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Active suspension systems (ASSs) have been proposed and developed for a few decades, and have now
once again become a thriving topic in both academia and industry, due to the high demand for driving
comfort and safety and the compatibility of ASSs with vehicle electrification and autonomy. Existing
review papers on ASSs mainly cover dynamics modeling and robust control; however, the gap between
academic research outcomes and industrial application requirements has not yet been bridged, hindering
most ASS research knowledge from being transferred to vehicle companies. This paper comprehensively
reviews advances in ASSs for road vehicles, with a focus on hardware structures and control strategies. In
particular, state-of-the-art ASSs that have been recently adopted in production cars are discussed in
detail, including the representative solutions of Mercedes active body control (ABC) and Audi predictive
active suspension; novel concepts that could become alternative candidates are also introduced, includ-
ing series active variable geometry suspension, and the active wheel-alignment system. ASSs with com-
pact structure, small mass increment, low power consumption, high-frequency response, acceptable
economic costs, and high reliability are more likely to be adopted by car manufacturers. In terms of con-
trol strategies, the development of future ASSs aims not only to stabilize the chassis attitude and atten-
uate the chassis vibration, but also to enable ASSs to cooperate with other modules (e.g., steering and
braking) and sensors (e.g., cameras) within a car, and even with high-level decision-making (e.g., refer-
ence driving speed) in the overall transportation system—strategies that will be compatible with the

rapidly developing electric and autonomous vehicles.
© 2023 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

with the rapid development of vehicle electrification and auton-
omy. In industry, the automotive suspension market is expected

The suspension system, which is conventionally equipped with
a coil spring and a hydraulic damper, connects the chassis and the
road wheels in a car, ensuring vehicle safety and ride performance
[1-14]. The active suspension systems (ASSs), which additionally
introduces an independent force or torque acting between the
sprung and unsprung masses, has been a long-term research topic
since the 1950s. However, it was not until the 2010s that ASSs
begin to be adopted in production cars (especially premium cars)
[15,16]. Their adoption was due to a combination of factors, includ-
ing: @ the maturation and good commercialization of techniques
for electromechanical actuations, micro-controllers, and sensors
(e.g., inertial measurement units (IMU)); @ high demand for
driving comfort, stability, and safety; and @ ASSs’ compatibility
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to grow from 4.53 x 10'° USD in 2022 to 5.16 x 10'® USD in
2027—a huge demand driven by the rapid increase in global elec-
tric vehicle (EV) sales, which rose from 1.3 x 10° units in 2018 to
4.3 x 106 units in 2021. In academia, the overall number of publi-
cations on active suspension and control has steadily increased
over the past two decades, as shown in Fig. 1.

Most research and review papers on ASSs focus on vehicle
dynamics, modeling, and robust control. However, the gap
between academic research outcomes and industrial application
requirements has not yet been bridged, as car manufacturers
demand practical characteristics including a compact structure,
small mass increment, low power consumption, high-frequency
response, acceptable economic costs, and high reliability. Further-
more, along with the rapid development of vehicle electrification
and autonomy, the mechatronic configurations and control strate-
gies of future ASSs may not be designed alone to improve suspen-
sion performance but may instead operate cooperatively with
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Fig. 1. Number of publications on the topic of ASSs over the past two decades
(source: Web of Science).

other modules in a car (e.g., the steering and braking modules) and
high-level decision-making in transportation system (e.g., the driv-
ing maneuvers of connected and autonomous vehicles (CAVs)).
Ignoring these factors may hinder the transferal of most ASS
research knowledge from research to industry. In contrast, this
work provides a comprehensive review of ASSs that discusses
advances from both industry and academia. In particular, this
article discusses state-of-the-art hardware solutions (from the ele-
ment to system level) developed in the past five years in detail,
including the representative industrial products of Mercedes active
body control (ABC) and Audi predictive active suspension, and
novel concepts of variable geometry suspension systems that
already show promising potential. It also reports advances in
multi-objective ASS control strategies, which aim to D enhance
ride comfort and handling ability, @ improve stability and safety
with cooperative assistance from steering and braking mecha-
nisms, @ improve fuel economy, and @ better adapt to various
driving scenarios by combining with intelligent algorithms. Finally,
future research and development directions for ASSs that (D are
more compatible with EVs and CAVs and @ pursue higher intelli-
gence are recommended.

The rest of this paper is organized as follows. Section 2 reviews
advances in ASS hardware elements, which are categorized accord-
ing to geometric topology and functions. ASS mechatronic systems
that have been adopted in production cars, together with recently
proposed novel concepts, are also detailed. Section 3 reports ASS
control schemes, which have been synthesized to mainly imple-
ment (D chassis attitude stabilization in terms of pitch and roll
angles, @ chassis vibration attenuation for enhanced ride comfort
and road holding, and @ cooperative operation with other mod-
ules in a car to improve driving stability and safety. Section 4 pre-
sents other topics in ASS research, including mathematical models,
numerical simulations, and experimental validation. In Section 5,
we draw key conclusions and recommend future research. The lit-
erature survey and research vision provided in this work are
intended to guide the development of the next generation of ASSs.

2. State-of-the-art suspension elements and systems

This section categorizes the key hardware elements in ASSs
according to geometric topology and functions, before reviewing
the state-of-the-art mechatronic systems of ASSs that have been
employed in production cars or recently proposed as candidate
solutions.

2.1. Hardware elements

An ASS typically contains the hardware elements of D mechan-
ical arms that connect the chassis and the wheel, @ a spring that
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compensates for road unevenness and constrains the suspension
deflection within a specific range, @ a damper that dissipates kine-
matic energy and attenuates chassis vibration, and @ an active
component that is controlled to exert an independent force/torque
between the sprung and unsprung masses. Different forms of these
elements have been developed and integrated to establish various
ASSs, facilitating chassis attitude adjustment, chassis vibration
attenuation, vehicle stability improvement, and air drag forces
reduction. A categorization of the ASS hardware elements, accord-
ing to geometry topology and functions, is illustrated in Fig. 2.
These elements are further detailed in the following subsections,
which may inspire suspension researchers with ideas for new
designs of mechatronic system structures.

2.1.1. Mechanical connection arms

Generally speaking, three different architecture solutions for
mechanical connection arms are adopted in independent suspen-
sion design in modern cars; these include the Macpherson strut,
the double wishbone, and the multi-link suspension mechanism,
whose kinematic layouts are shown in Fig. 3 [12]. The Macpherson
strut mechanism (Fig. 3(a)) dominates the market due to its low
cost, simple structure, easy maintenance, and light weight
(on the unsprung mass). However, the Macpherson strut causes a
largely varied camber angle (normally, a negative angle at around
the strut’s static equilibrium state turns into a positive angle over a
large travel distance with suspension deflection) and sideways
movement in wheel tires, resulting in less road holding and vehicle
stability [6].

The double wishbone suspension mechanism (Fig. 3(b)) pro-
vides better stability on the road, because the tires have a larger
touching area due to the increased number of linkages and more
flexible design (e.g., arm length and joint location) [2]. Multi-link
suspension (Fig. 3(c)), which uses three or more lateral arms and
one or more longitudinal arms, has begun to be adopted in luxury
sports vehicles, due to its excellent ride and handling ability. How-
ever, it demands a complex geometrical design (normally aided by
multi-body simulation software and three dimensional (3D)
design) and has a high price [12,13].

Concepts for actively controlled connection arms have recently
been proposed, in which electromechanical actuations are
integrated into one or more joints of the connection arms to adjust
the wheel attitude of the camber, toe, and caster, thereby helping
the tires to function properly and wear evenly. Representative
examples include the variable geometry suspension system and
the active wheel alignment system (AWAS), as described later in
Section 2.3.

2.1.2. Suspension spring

The suspension spring is a critical component that links the
chassis and the wheel at each corner, with the main objectives of
compensating for road unevenness, constraining suspension defec-
tion stroke, and ensuring a suitable contact force between the road
surface and wheel tires. Leaf springs, as shown in Fig. 4(a), are one
of the oldest types of suspension springs made up of a cascaded
spring set. Their use in passenger cars ended in the 1980s, but they
are still popular for use in heavy-duty trucks.

Cylindrical coil springs with a constant stiffness are mostly used
in vehicle suspension systems and come in a few different forms.
Nonlinear springs (Fig. 4(b)) appropriately vary the coil shape, with
the coil diameter decreasing toward the end of the suspension
spring; therefore, they exhibit soft characteristics over a small sus-
pension deflection, while featuring hard stiffness under a signifi-
cant load transfer [14]. Controllable stiffness springs, commonly
referred to as air springs, whose structures are illustrated and cat-
egorized in Fig. 4(c) [17], use pressurized air to replace conven-
tional steel springs and have been extensively adopted in
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Fig. 3. Kinematic diagrams of three typical arrangements of connection arms in vehicle suspension structures. (a) MacPherson strut, (b) double wishbone, and (c¢) multi-link

suspension mechanisms [12].

coaches and buses. Varying the air pressure makes it possible to
adjust the chassis height, leading to significant benefits: D The
“ferry lift,” in which the air suspension is raised above the normal
ride height, can assist in loading/unloading the coach on and off
ferries, reducing the risk of grounding out over steep ramps, and
can also be used on rough ground or steep crests; and @ the “kneel
down” ability, as used in public transport buses, helps to reduce
the bus’s step height for the easy entrance and exit of passengers.
Air springs have been further developed and are utilized in luxury
passenger cars to enhance ride comfort, with the spring stiffness
(i.e., the air pressure) electronically controlled to adapt to different
levels of road irregularities and driving scenarios (as discussed in
Section 2.2). The disadvantages of air suspension systems include
the air leakage caused by excessive wear and system complexity,
as these systems introduce the additional components of air bags,
a pneumatic pump, and valves. A torsional bar, as illustrated in
Fig. 4(d), is also equipped in the chassis to assist the suspension
structure by improving the vehicle’s lateral stability, thus reducing
the risk of a rollover.
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2.1.3. Suspension damper

The suspension damper is intended to dissipate the kinematic
energy and attenuate the vertical vibration of the chassis. Conven-
tional hydraulic dampers dominate the vehicle shock-absorber
market, due to their low cost and easy maintenance; however,
their damping coefficient is noncontrollable, compromising their
overall suspension performance. Recently, a magnetorheological
damper [18], which uses an electromagnet to change the viscosity
of fluid inside a shocker absorber cylinder, thereby enabling a con-
trollable damping coefficient, has been developed and adopted in
some cars to improve ride comfort (e.g., MagneRide, developed
by General Motors and first applied in the Cadillac STS in 2002
[15]). Vehicle suspension systems with a magnetorheological dam-
per, also known as semi-active suspension, are discussed later, in
Section 2.2. The other drawback of the conventional damper is that
the energy is dissipated and lost in the form of heat. According to
Ref. [11], the vehicle vibration power dissipated by the suspension
damper ranges from 100-400 W for passenger cars and up to 2000
W for buses and coaches. To conserve this energy, different forms
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Fig. 4. Four types of springs used in vehicle suspension systems. (a) Spring leaf; (b) coil springs with constant and variable rates; (c) three types of air springs: the single-
acting air spring, double-acting air spring, and double-acting air spring with adjustable piston segment [17]; (d) torsion bar (highlighted in red). The definitions of all the

abbreviations in the figure could be find in the cited references.

of regenerative dampers have been recently developed that enable
energy harvesting (and even a controllable damping coefficient).
Three representative regenerative dampers are introduced below.

An electrical suspension damper with energy harvesting and a
tuneable damping coefficient is proposed and developed in Ref.
[19]. As shown in Fig. 5(a), a ball-screw-based mechanism is used
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to convert translational movement to rotation, driving three gener-
ators that are independently controlled by switches. One of these
generators connects to a tuneable resistor for the adjustment of
the damping coefficient, while the other two regenerate electricity
with a constant damping coefficient. By controlling the number of
switched-on generators and adjusting the value of the resistor, the
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suspension damping coefficient can be appropriately controlled to
adapt to different driving scenarios and road conditions. In addi-
tion to the capability of damping tuning, the multiple controlled
generators can output a reasonable amount of electricity of up to
30 W.

A two-leg motion mechanism has been proposed and integrated
in a shocker absorber to enable energy harvesting, as shown in
Fig. 5(b) [20]. The damper performance was evaluated under sinu-
soidal excitation inputs with both amplitudes and frequencies
swept, and the experimental results showed that a damping coef-
ficient of up to 1720 N-s-m~! could be achieved. The mechanical
energy conversion efficiency of this two-leg motion mechanism
was reported to be between 0.71 and 0.84, which is higher than
existing mechanical transmission solutions reported for electrical
dampers, such as the ball screw and rack-and-pinion.

Electrical dampers have also begun to be employed in produc-
tion cars; for example, Audi developed a prototype of an elec-
tromechanical rotary damping system, named eROT, which was
later installed in the Audi A8 in 2017, showing potential for further
applications [21]. The eROT system not only features a controllable
damping coefficient and high-efficiency energy harvesting but also
enables a highly compact structure. As shown in Fig. 5(c), the hor-
izontally arranged electric motors in the rear axle area replace the
conventional shock absorbers, enabling additional space in the lug-
gage compartment. It was reported that the eROT can generate a
satisfactory amount of electricity, with an average of 100-150 W
reported during testing (from 3 W on a smooth road surface to
613 W over a rough one, corresponding to CO, emission reductions
of up to 3 g-km™).

2.1.4. Active component

In addition to the hardware elements of the connection arms,
spring, and damper, as discussed above, a fully active suspension
system introduces an active component that independently exerts
a force or torque between the sprung and unsprung masses. A fast
response (i.e., a wide-frequency bandwidth) in the force or torque
is always pursued in order to implement both chassis attitude sta-
bilization (e.g., chassis leveling) and vehicle vibration attenuation
at different frequencies of interests. Regarding the actuation type,
electromechanical (e.g., Michelin in-wheel active suspension in
2004 [22] and the Audi Predictive Suspension System in 2017
[23]) and hydraulic actuators (e.g., the hydractive suspension
equipped in the Citroén C5 II in 2007 [24]) have been reported,
and their strengths and weaknesses in ASS applications are com-
pared in Table S1 in Appendix A. According to the geometric layout,
the active component in an ASS can be categorized as series (e.g.,
series active variable geometry suspension) or parallel (e.g., paral-
lel active link suspension (PALS)), as described in Section 2.3.

2.2. Mechatronic suspension systems in production cars

Individual elements of active suspensions, as reviewed in Sec-
tion 2.1, are combined and integrated to establish various mecha-
tronic suspension systems for ASSs (and semi-active suspension
systems). State-of-the-art mechatronic solutions for ASSs that are
adopted in production cars are discussed below.

2.2.1. Cadillac MagneRide Suspension

MagneRide [15] is a typical semi-active suspension solution
that was first launched by Cadillac in 2002. Its improved version,
MagneRide 4.0 (Fig. 6(a) [15,16]), was introduced and imple-
mented in Cadillac’s latest models in 2020 and 2021—namely,
the CT4-V, CT5-V, and CT5. In MagneRide suspension, the damping
rate and tire contact on the road are controlled by magnetorheo-
logical fluid within the shock absorber. The latest version of Mag-
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neRide 4.0 has the following highlights: (D The updated wheel hub
accelerometers and an IMU transmit road disturbances four times
faster than its previous version; @ under heavy braking, hard
cornering, and other driving conditions, the IMU delivers more
accurate readings of body motion relative to the wheel; @ it deliv-
ers more consistent performance by compensating for changes in
damper fluid temperature; @ to improve control of the vehicle
body, magnetic flux control is used to provide a more consistent
and accurate transition between rebound and compression in the
dampers; and ® significant reduction in the damper friction
enables a near “no-damping” effect that minimizes the difference
between different drive modes.

Other representative semi-active suspensions include the
Ohlins Semi-Active Suspension [25] and the Monroe intelligent
suspension, as supplied by Tenneco [26,27]. Similar to MagneRide,
both adjust the damping coefficient of the shock absorber by
means of an electrical controlled unit in order to adapt to various
road events and improve ride performance. However, in compar-
ison with fully active suspension, semi-active suspension cannot
control the chassis attitude in terms of the pitch and roll angles
and the chassis height. A comparison between semi-active and
active suspension is summarized in Table S2 in the Appendix.

2.2.2. Michelin in-wheel active suspension

Michelin first proposed the active wheel concept in 1996 [22].
Michelin in-wheel active suspension (Fig, 6(b)) has two motors
integrated inside a wheel. One is responsible for spinning the
wheel and transmitting power to the ground, while the other actu-
ates an active suspension system that helps improve comfort, han-
dling, and overall vehicle stability. The system was developed
specifically for electric vehicles (EVs), so it does not require a gear-
box, a clutch, a transmission shaft, or an anti-roll bar. All the brak-
ing, drive, and suspension components are fitted within a single
wheel. Similar to the benefits of an active differential mechanism,
the Active Wheel technology exhibits better handling ability than
shaft-driven cars. In addition, since there is no need for a conven-
tional engine at the front of the vehicle, this space can be exclu-
sively devoted to impact absorption. However, the effect of
shocks, water, and snow on such an “in-wheel” design has not been
thoroughly investigated. This project was interrupted in 2014,
because the weight increment, space required inside the wheel,
and economic costs were unacceptable [28].

2.2.3. Electronic controlled air suspension

Unlike a mechanical spring system that deflects in proportion to
the load, the height of air springs can be adjusted independently of
the load by adjusting the spring pressure. Electronic controlled air
suspension (ECAS), developed by Dunlop Systems and Components
Ltd. (Coventry, UK), was first installed in the Range Rover Classic in
1993 and later in the Range Rover P38A [29]. The chassis height is
automatically controlled to adapt to driving conditions, while a
manual ride-height switch is also offered. ECAS has been widely
adopted in high-end grand tourer (GT) cars, such as the
Mercedes-Benz AIRMATIC [30] (Fig. 6(c)), Ford Expedition Models
[31], Tesla Model S [32], and Audi A8 Al Suspension (Fig. 6(e)) [23].

2.2.4. Mercedes active body control

Mercedes ABC; Fig. 6(d)), is a fully active hydraulic suspension
designed by Mercedes-Benz that entered series production in
1999 [33]. The ABC system is capable of independently controlling
the spring and damping forces at each wheel to minimize rolling,
pitching, and vertical motions. Moreover, the chassis can be
actively lifted to increase ground clearance or lowered as required
on special occasions. A road surface scan function was later added
in the Mercedes-Benz S-Class (W222) in 2013 to enable a predic-
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electromechanical rotary dampers, called eROT [21].

tive control that responds to the road surface 15 m ahead of the
vehicle at a driving speed of up to 130 km-h~! [34]. Even better
ride comfort and handling ability are provided by further combina-
tion with the air suspension technique.

2.2.5. Audi predictive active suspension

Audi revealed a high-tech innovation for its flagship model the
Audi A8 in 2017 [32]: predictive active suspension, which is a fully
active suspension system that consists of a double wishbone, an air
spring, a rotary electrical damper, and an electromechanical
actuator. These elements and their configuration are shown in
Fig. 6(d). The electromechanical actuators raise or lower each
wheel independently, actively controlling the chassis height
(to a maximum increment of 85 mm) and thereby reducing the
air drag force. This offers potential fuel savings of up to 0.7 L per
100 km. In addition, Audi A8 Predictive Active Suspension offers
both “dynamic” and “comfort plus” driving modes: In the
“dynamic” mode, the Audi A8 only has two-degree changes in
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the chassis roll angles for the case of hard cornering at a 1 g lateral
acceleration versus more than 5° with a passive suspension. In con-
trast, the “comfort” mode minimizes the chassis vibration acceler-
ations. In both driving modes, the vehicle rolling moment is
optimally distributed to minimize the “diving” feeling during
accelerating or braking. The average power consumption of Audi
predictive active suspension is 10-200 W, which is significantly
less than that of hydraulic suspension solutions.

2.2.6. The ZF “flying carpet” predictive chassis concept

In 2019, ZF developed a new chassis concept named the “flying
carpet” [35,36]—an electrohydraulic active suspension system that
is capable of low-frequency chassis attitude control. More impor-
tantly, the ZE “flying carpet” connects suspension control with
steering and braking systems to deliver a more comfortable ride.
This chassis concept also features a road preview control that min-
imizes the impact of, for example, a speed bump on ride comfort.
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suspension [37,38]. Al: artificial intelligence. MR: magnetorheological.

2.2.7. Bose electromagnetic active suspension

It has been decades since Bose first demonstrated an electro-
magnetic suspension system that perfectly leveled the vehicle
chassis, irrespective of road bumps, at a low driving speed.
Recently, Bose designed a novel tubular permanent magnet elec-
tromagnetic actuator (Fig. 6(f) [37,38]) to replace the conventional
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spring-damper unit at each corner of the chassis [22]. The actuator
features (D a direct drive with a small occupied volume; @ a higher
frequency bandwidth, as compared with other fully active sys-
tems; and @ a lower power consumption than that of an electro-
hydraulic system in which continuous hydraulic pressurization is
needed.
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2.3. Novel concepts

2.3.1. The variable geometry suspension system

The variable geometry suspension system is a novel solution for
improving road holding [39-42]. The control manipulator of the
system is the camber angle of each wheel, as driven by a hydraulic
cylinder (Fig. 7(a)). Changes in the wheel camber angles will influ-
ence the yaw rate of the vehicle, thus reducing the tracking error
relative to a reference yaw rate. Furthermore, the height of the roll
center and the half-track can be actively modified by controlling
the camber angle of each wheel, enabling improved vehicle ride
performance such as trajectory tracking and lateral stability.

2.3.2. Series active variable geometry suspension

Series active variable geometry suspension (SAVGS) has been
conceptualized in Refs. [43-48] and is believed to be especially
suitable in a GT car, which has stiff suspension springs and a light
vehicle chassis. Fig. 7(b) shows the schematic of SAVGS application
to a double-wishbone suspension, where an active component of
the single link (F-G) is introduced between the spring damper
(E-F) and chassis. The rotation of the single link with respect to
the pivot joint, “G,” operates within the range of iAd €
[0, 180]°, where iAd, is defined as A6 = 165° — 6y (105 is
the single link angle at the static equilibrium state). Therefore, if
the road wheel is assumed to be fixed, iAdg= 0° (corresponding
to the static equilibrium position) leads to a lowest chassis height,
while iAfg= 180° means that the chassis is lifted up by the
maximum amount. Moreover, both the variation of the spring-
damper force and the vertical tire force are most sensitive to the
rotation of the single link at around the nominal equilibrium state
( iA0g = 90°). The main features of SAVGS include:

e Low-frequency chassis attitude control; for example, SAVGS
is capable of fully eliminating the roll angle variation of the
chassis when the lateral acceleration (a,) is up to 3.5 m-s—2
for a sports utility vehicle (SUV) and up to 5.5 m-s~2 for a GT.
High-frequency chassis vibration attenuation in terms of the
rolling, pitching, and vertical acceleration, which improves
ride comfort and handling ability over high-irregularity road
surfaces.

Small inertia of the introduced active component (i.e., the

single link), where benefits of negligible increment to the

unsprung mass, and high frequency response in the link

motion are expected.

o A fail safe, since the SAVGS system can switch back to the
original passive suspension if the single-link actuator suffers
power loss or even failure.

2.3.3. Parallel active link suspension

Another link-driven mechatronic suspension, PALS, has been
conceptually proposed and physically implemented in a quarter-
car demonstration rig [49-51], where the initial testing results
show promising potential. As shown in Fig. 7(b)), a rocker-
pushrod assembly (K-]-F) is introduced in parallel with the spring
damper. The active element of the rocker (K-]) is driven by a rotary
actuator to deliver a torque acting from the chassis onto the lower
wishbone, enabling the possibility of improving the suspension
performance. Compared with passive suspensions, PALS features
both chassis attitude stabilization and ride comfort and road hold-
ing improvement at their frequencies of interest. PALS has features
similar to those of SAVGS, but it is considered to be more suitable
for heavy cars with soft suspension springs, such as SUVs [52-54].

2.3.4. The DOFTEK AWAS
The DOFTEK AWAS has been in development for two years, with
the aim of enabling cars to adjust the three alignment orientations:
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the camber, toe, and caster (see its configuration in Fig. 7(c))
[55,56]. The AWAS can be installed on any type of suspension
design, including MacPherson struts, double wishbone suspen-
sions, multi-link suspensions, rear-wheel-steered vehicles, com-
mercial trucks, and trailer wheels. It can minimize rolling
resistance to save fuel, increase the range of an EV, reduce tire wear
in general, and decrease tire temperatures. The AWAS consists of
two electromechanical devices, one installed on the original equip-
ment manufacturer (OEM) suspension mount for caster and cam-
ber adjustments and the other placed on the tie rod for toe
adjustments. Both adjustments are controlled by a DOFTEK control
unit. The weight increment introduced by the AWAS to the overall
vehicle is approximately 4 kg. The AWAS was first implemented in
the Audi TTRS and Mercedes-AMG GT S.

2.4. Cost, weight, and space requirements

Different categories of cars are likely to have different require-
ments for ASSs in terms of costs, weight, and space. For example,
high-end luxury cars can accept a higher economic cost, while
SUVs can tolerate more weight increment from the ASS than GT
cars. Existing numbers reflecting the ASS cost and weight incre-
ment are summarized below.

In terms of the weight increment of the ASS in a full-sized car,
Bose representatives have explained what is needed to bring the
suspension to market in a production car by the end of the decade:
The cost would have to come down to a reasonable level for a high-
end car, and the weight would have to come down to no more than
50 Ibs (22.7 kg) per corner more than the existing suspension.
Thus, a production car would weigh an extra 200 lbs (90.7 kg)
[37]. It has also been reported that an estimated 37.7 kg weight
increment is introduced by a recently developed prototype of
SAVGS based on a Mazda MX5 [51], and only a 4 kg weight incre-
ment is introduced by the novel AWAS developed by DOFTEK [55].

In terms of economic cost, it has been reported that Porsche’s
active suspension management system is priced according to the
model on which it is specced: around 1000 GBP on the 718 Boxster
and Cayman, and a similar cost on the Cayenne, but around 800
GBP on the Macan. The system on the Porsche’s two SUVs can also
be specced as a package with air suspension for around 1900 GBP
on the Macan and 2600 GBP on the Cayenne [57]. The Audi A8 offers
its optional Predictive Active Suspension for around 5450 EUR (4700
GBP) in Europe. A full-car experimental prototype of SAVGS cost
8827 GBP with off-the-shelf components, although this is expected
to be substantially reduced in application to production cars [51].

In terms of space occupation, EVs offer more space than fuel
cars for deploying ASSs, due to the absence of the internal combus-
tion engine in the front axle.

2.5. Summary of active suspension hardware structures

Modern ASSs not only introduce an element that actively exerts
forces and torques between the sprung and unsprung masses but
also contain advances in each hardware element: from the conven-
tional Macpherson/double wishbone structures to multi-link con-
nection arms; from the conventional coil spring to the air spring,
the pressure of which can be actively electronically adjusted to
enable controllable spring stiffness; and from the conventional
hydraulic damper to the electrical rotary damper, where both tun-
able damping and energy harvesting can be achieved.

In addition to suspension performance improvement, the
features of small weight increment, realistic occupied space,
high-frequency response, low economic costs, and low energy
consumption are always pursued in mechatronic structures of
ASSs, making the ASSs more practically feasible and thus more
likely to adopted by car manufacturers [58-72]. Among these
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Fig. 7. Various concepts of variable geometry suspension systems. (a) A hydraulic cylinder-driven variable geometry suspension system, which actively controls the upper
arm joint and thus the camber angle of the road wheel [42]; (b) two link-based mechatronic suspensions—series active variable geometry suspension (SAVGS; proposed in
Refs. [43,44], where the torque T is provided by a rotary motor and acts on the single link F-G), which actively controls the orientation and the compression/extension of the
spring damper and thus the vertical tire force, and parallel active link suspension (PALS; proposed in Ref. [49]), which actively controls the torque Tk applied to the rocker-
push rod assembly K-J-L; (c) illustration of three wheel alignments adjusted by the AWAS, where the camber, toe, and caster are shown from left to right [55,56]. The
definitions of all the abbreviations in the figure could be find in the cited references.

state-of-the-art ASS solutions, Audi predictive active suspension
and Mercedes ABC are the two representative examples. In acade-
mia, the two link-based mechatronic suspensions of SAVGS and
PALS have been recently proposed and experimentally validated,
showing promising potential with low inertia, fast response,
negligible unsprung mass increment, and fail-safe characteristics.

3. Control strategies

The general control objectives and requirements of ASSs are cat-
egorized and stated in this section. These include: chassis attitude
stabilization at lower frequencies to achieve desirable vehicle
dynamics, such as zeroing the roll angle at cornering, lifting the
chassis for road clearance, adjusting the pitch angle for reduced
air drag forces, and so on; vehicle vibration attenuation at higher
frequencies that can be sensed with human perception (e.g., 4-8
Hz for chassis vertical acceleration and 1-2 Hz for rolling and pitch-
ing accelerations); and penalization of the control effort at higher
frequencies (> 15 Hz) to reduce unnecessary energy consumption
by the ASS actuation (outside the frequencies of interests).

In addition to the essential control objectives mentioned above,
more “intelligent” ASS control strategies are pursued that simulta-
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neously enable multiple functions and switch the control focus to
adapt to different driving situations. For example, an ASS may
focus on reducing air drag forces and conserving energy in applica-
tions such as connected and autonomous transportation systems
and racing cars, or it may focus on improving ride comfort and road
holding for family driving journeys over a rough road surface.

Moreover, ASS control robustness must be considered and
ensured in order to deal with vehicle uncertainties, such as
(D the variable payload, as affected by the number of passengers;
@ the variable damping coefficients, as determined by the
suspension compression/extension rate; and @ the dynamics of
the actuator output in the ASS, as influenced by the load.

3.1. Chassis attitude stabilization

For chassis attitude stabilization, the proportional integrative
derivative (PID) algorithm remains the most-used control algo-
rithm, although it has been further combined with intelligent algo-
rithms (fuzzy logic, neural networks, etc.) to adjust control tuning
parameters that better deal with varied road conditions [73]. Non-
linear control algorithms for sliding mode control and backstep-
ping control have also been reported to stabilize chassis height.
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3.1.1. Proportional integrative derivative control

Although numerous advanced control algorithms have been
proposed for motion tracking, PID control is still mostly adopted
in industry, as it is simple yet effective and does not require models
[74]. For ASS applications, a multi-objective PID control scheme
was proposed for a recently suggested link-based mechatronic sus-
pension of SAVGS to enable different forms of chassis attitude sta-
bilization, including D the heave motion, @ the roll angle, @ the
pitch angle, and @ the overturning couple distribution (OCD;
between the front and rear axles) [45]. The general configuration
is shown in Fig. 8. At the front-left corner of the chassis (i = 1),
Cq1, C1, - .., Cyq are a group of PID controllers that respectively deal
with the four objectives listed above, among others. The PID gains
in C;;-Cy; are tuned and updated by a higher logic controller,
which adapts to different driving situations and aims to improve
the vehicle dynamics. In the figure, sy, S»1, ..., Sy1 are measure-
ment feedback for the PID controllers. The control outputs

A6y -A0Y) form an overall angular reference position of the sin-
gle link in the SAVGS system at the front-left corner, with the
angular limits respected. Overall, the single link at each corner is
coordinated to adjust the chassis attitude. This multi-objective
PID control scheme can be generalized for adoption by other ASSs.

3.1.2. Sliding mode control

Sliding mode control is intended to help develop a variable
structure controller, which drives the system to move into the
neighborhood of a designed sliding surface and then constrains
the system to slide along this surface. In Refs. [75,76], a nonlinear
controller based on sliding mode control is designed for an air sus-
pension system to adjust the height of the vehicle sprung mass
(height control) and to regulate the roll and pitch angles of the
vehicle body (leveling control). The tracking accuracy and robust-
ness are improved by overcoming nonlinearities and uncertainties

Driver Environment
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in the suspension systems. Moreover, a sliding mode observer is
designed to estimate the pressure inside four air springs.

3.1.3. Backstepping control

The backstepping control method is a recursive design proce-
dure that links the choice of a control Lyapunov function with
the design of a feedback controller and ensures the global asymp-
totic stability of strict feedback systems. An adaptive backstepping
control strategy for ASSs to stabilize the chassis attitude in the
presence of parameter uncertainties has been proposed in Ref.
[77], with the suspension deflection, the vertical tire force incre-
ment, and actuator saturations considered as “hard constraints”
and ensured within their allowable ranges.

3.2. Chassis vibration attenuation

Aside from chassis attitude stabilization, as discussed in Sec-
tion 3.1, chassis vibration attenuation is another significant feature
of ASSs that enhances the ride comfort and road holding perfor-
mance. A group of control strategies have been developed to min-
imize the propagation from road-unevenness disturbance to
chassis vibration; they include Skyhook control (for semi-ASSs),
the linear quadratic regulator (LQR) and linear quadratic Gaussian
(LQG), H-infinity (Hoo)/H2 control, p-synthesis control, sliding
mode control, backstepping control, and so on. Recently, these
classical methodologies have been further combined with intelli-
gent control, such as fuzzy logic [78-90], neural networks [91],
genetic algorithms, and the emerging techniques of data-driven
control systems [92], enabling adaptive control that better deals
with varied road conditions and driving scenarios.

3.2.1. Skyhook control

Skyhook control has been widely adopted by semi-ASSs to
improve ride comfort. In this strategy, the controlled force-
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Fig. 8. A general multi-objective PID control scheme for chassis attitude stabilization [45]. This example is shown with a recently proposed link-based mechatronic
suspension of SVAGS [43,44], where A, is the actively controlled angular position of the single link in the SAVGS. The definitions of all the abbreviations in the figure could

be find in the cited references.
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producing elements emulate a damper that connects the chassis
and the inertial reference (or virtual sky) [93,94]. This damper
restricts the motion of the sprung mass, thus reducing vibrations
caused by external disturbances. Skyhook control is a basic method
for control design with semi-active suspension. However, it does
not consider the unsprung mass vibration, which directly influ-
ences the road holding quality.

Ground-hook control was subsequently proposed, in which a
virtual damper is added between the ground and the unsprung
mass [95]. This strategy aims to reduce variation in the vertical tire
force and thus enhance the road holding ability; it is especially sui-
ted to heavy vehicles. Skyhook and ground-hook control can be
combined to improve both the ride comfort and the road holding
with respect to passive suspension. Moreover, Skyhook control
was recently further developed to integrate the concept of adaptive
control, with the damping manipulation variable being adjustable
so it can be tuned to be an appropriate value to adapt to the road
situation [95-97].

3.2.2. LQG and LQR

Both LQR and LQG are used to address optimal control prob-
lems, where the objective is to find a controller that minimizes a
quadratic cost function subject to the linear system dynamics.
When LQR and LQG frameworks are applied to a linear quarter-
car or half-car model with ASSs, the suspension performance
objectives of the ride comfort and road holding, as well as the
energy costs of the control manipulation variables, are expressed
through a quadratic index [98,99]. Appropriate matrices are added
and tuned to weigh the importance of different objective variables.
However, both LQR and LQG perform active suspension optimal
control based on hand-derived linear models, which ignore the
nonlinearities and uncertainties of vehicle systems; therefore, the
real vehicle applications do not exhibit as promising a performance
enhancement as the linear analysis indicates.

Optimal control techniques can well fit ASSs, which is intended
to minimize the gains from the disturbances of road unevenness
and the load transfer to improve the objective variables related
to chassis vibration. LQG and LQRs are representative optimal con-
trol techniques that are particularly suited to linear quarter-car
models with ASSs.

3.2.3. Hoo/H2 control

The Hoo methodology has been widely applied to linear
multiple-input and multiple-output (MIMO) systems, due to its
robustness [100]. This control technique aims to minimize the
propagation from exogenous disturbances to system performance
objectives. Mathematically, the Hoo control aims to find an optimal

controller K that minimizes the linear fractional transformation
F, (137 I?) according to the definition of the Hoo norm:
1)

IF,(P.K)Il_=supa (F.(P.K)(j))

oo

where P is the system plant, ¢ is the maximum singular value of the
matrix F, <ﬁ, IA<) (jo), and “sup” refers to the least upper bound. H2

control instead minimizes the H2 norm of MIMO systems, which is
defined as follows:

IF,(P.K)I, = \/217E /j trace{F; (P.K) o) - F, (P.K) j») }doo
(2)

Hoo control has been extensively employed in ASSs to enhance
ride comfort and road holding by minimizing the disturbance from
road unevenness on the performance objectives, such as vertical
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chassis acceleration, vertical tire force increment, and so on
[48-51,101,102].

3.2.4. u synthesis control

The p synthesis technique extends the methods of Hoo synthe-
sis to design a robust controller for a system plant with structured
uncertainties. In ASSs, the main uncertainties include D the vari-
able payload, as affected by the number of passengers; @ the vari-
able damping coefficients, as determined by the suspension
compression/extension rate; and @ the dynamics of the actuator
output in the ASS, as influenced by the actuation load [53]. By set-
ting the ranges of these uncertainties, L synthesiscan be per-
formed by following the similar control frame of the Hoo
methodology.

3.2.5. Model predictive control

Another robust control algorithm that is widely employed in
ASSs is model predictive control (MPC), in which parameter uncer-
tainties can be tolerated through iterative computing and opti-
mization to ensure system robustness [103,104]. Linear or
nonlinear models of the system dynamics can also be updated iter-
atively and thus precisely constructed [103]. Further aided by road
preview technology (enabled by a camera), MPC can take the
variation of the road profile ahead as a known input disturbance,
facilitating a powerful solution for ASS control, as MPC can
compute an optimal sequence of control manipulation variables
over the control horizon [105].

3.2.6. Sliding mode control

In addition to the application of sliding mode control to chassis
attitude stabilization, this algorithm is an effective robust control
approach to attenuate chassis vibration and thus enhance ride
comfort, with the first paper on this topic being published by Utkin
in 1977 [106]. In Ref. [107], a sliding mode control strategy is pro-
posed for a quarter car with semi-active suspension and a
magneto-rheological damper. An ideal Skyhook suspension is
employed as a control reference model while considering the
uncertainty in the vehicle payload, showing satisfactory ride com-
fort enhancement with control robustness guaranteed. Similar
applications in active suspension systems have been reported,
showing satisfactory suspension performance and control robust-
ness, with both parameters uncertainties and system constraints
taken into account [108,109].

3.2.7. Backstepping control

Backstepping control can be used to stabilize the chassis atti-
tude, as discussed in Section 3.1; it has also been proposed and
applied to semi-active and ASSs in quarter, half, and full car models
to improve ride comfort by attenuating the chassis vibration, with
guaranteed system stability and robustness [77,110-112].

3.3. Cooperative control strategies

Due to the development of hardware (sensors, actuations, etc.)
and the trend of vehicle electrification and autonomy, modern ASS
control strategies will not be developed for chassis attitude stabi-
lization or vibration attenuation alone but will operate coopera-
tively with (D other elements in the suspension, such as an
electrical damper, to improve both ride comfort and energy har-
vesting [63]; @ other modules in a vehicle, such as steering
[113-115], an anti-lock braking system (ABS) [116], and electronic
stability control (ESC) in an advanced driver-assistance system
(ADAS) [117], which are demanded to further improve vehicle
safety and stability; and @ even higher level decision-making in
transportation systems. For example, the driving speed profiles
for CAVs can be further optimized to reduce air drag forces and
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thus conserve the energy of the overall transportation system,
because the air drag forces are determined by the chassis height,
driving speed, distance between the reference vehicles, and so
on. A higher driving speed normally results in more energy con-
sumption due to the air drag force. The ASS, however, enables flex-
ibility of the chassis heave and pitch control, making the driving
speed of CAVs less compromised. A few ASS cooperative control
strategies are selected and presented below.

3.3.1. Cooperative control to achieve both chassis attitude stabilization
and vibration attenuation

In the control strategies development of a recently proposed
link-based mechatronic suspension of PALS [49], a frequency-
dependent multi-objective control algorithm was proposed to
enable synchronous low-frequency chassis attitude signal tracking
and high-frequency chassis vibration attenuation in their frequen-
cies of interest [52]. As shown in Fig. 9, a multi-objective PID con-
troller is adopted as the outer-loop controller to stabilize the
vehicle chassis at a desirable attitude, while an Hoo controller (de-
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noted as K) is used as the inner-loop controller to minimize the
propagation from the road unevenness disturbance to the ride
comfort and road holding performance objectives. Importantly, free
integrators (denoted as M) that effectively bridge the outer-loop
PID controller and the inner-loop Hoo controller are further added
to ensure zero tracking errors in the reference signals of the chassis
attitude (chassis leveling is illustrated in Fig. 9). Numerical
simulations provide good results, despite the performance
compromise when compared with a chassis attitude controller or
vibration attenuation controller alone. This frequency-dependent
multi-objective control algorithm is realistic, as active suspension
is required to implement both functions in practice.

3.3.2. Cooperative control of ride comfort and energy harvesting
Another example of cooperative control strategy with ASSs is
the simultaneous implementation of improved ride comfort and
energy harvesting with a direct current (DC) motor-based suspen-
sion [118]. This control strategy enables two operation modes:
active control for ride comfort promotion and energy-
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Fig. 9. Schematics of a frequency-dependent multi-objective control scheme that simultaneously implements chassis attitude stabilization (using PID control that is effective
below 1 Hz) and vibration attenuation (using H-infinity control that is effective in 1-8 Hz) at their frequencies of interest [52]. The illustrated application example is with a
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regenerative control for energy harvesting. For main loop con-
troller design, H-infinity robust control has been investigated for
active suspension based on a full-car suspension model. A
restricted H-infinity controller, which is a combination of a pro-
posed H-infinity controller and a restriction strategy that confines
the motor to the working areas of energy regeneration, is
employed as the main controller to realize energy regeneration.

3.3.3. Cooperative control of active suspension and steering
Cooperative control not only coordinates different elements
within active suspension but also collaborates with other modules
in a car, such as the steering, braking, and driving-assistant system,
to further improve vehicle longitudinal and lateral control, and
thereby enhance driving stability and safety. Coordination of an
in-wheel electric motor was demonstrated in a recently proposed
variable geometry suspension system [39], and the torque of an
independent steering system was designed to improve both the
suspension performance and lateral dynamics [114]. As shown in
Fig. 10, this cooperative control strategy consists of two layers: an
upper system supervisory layer, used to identify the vehicle states
by calculating the characteristic velocity and decision logic of the
driving conditions; and a lower executive layer that aims to control
the actuators of the vehicle control subsystems. As both the suspen-
sion and steering actuators influence the vehicle lateral dynamics,
their integration can be fruitful, enabling improved trajectory
tracking characteristics with increased reachability domain.

3.4. Summary of active suspension control

Selection of a control strategy for an ASS is a complex problem,
since it is determined by the control objectives, suspension hard-
ware, actuator frequency response, vehicle category, operation
uncertainties, sensor availability, computational capacity, and
many other factors. Overall, PID control is a simple yet effective
algorithm that allows the ASS to stabilize the chassis at a desirable
attitude, while H-infinity and MPC are widely employed to
enhance the ride comfort and road holding performance by mini-
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Fig. 10. Hierarchical control structure of vehicle lateral control, steering control,
and suspension control with a recently proposed variable geometry suspension
system [114]. The definitions of all the abbreviations in the figure could be find in
the cited references.
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mizing the propagation from road disturbance to chassis vibration.
H-infinity control is relatively popular in research articles with in-
lab experiments and numerical situation testing, because the lin-
earized vehicle model needed to synthesize H-infinity control is
easy to identify, and the model uncertainties in experimental and
simulation environments are relatively limited. MPC control is
more advantageous in the presence of significant uncertainties,
as the model dynamics can be updated iteratively to calculate opti-
mal control gains.

The above classical methodologies are further combined with
intelligent control algorithms, such as fuzzy logic, neural networks,
genetic algorithms, and so on, to enable adaptive ASS operation
that better deals with varied road conditions and driving scenarios
[8,119-149]. With the development of sensing technology, vehicle
electrification, and vehicle autonomy, future ASS control algo-
rithms will not only improve the suspension performance but also
operate cooperatively with other modules to enable more versatile
functions, including:  “internal” cooperation between an active
element and an electric damper in an ASS to simultaneously imple-
ment ride comfort enhancement and energy harvesting; @ cooper-
ation between the ASS and other modules in a car (e.g., the
electronic stability program in ADAS) to improve the vehicle longi-
tudinal and lateral control, and thus the vehicle stability and safety
(e.g., rollover prevention) [150]; and @ cooperation between CAVs
in a transportation system to improve the energy efficiency, where
the air drag forces (affected by vehicle distance) can be reduced by
actively controlling the chassis heave and pitch angle.

4. Other topics

Other topics of research on ASSs include mathematical models,
numerical simulations, and experimental tests.

4.1. Mathematical models

A group of mathematical models with ASSs have been devel-
oped, including D nonlinear multi-body models of vehicle kine-
matics and dynamics, which are employed to perform numerical
simulations for realistic and reliable vehicle performance evalua-
tion [43,151]; @ linear equivalent models, which are needed for
linear control synthesis, such as LQG/LQR, Hoo/H2, and . synthesis
(as discussed in Section 3) [46]; and @ steady-state models for the
analytical estimation of the capability of ASSs in terms of chassis
leveling (i.e., the maximum vehicle longitudinal and lateral accel-
erations that can be dealt with) [45].

4.2. Numerical simulations

In terms of software, simulation platforms such as AutoSim
[152], CarSim [153], and Matlab/Simulink (Vehicle Dynamics
Blockset) [154] have been used to develop nonlinear vehicle mod-
els and implement control algorithms to perform numerical simu-
lations. Their results provide an accurate and realistic evaluation of
suspension performance in terms of ride comfort, road holding,
energy consumption, and so on [155-157]. Road events are the
main inputs of numerical simulations. A group of International
Organization for Standardization (ISO)-defined driving maneuvers,
including steady-state circular driving [158], step steering [159],
continuous sinusoid steering [159], braking in a turn [160], and fish
hooking [161], have been employed in numerical simulations to
test the vehicle longitudinal and lateral response to harsh driving
behavior. Varied roughness levels of road surfaces are also needed
to test the heave motion and determine the suspension perfor-
mance in terms of ride comfort and road holding. Road surface pro-
files (i.e., the variation of the road height against the driving
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distance) can be produced mathematically according to ISO 8608:
2016 [162], where the road height magnitude linearly deceases
against the spatial frequency in a log—log plot; suspension perfor-
mance associated variables can then be evaluated by further con-
sidering their frequency ranges of interest [163]. Some non-ISO
road events, such as speed bumps, road holes, and a sinusoidal
variation in the road height, have been also used to test the vertical
dynamic response of a quarter car.

4.3. Experimental tests

Experimental tests of ASSs are performed to validate the practi-
cal viability of newly proposed hardware elements, mechatronic
systems, control strategies. A typical testing apparatus that utilizes
a single suspension and mimics its operation in an actual car is
commonly referred to as a “quarter-car test rig,” where the vari-
ables that are usually measured include (D the vertical acceleration
of the sprung mass, which reflects ride comfort; @ the vertical tire
force, which reflects the road holding ability; @ the suspension
deflection, which reflects the space occupied or required; and
@ the actuator output force or torque or power, which reflects
energy consumption. The quarter-car test rig provides a simple
experimental platform that is capable of essentially evaluating
the suspension performance and control robustness. However,
there are two main limitations in some quarter-car experimental
studies: D downscaled parameters of sprung mass and spring stiff-
ness are used to simplify the test setup, making the testing results
less realistic; and @ the kinematics in mechanical suspension
structures (e.g., the variation of the suspension installation against
the suspension deflection) are ignored, with a linear configuration
used for the spring damper and the sprung and unsprung masses.
To address these issues, a double-inerter system proposed in
Ref. [164] can be considered in order to mimic both the sprung
mass (of a quarter car) and the load transfer (due to braking and
cornering), thus facilitating a highly compact physical implemen-
tation while avoiding the effect of downscaled vehicle parameters.
This solution can be used for the rapid prototyping of novel ASS
mechanisms and the experimental validation of novel control
strategies.

Road testing of a real car retrofitted and integrated with a pro-
posed ASS provides a more realistic evaluation, which is highly
valuable for the technology transfer to a suspension OEM. This is
because disturbances that are difficult to include in quarter-car
experimental testing, such as the load transfer (due to barking
and cornering) and ISO driving events, can be fully evaluated in
full-car road testing; moreover, the practical factors of physical
occupied space, required electrical configuration, economic cost,
mass increment, and power usage that are critical for car manufac-
turer can be fully assessed. For example, the recently proposed
mechatronic suspension of the SAVGS was integrated into the
chassis of a real car, the Mazda MX5, to evaluate the suspension
performance enhancement with respect to the passive suspension
configuration over various road conditions, including an ISO Class
D equivalent country road and a couple of speed bumps inside a
university campus, showing good ride comfort enhancement with
an average drop of 30% in the chassis vertical acceleration. The
practical factors of mechanical implementation, mass increment,
energy consumption, and space occupied have also been quanti-
fied, guiding the potential application to production cars [51].

5. Conclusions and recommendation for future work

This paper comprehensively reviewed advances in ASSs, focus-
ing on the state-of-the-art mechatronic structures and control
strategies. The key conclusions are provided in this section.
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Modern ASSs not only include an element that actively exerts
forces or torques between the sprung and unsprung masses but
also incorporate technical advances in each hardware element:
(D from the conventional Macpherson/double wishbone structures
to multi-link connection arms, increasing the flexibility of the
wheel attitude adjustment and thus improving road holding and
vehicle handling ability; @ from the conventional coil spring to
the air spring, where the air pressure and thus the suspension stiff-
ness can also be actively controlled; and @ from the conventional
hydraulic damper to the electrical damper, enabling tunable damp-
ing and energy harvesting. These elements are integrated to formu-
late different mechatronic system solutions for ASSs, where
practical factors including a small weight increment, realistic occu-
pied space, high-frequency response, low economic costs, and low
energy consumption are critical for production car manufacturers.

Audi Predictive Active Suspension equipped with air suspension
and a rotary electrical damper (revealed in Audi A8 in the 2017)
and Mercedes Active Suspension in Magic Body Control (with the
road-surface scan function added in the latest versions of the
Mercedes-Benz S Class W222 in 2013 and C217 in 2014) represent
state-of-the-art ASS solutions in production cars. In academia, the
link-based mechatronics suspension concepts of SAVGS and PALS
have been recently proposed and experimentally validated, show-
ing promising potential with low inertia, fast response, negligible
unsprung mass increment, and fail-safe characteristics.

In ASS control methodologies, PID control is mainly used to sta-
bilize the chassis at a desirable attitude, and Hoo control and MPC
have been extensively employed to reduce chassis vibration and
thereby enhance ride comfort and road holding, where good con-
trol robustness is presented against vehicle system uncertainties.
These classic control methodologies have been further combined
with intelligent control algorithms, such as fuzzy logic, neural net-
works, genetic algorithms, and so on, to enable adaptive ASS oper-
ation that better deals with varied road conditions and driving
scenarios.

The following future work on the development of ASSs is rec-
ommended: The mechatronic structures of ASSs can be optimized
and improved by rearranging the hardware elements. For example,
can the conventional coil spring be replaced by air suspension,
enabling dual control manipulators—that is, air pressure and an
actuator torque? Can the conventional hydraulic damper in a shock
absorber be removed and its function implemented by an actively
controlled electric actuator? In this case, the energy that is origi-
nally dissipated as heat can be harvested, while the damping coef-
ficient will be an additional variable that is actively controlled to
ensure good ride comfort and road holding performance. As
another research question, can a rotary electrical damper be in a
series connection with an air suspension and the chassis?

With the development of EVs, the electrical systems of ASSs
that normally include batteries, converters or inverters, electrical
drives, and sensors will not be developed alone and will need to
be optimized and fused into the overall electrification of a car.
For example, the batteries, low-DC to high-DC convertors, and
the permanent magnet synchronous motor (PMSM) drives must
take into account both the wheel actuation and the ASS active ele-
ment actuation. Given the existing sensing systems in an EV (e.g.,
inertial sensors), information fusion technology can be employed
to reshape the ASS control framework of feedback measurements
and performance objectives. For example, can the variation of the
vertical tire force at each corner be additionally and accurately
estimated to directly reflect the road hold performance?

Future control strategies for ASSs will not only stabilize the
chassis attitude and attenuate chassis vibration within a stand-
alone module but also construct a hierarchical, multi-objective,
and cooperative control framework that works together with other
modules in a car and even with other cars. More specifically, “hier-
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archical” means that the ASS control will be part of D high-level
driving decision-making to improve the efficiency of the overall
transportation system in CAVs by actively controlling the chassis
roll angle of each car and thereby improving the aerodynamic char-
acteristics, in what could be an optimization problem with respect
to driving speed and distance between other connected vehicles;
(@ mid-level vehicle longitudinal and lateral control, which cooper-
atively operates with other electrical modules such as steering,
braking, ESC in the ADAS, and so on to further improve the vehicle
longitudinal and lateral control and thus the driving stability and
safety; and @ low-level suspension itself, in order to deal with
the heave dynamics (i.e., attenuate the chassis vibration for
enhanced ride comfort and road holding performance), the energy
harvesting (in the case of an electrical damper), and other
objectives.

Control strategies for ASSs will be more intelligent when used in
combination with neural network, fuzzy logic, and genetic algo-
rithm methodologies and emerging techniques such as machine
learning. The benefits include making the control focus of an ASS
“switchable” to better deal with various driving scenarios—that
is, suspension control can reduce air drag forces and thereby con-
serve energy in the cases of a transportation system of CAVs or rac-
ing cars with smooth road surfaces, while the main objective can
be switched to enhancing ride comfort in the case of a family driv-
ing journey over poor road conditions.

For practical ASS demonstrations with a quarter-car experimen-
tal study, a double-inerter system can be considered to mimic both
the sprung mass (of a quarter car) and the load transfer (due to
braking and cornering). The main benefits are that the overall test
setup can produce a more realistic evaluation platform without
any downscaled vehicle parameters, while the physical implemen-
tation can be highly compact. Therefore, this solution can be used
for rapid prototyping with the aim of implementing novel ASS
mechatronic structures or control strategies.
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