
Received November 9, 2021, accepted November 16, 2021, date of publication November 18, 2021,
date of current version November 30, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3129263

Enhancing the Braking Performance of a Vehicle
Through the Proper Control of the Active
Suspension System
DIMITRIOS PAPAGIANNIS , EVANGELOS TSIOUMAS , MARKOS KOSEOGLOU ,
NIKOLAOS JABBOUR , AND CHRISTOS MADEMLIS , (Senior Member, IEEE)
School of Electrical and Computer Engineering, Aristotle University of Thessaloniki, 54124 Thessaloniki, Greece

Corresponding author: Dimitrios Papagiannis (dipapagi@auth.gr)

The research work was supported by the Hellenic Foundation for Research and Innovation (HFRI) under the HFRI PhD Fellowship grant
(Fellowship Number: 117).

ABSTRACT This paper investigates the problem of the vehicle’s braking performance and a control method
is proposed that can reduce the stopping time and distance, through the proper control of the active suspension
system. Specifically, a Linear Quadratic Controller is utilized, that regulates the vehicle’s frame pitch angle
during the braking process for establishing a correct balance between the front and rear axles. Moreover,
a fuzzy-logic system is introduced, which penalizes the effort of the actuators aiming to the reduction of
the consumed power. The proposed control method of the active suspension system is energized only in
an emergency condition, which is identified through the travel of the braking pedal pushed by the driver.
Under normal conditions, the active suspension returns to the regular operation, that is the improvement of
the passengers’ comfort by means of rejecting the vehicle’s disturbances induced by road’s irregularities.
The effectiveness of the proposed emergency control technique of the active suspension system is verified
through a simulation model, by using the MATLAB/Simulink software, in comparison to a passive, semi-
active and an active suspension, as in the literature. Selective simulation results for various road conditions
are presented to demonstrate the operating improvements.

INDEX TERMS Active suspension, braking system, vehicle control, active safety, emergency conditions.

I. INTRODUCTION
The vehicle suspension system refers to the group of mechan-
ical components that connect the wheels to the body and plays
a key role for both the passengers’ comfort and the vehicle’s
handling response [1]. The suspension systems are mainly
categorized in passive, semi-active and active depending on
the construction and the control capabilities [2].

In a passive suspension, the rejection of the disturbances is
accomplished by the cooperation of a spring and a damper,
but without any control on their performance. The perfor-
mance of the damper can be indirectly controlled in a semi-
active suspension. However, full control can be attained in
an active suspension and thus, increased capabilities for fast
and fully controlled response are provided. Although the
active suspensions are higher energy consumed and costly,
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compared to both passive and semi-active suspensions, their
competitive advantages make them very attractive [2], if the
improvement of the vehicle’s behavior is desired [3].

An active suspension can effectively increase the pas-
sengers’ comfort, compared to the passive and semi-active
suspensions, by both isolating the vehicle’s suspended mass
from the road unevenness and absorbing its movement during
the acceleration, deceleration, and cornering maneuvers [4].
Thus, a growing research interest has been observed in the last
years and several research papers have been published in the
technical literature on the fields of the control design and the
implementation of the active suspension. Specifically, a the-
oretical study on the control problem of the active suspension
by considering both ride and handling quality into the optimal
control formulation has been presented in [5]. A practical
implementation approach of the active suspension has been
proposed in [6] and an active suspension system with tubular
linear brushless permanent magnet motor drives has been
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presented in [7]. The analytical design of a PID controller of
an active vehicle suspension system, for enhancing the ride
comfort, has been presented in [8]. Also, several research
efforts to enhance the performance of the active suspension
by utilizing the model predictive control technique have been
reported in [9]–[11].

To compensate the influence of the uncertainties that the
vehicle components may cause on the active suspension
performance (e.g. the distribution of the vehicle’s weight,
actuator faults, etc.), several control methods have been pro-
posed based on the robust control [12], [13], fault tolerance
control [14], adaptive dynamic surface control [15], adaptive
neural networks [16], [17], and fuzzy-logic control [18], [19].
The common goal of the aforementioned control methods is
the reduction of the vertical acceleration of the sprung mass
of the vehicle, by regulating the actuator force. However,
since they are focused on the improvement of the passengers’
comfort, they disregard the potential contribution of the active
suspension on the vehicle’s braking performance.

Since the active suspension can play a key role at the
handling of the vehicle, several control techniques and imple-
mentation methods have been proposed. Specifically, the
driving performance of a semi-active suspension based on
a hybrid control strategy has been studied in [20]. A hybrid
control system based on the skyhook and ground-hook meth-
ods has been proposed in [21], aiming to effectively reject
the oscillations of the wheels in order to keep the contact
with the road. The influence of the active suspension on the
vehicle’s yaw and lateral dynamics through the adjustment
of the roll stiffness of the vehicle has been examined in [22],
aiming to the proper control of the lateral load distribution
between the front and rear axles, in order to increase the
vehicle’s stability during cornering maneuvers. An electric
active stabilizer has been utilized in [23], in order to minimize
the roll angle of the sprung mass and thus, to enhance the
performance of the vehicle during cornering. Coordinated
control strategies for active steering, active suspension and
differential braking have been examined in [24] to improve
the vehicle’s stability during high-speed maneuvers. Also,
the vehicle dynamics in quasi-state conditions with respect
to the lateral dynamics have been examined in [25]. How-
ever, although the above publications thoroughly examine the
lateral dynamic performance of the vehicle with an active
suspension, they ignore the longitudinal dynamic response
during the braking process.

It is well known that the braking performance of a vehicle
is very important for the safety of the passengers and the
pedestrians, as well as the safety with respect to the other
vehicles. Thus, all modern cars are equipped with antilock
braking systems (ABS), in order to enhance the effectiveness
of the braking process [26]. The objective of the ABS is to
ensure that the wheels of the vehicle will not be locked during
a braking, and they can continue to roll to provide the required
decelerating contact force [27]. This is realized by regulating
the brake valve attaining the proper braking pressure with
respect to the road’s conditions. However, the ABS can only

prevent the lock-up of the wheels, and thus, despite the proper
regulation of the braking force to each wheel, loss of the
vehicle’s control may occur during the braking process [28].
To overcome this drawback, the electronic brakeforce dis-
tribution (EBD) has been developed that assists the ABS to
distribute the correct braking force to each wheel according
to the weight it supports. Specifically, the EBD measures the
difference between the speed of the vehicle and the rotation
of each tire and tries to keep it within acceptable limits by
properly controlling the brake valve of each wheel [29], [30].

Although the combined systems of ABS and EBD can
considerably improve the braking performance, they cannot
effectively control the distribution of the vehicle’s weight to
the front and rear axles, since they have been designed for
passive suspensions and thus, they act on the control of the
pressure of the brake fluid [31]. Specifically, they cannot lift
the front axle during the braking, in order to reduce its weight
by transferring it to the rear axle and thus, to properly regulate
the vertical tire forces so as, to increase the total braking force
of the vehicle. Contrarily, a properly controlled active suspen-
sion system can improve the distribution of the vertical forces
between the front and rear axles and hence, in conjunction
with the ABS-EBD, it can considerably enhance the braking
performance of the vehicle.

A control algorithm that can reduce the wheel load oscil-
lations under ABS braking conditions for a vehicle running
up to 70 km/h has been presented in [32]. A technique that
reduces the braking distance of a vehicle through the proper
control of a semi-active suspension system, by regulating the
active damping between the two extrema, has been proposed
in [33]. However, since the technique has been developed for
semi-active suspensions, the reduction of the braking distance
is confined to 1.3% for a smooth road and 3.5% for a very
rough road, compared to a passive suspension system.

Although it is well known that an active suspension system
can reinforce the response of the vehicle’s braking during
emergency conditions, only a few research efforts have been
conducted to develop an effective control method. Specif-
ically, a preliminary investigation towards the reduction of
the braking distance through the proper control of the active
suspension has been presented in [34], where the goal of the
suspension system is to impose normal force synchronized
with the brake torque. However, the effect of the normal force
during the braking procedure has been examined individually
for the front and rear tires and not for the whole vehicle and
also, the potential loss of the tire’s contact with the ground
during the dynamic performance of the suspension has been
disregarded. An ABS control method assisted by an active
suspension system has been presented in [35]; however, the
quarter car model has been considered and consequently,
the longitudinal weight transfer has been ignored. From the
above, it is revealed that a method that can properly control
the vehicle’s active suspension during the braking procedure
is required, so as, reduction of the braking time and distance
for all road conditions can be attained in order to improve the
safety of the vehicle.
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Thus, the motivation of this paper is to develop a control
method for the vehicle’s active suspension system, that can
enhance the braking performance by considerably reducing
the braking time and distance, compared to other passive,
semi-active and active suspension control methods. The pro-
posed method can be applicable to any vehicle and although
it is mainly focused on the emergency braking performance,
it considers the passengers’ comfort and the energy consump-
tion by the active suspensions.

The aim and the contribution of the paper are summarized
as follows:
• The suggested emergency braking control method can
reduce the braking time and distance by providing a
correct balance in the longitudinal load transfer between
the front and rear axles.

• The above is attained by online determining the opti-
mal vehicle’s frame pitch angle utilizing the fuzzy-logic
technique that acts as a reference signal to a commonly
used linear quadratic controller that regulates the opera-
tion of the active suspensions.

• Unlike similar published methods, the presented inte-
grated control system considers the braking response of
both the front and rear wheels, as well as the dynamic
performance of the vehicle.

• The suggested control algorithm is activated only in
emergency conditions which are detected by the travel of
the braking pedal, pushed by the driver, to avoid unnec-
essary continual operation and therefore, unnecessary
energy consumption.

• The effectiveness and the feasibility of the proposed
braking control method is verified through simulation
analysis utilizing the Matlab/Simulink software and the
operating improvements are validated with selective
simulation results in comparison with passive, semi-
active and active suspension systems used in the tech-
nical literature, for several road conditions.

II. VEHICLE SUSPENSION SYSTEM MODEL
Since the longitudinal response of the vehicle during braking
is studied, the half car trailing armmodel is employed. By this
model, both the vertical vibration and the pitch movement
of the vehicle body, as well as the vertical motions of the
front and rear wheels during the braking can be effectively
considered [36].

Figs. 1(a) and (b) illustrate the half car model when the
vehicle is traveling at a certain constant speed and after the
deployment of the active suspension system during a braking,
respectively. For the sake of generality, the pitch center (PC)
is considered different from the vehicle’s center-of-gravity
(CoGs), as this occurs for most of the vehicles.
The longitudinal dynamics of the vehicle are expressed

by [37]

mTOT ẍ = F fw_x + F
r
w_x − F

W
x (1)

where, mTOT is the total mass of the half vehicle, x and ẍ are
the longitudinal displacement and acceleration of the vehicle

FIGURE 1. Half vehicle suspension model: (a) when it travels at a
constant speed and (b) during a braking at the deployment of the active
suspension system.

respectively, F fw_x and F rw_x are the longitudinal forces of the
front and rear tires respectively, and FWx is the aerodynamic
resistance force.

The vertical dynamic of the sprung mass is modeled by

msz̈s = F fSusp + F
r
Susp − msg (2)

where, ms is the sprung mass, zs and z̈s are the vertical
displacement and acceleration of the chassis, respectively, g
is the gravity’s acceleration (g ' 9.81m/s2), and F fSusp and
F rSusp are the front and the rear suspension forces respectively,
that are determined by

F iSusp = F iSpr + F
i
s_D + F

i
Act (3)

where i denotes the front (f ) and the rear (r) suspension, F iSpr
is the spring force, F is_D is the damping force, and F iAct is the
force generated by the actuator of the i-th suspension.

The spring force can be calculated by

F iSpr = K i
Spr (L

i
0 − z

i) (4)

where K i
Spr is the stiffness coefficient, L

i
0 is the free length of

the i-th suspension and zi is the deflection that is given by

zi = zs − zius ± l
i sin θpc (5)

where zius is the vertical displacement of the unsprung mass,
l i is the distance of the i -th suspension from the CoG s, and
θpc is the pitch angle of the sprung mass in respect to the
PC. In (5) the positive sign refers to the front axle, while the
negative to the rear axle. Similarly, the damping force can be
calculated by

F is_D = −C
i
s_Dż

i (6)

where C i
s_D is the damping coefficient and żi is the vertical

velocity of the spring deflection of (5), of the i-th suspension.
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Also, the vertical dynamics of the unsprung mass mius, that
is attributed to the axle of the i-th suspension is described by
the following expression

miusz̈
i
us = F iw_z − (F iSusp + m

i
usg)∓ Lus (7)

where, z̈ius is the vertical acceleration of the unsprung mass
mius, F

i
w_z is the vertical force of the i-th wheel, hus is the

height of the CoG us of the total unsprung mass of the vehicle
(front and rear axles), and Lus is the longitudinal weight
transfer of the total unsprung mass of the vehicle that is given
by

Lus =
(mfus + mrus)husẍ

l f + lr
(8)

In (7), the negative sign for the Lus corresponds to the
front axle, while the positive to the rear axle. Each wheel is
simulated as a parallel connected spring and damper system,
and thus, the vertical force of the tire is calculated by the
following expression

F iw_z = F iw_Spr + F
i
w_D (9)

where, the F iw_Spr is the wheel’s spring force that is given by

F iw_Spr = K i
w_Spr [R

i
g − (zius − z

i
road )] (10)

where K i
w_Spr is the spring coefficient, Rig is the unloaded

geometric radius, and ziroad is the vertical height of the road’s
disturbance, of the i-thwheel. The damping force of thewheel
can be calculated by

F iw_D = −C
i
w_D(ż

i
us − ż

i
road ) (11)

whereC i
w_D is the damping coefficient and żiroad is the vertical

velocity, of the i-th wheel.
Regarding the rotational dynamics of the system, the

moment equilibrium of the sprung mass in respect to its
potential rotation around the PC is described by the following
relationship

Jsθ̈pc = F fSuspl
′f
− F rSuspl

′r
+ msgxpc

−mshpc(ẍ cos θpc − g sin θpc) (12)

where Js is the inertia of the sprung mass, θ̈pc is the accel-
eration of the pitch angle (that is the angular acceleration of
the sprung mass), and xpc and hpc are the longitudinal and
vertical distances between the CoG s and PC, respectively.
The longitudinal distances between the PC and the front and
rear axles, respectively, are given by

l ′f = l f − xpc (13)

l ′r = lr + xpc (14)

Thus, considering (2) and (12), and taking into account
the moments about the rear and front axles respectively, the
front and rear axles’ suspension forces in a quasi-steady state
condition are given by

F fSusp =
lr

l f + lr
msg+1FSusp (15)

F rSusp =
l f

l f + lr
msg−1FSusp (16)

where

1FSusp =
mshpc(ẍ cos θpc − g sin θpc)

l f + lr
(17)

is the fluctuation in the two axles suspension forces due to a
potential pitch rotation of the sprung mass.

The rotational dynamic response of the i-th wheel is given
by

J iwθ̈
i
w = −T

i
Brk + F

i
w_xR

i
w (18)

where J iw is the inertia, θ iw and θ̈ iw are the angle and the
angular acceleration, respectively, T iBrk is the brake torque
imposed by the vehicle’s braking system, F iw_x is the wheel’s
longitudinal force and Riw is the effective radius, of the i-th
wheel. The effective radius is defined by Rw = ux/ωw,
where ux is the longitudinal velocity and ωw is the angular
velocity of the wheel. When the tire is rolling, each part of the
circumferences is flattened as it passes through the contact
area. Thus,, the Riw of each i-th wheel is a number between
the unloaded geometric radius Rig and the loaded height Rih
(Rih < Riw < Rig), and is approximately equal to [38] and [39]

Riw ≈ Rig −
Rig − R

i
h

3
(19)

The longitudinal force of the i-th wheel in relation to the
vertical force can be determined by the commonly usedmagic
formula model of Pacejka [40] that is given by

F iw_x = DixG
i
x + S

i
Vx (20)

where

Gix=sin
[
C i
x arctan

(
Bixs

i
x−E

i
x

[
Bixs

i
x−arctan

(
Bixs

i
x

)])]
(21)

and six is the longitudinal slip during braking which is defined
by [38]

six =


θ̇ iwR

i
g − ẋ

θ̇ iwRig
, θ̇ iwR

i
g ≥ ẋ (drivingmode)

θ̇ iwR
i
g − ẋ

ẋ
, ẋ > θ̇ iwR

i
g (brakingmode)

(22)

where ẋ is the longitudinal velocity of the vehicle and θ̇ iw
is the angular velocity of the i-th wheel. The values of the
parameters Bix , C

i
x , D

i
x , E

i
x and S

i
Vx of each i-th wheel can

be determined experimentally.

III. OVERVIEW OF THE PROPOSED CONTROL METHOD
It is well known that the braking performance of a vehicle
is considerably influenced by the friction forces at the four
tires and the wind resistance. The friction force of each tire
depends on the imposed load by the vehicle’s weight, its
technical characteristics and operating state, and the road’s
conditions. The force that is owed to the wind resistance
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FIGURE 2. Variation of the sinusoidal term Gx of the Pacejka’s model
versus vertical force, for the front and rear tires, and for several
longitudinal slip values.

TABLE 1. Pacejka’s model parameters of front and rear tires.

depends on the wind’s speed and direction, as well as the
aerodynamic construction of the vehicle. From the above it
follows that for a given vehicle with certain tires’, road’s and
wind’s conditions, the braking performance can be enhanced
if the vehicle’s weight is properly distributed to the four
wheels so as their total friction force is increased.

In the Pacejka’s magic formula (20), for the i-th wheel, the
Dix determines the amplitude of the sinusoidal variation of the
F iw_x and assuming pure longitudinal travel (no camber and
no slip angle), it can be terms of F iw_z by

Dix = F iw_z(P
i
Dx1 − P

i
Dx2)+ (F iw_z)

2 PiDx2
F iw_znom

(23)

where F iw_znom is the nominal load, and PiDx1 and piDx2 are
parameters of the i-th tire model. The term S iVx shifts the curve
of F iw_x(s

i
x) not to pass through the origin, due to the rolling

resistance and tire irregularities, and it is expressed as

S iVx = F iw_z
PiVx2
F iw_znom

+ (PiVx1 − P
i
Vx2) (24)

where PiVx1 and P
i
Vx2 are parameters of the i-th tire model.

FIGURE 3. Variation of the longitudinal (braking) forces of the front and
rear tires, and the total longitudinal (braking) force, versus the front and
rear vertical forces, for several wheel slips (sx) and longitudinal speeds
(v), for the Pacejka model’s coefficients reported in Table 1.

In the sinusoidal term Gix of (21), the stiffness factor Bix
determines the slope of the F iw_x(s

i
x), while the curvature

factor E ix affects the behavior of the F
i
w_x(s

i
x) at the unstable

region (beyond the critical slip six0 that corresponds to the
maximum value of the longitudinal force). The shape factor
C i
x has a constant value and it describes whether the F

i
w_x(s

i
x)

curve is monotonous increasing (0 < C i
x < 1) or includes a

local extreme (C i
x > 1).

Although the Gix varies with the longitudinal slip six , its
influence by the vertical force F iw_z is almost constant in
the usual working region of the tire [38]–[40]. The above
is validated by the simulation results presented in Fig. 2,
that illustrate the variation of Gix with respect to the vertical
force, for the front and rear tire, and for various longitudinal
slip values. The Pacejka’s model coefficients of the front and
rear tires that have been used for the simulation analysis are
reported in Table 1 and are referred to tires of a Class D
(Large) vehicle, in consistent with the regulations of [41].
Specifically, two 235/60/R16 tires with unloaded geometric
radius Rg of 0.344m are adopted, whose characteristics are
obtained by [42]. Note that, the model coefficients of the front
tire are different than the rear tire to simulate potential wear
unevenness or constructional diversifications.
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FIGURE 4. Variation of the longitudinal (braking) forces of the front and
rear tires (upper and lower diagram, respectively), versus the wheel slip,
for several vertical forces.

From (20), (23), (24) and considering the above analysis,
it is concluded that, for a given six longitudinal slip, the
variation of F iw_x with respect to the vertical force F iw_z is
almost parabolic and it can be modeled by the following
formula

F iw_x = (F iw_z)
2ai2 + F

i
w_za

i
1 + a

i
0 (25)

where, for each i-th tire, the aio, a
i
1 and a

i
2 are parameters that

depend on the parameters that model the F iw_x by (20).
The variation of the longitudinal forces of the front and rear

tires (F fw_x and F rw_x , respectively), and the total longitudinal
force of the vehicle (FTotw_x = F fw_x + F rw_x), versus the front
and rear axle vertical forces, for several wheel slips and longi-
tudinal speeds, for the Pacejka model’s coefficients reported
in Table 1, are illustrated in Fig. 3. As can be observed, the
maximum total longitudinal (braking) force of the vehicle
is attained for a specific pair of vertical forces of the front
and rear tires. In other words, the maximum total braking
force can be achieved through the correct distribution of the
vehicle’s weight to the front and rear wheels that can be
accomplished by properly controlling the respective active
suspensions.

In the above analysis and also throughout the whole paper,
it is considered that the braking system keeps the wheel
slip close to the value in which peak deceleration force is
generated by alternatively increasing or decreasing the brake
torque through the brake valve, as per [35]. The maximum
value of the deceleration force at each tire occurs at a specific
slip value that, due to the uneven wear, may be different in
the two tires. This is validated by the simulation analysis con-
ducted by using the Pacejka’s model coefficients of Table 1
and is illustrated in Fig. 4 that presents the variation of the
braking forces of the front and rear tires with respect to the
longitudinal slip, for several vertical forces.

From the above it is resulted that the stopping time and
distance of a vehicle during a braking process can be reduced
through a control system, that regulates the active suspen-
sion system so as the vehicle’s weight is properly allocated
between the two axles.

IV. EMERGENCY ACTIVE SUSPENSION CONTROL
ALGORITHM
In order to determine the load balance between the front and
the rear wheels (F fw_z and F rw_z, respectively), the longitudinal
load transfer index (LTI) is introduced, as given by

LTI =
F fw_z − F rw_z

F fw_z + F rw_z
(26)

Considering (15)-(17) and (7)-(8), it is resulted that the LTI
consists of two parts

LTI = LTIU + LTIC (27)

The uncontrollable part LTIU is given by

LTIU =
lr−lf

lf+lr ms + (mfus − mrus)

ms + m
f
us + mrus

+

2 (mfus+mrus)husẍ
lf+lr

(ms + m
f
us + mrus)g

(28)

and it is not affected by the load distribution to the front and
rear axles that the suspension system may provide, while the
controllable part LTIC is given by

LTIC =
2mshpc(ẍ cos θpc − g sin θpc)

(l f + lr )(ms + m
f
us + mrus)g

(29)

that depends on the pitch angle θpc and thus, it can be reg-
ulated by the active suspension system. Since in most of the
vehicles, the pitch angle θpc that a suspension system can pro-
vide does not exceed the 10 ◦, the LTIC can be approximated
by

LTIC ≈
2mshpc(ẍ − gθpc)

(l f + lr )(ms + m
f
us + mrus)g

(30)

In addition to attaining maximum total longitudinal force
during a braking, the passengers’ comfort should be consid-
ered, since it affects the sense of safety in the vehicle. Thus,
the optimal LTI should not only be determined by the proper
load balance between the front and the rear wheels, but it
depends on the rate of change of the pitch angle. Moreover,
the energy consumption by the active suspension operation,
during the braking, should be taken into account.

The combined objectives of the proper load balance
between the front and the rear wheels, satisfactory comfort
and reduced energy consumption during the braking consti-
tute a multi-objective problem that cannot be described by an
analytical equation which can serve as an optimal condition.
Hence, the fuzzy-logic control technique has been adopted as
the most suitable choice to determine in real-time the proper
LTI that can regulate the vehicle’s active suspension system.
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FIGURE 5. Structure overview of the proposed emergency active
suspension control (EASC) system.

From (27), (28) and (30) it is concluded that the reference
pitch angle can be determined by

θ∗pc = b2 + b1ẍ − b0(LTI ) (31)

where

b2 =
ms(l f − lr )+ (mfus − mrus)(l

f
+ lr )

2mshpc
(32)

b1 =
1
g

[
2hus(m

f
us + mrus)

mshpc
+ 1

]
(33)

and

b0 =
(l f + lr )(ms + m

f
us + mrus)

2mshpc
(34)

Thus, when the emergency braking process is energized,
for a given longitudinal deceleration ẍ, measured by a sensor,
and the optimal LTI value provided by utilizing the fuzzy
logic technique, the reference pitch angle θ∗pc is determined
that the active suspension system should attain.

The structure overview of the proposed emergency active
suspension control (EASC) system is illustrated in Fig. 5.
As can be seen, it is energized by a command signal that is
provided when the travel of the braking pedal pushed by the
driver exceeds a specific value. This value characterizes that
there is an emergency braking condition and thus, the braking
performance should be reinforced. On the other hand, when
the travel distance of the braking pedal is below this critical
value, it is considered by the system as a smooth braking
that can manage it without any additional support. Thereby,
energy saving in the active suspensions is accomplished,
since it is avoided their unnecessary continual operation for
all braking conditions. In the latter case, the active suspension
system contributes only to the passengers’ comfort.

Inputs to the EASCs are the longitudinal acceleration of
the vehicle ẍ(k), the pitch angle θpc(k) and its rate of change
θ̇ (k), the deflections of the front and rear suspension zf (k) and
zr (k), respectively, and their respective rates of change żf (k)
and żr (k), of the current time step k . The longitudinal accel-
eration and the pitch angle can be measured by either specific
sensors or an Inertial Measurement Unit (IMU) that most
of the modern vehicles are usually equipped [43] and [44].
For the measurement of the suspensions’ deflections, linear
translation sensors can be utilized. Therefore, the proposed
emergency active suspension control method is practical to be
applied in a vehicle. Then, the reference pitch angle θ∗pc(k+1)
for the next time step k + 1 is calculated through the condi-
tion (31), by utilizing the proper LTI(k), that is determined
by a Fuzzy-Logic Reference Generator. Finally, the refer-
ence forces of the front and rear active suspension actuators
F f
∗

Act (k + 1) and F r
∗

Act (k + 1), respectively, are calculated by
a Linear Quadratic Controller (LQC) as per [46], considering
the current values and the rate of change of the pitch angle
and the front and rear axle deflection. The goal of the LQC
is twofold, the proper control of the vehicle’s pitch angle to
enhance the braking force at emergency conditions and the
passengers’ comfort.

It is worthmentioned, that the proposed emergency braking
control technique can be applied to active suspensions of
either electrohydraulic or pneumatic type, or with electric
linear motor actuators. Thus, the output of the LQC is a set
of reference forces’ signals for the active suspensions of the
front and rear axles, that can be utilized by the control drive
system depending on their construction type.

A. LTI FUZZY-LOGIC REFERENCE GENERATOR
The LTI Fuzzy-Logic Reference Generator is based on the
Mamdani type technique [45] and the block diagram is shown
in Fig. 6. The goal of the fuzzy-logic algorithm is to provide
the proper LTI considering the current longitudinal decelera-
tion and pitch angle since they both affect the LTIC , as can be
seen in (29), as well as, the rate of change of the pitch angle,
since it affects the passengers’ comfort.

The input variable of the longitudinal deceleration ẍ(k) of
the vehicle is considered in the normalized form with base
value the 1g, which is usually the maximum deceleration that
can be attained by a common vehicle. This fuzzy variable
is divided into L = Low, M = Medium and H = High and
the membership functions are illustrated in Fig. 7(a). The
fuzzy rule is defined by considering that, if the measured
deceleration is in the range of either L orM , the output value
of the LTI should be selected close to zero, while if it is in
the range of H , the LTI should increase with high rate. The
above fuzzy rule is selected because quick response of the
system is required during high deceleration, whereas smooth
performance is required when the deceleration decreases.

The pitch angle θpc(k) is also considered in normalized
form, with base value the 10◦ which is usually the maximum
pitch angle that can be attained by an active suspension
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FIGURE 6. Block diagram of the LTI fuzzy-logic reference generator.

system in vehicles. The pitch angle fuzzy variable is divided
into VL=Very Low, L = Low, M = Medium, H = High
and VH=Very High and the membership functions are shown
in Fig. 7(b). The concept of the fuzzy rule is based on the
equal distribution of the membership functions with respect
to the subdivisions of the fuzzy input variable since smooth
allocation of the pitch angle with respect to LTI is preferred.
This fuzzy rule aims to the equal balance between the brak-
ing dynamic response and the pitch angle variation, so as
unnecessary high oscillations of the active suspension can be
avoided and thus, energy saving can be attained.

Finally, the rate of change of the pitch angle θ̇pc(k) is con-
sidered in normalized form as well, by considering the same
base value of 10◦, as for the pitch angle fuzzy input, which is
usually the maximum pitch angle that can be attained by an
active suspension system in vehicles. The input fuzzy set is
consisted of five membership functions that are illustrated in
Fig. 7(c), defined as NH=Negative High, NL=Negative Low,
Z = Zero, PL=Positive Low and PH=Positive High. The
opening of the triangle Z membership function is narrower
than the other membership functions, since smoothening of
the active suspension movement is preferred when the rate
of change of the pitch angle has been reduced, in order to
increase the passengers’ comfort. For the same reason, the
slopes of the sides of the NL and PL triangular member-
ship functions towards the Z membership function are lower
compared to the other sides. This fuzzy rule aims to provide
equal balance between the objectives of improved braking
performance and satisfactory passengers’ comfort.

The output of the fuzzy system gives the proper LTI
value and comprises five membership functions illustrated
in Fig. 7(d), that are defined as VL=Very Low, L = Low,
M = Medium, H = High and VH = Very High, respectively.
The fuzzy rule of the output membership function is defined
on the basis that smooth distribution of the vehicle’s weight
on the front and rear wheels is required. Thus, the equal
distribution of the membership function with respect to the
subdivisions of the LTI is set.

B. LINEAR QUADRATIC CONTROLLER (LQC)
As can be seen in Fig. 5, the θ∗pc(k + 1) is provided as
input to the LQC that determines the reference forces of the
front and rear axles’ suspensions, based on the methodology
of [5], [46], [47].

Specifically, the output matrix of the reference forces

(F∗)
T
=

[
F f
∗

Act F r
∗

Act

]
(35)

FIGURE 7. Input and output membership functions of the LTI fuzzy-logic
reference generator.

is calculated by

F∗ = −GF · x (36)

where

xT =
[
zs żs zfus żfus zrus żrus θpc θ̇pc ei

]
(37)

ei is the integral of the error between the reference pitch
angle and the actual value, in order to eliminate the steady
state error of the controller, and GF is a gain matrix. The
elements of the GF are determined offline by minimizing the
cost function J that is formulated as follows, based on three
criteria

min
F∗

J = J1 + J2 + J3 (38)

The criterion J1 is referred to the referenced vehicles’ pitch
angle and it is defined as

J1 =
∞∑
n=0

q1[θ∗pc(n)− θpc(n)]
2 (39)

The second criterion J2 corresponds to the reference sus-
pension forces at the front and the rear axles’ actuators

J2 =
∞∑
n=0

q2[F
f ∗

Act (n)− F
f
Act (n)]

2
+ q3[F r

∗

Act (n)− F
r
Act (n)]

2

(40)

Finally, the third criterion J3 of the heaving and pitching
accelerations is related with the passengers’ comfort and it is
defined as

J3 =
∞∑
n=0

q4[z̈∗s (n)− z̈s(n)]
2
+ q5[θ̈∗pc(n)− θ̈pc(n)]

2 (41)

The weight coefficients q1, q2, q3, q4, and q5 of (39)-(41)
cost function criteria are selected by considering that each
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TABLE 2. Class D vehicle’s model specifications.

criterion has equal effect on the LQC iterative optimization
process, as per [48].

Note that the time step k of the LTI fuzzy-logic refer-
ence generator may be different than the time step n of the
LQC. Both, they are appropriately selected considering that
the natural frequency of the sprung mass is in the range of
1-3 Hz, while the natural frequency of the unsprung mass
is in the range of 10-12 Hz. Thus, the sampling frequency
of the LQC should be at least 10 times greater than the
sampling frequency of the LTI fuzzy-logic reference gener-
ator. Typical values for the sampling frequency of the LTI
fuzzy-logic reference generator and the LQC are 20-25Hz
and 200-250Hz, respectively. Also, the close-loop system of
Fig. 5 is stable, as it is validated by the stability analysis
of [49] which examines the case of close-loop system of an
active suspension with an LQC. Note that the reference pitch
angle that is determined by the fuzz-logic system and the
condition (31) acts as input to the system and thus, it does
not affect the stability of the LQC close-loop system.

V. SIMULATION TESTSCASE AND RESULTS
The effectiveness of the proposed EASC system is examined
in a half vehicle model by utilizing the Matlab/Simulink
software. A Class D vehicle is considered for the simulation
analysis and the technical specifications of the model are
reported in Table 2. The slip ratio in the tires is optimally
controlled by the braking system, so as, maximum braking
torque is attained at both front and rear wheels. The simulated
actuator is a linear permanent magnet synchronous motor,
as per [50]. Its technical specifications are reported in Table 3.

Two scenarios for road condition Class A and Class C
according to the ISO 8608:2016 [51] are examined, that
correspond to maximum road’s irregularities ±5mm and
±25mm, respectively. Thus, both the effectiveness of the
EASC system and its impact on the passengers’ comfort with
respect to the road conditions are studied.

For each of the above road condition scenarios, four
cases of suspension systems are comparatively examined.

TABLE 3. Active suspension actuator specifications.

Specifically, the braking performance of the vehicle with
the EASC suspension system is compared with a passive
suspension called ‘‘Passive’’, a semi-active suspension called
‘‘S-Active’’, and an active suspension technique commonly
used in the technical literature, called ‘‘Active’’, which is
controlled, so as the pitch angle is kept constantly equal to
zero. The model of the S-Active (semi-active) suspension has
been obtained by [33].

The starting of the simulations coincides with the initiation
of the braking process and when the vehicle runs with a
certain longitudinal speed 30m/s (or 108 km/h). The maxi-
mum pitch an gle that can be accomplished with any of the
examined suspension systems is 10◦.

Fig. 8 illustrates the simulation results of the longitudinal
and vertical dynamics of the vehicle, for the Class A road
scenario. As can be seen, reduction of the stopping distance
by 3.9m, 2.63m and 2.5m can be attained with the EASC
system compared to the ‘‘Passive’’, ‘‘S-Active’’ and ‘‘Active’’
suspensions, respectively (1st row diagrams), that correspond
to reduction of 6.5%, 4.4%, and 4.3%, respectively. This
is owed to the faster decrease of the longitudinal velocity
(2nd row diagrams) that is resulted by the higher and faster
deceleration (3rd row diagrams), which is achieved with the
EASC system through the proper control of the vehicle’s
pitch angle, compared to the other suspension systems. The
high oscillations in the longitudinal acceleration (3rd row
diagrams) and the vertical acceleration (4th row diagrams) are
mainly owed to action of the suspension system against the
road irregularities.

Note that, although the stopping distance is reduced with
the ‘‘Active’’ compared to the ‘‘Passive’’ and ‘‘S-Active’’ sus-
pensions, further and considerable decrease in the stopping
distance is attained with the EASC system, due to the optimal
control of the weight distribution of the vehicle between the
front and rear axles. The pitch angle is positive with the
EASC system indicating that part of the vehicle’s weight is
transferred from the front axle to the rear one, whereas it
is negative in the case of the passive suspension since the
front part of the vehicle cannot be lifted and thus, the load
distribution follows the natural movement during the braking
that is from the rear to the front axle (5th row diagrams).
The CoG’s vertical displacement is smoother with the EASC
and the ‘‘Active’’ suspension that results to higher passen-
gers’ comfort compared to the passive suspension (6th row
diagram).

The longitudinal and vertical forces, as well as, the actuator
force of the front and rear axles, for the Class A road and
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FIGURE 8. Longitudinal and vertical dynamic response of the vehicle, for
Class A road with irregularities ±5mm and speed 30m/s, at the initiation
of the braking process.

speed 30 m/s at the initiation of the braking, are shown
in Fig. 9. As can be seen, due to the proper regulation of
the weight between the two axles through the proposed LTI
fuzzy-logic reference generator of the EASC system, the
longitudinal tire force at the rear axle is increased compared
to the other examined suspension systems, while it remains
almost unaffected at the front axle (1st row diagrams). This
explains the increase of the longitudinal deceleration of the
vehicle (3rd row diagrams of Fig. 8) and therefore, the reduc-
tion of the stopping time and distance attained with the EASC
system, as shown in the 1st row diagrams of Fig. 8. The
above is accomplished by the proper control of the front
and rear suspensions, as explained by the performance of the
respective actuator forces (2nd row diagrams of Fig. 9) and
the vertical tire forces (3rd row diagrams of Fig. 9).

The performance of the EASC system is illustrated in
Fig. 10. Specifically, the reference and the actual pitch angle
are shown in the 1st diagram, while the reference and the

FIGURE 9. Longitudinal and vertical tire forces, as well as, actuator forces
of the front and rear axles, for Class A road with irregularities ±5mm and
speed 30m/s, at the initiation of the braking process.

FIGURE 10. EASC system performance, for Class A road with irregularities
±5mm and speed 30m/s, at the initiation of the braking process.

actual LTI are illustrated in the 2nd diagram. As can be
observed, the actual pitch angle follows the reference signal
calculated by the condition (31), but with a small delay that
it is owed to the springs response of the suspension system.
Similarly, the actual LTI determined by (27) follows the
reference signal determined by the LTI fuzzy-logic reference
generator of Fig. 6 and the discrepancies are owed to the road
irregularities.

Similar results are obtained for the Class C road illustrated
in Figs. 11-13, as for the Class A road. In this scenario, the
stopping distance is reduced by 3.3m, 1.95m, and 1.8m with
the EASC system compared to the ‘‘Passive’’, ‘‘S-Active’’,
‘‘Active’’ suspensions, respectively (1st row diagrams of
Fig. 11), that correspond to reduction of 5.3%, 3.2%, and
3%, respectively. The lower reduction in the stopping distance
compared to the Class A road is owed to the higher vertical
acceleration of the tires caused by the road irregularities that
results to reduced tires’ braking capabilities (compare the 4th

row diagrams of Figs. 8 and 11). The higher oscillations of
the CoG’s vertical displacement of the Class C road compared
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FIGURE 11. Longitudinal and vertical dynamic response of the vehicle, for
Class C road with irregularities ±25mm and speed 30m/s, at the initiation
of the braking process.

to Class A are owed to the higher road irregularities (6th row
diagrams) that result to slight deterioration of the passengers’
comfort. However, these oscillations are considerably lower
for the EASC and the ‘‘Active’’ suspensions compared to the
‘‘Passive’’ and ‘‘S-Active’’ suspensions.

Similar conclusions for the longitudinal and vertical tire
forces of the Class C road scenario illustrated in Fig. 12 is
resulted, as for Class A. However, higher oscillations are
observed in the Class C road, due to the higher road irregular-
ities. The same holds for the EASC performance with respect
to the pitch angle and the LTI, illustrated in Fig. 13.

Finally, Fig. 14 summarizes the reduction in the stopping
distance that can be attained with the EASC, the ‘‘Active’’,
and the ‘‘S-Active’’ suspensions against the ‘‘Passive’’ sus-
pension, for Class A and Class C road conditions and for var-
ious initial longitudinal speeds. As can be seen, the reduction
in the stopping distance is increased as the initial longitudinal
speed is increased. Also, higher stopping distance reduction
is attained at the Class A road compared to the Class C, due to

FIGURE 12. Longitudinal and vertical tire forces, as well as, actuator
forces of the front and rear axles, for Class C road with irregularities
±25mm and speed 30m/s, at the initiation of the braking process.

FIGURE 13. EASC system performance, for Class C road with irregularities
±25mm and speed 30 m/s, at the initiation of the braking process.

FIGURE 14. EASC system performance, for Class C road with irregularities
±25mm and speed 30 m/s, at the initiation of the braking process.

the lower road irregularities. Although the stopping distance
is reduced with the ‘‘Active’’ and ‘‘S-Active’’ suspensions,
considerably further reduction can be attained with the EASC
system due to the optimal distribution of the vehicle’s weight
between the front and rear axles. Note that, only in very low
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initial speeds (below the 15m/s) and only for the case of Class
A road conditions, the passive suspension system slightly
outperforms the EASC, ‘‘S-Active’’, and the ‘‘Active’’ sus-
pension with zero pitch angle. This is owed to the fact that
the duration of the braking is very short at the region of very
low initial speeds and thus, due to the inertia of the vehicle’s
sprung mass, the time is not enough to properly distribute the
weight between the two axles.

VI. CONCLUSION
In this paper, a control method for the vehicle’s active

suspension is proposed that can reduce the braking time and
distance through a LQC, that properly distribute the sprung
mass’ weight between the front and rear axles. The LQC is
supplemented by a fuzzy-logic reference generator, in order
to regulate the actuators’ effort. The proposed control method
acts in cooperation with the ABS of the vehicle, and it is
energized only in an emergency condition which is identified
by the travel of the pedal pushed by the driver. The simulation
results validate that the stopping distance can be reduced up
to 6.5%, 4.4% and 4.3% with the proposed emergency active
suspension control method compared to the passive, semi-
active and an active suspension technique which is controlled
so as the pitch angle is kept constantly equal to zero, respec-
tively, for longitudinal speed 30m/s at the initiation of the
braking process. Higher reduction in the stopping distance is
attained at smoother roads and for higher initial longitudinal
speeds. Finally, the proposed control method outperforms the
commonly used in the technical literature active suspension
with zero pitch angle, since it increases the total braking force
by properly regulating the vehicle’s weight to the axles.
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