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This paper presents a new approach to develop digital twins of helicopter dynamic systems. Helicopter industries attach growing attention to the development of digital twins to be more predictive of mechanical parts lifetime. The number of sensors available to measure loads during flights is limited. Complementary simulations are necessary to compute all the loads that the mechanical parts undergo. A new process is described to build these simulations fed with flights data records. Complexity of helicopters dynamics systems leads to create several local models of subsystems using a multibody dynamic formalism. A study focused on a swashplate rotor assembly is presented to illustrate this approach, including a new model of bearing and its validation based on bench tests.

Introduction regarding digital twin specificities of helicopter dynamic systems

The concept of digital twin has been introduced by Dr. Grieves in 2003 for Product Life Management (PLM) needs [START_REF] Grieves | Digital Twin: Manufacturing Excellence through Virtual Factory Replication, Digital Twin White Paper[END_REF]. According to the proposed definition, the digital twin is "a digital representation of actual physical products". A digital twin is a model of a real product that uses as input data some information taken from this product in order to provide additional information about the behavior of this product in operation.

In helicopters industries, digital twin can be used to better control the maintenance of helicopter dynamic systems. With respect to conventional helicopter architecture, dynamic systems include blades, main rotor, main gear box, hydraulic actuators, engines, tail rotor and tail gear box. These systems are kinematically connected to transmit power to blades in order to provide the thrust and lift of the aircraft. Knowledge of the loads applied to the mechanical parts of these systems in real usage conditions would enable companies to know precisely when parts must be replaced.

Digital twins of helicopter dynamic systems can be useful because the instrumentation of all the mechanical parts in flight is very difficult. As an example, Figure 1 shows, what can be the instrumentation of a main rotor during flight tests. The sensor cables, orange in the photo, are numerous and bulky. Sensors that equip rotating parts, such as pitch rods or flapping weights, are not easy to install because of the dynamic motion of the helicopter rotor. Currently, it is not possible to operate such sensors equipment on service helicopters in flight without introducing significant maintenance burdens.

That is why a digital twin of a main rotor using data extracted from certain sensors installed on some parts of the system would be useful for computing the loads applied to all the other parts. As part of an approach to build a digital twin, we are interested here in the use of multibody simulation as it is a possible way to calculate the loads and displacements at the joints of the mechanisms. The multibody formalism is well adapted because the study of the rotors requires being able to treat the case of the large displacements and to take into account the dynamic effects. In doing so, some peculiarities of the systems considered here must be taken into account. The number of parts involved, from the motors to the blades, is significant. The topology of the mechanisms is often in closed chain, thus including internal loops that lead to overconstraints. The high flexibility of some structural parts or mechanical joints has a strong impact on the dynamic behaviour.

All of these factors led to the development of a stepwise approach, consisting of subdividing the system into subsystems, and initially building the associated local models. The study of one of these subsystems, a main rotor control mechanism, is presented below.

A review of previous works on multibody simulations of helicopter dynamic systems

Currently, the creation of digital twins of helicopter dynamics systems using multibody simulations constitutes a new research scope that is expected to develop in the coming years. New digital twin models of complex mechanical systems as wind turbines [START_REF] Tao | Digital twin driven prognostics and health management for complex equipment[END_REF] have recently been used to know more precisely the behaviour of power generation systems. Similar approaches with "physics model" representing digital entities of mechanical systems could be deployed in aeronautical industry.

As part of the design process, multibody simulations are already widely used to size helicopter dynamic systems by calculating displacements and loads applied to certain kinematics joints and parts of these mechanisms.

Bauchau [START_REF] Bauchau | Modeling Rotorcraft Dynamics with Finite Element Multibody Procedures[END_REF] described a multibody dynamics approach to the modeling of rotorcraft systems and detailed the chosen simulation methodology, compatible with nonlinear finite element methods. The library of elements on which he relies includes rigid bodies, deformable bodies and kinematic joints. Abhishek [START_REF] Abhishek | Prediction of UH-60A Structural Loads Using Multibody Analysis and Swashplate Dynamics[END_REF][START_REF] Abhishek | Analysis, validation, prediction and fundamental understanding of rotor blade loads in an unsteady maneuver[END_REF] and Grandsen [START_REF] Grandsen | Aeroservoelasticity of articulated rotor hubs[END_REF] also developed multibody dynamics methods to compute loads applied to helicopter rotors.

These research works show that nonlinear behaviors of some bodies or joints belonging to helicopter dynamics systems can have a serious impact on results of the multibody model. For example, joints with elastomeric parts are commonly used at main rotor head, as the lead-lag dampers. Their stiffness and damping behavior are nonlinear, depending on displacements and speeds. Some structural parts, as the blades, are distinguished by their great flexibility, and the loads they undergo are strongly coupled to their movements and deformations. These characteristics must be taken into consideration to obtain correct results from the multibody model.

Guivarch [START_REF] Guivarch | A new modeling framework to predict Helicopter Dynamic Systems loads[END_REF] proposed recently a new modelling framework, the aim being to improve the prediction of some loads of dynamic helicopter systems, after differences have been observed between simulation results and test measurements. The nonlinear mechanical solver SAMCEF MECANO using a finite element approach [START_REF] Géradin | Flexible Multibody Dynamics, A Finite Element Approach[END_REF] has been chosen to build a new level of modelling. A method of creating super elements has been used to model flexible bodies such as sections of blades. The methodology has been tested by simulating a main rotor equipped with its blades and rotated in a hovering configuration. Figure 2 shows the flapping displacements of the blades that were obtained. The distribution of some main rotor loads has also been determined and compared to results from a bench test.

Sensor Cables Figure 2. Displacements of blades obtained by multibody simulation [START_REF] Guivarch | A new modeling framework to predict Helicopter Dynamic Systems loads[END_REF] Multibody simulations are also employed to study helicopter flight mechanics in order to get information about aircraft velocity, aerodynamics loads and airframe position during flight. Multibody dynamic formalism is usually chosen to build this kind of models [START_REF] Chun | Structural Analysis of a Bearingless Rotor Using an Improved Flexible Multibody Model[END_REF][START_REF] Goulos | Helicopter Rotor Blade Flexibility Simulation for Aeroelasticity and Flight Dynamics Applications[END_REF], as by using HOST [START_REF] Benoit | HOST, a General Helicopter Simulation Tool for Germany and France[END_REF], CAMRAD II [START_REF] Johnson | A History of Rotorcraft Comprehensive Analyses[END_REF] and other software [START_REF] Rodriguez | Automated Modeling of rotorcraft dynamics with special reference to AUTOSIM[END_REF]. Flight mechanics models can also be coupled with Computational Fluid Dynamics and Acoustic algorithms. Ahmad [START_REF] Ahmad | High-Order Accurate CFD/CSD Simulation of the UH-60 Rotor in Forward Flight[END_REF], Datta [START_REF] Datta | Review of Rotor Loads Prediction With the Emergence of Rotorcraft CFD, 31st European Rotorcraft Forum[END_REF], Rajmohan [START_REF] Rajmohan | Development of a Methodology for Coupling Rotorcraft Aeromechanics and Vehicle Dynamics to study Helicopters in Maneuvering Flight[END_REF], Quaranta [START_REF] Quaranta | Toward a computational framework for rotorcraft multi-physics analysis: adding computational aerodynamics to multibody rotor models[END_REF] and Brentner [START_REF] Brentner | Near Real-Time Simulation of Rotorcraft Acoustics and Flight Dynamics[END_REF] worked on these numerical simulations. All these simulations are done in an isolated context that has no dynamic links within service measurements. The digital twin creation requires being able to make a close loop between these simulations and in-service data. So, a new strategy for the modeling of the rotor system has been developed to get an efficient close loop based on a new rotor model.

Mastering the loads paths into a swashplate assembly

Building a digital twin able to effectively model the dynamic behaviour of a rotor control system proves to be a major challenge. The swashplate rotor assembly, that is to say the mechanism for switching the displacement order from a "fixed reference frame" to a "rotating reference frame" to control the blades incidence angle, is one of the most difficult areas to treat. The system represented on Figure 3 includes hydraulic actuators, the fixed swashplate, the rotating swashplate, the ball bearing between swashplates, scissors, a spherical bearing and pitch rods.

The position of the fixed swashplate is controlled by the hydraulic actuators. This swashplate is considered as fixed because it does not rotate with the main rotor mast. However, it has a given mobility because it can slide along the Main Gear Box (MGB) housing and rotate around two axes perpendicular to the mast thanks to the spherical bearing. The fixed scissor avoids the fixed swashplate rotation around the rotor mast axis.

The rotating swashplate is connected to pitch rods that impose pitch angle to the flapping weights. The flapping weights are connected to the blades. Rotating scissors allow the rotation of this swashplate around the rotor mast axis. A ball bearing is the mechanical joint between the two swashplates. It is expected that the simulation of the swashplate rotor assembly will provide answers to several needs [START_REF] Guivarch | A new modeling framework to predict Helicopter Dynamic Systems loads[END_REF], as the estimation of the correct loads at the pitch rods, the scissors and the hydraulic actuators, taking as far as possible account for the dynamics effects induced by the inertia and the flexibility of the parts, in particular those of the swashplates and the ball bearing. Mastering the loads paths into this assembly from pitch rods until hydraulic actuators constitutes a real modelling challenge.

A new process of simulation linked to experimental data

Use of experimental data

A digital twin of a main rotor control mechanism has been built in direct connection with an existing test bench dedicated to this mechanism. This bench, shown in Figure 4, consists only of parts belonging to a main rotor mechanism. It allows to test this assembly under static and dynamic loadings.

Considering a full-scale test bench is interesting because it allows not only to find the instrumentation that will be present on a helicopter, which will feed the entrances of the digital twin, but especially to have additional measures. These measures are accessible only on the bench to verify that the digital twin gives correct results.

For instance, the loads of the hydraulic actuators are measured. These non-rotating parts can easily be instrumented, even under normal flight conditions, and corresponding measurements can therefore be used as inputs of a digital twin. The loads of the pitch rod and the scissors, which are rotating parts, are not systematically measured in flight, but can be produced by the digital twin. These latter can be compared to the experimental results of the test bench where measurement is possible. 

Advanced multibody simulation of the swashplate assembly

In the context of this work, the nonlinear mechanical solver SAMCEF MECANO has been retained, in association with the pre/post processing software Simcenter 3D. The proposed model takes into account flexibilities of swashplates and the double-row angular-contact ball bearing between these two parts (Figure 5). The deformation of this assembly has an impact on the dynamic load values passing through the main rotor control mechanism. The model is based on the centres of the inner and outer rings races. The complete diagram of the swashplate rotor assembly model is shown in Figure 6. In this diagram, the model is presented in a radial plane that cuts two balls each belonging to a row of the bearing. This model is composed of the following elements:

-A super-element of the fixed swashplate (in yellow). This super-element reflects the flexibility of the fixed swashplate arms.

-A super-element of the rotating swashplate (in purple). The bearing outer ring is part of this super-element.

-A rigid body called "fixed upper swashplate" (in blue). This body is connected by a hinge joint with the super-element of the fixed swashplate and by a spherical joint with the spherical bearing. This rigid body is an extension of the fixed swashplate and rotates during the simulation at the same speed as the rotating swashplate. This kinematics avoids the use of contact interactions. The hypothesis of rigid body introduced is admissible because of the high stiffness of the fixed swashplate upper part.

-Rigid inner rings (in green) in sliding connection with the fixed upper swashplate. These rigid bodies connect the centre of the fixed upper swashplate to the centres of the inner rings' races. There are as many inner rings elements as there are balls (2 x 78) in order to ensure correct meshing continuity. The sliding joints allow the application of the bearing preload. A relative displacement imposed on the inner rings models this preload.

-Spring elements (in red). At the right of each ball, a spring connects the centre of the outer ring race to the centre of the inner ring race. 156 spring elements have been created representing the contact stiffness between the balls and the races.

-Rigid elements linked to the outer rings (in orange) which connect the nodes retained of the rotating swashplate super-element to the centres of the outer ring races. 78 rigid bodies attached to the rotating swashplate have thus been created. These rigid bodies are connected to the fixed upper swashplate with a planar joint in order to drive the latter in rotation. Under these conditions, each spring is only loaded in a radial plane and rotates with the rotating swashplate. 

Input data of the digital twin

Taking into account the operating principle of the test bench modelled here, the input data of the digital twin are the loads of the axial hydraulic actuators, considered here as constant loads. These loads, measured on the bench test, are applied to the fixed swashplate. Main rotor mast velocity is also an input data of the multibody model.

Results and model validation

Complementary elements have been connected to the flexible swashplate assembly model to embody the pitch rods, the scissors and the hydraulic actuators. Figure 8 illustrates for these complementary elements, at a given simulation time, the magnitude of the displacement estimated by the digital twin model described above. The loads measured during lab test on the rotor control system with the ones obtained by simulation for the digital twin have been sucessfully compared. For example, Figure 9 presents the evolution of the axial pitch rod load. The gap between simulation and test results are low and it validates the approach chosen. 

Use of flight data

A similar multibody model of the main rotor control mechanism can be tested in flight configuration. Indeed, a facility which reproduces experimentally the conditions of an helicopter hover flight in ground effect has been used to measure axial loads of pitch rods. Tests results can be compared with simulation as shown on Figure 10. The digital twin gives a correct prediction of these loads. The first order dynamic amplitude is well computed. Nethertheless, dynamic amplitudes of high frequencies are underestimated. This difference is due to the aerodynamic loads applied in the model which are computed by simplified analytical formulas and not by CFD algorithms. The dynamic evolution of aerodynamic loads is not rich enough to get all the excitation applied to the pitch rod.

Conclusion

A stepwise approach to build digital twin of helicopter dynamic systems has been presented in this paper. Complexity of helicopter dynamic systems leads to first build and validate digital twins of subsystems, using advanced multibody simulations linked to experimental data. The proposed approach has been illustrated here through the presentation of the developments useful for the creation of a digital twin of the subsystem that constitutes a swashplate rotor assembly. An advanced multibody dynamics model of this assembly has been described. This model takes into account flexibilities of the swashplates and the double-row angular-contact ball bearing. This model has been fed, tested and validated thanks to experimental data provided by bench test and flight test. New flights configurations of this digital twin will be tested to improve the robustness of the approach and new aerodynamic inputs will be used to increase the model representativeness for higher frequencies excitations.
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 10 Figure 10. Dimensionless axial load of pitch rod in flight test configuration