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2 The TU Darmstadt Active Air Spring

Nowadays, conventional spring dampers are based on mechanical spring elements, or air springs, in combination
with hydraulic dampers. The separation of the main functions “load-carrying” and “energy storing” of the air spring
is an advantage over mechanical springs. It enables a level control by adapting the mass of the air inside the air
spring to its load. This means that the level between the road and the vehicle body can be adjusted, for example,
to lower the body when the passengers entering the car or when driving on a motorway for minimizing the drag.
In addition, the full suspension travel for rebound and compression can be used. Furthermore, the oscillation
behaviour of the system remains approximately the same due to the practically constant natural frequency of the
car body. At the same time, it is ensured that all wheels are in close contact with the road. In consequence, this
increases the driving safety /6/.

The active air spring is an active spring element based on an air spring that combines the above-mentioned advantages
of an active system with those of an air spring. The axial force of the air spring is the product of the load-carrying
(pressure effective) area 𝐴𝐴� and the pressure difference between the internal pressure of the air spring 𝑝𝑝 and the
ambient pressure 𝑝𝑝�,

𝐹𝐹 𝐹 𝐹𝑝𝑝 𝐹 𝑝𝑝�)𝐴𝐴� . (1)

By differentiating equation (1) and assuming an isentropic state change , which leads to

d𝐹𝐹
𝐹𝐹�

𝐹 1
𝐹𝐹�

�𝐴𝐴� d𝑝𝑝 𝑝 𝐹𝑝𝑝 𝐹 𝑝𝑝�) d𝐴𝐴��

≈ 1
𝐹𝐹�

�𝐴𝐴� d𝑝𝑝 𝑝 𝑝𝑝 d𝐴𝐴��

𝐹 𝐹𝛾𝛾 d𝑉𝑉
d𝑧𝑧

d𝑧𝑧
𝑉𝑉�

𝑝 d𝑚𝑚
𝑚𝑚�

𝑝 d𝐴𝐴�
𝐴𝐴��

, (2)

different approaches for manipulating the axial force of the air spring become obvious /7/. In equation (2), 𝑉𝑉
denotes the volume of the air spring, 𝑧𝑧 its compression, 𝑚𝑚 the mass of the compressed air and 𝛾𝛾 the isentropic
constant. The first expression on the right side of the last line of equation (2) represents the change in the force
due to the compression of the air spring, the second one the influence of the mass of the compressed air (which is
relevant for the above-mentioned quasi-static level control) and the last one the influence of the load-carrying area.
A linearisation of equation (2) for the working point of the air spring (compression 𝑧𝑧 𝐹 𝑧) leads to
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with the displacement area of the air spring 𝐴𝐴�� ∶𝐹 𝐹d𝑉𝑉𝑉d𝑧𝑧��. The resulting total axial force of the air spring is

𝐹𝐹 𝐹 𝐹𝐹� 𝑝 Δ𝐹𝐹

𝐹 𝐹𝐹� 𝑝 𝑐𝑐 Δ𝑧𝑧 𝑝 𝑝𝑝�𝐴𝐴��
𝑚𝑚�

Δ𝑚𝑚 𝑝 𝑝𝑝� Δ𝐴𝐴��, (4)

with the air spring stiffness 𝑐𝑐 ∶𝐹 𝛾𝛾 𝑝𝑝�𝐴𝐴��𝐴𝐴��𝑉𝑉𝑉�. Equation (4) illustrates two possibilities for manipulating the
axial force independently of the spring deflection: (i) by adjusting the mass of the compressed air𝑚𝑚 in the air spring
or (ii) the load-carrying-area 𝐴𝐴�. Due to the compressibility of the air, the adaptation of the air mass at frequencies
which are necessary for manipulating the oscillation of the car body or the wheel, approximately 5Hz and 3𝑧Hz
/5, 8/, is impossible. For this reason, adjusting the load-carrying area seems to be the only reasonable approach to
actively change the axial force of an air spring.

The load-carrying area of an air spring with the rolling piston radius 𝑟𝑟� and the outside guide radius 𝑟𝑟� is

𝐴𝐴� ≈
π
4 𝐹𝑟𝑟� 𝑝 𝑟𝑟�)� . (5)
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1 Motivation

Experts assume that autonomous driving is the key technology for our future transport system. A major advantage
of this technology is that the occupants are able to engage in other activities while driving. In addition, one assumes
that passengers will accept longer journeys since driving does not seem to be a loss of time /1/. However, studies
have shown that the incidence of kinetosis, i. e. motion sickness, is significantly higher in autonomous driving than
in conventional vehicles and one out of ten passengers will suffer from moderate to serious motion sickness often
to always /2/. For this reason, the new technology could only be accepted slowly or even rejected. Consequently,
it is important to take measures to minimize the incidence of kinetosis during autonomous driving.

Although the phenomenon has been scientifically researched for a long time, it has not been fully understood to
date. The three main factors for kinetosis which could be found are (i) a conflict between visual and vestibular
inputs, (ii) a loss of control of one’s movements and (iii) a reduced ability to anticipate the direction of movement
/2/. Decoupling the environment and the driving dynamics is a promising approach to minimize the incidence of
motion sickness. Since especially vertical dynamic excitations, i. e. heave, are perceived as particularly disturbing
in a low-frequency range from 0.1Hz to approx. 1Hz /3/, controlled semi-active or active suspensions can provide
a remedy /4/. This could lead to a renaissance of active suspension systems and provide opportunities for new
active technologies. In contrast to conventional passive or semi-active systems, active systems have a flexible
working area and can, therefore, react to uncertainty during usage, e. g. changing excitations or system parameters.
Additionally, active suspension systems can reduce oscillations by applying pressure and tension forces independent
of the strut deflection /5/.

These measures will further differentiate the vehicle market. On the one hand, there will be expensive, comfort
oriented high-tech vehicles that serve as rolling offices or living rooms and use the above-mentioned technologies to
maximise driving comfort. On the other hand, there will be low-cost transport vehicles that meet the requirements
for the transport service but are more like small city buses and do not have any emotional appeal nor satisfy high
demands for comfort /4/.
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of the upper and lower piston move always in opposite directions. Furthermore, the power consumption is lower
because the extending actuator is partly powered by the retracting one. No similar technologies are known to date.
The air spring with an adjustable rolling piston by Meritor /12/, for example, cannot provide a defined axial force.

In order to show the functionality of the active air spring and to test it experimentally, we built a demonstrator of
the air spring with two hydraulically adjustable rolling pistons (Figure 2). The most important parameters of the
demonstrator are listed in the following Table 1.

In addition to component tests on a single axis testing machine by the manufacturer MTS, in which the force
response of the strut𝐹𝐹 at specified compressions 𝑧𝑧 is measured, we carry out hardware-in-the-loop (HiL) simulations
with the active air spring.
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Figure 3: Simplified graphical diagram of the Hardware-in-the-Loop Simulation setup.

In these tests, the air spring is coupled with a virtual quarter car that is simulated in parallel in a real-time simulation
environment by dSPACE. The basic structure and signal and power flows of the HiL experiments are shown
in Figure 3 in a simplified form. The compression of the air spring 𝑧𝑧 calculated in the real-time simulation is
transmitted to the testing machine, which applies the compression 𝑧𝑧. The measured axial force response 𝐹𝐹 is fed
back into the simulation (closed loop simulation). The controller is also implemented in the simulation model. The
HiL tests offer the advantage that the interactions of the active air spring with the overall system can be investigated
at an early stage of development. It is also easily possible to vary parameters of the virtual system and thus examine
the active air spring in different test scenarios (different controllers, loads, excitations, etc.).

3 Modelling of the Overall System

The overall system of the active air spring, which consists of the air spring, the hydraulic actuator, the hydraulic
power supply and the controller, is depicted in Figure 4. The hydraulic actuator consists of the two adjustable air
spring rolling pistons and a common drive, which couples them. The adjustable rolling pistons can be modelled
as single-acting cylinders. The coupling element is powered by a double-acting hydraulic cylinder. But it is also
possible to use other types of actuators, for example an electromechanical actuator, to power the active air spring.
The rolling piston radii 𝑟𝑟�� and 𝑟𝑟�� can be adjusted by a simple control of the position 𝑦𝑦��� of the coupling element.
To do so, we use a hydraulic control valve. The position of the valve spool is directly determined by the voltage
𝑈𝑈�.

Air Spring We model the dynamic behaviour of the air spring physically using the conservation equations for
mass and energy /13/. The thermal equation of state couples these two equations and the result is a non-linear
differential equation system for the three thermodynamic state variables pressure, density and temperature of the

The 11th International Fluid Power Conference, 11. IFK, March 19-21, 2018, Aachen, Germany

Our approach is to adjust the load-carrying area by changing the rolling piston radius of the air spring /9/. For this
purpose, we developed an air spring piston, which radius can be adjusted hydraulically with four segments. The
segments are evenly distributed over the circumference /10, 11/, Figure 1.

(1)

(2)

(3)

(4)

��
��
��

����

Figure 1: The integrated hydraulic actuator can adjust the radius of the air spring rolling piston 𝑟𝑟� during the usage
with an edge frequency of 5 Hz, (1) labels the hydraulic connection, (2) the adjustable circle segments
of the rolling piston, (3) the air spring bellows and (4) the outside guide of the air spring.

(1)

(2)

𝐹𝐹

𝑧𝑧

640
m
m

Figure 2: The active air spring with
two hydraulically adjustable
rolling pistons, (1) and (2).

Table 1: Parameters of the the active air spring prototype, the
index (1) refers to the upper rolling piston, index 2 to
the lower one.

static pressure 𝑝𝑝𝑝𝑧𝑧 𝑝 0𝑝 14 bar𝑝abs.𝑝
outer radius 𝑟𝑟�� 70mm
rolling piston radius 𝑟𝑟�� 𝑝52.5 ± 3𝑝mm
load-carrying area 𝐴𝐴�� 𝑝11 740 ± 570𝑝mm�

outer radius 𝑟𝑟�� 63.5mm
rolling piston radius 𝑟𝑟�� 𝑝47 ∓ 2,5𝑝mm
load-carrying area 𝐴𝐴�� 𝑝9 545 ∓ 340𝑝mm�

total load-carrying area 𝐴𝐴� 𝑝2 195 ± 910𝑝mm�

axial force 𝐹𝐹𝑝𝑧𝑧 𝑝 0𝑝 𝑝2 850 ± 1180𝑝N
air spring volume 𝑉𝑉� 2.8 l
maximal suspension travel
𝑧𝑧���

±70mm

When using a double bellows air spring with a ring-shaped load-carrying area

𝐴𝐴� 𝑝 𝐴𝐴�� − 𝐴𝐴�� , (6)

even small changes of the rolling piston radii result in relative large area changes. To maximize the relative area
change and the resulting change in the axial force, we use two actively adjustable rolling pistons. The actuator
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4 Model-based Chassis Control Design

In the following sections the ability of the presented actuator for being used within an active chassis control system
is evaluated. For this purpose another control loop has to be designed, which aims to reduce the car body oscillations
using the active air spring as actuator.

A good overview of the control of an active chassis can be found for example in /5, 15/. We use a linear H�-
optimal control because it enables a very systematic synthesis that leads to comparable results for system and
control structure variations. Also, in this case the achievable control performance can be calculated analytically
or – at least – it can be determined numerically without the need for simulations and does not depend on input
scaling, as it would be the case for a non-linear control. As the HiL test stand allows only one active air spring to
be examined, we limit our analysis to the control of a quarter car model.

This evaluation bases on the results presented in /14/ and extends these by considering a preview concept and
deterministic road profiles like speed-bumps.

Model The model of the quarter car which is shown in Figure 6 is the basis for our control design. The control
(actuating) input is 𝑢𝑢���, which is transformed into the actual actuating force Δ𝐹𝐹��� by the actuator with the transfer
function 𝐺𝐺���. The disturbance input is the displacement of the road 𝑧𝑧�.

The wheel load fluctuation 𝐹𝐹� = 𝑐𝑐� ⋅(𝑧𝑧�−𝑧𝑧�)+𝑑𝑑� ⋅(�̇�𝑧�−�̇�𝑧�), the (car) body acceleration �̈�𝑧� and the compression
𝑧𝑧 = 𝑧𝑧� − 𝑧𝑧� are the relevant outputs for the evaluation of the control performance. Practical considerations aside,
all model variables can be used as control (measured) outputs, i. e. controller inputs. All quantities are quantities
of the linearised system, i. e. deviations around the operating point.

𝑚𝑚�

𝑚𝑚�

𝑐𝑐�

Δ𝐹𝐹���

Δ𝐹𝐹���

𝑑𝑑�

𝑐𝑐� 𝑑𝑑�

𝑧𝑧�

𝑧𝑧�

𝑧𝑧�

Figure 6: Quarter car model.

Table 2: Parameters of the quarter car.

body mass 𝑚𝑚� 290 kg
wheel mass 𝑚𝑚� 40kg
suspension spring constant 𝑐𝑐� 10 000N/m (=̂𝑐𝑐)
suspension damping constant 𝑑𝑑� 1 140Ns/m
tire spring constant 𝑐𝑐� 200 000N/m
tire damping constant 𝑑𝑑� 566Ns/m

H�-optimal controller synthesis for chassis control One possible interpretation of the H�-norm of a stable
system exists for stochastic signals. If the input w is normalized white noise, the H�-norm is equal to the root of
the square summed standard deviations 𝜎𝜎��� of the outputs z /16/,

‖z ← w‖� = �∑� 𝜎𝜎���� .

This interpretation fits to the modelling of road profiles as coloured noise, which is a frequently used in literature
/5/. Based upon this, the concept of H�-optimal controller synthesis is applied to the simplified, linearised model
to demonstrate the principal relations and limits of the control.
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Figure 4: Schematic of the active air spring system and its components.

air in the enclosed air spring volume. The advantage of this formulation is, that one does not have to make any
assumption for the change of state. The internal friction, which arises due to the deformation of the rolling bellows,
can be represented as mechanic deformation energy and can be described as a series connection of springs and
friction elements /6/. Measurements with the overall system have shown, however, that the stiffness of the air
spring can be approximately described by a constant value of 10 000N/m. For this reason, the air spring was
simplified as a linear spring with the stiffness 𝑐𝑐 as described in equation (4) for the control design. For a constant
mass 𝑚𝑚 for the air in the air spring, equation (4) can be simplified to

𝐹𝐹 𝐹 𝐹𝐹� + 𝑐𝑐𝑐𝑐 + 𝑐𝐹𝐹��� , (7)

with the axial actuating force 𝑐𝐹𝐹��� 𝐹 𝑝𝑝� 𝑐𝐴𝐴��. The force 𝑐𝐹𝐹��� is, from a control engineering point of view, the
output variable of the actuator “active air spring”. It results from the effective piston radii 𝑟𝑟���, ��, which in turn
depend on the position 𝑦𝑦��� of the coupling element. Measurements show that these correlations can be regarded
as simple linear factors 𝐾𝐾� and 𝐾𝐾��. They are depicted on the right side of the block diagram shown in Figure 5.
The feedback of the air spring pressure by the force acting on the rolling pistons, is neglected.

�̂�𝐾��
�� �̂�𝐾��

�
PD-

CONTROLLER
VALVE

ACTUATOR 𝐾𝐾� 𝐾𝐾��
𝑢𝑢���

REFERENCE VALUE

𝑦𝑦������� 𝑈𝑈� 𝑦𝑦��� 𝑟𝑟�� Δ𝐹𝐹���
−

CONTROLLER 𝐺𝐺���� 𝐺𝐺���

Figure 5: Block diagram of the controlled actuator.

Hydraulic Actuator Based on our measurements, the transfer function

𝐺𝐺���(𝑠𝑠𝑠 𝐹
6097𝑠𝑠 + 𝑠𝑠𝑠𝑠6 𝑠 10�

𝑠𝑠� + 𝑠09𝑠1𝑠𝑠� + 𝑠𝑠391 𝑠 10�𝑠𝑠 + 𝑠𝑠𝑠7𝑠 𝑠 10� (8)

for the hydraulic actuator was identified /14/. The approach of a system with one closed-loop zero and three poles
is motivated by the assumption that the hydraulics can be described as an IT�- or a PT�-system, respectively, and
the realization pole of the PD-controller in the relevant frequency range is negligible.
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It should be noted that the controllers also incorporate a weak integral action with regard to the compression. This
is necessary to make the body follow the road in the long term, as comfort maximizing controllers tend to decouple
body and wheel /15/. As the integrator gain is chosen rather small, it has only a minor influence on the presented
results and hence, for sake of brevity, is not discussed in detail here.

Discussion The results for different controller configurations are depicted in the so-called conflict diagram,
Figure 8. In this diagram, the body acceleration fluctuation 𝜎𝜎�̈� , which is equivalent to the “discomfort”, is plotted
over the dimensionless wheel-load fluctuation𝜎𝜎��/𝐹𝐹�,�, the “driving safety”, for a specific type of road and driving
velocity. In our case, the results for a ride over an average German highway (“Bundesstraße”) at a driving velocity
of 100 km/h is shown. The results for other types of roads and different driving velocities are similar. The non-
filled circle marks the performance values of a typical design of a passive suspension.The displayed lines are the
Pareto lines for each controller and actuator configuration which mark the achievable maximal performance and
can not be undercut.
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Figure 8: Pareto lines for different controller configurations, assuming an ideal actuator (grey) and the identified
actuator (black).

The solid lines represent the optimal solutions of the free optimization problems with the objective function (11) if
𝛼𝛼� varies (for increasing values for 𝛼𝛼� one moves on the Pareto lines from the bottom right to the top left), using the
variables 𝑧𝑧�, �̇�𝑧�, 𝑧𝑧� and �̇�𝑧� (i. e. all mechanical states) as control output (measured variables). For the gray line
an optimal actuator, i. e. 𝐺𝐺���(𝑠𝑠𝑠 𝑠 1, is assumed, whereas the black line shows the result for the real actuator (8).
As there are no structural constraints imposed, no linear controller can achieve values below the shown curves for
equal limitations.

One can see that the actuator, due to its dynamics, increases – i. e. deteriorates – the achievable minimal wheel load
fluctuation. That this effect worsens the wheel load fluctuation is reasonable, as its variance is primarily caused
by the wheel’s natural frequency of approximately 10Hz. At this frequency the actuator is less effective due to its
dynamics. On the contrary, the the body natural frequency of 1Hz is far below the actuator’s cut-off frequency.
Consequently, the mitigation of the body acceleration is not effected by the actuator dynamics.

The black dash-dotted line represents static feedback of the variables 𝑧𝑧�, �̇�𝑧�, 𝑧𝑧� and �̇�𝑧�, the identified actuator
considered. Also, like for the following designs, the controller coefficients are limited to the interval [−1, 1],
related to scaled variables (Forces: 1000N, velocities: 0.1m/s, distances: 0.01m).

The already mentioned gap between this Pareto line and the one for the dynamic controller (i. e. the best possible
solution) is apparent. However, the feedback of all mechanical states is still not realistic. For this reason, we only
use the body velocity as feedback for first HiL simulations, i. e. 𝑢𝑢��� 𝑠 𝑘𝑘�̇� ⋅ �̇�𝑧�. Optimization yields a parameter
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The controller synthesis bases on the system shown in Figure 7. The transfer function

𝐹𝐹�,��(𝑠𝑠𝑠 𝑠
2.1515 ⋅ 10�� m

6.4503 ⋅ 10�� ⋅ 𝑠𝑠� + 2.0305 ⋅ 10�� ⋅ 𝑠𝑠� + 1.6043 ⋅ 𝑠𝑠 + 1 ⋅ �1 𝑠𝑠 𝑠𝑠��
�

(9)

contains the road model as well as a second-order low pass filter with a cut-off frequency of 25Hz to limit the
observation to the low frequencies within the validity range of the quarter car model. Along with the road profile 𝑧𝑧�,
it outputs its first two derivatives. 𝐹𝐹�,�� is appropriately scaled that the performance input 𝑛𝑛 is equal to normalized
white noise. The performance outputs for controller synthesis are the body acceleration �̈�𝑧�, which is equivalent to
the driving discomfort, the wheel load fluctuation𝐹𝐹�, which is equal to the driving safety, as well as the compression
𝑧𝑧 and the actuating variable 𝑢𝑢��� for assuring the functionality.

QUARTER
CAR

𝐹𝐹����

𝐺𝐺���
10��
n�

𝑧𝑧�, �̇�𝑧�, �̈�𝑧�
𝑛𝑛

NORMALIZED WHITE NOISE

Δ𝐹𝐹���
𝑢𝑢���

CONTROL INPUTS CONTROL OUTPUTS

PERFORMANCE OUTPUTS

Figure 7: System for the controller design with preview.

The control outputs (measured variables) vary during the following analysis. In case of the preview control, they
contain the signals 𝑧𝑧�, �̇�𝑧� and �̈�𝑧� (see below). If the function systune of the Control System Toolbox of MATLAB
is used for the numerical optimization, the optimization problem can be formulated as

min
K∈𝒦𝒦

�‖�̈�𝑧� ← 𝑛𝑛‖�� + 𝛼𝛼�� ⋅ ‖𝐹𝐹� ← 𝑛𝑛‖���

subject to ‖𝑧𝑧 ← 𝑛𝑛‖� < 𝜎𝜎�,���, ‖𝑢𝑢��� ← 𝑛𝑛‖� < 𝜎𝜎����,��� . (10)

The set 𝒦𝒦 corresponds to a given structural constraint of the controller. For example, one can restrict the control to
a static feedback. Varying 𝛼𝛼� changes the weighting between the two optimization goals minimal body acceleration
and minimal wheel load fluctuation. In this case, we limit the standard deviation of the compression 𝜎𝜎�,��� to a
a third of the maximum possible deflection and the standard deviation of actuator force 𝜎𝜎����,��� to a third of the
maximum actuator force.

In case of the “free optimization problem”, i. e. if no structural constraints are given, one can calculate the optimal
controller analytically for the objective function

𝑉𝑉� 𝑠 ‖�̈�𝑧� ← 𝑛𝑛‖�� + 𝛼𝛼�� ⋅ ‖𝐹𝐹� ← 𝑛𝑛‖�� + 𝛼𝛼�� ⋅ ‖𝑧𝑧 ← 𝑛𝑛‖�� + 𝛼𝛼����� ⋅ ‖𝑢𝑢��� ← 𝑛𝑛‖�� + 𝑉𝑉���. (11)

To fulfil all requirements for using this algorithm, a very small measurement noise𝑉𝑉���, as indicated in Figure 7, must
also be taken into account /16/. Chosen sufficiently small, it has a negligible effect on the results. The limitations
of the compression and the actuator force are met by iteratively adapting the weighting factors 𝛼𝛼� and 𝛼𝛼���� .

The free H�-optimal controllers are usually dynamic controllers of high order and therefore not suitable for practical
use. However, they give the “reference” solution which can be used as a benchmark for simpler controllers.

Preview Concept In /14/ we showed, that there is a significant gap between the performance of the optimal,
dynamic feedback and the performance which is achievable using static feedback. To close this gap, one could try
to find simple dynamic controllers. Another way to improve the control performance is to apply preview concepts,
which – of course – require suitable sensors.

The approach taken here follows /17/, where the preview sensor data is used to determine the displacement oft the
road input 𝑧𝑧� as well as its first two derivatives, �̇�𝑧� and �̈�𝑧�, at the current time.
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Figure 9: Comparison of measured (HiL-Simulation) and simulated frequency responses of the quarter car (solid
line: measurement, dashed line: simulation) without and with static skyhook control (a) and without and
with additional preview control (b).

based on the model. This calculation also takes into account the above mentioned effects (time delay, filtering) of
the HiL test bench.

One can recognize that the models describe the behaviour with and without control qualitatively correct and
quantitatively well. Only the increase in the range of the body’s natural frequency is somewhat overestimated

The 11th International Fluid Power Conference, 11. IFK, March 19-21, 2018, Aachen, Germany

value of approximately 𝑘𝑘�̇� = −1750Ns/m. Even with this simple structure, we are able to achieve values which
are close to the Pareto line of the presented static “state feedback” structure. The achieved body acceleration is
significantly smaller than the one for the passive suspension, which is marked by the non-filled circle in Figure 8.

The dashed lines are the solutions of the free optimization problem with preview, i. e. 𝑧𝑧�, �̇�𝑧� and �̈�𝑧� are included
in the control outputs. This lines are hardly to see, as they are very close to theirs corresponding non-preview
counterparts.

The black dotted line is the result for a simple, linear sky-hook controller (i. e. static feedback of body and wheel
velocities) with preview. The preview variables 𝑧𝑧�, �̇�𝑧� and �̈�𝑧� are used with static gains as well, resulting in the
static controller

𝑢𝑢��� = 𝑘𝑘�̇� ⋅ �̇�𝑧� + 𝑘𝑘�̇ ⋅ �̇�𝑧 + 𝑘𝑘�� ⋅ 𝑧𝑧� + 𝑘𝑘�̇� ⋅ �̇�𝑧� + 𝑘𝑘�̈� ⋅ �̈�𝑧� . (12)

In contrast to the case with no preview, this line is very close to the Pareto line which can be achieved with a
dynamic controller. I. e., the principal benefit of this preview concept is not to move the Pareto line into better
regions but to make it achievable with simpler control structures. There is still an inherent limit for the achievable
performance, which even a preview control cannot enhance. The reason for this is, that a preliminary action in
order to achieve a better behaviour in reaction to a future excitation influences the present behaviour as well.

The filled square marks the controller used in the HiL experiments with the parameters 𝑘𝑘�̇� = −1750Ns/m,
𝑘𝑘�̇ = 0, 𝑘𝑘�� = −3860N/m, 𝑘𝑘�̇� = −1016Ns/m and 𝑘𝑘�̈� = −18.29Ns�/m.

Conclusion Due to the dynamics of the actuator, certain trade-offs compared to an ideal reference have to be
accepted. However, we can show that the actuator can achieve a significantly increase in the driving comfort,
especially in the frequencies where oscillations cause motion sickness. Consequently, our active air spring could
be used within an active chassis control system for minimizing motion sickness and maximizing driving comfort.

5 Actuator Validation in Hardware-in-the-Loop Experiments

The HiL set-up is sketched in Figure 3. The software-simulated system corresponds to the quarter car model
shown in Figure 6 without the stiffness 𝑐𝑐�, which is now generated by the real air spring. During the tests, the
current deflection 𝑧𝑧 is calculated from the system dynamics, the measured force 𝐹𝐹 and the actual road excitation 𝑧𝑧�
and its derivative �̇�𝑧� and transmitted to the single axis testing machine, which then adjusts it. The force response
of the active air spring is measured and used again as an input variable for the simulation model. The sampling
time is 1ms and we use a second-order Butterworth filter with a cut-off frequency of 170Hz to smooth the force
signal. In the relevant frequency range up to 20Hz, the position-controlled testing machine can be described very
well by a delay element of 10ms, which coincides with known results /18/.

The influence of this delay and the filtering was examined in /14/ by comparing the calculated frequency responses
of the overall systems comprising the ideal quarter car model and the HiL model, respectively. Only a very small
effect within the relevant frequency range was observed.

For the experiments, we use the described form filter 𝐹𝐹���� to generate a virtual stochastic road profile for a time
of 20 seconds. The profile is a periodical input for the HiL model. When the transient system response is faded
out, we start the data acquisition and estimate the frequency response of the quarter car offline based on these data.
The frequency responses shown in Figure 9b are those of the system including the road model 𝐹𝐹����, thus the input
𝑛𝑛, and the outputs wheel load fluctuation 𝐹𝐹� and (car) body acceleration �̈�𝑧�.

Results, which were obtained using the described procedure, are shown in Figure 9. In Figure 9a the effect of a
simple static feedback of the car body velocity (sky-hook control), 𝑢𝑢��� = 𝑘𝑘�̇� ⋅ �̇�𝑧�, with 𝑘𝑘�̇� = −1750Ns/m is
compared to the case without control. In Figure 9b the control with and without preview are compared. The solid
lines illustrate the measured frequency response, while the dashed lines represent the frequency response calculated
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6 Summary and Conclusion

We presented a new concept for an active suspension strut, an active air spring. The active air spring can manipulate
the axial force independently of its deflection by changing its load-carrying area. Based on a linear model for the
air spring and the actuator, a controller design for a quarter car was carried out. Hardware-in-the-Loop simulations
with a prototype of the active air spring show its capability of reducing (car) body accelerations and thus improving
the driving comfort for an exemplary ride over a typical German highway at 100 km/h. We were able to show,
that the fluctuation of the body acceleration can be decreased with the active air spring and a skyhook controller by
23% and with a preview controller even by 36% at slightly improved ride safety. When riding over a cosine-shaped
bump with a height of 50mm at a driving velocity of 10 km/h, the maximum body acceleration was reduced by
approx. 10% with the skyhook controller and by more than 50% with the preview controller at a slightly decreased
wheel load fluctuation.

Summarized, by using the active air spring, a significantly increase in the driving comfort, especially in the
frequencies where oscillations cause motion sickness, is achievable which could reduce its incidence.

As it is known that the oscillations at different frequencies have different impacts on the passengers /19/, one could
incorporate a corresponding weighting filter into the synthesis procedure for optimizing the driving comfort, which
emphases the low frequencies more. On the other hand, to enhance the behaviour with respect to single obstacles
like a speed-bump, a weighting filter which amplifies high frequencies would be more adequate. To avoid this
conflict, a double approach could be taken in which the normal controller is synthesized for a stochastic excitation
considering the low frequencies more and when the sensors detect a single obstacle, a second parametrization is
used.

It is also conceivable to use pneumatic instead of hydraulic damping. This can be easily realized by integrating a
nozzle for dissipating the oscillation energy to the active air spring, which then becomes an active air spring damper.
The active air spring damper combines the functions “load-carrying”, “energy storing”, “applying an actuating
force” and “dissipating energy” in one component. The frequency-specific pneumatic damping /20/ prevents the
strut from “becoming stiff” at higher excitations frequencies and the actuator would not need to work against the
hydraulic damper.

7 Acknowledgements

The authors would like to thank the German Research Foundation (DFG) for funding this research within the
Collaborative Research Centre (SFB) 805 “Control of Uncertainties in Load-Carrying Structures in Mechanical
Engineering” (TU Darmstadt, speaker Prof. Dr.-Ing. Peter F. Pelz). Furthermore, the authors especially would like
to thank the project cooperation partner Vibracoustic for supporting this project.

Nomenclature

The first column of the following table shows the symbols utilized for physical and mathematical quantities. The
second column shows the meaning of each quantity. The dimension of each physical quantity is denoted in the
third column, based on the generic quantities length (L), mass (M), time (T) and current (I).
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in the case without control and somewhat underestimated in the controlled case. This shows the actually non-linear
behaviour of the air spring, whose effective stiffness depends on the deflection amplitudes and velocities. The
difference in the phase drop for frequencies over 15Hz between the calculated and measured frequency response
function for the body acceleration in the case of preview can be accounted to inaccuracies within the model of the
hydraulic actuator. Apart from this, the model of the overall actuator can be considered validated for the operating
point.

Especially in the frequency range around the body’s natural frequency, which is the most relevant range for driving
comfort and the main cause for motion sickness, the body accelerations are clearly reduced by the control with
respect to the passive air spring (𝑘𝑘�̇� = 0) – and thus also clearly compared to a passive, conventional suspension
not shown here. Using the preview concept, the accelerations are reduced even considerably more and over a wider
frequency range.

As a second test case, driving over a speed-bump, a typical obstacle, is examined. The speed-bump is modelled as
cosinus-shaped profile with a length of 1m and a maximum height of 50mm. The driving speed is 10 km/h. In
the upper plot in Figure 10, the profile is plotted over the time.

Both the control with and without preview reduce the body movement clearly and prevent oscillations after the end
of the speed-bump, as depicted in the second plot in Figure 10. However, the third plot shows that only the preview
control is able to reduce the accelerations considerably in this case. This is reasonable, as the oscillation of the
induced acceleration mainly lies in a frequency range where only the preview controller shows a clear reduction
(see Figure 9).
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Figure 10: Comparison of measured (HiL-Simulation) and simulated time responses of the quarter car running over
a speedbump at 10 km/h (solid line: measurement, dashed line: simulation) for different controls.

As in the case of stochastic excitation, the measured results fits the simulated ones qualitatively well, i. e. the
relations (damping, principal shape of the curves) between the different configurations are correctly described,
even if the overall damping is underestimated by the model. A possible work for the future is to examine the
non-linear behaviour of the air spring more thoroughly to get a better understanding of its stiffness and damping.
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Variable Description Dimension

𝛼𝛼… weighting factor (dimension depends on the weighted system path) *

𝐴𝐴� displacement area of the air spring L2

𝐴𝐴� load-carrying area of the air spring L2

𝑐𝑐 stiffness of the air spring M T-2

𝑐𝑐� suspension spring constant M T-2

𝑐𝑐� tire spring constant M T-2

𝑑𝑑� suspension damping constant M T-1

𝑑𝑑� tire damping constant M T-1

𝐹𝐹 axial (air spring) force M L T-2

Δ𝐹𝐹 (axial) actuator force M L T-2

𝐹𝐹� static load M L T-2

𝐹𝐹���� transfer function for generation of road profile L

𝐹𝐹� wheel-load M L T-2

𝐺𝐺��� transfer function of the actuator 1

𝐺𝐺���� transfer function of the hydraulic actuator 1

𝛾𝛾 isentropic constant 1

𝑘𝑘�̇� control parameter for sky-hook control M T-1

𝑚𝑚� mass of the (car) body M

𝑚𝑚� mass of the wheel M

𝑛𝑛 normalized white noise 1

𝑛𝑛� measurement noise (dimensions depend on chosen control outputs) *

𝜔𝜔 excitation frequency T-1

𝑝𝑝 (air) pressure inside of the air spring M L-1 T-2

𝑝𝑝� ambient pressure M L-1 T-2

𝑟𝑟� outer radius of the air spring L

𝑟𝑟� rolling piston radius of the air spring L

𝑢𝑢��� actuator control value L

𝑈𝑈� control valve input voltage M L2 I T-3

𝑉𝑉 quality criterion 1

𝑉𝑉� volume of the air spring L3

𝑦𝑦��� actuator displacement L

𝑧𝑧 compression of the air spring L

𝑧𝑧� displacement of the (car) body L

�̈�𝑧� (car) body acceleration L T-2

𝑧𝑧� displacement of the road input L

𝑧𝑧� displacement of the wheel L
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