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Abstract Traditional electronic stability control (ESC) systems act on one or
more wheels on the basis of a logic aiming at the control of variables that cannot
be directly measured (vehicle sideslip angle and tire slip). Hence it is necessary a
vehicle state estimator capable of evaluating the needed variables from the data of
the input sensors. In the present paper the authors discuss a different approach
to the estimation problem, assuming that the forces acting on the wheels can
be directly measured. ESC feed forward control logic is designed through vehicle
frequency response analysis in order to obtain a faster active system activation.
The variable controlled by the logic is the wheel longitudinal force. Experimental
results obtained on an ESC hardware in the loop (HIL) test bench prove the
validity of the approach showing enhanced dynamic performances, together with
the limits due to the delays in the actuation of the ESC motor pump, which
needs some time to build the pressure requested for intervention on the selected
callipers. Finally, the tests demonstrate the opportunity of closing the control
loop on a variable (i.e., the force) that can be directly measured.
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Figure 1: Normal production ESC unit: assembled (a) and after the separation
of control and hydraulic unit (b).

1 Introduction

The Electronic Stability Control (ESC) is a vehicle dynamics control system
aimed at increasing safety by assisting the driver in controlling the car during
cornering manoeuvres. It is also known as Vehicle Dynamics Controller (VDC)
or Electronic Stability Program (ESP).

ESC was firstly introduced by Bosch in mass produced cars at the end of
the twentieth century and is getting more and more popular in the automotive
market. Van Zanten et al. describe the basic concept behind the control logic
and actuation systems [[1, 2]]. A commercial ESC unit (Figure 1) consists of an
electro-hydraulic unit (HCU) integrated in the former vehicle braking system:
it is composed of twelve electro-valves and a motor pump, used to vary the
brake pistons pressure independently of the driver action on the brake pedal.
The hydraulic unit is activated by an electronic control unit (ECU), shown in
Figure 1(b) where the ECU is separated from the hydraulic unit.

The aim of ESC is to reduce the vehicle understeer or oversteer thanks to
proper corrective braking and engine torque. Sensors are used to estimate the
vehicle conditions, mainly in terms of longitudinal and lateral accelerations,
yaw velocity and vertical load. Basically the desired vehicle yaw rate ψ̇ref is
computed, according to the driver’s input, with the following equation (see [3]):

ψ̇ref =

δw
Rs

V

L+
Ku

g
V 2

(1)

where L is the vehicle wheelbase, Ku is the understeer coefficient, δw is the
steering wheel angle, V is the vehicle speed, Rs is the steering ratio and g is the
gravity acceleration.

Further developments of the ESC logic focuses on the vehicle sideslip angle
active control, since an uncontrolled increase of its value leads to a loss of vehicle
stability even in case of low yaw rate, as demonstrated by Shibahata [4]. Two
possible means of dealing with sideslip control are
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Figure 2: ESC activation comparison in case of oversteer and understeer, in
terms of which wheels are braked and which wheel is braked mainly.

• the correction of the reference yaw rate in case of sideslip deviation from
the reference value, as suggested in [1];

• the definition of a threshold value under which the sideslip must be kept,
as proposed in [5].

A simple control approach is to compare the reference yaw rate and sideslip val-
ues with the vehicle actual condition, in order to determine the vehicle oversteer
or understeer behaviour.

During cornering, saturation of the tyres lateral force may occur, thus leading
to a nonlinear behaviour of the vehicle. The ESC actuation results in an active
behaviour that the average driver recognizes more easily as linear [6]. Thus the
efficiency of ESC intervention is determined observing yaw rate peak reduction
and oscillation damping time during cornering, together with vehicle sideslip
angle containment and little longitudinal speed loss due to brakes intervention.
As shown in Figure 2 an ESC can generate a yaw moment, which is added to
moment Mz generated by the tyre forces during cornering, in order to correct
the vehicle dynamics, thereby improving its handling and stability [1].

During cornering, braking the outer wheels generates a moment opposite
to yaw, thus reducing the yaw moment generated by the steered wheels, and
therefore contrasting possible oversteer. Vice versa, braking the inner wheels
provokes a greater total yaw moment, in order to reduce the understeer be-
haviour. Moreover, in case of understeering the main braking action should
occur on the inner rear wheel, because the increase of the tyre longitudinal
force due to braking would produce as side effect a reduction of lateral force of
the same tyre, thus determining a decrease of the yaw moment of the tyre forces
opposed to the ESC action. For the same reason, in case of oversteering the
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outer front tyre should be braked more than the rear one, in order to achieve a
larger total yaw moment [1, 5, 7].

A large percentage of ESC system modelling is related to the sensors chosen
to provide the driver and vehicle dynamic information [8]. The required data
are the steering wheel angle, the vehicle yaw rate and lateral acceleration, the
tandem master cylinder pressure and the wheels angular velocity. Several ESC
are equipped also with a longitudinal acceleration sensor to better identify the
vehicle behaviour. At SKF new Load Sensing Hub Bearing Units (Figure 3) are
being developed in order to provide vehicle active systems with direct wheelforce
data ([9, 10]). In addition to these wheel forces and speeds, data from additional
vehicle sensors are available on the vehicle CAN; the same network is used lo
link the control logic to the engine control unit.

The literature on ESC control design is wide. J. Yeop et al. [11] use a vehicle
mathematical model to conceive a control strategy that integrates ESC and an
active driveline management system, aimed at controlling the yaw rate. Shuibo
at al. [12] apply a linear quadratic regulator and sliding mode theories to a
wheel slip ratio controller and use it to control the vehicle lateral dynamics.
Laine and Andreasson [13] treat the vehicle as an over-actuated system and
apply the control allocation methodology to design an ESC logic for the brake
system and the engine.

An example of direct yaw control (DYC) application of sliding mode control
(SMC) can be found in [14]. The yaw moment necessary for correcting vehicle
manoeuvring is determined based on sensor outputs and estimated state vari-
ables. The adaptive SMC is designed in order to let the vehicle slide on a surface
defined by desired yaw angle ψ and yaw rate ψ̇ and by desired sideslip angle β
and its derivative β̇, whose values are determined by an observer.

Sliding mode observers can replace the conventional approach to define the
oversteer/understeer behaviour of the vehicle. A sliding mode observer, based
on a single track vehicle model and using the principle of the equivalent output
error, is used to determine if the vehicle is entering a potentially dangerous
situation during a transient manoeuvre ([15]).

Finally, according to van Zanten et al. [1], the desired yaw moment is used
with equation (2) to compute the value of the braking forces and, consequently,
of the tyre lateral forces required by each wheel:

∆Mz = −∂Fy

∂λ
∆λ

(
a cos

δw
Rs

− b sin
δw
Rs

)
+
∂Fx

∂λ
∆λ

(
a sin

δw
Rs

− b cos
δw
Rs

)
(2)

where Fx and Fy are the tyre longitudinal and side forces, λ is the tyre longi-
tudinal slip, a and b are the front and rear wheelbases. Given the tyre forces
dependence on longitudinal slip, equation (2) is also used to define the slip
variation needed to obtain the proper braking force.

Currently an ESC depends on a set of estimation to actuate the electro-valves
and motor pump: a hydraulic model of the brake circuit is used to estimate
the actual caliper pressure, so that the control unit can increase or reduce the
pressure in order to achieve the desired tyre slip. A few dynamic states are
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Figure 3: SKF Load Sensing Hub Bearing Unit.

also estimated, like sideslip angle, position of the centre of gravity and the
road lateral and longitudinal slope [2, 11]. Yet these estimations are not reliable
enough to be employed in every operating condition by the control logic and have
to be reset periodically. Furthermore the exploitation of the brake system by the
hydraulic unit is affected by delays which in turn affect also the active system:
hence the hardware behaves as a filter with respect to possible improvement in
the control logic promptness and bandwidth.

Tyre forces measurement can be used to provide inputs to vehicle states esti-
mators, as described in [16]. Several approaches are suggested, like inverse tyre
model or direct integration of tyre forces. Each approach is not fully reliable yet,
since road friction is unknown and the estimation algorithm must be periodi-
cally reset in order to avoid error propagation through integration. Besides the
improvement of estimators and observers, tyre force measurement can be used
as direct input for an active braking control logic, used to determine whether
an activation is necessary or not. Gobbi et al. [17] present a prototype of a tyre
forces measurement system; in their work, tyre forces are used to compute the
sliding surface of SMC based ABS and ESP.

In the present work a conventional DYC is used, based on the definition of
the required yaw moment by comparing actual and reference yaw rate, conven-
tionally computed. This paper describes the design process of an ESC control
logic that relies on the knowledge of actual tyre-road forces, due to innovative
sensors, able to measure the three components of the wheel forces at a rate of
200 Hz, with accuracy about 5% of full scale ([10]). The logic is aimed only at
controlling the vehicle through braking, without any intervention on the engine
torque. The control logic is tested experimentally through a hardware in the
loop (HIL) test bench in order to observe its capability of controlling a real brake
system. Finally, in order to take into account the drawbacks of the hardware
delays on the system performance, the electro-valves and motor pump actuation
logic is also considered.
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Figure 4: Passive vehicle yaw rate: reference yaw rate obtained with equation
(1) and (3) in case of a step steer manoeuvre.

2 ESC logic

The design process starts from a classic closed loop (CL) control strategy. The
control signals depend on the difference between the vehicle actual yaw rate and
the yaw rate reference value. In order to estimate the reference yaw rate, eq.
(1) alone does not give satisfactory results, since in case of large values of the
steering wheel angle, the estimated yaw rate would be unreliable. Hence it is
necessary to evaluate an alternate estimate of ψ̇, i.e.:

ψ̇ref =
ay
V

(3)

where ay is the lateral acceleration.

The actual value of the reference yaw rate ψ̇ is given by the smaller between
the values given by eq. (1) and (3) (see Figure 4). Equation (3) allows to
evaluate the correct value of the steady state vehicle yaw rate, but its time his-
tory does not match the real vehicle’s one, since the vehicle lateral acceleration
changes more rapidly than the yaw rate during the transient (see Figure 5).

An alternative approach to the definition of the reference yaw rate starts
from the characterisation of the vehicle lateral dynamics through a linear math-
ematical model. A single track vehicle model is built in order to simulate vehi-
cle behaviour in linear conditions, characterised by two degrees of freedom, i.e.
lateral velocity and yaw rate. The vehicle longitudinal velocity is considered
constant and treated as an internal parameter. Since the application of the lin-
ear model concerns the ESC actuation, a second input is considered beside the
steering wheel angle, representing a generic yaw moment Mz around the centre
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Figure 5: Passive vehicle: yaw rate and lateral acceleration during the transient
of a step steer manoeuvre.

of mass. The latter input is used to simulate the action of an active system such
as an ESC. Equations (4) describe the system dynamics:

Mz + Fy,fa− Fy,rb = Izψ̈

Fy,f + Fy,r = mV
(
β̇ + ψ̇

)
Fy,f = Cf

(
δw
Rs

− β − a

V
ψ̇

)
−
k′f
V
Ḟy,f

Fy,r = Cr

(
β − b

V
ψ̇

)
− k′r
V
Ḟy,r

(4)

where Iz is the vehicle moment of inertia about vertical axis z, m is the sprung
mass, β is the sideslip angle, C is tyre cornering stiffness, k′ is tyre relaxation
length, while subscripts f and r respectively refer to front and rear.

The model parameters are set in order to refer to a medium European sedan.
The transfer function (5) between the steering wheel angle and the vehicle yaw
rate, obtained from the linear model, describes the behaviour of the passive
vehicle: (

ψ̇

δw

)
P

= V Cf
mak′rs

2 +maV s+ aCr + bCr

d4s4 + d3s3 + d2s2 + d1s+ d0
(5)
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where

d4 = mIzk
′
fk
′
r

d3 = mIzV k
′
f +mIzV k

′
r

d2 = Izk
′
fCr +ma2k′fCf +mb2k′fCr + Izk

′
rCf +mIzV

2

d1 = IzV Cr +mb2V CR +mbk′fV Cr +ma2V Cf + IzV Cf −mak′rV Cf

d0 = b2CfCr −maV 2Cf + 2abCfCr + a2CfCr +mbV 2Cr

(6)

Transfer function (5) is characterized by two natural frequencies and two
damping ratios, while the numerator has two zeros. Thus function (5) can
be defined through seven parameters, including the function gain. Figure 6
shows the validation of the linear model, obtained from the comparison of the
experimental frequency response of the vehicle and the frequency output of the
transfer function. The manoeuvre used to validate the model is usually called
”sweep steer manoeuvre” and is based on a sinusoidal motion of the steering
wheel, characterised by an amplitude of 20◦. The manoeuvre is performed at
a longitudinal speed equal to 120 km/h and the frequency of steering wheel
motion is gradually increased until reaching 5 Hz. The sweep steer is performed
by a test pilot with the real vehicle; then the steering time history is used as
input for the vehicle model. A frequency response analysis is performed on
the yaw rate time history and the experimental results are compared with the
simulation, as shown in Figure 6. The phase in the diagram is expressed in
seconds, meaning the time delay between the driver’s steering command and
the vehicle yaw response; the value is obtained dividing the phase [rad] by the
corresponding frequency [rad/s].

In order to adjust the yaw rate reference value to the actual vehicle speed
the following equation can be applied:

ψ̇ref = ψ̇

(
V

Vset

)
(7)
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Figure 7: Passive and reference yaw rate obtained through equation (6) for a
step steer manoeuvre.

where Vset is the value of vehicle longitudinal speed introduced in the linear
model as a constant parameter.

After the validation of the linear model, a target transfer function (ψ̇/δw)T is
computed, representing the vehicle desired behaviour after the correction added
by the ESC (see Figure 7). The new transfer function defines the reference yaw
rate according to the steering wheel input and does not depend on physical
parameters but is chosen by the control designer. The aim of the target func-
tion can be, e.g., to obtain an active vehicle characterized by an over-damped
behaviour. Moreover, to consider the effects of the active control alone on the
vehicle yaw rate, transfer function (ψ̇/Mz)T can be defined. The difference
between desired and actual behaviour transfer functions defines a new single
input – single output (SISO) control transfer function (Mz/δw)C , as described
in equation (8), where (Mz/Mz,act) is the transfer function describing the non
ideal behaviour of the control system actuator:

(
Mz

δw

)
C

=

(
ψ̇

δw

)
T

−

(
ψ̇

δw

)
P(

ψ̇

Mz

)(
Mz

Mz,act

) (8)

The results presented in this paper are obtained considering an ideal rear
actuator, thus (Mz/Mz,act) = 1. The analysis of the results will show that this
assumption is wrong and the influence of the ESC actuator cannot be neglected,
but has to be compensated in some way.
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Figure 8: Control logic diagram.

Function (Mz/δw)C represents the feed forward control logic, which imposes
the ESC intervention as a result of the steering wheel motion. The driver’s
impulsive steering wheel rotation is interpreted as a quick yaw rate request and
if necessary the ESC compensates passive vehicle yaw response delay. Trans-
fer function output determines the brakes pressure pt request by brake system
mathematical model:

pt =
2Mz

t

R

µEsBF
(9)

where R is the tyre radius, t is the vehicle track, Es is the booster coefficient,
µ the friction coefficient between disk and pad and BF is the brake factor.

The logic allows two wheels to be braked at the same time, on the same side
of the car. The model recognizes steering wheel rotation direction and vehicle
oversteer or understeer condition. ESC is requested to generate the proper yaw
moment Mz through front and rear wheels braking. Front and rear brake force
split is determined by two complementary coefficients, whose values depend on
which wheel is chosen to brake more heavily. Feed-forward (FF) control reaches
its limits when tyres saturate and present nonlinear behaviour, depending on
road friction. A similar consideration holds in case of low adherence, or con-
sidering the temperature and components wear influence on the brake system
performance. Thus a control logic based on linear hypothesis alone is not consid-
ered safe enough. The transfer function is then merged in a closed loop control
structure in order to ensure failsafe conditions and control robustness. Yaw
reference value calculation method is modified for the closed loop: it is now de-
fined by the transfer function (ψ̇/δw)T . Closed loop (CL) controller parameters
are set in order to let CL only adjust the control signal coming from open loop
(OL) transfer function. Final control logic structure is represented in Figure 8.
FF and CL work independently; then their contributions are summed and pro-
cessed through a filter dependent on derivative value. The filter aim is to avoid
ESC prolonged intervention or improper activation in case of little differences
between vehicle yaw rate reference and actual values. Theoretically, if compared
to a closed loop control alone, a feed forward grants a quicker intervention.
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3 Control logic based on Load Sensing Hub Bear-
ing Unit

The former logic can be improved in case innovative sensors able to measure the
forces at the wheels are available. A possible advantage given by the measure
of the ground forces lies in the chance of directly controlling the forces exerted
by the wheels, without need of a model to estimate the brake pressure or the
tyre longitudinal slip. The control transfer function output can be obtained by
tyre braking forces, as defined by the following equations:

Mz,l = −Fx

(
t

2
cos δf − a sin δf + kp

t

2

)
Mz,r = Fx

(
t

2
cos δf + a sin δf + kp

t

2

) (10)

where δf = δw/Rs is the front steering angle.
The first of eq.(10) is valid if the yaw moment is obtained by braking the

left (subscript l) tyres, while the second holds if the right (subscript r) tyres are
braked. In both cases, the rear wheel braking force is dependent on the front
one according to a proportional coefficient kp, whose value varies between 0 and
1. In this way, e.g. in case of oversteering, the front wheel is braked more than
the rear and vice-versa, as expressed by equations:{

Tr,o = kpTf (oversteer)

Tr,u = (1 − kp)Tf (understeer)
(11)

After the definition of the reference braking force, the actuation logic is changed
in order to realize a force control. The desired force is compared with the actual
braking force computed from the sensor signal. The braking cylinder pressure
is increased or reduced in order to minimize the difference between these two
values, thus defining two distinct states in which the active system can operate.
Since the brake pressure gradient during the increase and reduction phases is
high, the pressure is never kept constant; hence the pressure maintenance phase
is not included in the final control logic. A dead zone limited at 100 N is applied
for the control error, to avoid undesired actuation.

4 Simulation results

Simulation results are obtained on a 14 degrees of freedom vehicle model: six for
the car body, one for each wheel rotation and vertical travel; suspensions char-
acteristics are included. The model includes a hydraulic brake system model,
obtained through several tests performed using the test bench described in the
following section. The model is validated using road test data of a front driven
sedan (see Tab. 4 for the main vehicle data), characterized by design parameters
equal to those of single track model. The manoeuvre chosen to test the algo-
rithm is a classical step steer, characterized by the vehicle running at 100 km/h
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Figure 9: Yaw moment requested by the open loop control logic during a step
steep manoeuvre.

and undergoing a sudden steer of 100◦ with a 400◦/s wheel angle rate, which is
considered a highly nonlinear manoeuvre. The manoeuvre is performed during
a throttle pedal release, in order to minimize the influence of the driving torque
and consequently the lack of a traction control logic running together with the
brake pressure control. Figure 10 shows the value of the requested yaw torque
determined by the open loop control.

Table 1: Main data of the vehicle used in tests

mass m 1580 kg inertia Iz 2.21 · 103 kg m2

track t 1.59 m steering ratio Rs 13.1 -
front wheelbase a 0.977 m rear wheelbase b 1.723 m
front spring kf 43·103 N/m2 rear spring kr 27·103 N/m
front damper cf 2.6·103 Ns/m2 rear damper cr 2.1·103 Ns/m
tyres 225/50 R 17 -

The active control is composed by three phases. Considering that steering
action begins at 5 s and that in the first tenth of second the yaw reference is
greater than passive yaw (see Figure 9), the control logic immediately requests
a yaw moment increase in order to obtain a quicker cornering. The second
request is for a counter-yaw moment to reduce the positive peak value of yaw
rate, which characterizes the passive vehicle after 0.5 s from the beginning of
the manoeuvre. The third phase of the ESC activation is a yaw moment request
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Figure 10: Brake pressure obtained from the open loop yaw moment request.

aimed at damping the yaw rate residual oscillations. Figure 9 shows the values
of the simulated brake cylinder pressures derived from the active torque request,
setting kp = 0.5.

Considering the pressure at the main braked wheel (Figure 10), the first
phase of the control is turned into a pressure of 5 bar, the second phase reaches
30 bar, while the third phase is absent. Due to the proportionality between yaw
moment and pressure in eq. (9), the pressure for the first phase should be at
least three times higher, but the delay due to the motor pump does not allow
the pressure to reach the desired value so promptly. For the same reason the
third phase of the activation is filtered. Results show that the hydraulic unit
has a great influence on the potential exploitation of the active system; for this
reason it is necessary to proceed to hardware experimentation.

5 HIL test rig experimentation

5.1 Test bench

Test experimentation is based on the use of a hardware in the loop (HIL) test
bench. The test rig is adapted in order to mount the original components of the
brake system of the vehicle used to validate the mathematical model (Figure 11).
It consists of the entire brake system, comprehensive of vacuum booster, tandem
master cylinder (TMC), electronic stability control unit, all rigid and flexible
pipes mounted on the real car and four wheel discs with brake callipers. A
controlled actuator pushes the booster input rod, allowing to simulate both semi-
stationary and dynamic brake manoeuvres. A displacement sensor is mounted
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Figure 11: Hardware in the loop test bench (a) for braking system with ESC
unit (b) modified in order to bypass the commercial control logic.

on the actuator to measure the feedback of the PID controller, which can work
as displacement, speed or pressure controller. Vacuum levels are measured and
maintained constant inside the booster. Dedicated sensors measure the pressure
at wheel brake cylinders and at TMC. The vehicle model described above runs
in real time on a dedicated platform, equipped with data acquisition and signal
generation boards.

The original ECU and power electronics are bypassed. The solenoids de-
voted to the actuation of the 12 electro-valves lay under the circuit of the ECU
and the relays are used to activate the motor pump. The circuit is removed
and substituted with a plate containing only the welding spots to the solenoid
pins. The plate in Figure 11 shows the connections with the electro-valves (12
for the positive pole and 1 for common ground) and a couple of cables devoted
to transmit the power signal to the motor pump. Since the real time platform
signals need to be turned into power signals, a dedicated box, equipped with
high performance solid-state relays, substitutes the motor and valves relays. In
order to identify the model parameters for the brake system and to design the
ESC control algorithms, it is necessary to identify the main characteristics of
the hardware components of the brake system and to test the performances of
the passive system. It is also necessary to measure the geometric characteristics
of the components of the brake system and of the ESC hydraulic unit: front and
rear disc diameters, pad diameters, brake cylinder diameters, pump displace-
ment, high and low pressure accumulator characteristics. Then it is necessary
to determine the dynamic characteristics of TMC, valves and motor pump.

5.2 Test procedure to identify electro-valves dynamics

Figure 12 plots a typical test of the brake system dynamics. The brake pedal
motion is realised, but the isolation valves are closed in order to maintain the
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Figure 12: TMC and brakes pressures time history during an electro-valves
characterization test.

calliper pressure to zero during the TMC pressure increase. After the TMC
pressure reaches the desired value, one ore more isolation valves are opened at
the same time, letting the brake fluid to flow to the callipers. The consequent
pressure increase is measured, in order to get the average time delay of the
brake system. Figure 12 also shows that the isolation valve opening provokes a
temporary reduction of the pressure at the TMC: the phenomenon also occurs
at the brake calliper piped on the same diagonal. Another test consists in
the activation of the motor pump and the proper electro-valves, in order to
generate a pressure build-up even when the brake pedal is not pressed. Again
the pressure increase is measured and the time vs. pressure characteristic of the
motor pump is obtained, as shown in Figure 13. The high frequency oscillation
of the pressure, which is superimposed to the build-up curve, is due to the double
effect piston motor-pump. The experimental results of the tests carried on ESC
valves, motor pump unit and booster allow to describe the dynamics behaviour
of the entire brake system with suitable transfer functions. The results are
processed in order to set the parameters of the mathematical model of the
braking system used in Section 4. It is of interest noting that the mathematical
model of the actuator is characterized by a transfer function that reproduces
the time delay of the electro-valves but neglects the disturbance during their
commutation. Moreover, the motor pump is modelled through a look-up table,
neglecting the pressure oscillations.
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Figure 13: Brake pressure time history during a motor pump characterization
test.

5.3 Results

The simulated manoeuvre is described in section 4. The coefficient kp is set
equal to 1 in order to observe the effect of the braking of a single wheel. Further
work will focus on the sensitivity of the ESC performance to kp. Figures 14
and 15 plot a comparison, in terms of body sideslip angle and yaw rate, of
the passive vehicle and the active model with open and closed loop algorithms.
It is interesting to observe that the two logics give approximately the same
results, improving the passive vehicle behaviour thanks to reduced peak values
of the oscillations of sideslip angle and yaw rate; moreover also the settling time
appears reduced. The small difference between the two active vehicles is due
to the not ideal HCU: in fact, the positive peak of sideslip angle at beginning
of the manoeuvre is not reduced because of the delay in the pressure build-up
during the first phase of ESC activation. The yaw acceleration does not change
in the first tenth of second as well, regardless of the yaw moment request by the
control logic feed forward.

Figure 16 plots the comparison between requested and obtained tyre lon-
gitudinal forces: while the force is well controlled during the reduction phase,
the control shows great delay in case of a force increasing request. From the
tests it appears that the feed forward action, which should improve the sys-
tem promptness, has a limited effect due to the delays in the actuation of the
ESC motor pump, which needs some time to build the pressure requested for
an effective intervention on the selected calliper. The ESC activation is per-
formed on each of the four wheels, instead of only two as stated in Section 2,
because the closed loop control adds the chance of braking the outer-rear and
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Figure 14: Sideslip angle time history: comparison between passive vehicle,
vehicle with open loop ESC and closed loop ESC during a step steer manoeuvre.

the inner-front wheels as well. The tyre longitudinal force can be controlled
once it has reached the reference value. It demonstrates the opportunity of
closing the control loop on a variable that can be directly measured. Figure
17(a) shows the brake cylinder pressures obtained by the actuation logic in case
of a open loop control: the moment request is achieved by braking only two
wheels. Figure 17(b) is similar but is obtained through the closed loop control:
the difference are small and consequently they have almost the same effect on
the vehicle dynamics. Nevertheless, for the selected manoeuvre the closed loop
strategy succeeds in giving better results, thanks to the high controllability of
the braking forces and the distribution of the activation on four wheels, thus
emphasising the greatest advantage of a force based control. Moreover Figure 18
plots the time history of the activation signals for the ESC electro-valves (ISO,
DUMP, TC-ISO and TC-SUPPLY) that permit to obtain the desired pressure
build-up shown in Figure 17(a).

6 Conclusions

The approach proposed in the paper leads to the design of a true closed loop
control strategy, which can be easily tuned. Seven parameters are needed to
define the passive vehicle behaviour, seven for the desired active behaviour and
one to tune the braking force distribution between front and rear wheels. The
main advantage of the approach is that the active system is no more dependent
on state observer, since the controlled variable is directly measured. Estimation
algorithms, such as brake pressure estimation, which is inevitably affected by
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Figure 15: Yaw rate time history: comparison between passive vehicle, vehicle
with open loop ESC and closed loop ESC during a step steer manoeuvre.

errors due to nonlinearities, temperature variations and brake component wear,
are overcome. Problems have been encountered during the control logic experi-
mentation, since the hydraulic unit response to command signals is affected by
several delays, particularly during the early phase of the activation. Such not
ideality can be overcome only by changing the hardware design. Future devel-
opment will concern the simulation of different dynamic manoeuvres, in order
to test the logic in a wider range of road conditions and driver’s commands.
Moreover the control logic will be developed in order to consider lateral and
vertical forces measurements, hence to adapt the yaw moment request to load
transfer and to tyre lateral saturation.
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