer angle (deg)

Fig. 7. Road steering wheel angle membership functions
for feedforward fuzzy control
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Fig. 8. Longitudinal vehicle velocity membership
functions for feedforward fuzzy control
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Fig. 9. Counter roll moment membership functions for
feedforward fuzzy control

Table 2. Rule table for feedforward fuzzy control

Velocity NL NM NS Z PS PM PL
\ Steer

VS 4 z z 4 4 z z
S NM NM NM 4 PM PM PM
N NL NM NM z PM PM PL
F NL NL NL 4 PL PL PL
VF NL NL NL 4 PL PL PL

3.2 Feedback Fuzzy Logic Control

For feedback fuzzy control, each roll angle error,
roll angle error rate and counter roll moment has
five Gaussian membership functions. The five
variables for the roll angle error, roll angle error rate
and counter roll moment are negative medium
(NM), negative small (NS), zero (Z), positive small
(PS), and positive medium (PM). The membership
functions for roll angle error, roll angle error rate,
and counter roll moment are depicted in Figs. 10,
11, and 12 respectively. The universe of discourse
for the counter roll moment was normalized in the
range [-1 1]. The counter roll moment was scaled by
heuristic method to obtain the best scaling factor.
The final counter roll moment output with a 5000
scaling factor is as in equation (18).

I ad o
i ) » -z
T T

Degree of membership
o
N

I | | I I
-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2
Roll angle error (rad)

Fig. 10. Roll angle error membership functions for
feedback fuzzy control
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o
~

=}
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o

. . . | I | I I . . \
-1 -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1
Roll angle error rate

Fig. 11. Roll angle error rate membership functions for
feedback fuzzy control
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Fig. 12. Normalised counter roll moment membership
functions for feedback fuzzy control

Table 2. Rule table for feedback fuzzy logic control

Error rate

NM NS Z PS PM

\ Error
NM NM NM NM PM PM
NS NM NS NS PS PM
Z NM NS A PS PM
PS NM NS PS PS PM
PM NM NM PM PM PM

3.3 Active Suspension

Active suspension as presented in Fig. 13 is used to
reduce the vehicle roll motion by providing counter
roll moment. During cornering, lateral force acts at
the body center of gravity. Roll moment is created
by the lateral force. The controller determines the
actuator forces required to create a conuter roll
moment to reduce vehicle roll angle. There are four
actuator inputs Fan, Fasr, Far, and Fa Which are the
actuator forces located at the corners of the vehicle
body.

‘ ay ;/E : ‘

I
I
|
|
|
I
I
|
I
|
I
I
|

Py

Active Suspension Force

Fig.13. Active suspension

The counter roll moment due to the actuator
forces is given in equation (19).
M¢ = O'SW(FafI - Fafr + I:arl - I:arr) (19)
By matrix manipulation, the actuator force at each
corner is as in equation (20).

1
2w
Fafl 1
Fafr B m
arl i
Farr ZV]\{
2w
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4 Results and discussion

4.1 Validation of vehicle model

CarSim software

The vehicle model was validated with CarSim for
double lane change maneuver at 80 km/h. As in Fig.
14, the steering angle inputs for the front wheel of
vehicle model were taken from CarSim. The roll
angle, and roll rate responses are depicted in Figs.
15 and 16 respectively. For roll angle and roll rate
responses, the trend of both vehicle model and
CarSim are identical with small differences in
magnitude compared to CarSim. The main
contributing factor to the difference in magnitude
between the vehicle model and CarSim responses
are the modeling simplification in the development
of the vehicle model particularly in modeling the
suspension system. CarSim is a multibody software,
whereas vehicle model is developed analytically.

with

Road Wheel Steer Angle (deg)

: Time (.5)
Fig. 14. Road wheel steering angle for double lane
change at 80 km/h

Roll Angle (deg)

‘ Time (;)
Fig. 15. Roll angle response for double lane change at 80
km/h

Roll Rate (deg/s)

! Time (Es)
Fig. 16. Roll rate response for double lane change at 80
km/h

4.2  Performance evaluation for fishhook
maneuver
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The performance of proposed active roll control
strategy in reducing the roll angle and roll rate for
fishhook maneuver at 64.4 km/h are demonstrated in
Figs. 17 and 18 respectively. The root mean square
values of the passive system, active roll control
using feedforward fuzzy, and active roll control
using a combination of feedback and feedforward
fuzzy for fishhook maneuver at 64.4 km/h are
tabulated in Table 4. The feedforward fuzzy control
which takes the road steering wheel angle and
vehicle longitudinal velocity as the inputs greatly
reduces the risk to rollover by reducing the roll
angle and roll rate. Additional improvement is
provided by the combination of feedforward and
feedback fuzzy control in lowering the value of the
both roll angle and roll rate.

——Passive
==-Feedforward Fuzzy
=++» Feedforward + Feedback Fuzzy

&

)

Roll Angle (deg)
N o

0 1 2 5 6 7

3 4
Time (s)

Roll angle response for fishhook at 64.4km/h

Roll Rate (deg/s)

— Passive
-=-Feedforward Fuzzy 1
-+-- Feedforward + Feedback Fuzzy

R . . \ . |
0 1 2 3 4 5 6 7
Time (s)

Fig. 18. Roll rate response for fishhook at 64.4 km/h

Table 4. RMS for fishhook test at 64.4 km/h

Performance . Feedforward Feedback &
- Passive feedforward
criteria fuzzy fuzzy
Roll angle 4.09 2.62 2.22
Roll rate 8.50 5.79 4.61
4.3  Performance evaluation for step steer

test

For 140 degrees step steer at 60 km/h maneuver, it
can be seen in Fig. 19 that the roll angle is
extensively reduced and the overshoot during the
transient state is dampen during the maneuver. Also,
the roll rate of the vehicle is improved by the
feedforward fuzzy control as depicted in Fig. 20.
The combination of the feedforward and feedback
fuzzy offers better performance in reducing the roll
angle and roll rate for the step steer maneuver
compared to roll control based on only feedforward
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fuzzy. The root mean square of these responses is
presented in Table 5.
6 T T T

&)

~
T

Roll Angle (deg)
w

N
T

—Passive
==-Feedforward Fuzzy 4
--=- Feedforward + Feedback Fuzzy

0 I . I I I J
0 0.5 1 15 2 25 3 35 4 45 5

Time (s)

Fig. 19. Roll angle response for 140 degrees step steer
test at 60 km/h

%Passwe
===Feedforward Fuzzy
-+~ Feedforward + Feedback Fuzzy

@
©

Roll Rate (deg/s)
N
o

=

o

] 0.5 1 15 2 25 3 35 4 45 5

Time (s)
Fig. 20. Roll rate response for 140 degrees step steer test
at 60 km/h

Table 5. RMS for 140 deg step steer test at 60 km/h

Feedback &
Per_for_mance Passive Feedforward feedforward
criteria fuzzy f
uzzy
Roll angle 4.95 3.14 2.66
Roll rate 5.65 3.00 2.47
4.4  Performance evaluation for double

lane change

For double lane change maneuver simulation at 80
km/h, the improvement by feedforward fuzzy and
combination of both feedforward and feedback
fuzzy are not as good as for fishhook and step steer
maneuvers because double lane change maneuver
does not excite the roll behavior of the vehicle as
much as the other two maneuvers. The roll angle
and roll rate for double lane change maneuver are
depsicted in Figs. 21 and 22 respectively.

Roll Angle (deg)

'\ f|—Passive

> —=-Feedforward Fuzzy

---- Feedforward + Feedback Fuzzy
I

\ \ \ \ |
0 1 2 3 4 5 6 7 8 9 10
Time (s)

Fig. 21. Roll rate response for 140 degrees step steer test
at 60 km/h
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—Passive
—=--Feedforward Fuzzy
---- Feedforward + Feedback Fuzzy

Roll Rate (deg/s)
o S N o N » [} @

-}

Tz 3 AT_é()é 7 s 9 10
Fig. 22. Roll rate response for 140 degrees step steer test

at 60km/h

The root mean square values for the passive
system, active roll control using feedforward fuzzy,
and active roll control using combination of
feedback and feedforward fuzzy for double lane
change maneuver at 80 km/h are tabulated in Table
6.

Table 6. RMS for double lane change maneuver at 80
km/h

Performance
criteria

Feedback &
feedforward
fuzzy

0.89

Feedforward

Passive
fuzzy

Roll angle 1.18 1.01

Roll rate 2.66 2.27 1.98

5 Conclusion

A 14 DOF vehicle model was developed and
validated with CarSim software. A fuzzy based
active suspension control scheme was designed in
Matlab/SIMULINK environment. The performance
of the active roll control using active suspension
was evaluated for fishhook, step steer, and double
lane change maneuvres. The feedforward fuzzy
control greatly reduces vehicle roll angle. The
addition of feedback fuzzy improves further the roll
behaviour. The reduction in the roll angle signifies
that there is improvement in preventing rollover
under severe driving conditions.
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