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ADVANCED CONTROLLER DESIGN FOR ACTIVE BRAKING SYSTEMS
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ABSTRACT

This paper presents the synthesis of an advanced controller for an active braking system on trucks,
by combining the H. method with the Linear Parameter Varying system (LPV). The forward
velocity and the normalized load transfer at the rear axle are considered as the two varying
parameters. The grid-based LPV approach is used to synthesize the H../LPV controller. In order to
adapt the active braking system to the risk of the vehicle rollover, the parameter dependent
weighting function for the lateral acceleration is used as the most important weighting function.
The simulation results in the frequency domain show that the use of the H./LPV active brake
control system has significantly reduced the transfer function magnitude of the normalized load
transfer at the two axles, which demonstrates the effectiveness of the proposed method.
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THIET KE BQ PIEU KHIEN NANG CAO
CHO HE THONG PHANH CHU PONG

Vii Vin Tin"
Truong Pai hoc Giao thong Van tdi

TOM TAT

Bai b4o nay trinh bay tong hop bd diéu khién nang cao cho hé thong phanh chu dong trén 6 6 tai,
bang cach két hop phuong phap H, v6i m6 hinh hé thong c6 thong sb thay d01 tuyén tinh LPV.
Van tbc chuyén dong va hé sé chuyén tai ¢ cau sau dugc xem xét 1a hai thong sO thay doi. Phuong
phap LPV duya trén cach tiép can chia ludi duoc sir dung dé tong hop bd dicu khién H./LPV. Dé
dleu chinh hé théng phanh chu dong dap tmg duoc voi cac nguy co lat ngang cua 6 t6, ham trong
sd phu thudc vao gia téc ngang dugc xem 13 thong sé quan trong nhit. Két qua mo phong trong
mién tan s6 cho thay viéc sir dung hé thong phanh chii dong diéu khién H./LPV di lam giam dang
ké d6 16n ham truyén tir goc danh 14i dén hé sé chuyén tai & hai cdu xe, diéu nay da chimg minh
hiéu qua ctiia phwong phap dé xudt.

Tir khéa: Hé thang giao thong théng minh; dong luc cia xe; hé théng phanh chu déng; on dinh
It ngang; diéu khién bén viing H.,; hé thong LPV
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1. Introduction

Active Braking System (ABS) is the general
concept of controlled braking on vehicles,
such as Electronic Brake System (EBS), Anti-
lock Braking System (ABS), Advanced
Emergency Braking System  (AEBS),
Autonomous Emergency Braking (AEB) [1],
[2]. The active braking system was introduced
to the automotive industry in the 1950s with
the goal to improve braking performance. For
a long time, hydraulic brake systems
dominated the market; however, the main
disadvantage is the noticeable oscillation of
the wheel slip around a reference value.
Today, electromechanical actuators are
becoming common and will probably totally
replace hydraulic brakes in the near future,
along with the development of X-by-wire
technology. These actuators allow the
application of a smoother and continuous
braking action on the brake pads [3]. The
evolution of braking systems in the
automotive field is well described in Figure 1
[4]. It indicates that, since electronics have
been integrated into vehicles, the advances in
the development of active vehicle control
systems have been inextricably linked to
advances in sensors and actuators technology
[4]. The effect of the controlled suspension is
only to keep the vehicle body perpendicular
to the road, since it cannot reduce the lateral
tyre force component. Therefore, the role of
an active braking system in order to avoid the
vehicle rollover situation is very important

[51-[71.

Figure 1. The evolution of braking systems [4]

LPV theory is closely related to gain scheduling
via interpolation of point designs. LPV theory
provides a mathematically rigorous approach to
the design of gain-scheduled controllers. This
includes  powerful  guarantees on the
performance and robustness in the presence of
time-varying dynamics and uncertainty. The
LPV approach is considered in this paper. It is
known to be able to handle system non-
linearities by considering them as varying
parameters and, as well, to make the controller
performance varying through the linear
introduction of smart (high-level) parameters in
several chapters from the book [4].

In the literature, one can find the following
references related to improved roll stability:

- In [8], a combined control structure between
the active anti-roll bar system and the active
braking system was proposed. The best part
of this solution is that, in a normal driving
situation, only the active anti-roll bar system
is functional and the active braking system is
only activated when the vehicle comes close
to a rollover situation.

- In [3], a robust control algorithm for an anti-
lock brake system is proposed. The method
used is based on the static-state feedback of
the longitudinal slip and does not involve
controller scheduling with changing vehicle
speed or road adhesion coefficient estimation.

Based on the idea in [8], here the authors
would like to present preliminary research
results on the active braking system with the
aim of preventing the vehicle rollover
phenomenon. Hence, this paper contributes
the following elements:

- The active braking system is designed based
on the control signal being the yaw moment
control, which is generated by the difference
in braking force at four wheels. This allows
the controller to be synthesized more easily
than when considering the braking force at
each wheel.

- The grid-based LPV approach is used to set
up an H./LPV controller self-scheduled by
two varying parameters: the forward velocity
and the normalized load transfer of the rear
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axle. The parameter dependent weighting
function for the lateral acceleration is used in
order to adapt the vehicle performance to the
risk of rollover.

The paper is organised as follows: Section 2
presents the yaw-roll model of a truck.
Section 3 develops the H./LPV control
synthesis for an active braking system to
prevent rollover. Section 4 introduces the
grid-based LPV approach. Section 5 presents
some simulation results in the frequency
domain. Finally, some conclusions are drawn
in section 6.

2. Vehicle modelling

The yaw-roll model of a truck for studying
the active anti-roll bar system is presented in
[9]. Here, this model is suitably modified for
the active braking system by using the yaw
moment control M; as shown in Figure 2. The
variables of the yaw-roll model are detailed in
Table 1. The motion differential equations are
formalized as follows:

mv(/}+y)) —mshg} =F; +F,

g+l =Fl —F, 1 +M,

(1o + M%) g1,y =m,ghg-+ muh(F+y) (1)
Ky (=) by (=) + M g
K (=)D () + M,

~FF, =M V(r —hy )(B+y) + My ghydhy Kby

Ky (=) +by (- h )+ M
~rF,, =M, v(r =0, )(B+ ) M, G, ¢, —K,d,

+kr(¢_¢ur)+br(¢_¢;r)+ MARr

where Fy:r are the lateral tyre forces and Magsr
the moments of the passive anti-roll bar
system impact the unsprung and sprung
masses at the two axles [10].

r
20 L i ui »l/ l
Fzi CGu F:

Figure 2. Y%W-RO" model of a truck

The yaw moment control M, generated by the
active braking system. In this case, we use an
assumption that the driving throttle is constant
during a lateral manoeuver and the forward
velocity depends only on the brake forces at
the four wheels (Fp). The differential equation
of the forward velocity is: mv =—4F, (2

The motion differential equations (1)-(2) can
be rewritten in the LPV state-space
representation with the forward velocity as
the varying parameter (p1=v) as follows:

X = A(p)-X +B,(p)W+B,(p)U (©)

with the state vector x :[ By ddd, b plI ,
the exogenous disturbance W:[gf T and the
control input y=[m, 7" -

Table 1. Variables and Parameters of the yaw-roll model

Symbols Description Value Unit
ms  Sprung mass 12487 kg
Unsprung mass on the
Muf front axle 706 kg
M Unsprung mass on the 1000 kg
rear axle
m The total vehicle mass 14193 kg
Vv Forward velocity - km/h
~ Components of the
Vi forward velocity - kmih
h Height of CG of sprung 4 ge
mass from roll axis
hu Height of CG of unsprung 053 m
mass from ground
r Height of roll axis from 083 m
ground
ay Lateral acceleration - m/s?
; Side-slip angle at center rad
of mass
W Heading angle - rad
w  Yawrate - rad/s
a Side slip angle - rad
¢ Sprung mass roll angle - rad
#,;  Unsprung massrollangle - rad
O Steering angle - rad
C Tire cornering stiffness 582 KN/rad
on the front axle
C, Tire cornering stiffness 783 KkN/rad

on the rear axle
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Symbols Description Value Unit The parameter dependent weighting function
k. Suspension roll stiffness o, kNm/r W, represents the performance output and is
" on the front axle ad chosen as
K Suspension roll stiffness 684 KNm/r )
" onthe rear axle ad W _diag|:Tls+T2 gis +§25+§3:|_
" B z 112 2
by gﬁiﬂinfsrg):t ;)c():é damping 100 KkN/rad T,S+7, S +ES+H
Suspension roll damin The purpose of this weighting function is to
b, t'?]e rear axle P8 100 KkN/rad keep the yaw moment M, and the lateral
) Tire roll stiffness on the 2060 KNMI/F accgeleratlon ay as small as possible over the
* front axle ad desired frequency range to over 4 radfs,
K Tire roll stiffness on the 3337 KNm/r which represents the limited bandwidth of the
" rear axle ad driver [8], [11]. The varying parameter is
L Rfoll rmr:)mrflnt of inertia , o0 kgm? defined as p=f(|Rr]).
0% SPTUNg Mass 3.2. The solution of the H./LPV control problem
| Yaw-roll  product of 4200 kam? ] . .
X inertial of sprung mass 9 Accordlr_lg to Figure 3, th_e concatenation of
Yaw moment of inertia the nonlinear model (3) with the performance
I 34917 kgm2 . . - .-
of sprung mass weighting  functions has a partitioned
Length of the front axle representation in the following form:
I 195 m
from the CG )
Length of the rear axle X®| [Alp)  Bilp) Byip) || X()
I 154 m (4)
from the CG Z(t) [=|Ci(p)  Dyu(p) Dylp) || W)
lw Half of the vehicle width 0.93 m Y (t) C,(p) D,,(p) D,,(p) U (t)

U Road adhesion coefficient 1 -

3. The H./LPV controller synthesis for an
active braking system

3.1. The H./LPV control design

In this section, the H./LPV control design is
presented for the active braking system in
heavy vehicles to prevent rollover in
emergency situations. In Figure 3, the
H./LPV control structure includes the
nominal model G(p.), the controller K(p1, p2),
the performance output Z, the control input U,
the measured output Y, and the measurement
noise n. ¢ is the steering angle (disturbance
signal), set by the driver. The measured output
isY = [a,, ¢]. The input scaling weight Ws,
chosen as W, = 0.02. The weighting functions
Wn and Wy are  selected as:
W, =W, , =0.02, which accounts for small
sensor noise models in the control design.

G(r)

Figure 3. Closed-loop of the active braking system

where the exogenous input W(t) = /o, n], the
control input U(t) = [M.], the measured

output vector Y = [a, ¢] and the
performance output vector Z(t) = [M, ay]".

The LPV model of the active braking system
(4) uses the varying parameters p = [p1, p2],
which are known in real time. The parameter
p1 = Vv is measured directly, while the
parameter p, = f(JRr]) can be calculated by
using the measured roll angle of the unsprung

mass at the rear axle ¢,, .

4. The grid-based LPV approach

The LPV system in the equation (3) is
conceptually represented by a state-space
system S(p) that depends on a time varying

parameter vector peP . A grid-based LPV

model of this system is a collection of
linearizations on a gridded domain of
parameter values [12]. For general LPV
systems, this conceptual representation
requires storing the state-space system at an
infinite number of points in the domain of p.

For each grid point p,, there is a
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corresponding LTI system
(A(p)B(A,):C(p,)D(p,)) Which describes

the dynamics of S(p,) when p, is held
constant. It is worth noting that p, represents

a constant vector corresponding to the k™
grid point, while p; is later used to denote the
i element of the vector p. All the linearized
systems on the grid have identical inputs u,
outputs y and state vectors x. Together they
form an LPV system approximation of S(p)
[13], [14].

A=AxBu
y—Cx+Da

X=AxBu
y=CxrPu

P

Figure 4. LPV models defined on a rectangular grid

The grid-based LPV approach is pictorially
represented in Figure 4, with the example of
such a system that depends on two parameters
(p1, p2). The grid-based LPV approach
approximates this conceptual representation
by storing the LPV system as a state-space
array defined on a finite, gridded domain. In
this paper, we use the grid-based LPV
approach and the LPVTools™ presented in
[15], [16] to synthesize the H./LPV active
braking control system. It requires a gridded
parameter space for the two varying
parameters p= /p1, p2].

ency (radls)

The H., controllers are synthesized for 10 grid
points of the forward velocity in the range
p1=v=[40 km/h; 130 km/h] and 5 grid points of
the normalized load transfer at the rear axle in a
range p.=f(|Rr|)=[0; 1]. The grid points and the
LPV controller synthesis using LPVTools™ are
expressed by the following commands:

rhol =
pgrid('rhol’,linspace(40/3.6,130/3.6,10));

rho2 = pgrid(‘rho2' linspace(0,1,5));
[Klpv,normipv] = Ipvsyn(H,nmeas,ncont).
5. Simulation results analysis

The parameters of the yaw-roll model of a
truck are detailed in Table 1. To evaluate the
effectiveness of the active braking system on
the prevention of vehicle rollover in the
frequency domain, the two following cases
will be considered as:

- 1% case: the varying parameters p;= v varies
from 40 km/h to 130 km/h and p,= 0.8;

- 2" case: the varying parameters p,= [0, 0.8,
1] varies and p1= v= 80 km/h.

5.1. 1% case: the varying parameters py = V
varies from 40 km/h to 130 km/h and p,=0.8

Vehicle rollover often occurs when the
forward velocity is higher than 60 km/h.
Therefore, in this case, the author considers
the varying parameter of the forward velocity
p1 =V from 40 km/h to 130 km/h, while the
varying parameter p; is kept constant at 0.8.

I
i |

R

e (6B

Magnitu

Increase V=40-130 km/n_|

Vagnitde (4B

a
Figure 5. The 1 case: transfer function magnitude of (a) the lateral acceleration — , (b) the yaw

f

M R
moment —% , (c, d) the normalized load transfers —LT at the two axles

f

f
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Figure 6. 2" case: transfer function magnitude of
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(a) the lateral acceleration—-, (b) the yaw
f

M
moment —% , (c, d) the normalized load transfers
f

—1 atthe two axles
f

The objective of the H./LPV active braking
control design is to prevent the vehicle
rollover in an emergency situation with the
considered frequency range to over 4 rad/s.
Figure 5 shows the transfer function
magnitude of (a) the lateral acceleration, (b)
the yaw moment, and (c, d) the normalized
load transfers at the two axles. We can see
that the H./LPV active braking control
system reduces significantly the lateral
acceleration and the normalized load transfers
in the specified frequency range. By
penalizing the lateral acceleration, the lateral
tyre forces are reduced, therefore the
normalized load transfers are also reduced.

5.2. 2" case: the varying parameters p; = [0,
0.8, 1] varies and p1=v =80 km/h

In this case, the forward velocity is kept
constant at p1 = v = 80 km/h, while the
varying parameter p. is surveyed at the three
values: p> = 0, p> = 0.8, p» = 1.0. Figure 6
shows the simulation results in the frequency
domain of the lateral acceleration, the yaw
moment, as well as the normalized load
transfers at the two axles. They show clearly
the effect of the varying parameter p, to
prevent vehicle rollover in the frequency
range to over 4 rad/s. When the varying
parameter p, increases, the lateral acceleration
and the normalized load transfers at the two
axles decrease, which means that the active
braking system can adapt to the rollover
situation by increasing p.. The reduction of
the transfer function magnitude of the lateral
acceleration and of the normalized load
transfers when p,= [0, 0.8, 1], compared to
the passive anti-roll bar system, is
summarized in Table 2.

Table 2. Reduction of the magnitude of the
transfer functions compared to the passive anti-
roll bar system

Transfer functions p2=0 p2=0.8 p2=1

0 16dB 18dB

0 9dB 10dB

0 25dB 34dB

&P > ‘*;U >
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These simulation results indicated that the
reductions of the normalized load transfers at
the two axles are about 40% by using the
active braking system. Moreover, with the
two varying parameters, the controller can
adapt to the vehicle rollover phenomenon in
emergencies.

6. Conclusions

This paper proposes the first preliminary
results on the combination of the active
braking system and the passive anti-roll bar
system for a truck. The grid-based LPV
approach is used to synthesize the H./LPV
active braking controller, which is self-
scheduled by two varying parameters. The
parameter dependent weighting function for
the lateral acceleration is used in order to
allow for the vehicle performance adaptation
to the risk of rollover. The simulation results
in the frequency domain emphasize the
efficiency of the proposed methodology.

In normal situations, the active braking
system is in "off" mode, but when the
normalized load transfer at the rear axle
reaches its limit, the active braking system
will be activated, thus improving the vehicle
behaviour. Hence, in the future, a braking
monitor will be needed in order that the
H./LPV active braking control system will
satisfy simultaneously the two objectives,
which are the prevention of vehicle rollover
and the increased stability at the smooth
switching points.
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