Keywords: Bond-Graph, More Electric Aircraft, Power-by-Wire, EMA, Energy Losses, Response to Faults, Synchronization

In the aerospace field, the concepts based on extended use of electricity in "More Electric Aircraft" (MEA) and even "All Electric Aircraft" (AEA), electromechanical actuators (EMAs) are increasingly being implemented in place of conventional hydraulic servo actuators (HSAs).

When EMAs are used for safety-critical actuation applications like flight controls, some specific issues related to thermal balance, reflected inertia, parasitic motion due to compliance, response to failure (jamming and free-run) and synchronization of EMAs driving independent loads cannot be ignored. The simulation-aided design process can efficiently support the assessment and validation of the concepts fixing these issues. For that, virtual prototypes of EMAs at system-level have to be developed in a structured way that meets the engineers' needs. Unfortunately, the physical effects governing the EMAs behavior are multidisciplinary, coupled and highly nonlinear. Although numerous multi-domain and system-level simulation packages are now available in the market of simulation software, the modelling process and the engineers' needs are rarely addressed as a whole because of lack of scientific approaches for model-based architecting, multi-purpose incremental modelling and model implementation for efficient numerical simulation. In this thesis, the virtual prototyping of EMAs is addressed using the Bond-Graph formalism. New approaches are proposed to enable incremental modelling of EMAs that provides models supporting control design, energy consumption and thermal analysis, calculation of reaction forces, power network pollution simulation, prediction of response to faults and influence of temperature.

The case of preliminary design of EMAs position synchronization is used to highlight the interests and advantages of the proposed process and models of EMAs.

Introduction

In recent years, the increase in fuel costs, the environmental footprints and the emergence of new competitors have driven the aerospace industry to introduce step changes towards greener, safer and cheaper air transport [1]. The concepts based on extended use of electricity in "More Electric Aircraft" (MEA) and even "All Electric Aircraft" (AEA) have logically defined the technological shift towards "greening" aviation operations, using the electric power networks to replace conventional hydraulic networks [2][3]. Currently, numerous research activities strive to widen the use of electrical power networks for electrically supplied power users (Power-by-Wire or PbW) in replacement of the conventional hydraulic, pneumatic and mechanical power networks [4]. At the same time, PbW actuators have become sufficiently mature to be introduced in the latest commercial programmes:

-Electro-hydrostatic actuators (EHAs) as backup actuators for primary and secondary flight controls in Airbus A380 / A400M / A350, -Electromechanical actuators (EMAs) as frontline actuators for a few secondary flight controls and for landing gear braking in Boeing B787.

Although they remove the central hydraulic power distribution, EHAs still use hydraulics locally to keep the major advantages of conventional actuators regarding secondary functions (back-driving, overload protection, damping) and response to failure (easy hydraulic declutch and extremely low risk of jamming). EMAs, however, remove both central and local hydraulic circuits by transmitting the motor power to the load through mechanical reducers (e.g. gearbox, nut-screw, etc.). Nevertheless, EMAs are not yet sufficiently mature to replace conventional hydraulic servo-actuators (HSA) in normal mode for safety-critical functions such as primary flight controls. Several technical challenges still need to be taken up: weight and size constraints for integration, voltage spikes and current transients affecting the pollution and stability of the electrical network, heat rejection for actuator thermal balance, Doctoral Thesis -Jian FU 3 the control and reconfiguration strategies.

c) Pollution of Electrical Supply

The control of power of electrical machines (e.g. actuator motor) is based on high frequency on/off switching (e.g. 8 to 16 kHz) of power semi-conductors through pulse width modulation (PWM). Although power is controlled with very low energy losses, it generates high transients in the electrical supply bus and can affect the stability of the electrical network. Moreover, regenerative currents need to be managed properly under aiding-load conditions. This is another reason why model-based systems engineering (MBSE) of PbW actuators calls for more realistic models.

d) Motivation of the Research Work

However, with the constant efforts of aviation, on recently developed commercial airplanes and future aircraft program will certainly rely on more increasing use of electrical power, and EMAs will be more involved on the next generation aircraft. The first concept is that EMA will work together with HSA or EHA as a hybrid redundancy structure to drive single surface for primary flight control application, such as aileron. This redundant structure has been investigated with consideration of force equalization in much academic research works [9][10][11].

This thesis has been conducted at Laboratory Institut Clement Ader, Institut National des Sciences Applique es de Toulouse (INSA-Toulouse). It can be seen and the logical continuation of former defended Ph.D studies that were related to the modelling, simulation and control of electrically powered actuators for aerospace applications:

-WANG Lijian, "Force Equalization for Active/Active Redundant Actuation System Involving Servo-hydraulic and Electro-mechanical Technologies", INSA-Toulouse, France Thesis, 2012.

- -NFONGUEM Gustave, "Contribution to the development of a more electrical actuatorinverse modelling mechanical components specific to an aerospace application", INSA-Toulouse, France Thesis, 2006.

On its side, the present research work addresses the case where 2 EMAs drive separately 2 independent loads (flight control surfaces) that shall be position-synchronized at any time.

This typically corresponds to secondary flight control, such as flaps, slats, or to thrust reverser applications. The conventional position synchronization strategy is centralized via a mechanical shaft system. It is heavy, bulky and not flexible. Individual loads offer new opportunities for distributed actuation that requires synchronization control strategies.

According to the above mentioned needs and challenges, the present thesis intends to propose incremental models of EMAs and their components to support the various engineering needs appearing during the development and integration of actuation systems.

The typical application that will be addressed is presented on Fig. 1. A model-based and simulation-driven approach can unquestionably provide engineers with efficient means to address all these critical issues as a whole. In particular, it will facilitate and accelerate the assessment of innovative architectures and concepts [12] [13], and also their technological embodiments. This thesis will make wide use of the Bond-Graph methodology for graphical and qualitative modelling. Bond-Graph modelling [14] [15] explicitly displays the Doctoral Thesis -Jian FU 5 multidisciplinary energy transfers, and the structure and the calculation scheme for simulation. Incidentally, it facilitates the design of a model structure that enables incremental (or even decremental) modelling. The thesis is organized as follows:

In chapter 1, state of the art of actuation for flight control is firstly introduced and the objectives, requirements and methodology of virtual prototyping of EMAs for position synchronization are presented. In chapter 2, the individual EMA controller with position/velocity/force loops is designed on the basis of the linear approach. The saturation (torque and velocity), motor current loop and compliances effects are considered. In chapter 3, the incremental virtual prototypes of power drive electronics (PDE) and electric motor (EM) of EMA are built respectively, with resort to Bond-Graph formalism. Multi-level of models are implemented and tested in the LMS-AMESim, and the numerical simulation and results are analyzed. In chapter 4, the virtual prototyping of mechanical power transmission (MPT) of EMA is also addressed with an incremental approach, the physical effects are progressively introduced. The one degree of freedom (1-DoF) and two degrees of freedom (2-DoF) models are proposed, implemented and tested in LMS-AMESim. In chapter 5, the test bench configuration is presented for next experimental study. The preliminary position synchronization of EMAs is addressed, a proportional-integral-derivative cross-coupled synchronization (PID-CCS) controller is proposed. Then, the proposed models (linear or advanced) of EMAs are integrated and simulated to illustrate how they can support the assessment of the PID-CCS control strategy. In the end, the general conclusions summarizes the main proposals and achievements of this research work, and gives perspectives for further development of system-level virtual prototyping and position synchronizing.

Chapter 1

State of the Art

The thesis focuses on virtual prototyping of electromechanical actuators for position synchronization in aerospace application. The complex, numerous and cross-linked parasitic effects of electromechanical actuator are incrementally modeled with the support of Bond-Graph formalism. The state of the art of aerospace actuation will be firstly introduced. The innovations and developments of electrically powered actuators, especially electromechanical actuators, for recent aircraft even for next generation of more electric aircraft application are presented. For safety critical actuation applications like flight control, the safety issues and reliability requirements are of particular importance. For this reason, the redundancy configurations will be presented. The following part will address the common active/active mode of operation for actuators with its main issue for electromechanical actuators: the position synchronization. Then, the incremental modelling approach, considering with priority the engineering needs and the physical effects, will be introduced as it has been used extensively in the present work.

Flight Control Actuators

The new generation of aircraft will use almost exclusively electric power distribution networks. For this reason, the actuators should evolve to take advantage of this development, in terms of performance, weight and maintenance.

Power Distribution

In aeronautics, as in all types of aircrafts, we can define the primary and secondary power systems [1]. The primary power is to ensure the movement of the aircrafts (propulsion, traction, lift, etc.). The secondary power relates to other power systems (air conditioning, flight controls, landing gears, fuel, anti/de-ice, etc). Doctoral Thesis - Jian FU In today's commercial aircraft, primary power is created by the main engines. It comes from the combustion of aviation fuel in a gas turbine that produces reaction forces (jet aircrafts) or a mechanical rotational power (turbo-propellers). For example, in the Airbus A330, the propulsion power is typically 40 MW [2].

The secondary power is essentially derived from primary energy. It is used to supply the aircraft no-propulsive systems. On a conventional commercial airplane, there are generally four types of energy networks: pneumatic, mechanical, hydraulic and electric. In Airbus A330, as shown in Tab. 1-1, the total "non-propulsive" power is about 1.74 MW [2]. 

Power types Application systems

Pneumatic : 1,200kW air conditioning, cabin pressurization, anti/de-icing, etc.

Mechanical : 100kW secondary power generators (hydraulic pumps and electric generators), etc.

Hydraulic : 240kW flight controls, landing gear, brakes, thrust reverse, etc.

Electric : 200kW avionics, de-icing, lighting, cabin system, etc. In an aircraft, the flight control system aims at acting on the trajectory of the aircraft (primary) and on the aerodynamic configuration (secondary) by moving control surfaces

Flight Control of Civil Aircraft

Chapter 1 State of the Art Doctoral Thesis -Jian FU 9 from the commands given by the pilot (or autopilot) [4]. Flight Control system includes all the components between the cockpit control units and control surfaces. Figure 1-1 shows the flight control architecture of an Airbus A330 [3].

Primary Flight Control: The primary flight controls are used to control the evolution of the aircraft around its reference axis during the flight [4]: the rudder or rudder for yaw control, the ailerons and spoilers for roll control, and the elevators and the trimmable horizontal stabilizer (THS) for pitch control.

Second Flight Control:

The secondary flight controls allow changing the aerodynamic configuration of the aircraft during landing and takeoff phases: Flaps and slats for lifting, spoilers for the trail, airbrakes.

Actuators Technology Innovations

Actuator servo control is used to position a flight control surface to follow a setpoint. This is a key element in the flight control of an aircraft. As illustrated in Fig. 1 As the rapid growth of air traffic market in recent years, man-made CO 2 emissions into the atmosphere increased largely by civil aviation. The aircraft industry has to face both economic and environmental issues [5]. Currently, an interim and attractive solution is towards "More Electric Aircraft" (MEA) using more electric power technological advancements for nonpropulsive systems of aircrafts. On this basis, today's aircraft actuation systems prefer powerby-wire (PBW) and have centered on novel approaches to design and develop electrically powered actuators.

Currently, aircraft manufacturers are still in an intermediate step. The latest generation of commercial aircraft such as the Airbus A380 or A350 is an example since they have a mixed the type of power supply to the flight controls. By suppressing one hydraulic circuit over three in favor of electrical networks; it was possible to significantly reduce the weight of the aircraft (5%, for the A380) [6]. This approach has resulted in a new generation of PBW actuators of EHAs or electro backup hydrostatic (EBHA) types.

Chapter 1 State of the Art Doctoral Thesis -Jian FU 11 Across the Atlantic, the latest project from Boeing, the 787, is also intended to be the "most electric" aircraft, as said by the MOOG Company that provides 21 flight control surface actuators, all hydraulically power excepted 4 EMAs for spoilers [7].

Undoubtedly, the next airliners will see an increase in the use of electrical power. The Airbus A380/A350 and Boeing 787 are paving the way to the future single-aisle, medium-haul. Three reasons explain this tendency [8]:

(1) First, the permanent objective is to reduce the overall weight of the aircraft -thus its fuel consumption. In fact, the use of electrical instead of hydraulic systems provides flexibility in terms of design, integration and power management.

(2) Secondly, this same design flexibility offers significant potential for personalization and adaptation of systems to the customer needs.

(3) Finally, maintenance promises to be more efficient because the electrical circuits can be tested and diagnosed more easily. The maintenance actions are expected to be reduced.

However, there is no question in near future of replacing the hydraulic networks and generators by electric wire and electric motors: the announced rule of electric power is a revolution that engages the power architecture of the aircraft to achieve substantial gains. Yet the introduction of major technological breakthroughs in commercial aviation is a process that lasts for many years [4].

Nowadays, beyond the well-known HSAs, the new uses have three different concepts of PBW actuators for flight controls: EHAs, EBHAs and EMAs [9].

(a) Hydraulic Servo Actuator (HSA)

HSAs are powered by hydraulic power and controlled by a servo valve, displayed in Fig. 123(a). The power transfer is metered by introduction of hydraulic variable resistors between the constant pressure hydraulic source of and cylinder. When the HSA is not active, a mode select valve forces the actuator to operate in a damping mode. Doctoral Thesis -Jian FU In the last decades, numbers of investigations explored EHAs technologies and achieved deep understanding studies. Unlike the HSAs, for control flight surfaces, EHAs use internally a hydraulic power generation that removes the need for a centralized hydraulic power distribution. Thus, EHAs have their own fluid reservoir. A high-speed electric motor drives at variable speed a fixed displacement hydraulic pump, the speed of the motor controlling functionally the load velocity, as the servovalve current does in HSAs, as per Fig. 1-3 (b). The EHAs are used on elevators and ailerons for the A380 and A 350 as backup actuators [10]. In this figure, the electronic control box is integrated in the actuator package.

(c) Electro Backup Hydrostatic Actuator (EBHA)

The EBHA appeared for reasons of safety: it has a compact structure but provides an effective dissimilar redundancy solution regarding the sources of power. As shown in Fig. 1-3 (c), an EBHA implements a hybrid power architecture and combines the EHA structure for backup

Chapter 1 State of the Art Doctoral Thesis -Jian FU 13 and an HAS structure for normal mode. The EHA and HAS are sharing a same jack and the working mode is changed by a selector valve. In recent aerospace applications, the rudder and some spoilers for the A380 are driven (among others) by EBHAs.

(d) Electromechanical Actuator (EMA)

EMAs compared to EHAs, eliminate all the hydraulic circuits, as show the successful applications in Boeing 787 for a few secondary flight controls. The use of EMAs is pursued not only because of its clean energy but also for fuel consumption reduction and maintenance cost reduction for aircraft actuation systems. Hence, EMAs technologies are crucial for the ultimate goal to the achievement of the All Electric Aircraft.

Currently, two types of linear EMAs are regarded for flight control applications: geared and direct drive. As shown in Fig. 1-3 (d), when the nut screw is directly driven by the electric motor, the EMA is so-called direct drive. When an intermediate reduced in introduced, the EMA becomes a geared EMA. Whatever the type of EMAs, the electric energy is converted into mechanical one by a rotary electric motor which transfers the mechanic power to the control surface through an optional gearbox and a nut-screw mechanism. Direct drive EMAs cancel the gear reduction and offer a high potential for geometrical integration of the nut-screw reducer and the electric motor. Although the required motor torque is higher than in a geared EMA, direct-drive EMAs seem to be lighter and more compact.

Safety-Critical Requirements and Position Synchronization

The safety issues a very demanding for the design and operation of commercial aircrafts.

When it comes to perform critical functions, such as primary flight controls, the reliability aspects become more preponderant. Therefore, one most important issue of reliability requirements is to ensure the actuation system provides the right level of failure rate and the right response to failure [11]. For example, especially in EMAs, the most feared events come generally from the jamming susceptibility of mechanical power transmissions, the short circuit in electric motor windings and power drive electronics.

Redundancy Configuration

In order to meet these safety issues and reliability requirements for today's aircraft design, the flight control actuation systems have to be redundant. The dual redundant actuation configuration is considered here and summarized in three common arrangements [12], as shown in Fig. 1234, the internal redundancy, the actuator redundancy and the surface redundancy. The dfferent redundant configurations impact the design objectives to reduce the probability of "loss of control" of the driven surface:

(a) Internal redundancy

A single actuator jack integrates multiple power paths to drive a single actuator arm. This redundant configuration is applied on fighters or helicopters. However, it is unable to completely avoid the presence of common failure points and just tolerates a failure in the power path.

(b) Actuator redundancy

That is the most common and simplest apparent solution for fault tolerance. A single moving surface is driven by two or multiple actuators. When actuators operate in active/damping mode, only one actuator is in charge of the positioning function while the other operates as a damper. The roles are reversed in case of failure of the active channel. While in active/active mode, both actuators equally drive the load, so "force fighting" may occurr and produce additional stress or energy consumption. For primary flight control systems of today's commercial aircraft (e.g. both A380 and B787), no single surface is driven by a single actuator.

The actuators are involved into dissimilar redundant (e.g. HSA/EHA) or similar redundant
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(c) Surface redundancy

When multiple surfaces availably perform a same control mission, for example, surface of spoilers or slats are used for reducing lift as well as increasing drag. Therefore, each moving surface can employ a single actuator. In case of failure, the actuator can be locked in failed position or return to a defined position. And the remaining surfaces are normally operated. From a more academic viewpoint, using EMA in the area of aerospace application considering the safety-critical functions, there has been much research focused on internal redundancy, Fig. 1-4 (a). The fault-tolerant and fault bypassing methods have been proposed in EMA electric drives and power paths design [13]. Also in our laboratory, Institute Cle ment Ader (ICA), from 2001 we began to take interest in the EMA technology, then in 2006, Dr.

G.NFONGUEM did thesis defense with a contribution to the development of more electric actuators for THS [14] . Then Dr. W. KARAM and Dr. L.J WANG focused on the development of a hybrid redundant configuration of an HSA and an EMA actuation test bench, corresponding to the Fig. 1-4 (b) arrangement. Dynamic force generators were designed with resort to different modeling levels of EMA mechanical components [15]. In addition, force equalization strategies were studied when HSA and EMA operate in active/active mode to drive a single load [3].

The present thesis focuses on EMA technologies for safety-critical functions, according to the surface redundancy arrangement, Fig. 1-4 (c). The main progress concerns the development of advanced system-level virtual prototypes of EMA for position synchronization of independent loads. Due to the different natural dynamics and external loads, the two Doctoral Thesis - Jian FU independent loads tend to have a different position, which is not acceptable when applied to symmetrical surfaces control for spoilers, slats or even thrust reversers doors (or transcowls). Therefore, one of the main interests of this thesis is to enable addressing virtually the response to failure, in order to verify that the safety requirements are met for position synchronized EMAs.

Position Synchronization in Aerospace Application

At present for aerospace application, in position synchronization is the key technology and is well applied for some different functions.

(a) Application to Thrust Reverser Actuation System (TRAS)

The thrust reverser actuation system is used in many turbine engines for aircraft to assist in reducing the horizontal speed of the aircraft after touch-down, reducing wear on the brakes and enabling shorter landing distance [16]. This action allows sending the air flow generated by the reactor forward and develops a forward force during the landing phase. Nowadays, some different thrust reverser types can be found in aircrafts, as shown in Fig. 1 sliding connection. Furthermore, in order to reduce the risk of jamming, the three jacks are mechanically synchronized and connected by using two flexible shafts, as shown in Fig. 123456.

The mechanical position synchronization helps to both halves of the thrust reverser and lock the system in flight. Chapter 1 State of the Art Doctoral Thesis -Jian FU 19 For position synchronization, V22 Osprey, XV-15 and AW609/BA609 have the similar functions, which have a pylon conversion actuation system for angular positioning and synchronisong their two engine nacelles to switch from one mode to another (helicopter /airplane) [20]. In order to ensure high reliability and safety requirements, the conversion actuators usually have multi-redundant architectures. For example, as the principle of the AW609/BA609 conversion actuator is shown in Fig. 1-10.

Fig.1-10

Functional schematic of AW609/BA 609 conversion system [20] Each conversion actuator is supplied with different and independent power networks. In addition, the conversion actuator consists of a two-stage, telescopic ball-screw that is driven by a planetary gear differential with two inputs: a primary hydraulic drive unit or a backup unit. The synchronizing motion of the wing on each side of the aircraft is mechanically linked via an elastic cross shaft located in the leading edge of the wing. The position synchronization is also monitored electronically to ensure synchronous operation even if in case of failure in the power path [20,21].

Interests of Future "Electrical" Position Synchronization

In early very small aircraft system and today's some industry process system, the position synchronization was performed hydraulically (e.g. using flow dividers) or by dedicated Doctoral Thesis - Jian FU strategies that elaborate the control signal of each actuator servovalve [22]. The example of secondary flight controls, have shown how synchronization is achieved mecanically. However, although the mechanical synchronization is mature, the potential failure of mechanical shaft or actuator may cause the entire flap or slat high lift system to jam and the overall function to be lost. So the mechanical synchronization is not a very flexible configuration and has a large number of components, is heavy and requires significant installation space. For next generation aircraft, "electrical" position synchronization has a great interest, in particular with distributed control of PbW actuators, such as EMAs. 

Fig.1-11

Concept of "electrical" synchronization of EMAs for thrust reverser actuation system Figure 1-11 shows a concept of "electrical" synchronization of EMAs for thrust reverser actuation system in future more electric aircraft [23]. The thrust reverser includes two doors individually driven by two electromechanical actuators (EMAs). The control law for position synchronization of the two doors of the TRAS is implemented in the control electronic units that pilot the power drive electronics (PDE) associated with each EMA motor. The electronic control units of the actuators can also exchange data between each other via an electrical connection. The control units are in charge of generating the movement sequence of the two doors, to regulate the position and to synchronize the doors' position in any case. This electrically solution is more flexible and facilitates the realization of the position synchronization function.
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Doctoral Thesis -Jian FU 21 In addition, "electrical" position synchronization also can be developed in the field of secondary flight control actuation system by introducing a concept of "distributed actuation system". Different from the previously presented conventional high lift system, each surfaces, flap or slat, is driven by an independent EMA. This concept potentially enables different positions to be ordered for each actuator in order to improve the quality of flight. All surfaces of left wing and right wing are mechanically independent and their position synchronization is fully electric [25]. The other project NEFS (New track integrated Electrical Flap Drive System) [26] is based on the similar configuration. It main objective is to firstly simplify the synchronization control while optimizing the power architecture. The second objective is to develop a distributed electrical flap drive system that is completely integrated into the flap support structure.

This thesis aims at contributing to the assessment of electrical position synchronization by mean of realistic simulation. Because of safety critical requirements, the position synchronization methodology needs to be validated and verified in the presence of faults.

Therefore, a full model of electrically position synchronization of EMAs for independent load control is a key step and need to be firstly addressed. It will facilitate the next step that will be addressed, that deals with the real validation with a generic test bench.

Virtual Prototyping Methodology

As previously presented, the electrical synchronization of EMAs will be a great challenge in Doctoral Thesis -Jian FU future aircraft. Fig. 1-13 shows the architecture of two EMAs driving independent surfaces under independent dynamic load. Each actuator is individually controlled and position synchronization will be added between the two EMA controllers. Considering the importance of response to faults for a safety critical application, it is of prior importance to develop virtual and real test means with progressive transition between simulated and real worlds through hardware in-the-loop (HIL) and software in-the-loop (SIL). Therefore, in the frame of this thesis, it is firstly needed to develop a virtual prototype of these two EMAs to virtually evaluate the position synchronization strategy on the full model before implementing the real controller and running real tests. The present application involves two identical EMAs. Therefore, virtual prototyping of individual EMA is firstly needed, which can support system-level design, development, integration and monitoring. However, there is a huge requirement for realistic models, which include the architecting (functional, conceptual then technological), sizing and specification of sub-systems (preliminary then detailed), and their integration, verification and validation (virtual then real) [27]. All these considerations motivated the work in this thesis, which has

Chapter 1 State of the Art Doctoral Thesis -Jian FU 23 the main objective of developing and implementing models that reproduce with realism the multi-domain cross-link disciplines. The models shall meet the system-level engineering needs and the associated constraints. In particular generic models shall be developed with progressive complexity and with same interfaces in order to make then easily replaceable. 

Cross-linked Multi-domain Disciplines

Electric motor (EM)

Iron losses (eddy., hyst.)

Ṡ e Q e Q f Ṡ f Ṡ i Ṡ c Q c Q i Mechanic Magnetic Electrical Ḣ: entropy flow Q: temperature Fig.1-14 Multi-domain coupling of EMA system
Virtual prototyping of EMA system requires multidisciplinary approaches for preliminary power sizing and performance evaluation. The thermal effect is a key effect that drives sizing, performance and lifespan. Unlike a HSA, the heat generated by energy losses in EMAs has to be dissipated (or stored) at the actuator level, excepted in very specific applications where the actuator can be cooled by a dedicated liquid circuit. These energy losses come from switching in transistors (commutation losses), resistance of wires/windings and power electronics (copper and conduction losses), eddy currents and magnetic hysteresis (iron losses) in the motor, and friction losses between moving bodies. Most of these losses govern the thermal balance of the EMA as the heat the produce must be dissipated toward the local environment. Moreover, the sensitivity of energy losses to actual temperature may produce snowball effects that cannot be ignored. All this effects induce a strong multidisciplinary coupling among physical domains, as depicted by Fig. 1-14. The virtual prototype to be developed shall reproduce with realism the physical effects and their coupling in electric, magnetic, thermal and mechanical domains.

Model Architectures versus Engineering Needs

A lumped-parameters model suits well the need for system-level virtual prototyping. The model depends strongly on the needs of the current engineering task, the best model never being the most detailed one. For this reason, it is important to properly select the physical effects to be considered in order to get the right level of model complexity for model architecting. Meanwhile, the virtual prototyping of realistic consideration to physical effects has now become a practice way to work towards multiplicity of engineering needs, such as analysis of natural dynamics, thermal balance, energy losses, closed-loop controlled performance, component sizing, weight reduction, back-drivability, damping, soft endstop, tolerance or reconfiguration and faults to failure, etc. [27,28]. However, these engineering needs require different cross-linked physical effects to be considered with different accuracy levels: indeed, the model complexity has to be adapted to the need in order to make simulation as rapid and as robust as possible [29]. Typically, the EMA model can be developed for simulation aided conceptual design (architectures and function), control design, thermal balance, mean and peak power drawn,
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Doctoral Thesis -Jian FU 25 etc. Since the level of detail is not obviously identical for each component of the EMA, it is proposed to decompose the EMA into three package models: Power Drive Electronics (PDE), Electric Motor (EM) and Mechanical Power Transmission (MPT) that also correspond to the physical elements of the EMA. Table 1-3 links the engineering tasks to the physical effects to be considered, following the proposed decomposition.

This approach requires the components' models to be made replaceable, whether each physical effect is considered or not.

Incremental Multi-level Modeling Based on Bond-Graph

There are two main options to develop a model of a system. The decremental approach consists in making the most complex model first then simplifying or reducing the model. The incremental approach is opposite. It consists in increasing progressively the model complexity. This second approach has been selected because it is consistent with the Systems Engineering process. Thus, we propose to use the incremental approach for each component which is associated with a dedicated package model. In any package, the models complexity is progressively increased but the interfaces of the models (signal and power ports) remain unchanged to ensure models' replaceability (as far as possible). In addition, it has been found important for an industrial use of the proposed models to develop them from combining and adapting the models that are available in the standard libraries of the commercial simulation software. In that way, risk and time are saved because the submodels are (supposed to be) tested, validated, documented, supported and numerically robust.

However the physical effects are always multi-domain cross-linked. Making the models balanced (in particular energetically) is an important target for assessing coupled effects (e.g.

EMA temperature rise due to losses of power electronics). For this reason, using the Bond-Graph formalism is particularly interesting for model structure definition. By the above analysis based on Bond-Graph theory [30] According to the Bond-Graph formalism, the power bond is represented by a half arrow in order to distinguish it from signal flows and power flows. Each bond transports power as the product of two power variables which involves some different physical quantities as given in Tab. 1-4. The effort and the flow correspond to variables which product makes power. 

Performance Requirements

According to the former discussions, the EMA model to be developed shall meet the following requirements [27]:  R5) Faults: the model shall enable ageing effects or faults to be simulated.

 R1)
 R6) Causality: the model shall be developed to admit various causalities, which are consistent with in today's causal and non-causal simulation environments.

Conclusion of Chapter 1

The present chapter firstly introduced developments of actuation for flight controls with a special focus on power distribution, architectures and innovative technologies. Then the safety-critical requirements have been presented and the redundancy and need for position synchronization (including application examples) also have been introduced. The final part has been dedicated to the modelling and simulation needs for system-level virtual prototyping. It has been proposed to develop the models to meet the engineering needs, and to follow an incremental approach considering multi-domain physical effects, that need the support of the Bond-Graph formalism. A set of requirements have been generated that will be used along the thesis for EMAs applications.

Chapter 2

Individual EMA Controller Design

As mentioned in chapter 1, the objective of the thesis is to develop knowledge models for model-based synthesis of synchronized position control of twin EMAs driving independent loads. The performance evaluation of individual EMA position control is important and synchronization position is a further objective. Therefore, the first step is to design the position controller for individual EMA. The linear approach is used first, on basis on conventional multiple feedback structure for cascade controller. However, given the aerospace application, several constraints should be considered with care during the controller design.

This concerns in particular the torque and velocity saturations and the parasitic mechanical compliances coming from the actuator itself or from the airframe and the driven load (noninfinite anchorage and attachment stiffness). The proposed complete individual position controller is validated in a first step using a realistic virtual prototype.

Individual EMA System Description

This study deals with a direct drive type linear EMA. In such an "in-line" EMA, the motor rotor is integrated with the rotating part of the nut-screw. The absence of gear reduction saves weight and offers a high potential of geometrical integration. This design is attractive for aerospace applications because the actuator is compact and easily integrated within the airframe when the available geometrical envelope is reduced. The schematic of such an EMA is described by Fig. 2-1. When applied to flight controls the load is the flight control surface on which the aerodynamic forces apply. This schematic is also valid for landing gear actuation applications. In this case the load is the landing gear leg for extension/retraction or the turning tube for steering. Doctoral Thesis -Jian FU The electric power comes from the aircraft power network. Power delivered to the driven load is metered by the power drive electronics (PDE) according to the command reference signal. The electric power is transformed into mechanical power by a rotary electric motor which transfers the mechanic power to the control surface directly through a nut-screw mechanism. The individual EMA actuation system has two inputs. One is functional: the motor torque demand C*. The other is an external force disturbance F ex that comes essentially from the aerodynamic torque on the surface C ad created by the airflow on the control surface.

The output of the actuator is the linear displacement X c , which produces the surface deflection angle  s thanks to the lever arm effect produced by the 3-arm kinematics of the actuator integration (the actuator is kinematically equivalent to a piloted-length arm).

Basic Components

In this study, it is considered that the flight control EMA consists of the following components:

 an aircraft control (A/C) unit which performs a closed loop position control,  a power drive electronics (PDE) which meters the power delivered to the motor from the electric supply,  an electric motor (DC or 3-phase BLDC/PMSM) that transforms power between the electrical and the mechanical rotational domains,  a nut-screw (NS) mechanical transmission that transforms power between the high speed/low torque rotational and the low velocity/high force translational domains, Chapter 2 Individual EMA Controller Design Doctoral Thesis -Jian FU 33  sensors of current, speed, position and eventually force to load,  a flight control surface which transforms power between rod translation and surface rotation, through a lever arm effect.

Control Structure

The EMA is a position servoloop that shall follow the pilot or autopilot demand (pursuit) and reject the disturbance (regulation) that is generated by the aerodynamic actions. The common way to control the EMA is to use a cascade structure. It involves three basic loops:

the current (inner) loop, the velocity (middle) loop and the position (outer) loop. If needed, a force sensor can be inserted between the EMA rod and the flight control surface in order to meet the rejection performance through an additional force feedback [1]. The controller design is generally based on the linear approach and involves proportional and integral serial correctors. However, a particular attention has to be paid to the structural compliances and to the power saturations (voltage and current). This part of our research work has been reported in [2].

As EMAs naturally include the above mentioned sensors for the position control loop, it becomes possible to develop and implement Health and Usage Monitoring (HUM) functions.

Health monitoring is currently investigated to prevent a hard failure (e.g. jamming, free-run or motor-windings short-circuit) and to allow on-condition maintenance. On its side, usage monitoring enables the designers to get experience feedback on the real service of the EMA components to better adapt the design rules and the scheduled maintenance intervals. For this reason, the motor control electronics is usually also in charge of running the HUM algorithms and to report the EMA faults to the FCCs. Doctoral Thesis -Jian FU In order to facilitate integration, the actuator uses its own position sensor to perform the position control loop. This sensor measures the rod extension relative to the actuator housing, usually with a linear variable displacement transducer (LVDT). However, a load angular position sensor is also generally installed but is it used only for monitoring purposes.

The motor angular position and velocity can be measured by an integrated resolver (PMSM motors) or by on-off Hall sensors (BLDC motors). An equivalent linear EMA system with the conventional cascade control architecture is displayed in Fig. 23. 

Nut

Linear Virtual Prototype

As done conventionally, the linear approach enables the control designer to employ the openloop model of the system under study (the EMA) to set the controller parameters in order to get the desired closed-loop performance (rapidity, stability, accuracy).

Simplifications and Assumptions

The challenge of modelling for control design consists in balancing simplicity and realism. In the following approach, the objective is to get an analytical model that enables getting formally the contribution of each control loop to the closed-loop performance. In order to get a low order model of EMA the simplifications and assumptions are considered consequently:

 The bandwidth of the PDE and the current loop of the motor are much higher (typically 500Hz-1KHz) as compared to the position and velocity loops, so it can be neglected here in a first approach.

 There is no parasitic compliance inside the actuator and all the structure compliances are neglected.

 Motor and nut-screw inertia are merged into a single lumped inertia, while the rod mass is neglected.

 Friction effects are neglected. This can be seen as the worst case for stability as all the damping effect has to be created "electrically" by the velocity feedback.

 The backlash and preload in the EMA kinematics are neglected.

 Power limitations and saturations are neglected.

 The digital signal effects (delay, sampling, quantizing, etc.) are neglected.

The schematic of EMA simplified model with its control system is shown in Fig. 2 Another way for EMA closed-loop control design is to introduce a speed loop, as in Fig. 234567. Jian FU 39 Although from the stability point of view these two approaches are identical, the second approach has several advantages from the practical point of view:

 The actual rotor speed is used instead of its estimation form the position of the rod  There is no need to derivate the input position command signal, thus reducing sampling errors and phase lag effects  There is no derivation of the measurement noise  It is easy to separate anticipation and stabilization regulators Thus, the block diagram of the closed-loop EMA system involving position and speed cascade structure is displayed in Fig. 2345678. Note that on the upper EMA linear model block diagram, the speed gain K v has the same effect as the system viscous friction coefficient f v (as far as the dynamics of the torque loop is neglected (C em = C*). Since the latter is not always known during the preliminary design stage, the speed gain K v can be adjusted to provide the right level of damping. 

Performance Requirements

Generally, the regarded performance requirements for closed-loop control systems are mainly:

 Stability  Rapidity
 Accuracy for position pursuit and rejection of airload disturbance.

For second order systems, the dynamic performance is completely characterized by two parameters: the damping ratio  and the natural angular frequency w n . In the present case, they can be expressed as:

3 3 1 ξ () 2 ω () 2 v p sm p n sm K K p MM K p MM                  (2.11)



Damping factor [-] w n Natural frequency [rad/s] For a set of required dynamic performance, imposed by the parameters ξ and ωn , the control parameters K p and K v , can be obtained from above equation (2.11) as:

2 2 ω () 2 ˆ2ξω ( ) ( ) 2 p n s m v n s m p K M M p K M M            (2.12) ξ Desired damping factor [-]
ωn Desired natural frequency [rad/s] Chapter 2 Individual EMA Controller Design Doctoral Thesis - Jian FU 41 For a second order system, when the desired damping ratio equals 0.707, a compromise is got between stability and rapidity. The system is stable with an overshoot about of 5% that minimizes the response time t s at +/-5% 

Static error under step demand [m]

The tracking error under ramp demand is given by:

v 2 ε v r p K V pK   (2.15)  v

Tracking error under ramp demand [m]

V r Ramp velocity demand [m/s]

In addition, the position error under constant airload disturbance can be expressed as:

d ε 2 ex p p F K   (2.16)  d Static disturbance error [m]
Therefore, for the disturbance rejection point of view, the closed-loop EMA behaves at low frequency, in response to airload and a constant position demand, as an equivalent spring having a stiffness of: Thus, analyzing the upper results, it can be concluded that the EMA modelled as a linear system can achieve any minimal required dynamic performance (response time, overshot, precision, etc.). This is however not achievable in practice because there are some power limitations, non-linear effects due to technology imperfections and higher dynamics effects.

Power Limitation and Saturation Effects

A more realistic model of the EMA must consider the power limitation (maximum voltage and current applied on the motor) and electrical time constant coming from the combination of the motor windings resistance and inductance. Although for particular operating conditions they seriously impact the EMA dynamics, they are often ignored at system-level modelling and simulation.

Maximal power is always a design parameter for EMA. Maximum voltage limit impacts the maximal motor speed while maximum current impacts the maximal motor torque. These saturations can be modeled in a first and simplified way as shown in Fig. 23456789, on the basis of the structure from Fig. 2345678. 

K' p 1 X c C r C em K' v

Controller Design Considering Saturations

The control gains of Fig. 2-9 and Fig. 2-8 are linked by the following equations: When the set-point amplitude is X c and the control system is unsaturated, the speed and torque reference are givens as: This helps defining reference values of torque and speed for analyzing the effect of saturations. Therefore, the maximum velocity w rmax and torque C rmax are defined by the given input magnitude X cmax as: In order to evaluate the influence of these saturations on the closed loop performance, the importance of speed saturation and torque saturation are defined by the ratio  w and  c as:

' '2 ωξ ˆ2ξω ( ) ( ) 2 p n p v v v n m s K K K p p K K M M              (2.
' '' ω () [ ( ) ω ] r p c s r p c s m v K X X C K X X K          (2.19)
' max '' max ω rmax p c rmax p v c KX C K K X        (2.
ω ω α [0, 100%] ω lim rmax  (2.21) α [0, 100%] lim C rmax C C  (2.22)
w lim Velocity saturation for motor safety [rad/s] C lim Torque saturation for motor safety [Nm]  w

Motor velocity saturation ratio [-]

 C Torque saturation ratio [-] A torque saturation ratio of 10% means that the saturation setting C lim represents a tenth of the maximal unsaturated torque while 100% means that there is no torque saturation. The same holds for the speed saturation.

Example and Numerical Simulation

The speed and torque saturation ratios were varied. For each value of the saturation ratios, Doctoral Thesis - Jian FU different values of the motor rotor inertia, the lead of nut-screw and the desired closed-loop natural frequency were tested as well. The models with and without saturations (no speed, no torque saturations) were simulated as a function of the speed saturation and torque saturations to trace:

-The impact on the response time. This impact is quantified by calculating log(t ss /t su )

where t ss is the response time with saturation and t su is the response time without saturation, as it can be seen in Fig. 2345678910. It turns out that inertia, nut-screw lead and the closed-loop natural frequency do not have any impact on the curves presented in Fig. 2 In practice, these plots provide useful information for preliminary design to assess the impact of speed and torque saturations for a given magnitude of the position step demand.

Motor Current Loop Effects

In previous sections, the electric motor in EMA was assumed to act as a perfect power transformer; the imperfections of resistance and inductance are neglected. Also, the inner current loop which is implemented in the power drive electronics was assumed to behave as a unity gain. 

Motor Electrical Effects

Nowadays, highly efficient and reliable electrical technologies are available in EMAs for aerospace applications, that use 3-phase motors (BLDC or PMSM) [3]. Both BLDC and PMSM can be simplified as an equivalent brushed DC motor for simulation and analysis purposes.

The electromotive force balance equations concerning the motor electrical circuit is 

   m m em m m m dI U U R I L dt (2.

Motor Current Loop and PI Controller

The structure of field-oriented control (FOC) of 3-phase motors is displayed on Fig. 2-12 whish shows the direct and inverse Park transforms [4], used to change between the 3 phases space and the d-q space.

Chapter 2 Individual EMA Controller Design Doctoral Thesis -Jian FU 47 For this reason, the dynamics of the current loop can be neglected for preliminary studies [5], assuming the effective motor current I m equals the demanded current I*.

In a more detailed approach, the current loop is introduced by considering an equivalent brushed DC motor with rotor windings that can be described by a first order transfer function G m (s):

1 () m m m m m I Gs U R L s   (2.27)
The motor electric time constant can be given as:

m e m L R   (2.28)
The current controller G i (s) by using PI structure, is given in the Laplace domain by:

() ii i ip K G s K s  (2.29)
The current controller time constant can be given as:

ip i ii K K   (2.30) Doctoral Thesis -Jian FU K ip Current controller proportional gain [V/A] K ii Current controller integral gain [V/As]  e

Motor electric time constant [s]

 i

Current controller time constant [s]

Therefore, for EMA system, the control block diagram for the current loop and electrical circuit of the motor can be simplified as shown in Fig. 2345678910111213. 

1 m K i U EMF C* I* I m 1 m m R L s  I m m K C em  i m K w m ii ip K K s  m U
( * )( ) ( ) ii m ip m m m m m K I I K K I R L s s w      (2.31) I* Reference current command [A]
In practice, the conventional motor control method to avoid current loop overshoot, which causes the large current that impacts the power drive electronics (PDE), is usually to set an over damped system for the current loop. In this case the PI coefficients are designed to satisfy the following relationship:

ip m ie ii m K L KR     (2.32)
Thus, the closed loop function of current loop for motor becomes

1 ( ) * ( ) 1 (1 ) (1 ) 
m m m mm ii e ii ii Ks I s I s RR s K s s KK w      (2.33)
For pursuit performance, when the disturbance w m is zero, the current loop can be considered as a first order transfer function, with an equivalent time constant expressed as:

1  w  m c c ii R K (2.34)
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Current loop time constant [s]

w c Current loop break frequency [rad/s] Thus, with PI controller, the step response of the current loop should be monotonically increasing, without overshoot and with a response time t cs of about:

33 3 mm cs c ii ip RL t or KK   (2.35) t cs Current loop response time [s]
In addition, considering the current control input I*=0, based on the Final Value Theorem, the static error due to velocity disturbance step (value of w m0 ) is:

0 0 lim lim 0 (1 ) (1 ) 
mm m ts m ii e ii Ks Is R s K s s K w       (2.36) w m0 Velocity disturbance step Value [rad/s]
Remark: From the above Eq.( 2.36), it is known that the disturbance w m in current loop at low frequency can be ignored. However, the high dynamic effect cannot be neglected because of  c

and  e .

Applying the Initial Value Theorem to calculate the initial current produced by a velocity step at null current demand gives a null value when Eq. (2.33) is used. In order to estimate the peak value of the current error, the following assumption is made. In practice, the setting of the PI current controller makes the current closed loop time constant  c far smaller than the motor electric time constant  e . Therefore when I*=0, the motor velocity disturbance in equation (2.33) can be estimated assuming: 1)

*0 ( ) ( ) | (
m m m I ii e Ks I s s Ks w      (2.37)
Also for a step input of motor velocity, the initial disturbance error can be expressed as:

0 0 0 lim lim (1 ) m m m mm s t ii e ip K s K Is K s s K w w       (2.38)
(as far as the PI current controller is set to make m e iI R K  ) Doctoral Thesis - Jian FU Equation (2.38) shows that with current PI controller there will be an initial error due to the motor velocity disturbance. It can be reduced by increasing the controller gain K ip , but cannot be eliminated. Therefore, in practice, a velocity feedforward controller, or back emf compensation, is introduced to eliminate this effect [6].

Example and Numerical Simulation

The proposed rules of current PI coefficients setting have been verified through simulation of the EMA model in the MATLab-Simulink environment, according to the structure of Fig. 2345678910111213.

An example from Exlar EMA, the motor parameters are shown in Tab. 4-6. From Tab. 4-6, the motor electric time constant  e gives 3.8 ms, and the current PI controller gains K ip and K ii can be set to satisfy the rule in equation. (2.32). However, different combinations of K ip and K ii are possible for the same  i = 3.8 ms. For simulation study, the motor current step demand I* is 6 A at t = 0.01 s, and the motor velocity step as the perturbation occurred at t = 0.1 s with value w m0 = 1000 rpm (104.7 rad/s).

In the following, a numerical simulation is carried out in order to study the effects of K ip and K ii on the motor velocity. A first simulation used a set of current controller gains K ip = 67.8

V/A, K ii = 1.77 10 4 Vs -1 /A (for  i =  e = 3.8 ms). Then, other 2 simulations were run where K ip and K ip were set to be 5 times bigger and 5 times smaller than the ones used in the first simulation, but which had the same  i = 3.8 ms.

Figure 2-14 shows that greater K ip and K ii make the current response faster, which is also verified theoretically by Eq. (2.35). Greater 𝐾 𝑖𝑝 and 𝐾 𝑖𝑖 also make better rejection of the motor velocity disturbance, which is agreement with the Eq. (2.38).
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Current (A)
Motor velocity (rpm) Next, the robustness of the current control is considered with respect to the variation of the electric resistance of the motor windings. Actually, the copper has a temperature coefficient of resistivity of about 3.9 10 -3 /°C [8]. This means that for a temperature elevation of 100°C the resistance of a copper winding will change by 39%. The variation of motor resistance will change the electric time constant 𝜏 𝑒 , so the latter will not match anymore the time constant  i of the current controller. Consequently, this may change the dynamics of the current loop given in Eq. (2.33). In order to assess the impact of the motor resistance variation, we conducted a simulation study based on the same current, 𝐼 * , and velocity, 𝜔 𝑚 , excitations as above. Considering the initial value of R m at initial temperature of 25°C, when the operating temperature varies from -40°C to 90°C, the 𝑅 𝑚 varies in the range of about -25% to +25%.

10 3 5K ip , 5K ii K ip , K ii K ip /5,K ii /
Simulation results in Fig. 2 A numerical simulation is used to verify the back emf compensation. Figure 2-16 shows interest of back emf compensation, the current response is stable and has no static error under velocity disturbance. However, the response time is not affected by the back emf compensation.

Limitations in the Implementation of the Current Loop

As shown in the former sections, it is interesting to increase the P gain of the current loop while keeping the I gain set to verify equation (2.32) in order to get better dynamics and accuracy. Using the results obtained with the linear model from equation (2.33), it seems to indicate that there is no limit in this augmentation. However, it has to be kept in mind that the current is altered by additional effects, essentially coming from:

-The digital realization of the controller (sampling, quantization and calculation delay effects)

-The filtering of the measured current in the feedback line (phase lag).

-Temperature variation (e.g. the windings resistance varies by +/-25% for +/-65°C temperature change) and magnetic saturation.

Because they lower the closed loop stability, these effects obviously limit the possibility of removing, by setting huge current controller gains, the parasitic effects of motor resistance, inductance and back emf.

Imperfections due to Mechanical Compliances

In any hardware, there are many technological imperfections that impact performance. In the case of EMA, these imperfections are due to digital control (sampling, quantization and computer time cost), measurement (sensors, signal conditioning and filtering), compliance effects (kinematics is not infinitely stiff), mechanical friction (in motor and mechanical power transmission). Among them, parasitic compliances can modify significantly the performance of the real EMA actuation system [9], that is far from that predicted by the simplified linear model presented in section 2.2.

When dealing with EMA actuation system control and design, many analysis and research Doctoral Thesis - Jian FU work uses a linear first or at most second order system to represent the EMA. Thus, the EMA inner compliance (i.e. nut-screw) and outer compliances (the anchorage to airframe and the transmission to load) are all neglected. In the following, the compliances are considered in a way that enables the designer to investigate their effect on EMA performance. In this attempt, the structural diagram of EMA is proposed in Fig. 2 In order to analyze the compliances effects for EMA control system, the worst case of system stability is addressed by considering that there is no structural damping. In these conditions some oscillations of the control surface and the EMA appear from the combination of masses (M m , M t and M s ) and stiffness (k a , k n and k t ). To simplify the analysis, the anchorage and transmission stiffness can be considered as a series connection to make a single structural stiffness (k s ) [10], expressed as:

at s at kk k kk   (2.39) k s Structural stiffness [N/m] k a Anchorage stiffness [N/m] k t Transmission stiffness [N/m] k n Nut-screw Stiffness [N/m]
Doctoral Thesis -Jian FU 55 compliance k s , the EMA rod displacement X t is not equal to surface displacement X s . For integration and reliability purposes, the feedback signal for the position control loop is the extension X t of the EMA that is usually measured with a LVDT position sensor.

Closed-loop Transfer Function

k s k n F ex M s X t X s 1 X c K p K v M m C em C* M t EMA Controller m ω F m F t
The torque open-loop model of the EMA has two inputs (torque demand C* and external disturbance force F ex ) and one output (the rod displacement X t .). Due to the higher order of the model, it is more convenient to use a state space representation than a transfer function.

So the input vector is

* [] T ex CF  u , the output variable is t yX  . The state vector is of dimension 6. It is selected to be [] T m m t t s t F V F V X w  x
because its elements have a physical meaning and can be easily accessed in the model through sensors (for some of them).

The state-space model using Laplace transformation is therefore given by

( ) ( ) ( ) ( ) ( )      tt t sX s AX s BU s Y s CX s (2.40)
where, Doctoral Thesis -Jian FU
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Consequently, the output X t can be expressed by

1 ( ) ( ) t X s C sI A BU   (2.43)
where I is unitary matrix.

According to equations (2.41) to (2.42) the open-loop transfer of rod displacement in response to torque demand C* and load disturbance F ex is of 6 th order:

2 * 2 2 2 6 2 2 2 4 2 2 2 2 1 ( ) ( 1) ( ) () [ ( )] [ ( ) ] sm n s n s ex sn t m s t n s t m s t m s n s n s t m s n s MM pk k s C s p k k s F s kk Xs p M M M s p k M M p M k M p M M k k s p k k M p M M k k s                (2.44)
In practice, the mass of actuator body (dozens of kg) and the rod (a few kg) are very small compared to the mass effect that the motor rotor reflects at the load level through the mechanical transmission. For this reason, they can be neglected for preliminary design. Then, introducing pure position and velocity controller gains K p and K v respectively, the closed-loop transfer function for position pursuit (F ex = 0) is given by:

2 2 4 2 3 2 2 2 2 ( 1) () () 4 [ ( ) 2 ] 4 2 n s s p t n s s n s n n s n s c m s s v m s s p v p n s n s n s n s k k M p K s Xs k k k k k k k k k k Xs p M M s M K s p M M pM K s K s p K k k k k k k k k                   (2.45)
The characteristic equation D(s) of the closed loop system becomes:
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2 4 2 3 2 2 2 ( ) 4 [ ( ) 2 ] 4 2 n s n n s n s m s s v m s s p v p n s n s n s n s k k k k k k k D s p M M s M K s p M M pM K s K s p K k k k k k k k k                (2.46)
For rod displacement, the closed-loop transfer function for load rejection (X c = 0) at the rod level is:

2 2 2 2 4 () ( ) ( ) n n n s mv t n s n s n s ex k k k k p M s K s p X s k k k k k k F s D s       (2.47)
As the position of interest at aircraft level is that of the control surface (Xs), the associated closed-loop transfer function for position pursuit (F ex = 0) becomes

2 () ( ) ( )    ns p s ns c kk pK Xs kk X s D s (2.48)
and the closed-loop transfer function for load rejection (X c = 0) is

2 2 2 2 42 () ( ) ( ) n s n m v p s n s n s ex k k k p M s K s p p K X s k k k k F s D s       (2.49)

Stability Analysis

System stability is the most important issue when the EMA control parameters are set on the basis of a 2 nd order model, that of equation (2.10). In order to investigate the impact of parasitic compliances, it is proposed to apply this setting (K p , K v ) to the fourth-order model, equation (2.46). The stability of the system in the presence of compliances can therefore be studied by using Routh Criterion [11]. The first column of the Routh table is: 

2 2 2 22 4 2 2 s p n p n m s s v s eq eq p eq p n s n s pM K k K k p M M M K p M k pk K pk K k k k k            (2.
1 ˆ2.9 sm s n MM t k   (2.53)
The combination of equation (2.52) with equations (2.47) and (2.49) give the position error for rod and for surface under constant external load (rejection function):

0 ε lim ( ) 2     ex ex dt s s pn pF F sX s Kk (2.54) 0 1 1 1 ε lim ( ) ( ) ( ) 2       ds s ex ex s p s n s p sX s F F K k k k (2.55)  dt

Static rod position error [m]

 ds Static surface position error [m] These two equations clearly indicate that the low frequency stiffness of the actuator when operated in closed loop cannot be greater than:

-k n if the rod displacement is considered, -k eq if the translated surface displacement X s is considered.

The undamped natural frequency of the surface can be calculated as:
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Example and Numerical Simulation

Comparing the above equations (2.54) and (2.55), it shows that the structural compliance k s will reduce the closed loop system stiffness and increase the static error under load disturbance. In order to verify these design rules of Eqs.(2.52) and (2.53), the EMA is simulated with and without mechanical compliances. The performance target and the EMA parameters are listed in Table 4-5 and the simulation results are plotted in Fig. 2345678910111213141516171819. Motor inertia J m (kgm 2 ) 0.00171 A position step command X c = 10 mm for flight surface is applied at t = 0.1 s, which is followed by a 10 kN external aerodynamic force step occurring at t = 1 s as load disturbance. For tracking performance at surface level, the second order model (perfectly rigid), predicts a response time of 0.05 s, a first overshoot of 5%. When compliances are considered in the model, the response time is doubled (0.1 s) and the surface oscillates for a long time. It has to be kept in mind that no structural damping is considered. Therefore, the surface damping only comes from the action of the EMA control loop that feels the oscillatory motion of the surface through the reaction force it applies on the EMA rod. Doctoral Thesis -Jian FU 

Force Feedback Compensation for Position Control

As shown in Fig. 2-20, 2-21 and 2-22, based on the development for EMA position controller, although a good performance can be reached on the EMA rod displacement, because of compliances, the effects of resonance on the driven load (surface) is serious. Many researches on this topic have been conducted for thrust vector control (TVC) applications. Force feedback was implemented and tested on EMAs of Vega launcher, where it effectively reacted to external force disturbances, [10]. The stability analysis of such control loop has been carried out in [12]. Another publication, [13], reported the theoretical results in frequency domain:

they achieved a 20 dB reduction of the resonant peak as compared to classical control loops.

Thus, force feedback is a good solution to deal with the resonance problem in EMA systems.

However, for the design of this controller, accurate values of the compliances are necessary.

Simple Force Controller Design

In order to better damp the load, an effective method consists in incorporating a force feedback as displayed in red on Fig. demand to the electric model. The force feedback force F f can be physically measured (if available) with the load cell, and can be fed into the force controller. where the function of H 1 (S) to H 5 (s) are defined:

k s m M M t k n F ex M s X t X s * C m w Position,Speed Controller (Kp ,Kv) c X Force Controller (Kf) F f Position Command
c X p K m w v K 2 p  1 s k e x F 1 s s X * C t X f K s k f F X  2 2 ( 1) s e q M s p k   2 1 1 ( ) ( 1) ( ) m s m s m s eq M M M M s s M M k    H1(s) H2(s) m V m X H4(s) 2 1 1 s s M s k  2 1 ( ) 1 s s n s eq k M k k s k   n n s k k k  1 e q k H3 ( 
2 1 2 ( ) ( 1) 
s eq M H s s pk   (2.57) 2 2 11 () () ( 1) () ms ms m s eq Hs MM M M s s M M k     (2.58) 1 ( ) ( ) 1 s s ns eq k Hs M kk s k    (2.59) 4 () n ns k Hs kk   (2.60) 5 2 1 () 1 s s Hs M s k   (2.61)
where according to equation (2.51), the equivalent stiffness of EMA is

ns eq ns kk k kk  
The position controller (K p and K v ) and transmitted force controller (K f ) can be regarded as two separated loops, because they operate at different frequencies for different goals. For position setpoint tracking X c (pursuit), the position controller ensures good performance at low frequency and force controller improves good performance around the resonance that is caused by structure compliances.

With compensated by force feedback gain K f , the characteristic equation D(s), Eq.(2.46), of the closed loop system in Fig. 2-24 is changed to D'(s) as:

2 '( ) ( ) 2 s eq f D s D s pM k K s   (2.62) K f Force feedback controller gain [Nm/N]
For position pursuit (F ex = 0), the closed-loop transfer functions of the rod and load are changed as, respectively:

2 2 ( 1) () ( ) '( ) s p eq ts c M pK k s X s k X s D s    (2.63) 2 () ( ) '( ) p eq s c pK k Xs X s D s   (2.64)
For load rejection (X c = 0), the closed-loop transfer function of the rod and load are respectively:
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When incorporating the force feedback, the position errors for rod and for the load under constant external load (rejection function) are respectively: A numerical study, using the parameters in Table 4-5, is carried out in order to validated the above conclusions. A pure gain is selected for the force feedback controller, K f = 0.005 

0 () ε' lim ( ) ( ) 2 f t dt ex s ex p p K Xs p F F s K K      (2.67) 0 () 1 ε' lim ( ) ( ) 2 f s ds ex s ex p s p K Xs p F F s K k K       (2.
[Nm/N].

Notch-Filter Force Feedback Controller Design

As shown in the previous section, a simple static force feedback controller is unable to meet all the performance requirements, i.e. decrease the oscillations due to resonance and provide a high equivalent stiffness for the closed-loop system in response to the aerodynamic disturbance force. Therefore, in addition to the proportional control gain K f , a combination of low-high pass filter can be considered, as shown in Fig. 2-26. The low pass filter is used to decrease the static error under disturbance load, and high pass filter in used to damp the system response (decrease the overshoot).

Low pass filter

High pass filter 

1 () 1 lp lp lp F s K s    (2.69) () 1 hp lp hp hp s F s K s     (2.70)
K lp Low pass filter gain [-]  lp Low pass filter time constant [s] K hp High pass filter gain [-]  hp High pass filter time constant [s] If the position controlled system has a resonance frequency of f p [Hz], in practice, the setting rules for low pass filter cutoff frequency f lp and high pass filter cutoff frequency f lp are given: In addition, the static error under load disturbance can be corrected by the low filter gain K lp , while system rapidity and damped performance (overshoot) can be adjusted by the high filter gain K hp .

1 1 1 2 15 10 lp p p lp f f f   (2.71) 1 1 1 2 3 2 hp p p hp f f f   (2.
Chapter 2 Individual EMA Controller Design Doctoral Thesis - Jian FU 69 Force feedback (FF) FF combined high-low pass filter Chapter 2 Individual EMA Controller Design Doctoral Thesis - Jian FU 71 However, for the design of the force feedback controller, accurate values of the stiffness or compliance of EMAs and structure are crucial. Also, the notch filter force feedback controller needs an additional force sensor.

Conclusion of Chapter 2

In the present chapter, the individual EMA has been considered with respect to control. The EMA basic physical effects and cascade control structure have been presented firstly. The setting of the controller (position pursuit and rejection of rotor speed) has been studied first considering that the EMA behaves as 2 nd order linear system, as often done.

In a second part, it has been shown that this common approach is not sufficient. In particular, this is due to the presence of the power limitation (current and voltage), to the mechanical compliance and to ideal effects of a pure PI current controller. This work enabled generic toplevel best practices to be proposed, even in the presence of non-linearity or high order dynamics. It serves the very preliminary design of motor control and position control performance prediction. Control engineers may use these design rules to reduce the number of design iterations through rapid verification of consistency between closed-loop performance requirements and early choices and definition (e.g for mechanical components):

-It has been shown that performance becomes significantly reduced when the torque and speed saturations decrease to about 15% of the values reached in the absence of saturations.

-The motor current loop dynamics is closely linked to the motor electric time constant which suggests the current PI controller time constant. However, it has been shown that stability and speed disturbance rejection are constrained by stability issues and that back-emf compensation is efficient.

-Parasitic compliances of the EMA, load and airframe may have a significant impact on load position control because the controlled position is the EMA extension. This adds another constraint on position and speed controller parameters and may require additional sensor of force to load. 

Chapter 3 Power Drive Electronics and Motor

As explained earlier, EHAs and EMAs combine PDE and EM. Beside the functional physical effects of power modulation and power transformation, some technological imperfections (e.g. PDE power losses of EM rotor inertia) impact performance significantly.

Considering the energy losses in PbW actuators is of prior importance. Firstly, the heat coming from energy losses increases the temperature of PDE and EM. Thus, the thermal balance must be predicted with accuracy for calculating the service life and verifying that the actuator operation remains inside in the safe operating area (SOA). Secondly, the sizing of the electrical power generation and network depends on the mean and peak power, demanded or regenerated, at PDE input. Thirdly, designing greener aircrafts requires better care to wasted energy, even at secondary power users.

For all these reasons, it is proposed in this chapter to develop hi-fidelity modelling and simulation of PDE and EM. The key idea consists in using an incremental process in order to adapt the model complexity to the available data and the engineering needs (control design, DC network stability, energy saving, preliminary sizing, etc.). Non-functional (or parasitic) physical effects models are made optional and replaceable. The objective is to generate through a structured approach the different model levels of PDE and EM, which are generally described by nonlinear equations and sometimes difficult to implement as system-level models.

Physical Effects in Power Drive Electronics (PDE)

The function of the power drive electronics is to modulate the power transferred between the electric supply bus and the motor by action on the motor windings voltage, according to the switching signals sent to the power transistors. Consequently, the PDE can be seen as at first Doctoral Thesis -Jian FU as a modulated perfect power transformer. In addition, the PDE is subjected to power losses that come from switching and electrical resistance. Nowadays, with the rapid development of modern semiconductor technologies, power losses are very small and the state-of-the art efficiencies of power drive electronics can reach the 93 to 95% at rated operation point [1,2].

However, the power, although relatively small cannot be ignored because it is the major effect that drives the sizing of the PDE for the thermal point of view.

Perfect Power Transformer

The power electronics functionally operates as a perfect modulated power transformer, a MTF in Bond-Graph, seen Fig. 3-1. 
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For preliminary design of controllers, it may be interesting to develop a simplified model that merges the PDE and the motor. At this level, the motor current I m is linked to the motor electromagnetic torque C r through the motor torque constant K t and the dynamics of the current loop is introduced thanks to an equivalent second order model. Therefore, the electromagnetic torque produced by the motor can be calculated as a function of the torque demand C* by: 

f i Current loop frequency [Hz]
The above parameters can be provided by the PDE supplier (f i is usually in the range 600~800 Hz while  i is in the range 0.6 to 1). It is important to remark that this model supposes implicitly that the current loop perfectly rejects the disturbance coming from the motor back electromotive force (bemf). preferred device for high switching frequency application (> 100 kHz) but cannot suffer high current at high voltages. The IGBT usually operates in the range of 10 kHz IT has higher breakdown voltage and is more suitable for high current applications. In today's aerospace industrial domain, IGBT is widely used and particularly for electrical motor drives with ratings higher than 1 kW [4].

Power Losses

In addition, each module consists of another an anti-parallel or free-wheeling diode to obtain a fully functional switch for energy recovery, Fig. 3-2 giving a typical structure of inverter bridge circuit for driving 3-phase motor. For IGBTs, when they drive inductive-resistive load (ex. motor), they can only carry positive current, without the anti-parallel diodes, the inductive current will cease instantly and generate a high voltage peak. Since the structure of the inverter is symmetrical, the shape of the current and voltage curves are the same for IGBTs and diodes, there is only a fixed phase difference between them. The overall energy losses are the summation of each of IGBT and diode. The generated energy losses can be represented by R effect in Bond-Graph. For each IGBT or Diode, the losses can be divided in three types: on-state conduction losses, off-state blocking (leakage) losses, and turn-on/turn-off switching losses. In practice, the off-state blocking losses can be neglected because the leakage currents are extremely low [5].
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Conduction Losses

The conduction losses are taking place at on-state mode, when an IGBT or a diode becomes conducting that generates a voltage drop U d . One approach to determine this voltage drop is to simulate the losses, using device model of [6], given the expression: Consequently the voltage drop is expressed as:

( ) ( ) c dd d rr ii U a b II     (3.
0 d on d U U R i  (3.6)
Chapter 3 Power Drive Electronics and Motors Doctoral Thesis - Jian FU 79 Then, the average power due to conduction losses that dissipated in the IGBT or diode at fundamental frequency is given by, 

Switching Losses

In PDE, switching losses typically contribute to a significant amount of the total power losses.

They occur during the transients "turn-on" or "turn-off" because the IGBT and diode cannot switch instantaneously. During switching, a phase lag between current and voltage occurs.

The energy losses of switching cannot be neglected when the switching frequency is high (typically in the range of 10 kHz for aerospace EMAs). The switching power losses are the product of switching energies and switching frequency, which are considered continuously dissipated over time [11] for PWM control.

Nowadays, in the modern fast recovery diodes used with IGBTs for bridge circuits, the "turnon" switching losses can be neglected because they represent less than 1% when compared to the switching "turn-on" losses [5,12]. Generally, the total switching losses of single module (Co-package of an IGBT and a diode) have the expression, To calculate or estimate the total switching losses, many different methods have been proposed. One way, [5,13,14], consists in building a physical model of the IGBT and diode Doctoral Thesis - Jian FU that provide voltage and current-waveforms during switching turn-on and turn-off modes.

sw ton toff don doff E E E E E     (3.
For each commutation period, this model is based on transient analysis and needs to know the reverse recovery time and current peak of diode characteristics, the rise and fall time, tail time and tail current of IGBT characteristics and stray inductance factor. In this mode, the energies losses are directly obtained by complex expression evaluations.

The typical diode-turn-off waveforms are shown in Fig. 3456and the IGBT turn-on and turn-off waveforms are shown in Fig. 34567, more detail developed model is presented in Ref [5].

Fig. 3-6

Transient "turn-off" characteristics of diodes [5] The generic transient calculation of its switching losses in diode, ( ) ( ) For calculating the switching energy losses in IGBT, , ( ) ( )

  doff d d E V t I t dt
  ton toff ce c E E V t I t dt (3.11) V ce IGBT voltage [V]
Another method is to calculate switching losses analytically on basis of curve fitting [7]. The switching energy losses directly appear as a function of the semiconductor operating current and can be described by a simple equation,

()  sw b sw sw E a i t (3.12)
a sw Curve fitting constant [J] b sw Curve fitting constant [-]
This model can be used for turn-on and turn-off losses of the IGBT as well as the diode. The constants (a sw , b sw ) are determined by applying a curve fitting of the measured characteristics.

However, this model needs a large number of experimental data to iincrease the model accuracy of the switching energy losses calculation.

Another look-up table method is proposed in [15,16]. The estimation combines manufacturers' datasheet information that provides a feasible way to obtain accurate switching loss information. Firstly, in most datasheets of IGBTs and diodes, the turn-on and turn-off energy losses are defined according to the switch characteristics, shown in Fig. 345678. Based on the look-up table of the datasheets, an easy-to-handle equation assuming linear dependency of the referenced switching losses can be developed. Usually, the IGBTs turn-on and turn-off switching losses are directly given in the suppliers' manufacture datasheet as E on and E off with the conditions of the reference voltage and current, as seen in Fig. 3456789. The diode turn-off energy losses sometimes also are given as the reverse recovery energy. The turn-on energy is usually negligible.

Fig. 3-9

Generic IGBT switching losses from datasheet [18] By using this method, the switching energy losses of the IGBT or the diode per period at reference voltage and current is the sum of these four energies. They are proportional to supply voltage and input current These data are sized to the effective operating conditions assuming a proportional sensitivity [11]: In practice, when the DC supply voltage is imposed, the switching losses is viewed as a current leak that is directly proportional to the switching frequency [11], Fig. 3-10.
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Fig. 3-10

Switching losses as function of current for different DC supply [11] This gives: Therefore, in this study of PDE temperature sensitivity, the major effects are considered in conduction losses. A RS dissipative resistor in Bond-Graph can be used to present the Doctoral Thesis -Jian FU temperature effects. Generally, when temperature increases, on-state resistance increases too.

This causes a snowball effect. Taking into account the temperature sensitivity, a modulated resistor MRS in Bond-Graph can be adopted to link the conduction losses to temperature. In fact, the accurate effect of temperature for IGBTs and diodes is nonlinear but poorly documented in datasheets of PDE. In the absence of more detailed data, a linear dependence of thermal behavior is assumed for switch on-state resistance: 

1 0 r 1 0 [1 ε ( )] on on RR      (3.

Causal Bond-Graph Model of PDE

In PDE, The basic element is the perfect and modulated power transformer (MTF). For each switching cell, the conduction losses of IGBTs and diodes are computed from the phase current. They cause the voltage to drop at the motor supplied pins: a 1 junction in Bond-Graph is used to present these efforts relations. The switching losses are considered as a current leak through the switching cell and to the DC supply: a 0 junction is used to present this flow relation. The current (or torque) loop can be included as a dynamic function that affects the torque demand. The conduction and switching losses can be respectively presented as two dissipative modulated resistor fields (MRS) which link to the thermal port.

The switching loss (R sw ) is modelled as a leakage current at power supply side that is fixed by switching frequency (f sw ). The conduction loss (R cd ) is modelled as a voltage drop at motor side which is affected by temperature because of mentioned in section 3. 

Physical Effects at Electric Motor (EM)

The electric motor makes an electromechanical power conversion: input voltage and current are functionally proportional to torque and angular velocity at motor shaft, respectively. The physical principles acting in the motor are multi-domain: electrical, magnetic, mechanical and Doctoral Thesis - Jian FU thermal. When it is intended to get a realistic and detailed system-level model of the motor, many parasitic effects leave to be considered and appear significantly nonlinear. This particularly concerns the iron losses in magnetic domain, which can be predicted through finite element analysis techniques [19,20]. However, this approach is suitable when the detailed geometry of the motor is known. That is generally not the case for preliminary design and virtual prototyping activities, when only top level motor data are available.

In order to facilitate the analysis of these effects at system-level, a progressive top-down modelling approach is applied. Firstly the electric motor can be seen as a perfect power transformer (the motor shaft torque C m equals the motor electromagnetic torque C em ) in which the torque balance is additionally affected by parasitic inertial torque, dissipative torque and compliance torque:

m em j d cg C C C C C     (3.18) C m Motor shaft torque [Nm] C em Electromagnetic torque [Nm] C j Inertia torque [Nm] C d Dissipative torque [Nm] C cg Compliance torque [Nm]

Perfect Power Converter

The electric motor is an electromechanical power transformer which functionally links current to torque and voltage to velocity (a gyrator GY in Bond-Graph): 

      em t m m m t C K I UK (3.19)

Inertia Effect

The rotor inertia J m , an inertance I element in Bond-Graph, generates and inertial torque and  At end-stops, the kinetic energy stored by the inertial effect must be absorbed in such a way to not generate excessive force.

EMAs reflect a huge inertia at the load level, typically 10 to 20 times greater than the load itself. Oppositely, however, HSAs only reflect a few percent of the load inertia [21,22].

Dissipative Effect

Energy dissipation, modelled by R elements in Bond-Graph, comes from copper, iron and friction losses.

a) Electric Domain: Copper loss

The primary source of power losses in the electric domain of motor is the copper losses also called Joule losses. The copper losses are defined as heat loss when electric power flows through the motor windings, which comes from the voltage drop due to the windings resistance to current, given as follows: The associated copper loss can be defined as: Doctoral Thesis -Jian FU The variation of the flux density in the magnetic circuit of the motor causes iron losses. In motor rotor, the magnetic field is rotating with the rotor at the same velocity. Then very little magnetic flux variation generates nearly no iron losses in the rotor. Therefore, iron losses are mainly in motor stator and usually can be divided as eddy current loss and hysteresis loss.

Eddy Currents Loss: Eddy currents are caused by reversing magnetic field in iron. This field induces a voltage that produces eddy currents due to the electrical resistance of iron. As there is not access to the magnetic quantities during measurements, the effect of eddy currents is commonly expressed as an equivalent power loss that reflects in the mechanical domain. This In practice, the Steinmetz constant  is the range [1.5; 2.5] depending on magnetic saturation.

Generally, it is set to 2 for ignoring the excess loss in motor.

According to Eq.(3.25), the hysteresis effect can be modelled globally as a pure Coulomb friction torque:

2 hy hy m C k B  (3.26)

C hy Equivalent hysteresis Torque loss [Nm] c) Mechanical Domain: Friction Loss

Friction loss in motor occurs due to bearing friction and air gap resistance between rotor and Doctoral Thesis - Jian FU stator. The friction torque generated by the hinge bearing is addressed in the next section.

The drag friction torque generated by the gap between the rotor and the stator can be modelled as given in [24].

Capacitive Effect

The variation of the air gap permeance of the stator teeth and slots above the magnets during the rotor rotation generates a torque ripple [25] which is called cogging (or detent) torque.

This is an energy storage effect that is equivalent to a spring effect, a C element in Bond-Graph. Modelling the cogging effect may be important for two reasons: firstly, in some actuation applications, the cogging torque can be used as a functional effect to avoid backdrivability; secondly, cogging generates in operation a torque ripple which frequency depends on the relative rotor/stator velocity. This may excite the natural dynamics of the EMAs and its mechanical environment, leading potentially to vibrations and noise emission. With respect to conversion of energy, cogging does not consume power. Its dependency to angular position denotes a mechanical capacitive effect: the cogging torque generates a spring effect which stiffness is modulated by angle. Nowadays the cogging torque can be reduced to 1% or 2% of the motor rated torque.

Magnetic Saturation

At flux densities drop above the saturation point, the relationship between the current and the magnetic flux in ferromagnetic materials ceases to be linear: a given current generates less magnetic flux than expected, as illustrated by the magnetization curve given in Fig. 5.
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(ψ) t Kf  (3.31)

Sensitivity to Temperature in EM

The power losses in EM are caused by multidisciplinary effects mainly in electrical, magnetic and mechanical domains. The heat flow generated by these energy losses produces a looped effect that cannot be neglected. These sensitivities can affect the thermal equilibrium or the service life of the EMA. For this reason, they have to be taken into account for building the advanced EMA simulation models.

a) Influence on Electrical Resistance

Like the resistance effect in power drive electronics, temperature also influences the motor wingdings resistance:

0 r 1 0 [1 ε ( )]      mw s RR (3.32)

R s0

Motor wingdings resistance at reference temperature []

b) Influence on Magnet

Furthermore, the increase of motor temperature may decrease the performance of the magnets which lowers the electromagnetic torque constant. As done for electrical resistance, this maybe generally modelled as a linear dependency to temperature:

0 m 1 0 (1 ε ( ))      tt kk (3.33) k t0 Torque constant at reference temperature [Nm/A]  m Dependence of materiel magnet [1/degree]
This sensitivity is illustrated in Table 3-3 for common magnet materials [26]: Jian FU 93 In normal operation, the loss of magnetization is reversible. Oppositely, for high temperature increase, it becomes irreversible. It must be also mentioned that irreversible loss of magnetization can be produced by excessive currents. In general the PDE associated with the motor is designed in order to prevent this risk.

c) Influence on Friction

It is well known that friction hugely depends on temperature. Modelling this effect at systemlevel has been addressed in details by Mare. [27,28] It has to be kept in mind that the effect of temperature on friction is poorly documented, including in the suppliers' datasheets.

Causal Bond-Graph Model of EM

The proposed Bond-Graph model of the electrical motor (EM) is presented in Fig. 34567891011121314151617. There is also a port associated with the motor housing (or stator) that enables reproducing the effect of imperfect anchorage to holding frame (e.g. airframe). At this port, the holding frame imposed the angular position of the stator (ideally as a null position source), while the EM model outputs the torque to be reacted by the holding frame. At thermal interface, the EM model outputs the heat flow generated by EM power losses and receive the temperature that is used internally to reproduce its influence on EM model parameters. (1) Replaceability: Every package model of PDE and motor can be implemented as a separate replaceable sub-model of the EMA. In this attempt, the same ports and causalities are employed. Taking into account the basic control structure of EMAs system in Chapter 1, for a signal view, same connectors for torque reference and motor velocity feedback are in all models. For the power view, the connectors are identical between models for electrical supply, motor shaft output and heat port of power losses. Of course, some power ports are not involved by the low level models.

(2) Model implementation in a commercial simulation environment: The link between the modelling level (PDE and EM package) and the physical effects to be considered are Doctoral Thesis - Jian FU summarized in Table 3-4. These models can be built (from existing standard libraries) and developed (from models proposed in the above sections). This particularly applies to the Siemens-AMESim simulation environment that is well established in aerospace industry for multi-physics system-level simulation. 

Level 3: PDE as a Perfect Modulated Power Source

In this level, the power losses in PDE (chopper or inverter) are ignored, in order to simplify sizing and control application activities. This is achieved by considering the PDE as a perfect modulated power source. This enables accessing the power drawn for the electrical power supply. The motor model is improved by introducing the resistance and inductance of windings.

Even if the EM is of brushless type (permanent magnet synchronous machine or brushless DC motor), a progressive approach for reducing complexity in controller design consists in The chopper driven DC motor is a common model for EMAs system modeling and simulation.

Indeed, it can easily implement the structure of the current loop and the effect of copper loss, generally the major power loss, for preliminary analysis of power losses. As shown in Fig. 3-24, the PDE motor can be simplified to a modulated voltage source which is driven by the controller. A current sensor is introduced to enable the inner current loop to be modelled. At direct /quadratic currents I sd , I sq [START_REF] Kien Minh | A method to improve the accuracy of synchronous control systems[END_REF][START_REF] Baldursson | BLDC Motor Modelling and Control-A Matlab®/Simulink® Implementation[END_REF], as a function of the rotor/stator angle. Both I sd and I sq current loop controller are of PI type. Here, the zero direct axis current (I dref = 0) strategy is used for PMSM control, which is a strategy most popular and simple for application. The direct axis reference current is let to zero leaving only the torque or quadrature axis current in place. So it has the constant direct axis flux linkages to produce a constant motor torque.

As for the perfect inverter model, PWM dynamics and power losses are not to be considered. 

Level 4: Averaged Inverter Model

In fact, the level 3 model is a functional model that does not reproduce the real behavior of the power transistors. In particular, it neglects the switching and conduction losses and it does not explicitly involve the DC supply port of the PDE. Although these losses do not impact significantly the control performance, they cannot be neglected for assessing the thermal balance of the EMA, in particular of the PDE, and the electrical power flowing at the supply port of the PDE. In practice, the commutation cells of the PDE are driven in on/off mode through PWM, in order to not be sensitive to the linearity of the power transistors. The PWM frequency is several times the maximum electrical frequency of the motor in order to
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Doctoral Thesis - Jian FU generate winding voltages as close as to possible to a sine wave form. For example, for an EM which has 8 poles and a nominal velocity of 3000 (r/min), for each sine phase the electrical frequency is 400 Hz, using 20 samples per sine, the switching frequency is 8 kHz.

At this level, simulating an on/off switching at such a frequency increases drastically the computational load. For thermal and power consumption analysis, this issue can be removed All losses are summed to make the overall PDE power loss that is sent to the thermal port.

These changes are displayed in Fig. 3-28. 

DC bus supply

Level 6: Advanced Motor Model

The standard three-phase PMSM motor model is already integrated in the software model library. However, this model does not consider iron losses, cogging torque, magnetic saturation or hysteresis. For making an advanced motor model, these effects must be taken into account. Thus, a subcomponent is designed, Fig. 3 In order to verify the models and compare the interest of multi-level modelling for the PDE and EM, the simulation can support various engineering needs: control design, energy consumption or thermal balance, dynamic performances and pollution of power supply. 

Interest for Control Design

Interest for Power Network Pollution Analysis

The effect of high frequency switching for driving the inverter legs with PWM is addressed by comparing the response of the models levels 4 and 5. In level 4, where PWM is replaced by its Doctoral Thesis -Jian FU low frequency equivalent. The PWM generates current spikes on the DC bus which magnitude can reach 4 times the mean current. For load rejection stability mode, although the average current output form DC supply is 0.1 A, the peak current reaches 5 A, which is 50 times greater and pollutes the DC power network. 

Interest for Power Consumption Analysis

The same model excitation is used for comparative analysis of the energy losses and energy consumption. In Fig. 3-36, the power losses in PDE and EM are compared for the model level 

Conclusion of Chapter 3

In the present chapter, an incremental modelling approach has been proposed using the Bond-Graph formalism. Starting from the model of a perfect PDE, the physical effects have been progressively introduced: conduction and switching losses for PDE, copper and iron losses plus rotor inertia for the EM, control dynamics and PWM control of the PDE, influence of operating temperature. Causalities have been addressed to enable causal numerical solvers Doctoral Thesis - Jian FU to be used for model simulation.

It has been shown how the progressive model levels can been implemented in a commercial simulation environment by taking benefit of the available standard libraries. Six modelling levels have been implemented and compared with respect to their impact on the simulated responses using the example of an aileron actuator. It has been shown that the above proposals provide engineers with models that can be developed in an incremental way with the benefit of keeping the same model structure during the various steps of simulation-aided development: control design, PMSM dynamics performance, power consumption and thermal balance. The influence of temperature on PDE and EM has not been implemented totally.

However, if any information is available from PDE and EM datasheets, it can be easily introduced in the models according to the model structure and causality defined by the Bond-Graph. The implementation of the temperature effect from the Bond-Graph will be illustrated for friction in the next chapter.

Chapter 4 Mechanical Power Transmission

Mechanical transmission is a key part of electromechanical actuators (EMA) that are being developed for implementation of more electrical aircraft. In the frame of the model-based design and development of mechanical transmission system, the designers and manufacturers must consider with great care the parasitic effects coming from the imperfection of technology: friction, backlash, compliance, etc. The mechanical friction is a highly nonlinear effect that depends on velocity, transmitted forces and temperature. It plays a significant role because it determines the mechanical efficiency and therefore the motor torque sizing and thermal balance. The compliance comes from deformation of EMA parts under stress. The mechanical stiffness decreases around the null transmitted force where not all the contacts are fully loaded. So, getting a realistic model of mechanical compliance is also important. Depending on design and service, it can show pre-loading or backlash. Both friction and compliance affect the EMA closed-loop performances.

Nowadays, for mechanical transmission system-level modeling and simulation, the most conventional method is to only consider the functional degree-of-freedom that leads to 1-DoF models. In this approach a single kinematic DoF is modelled at each location of power path.

Compliance and friction are globally modeled: bearings, joints and end-stop are not explicitly considered. Consequently the simulated responses of a so simplified model have a low realism, which can be sufficient for some very-preliminary engineering activities.

Developing a lumped parameters model with two degrees of freedom (2-DoF)

(translation/rotation) can provide a more efficient way to consider, with limited complexity, the coupling between translational (EMA output is translational) and rotational effects (electric motor generates rotational motion). This approach enables the bearings and joints to be added for component-level performance analysis. The key idea consists in decomposing Doctoral Thesis - Jian FU the EMA into to several generic subcomponents with mechanical "quadriport" model that can easily combine the 2-DoF motion. Its development is facilitated by intensive use of Bond-Graph modelling. This provides a useful support for architecture selection, sizing, assessment of response to failure, health monitoring and control design [3]. Besides, the proposed 2-D lumped parameters models are helpful to evaluate thermal balance and to analyze energy losses through system-level thermal modeling and simulation.

Power Screw Mechanism

In practice, the mechanical transmission is a mechanical subsystem for converting rotary mechanical power from motor output into translational mechanical power. Two technologies are available in EMAs to realize this transformation: ball screws and roller screws. However, the choices are usually along with EMA structure designing. Most ball screw designing concepts are implanted in geared type EMAs which require additional gear reduction due to the low gear ratio (lead) of the screw. Unlike ball-screws, roller screws offer the advantage of a higher gear ratio that enables the gear reduction to be removed. Such a design is usually called direct-drive type linear EMAs.

Ball Screw

A typical ball screw's mechanical assembly is as shown below in Fig. 4-1, and it includes two circular shaped grooves, one is a circular shaped groove that is cut in a helix on the shaft and the other is the nut ball which matches the shaft groove. The balls moving within the groove form the end of the race to turn to the beginning of the race, and the nut is retained in position on the shaft. When the nut rotates relative to the shaft (screw), the balls move in one direction along the groove to support the axial load. The balls are constrained in the return groove start colliding with each other. The balls are therefore being continuously circulated. 
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Performances Comparison

Compared to the ball screw, the roller screw has many advantages; for instance, Higher stiffness, higher rotational speeds, higher load capacity and quiet operation. However, the increased number of contacts plays against friction and the efficiency of RS is lower than that of BS for the same lead, see examples.

(a). Load Capacity and Efficiency

Roller screws are designed to have larger radius at the point of contact, meaning that more contact points will fit within the same relative space. Because the number of contact points is greater, roller screws have high load-carrying capacities, as well as improved stiffness. This typically means that a roller screw actuator takes up less space in order to meet a designer's load requirement than a similarly sized ball screw [3], seen Fig. 4-3.

"Full fillment" Ball screw "idle" Ball screw Roller screw Ball screw Fig. 4-3 Design comparison of ball screw and roller screw [3,4] In addition, because of operational differences between roller screw and ball screw, within a ball screw, the balls contact each other and rotate. The friction will create significant heat and wear as rotational speeds increase. The friction can be decreased for the improvement of the efficiency by special design ceramic balls/alternate filling [4]. This solution is shown in Fig. 4-3 of the "idle" configuration compare with the "full fillment" configuration, which has lower wear even if the maximum contact. In contract, in a roller screw the planetary rollers are all constrained by their journal shafts at each end of the roller. The rollers never touch each other and will prevent such friction.
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A ball screw from SKF com catalogue [5], with a nominal screw diameter of 40mm and a lead 5 mm offers a dynamic load rating of 24.1 kN and a static load rating of 63.2 kN. The given theoretical efficiency direct is 0.87 and indirect is 0.85.

For the same screw diameter and lead, a planetary roller screw offers a dynamic load rating of 148 kN and a static load rating of 329 kN. The given efficiency becomes 0.83 for direct mode and is 0.8 for indirect mode. This means that for the same screw shaft (rod) diameter, the load capacity of roller screw is about 5 times greater than that of ball screw while the efficiency is a little decreased.

A planetary roller screw able to withstand with a similar level of dynamic load rating (30.8 kN) and static load rating (71 kN), has a nominal diameter of screw of 18 mm with a minimal lead of 2 mm. Its direct efficiency is 0.82 and indirect efficiency is 0.77. This means that for the same load capacity requirement, the roller screw has much smaller size than ball screw (screw shaft diameter reduced by 55%). This is a significant advantage for aerospace EMAs where the mass is key design constraint.

(b). Rotational Speed Characteristics

Roller screws provide higher rotation speeds than ball screws. One important reason is in roller screws there is no loading and unloading of balls and no sharp turns of ball return tubes where the balls clash with each other, seen above Fig. 4-3. Thus, e.g. ball screw speeds are limited to 2000 rpm and less while satellite roller screws velocity are limited to 5000 rpm and higher [2].

1-DoF Integrated Model

The generic 1-DoF model architecture of MPT shall enable the inertia, compliance and friction effects to be optionally considered if needed. Friction can be made dependent on velocity, load force, temperature and preload. Compliance can include preloading, backlash and nonlinear compliance (e.g. from Hertz theory). As illustrated in [6] of Therefore, the proposed decomposition involves five effects in series from motor to surface, as shown in Fig. 4-4: a global rotating inertia, a perfect nut-screw, a friction loss, a compliance effect (that can represent backlash, preload, or even pure compliance) and a translating mass.

In the proposed MPT architectures, friction and compliance effects are the most significant that can be modeled by different levels of complexity: linear or nonlinear and continuous or
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-the backlash may be considered as a particular case of compliance effect and imposes the integral causality of the associated C effect, -as friction has to be made sensitive to transmitted load, in particular in the presence of pre-loading, the causality is imposed on the mechanical power bond linking the friction and compliance models.

Although inertia and mass effects in the MPT can be generally neglected, this explains why they may have to be considered optionally in the MPT model.

The effects of the bearings, joints and end-stop will not be explicitly modeled: they will be embedded in the generic effects considered in the MPT model. Consequently, the proposed generic model of the MPT involves four mechanical power ports (rotation and translation of nut and screw). An additional thermal power port enables the MPT to output the heat generated by power losses. For advanced MPT modelling, the heat port also inputs the temperature to the model, which can be used to influence friction and compliance.

Perfect nut-screw Friction Compliance

Power losses for heat 

v m w s v s F m F s C s w m C m

Motor

Functional Model

The nut-screw is considered as a perfect power transmission, Fig. According to the Bond-Graph formalism, this perfect power transformation can be represented by a TF element that implicitly links the power variables, as given by equations 

F s EMA output force [N] V s EMA output linear velocity [m/s] p Screw lead [m]
Unfortunately, this purely functional view is not sufficient because it does not consider friction, compliance inertia and relative motion, although they may impact significantly EMAs performance.

Basic Model

In this level of modeling, three major parasites are introduced: the screw inertia (J s ), the viscous friction loss (f e ) and the basic compliance effect including the contact elastic force (F e ) and damping force (F d ). The Bond-Graph modeling of these parasites is shown in Fig. 456, in which the proposed causalities are consistent with those of the functional model of Fig. 45. The screw inertia J n is inertia I element in the Bond-Graph, which generates an inertial torque:

n jn d CJ dt w  (4.3) C j Inertia torque of MPT [Nm] J n Nut-screw inertia [kgm 2 ]
w n Nut-screw rotational velocity [rad/s] Generally, the screw inertia, like in the roller-screw type direct drive EMAs, is small enough when compared with the rotor/nut inertia, and can be neglected or integrated with the rotor/nut as an overall inertia effect for MPT.

(

2) Friction Effect

In MPT, there are several solutions to model the friction loss [7] that depends in practice on both velocity, external load force and operating temperature. From control engineer's point of view, the simplest one is to describe the friction loss as being proportional to the relative velocity (v r ), which is affected by a viscous coefficient (f v ) given:

f v r F f v  (4.4) F f Friction force in MPT [N] f v Viscous coefficient of translational velocity in MPT [N/(m/s)] v r
Relative velocity in nut-screw [m]

(3) Compliance Effect Within EMAs, the MPT is not infinitely rigid. This makes it compliant due to the elastic deformation (x e ) of solids under mechanical stress, in particular at contact locations. A basic The main interest of the basic model lies in its linearity. This is useful for preliminary control design based on the linear control theory. This simplicity is balanced by a poor realism, especially regarding load dependent friction and backlash.

Advanced Model

This advanced level of MPT modeling is consistent from the energy balance point of view:

Firstly the nonlinear friction model considers the influence of velocity, load force and temperature. It is therefore upgraded to a modulated resistor field (MRS) in Bond-Graph. The nonlinear compliance model may consider pure spring, backlash or preloading effects, both being potentially affected by temperature due to the effect of dilation. For this reason is represented as modulated capacitance element (MC). 

MRS Friction Inertia

To surface

Fs vs

Fig. 4-7 Advanced model of MPT in bond graph
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Doctoral Thesis - Jian FU 125 Then, the heat power coming from friction loss (P f ) and structural damping (P d ) can be explicitly introduced by the heat flows and connected a thermal port. Consequently, it becomes possible to use the temperature as a time variable input in the MPT parasitic effects.

The introduction of such a thermal port for the MPT makes is ready for the development of a thermal modal at EMA level. Fig. 4-7 descripts the Bond-Graph modeling of this advanced MPT model. Once again, it can be remarked that causalities at model's interfaces remain unchanged from previous model levels.

(

1) Nonlinear Friction Effect

In a more realistic way, friction can be represented on the contributors considering whether is it mainly velocity and load dependent, or load dependent and load independent [8].

-Velocity and load dependent friction: for nut-screw, a five parameter model, equation. -Load dependent and load independent: this model is consistent with nut-screw suppliers' datasheets, which provide efficiency (the load dependent friction) as well as the no-load friction under opposite load and the no-drive friction under aiding load (the load independent friction). The velocity effect is added in a second step by introducing its influence on these parameters. The details of this modeling approach based on Bond-Graph have been presented in [6].

For any friction model in MPT, the power loss (P f ) is calculated as

f f r P F v  (4.8)

P f Friction power loss [W]
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(2) Nonlinear Compliance Effect

From mechanical engineer's point of view, obtaining a realistic model of compliance is of particular importance because compliance can significantly influence the low-magnitude dynamic performance [10] and the service life of the EMAs. Backlash and preload are two key effects in a realistic compliance model. In the absence of preload and backlash, the axial mechanical stiffness will suffer from such a reduced stiffness around the null transmitted force where not all the contacts are fully loaded, this generates the so-called "lost motion". 

x x x F k x x x k x x x x             (4.11)
For numerical stability and rapidity, it is proposed to implement the compliance model by combining equations (4.9) to (4.11)., in such a way as to avoid switches or "if" functions. This is achieved by using : 

0 0 0 0 (1 ( ) ( ) ( ) 1 ( ) 22
                 (4.
12)

The structural damping at contact can be considered by adding to the elastic contact force a damping force:

c e d F F F  (4.13) F c Compliance contact force [N]
Basically the damping force F d can be expressed as: , x e is the penetration at contact. However, this generates an issue in case of backlash. When the contact is left, the contact force can become attractive because v e is negative. This is not realistic. Moreover, at entry into contact with a given velocity, the contact force makes a step due to the structural damping force. This is also not realistic. These issues are fixed if the damping force magnitude is limited to the elastic force magnitude: 

F d v x x           (4.15)
The power loss (P d ) due to structural damping, although generally negligible, can be calculated to make the MPT model exactly balanced with respect to energy: -Influence on friction: variation of lubricant temperature changes its viscosity and consequently friction. Unfortunately, the effect of temperature on friction is poorly documented in the nut-screw suppliers' datasheets. At system-level modeling, several models have been proposed by Mare [8]. As a consequence, a linear or nonlinear parameter/function

( () f  Q
) can be introduced to modulate the friction force, e.g. using the following model: -Influence on dimension: in MPT especially for roller type the nut-screw that has a very small lead, thermal expansion (dilation) may be not negligible. This leads to variation of dimensions and potentially impacts backlash, preload and friction. Once again, if a model of dilation is developed, this effect is easy to introduce using the temperature variable of the MPT thermal port. For example, the temperature effect to the value of the backlash parameter -Support rotation: the relative rotational velocity between the rotor/nut and support bearings can be modeled as: Thus this behavioral model is also the preliminary virtual prototype of MPT for the advanced two degrees of motion (2-DoF) EMAs model that is detailed section 4.2.3.

( ) ( ) ( ( sgn( ) sgn( )) r st vv f f f f cl st L L r r F F F F e F a b F v v      Q  Q      (4.
(

2) Failures Injection

Simulating the faults that may occur in the MPT is of prior importance when it is intended to assess the fault-to-failure mechanism and the response-to-failure of the actuation system -Jamming: Nowadays, many means are proposed in order to make the EMA tolerant or resistant to jamming like in SHAs or EHAs [11,12]. On one hand is the redundancy concept including several transmission paths to set backup mode. On the other hand is by removing or decreasing the number gear mechanism in EMAs. So, the target to develop direct-drive EMAs using roller screws is currently a hot spot issue. However, despite it is lower in direct drive

EMAs, the risk of jamming remains an important source of potential hazard. Being able to assess by simulation the response of the system involving EMAs (e.g. flight controls of landing gears) to a jamming fault in the EMAs is an important target during systems development. It is also important to enable jamming faults to be simulated to assess the merits of health monitoring features. In particular, fault to failure evolution and mechanism is being more understood with resort to real tests. For example, specific tests have been run by Airbus for meeting this objective, Fig. 45678910.

Fig. 4-10

Airbus Jamroll project for study jamming issue on roller screw [13] In the proposed model, jamming can be triggered as a signal input to modulate the friction model parameters (MRS) to force stiction. This approach is preferred against introducing a piloted brake in the model, for two reasons: the brake does not exist physically and increasing friction is consistent with modelling a progressive degradation of mechanical efficiency (e.g. coming from a lack of lubrication).
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Doctoral Thesis - Jian FU 131 Consequently, jamming can be modeled by increasing the force in the friction model in response to the jamming signal: -Free-play or wear: Free-run (or even) free-play is another fault caused by mechanical rupture (or huge increase of backlash) It is difficult to control them with a high position of accuracy in a closed loop. Once again, the response of the system involving EMAs to the effect of free-run (or free play) is of particular importance for meeting the safety requirements.

* f jam f F F F 
Free-run can lead to flutter or shimmy while and excessive free-play can in addition make internal control loops unstable (e.g. EMA speed loop). Al these destabilizing effects are very undesirable in aerospace applications. Many activities are focused on estimation and compensation of backlash effect in control strategies [14,15,16].

In the proposed model, free-play or free-run can be also triggered using a signal input to change the parameters of the proposed model of compliance (MC): by increasing parameter x 0 , preload can be progressively decreased then backlash can be progressively increased. The compliance parameter x 0 is consequently altered according to the free-run signal input: * 00w

x x x  Remark: when x 0 is set to a huge value with respect to the NS stroke, a mechanical rupture is modelled to reproduce free-run.

2-DoF Decomposition Model

The 2-DoF lumped parameters model has been developed to introduce two new advances to make the EMA model more realistic and versatile. Firstly, the model considers two degrees of freedom, which are the linear motion in the direction of the EMA rod axis and rotation motion around the same rod axis. Secondly, the model is made fully balanced from both energy and mechanical efforts (forces and torques) points of view. These properties enable the strong and multiple couplings in embedded EMAs to be addressed by simulation in order to better Doctoral Thesis - Jian FU support, as a whole, simulated-aided design: power sizing, energetic/thermal analysis, response to failure, vibration/control design.

Decomposition Process

During the modelling process, one of the most important tasks is to decompose the device under consideration into basic (or generic) components (or functions). As already mentioned, the EMA studied in this thesis is of direct-drive linear type with inverter roller-screw mechanism. For continuity between design steps, it is interesting to define the model structure with the same topology of the EMA hardware. In this attempt, the scheme of decomposition comes directly from the cut-view and it has a similar topology, as suggested in Mare [17]. According to the decomposition rules, the identified generic components are 

Causalities

Nowadays, the virtual prototyping through numerical simulation still suffers from causality 

Power suply

U m I m

Motor #2

Cylinder pair #3

Housing with thermal model #1

Shaft (Rotor and Nut) #5

Airframe Remark: in the following Bond-Graph, it is found efficient for understanding to use bold bonds for the functional power path. In that manner, parasitic effects are clearly distinguished form functional ones.
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Components a) Generic Elements

The mechanical power transmission mainly consists of nut-screw and kinematic joints (e.g. cylinder pair and hinge). In addition, the electrical motor and also can be considered as a generic quadriport model with a thermal port. In these generic components, the individual inertia is neglected at component level to avoid the numerical derivation or high index implicit loops. For this reason, the inertia effect is considered in bodies' sub-models, this choice being consistent with causality requirements. As illustrated in Fig. 4-12, it is suggested to use this generic sub-model with four ports (① to ④) to connect two different bodies. The models of each body can be refined according to different simulation objectives. The generic block is able to model the interactions of the four power bonds associated with body 1 and body 2, for rotational and translational motion. In order to ensure energy balance and energy conservation as they represent the energy exchange between subsystems, a fifth thermal port (⑤) is added when the component generates heat. Another possible electrical signal port can also be added for electrically signaled mechanical devices EMA servo drive [17].

Electric Motor

The detailed model of motor is developed in former Chapter 2, with multi domain physical effects considered, like copper loss, iron losses and cogging torque, etc. The 2-DoF model may be used for motor modelling, which generates relative motion between the stator (subscripts 1 in Fig. 4-13) and rotor (subscripts 2). Functionally speaking, the motor stator is rigidly linked to the EMA housing that is not supposed to translate or rotate. In this case, a zero force source should be connected to stator rotational and translational mechanical ports. However, the EMA anchorage to airframe compliance cannot be neglected for some design activities. In that case, the interface between EMA and airframe can be modelled by spring/damper parallel association for each, translational or rotational degree of freedom. Fig. 4-13 confirms that the motor sub-model meets the causality choices at model's interface.

F 1 V 1 F 2 V 2 0 C 1 w 1 Electric Motor #2

Bearings and Joints

The bearings and joints are used for support rotation and translation in mechanical 

0 RS 0 RS 0 C 2 w 2 F 2 V 2 C 1 w 1 F 1 V 1 S Q Cylinder pair #3

Fig. 4-14 2-DoF Bond-Graph model of cylinder pair

The friction in a cylinder pair is here modeled as a pure function of the relative velocities (linear and angular) since only two degrees of freedom are considered respectively. In fact, the radial forces also impact friction but they are not considered in the 2-DoF model because they are not significant in direct-drive EMAs. Friction is modelled using RS elements, which
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Doctoral Thesis - Jian FU 137 are summed to the sub-model thermal port. In that manner, temperature can also be used to reproduce its impact on friction. There is no compliance considered because the cylinder pair offers free motion for the 2-DoF considered.

Hinge: Unlike cylinder pair, the hinge only allows one rotational degree of freedom; it prevents any relative axial motion between the two bodies it links: in the presence of axial forces, it acts as an axial thrust bearing. The parasitic effects in hinge joint are friction and compliance. However, the friction torque depends considerably on the axial load. This creates a cross coupling between linear and rotation motions. Structurally speaking, this effect can be modelled, by getting the axial force through a DE detector element and modulating the friction effect that becomes a MRS field for the hinge pair. The axial compliance is introduced using a C element that reproduces the deformation under axial loads. Associated damping can be modelled using a RS field that acts "mechanically" in parallel, i.e. which sums its force to that of the compliant effect (a 1 junction in the translational mechanical domain. A rigorous energy balance is ensure by adding the heat produced by this dissipation, although negligible, to that of the friction effect through a 0 junction in the thermal domain, as shown in As the dissipation is negligible in comparison with that of the hinge rotational friction, the bond of the power loss (from RS) is plotted as a dashed line. Once again, it is verified that the internal causalities of the model are consistent with the requirements at its interfaces. Doctoral Thesis -Jian FU

0 MRS 1 RS C F 1 V 1 F 2 V 2 C 2 w 2

Nut-Screw

According to the decomposition schema in Fig. 4-10, the power flows functionally from the rotation of the nut to the translation of the screw. However, strictly speaking, such a mechanical power transformer acts between the relative rotational motion (nut/housing) and the relative translational motion (screw, housing). This cannot be neglected when parasitic motions may occur (due to bearings compliance or to airframe and load motion). For this reason, the relative velocities are explicitly calculated though 0 junctions in Fig. 4-16. The parasitic effects affecting nut-screw, which have already been presented in section 4.3 for 1-DoF model. The same effects are introduced in this 2-DoF model with the same order of decomposition (perfect transformer first, then friction followed by compliance). This clearly appears when one follows the functional power path. 

0 : 2 p p F 1 V 1 F 2 V 2 0 C 1 w 1 C 2 w 2

b) Bodies and Junctions

The bodies and junctions are connecting the generic submodels of mechanical power transmission (electric motor, nut-screw, bearings and joints, etc.). In the former generic
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The bodies' model is associated with the Newton's second law where the sum of efforts generates the acceleration of the inertial bodies. In term of Bond-Graph, this makes it convenient to represent the bodies as a 1 junction (the sum of mechanical efforts, force or torque) with an I inertance element (the mass or the rotational inertia), seen Fig. 4-17.

C 4 w 4

F 5 V 5 1 1 I:J Generic element 1 Generic element 2
Generic element 4

I:M Generic element 3 C 1 w 1 F 1 V 1 C 2 w 2 F 2 V 2 C 3 w 3 F 3 V 3
Generic element 5 This approach merges the inertia on a limited number of bodies (the main functional ones). E.g., the inertia and mass of nut and screw are not considered explicitly in the nut-screw submodel. This is because the nut is integrated with the motor rotor, and the screw is part of the EMA rod: the inertia effects are therefore already considered at rotor and rod bodies' level.

C 5 w 5 F 4 V 4
Finally the EMA model involves three models of body or junction that are considered as rigid:

the housing, the shaft and the rod, corresponding to the decomposition process of Fig. 45678910.

Housing

Externally, in Fig. 4-18, the 2-DoF housing model connects to the holding frame (two mechanical ports) and to the thermal environment (one thermal port). Internally, it holds the different devices like motor stator, hinge and cylinder pair. Fig. 4-18 shows the housing model and which can be connected to the airframe model through compliance effects (the anchorage compliance). A single rotational inertia I element (J h ) and translational mass I element (M h ) are considered in this 2-DoF model, which merges all the inertial effects having the same motion as the housing (the housing itself, the motor stator, the outer races of the hinge and cylinder par bearings). Doctoral Thesis -Jian FU for the whole EMA. In this case the housing can be considered as an single thermal body (C effect) that sums the heat power coming from the EMA elements power losses and the heat flow to ambient (0 thermal junction). Of course, a more detailed model can be developed with multiple thermal bodies [18].

C 2 w 2 F 4 V 4 1 1 I:J Motor 2# I:M Hinge 4# C 4 w 4 F 2 V 2 0 1 0 F af V af C af w af F 1 V 1 C 1 w 1 Housing #1 C R 1 C R Cylinder pair 3# 0 S Q Airframe Nut- screw

Shaft

From the mechanical point of view, the same approach as that of the housing is used for modelling the shaft body, Fig. 45678910111213141516171819. A single equivalent rotational inertia I element (J s ) and equivalent translational mass I element (M s ), the independent 2-DoF model are modelled. Jian FU 141 and rod the two I elements can be respectively introduced with parameters J r and M r , the 2-DoF model. As for the housing, compliance of transmission to load can be optionally considered to link the rod and the load models.

C 7 w 7 

F 7 V 7 1 1 I:J r Load I:M r C 6 w 6 F 6 V 6 C 3 w 3 F 3 V 3 Nut-screw #6 Cylinder pair #3 Rod #7 1 C R 1 C R 0 0 C L w L F L v L Structure compliance rotation Structure compliance translation

Friction Losses Models

Using 2-DoF modeling approach enables the heat generated by power losses in mechanical transmission to be calculated separately for nut-screw and bearings. The power loss in nutscrew is presented in details in the 1-DoF model, which makes friction dependent to transmitted force and relative speed. Meanwhile, with the advantage of the 2-DoF modeling, the heat generation in bearings may be considered. In particular, for high operating speed, bearings losses may be significant and cannot be neglected. As frictional power loss is converted into heat, the bearing temperature increases and in its turn impact the friction on bearing. Therefore, the power loss analysis of bearing is important when intending to model this snowball effect. Generally, the bearing power loss is the product of the frictional torque and the bearing rotational speed, and it can be calculated using the following equation: providing a critical analysis of these models.

a) Rotary Coulomb Friction Model

The rotary coulomb friction model [20] is the easiest method for represent the frictional moment for bearings. Until now, it has been applied in product designing by several companies such as Koyo [21] and NTN [22]. In this model, friction is independent of rotational speed. Friction is calculated assuming the friction coefficient to be constant and dependent on the bearing load (a time variable) and the bearing mean diameter (a constant geometrical parameter coming from design). The equation to calculate the bearing friction is given as follows: In this model, the constant coefficient of friction for bearing is generally set to  b = 0.0015 for deep groove ball bearings, and to  b = 0.002 for single row angular contact ball bearings. This 1-equation model is the simplest one that can be used to get a first approximation during preliminary sizing. However, it applicability is limited (e.g. good lubrication, medium load and not very high speed operating conditions).

b) Palmgren Model

The Palmgren's bearing friction model [19] where C b0 reflects the hydrodynamic lubricant loss and C b1 reflects the elastic hysteresis and partial differential slip friction loss. A summary of the analytical description of each loss can be calculated using the empirical formulas in Table 4-2 and Fig. 4-21: 
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where f 0 the factor depending on the type of bearing and lubricant,  the kinematic viscosity of the lubricant or grease based oil at the operating temperature [mm 2 /s], n the bearing speed [rpm], f 1 the factor depending on the type of the bearing and load, F L the equivalent load which determines the friction torque. C rr and C sl represent the torque-dependent losses while C seal and C drag represent the torqueindependent losses. A detailed description of different terms of friction loss can be found in [5] and it is summarized in Appendix B.

In the frame of this research work, it has been found important to address with care the architecture, Fig. 4-23, of this friction model, in particular to point out the constant
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SKF Model
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Fig. 4-23 Schematic of SKF model for modelling the bearing loss

The SKF model is the most advanced model which takes all of the discussed contributing factors into account and gives more attention the influence of the lubricant. However, a key consideration has to be kept in mind according to our need: such a model suits well applications where the bearings are continuously rotating in the same direction. This is absolutely not the case for bearings used in position controlled EMAs where the mean velocity is null and where many speed reversals occur. In this situation, it has to be accepted that the model is poorly realistic regarding breakaway torque or establishment of bearing lubricating film.

d) AMESim Bearing Loss Model

LMS AMESim simulation environment, already proposes a bearing loss model [24], which extends the Plamgren model at an intermediate level in comparison to the SKF model. Load dependent friction is explicitly split been axial and radial load effects while "oil" effects denote the load-independent friction: Doctoral Thesis -Jian FU The calculation of bearing loss in AMESim is summarized presented as following in Table 4-3: 

oil o m C f vn d    1 0 1 ( ) rad cof m C K f C C d   2 axl L m C f F d  2000 n     2/3 8 3
9.78 10 2000 The AMESim loss model considers some of the friction sources but not all of them. For example, the friction due to the seals is not taken into account but cannot be neglected. The
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Doctoral Thesis - Jian FU 147 influence of the lubricant is also not sufficient to get a good representation of the total friction torque. A detailed 2-DoF model of EMA MPT could have complex structure with numerous contacts between moving bodies (typically at gear teeth, bearings, joints and screw mechanism) in which the jamming of anyone may cause the EMA to jam.

Fault
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Thermal Behavior

The The same modelling approach can be applied to bearings and joints where the thermal effect is also significant. The advanced 2-DOF causal Bond-Graph model is shown in Fig. 4-27. In 2-DOF models of EMA system, the friction effects in mechanical transmission are mainly analyzed in generic nut-screw and bearings model according to each sub-assembly function and incorporated structure. Generally, the stiffness of the rod is very high and the compliance effect can be generally ignored.

p p F 1 V 1 F 2 V 2 0 C 1 w 1 C 2 w 2
0 MRS 1 RS F 1 V 1 F 2 V 2

Model Implementation

The MPT model also can be regarded as a separate package model as done for PDE and motor Doctoral Thesis -Jian FU motion due to compliance effects (e.g. axial motion of nut due to compliance of axial thrust bearing) are considered, the model shall reproduce how the sensors housing and moving part are integrated in the EMA.

1-DoF Modeling a) Basic MPT Model

The basic model is always simple, low order and linear. Its use is relevant for functional simulation and for preliminary control synthesis. The implementation of this basic 1-DoF model of MPT is shown in Fig. 4-30. The motor and nut-screw inertia are merged into a single lumped inertia on which applies a pure viscous friction. The motor power flows to a perfect nut-screw and is transmitted to the load through a compliance effect that is considered using linear spring-damper model. In order to meet causalities requirements at MPT interface with load, a rod mass is also considered. -the friction model reuses a generic AMESim model in order to take benefit of the various and rigorous implementations of the transition between the stuck and sliding modes (e.g. hyperbolic tangent, Karnopp, Dahl, etc.). The proposed friction model is implemented by making the friction force dependent to transmitted force, temperature and sliding velocity (force and velocity are captured through sensors models). This dependence can be either
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-the compliance model of section 4.2.3 is implemented by moving to the "signal" world, separating explicitly the flow and effort variables though a standard AMESim model. The backlash parameter is made dependent on temperature.

Secondly, energy balance and response to fault are implemented as follows:

-a standard AMESim thermal power bond is introduced. It collects the power losses (friction model and structural damping of compliance model) and inputs temperature to the friction and compliance models.

-jamming and free-run faults are optionally introduced by external signal links that affect the friction and compliance parameters, respectively.

Perfect nut-screw

Jamming

Free-run

To thermal model 

2-DoF Modeling

In this section, the models proposed in section 4. 

b) 2-DoF Cylinder Pair Model

The cylinder pair model Fig. 4-14 is implemented as given in Fig. 4-34. Rotational friction between inner and outer races is not affected by axial force because the cylinder pair offers a

Chapter 4 Mechanical Power Transmission

Doctoral Thesis - Jian FU 153 free axial relative motion. However, translational friction can be implemented if necessary.

Except that, friction dependency to temperature and velocity is implemented in a similar way as for the nut-screw in section, Fig. 4-31. There is no particular difficulty to consider jamming in the same manner as for the nut-screw through an external signal that can increase friction.

The same generic quadriport model of the cylinder pair can be used to link housing (1#) and shaft (5#) or to link housing (1#) and rod (7#) according to Fig. 45678910. The friction and compliance models are implemented using globally the same approach as mentioned for the nut-screw in Fig. 4-31. However, to make it simple, the compliance is implemented using the spring and damper models that are available in the AMESim mechanical library. There is no particular issue to use a more detailed compliance model of According to Fig. 4-10, it interconnects with the airframe, the bearings and the motor stator.
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Interest for Power Consumption Analysis

When focus is put on analysis of power losses and energy consumption of MPT, simplest models fail to reproduce the contribution of bearings, while the advanced models enable designers to assess their impact. In order to illustrate this, a specific mission, Fig. 4-44 is applied to the models using trapezoidal shapes for position demand (50 mm) and external load (15 kN). In that manner, 4 zones of interest can be investigated:

- 

Interest for Wear/Ageing and Response to Faults

This section illustrates the interest of the proposed models for wear/ageing (increased backlash), and free-run or jamming faults.

-Backlash: the proposed models enable the transmission backlash to be modified dynamically by action on the parameter x 0 , in order to simulate the effect of wear versus service. This feature of the model is illustrated by Fig. 4-47 where backlash is changed from null to 60 m then 0.3 mm. Of course backlash has a little effect when the contacts are loaded in a single direction. This is why only the pursuit part of the EMA response is plotted. As it could have been predicted, in the presence of backlash, a non-linear limit cycle occurs around the demand rod position making the position control unstable. Doctoral Thesis - Jian FU 167 the rated torque, due to the inertial effect of the motor rotor. On its side, the electromagnetic torque remains saturated as the position errors cease to evolve.

Conclusion of Chapter 4

In the present chapter, the modelling and simulation of the mechanical power transmission -Each MPT lumped-parameter model is energetically and mechanically balanced. The power losses of the MPT are reproduced by advanced friction models (considering sensitivity to transmitted force and temperature in addition to sensitivity to sliding velocity).

-The features of ageing and faults injection (wear, free-run and jamming) are modeled in a simple way without increasing models' complexity and dynamics, in order to facilitate later activity related to the design of health and usage monitoring features.

-All the proposed MPT models are replaceable (same interfaces), the models are ready to be extended for next step thermal simulation and to be integrated in full incremental realistic EMAs virtual prototyping.

In the end, the implementation of mechanical transmission model was found to run rapidly and in robust way, without numerical issues. Although the proposed models have been developed on basis of real tests performed in former research works or from suppliers Chapter 5

Test Bench and Preliminary Study of

Position Synchronization

In the frame of this research work, we have acted as the major contributor to the specification, the design, the integration and the setting of a test bench dedicated to the experimental validation of our modelling and control proposals. The test bench involves two power lines that can be either rigidly connected or made independent. Each power line involves 2 actuators (an EMA and an HSA) in a face-to-face arrangement. This topology enables various configurations to be assessed, e.g. for position synchronization (independent lines) or force equalization (rigidly coupled lines). The first part of this chapter is dedicated to the presentation of the test bench and its virtual prototyping. The second part addresses position synchronization and its preliminary validation through the full EMA's model developed in the former chapters. It is important to recall that the EMA's models are developed using an incremental approach that is driven by engineering needs and real measurements coming from former research projects.

Description of the Test Bench

Objectives

For safety-critical applications like flight controls, the actuation function has to be redundant 

Requirements

According to the above mentioned needs, the following design choices have been made: a) Type of actuators: two reals EMAs + two real HSAs: depending on the need, each type of actuator can be operated either as the tested actuator or as the loading actuator b) Inertial loads: it is extremely difficult to reproduce pure inertial effect by a loading actuator because it requires a huge bandwidth that cannot be reached due to technological limits. For this reason, the inertial effect is always reproduced by a real inertia. However, in order to minimize the translating mass (M eq ) to be mounted, the effective inertia is reproduced with use of a rotational/translational transformer effect (lever arm l) that only requires a small rotating inertia. i) Safety: the emergency button is needed and installed to cut-off the actuators powering.

Test Bench Components and Topology

Therefore, some assumptions and choices are presented in detail below:

-Real EMAs, selecting the Exlar commercial industry EMAs as the test actuators.

-Load (surface): For aircraft aileron application, the equivalent translating mass is 600 kg. This is a very large mass to be handled safely in a research laboratory. A compact lumped iron device of 4 kgm 2 moment of inertia and a transmission lever of 0.08 m length are used to reproduce this inertial effect as the load.

-Disturbance force: Two hydraulic servo actuators (HSAs), symmetrical rod, constant pressure supply and servovalve controlled, are driven in force closed loop to simulate the aerodynamic load. A particular attention is paid to the force control loop in order to reject the effect of load speed (imposed by the position actuator on test) on the force control loop. As well, parasitic compliance (attachment and transmission) are considered with attention.

-Two inertial loads are optionally connected by a rigid linkage (decoupled for position synchronization study, linked for force equalization study).

-Anchorage stiffness: In aerospace, the mass constraints make the EMA attachment to load and anchorage to airframe compliant. This compliance is reproduced on the test bench as a single compliance located at the anchorage of the EMA housing to the test-bench frame.

As an example, the stiffness representative of the airframe and surface deformation under load, this typically equals to 1.4×10 7 N/m. The structure of test bench must be sufficient rigidity to not introduce unmanaged compliances. It is usually designed to be 4 to 10 times stiffer (5 10 7 N/m to 1.4 10 8 N/m) than the airframe anchorage to be reproduced.

-Force sensor: the force sensor has to limit the intrusive effect it generates. The selected sensor has a mass of 3 kg that corresponds to 0.5% of the load mass and 0.03% of the and that is greater than the test bench frame stiffness.

-Control: the position/speed/current/force loops are implemented in Speedgoat real time target box which is also in charge of taking the measurements.

-Test settings: PC1 is in charge of manual programming (test mode) and EMA offline parameterization. PC2 is in charge of data collection and generation of real time code that is uploaded in the Speedgoat target box.

-Safety: Three emergency stop buttons are available for cut-off the current to EMAs supply and cut-off pressure supply to HSAs. One is placed on the programming desk, another is installed in electric control cabinet and the last one is installed on the test bench.

Test Bench Configuration

The designed test bench is shown in 2) Electric and Electronic devices: An electric cabinet with the two motor power drives with the associated the power filters, signals measurement and displays, Speedgoat real time controller, PC1 and PC2.

3) Hydraulic Power Supply System: Hydraulic oil supply and return, the configuration and function have been presented in [1].

1) Mechanical Configuration

The mechanical configuration of the test bench is shown in Fig. 5-3. Two twins channels (A and B) that may be connected or disconnected by a rigid mechanical linkage. Each channel includes a commercial HSA and commercial EMA, a lever arm transformation to drive the inertial load, a device reproducing the compliance (flight control and airframe). -HSA housing and EMA housing are respectively fixed on the test bench by two cylindrical pairs. For EMA studies, it anchorage deformation can be measured, as shown in Fig. 5-4. -Two position sensors are installed: one is between the EMA housing and rod to measure the EMA extension. The other measures the deformation of the compliance device that is representative of the airframe and flight control surface deformation under the transmitted load.

2) Electric Architecture

The electric architecture of test bench includes three parts: electric power supply (from PDE, electric cabinet), signal acquisition, processing and measurement (sensors, conditioners and displays) and command signals (from control computer to PDE of EMA and to servo value of HSA). The electric system of test bench involves: a) Electric Cabinet: It integrates the two PDEs (A and B) that are in charge of modulating the power from the electric power supply (network, 3×400V AC) to the EMA motors. The drive configuration is set using TCP/IP Ethernet connection. Setpoint and feedback signals are transmitted in analog form (±10 V). The hardware connection of power supply and velocity feedback between EMA and PDE is shown in Fig. 5-5. 

Doctoral Thesis -Jian FU 179

Preliminary Study of Position Synchronization

According to the above configuration of the test bench analysis, each channel, A or B, is independent and available for individual EMA position control or for two EMAs position synchronization. The main concern in this section is to show how the simulation models developed in chapters 2 to 4 can be used for the preliminary study of EMAs position synchronization. The state of the art in position synchronization is firstly reviewed, and then the virtual prototyping approach developed in the former chapters is used to show how it can Doctoral Thesis - Jian FU support the development of position synchronization strategies.

The control goal is to achieve satisfactory reduction of the position difference between the two independent loads. Ideally, the position control of the EMAs shall ensure at any time:

, ,   sa sb LA LB X X F F (5.2) X sa EMA_A load displacement [m] X sb EMA_B load displacement [m] F LA EMA_A load force [N] F LB EMA_B load force [N]
In addition, the EMAs for critical application in aerospace should consider safety in response to faults. It means that in the event of one EMA fails, the other EMA shall no more follow the position setpoint but produce the same position as the failed EMA: The two independent EMAs must keep their position synchronized:

, , ,     sa sb sa sb r sa sb r X X X X or X X (5.3) X r EMA reference control setpoint [m]
Therefore, the strategy of the EMAs position synchronization is to eliminate or reduce the desired synchronization error between the loads. It can be defined as the  L difference between the effective positions

L sa sb XX   (5.4)  L

Position synchronization error between two independent loads [m]

However in the test bench (as well as in aircraft actuation system), the desired  L cannot be measured directly. Indeed, the measured position is the EMA extension and not the load position with respect to airframe. So the measured position synchronization error  t is:

t ta tb XX   (5.5)  t

Position synchronization error between two EMA rods extension [m]

X ta EMA_A rods extension [m]

X tb EMA_A rods extension [m]
It is not exactly representative of the loads position synchronization error  L because of the compliance effect (presented in chapter 2).

Chapter 5 Test Bench and Preliminary Study of Position Synchronization
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Structure of Position Synchronization

Based on the model of the independent individual EMA servo control system, the conventional position synchronization control system is concerned in cross-coupling of position only and designed for twins EMAs experiencing two different levels of load disturbances. The control structure can be viewed in two common ways:

-Case 1, master-slave synchronization. One EMA (the slave) is position controlled to follow the position of the other EMA (the master), as illustrated in Fig. 56789. Also each EMA controller has optionally feedback loops.

,  ca r cb ta X X X X Most of the research works concerning this position synchronization structure are related to synchronized motion control of multi-axis machine tools. In [4], this master-slave control scheme is proposed for biaxial system application, the slave system can follow the master one with high dynamic performance, but the servo delay lag of the slave one cannot be avoided. To improve this shortcoming, a velocity feedforward compensation was considered in [5], seen Fig: 56789. Furthermore, another master-slave control based on speed and torque coupling was developed in [6]. Doctoral Thesis -Jian FU Also a position/velocity hybrid synchronous control is proposed in [10] using this parallel cross coupled concept that also called relative dynamic stiffness motion control. This same Doctoral Thesis -Jian FU structure is also applied in [11,12], where an optimal cross-coupled control action is designed for controlling dual-parallel liner servomotors system, as shown in Fig. 5-13. The simulation results show that the synchronization error is reduced when compared to the conventional position synchronization structure. However, the system is modeled as a very simple first order model, all the nonlinear effects being neglected.

Fig. 5-13

Example of optimal cross coupled control structure for position synchronization [12] In addition, some intelligent control theories, such as fuzzy control [13] and neural network control [14], can be used to optimize the conventional cross-coupled structure for position synchronization. They have been shown to be effective in handling nonlinearities and parameter uncertainties.

In [15,16], the author is interested in synchronizing asymmetrical loads in the presence of strong uncertainties and disturbance to an electro-hydraulic actuation system. An integrated approach with hybrid controller for position synchronization is shown in Fig. 5-14. The whole system control consists of two independent controllers for cylinder and a fuzzy logic controller for position synchronization. Experimental results show that the proposed control approach may be effective for enhancing both the synchronization of the movement and positioning. However, the dynamic load application in the whole process has not been studied and analyzed. In addition, the fuzzy logic technology is not reliable enough for aerospace application.
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Cross-Coupled Synchronization (CCS) Controller Design

The requirements for the CCS controller design are listed below:

R1) The position synchronization function shall eliminate, or as far as possible reduce, position synchronization error ( L ) to an acceptable level in any case of normal operation, R2) In case of failure in one channel, the other channel shall be controlled in order to position its load to the same position as that of the failed channel. Therefore, it is accepted that the loads' positions cease to follow the position setpoint, R3) The closed loop performance (pursuit and rejection) of each EMA shall not be significantly influenced by the position synchronization.

At each EMA control level, position synchronization is implemented introducing a synchronization input. This input is calculated as a function of the sensors signals that are already available for the position control of each EMA (EMA extension, motor speed/position, transmitted force to load). The simplest and most direct approach of design CCS consists in elaborating the position synchronization signal as a dynamic function of the EMAs extensions difference ( t ). This signal is injected as an additional torque demand (C s ) into each EMA torque reference (C*). However, as presented in former section, the optimal hybrid structure based on CCS may also introduce the velocity signals. In particular and more directly, it can 

Velocity difference between two EMAs motors [rad/s]

The integral action I is added in the synchronization law in order to improve its static accuracy. The C s dependence on  L (gain K pr ) can be seen at low frequencies as producing "electrically" a spring effect of stiffness 2K pr /p between the two EMAs rods position (friction and other compliances effects are neglected). The C s dependence on e w can be seen as an "electrical" equivalent rotational damper of coefficient K pw connecting the two EMAs motor shafts. Attention has to be paid to the parasitic effects (compliance or backlash) that make the rod velocity and motor velocity not simply proportional. The impact of these nonlinear effects is difficult to assess formally during control design. Oppositely, the proposed virtual prototype models reproduce these effects with realism and provide a useful support for virtual validation of the position synchronization.

The other option, PID-CCS structure, Fig. 5 When implementing any of these structures, for safety reasons it is important to limit crosscoupling effects between the channels. The authority of the synchronization function can be limited using a saturation effect. As well, the low-pass filtering of the derivative action and anti-windup of the integral action are also need to be considered. where t is the time.

Validation of Overall Twin-Parallel EMAs Virtual Prototype

Linear Model

As a first step, a linear approach is used to formally define the structure and to support the parameter setting of the position synchronization function added to the individual position control. The performance, either in frequency or in time domain, can be assessed without numerical simulation through the theory of linear systems. However, it is interesting to also implement the linear model as simulation model to meet the incremental modelling objective.

In that manner, the influence of non-linear effects can be easily assessed by replacing the linear model by the advanced model. 1) Rod position demand generator X r .

Full Model

2) EMA_A position feedback loop and controller.

3) EMA_A velocity feedback loop and controller.

4) EMA_A force feedback loop and controller.

5) EMA_A torque control reference.

Parameters Setting and Mission Excitations

Simulations are run to illustrate the capability of the proposed EMA modelling and CCS-PID controller to assess actuation performance. The following mission excitations are applied to linear model in Fig. 5-18 and full model in Fig. 5-19. Their key controller parameters are listed in Tab. 5-7. shows the mission profile with these jamming triggering times. 

Simulation Results and Analysis

The linear model (Fig. 5 Although the position and synchronization controllers have been designed using the linear model, it is observed that they produced good results when applied to the full model that is more realistic.

The absolute MAX and ITAE evaluation performances are listed in Tab. 5-10. The loads position are well synchronized and with very small errors. The ITAE error is significantly reduced by using position synchronization. 

Conclusion of Chapter 5

In the first part of the present chapter, the architecture test bench has been proposed, designed and integrated for the experimental validation of EMAs/HSAs of position synchronization or force equalization. The components and topology have been selected to meet the design requirements. The mechanical configuration and electrical configuration have been presented in details.

The second part of the chapter was dedicated to the exploitation of the detailed modelling proposed in the former chapters for the virtual validation of position synchronization strategies. As a preliminary study, a PID common controller was introduced as an add-on to the individual position controllers to perform the synchronization task. Its parameters were set using the linear model than were applied to the full model's controller. Typical mission excitations were proposed to verify in a qualitative and quantitative way the synchronization performance. It was observed that the proposed PID-CCS controller significantly reduces the synchronization error.

Of course, the next step will be to perform real tests. However, as the full model has been developed mainly through validated models of EMA elements and with particular attention to virtual integration, one can be reasonably trust the simulated responses of the full model. It well be also necessary to address the robustness of the control laws versus parameters uncertainties.

Conclusion

As mentioned in chapter 1, "More Electric" and "All Electric" aircraft concepts are becoming widely implemented in aerospace industry. In the next future, EMAs actuation will be preferred to implement these concepts with special focus on safety, costs and environment friendliness. In some applications, the driven load is split into two (or more) parts which positions are to be synchronized: thrust reverser actuation system (e.g. TRAS), secondary flight controls (e.g. flaps/slats) and pylon conversion of tiltrotors (e.g. V22 or AW/BA609).

For the time being, the loads of these systems are mechanically linked to ensure safe synchronisation. Therefore, new features could be offered by managing independently the loads positions. In this attempt, the mechanical linkages between loads could be removed and position synchronization could be performed by mean of "electrical" synchronization loops.

In the present thesis, the research work has addressed the system-level virtual prototyping of EMAs for more extensive use of "electrical" position synchronization. Two major considerations have driven the research work:

-The proposed virtual prototyping approach and models shall be consistent with the Model-Based Systems engineering process.

-The proposed models shall reproduce the key effects that drive the energy and mechanical balance and the control performance of EMAs.

-The EMAs model shall support the design of position synchronization even in case of fault.

In order to enable the virtual prototypes to realistically assess the performance of EMA synchronisation, it has been found important to focus firstly on the modelling process. In chapter 1, it has been proposed to drive the virtual prototyping activities by engineering drive electronics, electric motor and mechanical power transmission). The Bond-Graph formalism has been selected to support the incremental system-level modelling and simulation while satisfying the causality constraints. Along all chapters, it was proposed to:

-Assign causalities in order to enable at the same time the implementation of multidomain cross-links effects and multi-level models.

-Analyse energy losses that impact the thermal balance of the EMA to reproduce snowball effect and therefore components' sizing.

-Systematically associate thermal ports to dissipative effects, it enables thermal modelling and introduces the temperature effects.

In chapter 2, the position control of EMAs has been studied. The individual EMA controller was designed involving position/velocity/force loops on the basis of the linear approach. It was shown that:

-Power limitations of saturation (torque and velocity) have significant effect on control performance when compared to the common 2 nd order EMA linear model.

-Motor current loop dynamics was closely linked to its PI controller setting, and the backemf compensation was efficient for stability and velocity disturbance rejection.

-Compliance effects made a difference of EMA rod extension and load displacement.

Introducing force feedback effectively improved the control accuracy of the load position and reduced the resonance effect.

Following that, parasitic effects were introduced to consider with realism of nonlinear models of EMAs. In chapter 3, the virtual prototyping of power drive electronics and electric motor were addressed.

-Physical effects of power drive electronics and motor were progressively modeled on the basis of Bond-Graph, from perfect model to advanced one.

-Conduction and switching losses were considered for the power drive electronics.

Copper and iron losses plus cogging torque were considered for electric motor.

Conclusion
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-Following the proposed incremental modelling approach, 6-level models of combining the power drive electronics and motor were built step-by-step in LMS-AMESim environment and tested with different excitations.

In chapter 4, for mechanical power transmission was addressed and generated the following outputs:

-One degree of freedom integrated model has been proposed based on Bond-Graph theory. Combining perfect nut-screw, parasitic effects (friction and compliance) and fault failures, the functional, basic, advanced and full models have been developed.

-More advanced and realistic two degree of freedom (translational and rotational motion) model has been proposed. Several generic subcomponents were decomposed by considering power flow causalities. Bearing and joints friction losses were modeled and the thermal behavior were considered. Possibilities were made for modelling jamming and freerun faults.

-Each lumped-parameter model was energy balanced and mechanically replaceable (interface). It enabled faults (jamming or free-play) to be simulated.

-The models were implemented in the AMESim simulation environment. It was shown that various steps were addressed for simulation-aided development: conceptual design, control design, thermal balance and analysis of response to faults.

The chapter 5 reported the design of an actuation test bench involving 2 HSAs and 2 EMAs for real assessment of position synchronization. The preliminary position synchronization strategy was then addressed: a PID-CCS controller was proposed and pre-validated by simulation. It was shown that the PID-CCS controller was effective for synchronizing the two loads even for very different load or in the presence of faults in the mechanical transmission.

Regarding the remaining issues in present thesis, the perspectives of future work and investigation improvements can be listed as follows: -The proposed position synchronization strategy was preliminary study used a common PID structure. For get better synchronization performance, the control study should be continued. EMAs position synchronization control could be seen as a multiple input multiple output (MIMO) system, mathematic model of transfer function or state space equations should be developed for more advanced position synchronization.

-Based on the test bench, the experimental study should be validated, not only to verify the position synchronization strategy but also to verify the some uncertain parameters and coefficients in virtual prototype, such as temperature sensitivity to friction losses and backlash or preloading to impact the control performance. There is still a lot of work to do, also in this direction. Doctoral Thesis -Jian FU With inverse Park's transformation, as seen from d-q coordinate current to the actual threephase motor current, which is given by: 
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Using Ohm's law for the various phases in the PMSM, the stator phase A,B,C tension are then replaced by fictive phases d, q tension can give as follows: Doctoral Thesis -Jian FU For  rs , the constant rolling action squeezes excess lubricant away from the contact zone of the rolling elements. This reduces the thickness of lubrication film and therefore reduces the rolling moment of friction. So  rs is calculated by:  sl Sliding friction coefficient [-] For deep groove ball bearings, the rolling friction variable G sl is given by: With S 1 and S 2 are dependent on the bearing type.  sl the sliding friction coefficient normally assumed to be constant. For more accurate, an equation is given by SKF the total friction coefficient coming from shearing the oil and from asperity contacts:

(1 )  Ame liorer le mode le et l'analyse thermiques de l'EMA complet pour e tre plus pre dictif en simulation, en fonction de la mission et de l'environnement de l'actionneur.

 Poursuivre l'e tude sur la strate gie de synchronisation de position en inte grant notamment l'aspect robustesse.

 Exploiter le banc d'essais pour valider expe rimentalement les diffe rents travaux de mode lisation, de commande et de montrer la robustesse des approches vis-a -vis des incertitudes parame triques.
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 212 Fig.1-2 Schematic of actuator servo-control
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 16 Fig.1-6Mechanical synchronization in thrust reverser by using flexible shaft[17] 
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 171819 Fig.1-7Boeing 737 wings drive system[18] 
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 112 an example of application coming from the research project DEAWS (Distributed, Electrically Actuated Wing System)[24].
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 115 Fig.1-15 Multidisciplinary domain Bond-Graph power flow coupling in EMAs
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 27 Control design: the model shall enable the pursuit and rejection performances to be assured for individual EMA. It shall also enable the position synchronization function to be assessed, including in the presence of faults in the mechanical transmission of the actuator (other sources of faults are out of scope of the present work and have already generated huge quantity of research work). Chapter 1 State of the Art Doctoral Thesis -Jian FU R2) Realism and Balance: The model shall reproduce, with a system-level view, the key physical effects should be considered. The model shall be balanced (mechanically, energetically, etc.).  R3) Incremental and Progressivity: the model shall enable incremental modelling (including progressive levels with relevant complexity in response to the current engineering need).  R4) Interface and Replaceability: The model shall have standard interfaces that are conserved throughout modelling levels. As far as possible, the model shall be made of a combination of generic sub-models that can be re-used for other modelling purposes.
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 28 Fig. 2-8 Block diagram of the EMA closed-loop control (linear model)
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 217 Doctoral Thesis -Jian FU k e EMA linear model equivalent stiffness due to the controller [N/m]
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 29 Fig. 2-9 Cascade controller considering torque and velocity saturations for EMA

  20) w rmax Maximum velocity reference from position controller [(rad/s)/m] C rmax Maximum torque reference from velocity controller [Nm]
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 210 Fig. 2-10 Dimensionless response time depending on torque and speed saturations
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 2  show that in the absence of torque saturation ( c = 100%) the overshoot decreases and the response time increases when speed saturation becomes more important (low speed saturation ratios). When  w = 40%, overshoot reduces by 45% while response time increases by 53%. The effect of torque saturation starts to influence the response time for torque saturation ratio  c < 0.5 and becomes significant for  c < 0.2. Even in the absence of speed saturation, the response time is increased by 46% when the torque saturation ratio is 15%.
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 22 Fig. 2-15 Temperature sensitivity to motor current loop
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 2220221 Fig. 2-19 Comparison of position pursuit and rejection performance without/with compliances
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 222 Fig. 2-22: Force feedback of the load to reduce the compliances effects
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 2 Fig. 2-23 Basic (linear) model for EMA position control with force feedback compensation
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 22 Fig. 2-24 Bode diagram comparison of without/with force feedback for load surface
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 22 Fig. 2-25 Performance comparison of different force feedback gain K f
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 22 Fig. 2-26 A notch-filter structure (a low pass filter combines to a high pass filter)
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 22 Fig. 2-28 Bode diagram comparison of force feedback (FF) without/with notch filter
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 31 Fig. 3-1 Bond-Graph model of perfect PDE
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 31 Fig. 3-1Typical application area for different switch[3] 
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 32 Fig 3-2 Inverter bridge circuit of co-package IGBTs and diodes
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 4333435 Fig.3-3 Typical output characteristics of IGBT (datasheet RJH65S04DPQ)
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 37 Fig. 3-7 Transient characteristics of IGBTs[5] 
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 38 Fig. 3-8Generic IGBT switching characteristics with switching losses definitions[17] 
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 314 Equivalent current leak by switching in IGBT or diode [A] Sensitivity to Temperature in PDEThe energy losses of PDE generate heat and make temperature increase. The conduction losses are more sensitive to temperature because of the on-state resistance characteristics in IGBTs and diodes.
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 3 Figure 3-10 shows an example of diode forward characteristics with temperature sensitivity.However the switching losses have the weak dependence with temperature, seen Fig.3-11. 
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 33 Fig.3-10 Diode forward characteristics with temperature sensitivity[18] 
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 533 Fig. 3-3 Generic PDE model on basis of Bond-Graph

  Motor torque constant during operation [Nm/A] or [Vs/rad] m Angular velocity of motor[rad/s] 



  Motor inertia [kgm 2 ]Attention must be paid that the inertial torque involves the absolute velocity of the rotor which is time derived with respect to earth frame. The inertial torque cannot be neglected for three reasons:  In very demanding applications, e.g. fighters or space launchers, the inertial torque takes the major part of the electromagnetic torque during transients (high rate acceleration or deceleration); Under aiding load conditions, it impacts the transient back-drivability of the actuator by opposing torque to the load acceleration;

  Voltage drop due to copper loss [V] I mw Motor wingdings current [A]R mw Motor wingdings resistance[] 
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 35 Fig. 3-5 Example of B/H loops with hysteresis loss[23] 

A

  system-level representation model of cogging torque C cg can be expressed versus rotor/stator relative angle  m . It is parameterized by the number n p of motor pole pairs and the cogging factor  that applies to the rated torque C n , equation given [4]: Number of pole pairs [-]  m Motor rotor angular position []
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 3334333 Fig. 3-19 Schematic diagram of EMA system for PDE and EM model implementation
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 3 Fig. 3-25 Schematic diagram of inverter drive for 3-phase motor
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 3 Fig. 3-26 Realization of power source modulated model applied for 3-phase motor (PMSM)
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 33355 Fig. 3-27 Realization of averaged inverter model applied for PMSM
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 33342543543 Fig. 3-30 Simulation response of surface position in different model levels
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 43 Fig. 3-34 Simulation results with d-axis and q-axis current
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 33 Fig. 3-35 Current pollution network comparison, PWM average and PWM switching
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 63 Fig. 3-36 Power losses comparison for EMA system power sizing in model level 6
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 4142 Fig. 4-1Ball screw with re-circulating device[1] 
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 44 Fig. 4-4. Proposed 1-DoF simplified synoptic model of mechanical transmission

  4-4, between the mechanical rotational domain (torque C m , angular velocity w m ) and the mechanical 122 Doctoral Thesis -Jian FU translational domain (force F s , linear velocity V s ).
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 45 Fig. 4-5 Causal Bond-Graph model of perfect mechanical transmission (Nut-screw)
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 46 Fig. 4-6 Basic model of MPT in Bond-Graph
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 4 Mechanical Power Transmission 124 Doctoral Thesis -Jian FU compliance model consists of a pure spring (k e ) and a damping (d e ) effects. The elastic force (F e ) can be expressed as : Elastic force of compliance [N] k e Pure spring stiffness of nut-screw [N/m] x r Relative deformation by compliance [m]Although the compliance damping is low, it must be considered in parallel with compliance in order to avoid unrealistic simulated oscillations. As the physical knowledge is very poor, the damping force (F d ) is usually considered as a linear function of the relative velocity (v r ) of damping coefficient (d e ).

  Damping force of MPT [N] d e damping factor of MPT [N/(m/s)]

F

  (4.7), has been identified by Karam [9]. The friction force introduces a constant Coulomb friction (first part), a Stribeck effect of rapid change of friction at low velocity (second part) and a load and power quadrant dependent Coulomb effect (last part): cl Coulomb friction force [N] F st Stribeck friction force [N] a Mean coefficient of external force [-] b Quadrant coefficient [-]
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 448 Fig.4-8shows the elastic characteristics of proposed compliance model that can reproduce spring effect, with optional backlash or preload that is defined with a single parameter x 0 :

( 3 )

 3 Power loss by compliance damping [W] Temperature Sensitivity: Temperature influences friction due to viscosity effects and dimensions due to dilation.

17

 17 

  Temperature factor to friction force[-] 
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 049 Fig. 4-9 Behavioral model of MPT in Bond-Graph

  Relative rotational velocity between nut and support bearings [rad/s] w b Support bearing rotational velocity [rad/s] -Support translation: the relative translational velocity between the screw and support bearings given: Relative translational velocity between screw and support bearings [m/s] v b Support bearing translational velocity [m/s]
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 4 Mechanical Power Transmission 130Doctoral Thesis -Jian FU involving the faulty MPT. Two main faults are identified: jamming (no possible motion) and free-run (no force transmitted to the load).

F

  Friction force with jamming [N]F jam Jamming force[N] 

x

  Backlash or preload parameter by wear [m] x w Wear parameter [m]
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 410 Fig. 4-10 Decomposition of EMA into basic component element[17] 
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 4 Fig. 4-11 Causal Bond-Graph 2-DoF model of direct drive linear EMA
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 4 Fig. 4-12Bond-Graph 2-DoF model of generic element[17] 
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 24 Fig. 4-13 2-DoF Bond-Graph model of EM (advanced motor)
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 4 Fig. 4-15 2-DoF Bond-Graph model of hinge
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 4 Fig. 4-16 2-DoF Bond-Graph model of nut-screw

Fig. 4 -

 4 Fig. 4-17 2-DoF Bond-Graph model of body/junction
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 4 Fig. 4-18 2-DoF Bond-Graph model of housing
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 4 Fig. 4-19 2-DoF Bond-Graph model of shaft
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 4 Fig. 4-20 2-DoF Bond-Graph model of rod
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 23 P bl Bearing power losses [W] C bf Bearing frictional torque [Nm] w b Bearing rotational speed [rad/s] Doctoral Thesis -Jian FU Different types of friction models for bearings can be considered: the basic Coulomb friction model, the Palmgren model [19] and the advanced model developed by the SKF bearing supplier [5] model. The models implemented in the libraries of commercial simulation environments are typically based on these 3 types of models. The following sections aim at

  Constant coefficient of friction for bearing [-]F L Equivalent dynamic bearing load [N]d m Bearing mean diameter [m]

  is much more detailed, which considers the viscous property of lubricant type and bearing type and operation rotational speed. It has been used by many engineers for a wide range of applications. It enables considering load, speed, mean of lubrication and type of lubricant. Palmgren divided the bearing friction torque (C bf ) into two parts, one depending on load (C b0 ) and the other being load-independent (C b1 ). The frictional moment in bearing can be expressed as follows: Load independent friction moment [Nm] C b1 Load independent friction moment [Nm]
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 4214 Fig. 4-21 Bearing friction torque of Palmgren model

  Torque loss due to the oil [Nm] C rad Torque loss is due to radial load [Nm]C axl Torque loss due to the axial load[Nm] 
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 424 Fig. 4-24 Schematic of AMESim model for modelling the bearing loss
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 4 Fig. 4-25 2-DoF causal Bond-Graph model of nut-screw with fault failure
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 2 DoF models of MPT consider the effect of temperature in the same manner as the 1-D model does. The temperature sensitivity to the 2-DoF model of nut-screw is respectively shown in Fig 4-26. The temperature detector (De) is used to introduce the temperature effect on nut-screw compliance (dilatation) by element MC.
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 4 Fig. 4-26 2-DOF causal Bond-Graph model of nut-screw considering thermal behavior
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 4 Fig. 4-27 Advanced 2-DOF causal Bond-Graph model of nut-screw considering thermal behavior
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 4 Fig. 4-30 Implementation of 1-DoF basic model of MPT in AMESim
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 4 Fig. 4-31 Implementation of advanced submodel of MPT in AMESim
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 44 Fig. 4-32 Implementation of mechanical "0" junction of 2-DoF motion in AMESim
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 4 Fig. 4-34 Realization of 2-DoF cylinder pair in AMESim
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 44 Fig. 4-27, as explained in the nut-screw model.
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 44234 Fig. 4-37 Implementation of 2-DoF housing model in AMESim
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 4444 Fig. 4-40 Position responses of EMA with different MPT models of friction effects
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 14444 Fig. 4-44 Position demand and rod displacement performance
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 4 Fig. 4-47 Position responses in advanced model considering backlash
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 444 Fig. 4-48 Position responses in advanced model considering backlash

(

  MPT) of EMA has been developed in progressive way, based on system engineering (SE) process and simulation driven design (SDD) approach. By considering successively different physical effects with different levels of details, the 1-DoF and 2-DoF MPT models have been proposed using the Bond-Graph formalism. This enabled defining the model's architecture and causality with rigor. The main advances of the proposed MPT models and their numerical implementation consist in: -Distinction has been clearly made between perfect effect and parasitic effects (such as inertia, friction, compliance, etc.) -The structure of decomposition in 1-DoF and 2-DoF ways have been presented to facilitate model-based modelling and simulation. The key effects were incrementally introduced.

  to meet the reliability target. When multiple control surfaces are used, e.g. elevators or ailerons, the most common solution consists in driving one surface by two actuators. For this reason, the test bench is developed in order to perform real experiments for the assessment of position synchronization or force equalization in dual-channel actuation. The main objectives of the test bench are: Doctoral Thesis -Jian FU -to improve the knowledge of parasitic effects, e.g. for EMAs: friction, compliance (including backlash or preloading effects), digital implementation of controllers (signal filtering, sampling, quantization and saturation), -to allow different combination of actuators to be compared: HSA/HSA, HSA/EMA, EMA/EMA in either active/active, active/damping modes, -to load the actuators with forces that are representative of real operational conditions, including inertia effects and opposite/aiding airload, -to validate the proposed control laws for single channel or double channel operation: including position synchronization or force fighting features.

Figures 5 - 1 X 2 X

 512 Figures 5-1 (a) and (b) show the functional architectures associated with the position synchronization or force equalization tests, respectively.

Fig. 5 - 1

 51 Fig. 5-1 Architecture of the test bench (Top: Force Equalization, bottom: Position Synchronization)

1 )

 1 For example, a flight control surface inertia of 1 kgm 2 with a lever l= 50 mm will translate an equivalent surface mass M eq = 400 kg. The inertia is varied by adding mass on the rotating arm. c) Static and dynamic loading: One or two actuators are used as load generator(s) and closed-loop force controlled. The force sensor in mounted between the loading actuator rod and the inertia. It is selected in order to not introduce significant parasitic effects when the actuator is used as the test actuator. d) Position synchronization or force equalization tests: the two inertias can be decoupled or rigidly coupled. f) Structural compliances: the compliance of actuator body attachment to airframe and actuator rod transmission to load is reproduced as a single equivalent attachment compliance that can be easily set prior experiments. g) Control system: A/D and D/A conversion, acquisition and control of all four actuators are performed by a single real time target device that enables rapid prototyping of actuators control, force equalization or position synchronization. Doctoral Thesis -Jian FU h) Man-machine interfaces: Two PCs are needed and separated. One is in charge of some manual programming (test mode), offline parameters setting. The other is in charge of data collection and servo control realization.
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 521 Fig. 5-2 Schematic configuration of test bench
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 553 Fig. 5-3 Schematic 3-D view of test bench mechanical structure
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 535 Fig. 5-3 Anchorage stiffness measurements between EMA and frame
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 55 Fig. 5-5 Connection of PDE (mark LTi) and EMA [2]
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 56 Fig. 5-6 Power flow supply, control and measurements signal schematic of test bench
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 57 Fig. 5-7 Speedgoat program environment (MATLab/Simulink) and real-time display [3]

(5. 6 )Fig. 5 - 8

 658 Fig. 5-8 Tandem control structure for EMAs position synchronization
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 595 Fig. 5-9Example of master-slave position synchronization with velocity feedforward compensation[5] 
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 55 Fig. 5-11Example of conventional cross coupled control structure for position synchronization[8] 
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 55 Fig.5-14 Fuzzy logic optimal cross coupled control structure for position synchronization[16] 
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 5 Fig. 5-16 CCS structures for EMAs position synchronization

Figure

  Figure 5-16 (a) displays the CCS structure that uses both position error ( t ) and motor

  -16 (b), simply uses the EMA extension signals and introduces the velocity difference through the derivative action. In the same manner, the Doctoral Thesis -Jian FU derivative effect D can be seen as an "electrical" equivalent of a damper connecting the two EMAs rods. The synchronization control law is expressed as: Position proposition gain [Nm/m] K ir Position error integral gain [Nm/m s] K dr Position Derivative gain [Nm /(m/s)]
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 5 Fig. 5-17 Schematic of overall structure of EMAs position synchronization
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 5 Fig. 5-18 Linear model for EMAs position synchronization in MATLab/Simulink
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 55 Fig. 5-19 Full model for EMAs position synchronization in LMS-AMESim
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 5521 Fig. 5-20 Mission profile of position step demand and disturbance loads
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 25 Fig. 5-22 Mission profile of response to faults
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 5 Figure 5-23 shows the linear model (top) and full model (bottom) simulation results, in both linear and full models.Figure 5-24 shows the comparison of synchronization errors
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 555 Fig. 5-23 Position step response (top: linear model; bottom: full model)
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 5 25 shows the interest of PID-CCS synchronization. With PID-CCS controller, the synchronization error is significantly reduced in both linear and full models. The full model simulation results show more high frequency/low magnitude oscillations that come from realistic structure compliance between EMA housing and frame., because the position feedback in full model presented the relative displacement of the EMA rod and the housing.
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 55 Fig. 5-25 Position synchronization error of trapezoidal demand (top: linear model, bottom: full model)

  needs and consequent requirements (in particular model's replaceability). The EMA's model has been decomposed into generic elements according to the hardware components (powerConclusion 206Doctoral Thesis -Jian FU 

-

  Now in proposed advanced virtual prototype of EMA, the jamming and free-run faults were considered, which are concerning in mechanical domain. However, other types of faults from power drive electronics, motor and sensors are also important, such as open/short circuit of wiring, demagnetization of permanent magnets, etc. Therefore, better model of the EMA faults and evolution of fault detection and identification algorithm for Health Monitoring and Usage (diagnosis and prognosis) should be developed at the system-level.-The power losses of EMA were modeled in component level independently by introducing a thermal port based on Bond-Graph theory. However, the thermal model and analysis of the complete EMA should be developed and implemented, which should be concerned realistic effect of the heat exchange among the EMA components or between the component and the ambiance.

Figure A- 1

 1 Figure A-1 Relation of reference frames (ABC-dq) of 8 poles PMSM motor

e

  Base of natural logarithm equals 2.718 [-] K rsReplenishment/starvation constant for grease equals 610 -8 [-] d Bearing bore diameter [mm] D Bearing outside diameter [mm] K z Bearing type related geometric constant [-]Sliding frictional moment C slSliding friction is between the rolling elements of the bearings, when surface to surface contact of the balls in the races, and from the contact between the balls and the surfaces of the cage (or separator) of the bearing. It is calculated from the equation: Rolling friction variable[-] 



  factor for the sliding friction coefficient[-]  bl Coefficient depending on the additive package in the lubricant[-]  EHL Sliding friction coefficient in full filmRe sumeDans le domaine de l'aéronautique, les concepts basés sur l'usage étendu de l'électricité dans les aéronefs plus électriques (MEA) et même tout électriques (AEA) font appel à des actionneurs électromécaniques (EMA) en replacement des actionneurs servo-hydrauliques conventionnels (HSA). Lorsque les EMA sont utilisés pour des applications d'actionnement critique comme les commandes de vol, certains problèmes spécifiques liés à l'équilibre thermique, l'inertie réfléchie, le mouvement parasite dû aux élasticités structurelles, la réponse aux fautes (grippage et rupture) et la synchronisation d'EMA actifs sur charges indépendantes ne peuvent être ignorés. La simulation apporte un support indéniable à la conception pour l'évaluation et la validation des concepts. A cet effet, il est nécessaire de développer des prototypes virtuels des EMA avec une vision système et de façon structurée pour répondre aux besoins des ingénieurs. Malheureusement, les phénomènes physiques qui apparaissent dans les EMA sont multidisciplinaires, couplés et fortement non linéaires. De nombreux logiciels commerciaux de simulation système multi-domaines sont désormais disponibles. Cependant, le processus de modélisation et les besoins des ingénieurs sont rarement pris en compte selon une vision globale, en raison du manque d'approches scientifiques pour la définition d'architectures, la modélisation incrémentale et l'amélioration de l'implémentation numérique des modèles. Dans cette thèse, le prototypage virtuel de l'EMA est adressé en utilisant le formalisme Bond-Graph. De nouvelles approches sont proposées pour permettre la modélisation incrémentale de l'EMA en vue de fournir des modèles pour la synthèse de la commande, l'évaluation de la consommation d'énergie, l'analyse thermique, le calcul des forces de réaction, la simulation de la pollution du réseau d'alimentation électrique, la réponse aux fautes et l'influence de la température. L'intérêt des modèles proposés est illustré sur l'exemple de la synchronisation de position de deux EMA actionnant des charges indépendantes. A partir de ces situations, ces travaux de the se sont organise s en cinq chapitres. Dans le Résumé 222 Doctoral Thesis -Jian FU Chapitre 1, les besoins techniques et les exigences ont e te propose s pour les activite s de prototypage virtuel (en particulier, bonnes proprie te s pour les mode les). Le mode le de l'EMA a e te de compose en e le ments ge ne riques selon les composants mate riels (e lectronique de puissance, moteur e lectrique et transmission me canique). Le formalisme Bond-Graph a e te se lectionne pour soutenir la mode lisation incre mentale au niveau syste me tout en satisfaisant les contraintes de causalite . Dans ce chapitre 1, il a e te propose de: Ge rer activement les causalite s pour permettre de combiner plusieurs types d'effets (fonctionnels/parasites) ainsi que des mode les multi-objectifs (dynamique, thermique, etc.).  Analyser les pertes d'e nergie qui influent sur l'e quilibre thermique de l'EMA pour reproduire l'effet boule de neige et donc le dimensionnement de composants. Associer syste matiquement les ports thermiques aux effets dissipatifs, ce qui permet au passage de prendre en compte l'influence de la tempe rature sur ces phe nome nes. Chapitre 2 est de die a la commande en position des EMA. Le correcteur de type cascade met en oeuvre des boucles position / vitesse / couple et est pre de termine sur la base d'un mode le line aire associe a un faible nombre de non-line arite s. Les travaux ont montre :  L'impact des limitations de puissance (comme les saturations de couple et vitesse) sur la performance de la commande par rapport a un mode le line aire pur.  L'impact sur la dynamique de la boucle de courant du moteur du re glage de son correcteur PI, en particulier concernant la stabilite et le rejet des perturbations de tension contre-e lectromotrice lie es a la vitesse du moteur.  L'effet du jeu de transmission sur la chaine me canique entre le moteur de l'EMA et la charge. L'introduction d'un retour de force a nettement ame liore la pre cision de la position de charge et re duit l'effet de re sonance. La suite du travail a consiste a introduire les diffe rents effets parasites pour ame liorer les re alisme des mode les, qui deviennent alors fortement non-line aires. Le Chapitre 3 a porte sur le prototypage virtuel de l'e lectronique de puissance et du moteur e lectrique :  Les diffe rents effets ont e te progressivement introduits a partir d'une mode lisation incre mentale a l'aide du formalisme Bond-Graph, depuis le mode le parfait jusqu'au Résumé Doctoral Thesis -Jian FU 223 mode le de niveau avance . Les pertes de conduction et de commutation ont e te conside re es pour l'e lectronique de puissance. Les pertes Joule, fer (hyste re sis et courant de Foucault) ainsi que le couple de de tente ont e te pris en compte pour le moteur e lectrique. La sensibilite a la tempe rature a e te introduite tant pour l'e lectronique de puissance que pour le moteur.  Suivant l'approche de mode lisation incre mentielle propose e, 6 niveaux de mode les ont e te propose s et imple mente s dans l'environnement de simulation LMS-AMESim. Ils ont e te teste s et ve rifie s pour diffe rentes excitations. De son co te , le Chapitre 4 a concerne la transmission me canique :  Un mode le inte gre a 1 de degre de liberte a e te propose sur la base d'un mode le Bond-Graph. Il combinait un syste me vis-e crou parfait a des effets parasites (frottement et jeu), permettant l'introduction possible de de faillances. Cette approche 1D a permis de proposer des mode les de complexite croissante (de purement fonctionnel a expert). Un mode le plus avance et re aliste a deux degre s de liberte (translation et rotation) a ensuite e te propose . Plusieurs sous-composantes ge ne riques ont e te de compose es en conside rant les causalite s et la ge ne ricite des mode les. Les pertes de frottement des roulements et des joints ont e te mode lise es et le comportement thermique a e te conside re . Le mode le ame liore le re alisme des re ponses vis-a -vis du jeu, du frottement et de l'injection de fautes (grippage, usure). Chaque mode le a parame tres globaux, conservait les me mes interfaces quel que soit son niveau de de tail. Il e tait e quilibre du point de vue e nergie et actions. Comme pour la partie e lectrique les mode les ont e te imple mentes dans l'environnement de simulation LMS-AMESim. A travers divers exemples, il a e te montre comment ces mode les e taient adapte s a des ta ches d'inge nierie diverses, comme par exemple la conception, la synthe se de la commande, l'analyse de l'e quilibre thermique et la re ponse aux fautes. Le Chapitre 5 a rapporte la conception d'un banc d'essai d'actionnement impliquant 2 Résumé 224 Doctoral Thesis -Jian FU actionneurs servo-hydrauliques et 2 actionneurs e lectrome caniques. Ce banc est destine a e valuer expe rimentalement les strate gies de synchronisation de position lorsque de EMA doivent actionner de façon synchrone deux charges inde pendantes. La strate gie pre liminaire de synchronisation de position a ensuite e te aborde e a permis de de finir une fonction de synchronisation de type PID (PID-CCS) qui a e te valide e par simulation. Il a e te en particulier montre que la synchronisation e tait efficace pour des charges tre s diffe rentes ou en pre sence de de fauts dans la transmission me canique. Suite a ces travaux de the se, les voies d'ame lioration et les perspectives de travaux futurs peuvent e tre e nume re es comme suit:  De velopper un meilleur mode le des fautes de l'EMA et proposer des mode les d'e volution de ces fautes pour permettre la mise en oeuvre d'algorithmes de Health-Monitoring (de tecter, identifier les fautes et pre voir leur e volution dans le temps).
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 11 Various secondary powers in an Airbus A330

Table 1 - 2

 12 Summary of actuator technology development[3] 

	Decade	Actuator	Signaling	Powering
	~-1940s	Null	Mechanical Cables	Human Mechanical
	1950s	Hydro-Mechanical Actuator (HMA)	Mechanical Cables	Human Mechanical + Hydraulic Assist
	1960s	HMA (with stability augmentation)	Mechanical Cables	Hydraulic
	1980s	Hydraulic Servo Actuator (HSA)	Electric Wires (Fly-By-Wire)	Hydraulic
	2000s	HSA & Electrically powered Actuator (Electro-hydrostatic actuator(EHA), Electromechanical actuator (EMA))	Electric Wires (FBW)	Electric + Hydraulic (Power-By-Wire)
		EHA & EMA	Electric Wires (FBW)	Electric (PBW)
	2020s?			
		EHA & EMA	Optical Fiber Cables (Fly-By-Light, FBL)	Electric (PBW)
		EMA	Optical Fiber Cables (Fly-By-Light, FBL)	Electric (PBW)
	2030s?			
		EMA	Wireless Protocol (Fly-By-Wireless, FBWL)	Electric (PBW)

  Today, advanced technologies are developed in electrical and electronics domains, which provide a wider use of PbW actuators. Because of maturity and response to failure, PbW does

not enable removing all conventional actuators (e.g. HSA). But nowadays in aerospace industry for new generation aircraft design, the electrically supplied actuators, especially EMAs, are being more and more considered.

Command signal 2 Airframe EMA 2

  

				Electric Power Supply			
				EMA 1				
	Signal bus	Monitoring informations	Command signal 1 Velocity feedback 1	Motor Power Drive Electronics 1	Sensors	Airframe	Surface 1	Aerodynamic Load 1
	Pilot	EMA						
		controller 1						
		Synchronization	Position/force feedback 1				Aerodynamic
		EMA		Position/force feedback 2				Load 2
	Autopilot	controller 2						
								Surface 2
						Sensors		
		Monitoring						
		informations			Motor			
				Electric Power Supply		

1  i w Power Drive Electronics 2 2  i w Velocity feedback 2

Table 1 - 3

 13 Model architectures of EMA power devices vs. engineering needs

							Engineering needs			
	Model Architectures	Functional	Power	sizing	Thermal	balance	Natural dynamics	Stability accuracy	Consumed	energy	Failure response	Load propagation	Reliability
	PDE												
	perfect transformer	Y	Y	Y	Y	Y	Y	Y	Y	Y
	dynamic torque function	Y	N/A	N/A	P	Y	N/A	N/A	N/A	N/A
	power source with losses	N/A	Y	Y	N/A	N/A	Y	P	N/A	N/A
	EM												
	perfect converter	Y	Y	Y	Y	Y	Y	Y	Y	Y
	with power losses	N/A	Y	Y	Y	Y	Y	N/A	N/A	N/A
	advanced model	N/A	Y	Y	P	P	Y	N/A	P	N/A
	MPT												
	perfect transformer	Y	Y	Y	Y	Y	Y	Y	Y	Y
	with friction losses	N/A	Y	Y	Y	Y	Y	Y	P	P
	with compliances	N/A	P	N/A	P	P	N/A	P	P	P
	with faults injections	N/A	N/A	N/A	N/A	p	N/A	Y	N/A	Y
	Note: Y means yes; P means possibly but depending on relative level; N/A means not applicable.					

Table 1 -

 1 

		4 Bond-Graph variables
	Physical domain	Effort(e)	Flow(f)
	Electrical	Voltage(V)	Current(i)
	Mechanic(rotation)	Torque(C)	Angular velocity(w)
	Mechanic(translation)	Force(F)	Velocity(v)
	Magnetic	Magneto-motive force(E m ) Magnetic flux(y)
	Thermal	Temperature(Q)	Entropy flow (𝑆 )

Electric Motor Nut-screw Power Drive Electronics

  

						Aircraft					
						response		Electric power		
									network		
	(Auto)pilot command	Computers Flight Control	Position demand Faults	X	c	Actuator Electronics Control	C	*	Torque reference for cycle		surface angle	effort Aerodynamic
			info.									 s
												C	ad
						Current loop		Sensor	X	e
						Velocity loop			Airframe	Sensor		e x F
												Surface
						Position loop					
			Fig. 2-1 Schematic architecture of an EMA actuation system	

Simplified Fig. 2-4 Simplified EMA model by word Bond-Graph 2.2.2 Conventional Controller Design (1) Open Loop Model

  

						Chapter 2 Individual EMA Controller Design
	X e		EMA rod displacement [m]	Us Is	
	Position	Control System		
	G p (s) Applying Laplace transform to the upper equations (2.1) to(2.4), the displacement X s can be G v (s) Motor Nut-screw Surface Um Cm Fe Ve Fex PDE + G i (s) C* Im Vex Command Xc wm
	expressed as:		Im	xe
			wm		
			xe		  Xs s		  ms ex C s F s   2 2 2 *  J M s p 4  2 p     	(2.5)
	s		Laplace variable [-]		
	It is worth mentioning that equation (2.5) shows that even a small motor inertia will reflect a
	The torque balance at the motor shaft is: huge equivalent mass (because p is very small) at the EMA rod level, which strongly affects
	the system dynamic performance:	C C 	J	ω	(2.1)
					m	em	m	m
	C m	Torque output of motor shaft [Nm]		C em Motor electromagnetic torque [Nm] 2 2 4 mm MJ  	(2.6)
	J m	Motor rotor inertia [kgm 2 ]			w m Motor angular velocity [rad/s] p
	The mechanical power transferred from rotational motion into translational one through the Mass reflected at load level by the motor M m rotor inertia [kg]
	nut-screw is: Also equation (2.5) shows that the open loop of the EMA linear model is a second order
	m em ω 2 2 e p V FC p     system, with a double pole at origin (double integrator). The absence of damping is explained    (2.2) by the deliberate omission of the viscous friction, which corresponds to the worst case     scenario regarding stability. The equivalent block diagram of the open loop EMA linear model
	V e F e can be presented in Fig. 2-5, EMA output linear velocity [m/s] EMA output force [N]		p	Lead of roller screw [m]
	The surface dynamics equation can be expressed as:
					 F F M X	(2.3)
					e	ex	s s
	F ex Aerodynamic action force [N]			M s Equivalent flight surface mass [kg]
	X s	Equivalent surface linear displacement [m]
						-4. However,
	when the current loop is ignored, the input of the motor (actually its mechanical part) For small angular displacements of the surface (aileron) around the neutral position, it can be
	becomes the electromagnetic torque C em . If torque saturation of the motor is not considered, assumed that:
	the electromagnetic torque C em is equal to the command signal C* elaborated by of the velocity XX  (2.4)
						se
	controller.		
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where H a (s) is the adjusting transfer function; H d (s) is the disturbance transfer function.

  

	The adjusting chain transfer function			
			( ) H s	F
			d		e x
			( ) H s
			a	
		C		
	C			
		m			X
	e m			
					s
			( ) H s
	1			
			a	
	Fig. 2-5 Bloc diagram of open loop EMA linear model
	Then equation (2.5) is expressed as:			
	( ) * X H s C H s F ( )  =	(2.7)
	s	a	d	ex
					Doctoral Thesis -Jian FU

* C

H a (s):

  

	() Hs a	=	X C	* s		2 2 sm 1 4 J s p    p M 2   	2	(2.8)
	The adjusting chain transfer function H d (s):			
	() Hs d	= s X F ex		2 2 1 4   M J s  sm  p	2

Torque saturation,C lim /C rmax ,% log(t ss /t su )

  

							Chapter 2 Individual EMA Controller Design
	1.6							20% speed saturation		
								40% speed saturation		
								60% speed saturation		
	1.4							80% speed saturation		
								no speed saturation		
	1.2				w lim /w rmax		no speed, no torque saturation	
	1										
	0.8										
	0.6										
	0.4										
	0.2										
	0										
	0	10	20	30	40	50	60	70	80	90	100
						-10 and Fig. 2-11 (K' p and K' v are automatically
	recalculated for the new set of parameters according to Eq. (2.18) that applies for unsaturated
	EMA).										
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Torque saturation,C lim /C rmax ,% log(  ps /  pu )

  

	20% speed saturation
	40% speed saturation
	60% speed saturation
	80% speed saturation
	no speed saturation
	no speed, no torque saturation
	w

lim /w rmax

  

Table 4 - 6 .

 46 EMA motor parameters[7] 

	Parameter	Value	Parameter	Value
	Motor windings resistance R			

m () 1.77 Motor torque constant K m (Nm/A) 1.65

Motor winding inductance L m (H) 6.78 10 -3

  The system stability is ensured if all the entries in the first column of the Routh table are positive. Satisfying this condition leads to the following single constraint:

	k	eq		ns ns kk kk 	(2.51)
	2 kK  	(2.52)
		np	
				p	
	Equation (2.52) indicates that the EMA proportional gain K p is upper bounded by the
	compliance k n .				

50)

Where: Doctoral Thesis -Jian FU Substituting equations (2.12) and (2.13) into equation (2.52) enables checking whether or not the specified response time ˆs t is consistent with the compliance k n and the total translating mass (M m plus M s ):

Table 4 -

 4 5 EMA desired mission and mechanism parameters

	Parameter	Value	Parameter	Value
	Desired response time at +/-5% ˆs t (s)	0.05	Nut-screw stiffness k n (N/m)	3 10 8
	Desired maximum first overshoot ˆp  (-)	5%	Structural stiffness k s (N/m)	5 10 7

Surface equivalent mass M s (kg) 600 Lead of roller-screw p (mm) 2.54

  Carpentier, F. Puel, C. Cros, B. Pin, and L. Gerbe, "Stability analysis using a coupled model of TVC actuator control loop and structural dynamics of a Launch Vehicle," in 4th European Conference for Aerospace Sciences(EUCASS), 2011.[13] D. E. Schinstock, D. A. Scott, and T. A. Haskew, "Transient force reduction in electromechanical actuators for thrust-vector control," Journal of Propulsion and Power, vol. 17, pp.65-72, 2001. 
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[12] B.

Table 3 - 3

 33 Temperature dependency of the magnet material

	Magnet material	Value ( m )
	Ferrites	-0.002
	Nd 2 Fe 14 B	-0.0013
	SmCo	-0.0005
	AlNiCo	-0.0002

Table 3 - 4

 34 Choices of motor and PDE for EMAs system-level modelling and simulation

Table 3 -

 3 5 EMA controller, mechanical transmission and load parameters

	Parameter	Value	Parameter	Value
	G p (s) position P-gain K p (rads -1 m -1 )	4500	Current loop integral gain K ii (V s -1 /mA)	17.7
	G v (s) velocity P-gain K v (Nm/(rad/s))	0.47	Lead of roller-screw p (mm)	2.54
	Amplifier saturation velocity (rad/s)	314	Structural stiffness k s (N/m)	510 9
	Amplifier saturation torque (Nm)	10	Structural damping b s (Ns/m)	110 4
	Current loop proportional gain K ip (V/A)	67.8	Equivalent surface mass M s (kg)	600
	Other generic parameters of PDE and EM are listed in Table 3-6, which links to different
	modeling levels by complexity.			

-29, which can replace the standard motor model. It implements Eqs. (3.24), (3.26) and (3.27) using standard blocks from the library for signals (functions of one variable) and for mechanics (torque summation, friction, sensors). A specific model is created to provide the speed sum that corresponds to the 0 junctions.
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 36 Parameters of PDE and EM for multi-level modelling and simulation

	Parameter	Value	Reference source	Level 1	Level 2	Level 3	Level 4	Level 5	Level 6
	Total inertia of rotor and screw J m (kgm 2 )	0.00171							
	Current loop damping factor  i (-)	0.7							
	Current loop natural frequency  i (Hz)	600							
	Motor windings resistance R mw ()	1.77	Motor						
	Motor windings inductance L m (mH)	6.78	datasheet of Exlar EMA						
	Motor torque constant K t (Nm/A)	1.65	[33]						
	Motor rated torque C N (Nm)	10							
	Number of pole pairs n p (-)	4							
	Supply DC voltage U s (V)	565							
	Transistor on-state resistance R ton ()	0.013							
	Diode forward resistance R don ()	0.0087	IGBTs datasheet						
	Transistor forward voltage drop (V)	1	[34, 35]						
	Diode forward voltage	1.3							

Note:  : must be applicable;  : may be applicable;  : cannot be applicable

Table 4

 4 

-1, there are 6 candidate orders of 1-DoF MPT model decomposition. The intention to enable friction to be linked to

Table 4 -

 4 

2 Causal cases for a 2-ports passive power transmission device

[6] 

Table 4 - 2

 42 Analytical description of Palmgren model for calculation of bearing friction moment

	Conditions	Load independent moment (bearing speed)	Load dependent moment (load)

Table 4 - 3

 43 Analytical description of AMESim model for calculation of bearing loss

	Conditions	Oil torque loss	Radial torque loss	Axial torque loss
	n  	2000	9.78 10	8	 	2/3	3

Table 4

 4 

	-4.
	For 1-DoF modeling and 2-DoF modeling, parameters can be found either in the product
	datasheets, from former experimental data or assumed for engineering experience. The 1-
	DoF model parameters are given in Table 4-5, the2-DoF model parameters are given in Table
	4-6. It is worth remarking that these tables explicitly mention the source of information and
	the uncertainty for the numerical value of each parameter. In practice, this information is of
	prior interest for concurrent engineering and for performance sensitivity studies,
	respectively.

Table 4 -

 4 4 EMA controller, electric power drive electronics and load parameters

	Parameter	Value	Parameter	Value
	G p (s) position P-gain K p (rads -1 mm -1 )	45	Amplifier saturation velocity (rad/s)	314
	G v (s) velocity P-gain K v (Nms/rad)	0.47	Structural transmission stiffness k t (N/m)	5 10 9
	Current loop damping factor of PDE w i	0.7	Structural transmission damping B t (N/(m/s))	1 10 4
	Current loop natural frequency of PDE  i (Hz)	600	Surface equivalent mass M s (kg)	600
	Amplifier saturation torque (Nm)	10		

Table 4 - 5

 45 Parameters of 1-DoF model

	Parameter	Value	Level	Reference source	Confidence
	Nut-screw stiffness k s (N/m)	3 10 8		Scaled from	
	Nut-screw transmission damping B s (N/(m/s))	1 10 4		former experiments [9]	High
	Lead of screw p (mm)	2.54			High
	Rotor inertia integrated with nut-screw (kgm 2 )	0.001717	Basic	Datasheet of	High
	Viscous friction coefficient (Nm/(rad/s))	0.003		Exlar EMA [25]	High
	Rod mass (kg)	1			Medium
	Coulomb friction force F cl (N) 7590			
	Stribeck friction force F s (N)	-4702			
	Reference speed for Stribeck friction force v s (m/s) Mean coefficient of external force a (-)	0.035 0.218	Advanced	Scaled from former experiments [26]	High
	Quadrant coefficient b (-)	-0.13			
	Backlash value x 0 (mm)	-		-	Low

Table 4 - 6

 46 Parameters of 2-DoF components

	Parameter	Value	Component	Reference source	Confidence
	Rotational spring stiffness to anti-rotation k hr (Nm/rad) Rotational damping B hr (Nm/(rad/s))	389.6 1.25	Housing	Scaled from former experiments [9]	Medium

  Chapter 5 Test Bench and Preliminary Study of Position SynchronizationDoctoral Thesis -Jian FU 175 actuator reflected mass. Its stiffness, 8 10 8 N/m, corresponds to 16 times the test bench structural stiffness, 5 times the EMA stiffness (1.5 10 8 N/m, that of 0.1 mm at 15 kN loading)

Table 5 - 1

 51 Main mechanical configuration data of test bench

	HSA	EMA	Load
	Make: HiFi QUIRI	Make: Exlar	Lever: 80 mm
	Stroke: 150mm	Stroke: 150mm	Equivalent translating
	Max Speed: 500mm/s	Max Speed: 127mm/s	mass: 600 kg
	Max Force: 30KN	Max Force: 15KN	Anchorage stiffness:
	Supply Pressure: 14MPa	Supply Voltage: 400V/6.5A	1.4×10 8 N/m
	Remarks:		

Table 5 - 2

 52 Main signals involved on test bench

	Description	Symbol	Sensor	Physical Range
	EMA Rod Extension (A/B)	X1, X2	RC20-150	-75mm~+75mm
	HSA Rod Extension (A/B)	X3, X4	LVDT (integrated)	-50mm~50mm
	EMA Motor Velocity (A/B)	w A , w B	PDE Analog Output	-3000rpm~+3000rpm
	EMA Anchorage deformation (A/B)	D1, D2	RC20-25	0~+25mm
	EMA Output Force (A/B)	F1, F2	U10M/25	-25KN~+25KN
	HSA Output Force (A/B)	F3, F4	U10M/25	-25KN~+25KN
	EMA Torque Demand (A/B)	C* A , C* B	Speedgoat Out 1 (A/B)	-10Nm~+10Nm
	HSA Servo valve Amplifier Input (A/B)	I A , I B	Speedgoat Out 2 (A/B)	-50mA~+50mA

  5-16 (a) displays the CCS structure that uses both position error ( t ) and motor velocity error (e w ) as input. The  t is controlled by a proportion-integral (PI) structure and e w is introduced by a pure proportional action of gain P. That can be given:

		( +  ir ) e ww K pr t p C K s K	(5.8)
			s
	K pr PI position proposition gain [Nm/m]	K ir Position error integral gain [Nm/m s]
	K pw	Speed error proportional gain [Nm /(rad/s)]	e w

Table 5 -

 5 

		7 Parameters of controllers	
	Item	Parameter	Value
		Position proportional gain K p (Nm/m)	45000
		Velocity proportional gain K v (Nm/(rad/s))	0.55
		Force controller pure gain K f (Nm/N)	0.005
	EMA individual controller	Force controller low-pass filter gain K lp (-)	0.06
		Force controller low-pass filter frequency f lp (Hz)	3
		Force controller high-pass filter gain K hp (-)	0.6
		Force controller high-pass filter frequency f hp (Hz) 15
		Position proposition gain K pr (Nm/m)	1 10 5
	PID-CCS controller	Integral gain K ir (Nm s/m)	8 10 5
		Differential gain K dr (Nm /(m/s))	5 10 3
	Digital	Sampling period (s)	0.0005
	Implementation	Quantization voltage (V)	0.001
	in full model	Discrete PID-CCS output torque limitation (Nm)	±10
	(a)		

Normal Operation under Position Step Demand

  

	A step demand (10 mm position step signal at t = 0.1 s) is used to test the position
	synchronization performance in normal mode, under two different load disturbances. The
	two external forces are square waves of 0.6 s period. The magnitude for EMA_A is 5 kN
	(applied at t = 0.6) and the magnitude for EMA_B is 15 kN (with a 0.3 s phase delay and
	applied at t = 0.9 s). The mission profile is shown in following Fig.5-20.	
		10										
	Position (mm)	4 6 8										
		2										
		0	0	0.2	0.4	0.6	0.8	1	1.2	1.4	1.6	1.8	2
								Time (s)				

Table 5 - 8

 58 Position synchronization performance comparison of linear and full model-Step responseLoad position tracking performance can be easily assessed using this mission profile. The interest is put on the comparison of synchronization errors.

			Synchronization	Maximum error
	Mission of step response	Control Schema	error  s (mm) ITAE MAX	ratio (%) E MAX /Max travel
	Linear model	Without PID-CCS control With PID-CCS control	0.16 0.09	0.81 0.17	8.1% 1.7%
	Full model	Without PID-CCS control With PID-CCS control	0.16 0.08	0.67 0.28	6.7% 2.8%
	(b) Trapezoidal Position Responses			

Table 5 -

 5 10 Position synchronization performance comparison -Failures

			Synchronization	Maximum error
	Mission of failure case 1	Control Schema	error  s (mm) ITAE MAX	ratio (%) E MAX /Max travel
	Linear model	Without PID-CCS control With PID-CCS control	84.7 4.2	10.2 0.97	34% 3.2%
	Full model	Without PID-CCS control	84.4	9.8	32.7%
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Numerical Simulation and Analysis

In this section, the object is to illustrate how the PDE and ME models become more realistic when the modelling level is increased. For this reason, a basic model of mechanical transmission is used in all levels. Power losses and compliance are not considered and the inertial effect of the mechanical power transmission is included in the motor rotor inertia parameter. There is no change too in the controller parameters between the different model levels. The parameters of the EMA controller (as in Chapter 2), ideal mechanical transmission and load are listed in Table 3-5. Doctoral Thesis - Jian FU preload (if exists) and to the transmitted force to load, which is in favor of options 1 and 2. In cases #1 and #2, locating the frictional effect upstream the compliance effect is found more realistic regarding the dynamics and damping of the rotating and translating parts. This finally leads to select option 1 for 1-DoF modeling. The PDE model uses second order function, which considers motor current loop dynamics.

The motor model is assumed to be a perfect power converter, which has no electric parasitic effect but with of rotor inertia.

EMA Controller

Rod position feedback

Xt wm

Position command

Xc

Velocity limit

Kp KV

Motor velocity feedback Remark: attention has to be paid to the position and velocity sensors. Indeed, when parasitic Doctoral Thesis - Jian FU 159 parameters seen Table 4 The modelling and simulation study for different models of MPT in this section are run using the same mission profile as used in chapter 3 for EMAs aileron position control. Different levels of simulation models of MPT were respectively assessed: a perfect/ideal 1-DoF model (level 0) without friction and compliance effects, a basic 1-DoF model (level 1), an advanced 1-DoF model (level 2) and an advanced 2-DoF model (level 3).

EMA

Interest for Control Design

The performance requirements are expressed in terms of closed-loop stability, dynamics and accuracy for both position pursuit and load rejection. A pilot step demand X c for aileron position (10 mm at t=0.1s, 6.6% full stroke), followed by an external aerodynamic force disturbance F ex (10 kN at t=1s, 65% rated output force) are applied in following simulations. Both simulated responses are stable. Firstly, it can be seen that the friction effect increases EMA system damping and affects dynamic performances when compared to the model of level 0. In level 3, because bearing friction and nut-screw friction are considered, the system response is slower. Secondly, in 1-DoF models, the perfect model of level 0 considers infinite Doctoral Thesis -Jian FU 161

Interest of Relative and Coupled 2-DoF Motion

In MPT models of level 0, 1 and 2, only 1-DoF motion of translation for the screw (rod) or rotation for nut (rotor) can be addressed and the relative motion between EMA bodies or components (bearings or support) is not available. -Jamming: in the proposed behavioral MPT models, jamming can be simulated by increasing the friction force parameter (F jam ). The response to jamming is simulated, Fig. 4-49

for 4 times at which the jamming fault is triggered: during the rising position (at t = 0.18 s, black curve), in the overshoot domain (at t = 0.24 s, red curve), in steady position (jamming triggered at t = 0.65 s, blue curve) then after application of aerodynamic load (at t = 1.15 s, pink curve). As expected, the rod position is locked immediately. Doctoral Thesis - Jian FU 199 model, has been performed using the absolute MAX and ITAE criterion, Tab. 5-9. This appendix introduces the comparison of two types of 3-phase motor: BLDC and PMSM, the PMSM has more the advantage that is more suitable for aerospace application, and PMSM is considered in this thesis study.

Two ways are most used to separate BLDC and PMSM. From flux distribution communication, the sinusoidal back EMF waveforms type is known as PMSM and the trapezoidal type is called BLDC motor. From arranging magnets structure on the rotor, PMSM can be designed as surface-mounted type (round) or interior periphery of rotor laminations type (salient-pole).

But for BLDC prefers to surface-mounted type design. For simplify used, usually the surfacemounted type PMSM we call it BLDC motor.

1) Power factor

Assuming BLDC and PMSM RMS value of the induced EMFs is equal and denoted by E p , For BLDC the excitation waveforms of the trapezoidal communication, the peak values of the stator currents I b , only two phase conduct current at any time the power output is contributed by only two phases. On the contrary, the PMSM sinusoidal communication has currents in all its phases, the peak values of the stator currents I p , and hence the power output is contributed by all the three phase.

For BLDC, the output power output can be calculated using RMS, given as follows:

For PMSM, the output power output can be calculated using RMS, given as follows: From equation (A.1) and (3.31), if to equal the copper losses in BLDC and PMSM, the BLDC have 15% higher power density than the PMSM. If to equal the power density for PMSM and BLDC, the PMSM have the more the power losses in motor and power drive, because it need more the phase current. So higher cooling of the devices in the power drive and in the PMSM are needed to enhance the thermal reliability of the motor control system [1].

2) Device needed

For trapezoidal communication, the signals are derived from a position sensor whose resolution has to be only six times the fundamental frequency of the motor, i.e., usually using Hall sensor. By contrast, the sinusoidal drive system has to have position information continuously to construct the sinusoidal current command, which needs to determine the resolution of the position sensor, i.e., usually the 8, 10 and 12 bits position per revolution encoder or resolver is needed, which has high cost and more complicated installation as against the Hall application.

3) Torque ripple

Regarding flux distribution in BLDC, the trapezoidal communication control is to get the trapezoidal flux distribution for obtain the ideal square wave current and the ideal back EMF trapezoidal waveform. If the stator windings with star connection, and no midline, the stator phase currents are constrained to be balanced:

Generated electromagnetic torque is given by:

The relationship of angular potion and angular velocity can be obtained by following equation:
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By substituting equation (A.6) into (A.4), the electromagnetic torque can be modified as:

In equation (A.7), the currents in BLDC are trapezoidal in shape, so the electromagnetic torque has the torque ripple. While PMSM offers the sinusoidal flux distribution, the severity of such pulsations is absent in the sinusoidal EMF type PMSM as their currents are sinusoidal.

According to equation (A.7), the torque ripple will not take place on the electromagnetic torque, which can be considered a constant torque.

Therefore in theory, PMSM has a constant electromagnetic torque can be controlled and modeled as an equivalent DC motor. In addition, in high-performance an application, torque ripple is always becomes unacceptable. So nowadays application for aerospace EHA, EMA actuation system, when the position control precision is strict the sinusoidal back EMF waveforms PMSMs are preferred to the trapezoidal type BLDCs.

4) PMSM Control Strategy

The sinusoidal flux distribution PMSM motor is preferred to study in this thesis. Vector control proves and provides the decoupling between torque and flux channels [1]. To analyze the PMSM control, the d-q reference frames model is most developed. This method not only can be used for analysis of PMSM steady-state performance, and can also be used to analyze Doctoral Thesis - Jian FU 215 

The fluxes can be expressed in the Park's transformation, a rotating reference whose position is given by the electrical angle. The stator phases A, B, C are then replaced by fictive phases d, q can give as follows:

The electromagnetic torque equation is given by:

For surface-mount type PMSM, the stator cyclic inductances are defined as follows:

By substituting equation (A.11) into (A.12), the electromagnetic torque can be modified as:

The stator current can be given as: 

Appendix B SKF Bearing Loss Model

The SKF total moment of friction can be expressed as: 

Rolling frictional moment C rr

The rolling frictional moment is calculated from the equation:

G rr

Variable represents the influence of the bearing type [-]

 ish Inlet shear heating reduction factor [-]  rs kinematic replenishment/ starvation reduction factor [-] In EMA system, the deep groove ball bearings are mostly used. The design coefficients and coefficients for the calculation can be taken from the SKF Catalog. The rolling friction variable G rr for the deep groove ball bearing is given by

The R 1 and R 2 are the geometry constants for rolling frictional moments and are dependent on the bearing type. The angle  F is defined as:

However, the rolling friction is affected by two key factors:  ish and  rs . For  ish , in a lubricant flow, the lubricant is exposed to shear forces caused by the movement of the rolling elements.

This produces heat and therefore reduces rolling moment of friction due to the negative sensitivity of viscosity to temperature. So  ish is calculated by: Doctoral Thesis - Jian FU 219 conditions [-] The  bl has the calculated function: 

Frictional moment of seals C seal

To protect the rolling elements and races from the operating spaces, the bearings are fitted with contact seals, the seals frictional loss are generated by the bearings. To estimate the seals loss using: 

Fig. B-1 Oil level H [2]

The drag loss shows that when a large amount of fluid is present in the bearing races, it has a Doctoral Thesis - Jian FU disturbing effect on the rotation speed. The definition of C drag for ball bearing is given by:

The ball element related constant which related to its geometry is defined as: