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Abstract: Vibrations generated by the main rotor-gearbox assembly in a helicopter are the principal
cause of damage to cockpit instruments and crew discomfort in terms of cabin noise. The principal
path of vibration transmission to the fuselage is through the gearbox’s rigid support struts. This
article is Part 2 of a two-part paper presenting an innovative solution involving the replacement of
rigid struts with low-weight, high-performance active dampers for vibration control developed by
Elettronica Aster S.p.A. Part 1 provided a comprehensive overview of the system layout obtained
through a model-based design process and presented a thorough description of the adopted nonlinear
mathematical model. Part 2 focuses on the physical realization of the damper and its dedicated
experimental test bench. The mathematical model parameter fitting procedure is presented in
detail, as it has been used to help in the definition and optimization of the control schemes and
the verification of the expected performance. The experimental results obtained in Part 2 not only
demonstrate the compliance of the active damper prototype with the acceptance tests outlined in
the ATP but also provide compelling evidence reinforcing the promise of the presented solution for
effective vibration reduction.

Keywords: active damper; vibration control; helicopter; electro-hydraulic servo-actuator

1. Introduction

Helicopters exhibit significantly higher vibration levels compared to fixed-wing air-
craft. These vibrations primarily originate from the main rotor and gearbox assembly, but
other factors, such as aeroelastic phenomena, mounting eccentricities, and blade-vortex
interactions, contribute to the complex vibration pattern [1]. High vibration levels pose crit-
ical issues for both the instrumentation and the crew aboard helicopters. They diminish the
ride quality experienced by occupants, leading to fatigue and long-term discomfort [2–4].
Additionally, these vibrations affect onboard instrument reliability and fatigue life [5,6].

In the past few decades, extensive efforts have been made to mitigate vibrations, re-
sulting in the development of various solutions [7]. The traditional approach involves the
incorporation of passive devices, such as tuned isolators and absorbers, strategically placed in
specific locations to stabilize the structure [8]. However, these systems introduce substantial
additional weight and increased aircraft drag. Moreover, they are tuned to specific frequencies
and locations and lack adaptability to changes in flight conditions [8–10].

In recent years, active solutions have emerged as a promising avenue to enhance
vibration reduction capabilities and improve adaptability to varying operational condi-
tions [9]. Active devices generate forces that counteract the vibrations originating from
the rotating elements of the helicopter, effectively minimizing their transmission to the
fuselage. However, this approach necessitates actuating power and introduces increased
complexity and reliability requirements to the system.
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Following the introduction of active devices, numerous control techniques have been
developed to actuate them using different strategies. These techniques aim to reduce vibra-
tion transmission, such as Active Control of Structural Response (ACSR) [9], or completely
cancel vibrations at their source, such as High Harmonic Control [10] or Individual Blade
Control [11]. Among the various locations, it has been found that the struts connecting the
gearbox to the fuselage represent the primary path for vibration transmission, making them
the ideal location for integrating active devices [7,12]. Typically, electromagnetic [7,13] or
piezoelectric stack actuators [14,15] are placed in parallel with the rigid struts in order to
generate an additional set of forces to compensate for vibrations, exploiting at the same
time the stiffness of the rigid pylon.

Previous studies have explored an alternative solution, consisting of the entire replace-
ment of the conventional struts with electro-hydraulic actuators to leverage the existing
hydraulic circuitry present in helicopters [16,17]. However, these proposals did not gain
practical application and widespread adoption because they faced practical limitations due
to their excessive weight, space requirements, and very low power density in the order of
300 N/kg [10].

This paper positions itself within this context and presents an innovative alternative
solution for active vibration control put forth by Elettronica Aster S.p.A. The proposed
solution introduces an active damper comprised of a force-controlled electro-hydraulic
servo-actuator (EHSA) housed within a compliant strut with controlled stiffness. The
proposed design aims to replace the rigid struts traditionally used to support the main
rotor/gearbox assembly. By employing this parallel layout, the internal EHSA can achieve
high dynamics and power density while keeping the weight to a minimum, as it is solely
responsible for generating additional forces, with the static load being borne by the flexible
strut. The system design allows for easy adaptation to various helicopter platforms with
diverse characteristics, such as rotor speed, number of blades, vibration forces, and so forth.
The actuator design primarily focuses on effectively damping the first vibration frequency
of the main rotor, which typically plays a significant role in the system’s oscillations.

The novelty of the proposed solution lies in its fully integrated design, in which
the EHSA cylinder serves not only as the hydraulic manifold but also accommodates
the servo-valve and other functional and safety components, including the servo-valve,
electro-valve, and bypass valve. The latter enables the damper to enter a bypass mode,
deactivating force generation when vibration control needs to be suspended, such as in
the event of a malfunction. In such cases, the active damper for vibration control (ADVC)
becomes functionally transparent, with only the strut providing structural support and
passive damping action based on its inherent design characteristics. This differs from
the piezoelectric stack solution, which completely deactivates vibration control when
power is lost, leaving the system without any damping. The compact design of the
proposed solution facilitates achieving a high power density of more than 1250 N/kg
while ensuring an extremely lightweight and space-efficient design, enabling the active
damper to be installed in limited spaces and seamlessly integrated into pre-existing layouts,
eliminating the necessity for structural modifications or adaptations when replacing the
conventional struts. These factors are crucial for achieving desirable dynamics, reducing
overall helicopter weight, optimizing fuel consumption, enhancing installation adaptability,
and ultimately improving flight autonomy.

To be certified and installed onboard helicopters, the proposed ADVC must satisfy
rigorous performance and safety requirements. The research program of which this paper
presents the results aims to demonstrate the feasibility of implementing a competitive
electro-hydraulic solution for active vibration control. The flowchart shown in Figure 1
graphically describes the methodology used throughout the research program.

After the definition of the case study and operative scenario, the required performances
have been determined together with a document containing comprehensive acceptance and
testing procedures (ATP) describing the specific tests that the actuator must successfully
undergo to demonstrate its effectiveness in reducing vibrations. The system has then
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been designed through an integrated approach exploiting linear and nonlinear dynamic
modeling to simulate its response to the ATP tests to improve the system performance and
design before manufacturing and testing on physical hardware. In parallel, a dedicated
test rig has been designed to be able to reliably execute the tests in the conditions specified
by the ATP. Finally, once the virtual prototyping and model-based design phases have been
completed, the physical ADVC has been manufactured and tested. Initially, the prototype
has undergone a series of tests aimed at verifying the expected behavior and validating the
high-fidelity mathematical model, which has been subjected to a parameter-tuning process
based on the experimental data. Hence, the tuned model has been exploited to tune the
controller gains to optimize the system performance. Eventually, the physical ADVC has
been tested according to ATP to certify its compliance with the initial requirements.
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The work has been divided into two parts, as depicted in Figure 1. The first one [18]
presents a comprehensive state of the art and introduces the proposed solution: it explains
the conceptual architecture of the system and its working principle, together with a detailed
description of the mathematical model used for the model-based design process. The
acceptance and testing procedure (ATP) is outlined. The mathematical model is then used
to preliminarily verify the design choices, simulating the system response to the ATP tests.

This paper provides the natural continuation of the research program, presenting the
realized technological demonstrator and the physical implementation of a dedicated test
bench appositely designed to perform ATP tests. The mathematical model has been fitted
on the real prototype in order to validate the preliminary simulated results obtained in
Part 1 [18]. Then, it has been used to gain additional insights into the system behavior and
to inform the definition of control parameters to be used on the real equipment to pass ATP
tests successfully. Finally, the physical prototype of the ADVC has undergone ATP tests
on the test bench to validate its capabilities while ensuring compliance with the stringent
performance requirements.

2. Case Study and ATP

The ATP, described in detail in [18], has been developed as a comprehensive document
containing the testing and acceptance procedure to ensure the suitability of the ADVC for
integration into aircraft systems. It encompasses a range of tests designed to verify both
static and dynamic characteristics of the system.
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The specific reference application for the ATP is a 15-seat medium-sized twin-engine
helicopter with an estimated maximum take-off weight of 6000 kg. The combination
of the number of blades and their rotational speed results in a vibratory disturbance at
approximately 25 Hz within the cabin. Each strut experiences a portion of the fuselage
mass, estimated at 500 kg. Building upon this information, the ATP incorporates various
tests, from basic safety checks to application-specific tests aimed at verifying and ensuring
the desired performance of the ADVC. In particular, it can be divided into:

• Safety tests, encompassing structural and hydraulic procedures to ensure the system’s
reliability during operations. These tests involve physical inspections, verification
of maximum pressure and leakages, checks on mode switching, and other related
assessments following applicable safety standards;

• Static tests, focused on assessing the external housing stiffness and determining the
stall load capacity of the internal EHSA;

• Dynamic tests, evaluating the ADVC dynamic capabilities, including controllability
and stability, disturbance rejection performance, and vibration reduction effectiveness
at 25 Hz.

To conduct the acceptance tests, a dedicated test bench, which will be detailed in
Section 4, has been designed and developed in order to be able to test the ADVC response
to the case study condition defined as a reference for the ATP tests.

3. Damper Architecture and Physical Realization

The ADVC hydraulic circuit architecture has been thoroughly described in Part 1.
Therefore, only the main concepts will be briefly recalled here for the sake of clarity, while
the rest of the section will be devoted to describing the physical components employed.

As previously stated, the vibration control system addressed in this paper is composed
of four of the proposed active dampers, which substitute the four conventional rigid struts
that form the principal path for static and vibrational loads between the main rotor/gearbox
assembly and the fuselage. Each ADVC consists of two main components arranged in a
nested parallel configuration. The external compliant housing incorporates two hinges
with revolute joints, a rigid hollow cylinder containing the EHSA, and a specially machined
element that provides structural flexibility, acting as a spring with controlled stiffness. This
latter element is in charge of guaranteeing a secure mechanical connection between the
fuselage and the gearbox. Furthermore, it bears the static load, minimizing the internal
parallel EHSA requested force and, consequently, its mass. In fact, it just must provide a
high-frequency additional load to counteract the vibrating oscillations.

The result of the design phase is depicted in Figure 2, from which the main elements
are visible. The body of the actuator is the manifold (shown in Figure 3) that accommodates
all the components of the device and incorporates the installation flange, ensuring a highly
compact design, as shown in the exploded view of Figure 4. In particular, the force
signal, paramount to realizing the closed loop force control, is obtained through a load
cell mounted directly on the threaded end of the rod, establishing the connection interface
between the EHSA piston and the housing structure. With the goal of weight minimization,
the load cell is of the miniaturized tension-compression type with a weight of 227 g and a
nominal load of 44.5 kN.

To improve the performance of the control scheme with a feedforward branch, a
Trans-Tek Inc. LVT (Linear Variable Transducer) [19] is integrated between the rod and the
cylinder to measure their relative speed. Its design allows it to operate without external
excitation, and the generated output voltage varies linearly with magnet velocity. The
employed control scheme for the ADVC force loop is shown in Figure 5, in which a
simple proportional-integral (PI) scheme with clamping anti-windup of the integral part is
enhanced with the reading of the relative speed between the rod and the cylinder supplied
by the LVT. This solution gives the possibility for the H/C designer to decide to compensate
for the rod speed disturbance on the force control loop, integrating the PI scheme with the
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definition of its custom G f f block in the final implementation phase, depending on the
considered specific application and helicopter class.
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Aerospace 2023, 10, 868 6 of 21

Aerospace 2023, 10, x FOR PEER REVIEW 6 of 23 
 

 

To improve the performance of the control scheme with a feedforward branch, a 
Trans-Tek Inc. LVT (Linear Variable Transducer) [19] is integrated between the rod and 
the cylinder to measure their relative speed. Its design allows it to operate without exter-
nal excitation, and the generated output voltage varies linearly with magnet velocity. The 
employed control scheme for the ADVC force loop is shown in Figure 5, in which a simple 
proportional-integral (PI) scheme with clamping anti-windup of the integral part is en-
hanced with the reading of the relative speed between the rod and the cylinder supplied 
by the LVT. This solution gives the possibility for the H/C designer to decide to compen-
sate for the rod speed disturbance on the force control loop, integrating the PI scheme 
with the definition of its custom 𝐺  block in the final implementation phase, depending 
on the considered specific application and helicopter class. 

 
Figure 5. Aggregated representation of the EHSA hydraulic connections and control scheme in-
serted inside the mathematical model representation of the ADVC and its test bench (with reference 
to the extended model dissertation of Part 1 [18]). 

The active force is generated by directing the flow of hydraulic oil into the actuator 
chambers by means of an electro-hydraulic servo-valve (EHSV), to which the flow is sup-
plied through a 75 𝜇m inlet filter. The EHSV, which regulates the flow proportionally to 
the current input command, is four ways and three positions (4/3) MOOG 30 Series flap-
per-nozzle 2-stages servo-valve with internal mechanical feedback [20]: this valve has 
been selected as it has a long history of performance in aerospace applications under se-
vere environmental conditions, with endurance and pressure impulse fatigue require-
ments. In the ADVC application, the EHSV works within its functional limits and the 
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inside the mathematical model representation of the ADVC and its test bench (with reference to the
extended model dissertation of Part 1 [18]).

The active force is generated by directing the flow of hydraulic oil into the actuator
chambers by means of an electro-hydraulic servo-valve (EHSV), to which the flow is
supplied through a 75 µm inlet filter. The EHSV, which regulates the flow proportionally
to the current input command, is four ways and three positions (4/3) MOOG 30 Series
flapper-nozzle 2-stages servo-valve with internal mechanical feedback [20]: this valve has
been selected as it has a long history of performance in aerospace applications under severe
environmental conditions, with endurance and pressure impulse fatigue requirements.
In the ADVC application, the EHSV works within its functional limits and the generally
accepted reliability envelope according to standard databases, such as NPRD-95 or NPRD-
2016 (Nonelectronic Parts Reliability Data) [21], with 3.7944 failures per million flight hours
considering continuous use. This value, translated in MTBF, largely exceeds the typical
technical life of hydraulic actuators used on helicopters, i.e., in the tens of thousands of
flight hours.

The hydraulic cylinder, designed and manufactured by Elettronica Aster, serves as the
primary force generation element and is optimized to minimize internal friction. The two
chambers are realized by the empty volume between the cylinder, the rod, and the glands.
The latter, shown in Figure 6, guarantee both the ease of assembly of the system and the
recovery and recirculation of the oil leaked in the interface with the rod during operations.
This is realized thanks to the presence of an intermediate small chamber and recirculation
ducts connected to the return pressure port.
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The glands feature a double stage of gaskets, composed of an inward contactless bush
with a small clearance and gorges that help the lubrication of the ram and an outward low-
friction aerospace dynamic sealing from Trelleborg Sealing Solution [22]. The intermediate
oil duct guarantees a low pressure on the outwards dynamic sealings, reducing friction and
leakage. The two chambers are isolated by two low-friction aerospace dynamic sealings
on the piston from Precision Rings, Inc. [23]. In the case of overpressure in the actuator
chambers, two relief valves from The Lee Company [24] are present to drain the oil in
excess and stabilize the pressure. These valves are spring-preloaded to have a minimum
opening pressure of 248 bar, with a nominal system pressure of 207 bar and a nominal flow
point featuring 19.3 L/min at 310 bar.

A custom machined bypass valve (BPV), depicted in Figure 7, is interposed between
the EHSV and the hydraulic cylinder: it allows the EHSV to be excluded and become
transparent, isolating the cylinder from the rest of the EHSA and putting the two chambers
in communication through a calibrated orifice, which allows the system to be more stable in
the range of the null command and to avoid the possible hysteresis around the servo-valve
zero position. This leads the vibration suppression functionalities to be inhibited and the
ADVC to behave as a passive damping device with the external strut fulfilling its structural
support and providing its inherent passive damping contribution, depending upon how it
has been designed, exploiting the vibration-induced oil flow between the chambers and
hydraulic resistances.

The bypass valve is hydraulically actuated. Therefore, if a drop in the supply pressure
occurs, the valve closes under the action of its internal spring, isolating the system from the
supply and connecting the two chambers.

The same scenario can occur if the electro-valve (EV), shown in Figure 8, is intentionally
commanded to put the actuator in bypass mode or if there is a fault in the electrical system,
which causes the electro-valve to deactivate. As it is an electrically commanded hydraulic
valve connecting the bypass valve command line with either the supply or the return ports,
its status directly affects the activation of the bypass valve.
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Two relief valves (RF) connect the two chambers to the return (T) to avoid overpressures.
The electrical connections of the ADVC are provided by two connectors that meet all

MIL-DTL-38999 Series III specifications. One connector is dedicated to the load cell, and
the other is used to control the EHSV and the electro-valve and to receive information from
the LVT. Force control is performed by the electronics within the ADVC itself. The internal
load cell measures the force, which is then fed back to the control unit. The reference signal
is received externally, and its generation lies beyond the scope of this paper. The ADVC
is designed as a single force control unit with high performance. It allows the helicopter
designer to optimize its configuration, taking advantage of the design flexibility provided
by the compact EHSA dimensions. The integration of multiple ADVCs into the overall
active vibration control system has not been addressed in this study.

The obtained assembled EHSA has a dry mass of approximately 5 kg with an overall
mid-stroke length of 400 mm and a maximum width of 114 mm at the installation flange
of the manifold (Figure 3). The main characteristics of the equipment are summarized in
Table 1.

As previously mentioned, the EHSA is intended to be contained within an external
hollow strut, which is in charge of providing the mechanical connection between the
fuselage and the rotor/gearbox assembly and, at the same time, introducing controlled
flexibility in the structure. The compliance of the strut is paramount as it allows the
compensation of the vibration oscillations. The accurate design of the strut is not the
primary objective of the current research project as it will be part of the design of the H/C,
and it is expected to be realized in composite materials. In fact, the compliant strut shown
in Figure 9 has been designed to represent a structure with controlled stiffness with the aim
of testing and validation in the framework of a technological demonstrator. Therefore, it
does not meet the standards of airworthiness (weight, dimensions, materials, and finishes),
but it only has a functional goal.
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Table 1. Technical and performance characteristics of the ADVC obtained from the design process.

Description Value

Hydraulic Power Supply
Hydraulic Fluid MIL-PRF-83282
Supply pressure 202 ÷210 bar
Return pressure 5 ÷7 bar
Proof Pressure, Supply / Return 310 bar/155 bar
Burst Pressure, Supply / Return 515 bar/310 bar
Specification Actuator Flow Demand Up to 5.7 L/min @ 195 bar
Servo-valve Rated Flow 12 L/min @ 207 bar

Electrical Power Supply
Rated Voltage of Solenoid 28 VDC (16 ÷ 30 VDC)
Rated Current of Servo-Valve 10 mA Parallel
Solenoid Current Absorption 0.7 A max @ 28 VDC

Functional and Performance Values
Stroke, Nominal/Maximum ± 0.5 mm/±10 mm
Nominal Operating Frequency 25 Hz
Stall Load, Nominal ±20 kN
Internal Actuator Dry Weight 5 kg
Total Dry Weight of ADVC 15.9 kg

Aerospace 2023, 10, x FOR PEER REVIEW 10 of 23 
 

 

 
Figure 9. EHSA prototype disassembled from the external compliant strut. 

The strut consists of a lower eyelet, a rigid hollow cylinder housing the EHSA, an 
elastic joint, an upper eyelet, and two fins. The latter are additional appendices that, in 
normal working conditions, will not be present. However, they will be necessary for the 
test bench to allow differential laser measurements of the relative position of the two 
hinges. 

The elastic component is an appositely machined element that gives flexibility to the 
structure, acting as a spring, designed to ensure minimal hysteresis and good linearity of 
the stiffness characteristic without having discontinuities in the stress inversion point, i.e., 
in the transition between tension and compression. It is sized according to the dynamic 
loads and static stresses that the strut must withstand even in case of passive operation, 
i.e., inactive damper. 

4. Test Bench Layout 
As previously stated, the ADVC prototype needs to be tested to verify its compliance 

with the ATP. Therefore, a dedicated test bench has been specifically designed to mimic 
the target scenario as closely as possible, resembling the vertical arrangement observed 
during flight where the helicopter body is suspended from the main rotor/gearbox assem-
bly. The elements connecting these two parts are the struts, which, in this case, are the 
ADVCs. 

The test bench is composed of four principal parts, which synergically work together 
to generate different input scenarios for the ADVC: 
• the core of the test bench, shown in Figure 10b, which houses the ADVC during the 

tests; 
• the hydraulic group, which supplies the hydraulic power to the ADVC and the test 

bench itself; 
• the electric rack, containing the controller and the acquisition system both for the rig 

and the ADVC. 
• the control unit, which is a computer connected to the electric rack that acts as an 

interface towards the operator, allowing him to run different tests and acquire data 
and information through a dedicated GUI (Graphical User Interface). 
In this section, only the first element will be described and considered. To replicate 

the flight configuration, the ADVC is strategically positioned between a suspended mass, 
which represents a proportion of the cabin’s mass typically supported by conventional 
struts and the stimuli actuator. The latter is an off-the-shelf electro-hydraulic position-
controlled servo-actuator with hydrostatic bearing supports in charge of generating the 

Figure 9. EHSA prototype disassembled from the external compliant strut.

The strut consists of a lower eyelet, a rigid hollow cylinder housing the EHSA, an
elastic joint, an upper eyelet, and two fins. The latter are additional appendices that, in
normal working conditions, will not be present. However, they will be necessary for the test
bench to allow differential laser measurements of the relative position of the two hinges.

The elastic component is an appositely machined element that gives flexibility to the
structure, acting as a spring, designed to ensure minimal hysteresis and good linearity
of the stiffness characteristic without having discontinuities in the stress inversion point,
i.e., in the transition between tension and compression. It is sized according to the dynamic
loads and static stresses that the strut must withstand even in case of passive operation,
i.e., inactive damper.

4. Test Bench Layout

As previously stated, the ADVC prototype needs to be tested to verify its compliance
with the ATP. Therefore, a dedicated test bench has been specifically designed to mimic the
target scenario as closely as possible, resembling the vertical arrangement observed during
flight where the helicopter body is suspended from the main rotor/gearbox assembly. The
elements connecting these two parts are the struts, which, in this case, are the ADVCs.
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The test bench is composed of four principal parts, which synergically work together
to generate different input scenarios for the ADVC:

• the core of the test bench, shown in Figure 10b, which houses the ADVC during the
tests;

• the hydraulic group, which supplies the hydraulic power to the ADVC and the test
bench itself;

• the electric rack, containing the controller and the acquisition system both for the rig
and the ADVC.

• the control unit, which is a computer connected to the electric rack that acts as an
interface towards the operator, allowing him to run different tests and acquire data
and information through a dedicated GUI (Graphical User Interface).
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Figure 10. Experimental test bench designed to reproduce the test conditions specified in the ATP:
(a) schematic representation highlighting the main components; (b) physical test bench; (c) laser
measurement system; (d) suspended mass.

In this section, only the first element will be described and considered. To replicate
the flight configuration, the ADVC is strategically positioned between a suspended mass,
which represents a proportion of the cabin’s mass typically supported by conventional
struts and the stimuli actuator. The latter is an off-the-shelf electro-hydraulic position-
controlled servo-actuator with hydrostatic bearing supports in charge of generating the
vibratory disturbance to be mitigated, emulating the vibrations caused by the rotor and the
gearbox. The entire connection chain supporting the mass is suspended and hung to the
stimuli actuator, which is the sole component directly attached to the main rigid structure
of the test bench, as depicted in Figure 10a. All the other components evolve in the vertical
direction from the top to the bottom. The stimuli actuator is equipped with a coaxial LVDT
to acquire its position and close the position control loop. Its servo-valve is mounted
directly on the cylinder together with accumulators, helping the high-performance control
of the actuator position at 25 Hz for an overall stroke of 50 mm and a stall load of 50 kN.
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An additional load cell (HBM K-U10M-50K SB) with a nominal range of 50kN both in
compression and in extension [25] is installed between the stimuli actuator’s rod and the
upper hinge of the ADVC, enabling accurate force measurement between the damper and
the upper actuator.

To compute the transmissibility function, the vertical positions of the upper and lower
hinges are captured by two Keyence LK-H082 laser sensors [26], shown in Figure 10c,
exploiting the two additional fins connected to the hinges shown in Figure 9 and facili-
tating the determination of compliant structure elongation or compression resulting from
the applied forces. The laser sensor supporting structure, observable in Figure 10c, has
been accurately designed through FEM analyses to minimize the errors introduced by its
oscillations due to the vibrations induced by both the stimuli actuator and the ADVC.

The suspended mass depicted in Figure 10d smoothly moves along vertical guides
with low friction. The mass is composed of a stack of several metallic plates alternated with
thin damping pads, which help to avoid plate resonance in the operative frequency range
of the test bench. For safety considerations and to prevent uncontrolled mass oscillations,
a hydraulic brake mechanism is incorporated into the system. A lift system composed of
a hydraulic manual pump and a hydraulic jack allows the lifting or lowering of the mass
during the installation phase of the ADVC in the test bench. A stem ending with an eyelet
connection, which is also part of the mass weight, allows the connection with the lower
hinge and constitutes the grabbing point of the brake.

The test bench framework is composed of a metallic pyramidal chassis with a triangu-
lar section. This layout has resulted from FEM analyses aimed to minimize undesirable
structural deflections caused by the high-frequency vibratory load generated by the stimuli
actuator. The chassis is then mounted on a seismic mass basement of approximately 6000 kg
equipped with eight vibration isolation mounts and antivibration panels that prevent the
transmission of the vibration generated by the test bench to the facility ground.

5. Mathematical Model Validation

The mathematical model has been thoroughly described in Part 1 [18] as it has been
used for the model-based design process. In fact, thanks to a preliminary linear model and,
subsequently, its advanced nonlinear evolution, the required performance of the ADVC
has been met in accordance with the ATP specifications, leading to the layout depicted in
Figure 2.

The mathematical model also carries out another task, which is supporting the real pro-
totype optimization process involving the definition of control parameters. Furthermore, it
has also been used to evaluate possible assembly issues and to check the correspondence of
the measured signals with the expected simulated behavior. In this sense, the mathematical
model assumed the role of a verification digital twin of the real equipment, its internal (not
experimentally measured) signals being monitored throughout the setup phase, allowing a
rapid and optimized convergence towards the desired performance.

The mathematical model comprises both the ADVC and the test bench, allowing the
reproduction of the real test conditions in terms of given inputs and measured outputs.
Although the stimuli actuator is not explicitly modeled, it is considered the disturbance
input. Load cells, compliant elements (such as the strut), and hinges are represented
as spring-damper systems. LuGre friction models are used in the sliding interfaces, i.e.,
between the rod and the cylinder and in the linear guides of the suspended mass. The
electro-hydraulic servo-valve is modeled by leveraging the analogy with the electrical
domain, employing a hydraulic resistance Wheatstone bridge [27,28], determined by the
spool opening section [29]. The latter depends on the dynamics of the first-stage torque
motor [30], which is represented as a second-order transfer function with hysteresis, null
bias, current offset, non-linearities, and saturations. The leakages occurring in the EHSV
and dynamic sealings, as well as friction levels, are calculated according to [31,32], while
the bypass orifice is considered an orifice with turbulent flow conditions. Finally, the
force generated by the internal EHSA is obtained by the differential pressure between
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the actuator chambers, considering the temperature-dependent rheological properties
of the oil. The electro-valve and bypass valve are not considered in the model, as only
normal mode operations are simulated. The control electronics model represents the
PI scheme with a feedforward branch of the real implementation, accommodating the
transport delay introduced by the digital implementation, discretization errors, dead bands,
saturations, anti-windup logics, and potential electromagnetic noise perturbations affecting
the acquired signals.

The parameter tuning to fit the experimental data with the simulation results was
fulfilled in three steps. First, the geometric dimensions involved in the model have been
accurately experimentally verified, as well as all other measurable parameters. Then,
the models of commercial components, such as the EHSV, have been fitted singularly
with experimental data typical of the particular purchased component supplied by the
manufacturer. Eventually, the remaining parameters have been estimated using signal
acquisitions obtained by testing the entire ADVC on the dedicated test rig with the goal of
gathering its main behavior and its characteristic features.

Due to its fully integrated nature by design, single components testing was not practi-
cal and not useful. In fact, it would have led to the loss of the strict interdependence of the
involved components and, ultimately, to the estimation of wrong values for the uncertain
parameters. Nevertheless, the effects of the various elements have been evaluated and
partially isolated from each other, exploiting the suite of available sensors on the ADVC
and the test bench.

The command and excitation signals have been conveniently defined to highlight
specific characteristics of the tested equipment/component and to make the effect of cer-
tain parameters on the acquired signals stand out. This process involved a long phase of
investigation and a deep understanding of the underlying physical behavior involved in
the system. The parameter identification was formulated as a multi-objective constrained
minimization problem in which the objective function was composed by the sum of the
squared errors of the various simulated and experimental signals and where the indepen-
dent variables were represented by the model parameters allowed to be varied within
suitably meaningful ranges. Each evaluation of the cost function is represented by a single
entire simulation of the model with a different set of parameters. The nonlinear least square
Levenberg-Marquardt algorithm has been adopted as the optimization method. To speed
up the identification process, a four-core parallel pool has been created, and the excitation
signal has been reduced as much as possible.

The ADVC has undergone various kinds of tests before being verified against ATP
procedures, such as open loop and closed loop experiments, to highlight diverse features
of the system under test and to achieve a suitable suite of model parameters to enable
more accurate simulations and performance predictions in the various scenarios. The key
parameters of the system identified with the aforementioned procedure are listed in Table 2.
The following paragraphs briefly describe the main tests performed to validate the model.

Table 2. Key identified parameters of the mathematical model.

Parameter Value Units

Hinges stiffness 557.7 kN/mm2

Total suspended mass 524 kg
Servo-valve natural frequency 293 Hz
Servo-valve maximum flow @ 210 bar 7.1 L/min
Cylinder internal volume 21.3 cm3

Force transducer natural frequency 11.25 kHz
Hydraulic oil bulk modulus 880 GPa

5.1. Servo-Valve

The EHSV model parameter-tuning process was carried out using experimental data
from the certification tests supplied by the servo-valve manufacturer together with the
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purchased component. In particular, two characteristic diagrams have been reproduced:
the no-load flow and the pressure gain charts. In the model environment, the tests have
been simulated by applying the same standard test conditions and testing system layouts,
according to [33].

A dedicated model has been created containing only the EHSV component and two
downstream volumes, independent and connected to the two output ports of the servo-
valve. These volumes are necessary to obtain the downstream pressure from the flow rate,
which is the output of the EHSV model. The pressure signal is, in fact, sent back as input
together with the supply and tank pressure values to calculate the flow rate.

The no-load flow test has been reproduced, imposing a huge value for the downstream
volumes to make the outlet pressure almost insensible to the inlet flow coming from the
servo-valve, with ambient initial pressure. This reproduces the test conditions in which
the outlet valves are open, and a constant rated pressure drop is maintained throughout
the test [33]. With these conditions, a slow triangular current input signal is imposed on
the servo-valve, spanning across the whole range of values up to the rated current in the
positive and negative regions.

The pressure gain test is performed by plugging the output ports of the EHSV and
measuring the generated pressures as the input current varies [33]. To reproduce this
layout, the downstream volumes considered in the model have been sensibly reduced to
take into account only the internal volumes of the servo-valve, simulating the plug of the
ports. With these conditions, a slowly growing current input signal is imposed on the
servo-valve until the lowest pressure reaches the tank value. Then, the current is reversed
until the same condition is met on the other volume. Finally, the current is brought back to
the null value to close the loop. The output of the test is the load pressure drop, i.e., the
difference between the pressures measured in the two outlet volumes.

The certification test results provided by the manufacturer also contained the flow/current
frequency response and the characteristic bandwidth. As detailed in [18], the servo-valve
dynamics has been condensed into a unique second-order transfer function representing
the first stage and spool dynamics of the servo-valve. The values of the natural frequency
and damping factor have been estimated by fitting the amplitude and phase plots on the
experimental ones and then feeding them directly into the model transfer function.

The obtained results are shown in Figure 11. The tuning process involved iteratively
adjusting the model parameters to minimize the discrepancies between the experimental
results and the predicted values obtained from the initial model. This iterative refinement
allowed for a comprehensive and precise representation of the EHSV behavior, decoupling
the EHSV effect from those of the other components in subsequent tuning processes.
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5.2. Test Bench Friction and Masses

Before performing validation tests on the ADVC itself to characterize its dynamical
behavior, it is important to ensure that, as done for the servo-valve, the models of the
surrounding components are sufficiently identified to allow easy decoupling of effects
in successive component identification. With this goal in mind, another type of analysis
has been carried out to characterize the test bench, excluding the ADVC. The latter has
then been replaced by a rigid strut of known mass, shown in Figure 12a, with the aim
of estimating the actual overall suspended mass attached to the ADVC and the friction
occurring in its vertical guides. The stimuli actuator has been commanded with a sinusoidal
position set with an amplitude of 1 mm and a sufficiently low frequency of 0.01 Hz so as
not to incur excessive dynamic phenomena during measurements. Concurrently, the signal
coming from the test bench load cell has been recorded together with the stimuli actuator’s
linear position.
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Figure 12. Test to estimate mass and linear guides friction: (a) test bench setup and (b) force signal
read by the test bench load cell with simulated results obtained from the fitted model.

The results reported in Figure 12b allowed the evaluation of the total mass hung to the
load cell and the guide rail friction contribution. In fact, the former has been derived from
the mean value of the force signal, while the latter is from the amplitude of its oscillations.
The extremely low frequency of the inputs ensures that inertial effects of the mass are
negligible and force oscillations uniquely depend on dissipative phenomena.

The parameters of the test bench, i.e., the mass and LuGre friction model characteristic
parameters [34], have been estimated, minimizing the RMS value of the error between the
experimental and simulated data and obtaining a good fit.

5.3. Open Loop

Once the test bench components models are identified, the focus can be directed on
the main system, i.e., the active damper. With the aim of minimizing the interconnected
behavior of internal components and interrupting the backpropagation of disturbances
and effects throughout internal loops within the system, a first campaign of tests has been
carried out in an open loop configuration, entering into the system directly with a current
input on the EHSV and measuring the generated force with the internal embedded load
cell. By inhibiting the control logic, it is easier to understand the cascade of action/reaction
phenomena occurring within the system without having to worry about differentiating the
entities of the measured signal due to the system characteristics and that ascribed to the
reaction of the controller to the given command or its seen disturbance.

The test results shown in Figure 13 have been obtained, maintaining the stimuli ac-
tuator active and steady in its null position, with the hydraulic brake disengaged and the
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mass attached to the lower hinge of the damper. The ADVC, interposed between these
two elements, has been tested with commands at different frequencies, namely 0.01 Hz
(Figure 13a,b) and 1 Hz (Figure 13c,d). As previously mentioned, in this case, the extremely
low frequency of inputs allowed the exclusion of inertial effects and concentration on the
investigation of the governing phenomena in force generation. Hence, tests with a higher
frequency helped to verify the fidelity of the model for different working conditions. The
system showed few non-linearities for the 0.01 Hz case around the null force conditions,
probably due to friction or internal leakages not considered by the mathematical model,
which, in fact, struggled to reproduce this anomalous behavior. However, since the system
was designed to operate at consistently higher frequencies, no modifications to the model
structure have been introduced, taking into consideration the overall good fit of the simu-
lated results with the measured force in other zones. Moreover, this behavior is not present
in the case of 1 Hz input or higher frequencies, as will be shown in the next paragraphs.
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Some additional tests have been carried out disassembling the internal EHSA from
the compliant strut and mounting it into a custom fixture appositely designed to block
the movement of the rod to minimize the effect of the speed and, eventually, obtain useful
insights into the system response to given inputs. The information obtained from these
tests have been useful in understanding some behaviors of the system, diversifying the
suite of measured sequences used in the parameter fitting process.
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5.4. Closed Loop

Closed loop tests have been performed to investigate the effect of the control logic on
the performance of the ADVC. Different experiments have been carried out with the stimuli
actuator controlled in a fixed position, the hydraulic brake disengaged, and the suspended
mass free to oscillate. To analyze the response of the system to different operating conditions
and more robustly validate the model in various scenarios, several sinusoidal force requests
have been supplied to the ADVC at the frequency of 25 Hz (the design point) with various
force amplitudes [35] not related to the operative conditions typical of the specific helicopter
class but only aimed at a better model parameters’ identification.

The obtained simulated and experimental force signals for the cases of 1.5 kN, 3 kN,
5 kN, and 10 kN are shown in Figure 14, from which it is possible to note the ability
of the mathematical model to accurately reproduce the main system dynamics and its
non-linearities also for very different input conditions, confirming the effectiveness of the
followed parameters identification procedure. Secondary oscillations are more demanding
from the point of view of fidelity of reproduction, such as those exhibited by the real system
for low input amplitudes.
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Nevertheless, the model, to some extent, succeeds in considering these oscillations,
especially for negative forces. It is worth mentioning that the small force ripple occurring in
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the acquired force signals before each peak, which becomes lower and lower with increasing
set amplitudes, is mainly because the stimuli actuator is not blocked in a steady position,
but it is position-controlled. Therefore, although dynamically rigid and robust, this actuator
feels the effects of the force disturbance generated by the ADVC. It, therefore, reacts slightly
to maintain its commanded steady position. It has been seen that its movement coincides
with the small force oscillation occurring in the graphs. However, this behavior is not
reproducible by the model as the stimuli actuator, as previously stated, is not modeled.
However, its position is directly imposed as an input to the model as constraint coordinate
and speed.

6. Experimental ATP Tests

This section concentrates on the presentation and examination of the experimental
responses of the ADVC prototype to the dynamic tests of the ATP, which are the most
important and interesting ones from the point of view of the ADVC performance and in
view of its successive integration onboard helicopters. However, the Electrical Bonding
Test is also part of the acceptance process.

The acceptance process involves two static tests to assess the compliant structure’s
stiffness and EHSA stall load. Furthermore, three dynamic tests evaluate the actuator’s
controllability and stability, displacement transmissibility, and ability to promptly respond
to impulsive disturbances represented by a step displacement at the upper hinge. All the
experiments have been carried out in the conditions specified by the ATP, i.e., with the
MIL-PRF-83282 hydraulic fluid at 35 ± 5 ◦C, 207 ± 3 bar of supply pressure, and 7 ± 0.5 bar
of return pressure.

The static tests are performed, keeping the stimuli actuator in a steady position. In
the stall load test, the force request is slowly brought up to 125% of the theoretical stall
load of the system both in compression and in extension. The generated force read by the
internal load cell is monitored throughout the entire duration of the experiment. The result
is positive if the maximum generated load distances from the nominal stall load is not less
than—2.5%, i.e., if it stops above 19,500 N.

The second static test is aimed at verifying the stiffness of the external strut. The
force command consists of a series of slow ramps to bring the load request up to 10 kN
(50% of the stall load) both in compression and extension. Measuring both the hinges’
displacements through the laser sensors and the created force by means of the internal load
cell, the stiffness of the external structure is estimated. The test is considered passed if this
value is in the range of ±5% of the theoretical value (i.e., 40 kN/mm), which means it must
lie between 38 kN/mm and 42 kN/mm.

The ADVC prototype successfully passed both static tests, with the results listed in
Table 3. The dynamic tests aim to evaluate and verify the dynamic capabilities of the ADVC,
in particular, the controllability of the force loop, the transmissibility of the system, and the
disturbance rejection features. The results of the dynamic tests are listed in Table 3.

Table 3. Results of the experimental ATP tests performed on the ADVC prototype.

Test Pass Values Results

Stall load
F+

stall ≥ 19, 500 N 20, 890 N
F−

stall ≤ −19, 500 N −20, 630 N
Strut stiffness 38.5 ≤ k+ ≤ 42 kN/mm 38.5 kN/mm

38.5 ≤ k− ≤ 42 kN/mm 38.8 kN/mm

Controllability

∣∣∣ Ff b
Fset

∣∣∣ ≥ −3 dB@25Hz −1.37 dB

∠
(

Ff b
Fset

)
≥ −90◦ @25Hz −65.4◦

Transmissibility

∣∣∣ xLH
xUH

∣∣∣ ≤ −6 dB@25Hz −12.44 dB

∠
(

xLH
xUH

)
≥ −70◦ @25Hz −39.0◦

Step disturbance t < 50 ms : −200 ≤ F ≤ 200 N 30.0 ms
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The controllability of the system is evaluated with the stimuli actuator controlled in a
fixed position and the electric brake open. Then, a sinusoidal force command at 25 Hz with
an amplitude of 14 ± 10% kN is imposed on the EHSA controller. The procedure involves
the evaluation of the attenuation and phase delay between the set and the measured
force through the internal load cell: the test is passed if the feedback attenuation is lower
than 3 dB and concurrently, the phase delay does not exceed 90◦. Figure 15 shows the
experimental and simulated results, which highlight that the real prototype fully satisfies
the pass requirements, with an attenuation of only 1.37 dB and a phase delay of 65.4◦.
Moreover, it is also visible how the identified model successfully replicates the ADVC
behavior, confirming the correctness of the identified parameter set.
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Figure 15. Experimental and simulated results of the ATP controllability test.

The transmissibility of the system constitutes the most informative test, directly show-
ing the damping properties of the ADVC. Differently from the other tests, the stimuli
actuator is not steady. However, it is commanded to generate a sinusoidal disturbance
at the upper hinge at 25 Hz with an amplitude of 0.45 ± 10% mm. At the same time, a
sinusoidal force set is given to the ADVC, conveniently phased with respect to the stimuli
generator position set. In fact, the test is aimed to demonstrate the ADVC capabilities
exploitable by the H/C designer, who, however, will be in charge of the control algorithm
that generates the force set for the ADVC to suppress vibrations. During the ADVC ATP
test, only a force control can be performed; therefore, this test follows an open loop ap-
proach to reduce the mass vibration [18]. A force set of 20 kN is imposed on the active
damper (Figure 16a) with the aim of minimizing the vibration amplitude of the lower hinge,
resulting in a vibration suppression of 12.44 dB with a phase delay of 39◦, as shown in
Figure 16b.
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The test is therefore passed, the obtained values being abundantly within the accept-
ability limits, i.e., a displacement attenuation greater than 6 dB with a phase delay lower
than 70◦. Figure 16 depicts the correspondence of the model results with measured signals
in terms of hinge displacement and relative speed between the rod and the cylinder of the
internal EHSA.

The final dynamic test of the ATP focuses on evaluating the ADVC capability to
counteract external disturbances swiftly. The procedure entails commanding a zero-force
input while introducing a step disturbance of 0.45 mm using the stimuli generator (orange
in Figure 17).
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Figure 17. Experimental and simulated results of the ATP step disturbance test: the force signal
in blue must enter the green acceptance region within 50 ms (red segment) from the disturbance
displacement step appliance.

The objective is to measure the time it takes for the ADVC to restore the force (blue)
within the acceptable range of ±200 N (the shaded green area), with a specific time con-
straint of 50 ms from the end of the step disturbance. The time constraint is highlighted
in Figure 17 by the red segment, representing 50 ms after the appliance of the step, to
stay conservative. In reality, the stimuli actuator does not have an infinite acceleration,
and it takes a certain amount of time to reach the ideal step position command: its real
displacement is depicted with the orange dashed line. If the force restoring time is taken
from the step appliance, the ADVC passes the test with a time of 30.0 ms.

7. Conclusions

This paper is the second part of a two-part work aimed at presenting the innovative
solution presented by Elettronica Aster S.p.A. for the active damping of the vibrations gen-
erated by the main rotor/gearbox assembly in helicopters. Such vibrations are detrimental
to onboard instrumentation and can lead to long-term pain for pilots and cabin occupants.

The proposed solution is to replace the supporting rigid struts, i.e., the principal vibra-
tion transmission path, with active dampers in charge of attenuating the vibration level. The
latter consists of an electro-hydraulic servo-actuator in parallel with a compliant structure
responsible for bearing the static load. This layout allows the entire system to achieve an
extremely high power density compared to similar solutions while keeping the mass and
dimensions contained. Part 1 presented the layout of the system, the mathematical model,
and the model-based design. The mathematical model was used to preliminary validate
the design, confirming the compliance of the defined solution to the ATP requirements.

Part 2 builds upon the findings of Part 1, presenting the damper prototype’s physical
realization, the experimental rig appositely designed to perform ATP certification tests and
the results of the experimental campaign. In particular, an extensive step-by-step discussion
on mathematical model validation and parameter tuning has been carried out. The model



Aerospace 2023, 10, 868 20 of 21

has been used to optimize the control parameters to achieve the required performance.
Furthermore, it has been a valuable tool in the initial phase to verify the correspondence of
the system response with the expected behavior.

The comprehensive analysis and evaluation conducted in this study highlight the
successful implementation and performance of the active damper prototype, which success-
fully passed all ATP tests. In conclusion, the experimental findings presented in this paper
demonstrate the effectiveness and potential of the proposed active damper solution for
effectively mitigating vibrations in the given application, improving operational efficiency,
and increasing both the service life of the targeted system and the flight quality perceived
by cabin passengers.

Future work will focus on optimizing the control parameters of the active damper
to enhance its capabilities, for example, enhancing feedforward branches exploiting the
LVT signal. Furthermore, the manufacturing of additional prototypes of the active damper
will help to improve the statistical significance and further validate the performance and
reliability of the proposed solution across a larger sample size. This comprehensive and
robust analysis will allow for a deeper understanding of the performance and reliability
of the ADVC, providing valuable insights into the consistency and effectiveness of the
proposed solution across multiple instances, therefore strengthening the overall validity
and generalizability of the results.
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