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Abstract—The paper proposes the modeling and control de-
sign of an active anti-roll bar actuator. The vehicle dynamic
system improves the roll stability of a light commercial vehicle
generating an active torque on the chassis, provided by an
electro-hydraulic actuator. The actuator control system must
guarantee the generation of the required active torque, satisfying
the input limits of the actuator. The actuation of electro-
hydraulic system is described by fluid dynamical, electrical and
mechanical equations. The input of the formulated state-space
actuator model is the valve current, while the output is the
generated active torque. The tracking controller of the actuator
is designed based on constrained Linear Quadratic (LQ) method.
The designed controller guarantees the tracking performance
and the avoidance of constraint violation simultaneously. The
operation of the designed control system is illustrated through
simulation examples.

[. INTRODUCTION AND MOTIVATION

Improvement of roll dynamics is a relevant problem at
vehicles with high center of gravity. Several roll control
systems are developed, which enhances the protection of cargo
and improves roll stability. One of the most preferred roll
control solution is anti-roll bar, which is often used in light
commercial vehicles, buses, trucks. In this control system two
torsion bars connect the left and the right suspensions on an
axle.

Active anti-roll bars have numerous advantages over the
passive anti-roll systems used nowadays. Although passive
anti-roll systems can enhance the roll dynamics of the vehicle,
is results a performance degradation on traveling comfort. The
active system is also able to adapt to the actual road conditions
and lateral effects, while the roll stability is improved.

The active system proposed in this paper integrates an
electro-hydraulic actuator into an anti-roll bar. The system
consists of an upper-level controller which improves the roll
dynamics of the chassis. The actuator of the anti-roll bar is
an oscillating hydromotor with a servo valve on the lower-
level. The goal of the paper is the control design of the
electro-hydraulic actuator. The actuator control guarantees the
generation of the necessary active torque and satisfies the input
constraint of the electric circuit. The control design is based
on a constrained LQ method [1].

Several papers propose methods to reduce the chassis roll
motion of heavy vehicles. Three different active systems
are applied, such as anti-roll bar, additional steering and
differential braking [2], [3]. Active anti-roll bars commonly
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employ hydraulic actuators to achieve this goal, see [4], [5],
[6]. In [7] an active roll control system based on a modified
suspension system is developed with distributed control ar-
chitecture. Active steering uses an auxiliary steering angle to
reduce the rollover risk of the vehicle. However, this method
also influences the lateral motion of the vehicle significantly,
see [8], [9]. An advantage of differential braking technique is
the simple construction and low cost, see [10]. In this case
different braking forces are generated on the wheels to reduce
the lateral force. Therefore the rollover of the vehicle can
be avoided. Several papers deal with the integration of the
previous systems. In [2] the integration of active anti-roll bar
and active braking is presented. [11] proposes a reconfigurable
control algorithm to prevent rollover of heavy vehicles. [12]
investigates the coordination of active control systems could
be controlled to alter the vehicle rollover tendencies.

The paper is organized as follows. Section II presents the
formulation of chassis roll dynamics. The control-oriented
modeling of the electro-hydraulic actuator using fluid dynami-
cal, electrical and mechanical equations is proposed in Section
III. Section IV describes the architecture of the active anti-
roll bar control system. Section V introduces the constrained
LQ controller design of the actuator and illustrates the system
operation. Actuation of the control system is illustrated by
a simulation example in Section VI. Finally, Section VII
concludes the contributions of the paper.

II. MODELING OF CHASSIS ROLL DYNAMICS

In this section the roll dynamics of the chassis is described,
which is enhanced by the active anti-roll bar system. The four
degree-of-freedom dynamical model of a light commercial
vehicle is illustrated in Figure 1. Since this type of vehicle
has a high center of gravity, the rolling motion of the chassis
(sprung mass) is significant. Thus, the protection of the cargo
requires an anti-roll bar system, which reduces the chassis roll
angle.

The intervention of the anti-roll bar system is a force couple
on the unsprung masses, which is provided by an active torque
of the electro-hydraulic actuator M. Lateral force Fj,; on
the vehicle chassis and road excitations on the wheels go1, go2
are disturbances of the system. In the linear model the masses,
spring stiffness, damping ratios and geometrical parameters are
constants. h is the distance between the roll center of chassis
and its center of gravity and r is half-track of the vehicle, see
Figure 1. The length of the anti-roll bar arm in longitudinal
direction is noted with a. In the model the effects of side-slip
angle and under-/oversteering are neglected.
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Fig. 1. Proposed vehicle model

The dynamics of roll motion are derived from the Euler-
Lagrange equations. Four second-order differential equations
are formulated as shown below (1). (1a) describes the vertical
dynamics of the sprung mass m, while its roll dynamics
is described in (1b). The vertical dynamics of the unsprung
masses mq, mo are expressed in (Ic) and (1d).
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The proposed dynamical equations (1) are transformed into
state-space form as:

T = Az + Byw + Bau 2)

vector of the
[zl Zo Z ¢ 2 29 2 ¢]T incorporates the vertical
displacements of unsprung z;, zo and sprung masses
z, the chassis roll angle ¢ and their derivatives. The
control input u = M, of the system is the active torque
generated by the electro-hydraulic actuator. The disturbances
w = [901 Jo2 Flat]T of the system are road excitations
on the wheel and lateral forces. The formulated state-space
model of the chassis roll dynamics is the basis of the
upper-level control design, see Section IV.

where the state system =

III. ELECTRO-HYDRAULIC ACTUATOR MODEL OF
ANTI-ROLL BAR SYSTEM

In the previous section the roll motion of the chassis is
formulated and the dynamical effect of the anti-roll bar is

presented. The active torque M,.; is generated by the electro-
hydraulic actuator, proposed in the followings.

The actuator that realizes the torque required to enhance
the roll stability of the vehicle is an oscillating hydromotor,
see Figure 2. An oscillating hydromotor is a rotary actuator
with two cells, separated by vanes. The pressure difference
between the vanes generates a torque on the central shaft,
which has a limited rotation angle. The anti-roll bar is split in
two halves and the motor couples them. The shaft of the motor
is connected to one side of the roll bar and the housing is to
the other. When the vehicle chassis rolls, a torque appears in
the house which can be countered by the pressure difference
in the two chambers provided by a pump. The hydromotor
is connected to a symmetric 4/2 four way valve, the spool
displacement of this valve is realized by a permanent magnet
flapper motor. Since the presented system has a high energy
density, it requires small space and it has low mass. Besides,
the actuator has a simple construction, but it requires an
external high pressure pump [13].

Hydromotor

Fig. 2. Electro-hydraulic actuator

The physical input of the actuator is the valve current ¢, the
output is the active torque M,.;. The flapper motor and the
spool can be modeled as a second order linear system, which
creates a linear dependence between the valve current and the
spool displacement. In this formulation the nonlinear friction
is neglected. The motion of valve is modeled as:

1 2D
&y + iy + Ty = ki ©)
w3 Wy

where k, valve gain equals

kvzﬂ 1 )

\/W Uymazx

@ is the rated flow at rated pressure and maximum input
current, py is the pressure drop at rated flow and Uymas 1S
the max rated current. D, is the valve damping coefficient,
which can be calculated from the apparent damping ratio. D,,
stands for the natural frequency of the valve [14]

The pressures in the chambers depend on the flows of the
circuits @1, Q2. pr, is the load pressure difference between




the two chambers. The average flow of the system, assuming
the supply pressure ps is constant:

[1 .
Qu(2y,pr) = CaA(z,) ;(ps—‘zdm) )

This equation can be linearized around (z,,0; pr,0) such as
[13]

QL = quv - chL (6)

where K, is the valve flow gain coefficient and K is the valve
pressure coefficient. In this modeling principle, the hydromotor
model does not take into account the friction force and the
external leakage flow. The compressibility of the fluid is
considered constant [13].

The volumetric flow in the chambers is formed as

4 .
= %(QL — Vo0 4+ 119 — ciopr) @)
t

where (g is the effective bulk modulus, V; is the total volume
under pressure and V), is proportional to the areas of vane
cross-sections. ¢;; and ¢jo are parameters of the leakage flow.

The motion equation of the shaft rotation due to the pressure
difference py, and the external load M,,,:

JO = —d,9 + Vypr, + Moy )

pL

where J is the mass of the hydromotor shaft and vanes, d,
is the damping constant of the system. M., is the effect of
disturbances on the chassis roll dynamics.

The active torque of the actuator is determined by pr,. The
relationship is written as follows:

Mact = QPLA’UG (9)

where A, is the area of the vanes and « is the arm of the
stabilizer bar in longitudinal direction.

The control design of the actuator requires transformation
of the previous equations in state-space form. (3), (7) and (8)
are the necessary differential equations, (6) is the part of (7):

:tact = Aactxact + Bact,lwact + Bact,2uact (loa)
Yact = CactLact (10b)
The state vect%)r of the actuator model .. =
[xv Ty P 19] contains the spool displacement x,

and its derivativq Zy, the load pressure p and the shaft
angular velocity ©J. The output y,.t = My of the system is
formulated using (9). The control input is u,.; = ¢, while the
disturbance is the external load wg.t = Myt

IV. HIERARCHICAL CONCEPT OF ANTI-ROLL BAR
CONTROL DESIGN

In the previous section the roll dynamics and the electro-
hydraulic actuator have been modeled for active anti-roll bar
control design. In the followings the architecture of the control
system is presented.

The hierarchical architecture of the control systems is
illustrated in Figure 3. Two control levels are distinguished in
this scheme: an upper- and a lower-level. The two levels are
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Fig. 3. Architecture of control systems

interconnected during the vehicle dynamics and the reference
signal. The aim of the upper-level controller K ,per iS to
guarantee the vehicle dynamic performances, e.g. chassis
roll angle minimization. The control input of the upper-level
controller is the reference active torque Mt e f, Which must
be realized by actuator. The tracking of M e is guaranteed
by the lower-level controller Koy, Which computes a valve
current ¢ for the electro-hydraulic actuator. The advantage of
hierarchical design is the independent design of the controllers
on the different levels. Thus, the controllers can be designed
for subsystems with smaller complexity. However, in case
of the independent control design the global stability of the
controlled interconnected system has to be ensured by the
existence of a Common Lyapunov Function. Further details
about hierarchical control design is found in [15].

In the paper the focus is on the design of the lower-lever
anti-roll bar controller, proposed in the next section. Several
methods and control design have been published about the
vehicle dynamic control systems, which can be applied for
upper-level anti-roll bar controller design. Since the parameters
of the vehicle model are uncertain and the model contains
neglected dynamics, robust control design techniques are used
for control design in several papers, see e.g. [16]. The the-
oretical principles of robust control design is found in [17].
[15] proposes the application of robust control techniques for
automotive vertical dynamical applications such as roll control.
The nonlinear dynamics of the roll motion is handled using
the Linear Parameter Varying (LPV) control concept in [18].
In the paper the LPV method of [19] is used for upper-level
control design.

V. ACTUATOR LEVEL CONTROL DESIGN

In this section the torque tracking lower-level actuator
control design is proposed based on the constrained Lin-
ear Quadratic (LQ) control design method. The aim of the
controller is to guarantee the required active torque of the
upper-lever vehicle dynamic controller and satisfy the input
constraint of the lower-level.

The lower-level LQ controller is based on a piecewise linear
control strategy. This method can be used for the approxi-



mation of nonlinear systems using linear sections. Piecewise
linear systems are special types of switched linear systems
with state-space partition-based switching. The main difficulty
of this strategy is the switching between the controllers, which
can causes transients in the control system [20].

The aim of the actuator control design is to guarantee the
reference active torque signal computed by the upper-level
controller. Thus, the lower-level control system must satisfy
the following performance:

an

The tracking criterion of the control system requires the
reformulation of the state-space equation described in (10).
The plant is augmented with an integrator on signal M,
to achieve zero steady-state error. The augmented system is
written as follows:

l:i‘atct:| _ [Aact 0:| |:xact:| +
z —Caqet 0 z
Bac ,1 Bac 2 0
+ l: Ot' :| Wact + |: Ot :| Uget + |:1:| Mact,ref

(12)

Another criterion of the system is the minimization of control
input, such as:

zZ= Mact,ref - Mact; |Z| — min

13)

[Uaet] = |i| = min

The reduction of the control input is necessary to have an
effect on input constraint satisfaction.

The LQ controller design is based on the minimization of
the following cost function, which incorporates the previous
conditions (11) and (13):

1

J== / [2],Qi gt + Ri%] dt — min (14)
0

2
where Zoor = [Tact z}T. The weights (Q and R guarantee
a balance between the performances. These weights have an
important role to satisfy input constraints, as seen below. The
minimization problem leads to a continuous time algebraic
Riccati equation (CARE) [17]:

PAget + AL P — PByy2oR™'BL, ,P+Q =0

act

(15)

where P is the solution of CARE, flact and Bacm are
the block matrices of (12). The optimal state feedback LQ
controller Kj,qer 1S derived from P.

Since the electric circuit of the actuator has physical limits,
it is necessary to guarantee the avoidance of the valve current
increase over a limit u.ons¢. In the conventional formulation
of LQ problem (14) it can be ensured by a high R weight.
It results a conservative Kj,e controller with small gain,
which leads to a reduced control input and the degradation
of z tracking performance simultaneously. On the other hand,
large LQ gain enhances the tracking performance, but it will
likely violate the input constraint wcons:. A Way to guarantee
the (11) and input constraint satisfaction is presented in
[1]. In this paper an iterative LQ control design method is
proposed, which results a switching LQ controller. In the

method numerous controllers are designed using different R
weights. The iterative function for control design is written as

follows:
R, = ﬂ

Uconst

In the method the different R; weights are used at fixed )
matrices. p; is the actual gain scaling parameter and .o, st 1S
the input constraint, must be satisfied. P;_; is the solution of
the (i — 1)*" Ricatti equation (15).

The solution of it CARE is P,, from which the "
optimal LQ control can be computed. Besides, P; determines
an ellipsoidal invariant set ¢; in the state-space, where the
input constraint can be satisfied. As a result of the iterative
design, numerous LQ gains and invariant sets are computed.
The controller with the largest LQ gain belongs to the smallest
ellipsoid. Based on the invariant sets, a switching strategy is
defined to guarantee the input constraint. In the strategy the
trajectory of Z,.; is monitored. When the trajectory reaches
the set border of an ellipsoid and moves outwards, the system
switches to a more conservative controller with smaller LQ
gain. The switching function is formulated as follows:

(BTP,_,B) (16)

— i PiTac) <1

act

sign (pi a7

If (17) is not satisfied, then Z ., is out of the 7" ellipsoid, thus
it is necessary to switch to the (i—1)!" controller. The solution
of the switching algorithm is always the smallest ellipsoid,
which contains Z,.;. In the method it is necessary to guarantee
that Z,.; never departs the largest ellipsoid ;. Therefore p;
must be chosen high enough not to violate this condition. Since
the system states are always in the outermost invariant set, the
stability of the system is guaranteed. The switching algorithm
described above is illustrated in Figure 4.

w=F, 11 hyper-plane

switching points

Fig. 4. Invariant sets and switching of the two-state system

Remark 1: If the matrices of the system (12) are ill-
conditioned, or the dimension of the system is high, at the
solution of (15) numerical problems can occur. In this case the
control design must to be adapted to the R; weights, where a
solution of CARE exists. The p; parameters must be calculated
from R; using (16) and the sizes of the ellipsoids are tuned
manually.

A. lllustration of constrained LQ control

In the followings an illustration of the constrained LQ
control during a simulation example is shown. Since the



switching between controllers is based on ellipse invariant
sets, a two-dimensional system is chosen for the illustration
(18). In this scenario the switching events can be illustrated
in a 2D plane. The system has two states in a state vector
€Tr = [wl xg} T, control input » and disturbance signal w:

T = {_5 _1} T+ [1] u + [1] w
1 0 0 0

Six LQ controllers n = 1...6 are designed by the presented
method. The input constraint of the system is |tconst| = 1.

The simulation results of the system (18) is found in Figure
5. Three scenarios are compared: the proposed switching LQ
method and two constant LQ controls. n = 1 LQ control is
related to the smallest gain of the switching control sequence,
which satisfies the input constraint. Since the gain of n = 1 LQ
controller is small, the performance of the system is reduced.
It corresponds to a conservative control. n = 6 LQ belongs
to the highest gain of the switching control sequence. In this
case the performance of the system is improved, but the input
constraint is violated.

The performance of the system is the minimization of state
9. The initial states of the systems are xy = [O;O]T. The
disturbance signal of the system is shown in Figure 5(a).
The aim of the control system is to minimize x5 against the
disturbance, see Figure 5(b). It can be seen that n = 6 LQ
controller is able to minimize xo, however |uconst| = 1 is
violated, see Figure 5(c). The controller n = 1 LQ satisfies
the input constraint, but it leads to the degradation of the
performance. An appropriate balance between the two constant
gain LQ controllers is the proposed switching LQ. In case of
the switching LQ the input constraint is satisfied, see Figure
5(c) between Os...25s. When the required control input is
decreased, the performance of the system is improved e.g.
between 25s...50s. The balance between the control input
limitation and performance improvement is guaranteed by the
switching strategy, see Figure 5(d). The influence of invariant
sets on the state trajectory of switching LQ controller is
illustrated in Figure 5(e). The direction of the trajectory is
modified at achievements of the set borders. It is resulted by
the switching between LQ controllers.

(18)

VI. SIMULATION EXAMPLE

In this section the operation of the active anti-roll bar
is presented during a simulation example. The constrained
LQ control design and the system model is performed by
Matlab/Simulink. In the simulation a light commercial vehicle
is analyzed, of which mass is 3500kg altogether with sprung
and unsprung masses. The difference between chassis roll
center and center of gravity is A = 1000mm. In the example
the focus is on the efficiency of the lower-level actuator
control. Seven LQ gains are designed in the example: n = 1
LQ control has the highest gain, which improves the tracking
performance; while n = 7 is the most conservative, which
satisfies the constraint.

In the example the vehicle travels along a straight road with
constant velocity. The road excitation modifies the roll of the
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Fig. 5. Simulation results of the proposed simple system

chassis during the course. In the scenario the disturbance of the
system is a stochastic road excitation with a zero mean value
and a 0.05m standard deviation, see Figure 6(a). The upper-
level controller computed reference active torque Mt ey tO
minimize the roll angle. M,.; must be generated by the actua-
tor using the lower-level controller. The tracking performance
of the actuator control system is shown in Figure 6(b). In
Figure 6(c) can be seen the control input of the actuator i.
The input constraint of the system is |tconst| = 0.3A. Since
the input constraint must be satisfied, the controller switches
to a more conservative LQ gain, when the limit is reached,
see Figure 6(d). In the example the input constraint is not
violated, thus the limit is not violated. Figure 6(b) shows that
the controller guarantees the tracking of the reference torque
with an appropriate threshold. However, around 5s and 30s the
tracking error is increased. In these cases the controller gain
is modified to avoid the violation of %,yst- Thus the tracking
error is increased because of the more conservative controller.

The effect of active anti-roll bar on chassis roll angle is
illustrated in Figure 6(e). Two scenarios are compared in the
Figure: a vehicle with active anti-roll bar and a vehicle without
roll control system. The peak-values of the roll angle of the
uncontrolled vehicle are reduced by the control system, see
e.g. at 40s. The improvement of the roll angle also depends
on the controller number. For example, at 30s the controller



switches to n = 1 to avoid current limit violation. In this
case the difference between the roll angles of controlled and
uncontrolled vehicle is decreased. Note that at 53s the n = 4
controller is able to reach an extended enhancement.
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Fig. 6. Simulation results of active anti-roll bar system

The presented simulation illustrates the efficiency of the
designed actuator control system. The constrained LQ control
is able to guarantee the required active torque and to satisfy
the current valve constraint simultaneously. The efficient inter-
vention of the controlled actuator improves the roll dynamics
of the vehicle.

VII. CONCLUSIONS

The paper proposed an active anti-roll bar actuator control
design developed for a light commercial vehicle. The actuator
control design fits to the concept of hierarchical control
systems. A control-oriented model of the electro-hydraulic
actuator is formulated. The conditions of the constrained
optimal control problem are formed and a lower-level con-
strained LQ tracking control is designed. The efficiency of the
controlled system is illustrated during simulation examples.
The intervention of the designed active anti-roll controller
guarantees the enhancement of the roll dynamics and satisfies
the input constraint.
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