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ABSTRACT-This paper presents a lateral disturbance estimator based on Motor Driven Power Steering (MDPS)-based
driving assistant system considering parameter uncertainties. A vehicle motion can be laterally deviated by lateral disturbance
including wind force and load from bank angle. MDPS systems using motors to assist steering torque have become common
in production vehicles. The motor-assisted torque can be controlled by the motor overlay torque within a physically feasible
range. To determine MDPS motor overlay torque for compensating lateral disturbance, the information of lateral disturbance
is necessary and estimated data was used due to measurement difficulties. The proposed estimator includes a tire self-aligning
torque estimator based on Kalman filter with a 2-degree-of freedom (2-DOF) bicycle model. A simulation study was
conducted to analyze the influence of parameter variation and to investigate the appropriate parameters under various load
conditions. The performance of the proposed estimator considering the vehicle parameter uncertainties has been evaluated for
several levels of the lateral disturbances. The estimation algorithm has been evaluated via closed-loop simulation and test data.
KEY WORDS : Lateral disturbance, Crosswind, Bank angle, Kalman filter, MDPS, Estimation, Parameter uncertainty
NOMENCLATURE L : distance between the c.g and rear wheel axis
Fyx  lateral force due to bank angle
Fey;: i crosswind force of i-axis m : vehicle mass
G : coefficient of crosswind force g : acceleration of gravity
P : air density Az : height difference of left/right tire
C,  : coefficient of crosswind force p : vehicle body side slip angle
v, : wind velocity relative to vehicle 14 : vehicle yaw rate
A : vehicle frontal area oy tire slip angle of front/rear tire
My, - crosswind moment of i-axis Fy, : front/rear tire force
C,. : coefficient of crosswind moment Cy, : cornering stiffness of front/rear tire
/ : wheel base J : inertia of steering
Vi : vehicle longitudinal speed N : steering gear ratio
Ve crosswind speed T.ormn  steering column torque
7% : yaw angle T, : motor assist torque
Pew  : airflow side slip angle Tsir  : sum of the self-aligning torque of front tires
F,, : front lateral tire force of right/left tire Thicion - friction torque
F, : front longi tire force of right/left tire K : proportional rate of the self-aligning torque
F,., :rear lateral tire force of right/left tire Fy : lateral force due to lateral disturbance
F,,, :rear longi tire force of right/left tire M,  :yaw moment due to lateral disturbance
Fey i crosswind force o : front steering angle
7 : crosswind angle of attack @ : vehicle roll angle
d : vehicle tread width s - additive roll angle due to bank angle
Tien - self-aligning torque of i-th tire F, : vertical tire force of i-th tire
I : half tread width
I : distance between the c.g and front wheel axis 1. INTRODUCTION
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Lateral disturbances lead a vehicle deviate from the desired
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path against its driver’s intention. The major sources of
lateral disturbances are considered as crosswind on bridges
or near sea shores and road bank angle. The lateral
disturbance by crosswind is negligible if the vehicle is
moving low speed. However, in the high speed or strong
crosswind, it may cause unintended lane departure or
rollover. The previous research revealed that the lateral
disturbance from the crosswind may lead the vehicle
deviate from its path enough to cause an accident (Baker,
1986). The lateral load from bank angle also causes the
unwanted leaning motion toward the direction of the load.
The lateral disturbance from the crosswind or bank angle
may reduce the driver’s refinement in driving situation.

In recent years, Motor Driven Power Steering (MDPS)
system, which uses a motor to assist the steering torque,
has become common in production vehicles. MDPS
system is expected to be an alternative system to replace
the conventional hydraulic steering system. The sensors of
MDPS can measure steering torque, motor assist torque,
steering column velocity, and steering angle. Since the
worldwide mass production of MDPS is expected, an
estimator using MDPS sensor signal can be easily
applicable to vehicles equipped with it. A previous
research for estimating the wind disturbance used a vision
sensor on high class vehicle which is less common (Glaser
et al., 2008).

In this paper, the estimator for lateral disturbance has
been proposed. It is possible to estimate lateral disturbance
without any additional sensors such as a vision sensor, and
for the better performance of the estimation, the appropriate
parameters have been investigated through the simulation
studies using MATLAB/Simulink and CARSIM. The
vehicle parameter uncertainties in various load conditions
have been considered, and those effects on the proposed
estimation algorithm have been evaluated.

This paper is organized as follows. Section 2 describes
the vehicle simulation model which has been validated
with the actual test data. Lateral disturbance model is
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Figure 1. Lateral behavior validation with test data.

presented in section 3, and the detail design procedure of
lateral disturbance estimator is described in section 4.

2. VEHICLE MODEL

In order to apply lateral load dynamics, a vehicle
simulation model has been developed. The vehicle
simulation model has been developed with MATLAB/
Simulink software. The vehicle model is consisted of 6-
DOF sprung mass and 4-quarter car models for
investigating vehicle body dynamics (Ha et al., 2003). The
Magic formula tire model is used to represent the vehicle
longitudinal, lateral and vertical motion. Hyundai YF
Sonata F24 has been chosen as the target vehicle. In order
to analyze lateral dynamics of the vehicle, lateral
acceleration and yaw rate test data of the developed vehicle
simulation model have been validated with the actual test
data as shown in Figure 1.

3. DYNAMIC MODEL OF DISTURBANCE

3.1. Crosswind Model

A disturbance from the wind acting on the vehicle is
validated mathematically in previous researches (Baker,
1987; Quinn et al., 2001). The forces on the vehicle by
crosswind are applied at the center of gravity of the vehicle
in longitudinal, lateral and vertical axis. Three different
moments are generated by the forces; roll, pitch and yaw
represent each direction. Crosswind force and moment
affect on the vehicle according to the shapes of the vehicle
(Howell, 1996; Juhlin, 2008; Garry, 1994; Suzuki et al.,
2003). General mathematical expressions of the force and
moment are represented as follows:

1
Feyi= Epcﬁ,‘va (1)
Mey: = C,,,i’z—) 1AV Q)

The crosswind coefficients on i-#/ direction, Cy;, C,; are
determined by the reference shape of the vehicle. The
aerodynamic coefficients have been derived from the
experimental test results using flat plates (Quinn, 2001).
Since the main interest of this paper is the disturbance in
lateral direction, the coefficients according to the side
shape of the vehicle should be described more precisely
(Abe, 2009). Each coefficient of the target vehicle is shown
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Figure 2. Lateral force, yaw moment coefficient.
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Figure 3. Total force and moment under crosswind.

in Figure 2.

An airflow side slip is an angle between the velocity of
the vehicle and crosswind velocity relative to the vehicle.
As the airflow side slip becomes large, lateral disturbance
from the crosswind also becomes large. The total force and
moment under crosswind are represented in equations (3)
and (4). Figure 3 represents the schematic diagram of the
disturbance.

m(v,—yv,) = D Fuity Fpcosd = Fysing, —Fyycosd

=Y Fuit Y Fycosd = Fpsing —Fysing )

m("}y*yVX)

Ly= D FyilpcosS; =y Fil = Fiylysing;
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3.2. Lateral Load by Bank Angle

A component force of gravity from a bank angle generates
lateral load on a vehicle. The bank angle in the road is
designed to reduce the driver’s steering effort in cornering
situation, but in the situation of straight driving, the bank
angle of the road or unflatness from off-road can be
considered as lateral disturbance to the driver. The lateral
force from the bank angle is represented in Figure 4 and
equations (5) and (6). The yaw dynamics of the vehicle are

S F,sin s '2F,
o
Z F, cosd

Figure 4. Total force under bank angle.

not disturbed by the bank angle (Rajamani, 2006). A
former research has been conducted for estimating the road
grade (Kim et al., 2013) and bank angle using the yaw rate
sensor (Chung et al., 2004; You et al., 2005). In this study,
the total lateral force including the force generated by the
bank angle is estimated using the torque sensor signal from
a MDPS in order to reduce calculating load for application
in real time.

Az
Frung = mgz—tf (5)

> F, = F,c0s6+ F,cos 6+ Fy t Fy,
FXﬂsin o+ Fxf,SiIlé““ Frank (©)

4. LATERAL DISTURBANCE ESTIMATION

4.1. 2 DOF Bicycle Model for the Estimator

A proposed estimation algorithm has been established
based on 2-degree-of freedom (DOF) linear bicycle model.
The dynamics of the bicycle model under lateral load is
represented in Figure 5. The total force and moment
equation of the bicycle model is formed with some
assumptions as follows: no slip ratio between the tire and
the road, small steering angle, and the same slip angle of
the left/right tire. With these assumptions, the dynamic
equations can be summarized as in equations (7) and (8).

S F,=m- vi(B+79) =2F+2F,+F, 7
SM.=L-y=2Fl, =2F,-1,+ My ®)

Some key parameters of a bicycle model should be
chosen through the simulation analysis to get the more
similar behavior with a full vehicle model.

A linear tire model has been used in a bicycle model
with cornering stiffness and slip angle. Tire forces of the
front/rear wheel are represented with the slip angles
respectively:

I
_é‘/‘_(ﬂﬁ_ Vx) {Ff: Cfa’f (9)

4.2. Tire Self-aligning Torque Estimator
An actual tire has the property of self-alignment

Ot =

F
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Figure 5. External force and moment on 2-DOF bicycle
model.
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characteristics. A slip angle is generated when the direction
of the tire does not coincide with the direction of the vehicle.
A cornering force of the tire makes the lateral behavior of the
vehicle, and according to the magnitude of the slip angle, a
cornering force is generated. In the contact area of the tire,
the distance between the acting point of the cornering force
and the center of the contact area is called a pneumatic trail.
Because of the discordance, the self-aligning torque is
generated. The magnitude of the self-aligning torque is
varied according to the tire slip angle & and tire normal force
Fz. The actual self-aligning torque is also affected by the
pneumatic pressure of the tire and the coefficient of friction
of the road. The aligning torque is decreased under the
condition of the high pneumatic pressure of the tire with
small contact area and the small coefficient of friction of the
road for a sliding effect, but both factors are assumed to be
negligible in the simulation study. The developed vehicle
simulation model contains a map of the aligning torque
which has been validated with the actual test data as
described later.

A steering system with MDPS is described in Figure 6.
The dynamics of steering system including MDPS is
summarized as equation (10). In the case of straight driving
with small steering angle and steering rate, the angular
acceleration of the steering wheel and the friction torque
can be negligible. The self-aligning torque represe-ntation
with the assumptions can be rewritten as equation (11).

J H_N (Tcolumn + 7:l.vsixt)-"_ Talign + Tfrt’clion = O (10)

];Iign = N' (T:'vlumn + Zxxxist) (1 1)
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Figure 6. Steering system with MDPS.
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Figure 7. Aligning torque estimation.

An estimated aligning torque has been validated using test
data as shown in Figure 7. The test has been conducted on
dry asphalt road of high tire-road friction. The aligning
torque of the test vehicle has been measured with the
torque sensor within the tire, and the estimation is
confirmed to be reliable even in the slalom test with large
steering input.

4.3. Lateral Disturbance Estimator
A self-aligning torque varies according to a normal force
and a slip angle, however, if there is little change in the
normal force, the aligning torque can be assumed to be
varying only with the slip angle. The aligning moment has
linear characteristic in the small slip angle. Under lateral
disturbance, even the heavy lateral disturbance with 15m/s
crosswind speed, the aligning moment shows linear chara-
cteristic with the proportional rate of 6750~7640 Nm/rad.
The slip angle of the front tire is represented as in
equation (12). The reactive torque applied to the steering
system is the sum of the aligning torque from the both front
tires. The aligning torque is represented with the tire slip
angle and the proportional rate, K as given in equation (12):

Ty =2K- 0= 2K8, 2K B+ %Z) (12)

A Kalman filter is adopted to estimate lateral disturbance
as represented in equations (13), (14), (15) and (16). Yaw
rate from Electronic Stability Control (ESC) which is
commonly equipped for safety, and an aligning torque
estimated by MDPS module given in equation (11) have
been used to form an output matrix. The state-space
representation of the system is obtained from the bicycle
model dynamics with the additional lateral force and
moment dynamics. In the previous research conducted by
Glaser et al. (2008), lateral wind force estimation has been
proposed using the vision sensor signal for lane departure
warning system. The vision sensor for lane departure
warning system is less common component of the vehicle
so far and it has limited usage in the bad weather. On the
contrary, since MDPS is expected to be an alternative
system to replace the conventional hydraulic power
steering system, the torque signals from MDPS sensors are
expected to be easily obtained.

The state vector of a system matrix is given as follows:
x=[B y Fy My]". The dynamics based on linear bicycle
model under lateral load with steering input is represented
as follows:

X =Ax+B&+B,W (13)
_2ACHC) 2 ClC) 1
B m-v, m-v: m-v, g
Voo 20Cok-C)  20-CoE-C) ) L] 7
Few L LV L||Fw
. 0 0 0 0f|Mw
Mew 0 0 0 0
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Measured yaw rate y and an estimated self-aligning
torque shown in equation (12) are used to form the output
matrix as:

y=Hx+Dd+v
0 1 00 f A y (14)
= . + +| 7
—k-Eloo|| R, M&f {WAJ

My

In the simulation study, a sequence of events occurs in
discrete steps with the interval of sampling time, hence, the
discrete-time Kalman filter is chosen as the estimator
(Brown and Hwang, 1997). Euler discretization of equation
(13) is represented as follows:

x(t+At) = (I+AA)X(t)+BALS () + ByAtW
=Ox()+Eo (t)y+I'W (15)

A discrete-time Kalman filter consists of measurement
update process and time propagation process represented as
follows:

Ki=MH (HMH +V) "

)}k = )}; +Kk(Zk—H.;:; —Dé‘/)

P, =(-KH)M, (16)
X = D x,+ESy

P = OPD+T WL’

The proposed estimator architecture is shown in Figure
8. The torque signals from the MDPS module have the
following characteristics: 0.001Nm Sensor resolution and
0.0039sec Sensor computation delay. These sensor

characteristics can be negligible to the performance of the
estimator.

CONTROL MODULE ESTIMATOR
ing Column
ﬂ“e—h Tire Aligning
Lateral Motor Assist Torque
Disturbance Torque Estimation
\ -
Steering Angle =
_Lateral
Yaw Rate Disturbance
a L

Figure 8. Estimation architecture.

5. PARAMETER UNCERTAINTIES

In real driving, nominal parameters used in the estimator
vary within a certain range. In order to minimize the
estimation error, the appropriate nominal parameters
should be investigated. The key parameters which can
affect significantly on the performance of the estimator are
considered as a mass, inertia, center of gravity and tire
cornering stiffness. The possible cases of the mass and
inertia variation are given in Figure 9:

The center of gravity is changed along with the variation
of the mass and inertia. Each additional mass causes the
variation of each normal tire force, and the center of the
mass can be calculated from each normal tire force with
equations (17) and (18), as shown in Figure 10.

FotFy

Y Pt Fot Fat oy (7

Fs+F.
P Rt TR (18)
Vehicle yaw moment of inertia is directly related with
the weight of the mass, the distance between the center of
the gravity, and the mass center of the additional mass.
In order to minimize the estimation error from the
parameter uncertainties, five different nominal parameter

B s0kg

Cased. CaseS.

Case2.

Case3.

Figure 10. Center of gravity with tire normal force.

Table 1. Nominal parameter candidates.

Est1 Est2 Est3 Est4 Est5
Mass (kg) 1500 1600 1700 1800 1900
Inertia (kgm’) 2800 2850 2900 2950 3000
If (m) .07 112 117 122 127
Ir (m) 1.725 1.625 1.625 1.575 1.525
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sets are selected to be applied to the estimator. Each
nominal parameter set is shown in Table 1.

The appropriate parameter set has been chosen by the
mathematical simulations. The root mean square (RMS)
errors of the estimated force and moment are calculated in
each estimation case. The RMS errors of force and moment
are used to form the error index as equation (19). Here, ¢,
and ¢, are the weighting factors for force and moment
respectively. The error index indicates the appropriate
nominal parameters among five parameter sets in the
estimation algorithm. As a result, the third parameter set
shows the minimum weighted sum of RMS of the
estimated force and moment as shown in Figure 11, i.e., the
best nominal parameter set for the estimation algorithm.

IS e el
J=q Tf"'% Z]:v (19)

Tire cornering stiffness is the characteristics of the tire,
which varies according to the tire normal force. Under
lateral disturbance, the load transferred to the opposite
direction of the disturbance. Two distinguishable levels of
lateral load are applied to the vehicle model with small
steering input for straight driving. Heavy level load
condition contains 15m/s speed of crosswind and -3~3deg
for bank angle and 2m/s crosswind and -1~1deg bank angle
for light level load. Each cornering stiffness in different
load condition is compared to obtain the representative
values, as shown in Figure 12. The variation of the
cornering stiffness between heavy load and light load is
negligible, that is, a vertical load variation in different level

25
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Figure 11. Error index of the parameter sets.
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Figure 12. Cornering stiffness in heavy/light load.

of lateral load is not significant. Therefore, under lateral
load condition with small steering input, constant cornering
stiffness is expected to be reliable.

6. SIMULATION RESULT

Simulation results with the proposed parameters are shown
in Figures 13 and 14. Each lateral load circumstance is
heavy and light level of lateral disturbance respectively.
Each simulation has been conducted with the small steering
wheel angle, -15~15deg, for the straight driving. For both
levels of lateral load, the estimator shows good
performance of errors within 10%.

A proposed estimator has been evaluated with a test
vehicle, Hyundai YF Sonata F-24, which parameters are
shown in Table 2. The test has been conducted in the
straight road under crosswind blowing from the seaside.
The magnitude and direction of the lateral disturbance
caused by the crosswind is hard to measure, hence, an
alternative method for verification has been used. The
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Figure 13. Lateral force and yaw moment estimation under
heavy lateral load.
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Figure 14. Lateral force and yaw moment estimation under
light lateral load.
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Table 2. Parameters and values of the test vehicle.

Symbol m L I I, t
Value 1466 kg 2744 kgm® 1.071m 1.724m 1.587m
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L e e D Simulated

Yawrate [deg/s]

Time [sec]
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Figure 15. Simulated yaw rate and lateral acceleration and
measured signals.

estimated lateral force and yaw moment using the
measured signals from the test data have been applied to
the simulation model, and the actual lateral and yaw
behaviors in the test have been compared with the yaw rate
and lateral acceleration from the simulation with the
estimated lateral disturbances as shown in Figure 15. The
simulated yaw rate and lateral acceleration under the
estimated lateral disturbance is similar to the actual data
with good accuracy.

7. CONCLUSION

In this paper, a real time lateral disturbance estimator
considering parameter variation has been presented. In
actual driving, crosswind and road bank angle were
considered as the key factors of the lateral disturbance. The
proposed estimator uses the sensor signals from an ESC,
steering angle and the aligning torque estimated using
MDPS torque sensors. The performance of the aligning
torque estimator has been evaluated using test data
obtained on dry asphalt road of high tire-road friction.
Parameter variation in the actual driving is considered with
mass, inertia, center of gravity and tire characteristics. The
appropriate parameters are selected from the mathematical
simulation in various circumstances. Simulation results of
different levels of lateral disturbance have shown that
vehicle lateral disturbance can be estimated by the
proposed estimator with good accuracy.
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