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A fully active automotive suspension
based on a rotary hydraulic valve

Pablo Tapia', Manfredi Tornabene2'3, Giulia Moscone2’3,
Renato Galluzzi'® and Nicola Amati??

Abstract

Active suspensions are commonly used in high-end vehicles to improve ride comfort and road holding. Commercial
hydraulic active suspensions for cars typically employ directional solenoid valves to control hydraulic fluid flow, thereby
modifying the dynamic behavior of output actuators. However, these valves require fast, accurate actuation, which is
often hindered by their intrinsic nonlinear behavior. This research presents a fully active suspension based on the use of
a novel rotary valve. The proposed design is compact and highly integrated with a permanent-magnet synchronous
machine for precise position control. To test its validity, a prototype of the actuation system is simulated, built and
tested. Experiments on the position control loop of the valve spool demonstrate that the proposed system is able to ful-
fill the necessary actuation bandwidth for an automotive suspension. Static and dynamic experiments on the actuator

output validate the ability to yield forces in the four quadrants of the force-speed plane.
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Introduction

Vehicle suspension systems are fundamental to ensure
both passenger comfort and vehicle stability, directly
influencing the overall driving experience and safety.
Most commercial light vehicles include passive hydrau-
lic dampers with fixed characteristics that exhibit lim-
ited adaptability to a wide range of road conditions,
maneuvering, or even user preferences. Furthermore,
ride comfort and road holding are opposing objectives.
This trade-off poses a significant design challenge, since
enhancing ride comfort can lead to reduced stability
and vice versa.'

To enhance adaptability to a wide range of travel
conditions, active suspensions can be used. These actua-
tors are capable of absorbing and exerting mechanical
power on the suspension, thus attaining the desired
comfort or road holding performances adapted to spe-
cific needs. The development of these systems has seen
significant growth in the past two decades, emerging as
a viable solution to the inherent limitations of tradi-
tional shock absorbers.>”

Among active solutions, electromagnetic actuators
stand out due to their operating principle. They typi-
cally feature an electric motor connected to each shock
absorber through an ideally rigid transmission.

Functional operation can be accomplished through lin-
ear motors in a direct-drive configuration® ® or through
a suitable linear-to-rotary conversion mechanism.’ '
Despite their favorable efficiency and actuation band-
width, these devices are limited by the size of the elec-
tric motor, which usually constrains the force, and
power capability of the device.

Alternatively, active suspensions based on hydraulic
circuits can overcome the force and power limitations
inherent in electromagnetic solutions. In these systems,
a centralized pressure rail works together with direc-
tional valves that regulate the exerted or absorbed
active force by channeling the power of the rail toward
a linear hydraulic cylinder.'*'* Hydraulic actuation
solutions offer advantages in terms of modularity and
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versatility because the pressure rail system can be
installed in a suitable spot within the vehicle chassis.
Corner actuation, on the other hand, is located on a
very compact and lightweight valve able to regulate the
amount of power delivered from the rail. Tier 1 manu-
facturer Tenneco has applied these solutions in their
ACOCAR suspension system,'® where a directional
valve is integrated within the shock absorber.
Babawuro et al. proposed a similar alternative through
a four-way spool valve."

Valves are typically a solenoid actuator capable of
producing a linear displacement on a spool to vary the
cross section for fluid passage.'® The use of linear valves
is common in oil-based and pneumatic active suspen-
sion systems.!”'® Despite their popularity, these devices
are highly nonlinear and hence, difficult to control and
position accurately. To overcome these limitations,
valves with rotary spools can be used, where accurate
angular motion control is provided using conventional
electric motors." Fite et al.?® implemented a four-way
rotary valve with two inlet ports and two outflow ports
for hot gas channeling. In semi-active suspension sys-
tems, the Dual Flow Valve?! developed by Ohlins oper-
ates under a rotary actuation principle, establishing
discrete, fixed apertures to impose a limited set of sus-
pension damping behaviors.

Building on these advancements, this work proposes
an active suspension system that takes advantage of
inherent advantages of hydraulic technology. Corner
actuation is performed using a novel valve concept with
rotary spool, supplied by a two-rail pressure source.
Then, the amount of force that the suspension exerts
can be regulated by suitably controlling the angle of
rotation.

To support this proposal, the sequel of this paper is
organized as follows. First, the design of the rotary
valve is outlined, including details about its working
principle, hydraulics, actuation, assembly and control.
Then, the simulation results demonstrate the function-
ality of the proposed actuator in a quarter-car vehicle
model. Finally, experiments are performed on a proto-
type installed on dedicated testbeds in a laboratory
setup.

Design

This work addresses the design of a new fully active sus-
pension using a force actuator with a peak output force
of 4kN and maximum suspension speeds below 2m/s.
This design aims at an E-class luxury car. In the follow-
ing, a design of the rotary valve for the suspension sys-
tem is presented that can meet these requirements.

Working principle

The objective of this project is to develop a rotary spool
active valve to establish a controllable pressure drop
between fixed pressure rails and a hydraulic cylinder.
This valve-equipped linear actuator replaces the passive

Win 3

Figure 1. Proposed active suspension system: (I) electric
motor, (2) hydraulic pump, (3) pressure-relief valve, (4) hydraulic
accumulator (X2), (5) rotary valve, and (6) hydraulic cylinder.

damper on each corner of the vehicle. As such, the valve
must be compact and highly integrated with the shock
absorber.

A schematic view of the suspension actuation system
is shown in Figure 1. The system comprises two fixed
pressure ports (high pressure p; = 45bar and low pres-
sure py = 10bar) and two variable pressure ports con-
nected to the damper compression chamber and the
rebound chamber (labeled p. and p., respectively). The
pressure in inlet ports is established by a motor-pump
unit and stabilized by means of two hydraulic accumu-
lators. A pressure-relief valve is used to limit the pres-
sure delta between p; and po. The hydraulic cylinder
has a compression chamber cross section 4. = 13cm?
and a rebound chamber cross section 4, = 11cm?. All
pressure ports are connected by means of variable ori-
fices Ao and A4, . for p., and Ao, and A4; . for p;.
Orifices exhibit reciprocal behavior with their respective
pairs, as depicted by the sense of the arrows in Figure 1.
For example, when the orifice A4; , is in the opening
stage, its counterpart A4; . is closing simultaneously.
Likewise, the pair made up of orifices 4p . and Ao,
operates reciprocally. In practice, these four orifices are
reproduced by a rotary spool and sleeve arrangement,
as will be discussed later.

To better understand the described working princi-
ple of the valve, Figure 2 depicts two limit positions.
An active extension force is achieved by fully opening
the orifices A4, . and Ay ,, while their counterparts 4; ,
and A, . remain closed. In the opposite valve condition
(A1,r and Ao . open, A; . and Ay, closed), a compres-
sion force is exerted.

Although Figure 2 illustrates limit conditions, it is
intuitive to generalize the behavior toward a propor-
tional law, where partial apertures may blend the rail
pressures to attain specific forces in between maximum
extension and compression values.

Hydraulic design

A rotary valve is designed to meet the actuation
requirements described. The target orifice areas as a
function of the angular position of the valve are plotted



Tapia et al.
P X A]wr Pc
o——7 —
\‘_// A],c I
N
b4 e I
AO,C
Po Y e —
- M Pr
Fli
(a)

£)1 v ALr Pe
T — P [— —
X_ A, l
4 «— I I

AOC
Po l X -
o—9

Ao, Dr

It
(b)

Figure 2. Extreme operating conditions of the valve to exert (a) an extension force, and (b) a compression force.

in Figure 3 for a total valve stroke of 30°. As previously
stated, a complementary nature of the orifices con-
nected to high-pressure (A4 ., 4;.c) and low-pressure
(Ao.r, Ao.c) rails is observed. In the center stroke, areas
Ay and A4, have an overlap and an equal aperture at
the null angular position. This configuration allows for
the setting of equal pressure in the rebound and com-
pression chambers of the hydraulic actuator, providing
minimal active force on the vehicle suspension.

To facilitate the control task, the area transitions in
Figure 3 are predominantly linear. In practice, the
behavior of the described area is attained by means of
the intersection between the slots machined in a cylind-
rical spool (rotating) and the holes prescribed on the
surface of an annular sleeve (fixed). The latter element
has the task of isolating the pressure chambers of the
rail (p;,po) and the actuator (p:,p.). In contrast, the
spool acts as a connecting interface between the pres-
sure chambers. The relative position between the spool
and the sleeve defines the area of the four orifices as a
function of the angular position of the spool, as seen in
Figure 3. These multiple areas with significant size (up
to 8 mm?) are necessary to avoid an elevated pressure
drop in the resulting orifices. In a preliminary analysis,
geometries of linear and rotary valve layouts were stud-
ied to yield the shown target areas. This initial analysis
revealed that, to attain the requested areas, the linear-
displacement solution requires an axial length that is
150% larger than its rotary counterpart, with similar
radial envelope. This limitation is due to the linear
nature of solenoid actuation and the need to provide
aperture through axial motion.

The spool and sleeve geometries of the final config-
uration of the rotary valve are illustrated in Figure 4.
In addition to the interaction between the spool slots
and the sleeve bores, a periodic pattern is exploited.
This periodicity of order four is required to balance the
radial forces of the fluid acting on the spool.
Unbalanced effects increase the friction caused by the
very tight radial clearance between the spool and the
sleeve (10 wm).

As an example, Figure 4 also shows the results of
the computational fluid dynamics (CFD) analysis of
the rotary valve. For this task, the commercial software
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Figure 3. Target orifice areas as a function of the angular
position of the valve.

Simerics Pumplinx was used. Valve operation is simu-
lating by assigning rail boundary pressures
(po = 10bar, p; = 45bar) and proper boundary flow
rates on the rebound and compression chambers of the
actuator, respectively:

Oy = Ay (1)

Oc = Ay (2)

where v denotes the piston speed of the hydraulic cylin-
der. Actuator force is then calculated by measuring the
pressure on the rebound and compression ports of the
hydraulic cylinder:

F=p.A. — p:A; (3)

The actuator performance is mainly characterized
by the measurement of F at different spool angles and
damper speed values. Other meaningful metrics include
the radial forces produced on the spool surface and the
torque due to the uneven pressure distribution along
the spool. These quantities are related to the effort
needed to rotate or fix the position of the spool.

For CFD simulations, the use of suspension mineral
oil was assumed (mass density of 836kg/m?, dynamic
viscosity of 9.7X1073 Pas). The meshing of the fluid
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Figure 4. Rotary valve spool and sleeve: (a) geometry detail. CFD simulation example for a spool angle of —7° and actuator speed
of 0.32 m/s to yield an active extension force: pressure distributions on (b) the spool and sleeve fluid domains, and (c) the radial gap

between spool and sleeve.
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Figure 5. Actuator characteristic obtained from CFD
simulations. The four-quadrant force-speed behavior of the
actuator is determined for different angular positions of the
valve spool. Quadrants ii and iv are active.

domains was established with prismatic cell elements
with side lengths ranging from 0.2 to 5mm, according
to the refinement of the meshed geometries. In the case
of the clearance region between the spool and the
sleeve, four layers were stacked in the radial direction
to accurately describe the leakage flow there.

This CFD simulation approach was applied to
obtain the force-speed characteristic of the actuator in
four quadrants, as observed in Figure 5.

Results show that, at null speed, the system can pro-
duce extension forces up to 4.75kN and compression
forces up to 3.65kN. This force asymmetry is due to
the difference in the cross sections of the pistons for the
rebound and compression chambers. Thus, considering
a force bias of 1.1 kN, the actuator is able to produce
an active force of 4.2kN in both directions. When the
speed is increased, the active force decreases due to the

presence of minor losses inside the hydraulic valve cir-
cuit. In contrast, the damping quadrants show
increased forces as a result of the addition of these
losses. To avoid excessive force on the suspension, the
hydraulic piston can be equipped with pressure relief
valves, as used in passive shock absorbers. During these
simulations, a maximum torque due to hydraulic loads
of 1.2Nm and a maximum radial force of 60 N were
recorded on the spool.

Electromagnetic design

The angular motion of the valve spool is achieved using
a custom-designed permanent magnet synchronous
motor. The diameter of the machine was set to fulfill
the envelope of the sleeves. The machine cross section
was optimized in COMSOL Multiphysics by means of
parametric variations to yield the maximum torque-to-
length ratio. Subsequently, its active length was adapted
to achieve a continuous torque of 0.7 Nm and a maxi-
mum torque of 2.4 Nm for less than 10s.%*> These values
are deemed sufficient to overcome the contributions of
inertial and friction on the spool during operation. To
save space in the axial direction, a concentrated winding
was adopted in a nine-slot, 10-pole configuration,
which yields an elevated winding factor.”® The machine
winding was designed to achieve a base speed of
650 rpm at peak torque, with a DC link supply of 12V
(vehicle battery voltage). This speed is sufficient to
reach a full spool stroke of 30° in only 7.7ms, which
proves to be sufficient to control suspension dynamics,
with frequencies of interest below 30 Hz.

Figure 6 depicts the PMSM magnetic flux density dis-
tribution while yielding a continuous torque output. The
layout of the winding is also shown. The machine oper-
ates unsaturated, below an average flux density of 1.4 T
in the teeth and the back iron yoke. The relevant dimen-
sions and machine parameters are listed in Table 1.
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Table |. Electric machine design features.

Feature Value Unit
Permanent magnet material N45SH NdFeB -
Magnetic circuit material M270-35A steel -
Number of stator slots 9 -
Number of magnet poles 10 -
Stator outside diameter 60 Mm
Rotor outside diameter 252 Mm
Air gap length 0.5 Mm
Active length 36 Mm
Max. magnet thickness 3 Mm
Tooth width 6.2 Mm
Slot depth 14.1 Mm
Slot opening 2 Mm
Winding layout Wye, series -
Number of turns per coil 16 -
Number of strands in hand 6 -
Wire gage 0.5 Mm
Peak torque 2.4 Mm
Peak phase current amplitude 334 A
DC-link voltage 12 \
Peak power 163 w
Base speed 650 rpm
Permanent magnet flux linkage 9.93 mWb
Inductance (d and q axes) 0.33 mH
Phase resistance 82.6 mQ
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Figure 6. Magnetic flux density distribution (color map) and
magnetic vector potential isocurves for the designed electric
machine during continuous operation. Letters in the slots
indicate the winding pattern for phases A, B, C.

The proposed electric machine ensures an ideally
linear torque production using field-oriented current
control:

3
T = 3Phpia (4)

where A, is the permanent-magnet flux linkage, p the
number of rotor pole pairs and iy the quadrature-axis

0 4 Position Speed |i, Current |e
— Valve —
S control control | control
im

d/dt «~—

Figure 7. Nested loop approach for the motion control of the
rotary valve prototype.

current. Spools involving linear motion require
reluctance-based actuators, which introduce important
drawbacks. The solenoid force output is unidirectional
and requires a return spring to provide opposite but
asymmetric force action.”**> This unidirectional force
is usually approximated as

IR

l'2
I K S
S Sg2 <5)

being K a proportionality constant depending on the
magnetic circuit properties, is the solenoid current, and
g the air gap between the mover and the stator. Note
that the device is benefited in terms of output force for
large input currents and small air gaps. However, since
the air gap changes with the stroke, the behavior of
the output force is stroke-dependent and highly non-
linear. Additionally, in a vehicle application, a linear-
displacement spool is sensitive to external perturbations
due to the natural oscillation induced by road
irregularities.

Rotary valve control

To guarantee precise spool angle tracking, a cascade
loop architecture is adopted, where current, speed and
position control loops are sequentially nested (see
Figure 7). The inner current loop is closed through
field-oriented control, which allows tracking current
reference in direct (d) and quadrature (g) axes with
respect to the magnet poles. The angular position of
the rotor is needed to operate in d,g axes. Since the
operational speed always remains below the base speed,
no field weakening is applied to the electric machine.
Thereby, the current reference in the d axis is always
null, whereas the g-axis setpoint is imposed to reach a
target torque. The current reference in the ¢ axis comes
from a mid speed loop, which employs the time deriva-
tive of the spool position to track a speed set-point.
This value is determined by a third, outer position
loop. Spool position references come from a lookup
table that maps the actuator working point (output
force at a specific suspension speed) with the necessary
valve aperture. Force targets may be calculated using
any damper control strategy, such as skyhook
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Figure 8. Rotary valve assembly cross section: (1) stator stack,
(2) winding coil (X9), (3) casing, (4) rail port (X3), (5) ball
bearing (X2), (6) valve cover, (7) wave spring, (8) damper port
(X2), (9) sleeve, (10) spool, (I 1) rotor stack, (12) permanent
magnet (X 10), (13) motor cover, (14) position sensor, (I5)
phase plug (X3).

control.?® For this application, current, speed and posi-
tion compensators are proportional-integral (PI).

Assembly

The assembly cross section in Figure 8§ shows the inte-
gration of the rotary valve. This system combines the
valve and electric machine subsystems inside a pressure-
tight aluminum casing (3). The electric machine is com-
posed of a stator with laminated stack (1) and windings
(2), and a rotor with iron stack (11) and permanent
magnets (12). The motor requires a position sensor (14)
for control purposes. The hydraulic circuit presents a
rotary spool made of steel (10) supported by two ball
bearings (5) in X arrangement and preloaded by a wave
spring (7). The shaft of the spool is extended to support
the rotor of the electric machine. To avoid friction
losses, no gaskets or seals are added in between these
two systems. Then, all elements inside the casing share

the same pressurized oil medium. This choice allows for
a compact and highly integrated valve design. Custom
phase plugs (15) are provided with o-rings to avoid fluid
leakages toward the exterior. The motor cover (13) is
made of anodized aluminum to prevent short circuits
between phases. The steel sleeve (9) is fixed to a cover
on the valve side (6) through two pins. Standardized
threaded ports are used to connect pressure rails (4) to
an external motor-pump unit, and hydraulic chamber
ports (8) to the actuator.

Quarter-car simulations

Before proceeding with the physical production of a
prototype, the proposed system is validated numerically
on the quarter car model of an E-class luxury sedan.
This model is equipped with a numerical representation
of the actuator. Skyhook and groundhook techniques
are applied to test comfort and road holding perfor-
mance, respectively, while traveling through an ISO-C
class road at 70km/h. Active control cases are com-
pared against the same vehicle equipped with a passive
suspension. This numerical implementation is repre-
sented in Figure 9.

For simplicity, the two rails py and p; are considered
ideal pressure sources. The valve is modeled as variable
orifices. Discharge coefficients are fitted from CFD
simulations to reproduce accurately the behavior of the
valve. In addition, reaction hydraulic forces and tor-
ques are extracted from CFD results and applied to the
valve as a function of the spool angular position. Two
pressure-relief valves are used to limit the actuator out-
put force to 3 kN.

The rotary valve is position-controlled. Its angular
set-point is calculated through feedback and feed-
forward approaches. The former one uses damper pres-
sure values to estimate the actuator force. This value is
compared against a force reference F; and fed through
a proportional controller. Feed-forward, on the other

. Feed-

Rotary valve

Z,Z,
s forward

v
; F,
Suspension ||
control A

Force

control

A
=
r A
~

]

Figure 9. Numerical model of a quarter car with rotary valve-based active suspension. The suspension is represented as a force-
controlled hydraulic actuator. The force control receives a set-point F,. from a suspension control law and it determines a valve

opening command 6.
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Table 2. E-class luxury sedan quarter car parameters.

Feature Symbol Value Unit
Sprung mass ms 446.3 Kg
Unsprung mass my 46.5 kg
Passive damping G 7.24 Ns/mm
Spring stiffness ks 29.22 N/mm
Tire stiffness ky 278 N/mm

hand, considers a precalculation of the output force as
a function of the angular position of the spool and the
suspension speed. This look-up table can be obtained
from CFD models.

To evaluate performance indices related to comfort
and road-holding, the active valve model is introduced
in a quarter car model using the parameters listed in
Table 2. The passive damping value can be replaced by
an active control law. A generalized suspension force
control method obeys the following law:

(6)

Fo= —cizs + c2zy

The selection of damping coefficients ¢; and ¢, may
suit specific control objectives, such as comfort or road
holding. The former is indicated by the root-mean-
square (RMS) value of a weighted acceleration Z
obtained by filtering the sprung mass acceleration Zg
with a band-pass function that resembles the sensitivity
of the human body to vertical vibrations.?” The latter is
evaluated by the RMS value of the road holding index
7,4, defined as the ratio between the tire force and the
weight of the vehicle. For both indices, better perfor-
mances correspond to lower values. Table 3 summarizes
the tested configurations and the obtained results for
each case. The skyhook control law is seen to prioritize
comfort, thereby yielding a significantly lower RMS
acceleration on the vehicle chassis at the cost of increas-
ing the road holding index. In contrast, the groundhook
strategy tends to favor road holding. In these regards,
the active suspension outperforms the passive one.

Experiments

Test rig setup

Following the described mechanical assembly, a valve
prototype was built. To characterize the valve, a
hydraulic circuit was also designed with the objective of
reproducing the pressure supply and piping depicted in
Figure 1. The resulting test rig is shown in Figure 10.
Rail pressures p; and py are established using a fixed
displacement pump (Marzocchi 1PD115, 8 cm? /rev, 4),
driven by an industrial motor drive (Kollmorgen
AKM5x motor, 7, and AKD inverter). The shafts of

Table 3. Performance results for an E-class sedan with active
and passive suspensions.

Suspension Damping [(Ds]) rms(Z,)  rms(n,,)
% i @  [m/%) (=]
Passive 7.24 0 0 2.0l 0.24
Skyhook 0 10.8 0.8 0.80 0.39
Groundhook 0 3 4 1.49 0.21

Figure 10. Test bench layout: (1) valve, (2) actuator pressure
gage (X2), (3) hydraulic manifold, (4) hydraulic pump, (5) frame,
(6) pressure-relief valve, (7) electric motor, (8) rail pressure
gage (X2), and (9) hydraulic accumulator (X2).

both machines are coupled by means of an elastic joint
(R + W EK1).

The valve in test (1) is mounted on a steel manifold
(3) with two hydraulic channels that represent the
actuator ports (pr, pc). The pressures in these channels
are measured using two analog gages (2).

A solid frame (5) is used to support the entire test
bed. The motor-pump unit is supported through a
metallic flange. The frame is also used to support a
steel manifold designed to distribute the two pressure
lines generated by the hydraulic pump to the rail ports.
Furthermore, a pressure-relief valve (Bosch-Rexroth, 6)
is connected in parallel to the motor-pump group for
safety purposes. Two additional pressure gages (8) are
connected to the pump rails for measurement purposes.
Finally, two gas accumulators (9) are mounted on each
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Figure 1 1. Experiment: valve position step response.

rail to attenuate pressure fluctuations. The filling and
preload of the oil in the circuit are performed manually
through a hand pump placed outside the bench and
connected to the main manifold when required.

Valve control validation

The valve electric machine is controlled using Texas
Instruments hardware (LAUNCHXL F28379D control
board and BOOSTXL DRVS8323RS inverter). The con-
trol firmware is produced using automatic code genera-
tion in Simulink, for rapid prototyping. PI loops are
tuned by starting from the current compensator, which
is the fastest and most critical control in the machine.
In this case, the current controllers for the d and ¢ axes
are set to attain a bandwidth of 1kHz, following a
zero-pole cancelation approach in the winding impe-
dance terms. Subsequently, the speed and position
loops were calibrated heuristically and validated
through two tests. In these preliminary experiments,
the valve prototype is preloaded with oil, but the actua-
tor ports are totally closed.

Figure 11 illustrates the experimental response of the
valve when an angular step reference of 12° is imposed,
starting from an initial condition of —8°. The obtained

behavior is over-damped because no overshoot occurs.
Furthermore, the rise time, defined at 90% of the total
stroke (20°), is reached under 52 ms.

A more realistic position profile was produced by
simulating an E-class vehicle traveling on an ISO C-
class road®® at 70 km/h, while a comfort-oriented sky-
hook control is applied to one of the corners of the
vehicle. This working condition represents a worst-case
scenario for the actuator in terms of angular command
effort. Figure 12 shows the results of this test in the
time and frequency domains. Reference and measured
time histories of the spool angular position demonstrate
that the valve performs strokes close to its full range of
30°. Tracking performance is favorable, with an RMS
error of 2.2° throughout the profile. In addition, the
frequency spectrum of the spool position shows intense
activity around 1.16Hz and 11.8 Hz, which can be
directly related to the natural frequencies of the sprung
and unsprung masses, respectively. In this instance,
slight attenuation is observed around the unsprung
mass natural frequency due to limitations in the posi-
tion controller bandwidth.

Results in Figures 11 and 12 highlight the advan-
tages of using a rotary valve, where precise position
tracking is available through motion control. When
using a solenoid spool, a displacement sensor should be
installed to guarantee proportional control with the
obtained degree of accuracy. The use of a return spring
is useful to avoid the position transducer, at the cost of
lowering dramatically the bandwidth, thus penalizing
the dynamic response of the actuator in a relatively fast
application.

Static characterization

After tuning the position control of the valve, the setup
is tested with the actuator ports blocked. The purpose
of this test is to verify the ability of the actuator to exert
active forces at null suspension speed that is, standstill
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Figure 12. Experiment: valve position response to an irregular reference profile representing the spool activity when an E-class
vehicle travels on an ISO C-class road at 70 km/h, while a comfort-oriented skyhook control is applied on the suspension corner.

(2) Time history and (b) frequency response.
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Figure 13. Experiment: Static characterization results of the
prototype. Pressure delta on the rail and actuator as a function
of the spool angular position. The variations of the actuator
pressure delta underline the ability of the device to exert active
forces at standstill.

condition. These forces are related to the delta pressure
across the hydraulic actuator: p, — pc.

For this experiment, the hydraulic circuit is manu-
ally preloaded at 20 bar and the servomotor pump unit
is driven at fixed angular speeds up to 2000 rpm to keep
a minimum pressure delta between the rails of 20 bar
(p1 — po)- Furthermore, the valve is position controlled
assuming fixed and stepped angular values in the *+15°
range.

The resulting characteristic is shown in Figure 13, in
which the experimental pressure drops are compared
with the simulations. Due to the inability of the rail to
hold a constant pressure drop, CFD simulations were
carried out by matching the rail pressures with those
measured experimentally. Specifically, central positions
are critical because the valve imposes a hydraulic short
circuit on the pump. This low-impedance condition
produces elevated angular speeds on the driving pump,
thus exceeding the operating limits of the device.

With adjustment of CFD responses that match the
experimental rail pressures, a favorable match of the
static pressure delta is observed. Since the obtained
behavior is highly nonlinear, discrepancies are found
where the derivative of the response is large. These mis-
matches can be attributed to machining tolerances of
the spool and sleeve, as well as a slight misalignment of
the internal valve components.

Dynamic characterization

The static conditions-characterized set-up was hydrau-
lically connected to a linear actuator and installed on a
damper test bench, thus reproducing the full actuator
configuration. The test bench is set to impose a sinusoi-
dal displacement profile with a stroke amplitude of

Damper force [kN]

Angular position [deg|

'
-~

-10

-0.6 -0.4 -0.2 0 0.2 0.4 0.6
Damper speed [m/s]

Figure 14. Experiment: Force-speed characteristic of the
actuator under dynamic testing. A sinusoidal actuator stroke is
imposed at variable frequency, while the spool angular position
is fixed according to the color scale.

S0mm, while the frequency is changed to produce
speed amplitudes ranging from 12mm/s to 600 mm/s.
Meanwhile, the valve is controlled to provide fixed
angular positions. Following an initial preload of
20 bar, different valve apertures are tested, as seen in
Figure 14. Again, in this case, the rail pressure experi-
ences fluctuations, especially in center stroke position
of the valve. For this reason, the damper force levels
reached do not match those obtained from the CFD
simulations in Figure 5. However, behavioral trends
are confirmed in the four quadrants with respect to the
valve angular position.

Taking into account an experimental average rail
pressure drop of 30 bar and a numerical counterpart of
40 bar, an increase in force of 33% is expected in the
experimental results. For example, at null damper
speed, a maximum active force of 4.25 kN is expected.

To validate the responsiveness of the position con-
trol, a second dynamic test was performed by fixing the
actuator at the null suspension stroke and applying a
spool angular position frequency sweep with sine ampli-
tudes of . and 10°.

The results obtained in this test appear in Figure 15.
Position control guarantees zero error at 3 Hz when the
reference signal has an amplitude of 5°. Slight attenua-
tion is advised when the amplitude of the reference sig-
nal is duplicated. However, the module of the function
is always above —3 dB throughout the tested frequency
range. These results confirm the suitability of the valve
to track angular references in the bandwidth of interest
for a vehicle suspension. The force output results in
Figure 15 confirm that lower apertures lead to lower
force output. In this case, attenuation is stronger than
in the position tracking case, but this could also be
related to the limitations observed for the imposed rail
pressures.
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Figure 15. Experiment: Frequency response function of (a) the valve spool position and (b) the actuator output force when applying
a sinusoidal spool position reference sweep from 3 to I15Hz at. and 10° of amplitude. The hydraulic actuator position is locked.

Conclusions

This work proposed a novel fully active suspension sys-
tem based on a rotary valve capable of establishing a
controllable pressure drop between fixed pressure rails
and a hydraulic cylinder. The behavior of the valve was
illustrated and tested numerically at component and
vehicle level. The selection of a rotary configuration
was motivated in terms of the size of the solution, the
electromagnetic features of the device and the required
accuracy and responsiveness.

A prototype was designed to fit a compact envelope,
where the valve is actuated by means of a highly
integrated permanent-magnet synchronous motor. A
prototype was built and tested, showing favorable perfor-
mance in terms of actuation bandwidth. The force out-
put of the proposed system was tested under static and
dynamic conditions. Limitations were found due to
the difficulty in fixing rail pressures to design values.
However, within the tested pressure ranges, the device
was able to fulfill its expected force output. Future devel-
opments of this work will include testing the proposed
actuation system on a vehicle demonstrator.
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