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INTEGRATED HEALTH MONITORING FOR ROBUST ACTUATION 

SYSTEM OF UAV PRIMARY FLIGHT CONTROLS 

 
Andrea De Martin*                        Giovanni Jacazio*                        Massimo Sorli* 

 

* Politecnico di Torino - Department of Mechanical and Aerospace Engineering  

 
 

ABSTRACT 

 

The research activity described in this paper is aimed at developing a high integrity 

mechatronic system for UAVs primary flight controls able to ensure the necessary flight safety 

and to enhance the system availability by implementing appropriate Prognostics and Health 

Management functions.  In this system a flight control surface is driven by two parallel 

rollerscrew driven by brushless motors equipped with gearhead and clutches; the motors 

electric drives are controlled by dual redundant electronic units performing closed loop position 

control.  Provisions are taken in the motor drives to provide damping in the event of 

simultaneous failure of both actuators.  The electronic units perform control, diagnosis and 

prognosis of the actuation system and mutually exchange data via a cross channel data link.  

System health monitoring and prognosis is performed by dedicated algorithms based on a 

combination between particle filtering, Artificial Neural Networks and data driven techniques 

processing the control and feedback signals during flight and dedicated preflight checks.  A 

smart mechatronic system is obtained providing high integrity control of an aerodynamic 

surface with dual mechanical link, dual power source and quadruplex control. 

Keywords: EMA, flight control system, PHM, prognostics, Health Monitoring 

 

 

1 UAV PRIMARY FLIGHT CONTROLS ACTUATORS 

REQUIREMENTS 

Pursuing an enhanced reliability is an essential need to 

improve UAVs’ mission availability. This is a critical issue 

for UAVs, since system redundancies are often omitted to 

reduce cost and weight, taking shortcuts that would be 

unacceptable in manned aircraft. As with reliability, 

survivability is often traded for lower acquisition costs since 

an aircraft loss is a more acceptable risk when no aircrew is 

involved. A less than optimal survivability can be 

theoretically accepted for UAVs performing highly 

dangerous missions, but it thwarts the willingness of using 

them if UAVs repeatedly fail to accomplish their mission 

objectives. High survivability is therefore necessary to 

ensure that UAVs are mission effective. Flight Control 

Systems (FCSs) have historically been the single largest 

contributor to UAVs incidents [1-4]. 

Contact author: Andrea De Martin
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As such, reliability improvements in this area would 

critically contribute to reduce the mishap rate, hence 

resulting in savings of new UAVs acquisition costs and in 

improved UAVs effectiveness in accomplishing their 

missions.  Today technologies applicable to UAVs flight 

control systems offer options for improving their reliability 

and survivability, and for reducing their life cycle costs 

resulting from decreased line maintenance.   

Electromechanical actuation for primary flight controls has 

since long been seen as a technology able to improve the 

flight control system Mid Time Between Failures (MBTF) 

with respect to the hydraulic, as often observed in literature 

[5-12]; the most frequent cause of failure in hydraulic flight 

controls is represented by leakages occurrence in one or 

more of the hydraulic components, whereas the causes 

might be extremely different (worn out or extruded seals, 

misalignments, pipes issues etc.). Moreover, 

electromechanical actuators sensibly improve the 

maintainability of the FCS: there is no need of periodical 

replacement of the hydraulic fluid and of the filters, while 

the actuators replacement is made easier by the simpler 

access to power and control wiring. A second promising 

technology is the implementation of advanced diagnostics 

and failure prognosis to reduce the aircraft downtime by 
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offering the ground crew with enhanced capability of 

identifying the occurrence of faults in the FCS before their 

evolution into failures and, wherever possible, to track and 

forecast their growth to predict the Remaining Useful Life 

(RUL) up to the failure occurrence. This would allow for 

more accurate implementation of Condition Based 

Maintenance, ensuring a rapid turnaround and a maximum 

sortie rate for the UAVs. Moreover, this information would 

provide a better understanding of the UAVs conditions to 

the mission planning, improving their capability to respond 

with meaningful tactical decision in case a fault is 

recognized during a mission. The challenge associated to 

the introduction of these technologies is to devise solutions 

such that reliability, maintainability and availability gains 

exceed the nonrecurring investments and do not lead to 

unacceptable weight increases that would reduce the 

efficiency of the air vehicle. However, the potential 

advantages obtainable from electromechanical actuation and 

advanced diagnostics and prognostics for primary flight 

control actuators make a strong case for developing 

solutions incorporating these technologies. The architecture 

of a UAV flight control system depends on the intended use 

of UAV. According to Lucas and Seward [13] we can 

identify three different types of UAV flight control 

actuators, function of the UAV mission.  Type I actuator 

has full electrical and mechanical redundancy and is 

suitable for UAVs approved for use in US National 

Airspace system.  Type II actuator has only electrical 

redundancy, is used for different types of military 

operations, but is not approved for flight in civil airspace.  

Type III actuator is for low-cost UAVs used for less critical 

missions, it does not exhibit redundancies and is a step up 

from an industrial actuator.  The research activity presented 

in this paper was focused on type I actuators. The flight 

control actuator that was eventually defined is a smart 

electromechanical actuator provided with enough 

intelligence to perform actuator control, monitoring, 

diagnostics and prognosis. 

The definition of the flight control actuator was made with 

reference to the primary flight control surface of a large 

UAV with the following main design characteristics: 

• Two independent 270 Vdc and four independent 28 Vdc 

electrical power supplies are available 

• The flight control surface must be provided with two 

independent mechanical links 

• Actuator stall load is 50000 N 

• Actuator travel is 70 mm 

• No load actuation rate is 70 mm/s 

• System inertia reflected is 150 kg 

• Required frequency response is <±1 dB and < 60° up to 5 Hz. 

2 CRITICAL ISSUES OF ELECTROMECHANICAL 

FLIGHT CONTROL ACTUATORS 

The main drive for using electromechanical actuators for 

the primary flight controls in place of the traditional 

hydraulic solution applied on manned aircrafts is in the 

several advantages resulting from the removal of the aircraft 

hydraulic system with its associated weight, maintainability 

and reliability issues. However, a critical issue with 

electromechanical actuators is the possibility of a seizure of 

any of their internal mechanical components, that would 

prevent the operation of the associated flight control surface 

even in the case of architectures provided with multiple 

actuators. Although the probability of such event is low, 

being in the order of 2 to 5 10
-8

 per flight hour, it is 

generally considered too large for the primary flight control 

actuator of manned aircrafts, which require a probability of 

jamming lower than 10
-9

 per flight hour. A possible 

architectural solution to cope with the possible jamming of 

an electromechanical actuator is to provide UAVs with 

multiple redundant flight control surfaces, such to ensure 

enough controllability of the aircraft in the event of 

hardover failure of an actuator in the fully deployed position 

of the flight control surface. This solution comes however 

with several disadvantages, since multiplying the number of 

movable aerodynamic surfaces makes the entire flight 

control system much more complex and heavier, 

particularly if each flight control surface must be driven by 

two actuators to prevent free floating in case of an actuator 

fracture. In order to address the issue of a possible actuator 

seizure many research and development activities have been 

performed and are under way to identify ways of making an 

electromechanical actuator jam-free or jam-tolerant, since 

this would allow more flexibility in defining the overall 

architecture of the flight control system. Although 

interesting and ingenious design solutions have been 

proposed, they all have resulted in complex mechanical 

designs that on one hand allow the actuator to operate after 

a jam of an internal component, but on the other hand bring 

about increased weight, volume and cost, and a reliability 

reduction due to the much larger number of parts. A second 

critical issue with electromechanical actuators is the heat 

dissipation. It often happens that while the aircraft is 

cruising or loitering, the flight control surface is stationary 

while being subjected to a load; in this condition an 

electrical current is drawn by the electric motor to generate 

the torque, and hence the actuator force, necessary to 

balance the external load. This generates heat in the motor 

windings and in the motor power bridge that must be 

transferred outside the actuator to limit the temperature to a 

safe value.  A second heat source is given by the 

regeneration energy that originates when the actuator drives 

the flight control surface under aiding load conditions. The 

energy flowing back into the actuator must be dissipated as 

heat in a suitable electric circuitry within the motor drive, 

although studies are under way to store it in a 

supercapacitor added to the motor drive.  A third possible 

source of heat generation is associated to a force fighting 

between two actuators simultaneously controlling the flight 

control surface. A traditional solution taken to avoid this 

condition is to control the two actuators in an active / 

standby mode. This is a simple control strategy, but it 

entails two main drawbacks: it requires more actuation 
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power because the active actuator must provide in normal 

conditions the force necessary to drive the standby actuator 

in addition to the flight control surface, and it leads to much 

larger transient disturbances following an actuator failure, 

because the flight control surface is uncontrolled for the 

time interval from the failure onset until the failure is 

recognized and the standby actuator is switched to the 

active mode. The issue of electromechanical actuator 

seizure can be overcome in two ways: either designing the 

actuator such to be jam tolerant, or to identify ways to early 

recognize actuator degradations that could lead to a seizure, 

thereby creating an alert before the seizure occurs. The 

issue of heat generation can be mitigated by using an active 

/ active control strategy for the two actuators connected to 

the same flight control surface and by simultaneously 

implementing appropriate equalization techniques to obtain 

a fairly equal load share between the two actuators. By 

doing so, the aerodynamic load on the flight control surface 

is balanced by the forces developed by the two actuators, 

whose electric motors draw a current that is about half of 

that required for a single motor operation. Since the heat 

dissipation in the motor windings is proportional to the 

square of the current, an active / active control leads to a 

great reduction of the heat generation and to an associated 

improvement of the overall system efficiency. This is of 

course not true any longer in case of failure of one of the 

two actuators, but operation at higher than normal 

temperature of the electric motor and of its drive can be 

accepted for limited time without impairing their function or 

their reliability. Active / active control can thus offer 

several advantages but requires the implementation of 

suitable equalization algorithms and the continuous 

exchange of information between the two actuators driving 

the same aerodynamic surface. 

3 PAST WORK ON JAM TOLERANT 

ELECTROMECHANICAL ACTUATORS 

Several studies focused on possible configurations of jam-

tolerant electromechanical actuators, some of which have 

been patented. An electromechanical actuator typically 

consists of an electric motor, a gear reducer and a ballscrew 

or rollescrew actuator converting rotary motion into linear. 

The solutions proposed for making the actuator jam tolerant 

can be broadly grouped in three different categories. The 

first category consists of actuators which design addresses 

only the possible jam occurrence located in the screw; this 

is for instance the case of the V-22 pylon conversion 

actuator [2]. This is however only a partial solution, 

because the ballscrew is only one of the several mechanical 

parts of the actuator that could possibly jam. Data on 

jammed mechanical actuators coming from the field seem to 

indicate that the gearing between the motor and the 

ballscrew is the actuator part most likely subjected to a 

seizure. Making a screw jam tolerant is normally obtained 

by using a telescopic ballscrew, consisting of primary and 

secondary screw: if the primary one jams, then the 

secondary allows the motion transmission from input to 

output. However, if the full nominal travel capability must 

be retained after a jam, each of the two screws must be 

designed for a total travel equal to two times the nominal 

one, which makes the actuator much longer, an hence much 

heavier, than a conventional actuator. A second group of 

jam tolerant actuators design sees those solutions allowing 

the actuator to operate following the seizure of any of its 

internal parts. These solutions are based on two alternative 

ideas: 

 designing an actuator with a dual parallel drive path, 

with the two paths ends speed summed on a balance 

beam 

 providing the actuator with the possibility of moving 

its whole housing with respect to the airframe in case 

of actuator jam.  

A design concept of a jam tolerant actuator following the 

first solution (two parallel drive paths and balance beam) is 

reported in Fig. 1. The output rod is connected to the flight 

control surface and the housing is connected to the airframe. 

The outputs of the two ballscrews are speed summed on a 

balance beam; under normal conditions the clutch is 

engaged and the two ballscrews are driven at the same 

speed by the electric motor. In case of jam of any part of the 

actuator, electric power is removed and the clutch is 

disengaged; the two drive paths are hence free to move 

independently: whichever of the two drive paths is jammed 

remains stationary, while the other drive path can be driven 

by the other actuator connected to the same flight control 

surface. A design concept of a jam tolerant actuator with 

movable housing is instead shown in Fig. 2. The primary 

ballscrew is connected to flight control surface while the 

secondary ballscrew is connected to airframe. 

 

Figure 1: Design concept of a jam tolerant actuator with 

parallel drive paths and balance beam 
 

Under normal operating conditions the primary electric 

motor is active while the secondary electric motor is braked; 

hence the primary ballscrew moves while secondary 

ballscrew is stationary.  
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In case of jam of the primary load path, the primary motor 

brake is activated and the motor drive electronics switches 

control from primary to secondary electric motor; the 

primary ballscrew then remains fixed in the last attained 

position while secondary ballscrew operates causing a 

movement of the entire actuator housing with respect to the 

airframe. These actuators concepts provide the jam tolerant 

capability, but at the expense of a significant increase in the 

design complexity. This translates into an increased number 

of parts with respect to a conventional actuator, significantly 

higher volume and weight.  

Moreover, each individual ballscrew stroke must be sized at 

least the double of the nominal actuator travel to ensure the 

complete range of movements even in case of jamming in 

one of the power lines. Finally, we highlight a few design 

schemes featuring a disconnection device that mechanically 

separates the actuator output rod from the flight control 

surface. Although this concept seems in principle the most 

viable, the implementation of this solution in a practical 

design proved to be very difficult, and concerns on its 

reliability stymied the efforts in this direction. 

 

Figure 2: Design concept of a jam tolerant actuator with 

dual power source and movable housing 

4 NEW APPROACH: AN INTEGRATED 

MECHATRONIC ACTUATION SYSTEM 

A completely different approach for a robust 

electromechanical servo-actuator suitable for application to 

the primary flight controls of a UAV is hereby presented.  

The foundational idea is not to design an electromechanical 

actuator to be absolutely jam-tolerant, but to make the in-

flight jam of the actuator a remote event, with a probability 

of occurrence comparable to that of the hydraulic actuators 

technology. The three design criteria followed to achieve 

this results are, 

 To enhance the actuator reliability by reducing the 

number components as much as possible while 

remaining consistent with a sound design;  

 To ensure the mechanical disconnection of the parts of 

the actuator with largest probability of seizure, and 

implement this function with a simple design without 

the need of allowing dual travel to cope with the 

seizure 

 To design and implement appropriate health 

monitoring functions to detect any anomalous 

behavior, and define robust prognostics routines to 

forecast failure occurrence 

The system is made of two smart electromechanical 

actuator controlling the position of a UAV flight control 

surface; the combination of the two smart actuators, 

mutually exchanging information, defines a mechatronic 

system able to reach the safety requirements.  The system 

scheme is represented in Fig. 3.  It is made of two 

rollerscrew actuators connected in parallel to a flight control 

surface as done with conventional electrohydraulic 

servocontrols.  The rollerscrews are driven by Brushless-

DC motors with a gearhead and a clutch; each electrical 

drive is controlled by a dual-redundant remote electronic 

unit which close the position control loop in function of the 

position commands received via serial lines from the 

aircraft flight control computer. Provisions are taken in the 

motor drives to accept the regeneration of energy under 

aiding load conditions and to provide surface damping in 

the event of a simultaneous failure of the two actuators.  

The remote electronic units perform control, diagnosis and 

prognosis of the actuation system and mutually exchange 

data via a cross channel data link.  System prognosis is 

made possible by the combination of the actuator design 

with the processing by means of dedicated algorithms of the 

control and feedback signals obtained in flight and during 

preflight checks.  The two electromechanical actuators, with 

their motor drives and remote electronic units behave as a 

smart mechatronic system providing high integrity control 

of an aerodynamic surface with dual mechanical link, dual 

power source and dual control, similarly at what is done 

with fly-by-wire hydraulic flight control systems of manned 

aircraft. The system uses a rollerscrew rather than the more 

commonly adopted ballscrews to transform the motion from 

rotary into linear.  Rollerscrews have a slightly lower 

efficiency than ballscrews but offers two advantages: they 

are less prone to jamming and can be manufactured with a 

lower lead than for ballscrews with the same load capacity. 

This second characteristic entails a higher angular speed of 

the screw input for the same linear velocity of the screw 

output; as a result, lower speed reduction is required from 

the electric motor to the screw input and a simpler gear 

reducer can be used.  In general, a rollerscrew can have a 

lead about 2.5 times smaller than that of a ballscrew 

carrying the same load, which implies one less stage in the 
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gear reducer.  An actuator required to operate against a load 

of 35000 N at a speed of 40 mm/s (1.4 kW of output power) 

can be designed with a 5 mm lead ballscrew rotating at 480 

rpm, or with a 2 mm rollerscrew rotating at 1200 rpm.  For 

this power range an electric motor running around 5000 rpm 

is a good compromise between efficiency and weight, which 

implies a dual reduction stage for the case of a ballscrew 

actuator, but a single reduction stage for a rollerscrew 

actuator.  Hence, the end result is an increased actuator 

reliability. In the scheme, rollerscrews are shown with 

rotating nut and translating screw, but they can as well be 

made of a rotating screw and a translating nut. The rotating 

part of the rollerscrew is connected to the gear reducer 

output by means of a clutch that is spring engaged and can 

be disengaged by electrical signals coming from either of 

the two actuators electronic control units. The clutch can be 

directly mounted on the rollerscrew nut because its large 

angular speed entails low torque and hence low weight and 

volume of the clutch. A single-stage gear reducer provides 

speed reduction from the electric motor to the clutch. If the 

system is operating normally, no electrical signal is sent 

from the actuators control electronics to the clutches of the 

two actuators, which are thus engaged and transmit the 

mechanical power.  If any failure of actuator 1 occurs, 

including a power loss or a failure of its own control 

electronics, the failure is detected by the monitoring system 

and the control electronics of actuator 2 generates an 

electrical command to the clutch of actuator 1, thereby 

releasing the clutch and allowing the healthy actuator 2 to 

drive the flight control surface with minimum additional 

drag torque developed by the failed actuator.  This is 

possible for all failure cases except for a jam of the 

rollerscrew, which must be signaled in advance by the 

system health monitoring.  A symmetrical behavior occurs if 

a failure originates in actuator 2.  In the extremely unlikely 

event of a combination of failures leading to a total loss of 

the two actuators, no release signal is received from the two 

actuators clutches, which are thus in their engaged status 

allowing the flight control surface to backdrive the electric 

motors.  While unpowered, the electric motors windings are 

connected to an internal circuitry in the motor drive 

electronics that dissipate energy, thereby providing an 

effective damping to the flight control surface. The electric 

motor is of a brushless dc type; the motor shaft is equipped 

with a resolver sensing the rotor position, hence allowing 

the motor drive electronics to perform the correct 

commutation of the electrical currents and the electronic 

control unit to receive position information and to compute 

the motor speed. The motor drive electronics (MDE) 

receives the speed commands from the electronic control 

unit (ECU), accepts the 115 Vac power supply from the 

aircraft electrical system, converts it into a 270 Vdc voltage 

and generates the motor currents performing electric motor 

current control. The MDE also receives a discrete enable 

signal from the ECU, which allows the activation of the 

electrical power supply to the motor power bridge and an 

isolate signal from the ECU monitoring logic.  The discrete 

enable signal is sourced by the ECU control section. It is a 

discrete signal that is opto-isolated in the MDE. It controls a 

power mosfet switch that switches on/off the supply voltage 

Figure 3: Diagram of the mechatronic system for position control of a primary flight control surface 
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to the 3-phase power bridge. The absence of the signal 

disables the power drive.  The enable circuit is also used to 

protect against overcurrent pulled by the power bridge. 

Thus in the case of such events as a short to chassis of a 

motor phase wire when unusual high currents are 

developed, the power switch in the MOSFET is quickly 

switched off, thus preventing consequential damage to other 

MDE components.  A further function of the enabling 

circuit is to limit the inrush current to the power module 

bulk capacitors on the power bridge when the power 

module is initially enabled. The isolate signal is generated 

by the ECU monitoring section and operates in the same 

way of the enable signal through a circuitry that is 

completely independent of the enable signal circuitry. The 

MDE can dissipate the regeneration energy by means of a 

resistive dump when the flight control surface is operated in 

aiding load conditions and rapid motor braking conditions; 

no energy is then allowed to go back to the aircraft supply 

bus. The flight control surface position is measured by two 

LVDTs mounted on the two actuators.  Each transducer is 

dual electrical, with its two sections interfacing with the 

control and monitoring sections of the ECU. The ECU is 

itself a unit comprised of two separate sections: control and 

monitor, each operating on a different microprocessor. The 

control section provides both the excitation and the 

demodulation of one section of the actuator position 

transducer, while the same is done with the other section of 

the position transducer by the ECU monitoring section.  The 

two position signals obtained from the position transducer 

of one actuator are passed to the ECU of the other actuator 

via a cross channel data link (CCDL) and viceversa, so that 

each ECU has available four position signals and performs 

their consolidation and monitoring.  The ECU receives the 

position commands from the aircraft flight control computer 

and its control section performs the position control of the 

actuator using a regulation law optimized for achieving the 

best dynamic performance and dynamic stiffness. The ECU 

monitoring section implements a system health management 

as will be described later in this paper. System health status 

is sent to the aircraft central maintenance panel with a high 

recursion rate through a serial link. The ECU also includes 

an interface for connection to a ground unit, thereby 

allowing the possibility of uploading and downloading data 

and software. 

5 CONTROL SYSTEM 

The block diagram of Fig.4 describes the architecture of the 

control system. The ECU receives the position command 

from the FCCs, closes the actuator position and motor speed 

loops, and generates the current command to the motor 

drive electronics, while the MDE accepts the current 

command from the ECU and closes the current loop while 

modulating and phasing the supply voltage (and hence the 

currents) to the windings of the brushless motor. Position 

and speed are therefore digitally controlled, while the motor 

current is analogically controlled. The ECU uses both the 

signals provided by the actuators LVDTs and the position 

of the rotor of its own electric motor as information to close 

the position control loop. The LVDTs provide an absolute 

reference, while the rotor position provides an incremental 

signal.  It was described in the previous section that each 

actuator is equipped with a dual electrical LVDT, so that 

Figure 4: Control system architecture 
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each actuator generates a dual redundant position signal.  

The two signals of each actuator are mutually exchanged 

between the two ECUs, so that each ECU has available four 

position signals that are used by the consolidation logic to 

generate the consolidated position signal and by the 

monitoring logic to perform monitoring and diagnosis of the 

system health.  When ECU and MDE are switched on, the 

position feedback is set equal to the consolidated position 

and the signal obtained from the rotor position sensor is 

considered as the zero reference for the ensuing actuator 

operation. This initialization procedure performs a homing 

of the position feedback to the consolidated absolute 

position of the actuators.  Starting from there, when the 

actuator moves, the position feedback for each actuator is 

obtained from the integration with time of the rotor position 

signal of the relevant electric motor. This provides a much 

greater position accuracy because of the very large 

kinematic ratio between motor angle and actuator linear 

output displacement. A concern about using the rotor 

position signal for position feedback is the possibility of 

losing the correct count of the number of revolution of the 

rotor.  In order to counter this possible fault, a comparison 

between the consolidated position and the position 

indication obtained from the rotor signal integration is 

continuously performed.  In case a discrepancy greater than 

a given threshold is recognized, then the rotor position 

information is discarded and the actuator position loop is 

performed simply setting the position feedback equal to the 

consolidated position. The position control law follows a 

non-linear PI scheme, where the contribute of the integrator 

path is saturated to a level such to allow to cancel the steady 

state errors under maximum load, while preventing 

unacceptable overshoots in case of large step commands; a 

small dead band is also applied on the integrator input, with 

the aim of preventing the insurgence of limit cycle 

oscillations that could result from an adverse combination 

of actuator backlash and friction with the integrator 

function. The output of the position control loop makes up 

the input to the internal speed control loop, whose functions 

are to improve the dynamic response and provide damping 

to the external position control loop.  The control law 

implemented in the speed loop is a pure proportional gain 

since no stringent accuracy is needed for the actuator speed 

control. The control signal determined by the speed control 

loop is converted from digital to analogue and routed to the 

MDE that uses it as an input for the internal current control 

loop that eventually establishes the current of the electric 

motor.  A critical issue with forced summed actuators is the 

possible occurrence of force fighting between the two 

actuators, in particular when the controlled aerodynamic 

surface is subjected to low external load, as it commonly 

happens during on-ground operations. In these condition, 

small differences in the physical characteristics of the 

MDEs and electric motors of the two actuators could lead to 

different motor output torques for the same current 

command received from the two MDEs.  As a worst 

possible case, the aerodynamic surface would be kept 

stationary with the two actuators providing forces in 

opposite directions, which would cause surface twisting, 

unnecessary energy consumption and unwanted heating of 

the electric motors and the electronic drive.  In order to 

mitigate the force fighting effects and possibly prevent its 

occurrence, the motor currents measured by the two MDEs 

are also routed to the two ECUs, where they are compared 

and an equalization signal is generated as indicated in the 

block diagram of Fig. 4.  This signal is added or subtracted 

to the current command signal generated by the speed 

control loops of the two ECUs, which contributes to 

reducing the differences between the motors currents. The 

signals equalization logic is active only when both actuators 

are operating and is based on a dedicated PI law in which 

the integrator gain is varied with time when the equalization 

logic is activated, starting from an initial large value at 

switch-on to a smaller one after the initial equalization 

transient has settled. Both the maximum and the minimum 

value of the integrated signal are saturated a-priori. The 

output signals from the integrator and proportional gains are 

summed up and the resulting equalization signal is saturated 

to a maximum/minimum limit. Hence it is injected with the 

appropriate sign into the summing points of the forward 

paths of the two servoactuators control loops. 

6 DESIGN CASE AND PERFORMANCE 

The architecture outlined in the previous section was 

considered for the actuation system of the primary flight 

control surface of a large UAV with the following main 

characteristics: 

 Flight control surface travel: ±30° 

 Moment arm: 70 mm 

 Maximum hinge moment (stall): 3500 Nm 

 Design point (maximum power): 1200 Nm @ 55 °/s 

 Maximum hinge moment induced by a gust: 300 Nm 

 Maximum altitude: 13700 m (45000 ft) 

 Electrical power supply: 270 Vdc nominal (variable 

from 235 to 285 Vdc) 

 

Figure 5: Actuator mass breakdown 
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An optimization design process was performed leading 

to the selection of a rollerscrew with 1.5 mm lead and a 

single stage gear reducer with 1/4.21 driven by a high-

performance brushless dc motor.  The electric motor has a 

torque sensitivity of 0.191 Nm/A, an electrical resistance of 

2.64 Ω, an inductance of 0.98 mH, a thermal resistance of 

1.8 °C/W, a viscous damping coefficient of 5.83x10
-5

 

Nms/rad, a friction torque of 0.04 Nm, a cogging torque of 

0.015 Nm and a moment of inertia of 3.1x10
-5

 kgm
2
.  The 

electric motor is a frameless unit with a mass of 0.992 kg 

accommodated inside the actuator housing in order to 

obtain a compact assembly.  At the design point, the electric 

motor rotates at an angular speed of 12700 rpm.  The ECU 

is a microprocessor-based controller closing the motor 

speed loop with a recursion rate of 4000 Hz and a 

computation time of 0.15 ms, while the position loop is 

operated at a recursion rate of 1000 Hz and a computation 

time of 0.6 ms. Analogue to digital conversion is performed 

with a 16-bit A/D converter. The overall mass of each 

actuator, inclusive of the control and power electronics 

(ECU + MDE) is 13.89 kg and, as described in Fig. 5, it can 

be split almost in half between the contribute of the 

electrical parts of the system (MDE, electric motor) and that 

of the mechanical components (transmission elements, 

sensors, supporting frame). The main system’s 

performances have been evaluated through steady-state 

analysis in nominal and off-nominal conditions, as well as 

through dynamic simulations based on high-fidelity models 

built in Matlab\Simulink. The most important 

characteristics of the actuation system are summarized 

hereunder. 

 Electrical power consumption at design point (nominal 

loading conditions, nominal efficiencies and nominal 

motors characteristics): 1183 W 

 Maximum continuous load at zero speed for 70 °C 

ambient temperature: 1100 Nm 
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Figure 6: System response to a ramp command 
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Figure 7: System frequency response 

 

 Stability margins for the position loop: 60° phase 

margin / 14.5 dB gain margin, which are well in-line 

with the usual requirements for primary flight control 

systems 

 Response to a ramp command with the maximum rate 

of 55 °/s, corresponding to 67.2 mm/s of actuator 

linear speed: the maximum position error during 

actuation is 1.7 mm corresponding to 2.4% of full 

travel. Results are shown in Fig. 6. 

 Frequency response: 45° phase lag at 5 Hz, 3 dB 

attenuation at 8.8 Hz under nominal loading 

conditions. The response is reported in Fig. 7.  

7 HEALTH MANAGEMENT SYSTEM 

The Health Management System is comprised of several 

functions that can be grouped into two main categories: 

 Actuator failures monitor 

 Prognostics and Health Management (PHM) 

The failures monitor routines works to detect and 

classify potentially critical failures possibly occurring 

during flight and to highlight the presence of dormant 

failures through short pre-flight checks. Through continuous 

monitoring of the available information, the system is able 

to detect the following failure modes: 

 Failure of one or more position sensors, which is 

detected by checking the summed output voltage of 

each LVDT section and by comparing the signals of 

the LVDTs 

 Loss of coherence between the rotor position signal 

and the actuator LVDTs signals 

 Uncontrolled electrical currents  

 Actuator stall  

 Uncommanded movement of the actuator  

 Excessive twist of the flight control surface 
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 Overheating of the electric motor windings and of the 

MDE power bridge 

 Failure of the ECU, which is detected by the ECU self- 

monitoring (check sum, watchdog, wraparound of 

output on input, permanent exchange of information 

between ECU control and monitoring sections via 

digital bus, with consolidation and validation, and 

permanent monitoring) 

Pre-flight checks are performed before flight initiation 

to address the availability of the actuators components and 

to detect the presence of dormant failures, such as the 

inability of a clutch to release during flight. The prefight 

checks include: 

 ECU built-in-test at power-up 

 Check of the clutches operation.  Electrical commands 

are given to release the clutches, while at the same time 

a position command is given.  If an actuator movement 

is recorded, that implies a failure of the clutch to open.  

Then, no release signal is sent to the clutches and the 

actuators are in turn commanded to move.  Lack of 

actuator output movement indicates a failure of the 

clutch to engage.  

The Prognostic and Health Management system is 

designed to detect and properly classify a pre-defined 

number of anticipated faults, to track their and predict their 

evolution while providing convergent estimates of the 

actuator’s Remaining Useful Life (RUL). This system 

works on slowly evolving degradations, i.e. requiring more 

than a few flights to reach a critical size, and its primary 

objectives are to enhance the vehicle availability, reduce 

unexpected on-ground downtime and provide means to 

allow for better maintenance and mission planning. The 

presence of the continuous failure monitoring is thus still 

required to properly manage the occurrence of sudden 

failures, providing an additional layer of information on the 

system health status. The PHM system operates on data 

acquired both in-flight and during dedicated pre-flight tests 

designed to highlight the effects of faults which may be 

difficult to detect during the missions, such as the backlash 

growth in the actuator-surface joints. The dedicated pre-

flight tests are performed over the following short 

procedure. Actuator 1 is at first commanded with four 

periods of a 2 Hz sinusoid, featuring zero mean and 

amplitude of 5% of the actuator stroke. Hence a full stroke 

is performed at a constant speed equal to 50% of the rated 

speed. The test is repeated over the following conditions: 

 Clutch of actuator 1 released (sinusoid only) 

 Clutch of actuator 1 engaged, clutch of actuator 2 

released (sinusoid only) 

 Clutch of actuator 1 engaged, clutch of actuator 2 

engaged, electric motor of actuator 2 unpowered  

The same sequence of operational tests is then repeated 

by commanding actuator 2, resulting in an overall duration  

 

 

Figure 8: Type I and Type II errors 

of 12 s. The main objective of this test sequence is to stress 

the actuators in both steady-state (constant speed 

commands) and dynamic conditions (sinusoid, motion 

inversion); moreover, this approach allows to separately 

study each major component of the mechanical transmission 

by exploiting each of the possible combination for the 

clutch engagement. During pre-flight tests and during flight, 

the system acquires the available signal coming from the 

actuator, such as position commands, phase currents and 

supply tensions of the electric motors, rotor position and 

LVDTs measures.  Other information, whereas available in 

the UAV’s systems, are collected as well, such as the 

external temperature, the vehicle attitudes, the dynamic 

pressure field beneath the wing. Each signal is at first 

validated and hence sent to the PHM module. The PHM 

module operates through four different layers: 

 Signal conditioning/feature or condition index 

extraction 

 Anomaly/fault detection 

 Fault isolation/identification 

 Failure prognosis/RUL estimate  

The first layer is dedicated to extract from the available 

raw data a certain number of pre-defined indexes 

representative of the actuators health status. We distinguish 

in this case between features and condition indexes. A 

Condition Index (CI) is an index such that is sensitive to 

changes in the health status of the monitored system, while 

a feature is a quantity, possibly a combination of several 

CIs, which behaviour is highly correlated with that of the 

associated degradation and ideally uncorrelated with that of 

any other fault [26]. The second layer performs the 

anomaly/fault detection through a purely data-driven 

algorithm. Data distributions for each feature and each CI 

are continuously computed and compared with their 

baselines defined for healthy conditions. For each baseline, 

a threshold is defined in correspondence of a pre-defined 

percentile (usually the 95
th

). The fault is declared when a 

predefined percentage of the feature distribution (usually 

95%) overcomes said threshold, generating an alarm signal. 

This approach has the benefits of being system-agnostic, 

since there is no need of fine-tuning the threshold, while 
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allowing for the a-priori definition of the Type-I and Type-

II errors (false positive and false negative), as in Fig. 8[26]. 

Whenever an alarm signal is generated, the alarm vector, 

containing the values of the alarm flags for each monitored 

index, and the feature vector are sent as input to the third 

layer. This level performs the fault isolation and 

identification, which means to assess the type of the 

occurring faults, their location and its or their severity. This 

task is performed through a properly trained Artificial 

Neural Network (ANN), which provides an alarm code to 

the next layer and to the aircraft Health Usage and 

Monitoring System (HUMS). The final layer of the PHM 

module receives the feature vector and the alarm codes, 

making use of an enhanced Particle Filter framework to 

track the faults growth and estimate the RUL starting from 

off-line defined degradation models [27]. The Particle Filter 

makes use of an off-line defined, non-linear degradation 

model, a tunable non-linear evolution model and non-

Gaussian description of measuring and process noises to 

estimate the fault size and project their evolution in time. 

The system is designed to recognize the following failure 

modes. 

 Backlash increase in the spherical joints connecting the 

screws with the control surface, through comparison of 

the position signals coming from the LVDTs of the two 

actuators 

 Rollerscrew and gear reducer backlash increase 

resulting from the components wear, through 

comparison of the position signals coming from the 

resolver on the motor shaft and the LVDT of the linear 

actuator 

 Increase of friction of the actuator mechanical 

components potentially leading to a seizure, through 

efficiency analysis during dedicated pre-flight checks 

 Reduction of the torque transmission capability of the 

clutches, or failures of the clutches to open, through 

study of the movements performed during pre-flight 

checks. 

 Degradation of the motor’s permanent magnets, 

through efficiency analysis performed during flight and 

confirmed on-ground during pre-flight checks 

 Short circuit occurrence in the motor windings due to 

ageing of the insulating materials, through detection of 

asymmetries in the current’s profiles [28] 

 Anomalies or failures of the motor drive electronics, 

such as base drive open circuit conditions, short circuit 

in the DC-Link, capacitors degradations etc. [29] 

It is important to highlight that not every degradation 

can be recognized through the analysis of in-flight data. As 

an example, the total backlash on each actuator, as well as 

its repartition between each component, can be studied only 

through pre-flight data. In practice, every degradation that 

can be expected in service can be recognized at different 

stages of its development by one of the components of the 

Health Management System, that is either the PHM module 

(early fault detection and prognosis) or the failures monitor 

through C-Bit and P-Bit. The general architecture of the 

health management system is shown in the block diagram of 

Fig. 9. If any fault or failure is recognized, an alarm is 

raised and the information sent to the aircraft Health Usage 

and Monitoring System (HUMS), along with the RUL 

estimate, if available. If a faulty condition is detected, the 

HUMS can hence make use of these information to 

reconfigure the actuators control in the attempt to slow 

Figure 9: General architecture of the system health management 
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down the degradation growth, and/or mitigate the 

performance drops associated with the anomalous 

behaviour [30].  

8 PHM CASE STUDY AND PERFORMANCEHEALTH 

MANAGEMENT SYSTEM 

To better describe the PHM module behavior we resort to a 

single-fault scenario case study; data for this study have 

been obtained by corrupting the parameters of the actuators 

high-fidelity dynamic model through degradation laws 

available in literature. As such, the following considerations 

were employed 

 Wear progression in mechanical components (clutches, 

gearbox, screw and rod-end) has been described 

through Archard’s model given an estimated usage 

pattern and modeled as elasto-backlash of increasing 

size [31] 

 The degradation of the insulating material of the 

electric motor has been modelled following the 

Arrhenius law according to the approach presented in 

[30]. 

 Degradation of the permanent magnets of the brushless 

motor has been approximated by combining the 

simulated temperature of the windings with the 

demagnetization model proposed in [32]. 

 Degradations in the motor drive electronics have been 

modeled as fast-occurring failures. 

The anomaly detection algorithm is able to successfully 

recognize the inception of the selected faults, providing 

early alerts in correspondence of an average size of the 

defect equal lower than 20% of their critical value. The 

inception of turn-to-turn shorts in the motor windings is 

detected within the 11.75% of its progression, the magnets 

degradation within 12.3%, while the wear in the mechanical 

transmission and in the rod-end is detected respectively 

within the 8.5% and the 22% of the critical value, assumed 

to be equal to 0.2 times the screw pitch. These mean values 

can vary depending on the application, fault evolution 

patterns and on the accuracy of the employed sensors. An 

example of the output of the fault detection algorithm is 

reported in Fig. 10, where the system detects the presence 

of wear in the mechanical transmission (MT – WEAR) and 

the insurgence of magnets degradation in the electric motor 

(EM – DMD): a label is assigned to each feature used to 

monitor the evolution of the associated fault. Both the 

baseline values (in white) and the current values of the 

features are reported (in red, if faulty, in yellow if healthy), 

as well as the alarm flags and the associated confidence. 

Once that the fault has been detected and successfully 

classified, the prognostic routines are called to predict the 

faults evolution and the associated RUL. An example of the 

output of the Particle Filter framework for the degradation 

of the magnets in the electric motor is reported in Figs. 11, 

where we can observe the probability distributions  

associated with the feature values and the estimated fault 

size (hidden state) in correspondence of the fault detection 

and of the prediction instant. For each prediction, three 

values of RUL are defined, each associated with a 

prediction confidence of 5%, 50% and 95%. We address  

Figure 10: Example of fault detection 
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each of these values as “early maintenance RUL”, “advised 

maintenance RUL” and “late maintenance RUL”. These 

three values tend naturally to convergence toward the latest 

stages of the fault evolution. Typically, the RUL estimate 

associated with the 50% confidence is the one used as 

reference. To each anomalous condition corresponds a 

different Particle Filter call and hence a different RUL 

estimate. In the unlikely case of multiple faults occurrence, 

the PHM module will output as RUL of the system the 

minimum between the estimated RULs computed for each 

detected anomalous condition. To assess the performance of 

the prognostic framework we resort to the state-of-the-art 

metrics defined by Saxena and others in [33], in particular 

the  analysis, which leads to the definition of the 

prognostic horizon (PH), the Relative Accuracy (RA) and 

the Cumulative Relative Accuracy (CRA). The  

analysis, better explained through Fig. 12, is a graphical 

tool used to represent the RUL vs time behaviour in non-

dimensional form; on the abscissa, time is reported as 

 

(1) 

Where   it the time at fault detection,  is the time at 

End of Life of the component and t is the time at prediction. 

Its value can range between 0 and 1. On the ordinate, the 

RUL is reported as the ratio between the predicted RUL and 

the real one. The “ground truth” is represented by a straight 

line along with a tolerance band on the prediction, usually 

defined as ±20%. The Prognostic Horizon (PH) is defined 

as the real RUL for witch the prediction first falls inside the 

tolerance band and is an expression of the time interval in 

which the prognostic output can be trusted. The Relative 

Accuracy is defined as, 

 

(2) 

Where RULr is the real RUL. Its cumulative value (CRA), 

is used to assess the convergence of the RUL estimate by 

weighting the RA values as, 

 

(3) 

 
Figure 12: Prognostic performance for magnets degradation 

Figure 11: Prognostic framework - example 
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For the degradations of this case study, the prognostic 

framework performs well, providing prognostic horizons of 

64 flight hours (FH) for the turn-to-turn short in the motor 

windings (87.91% mean RA, 93.1% CRA), 82 FH for the 

magnets degradation (83.6% mean RA, 82.4% CRA), 130 

FH for the wear in the mechanical transmission (80.1% 

mean RA, 80.4% CRA) and more than 300 FH for the wear 

in the rod-end (82.1% mean RA, 81.6% CRA). The 

algorithm has been tested on an Intel-7@2.60GHz and has 

proven to be suitable for on-line operations, with each 

iteration lasting less than 0.01 s. 

9 CONCLUSIONS AND FUTURE WORK 

The architecture and the performance of the robust 

architecture for EMA flight controls have been presented 

and discussed, detailing the design issues and their possible 

solutions while providing additional information through a 

dedicated case study. The structure and the performance of 

the health management system of the mechatronic device 

have been presented as well; the presented architecture, 

based on the synergy between the traditional built-in-tests 

(C-Bit and P-Bit) and novel prognostics techniques 

combining in-flight data with dedicated pre-flight checks, 

has shown promising results that would allow for increased 

safety and availability of electromechanical actuators for 

primary flight control surfaces.  Further work is under way 

to perform a feasibility study on the application of the 

presented prognostic techniques to single points of failures 

that can lead to the actuator jamming. The consequent 

definition of a comprehensive health management system 

would allow to tackle new actuation technologies and flight 

control architectures, promoting the use of novel design 

methodologies to consider PHM system since the first 

stages of the project. 

NOMENCLATURE  

 Adimensional time for PHM analysis 

CRA Cumulative Relative Accuracy 

RA Relative Accuracy 

RUL Remaining Useful Life 

RULr Real Remaining Useful Life 

t Time 

tEOL Time of Failure 

tdet Time at Fault Detection 
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