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Abstract

In this research, an enhanced lateral stability control system has been developed for a vehicle. The system consists of
a vehicle parameter estimation part and an enhanced ESP control logic part. The vehicle parameter estimation was
conducted by considering the physical relationship among the longitudinal dynamic components. The enhanced ESP
logic was designed so that the controller gains change adaptively to the vehicle parameter variation. All the system
components were tested in a simulation environment, while the vehicle mass estimation algorithm was also tested in
the field. The results indicated that the lateral vehicle stability limit can be improved with the designed ESP system.

Keywords: ESP (Electronic Stability Program); Load adaptive control; Optimization; Parameter estimation

1. Introduction

ESP (Electronic Stability Program) is an electronic
chassis control system whose objective is to maintain
lateral vehicle stability during critical cornering [1].
At the beginning of its control logic, the ESP algo-
rithm computes the reference yaw rate as the target to
follow, using a lateral vehicle model. The parameters
of the vehicle model, however, can change signifi-
cantly due to many passengers or heavy loads. The
amount of vehicle mass variation, for example, can be
bigger than the vehicle’s curb weight for some vehi-
cles. Hence, it is very important for the ESP logic to
account for any significant change in the vehicle pa-
rameters, since otherwise, the ESP logic can worsen
vehicle lateral stability by setting an improper target
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in dangerous cornering maneuvers.

Many previous studies in the area of the vehicle pa-
rameter estimation have adopted the recursive least
square method [2, 3]. This online version of the un-
constrained least square method is reliable in deter-
mining the parameters of a mathematical function that
matches the vehicle performance in its transient mo-
tion. However, due to the possibility of non-unique
minimum solutions, the algorithm may have difficulty
in the process of extracting the physical parameters
from the mathematical solution. The recent work of
Bosch states that through vehicle mass estimation,
ESP could improve the braking efficiency and per-
formance of stability control [4].

In this research, an enhanced ESP system has been
developed for a passenger vehicle. The system con-
sists of two parts: a vehicle parameter estimation part
and an enhanced ESP control logic. The vehicle pa-
rameter estimation was conducted by considering the
physical relationship among the longitudinal dynamic
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components of the vehicle. The enhanced ESP logic
was designed using a proportional-integral-derivative
(PID) controller, and for a feasible range of the vehi-
cle parameter variation, a lookup table for the PID
gains was made using trajectory optimization. All the
system components were validated in a simulation
environment where the CarSim vehicle model was
used in place of the actual vehicle. The vehicle mass
estimation algorithm, however, was also tested in the
field after proper modification was made so that it
could work only with the sensor signals available in
real vehicles.

2. Model-based mass estimation

A vehicle mass estimation algorithm was first de-
veloped using the powertrain model in Fig. 1.

This model consists of the engine, torque converter,
transmission, final drive, and wheels. Their equations
are as follows:
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In the engine model in (1), Tg(Tx.u) is the engine
input(output) torque, » ¢ is the engine speed, and J
is the rotational inertia. The torque converter was
modeled by a lookup table for its characteristic curve.
In the transmission model in (2), Tryi(Tramn) 1s the
transmission input(output) torque, @ gy is the rota-
tional speed, Jris the rotational inertia, and iry, is the
gear ratio. In the final drive model in (3), Trpi(Trpow)
is the final drive input (output) torque, and ip is the
gear ratio. In the wheel model in (4), F,, is the tire
traction force, r,; is the effective tire radius, J,, is the
tire inertia, and a, is the vehicle longitudinal accelera-
tion.

Once the tire traction force is found, the vehicle
mass m can be estimated by the following equation:
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Fig. 1. Powertrain model.

In the above, R, is the rolling resistance, and
R, 18 the aerodynamic drag. They were computed
using empirical functions in this study. Fig. 2 shows
their contributions in different vehicle velocities. This
figure indicates that at a low speed, the rolling resis-
tance which remains almost constant becomes a do-
minant resistive force.

The model-based mass estimation algorithm of this
chapter was tested using the CarSim vehicle model.
The maximum estimation error remained within 2%.

3. Mass estimation from sensor signals

This chapter introduces another mass estimation al-
gorithm developed in this research. It is based on the
previous algorithm but modified for application in
real vehicles. In the CarSim vehicle model used in
Chapter 2, the frictional loss in the powertrain me-
chanism was neglected, and the rotational inertia of
the powertrain was not accurately modeled. To im-
prove the accuracy of mass estimation in real vehicles,
these quantities were first found through vehicle tests.

When the vehicle is cruising at a constant speed, a
small throttle is needed to produce a traction force
that can balance all resistive forces present. This can
be represented as follows:

Rtml — T, EoutR:ClTMlFD (6)
o

In (6), Ryc is the torque gain in the torque converter,
and R, is the total resistive force that consists of the
rolling resistance, the aerodynamic drag, and the po-
wertrain’s frictional loss. Using this equation, the
frictional loss was found at different gear shift posi-
tions.
Once the powertrain frictional loss is computed, the
powertrain inertia can be found in a constant accelera-
tion test as indicated by (7). Here, 7 represents the
powertrain inertia in the form of an equivalent torque.
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Fig. 2. Resistive forces.
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Table 1. Operating condition for mass estimation.

Parameters Operating condition
gear shift 1~3
rotational gain in torque converter 0.5~0.8
engine rpm above 1500
longitudinal acceleration above 0.1g
Table 2. Mass estimation by field test data.
total weight | number | estimation abrsr(l)il?,l te abr::lﬁte
(extra load) | oftests | average error error
1810 kg
2(10115312 4 1819 kg 6.5% 11.0 %
g
(300 ke 6 2092 kg 0.2 % 8.9%
2310 kg
(500 ke 4 2278 kg 1.1% 4.0%

5000

- Estimated mass
—Reference mass|;]

0 10 20 60 70

30 40 50
velocity [km/h]

Fig. 3. Estimated mass in the field test.

The mass estimation algorithm of this chapter re-
quires some specific transient motions in the vehicle’s
longitudinal dynamics. Therefore, detection of the
right time for mass estimation becomes a key compo-
nent of the algorithm. Table 1 lists the operating con-

ditions for activating mass estimation in the algorithm.

Fig. 3 shows the mass estimation results from the
field test. The vehicle, loaded with a weight of 300kg
in the trunk, was accelerated with a step input of
throttle from a stop position. In the test, the maximum
longitudinal acceleration was about 0.2g.

In Fig. 3, the two shaded areas are the periods when
all operating conditions in Table 1 are satisfied. Table
2 gives the estimation results for different extra loads.

Table 2 indicates that the mass estimation algo-
rithm of this paper gives a very reliable result for a
wide range of mass variations. It can be observed that
the error of the estimation average did not exceed
1.5%.

4. Enhanced ESP system

Fig. 4 shows the configuration of the enhanced ESP
system developed in this research. When the estima-
tion of the vehicle mass change is greater than a cer-
tain threshold, the reference vehicle model, which is
used for computing the target yaw rate for ESP, is

Default Mass Value /71

Mass n -
Estimation —————
Algorithm -
¢ Am
[Optimization] Parameter ‘Am‘ >
Ofttine based __| [
Parameter 00X-Up
Estimation Table
PID gain V., m m

‘ Reference Vehicle Model Update

.

‘ ESP Controller ‘

Fig. 4. Configuration of the enhanced ESP system.
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Fig. 5. PID gain by trajectory optimization.
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Fig. 6. ESP without LAC with no extra load.

updated with a new mass and a new characteristic
speed. The ESP control gains are also updated from
the PID gain lookup table.

To determine the characteristic speed and PID con-
trol gains for different vehicle weights, trajectory
optimization was performed offline, and a lookup
table was made from this result. Fig. 5 shows the
block diagram for finding the optimal PID gains of
the ESP logic for different values of the vehicle mass
by trajectory optimization. The characteristic speeds
for different vehicle masses were also found similarly
so that the steady state yaw rate error between the
CarSim model and the 2DOF bicycle model is mini-
mized.

5. Simulation results

Presented in this chapter are the results of the simu-
lation conducted to evaluate the performance of the
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Fig. 7. ESP without LAC with a 500kg load.
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Fig. 8. Enhanced ESP with a 500kg load.

enhanced ESP system developed in this research. A
double lane change test was performed on the road
with a friction coefficient of 0.9. The vehicle speed
was 80km/h, and the steering wheel angle was chang-
ing by £120°. For performance validation, the en-
hanced ESP system was compared with the normal
ESP system without any load adaptive control (LAC).

Fig. 6 shows the simulation result for an ESP vehi-
cle without LAC when there is no extra load. It shows
that the controller is tracking faithfully the reference
yaw rate.

Fig. 7 shows the vehicle trajectory for an ESP ve-
hicle without LAC when it is loaded with the weight
of 500kg. It shows that the vehicle cannot make any
lane change. This is because the reference yaw rate
and the controller gains are based on the vehicle
model without any additional load.

Shown in Fig. 8 are the simulation results for a ve-
hicle with enhanced ESP when there is a load of
500kg. It shows that the vehicle successfully follows
the reference yaw rate, and as a result, it can make
double lane change without losing lateral stability.

6. Conclusions

An enhanced lateral stability control system for a ve-
hicle has been developed in this paper. The system
consists of a vehicle parameter estimation part and an
enhanced ESP control logic part. The vehicle parame-

ter estimation was conducted by considering the physi-
cal relationship among the longitudinal dynamic com-
ponents. The enhanced ESP logic was designed so that
the controller gains change adaptively to the vehicle
parameter variation. All the system components were
tested in a simulation environment, while the vehicle
mass estimation algorithm was also tested in the field.
The results indicated that the lateral vehicle stability
limit can be improved with the designed ESP system.
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