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Abstract

:

An efficient and all-inclusive health management encompassing condition-based maintenance (CBM) environment plays a pivotal role in enhancing the useful life of mission-critical systems. Leveraging high fidelity digital modelling and simulation, scalable to digital twin (DT) representation, quadruples their performance prediction and health management regime. The work presented in this paper does exactly the same for an electric braking system (EBS) of a more-electric aircraft (MEA) by developing a highly representative digital model of its electro-mechanical actuator (EMA) and integrating it with the digital model of anti-skid braking system (ABS). We have shown how, when supported with more-realistic simulation and the application of a qualitative validation approach, various fault modes (such as open circuit, circuit intermittence, and jamming) are implemented in an EMA digital model, followed by their impact assessment. Substantial performance degradation of an electric braking system is observed along with associated hazards as different fault mode scenarios are introduced into the model. With the subsequent qualitative validation of an EMA digital model, a complete performance as well as reliability profile of an EMA can be built to enable its wider deployment and safe integration with a larger number of aircraft systems to achieve environmentally friendly objectives of the aircraft industry. Most significantly, the qualitative validation provides an efficient method of identifying various fault modes in an EMA through rapid monitoring of associated sensor signals and their comparative analysis. It is envisaged that when applied as an add-on in digital twin environment, it would help enhance its CBM capability and improve the overall health management regime of electric braking systems in more-electric aircraft.
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1. Introduction


The gradual transformation of more-hydraulic aircraft into more-electric aircraft is becoming more viable with the integration of more efficient technologies such as electro-mechanical actuators (EMA)—the electric equivalent of hydro-pneumatic/electro-hydrostatic actuators. This type of actuator, as the name suggests, is a combination of electric, electronic, and mechanical components. The electric motor of the actuator, usually a DC motor, provides the torque to the system, which can be converted into linear motion during further stages, typically by a ball screw or roller screw.



The existing B787 Dreamliner is one such example of more-electric aircraft (MEA) that employs EMAs for different systems, such as the horizontal stabilizer trim, the mid-board spoilers, and the electric braking system (EBS) [1,2,3]. Undoubtedly, this has accrued several benefits such as weight reduction, no hydraulic leaks, and faster response to the controller [4] towards achieving environmentally friendly objectives set by the aircraft industry. However, the wider utilization of EMAs in aircraft systems is still subject to extensive evaluation of their performance and reliability under varying operating conditions that may inflict unexpected, as well as some commonly occurring faults, which merit in-depth study and analysis.



There are several approaches proposed in literature that can be adapted and optimized to assess and evaluate the characteristic behaviour of EMAs under different fault conditions and enumerate their impact on the associated systems. For example, when supported with a condition-based maintenance (CBM) approach, the EMA integration into commercial airframes can be assured for enhanced reliability and performance through mechanisms that help in the early detection of anomalies and failures [5]. These mechanisms could employ digital tools, including modelling, that are not only time- and resource-efficient but also provide vital behavioral and structural assessments on the system under investigation to reinforce its predictive maintenance and health management regime. Leveraging digital twin (DT) technology coupled with machine learning (ML) is yet another more efficient and highly representative approach that helps enhance system reliability by providing an accurate and precise set of its health predictions [6,7].



Equally significant is the concurrent and synergetic combination of the analytical model-based approach with the experimental test environment [8] that promises the development of EMA health monitoring technology to increase prognostics and health management (PHM) value for EMA systems, not only by improving their reliability, but also aiding mitigation of the impact of undesired EMA failures. The authors in [9] have advanced a step further with the application of different architectures of artificial neural networks (ANNs) to prognosticate EMAs. Although limited in scope, the approach [9] can facilitate more detailed parametric analysis for accurate EMA health assessment.



Notwithstanding the foregoing, a fervent analysis of the aforementioned approaches reveals one key element missing—the qualitative validation approach. This approach, described in later sections of this paper, provides a rubric-based methodology that enables instant identification of fault modes affecting the EMA by weighting different sensor signals and evaluating their cumulative impact on the system. Apart from being a simplistic and efficient methodology, qualitative validation helps develop a better understanding of the issues, originating from varying fault modes, and further enhances the system reliability by optimizing EMA architecture at the design stage. It facilitates an effective and more accurate system health evaluation with vital parametric data collation by differentiating the performance outcome of each fault mode, and eventually constructing a realistic baseline to draw authentic comparison and analyses. Prior to carrying out the qualitative validation of EMA, its digital model is developed (using MATLAB/Simulink) and integrated with an anti-skid braking system (ABS) model to represent a more holistic electric EBS. Eventually, followed by rigorous simulation involving injection of various fault modes, a complete qualitative validation is performed.



The rest of the paper is organized into five sections. Section 2 provides an overview of the related work. Section 3 details the digital modelling of EMA and ABS with subsequent integration into EBS. The simulation of a braking system involving various faults is described in Section 4. Section 5 presents the qualitative validation approach and discusses its viability with respect to augmenting the health management regime of EMA, with CBM as its primary constituent. And finally, the paper concludes in Section 6.




2. Related Work


Integrated Vehicle Health Management (IVHM), as described in [10], has remained a key approach in optimizing maintenance of the aircraft and its vital systems. It is realized by generating a mechanism to analyze the data obtained from field operations through sensors and subsequently build efficient techniques for diagnostics and prognostics to assess the health of aircraft systems and structures in the real time. Although holistic in nature, the IVHM approach is not time- and resource-efficient. Application of IVHM in an EBS environment can be, however, made beneficial with the development and assimilation of rapid evaluation methods within IVHM.



With respect to optimizing the digital modelling approach for braking systems, a number of models have been developed and simulated using the MATLAB/Simulink environment with a variety of results obtained under different specific conditions. For example, in [11], an anti-skid braking system (ABS) is integrated onto the model to assesses the performance of the system under different landing conditions. Similarly, an experimental model in [12], built for an EMA, is integrated into EBS and subjected to different asphalt conditions for investigating system behavioral response. Another digital model for the braking system in [13] employs a controller to stabilize the slip value and evaluate the system behaviour, thereby enhancing the performance evaluation capability of the model.



Looking further, the EMA modelling approach, presented in [14], shows how an EMA can best be represented by a mathematical model using the MATLAB/Simulink environment. The model, when integrated with the aircraft electric braking system model, helps evaluate the reduction in the angular wheel speed against the aircraft speed, and gives a better picture of the systems’ overall performance.



In another study in [15], an ABS control for EBS employs an EMA model to evaluate the behaviour of the force applied to ABS braking system. The model helps make valuable assessments on the wheel and vehicle speed reduction responses. However, it lacks the consideration for adding some key factors such as motor angular velocity, force, and motor voltage as well as current to the model, that could provide a more holistic evaluation of the braking system reliability.



Recently, the interaction of a physical and digital machine, termed as digital twin (DT), with connectivity and data flow in both directions (as shown in Figure 1), is being actively pursued to increase the safety and reliability of aircraft and its systems through near-realistic predictive analysis [7]. It implies ensuring optimal fidelity level in order to attain an accurate assessment of system condition, as well as providing a viable prognosis as an integral part of the overall health management regime. This can be, however, further augmented with techniques such as those presented in this paper—the qualitative validation.



The aforementioned approaches, aimed at optimizing the health management (including CBM) of electromechanical actuators and the aircraft electrical braking and anti-skid braking systems they serve, are limited to building models, factoring in different mechanical and electrical parameters, and then assessing their performance and reliability. On the one hand, the IVHM approach relies on the data acquired through multiple sensors and their analysis to maintain the integrity and ensure the availability of systems/sub-systems; digital models, on the other hand, provide efficient means of leveraging that data and constructing system performance and reliability profiles to help strategize associated maintenance activities. Our qualitative validation approach is a step further to augment and provide these approaches with more efficient and effective health management and condition-based maintenance regime for EMAs.




3. Development of the Electric Braking System (EBS) Model


A simplistic architecture of an aircraft electric braking system (EBS) is shown in Figure 2. It consists of an electro-mechanical actuator (EMA), a braking control unit (BCU), EMA Controllers, sensors, and the wheels. The blue dotted lines signify a single EMA brake, whereas the single EMA connected to the brake acts as four actuators connected to the wheel for the simplification of simulation.



Based on this architecture (Figure 2), a highly representative digital model of electric braking system (EBS) including an anti-skid braking system (ABS) is developed in the MATLAB/Simulink environment using the Simscape library, as shown in Figure 3. The model is kept generic, meaning it does not mirror any specific aircraft braking system. It provides a scalable platform for fault modes integration, testing, and diagnosis. In order to have a suitable actuator for the simulation, a linear EMA with a worm gear and a leadscrew is used for the model.



3.1. Structure of the Linear EMA


The component breakdown of the linear EMA is given in Figure 4. It is made up of the electric motor, a gearbox, leadscrew, nut, and an external load. The electric power provided by the energy source is converted into torque by the electric motor, which is then transformed into force and applied to the load.



As for the displacement of the system, the rotational motion from the electric motor is then converted into translational motion by the leadscrew, as required by the load. In order to define EMA optimally, the electrical and mechanical properties similar to existing EMA models are used to provide values for the system sizing and constraints.




3.2. The Electromechanical Actuator Model


Following the EMA definition, the basic components necessary to recreate the actuator are selected and integrated into the model, as shown in Figure 4. Firstly, an electric motor with a voltage source is used to power the system. Voltage, current, and temperature sensors are then inserted into the model to obtain useful data on the behaviour of the actuator.



As is evident from Figure 4, after the motor there is a worm gear (gear box), which enables the required increase in the torque provided primarily by the electric motor. Torque sensors before and after the worm gear are also included in order to verify the increment in the torque values as expected. The leadscrew is at the end of the system, providing the force output as required. A temperature sensor is also included to measure temperature variations under different operational conditions, which may impact the component performance. Finally, a step motor is included alongside an ideal force source to simulate as a load. A force sensor is placed in proximity to obtain essential data from the leadscrew.



It must be noted that the speed and current controller are placed as a first step whilst developing the model to condition the signal for the motor driver. The motor driver, coupled with a pulse-width modulation (PWM) voltage control and an H-bridge, is placed before the motor to provide suitable power to the motor. Frequency and voltage supplied by the motor driver to the electric motor provide normal operation. Once the EMA model is completed, the development and conditioning of the ABS system is undertaken, in order to integrate it into an EBS during further stages.




3.3. The Anti-Skid Braking System Model


The ABS system is an important addition to the electric braking system by virtue of its capability to provide the required performance enhancement. It is worth mentioning that, as shown in the braking system architecture (Figure 2), the ABS system is part of the braking control unit (BCU). Figure 5 shows the ABS system used for the model simulation.



To begin with, a normalized desired slip value of 0.2 is considered, in line with the preferred values, between 0.18 to 0.3, recommended in [12], for better system performance. The brake signal initiates the brake procedure after 1 s of the start of the simulation process. It is also considered prudent to implement a control gain to turn the ABS system on or off, as required by the simulation.



All the pertinent information (such as “vehicle weight” and “wheel radius”) about the aircraft is inserted into the ABS system. The tire torque value is obtained by the multiplication of those values, integrating the friction slip curve. The tire torque value is used during future stages of the simulation as it interacts with the EMA.



Different data can be collected at this stage of the model, such as the wheel and aircraft angular speed, stopping distance, airplane speed, braking force, and slip. As mentioned previously, the slip is an important value to monitor the performance of the brake.




3.4. Electric Braking System Integration


Once the EMA model is developed and functioning, it is integrated with the ABS system, thus representing a holistic electric braking system. The interaction between the ABS system and the EMA is shown in Figure 6. It is noted that Simulink common blocks and Simscape components are used and connected accordingly, considering different units and magnitudes provided by the model.



As can be observed in Figure 6, the ABS controller receives the braking signal and continues its conditioning before it is supplied to the EMA. The speed and current controller provide the voltage to the electric motor for generating PWM depending on the signal from the ABS controller. Torque is generated by the electric motor, increased by the gear box, and then converted into translational motion by the leadscrew.



The resultant force provided by the EMA is then properly conditioned by a force sensor and subsequently converted into torque by the Simulink blocks, to obtain the brake torque. The tire and brake torque are subtracted to obtain the resultant torque, which is then used as a load feedback to the actuator. The resultant torque is finally integrated to obtain the wheel speed, which is returned to the ABS system and used to control the wheel slip and the resultant tire torque.



Finally, simulation is iterated until the aircraft stops and provides a complete reading of the behaviour of the system, considering also no drag or other means of braking. As mentioned previously, different scenarios are modelled to obtain the system behaviour when certain fault modes are present using Simscape blocks and specific conditions.





4. Electric Braking System and Fault Modes Simulation


4.1. Braking System Simulation Parameters


Once the EMA has been integrated into an EBS, parameters are added to the model. Table 1 shows the EMA parameters used for the simulation. The required values were obtained from an existing actuator, that has been used as a baseline. Other parameters, such as motor armature inductance and motor rated speed were obtained from the base DC motor block parameter provided by MATLAB/Simulink.



As for the physical blocks, damping, friction, and spring rate parameters were iterated until a suitable simulation was obtained. Controller values, such as gains and limits were modified accordingly to provide good actuator performance.



Following the EMA definition, aircraft and ABS parameters are given in order to provide a suitable scenario for the actuator. As no specific aircraft is being targeted, the values selected for the model assure that the simulation is produced accurately. Table 2 shows various aircraft and ABS parameters used.



The EBS model in the simulation is used to represent a realistic approach of a brake using an EMA, without considering any other means for braking in an ideal scenario. Using Equation (1), the approximate stopping distance can be calculated as a function of the initial velocity and the ratio of friction force and vertical load (MU), assuming the values we defined previously [22].


  S D =   v  0 2     (  2 ∗ g ∗ M u ∗ E  )     



(1)




where Mu is assumed as 1, E is the desired wheel slip 0.2 and g is the gravity constant 9.81 m/s2. The results show that the aircraft will take about 2 km to achieve full stop, so a similar distance should be expected from the ABS simulation to verify the proper integration of the model. In order to estimate the power required by the brakes to stop the vehicle, Equation (2) obtained from [21], derived from a free body diagram of an aircraft, can be used:


   P  b r a k e s   =  x ˙   F  b r a k e s    



(2)




where   x ˙   is the velocity of the aircraft, starting from   v 0  , and    F  b r a k e s     is the braking force required to stop the aircraft. Using an expected and estimated average braking force of 19 kN similar to the one used by [21], the peak braking power required to achieve full stop is found to be 1.67 MW, whilst the average power stands at 0.84 MW. As seen on the ABS system diagram (Figure 5), the wheel slip can be obtained by dividing the aircraft longitudinal speed by the wheel angular speed, as shown in Equation (3):


  s l i p = 1 −      w w     w v     



(3)




where    w w    is the wheel angular speed and    w v    is the aircraft longitudinal velocity. The wheel slip is 0 when both velocities are equal which means a non-braking condition exists. On the other hand, when the slip value is 1 due to the wheel being blocked, the angular speed drops to zero. Equation (4) represents the aircraft wheel speed as follows:


   w v  =   x ˙    R r     



(4)







Dividing the aircraft linear speed by the wheel radius, the vehicle angular velocity is calculated. Stopping distance and the braking power are used in the following sections to compare the model results with the previous works and validate the different scenarios used on the simulations. Lastly, the simulation time is set for the duration of 60 s.




4.2. Fault Modes Simulation


In order to provide highly useful information to develop an efficient CBM, knowledge of different fault modes and their corresponding impact is essential. We considered three main fault modes including the open circuit (OC), intermittent open circuit (IOC) and jamming. These three fault modes have a medium level of appearance, but very high criticality related to the safety of the system.



The OC is simulated by adding an electric switch between the motor controller and the electric motor [23]. As the switch opens, the electric current stops flowing and the EMA freezes in the position the fault mode occurs. Presumably, this may result in the lack of angular displacement and velocity from the electric motor and complete electric current breakdown.



As with the common OC, the IOC is the cut on electric connection from the electric source to the motor, but in this case, with an intermittence. The switch opens and closes intermittently, powering and cutting power to the electric motor. This may result in fluctuation in electric power and increased motor temperature.



In addition to the above, the jamming effect was also simulated by increasing the Coulomb friction to 50 kN, as suggested by [24]. Some of the expected results from this scenario include the lack of angular displacement of the motor shaft, no angular velocity, increased temperature of the motor and increasing electric power [25,26].





5. Qualitative Validation—Results and Analysis


This section presents the results obtained from the simulation of the developed digital model of EMA (Figure 6) in conjunction with ABS and EBS. Primarily, comparison between different scenarios (mentioned in Section 4.1) and the corresponding impact of fault modes on the system performance is drawn. The ‘Normal Operation’ condition is used as the base scenario with the best overall performance.



As can be seen in Figure 7, four key aircraft operation parameters, namely, Stopping Distance, Wheel Slip, Wheel Angular Speed, and the Vehicle Linear Speed are analysed against the EBS normal operation condition and the different fault modes. A significant impact is observable on all aircraft operation parameters with the introduction of faults, when compared with the ‘Normal Condition’ base scenario.



Most significant is the impact of “jamming,” as it halts the braking function of the aircraft altogether. The OC fault mode is similar to jamming in a way that as soon the signal brakes, it stops braking. The IOC also shows a reduction in performance when compared with the normal condition scenario. It is important to note that the jamming presents very hazardous environment, which may result in the damage to the actuator and other equipment near the actuator. The wheel and the brake itself can suffer notable issues with possible severe consequences for the aircraft. Figure 8 shows the change in the motor temperature. It can be seen that jamming causes maximum increase in temperature as compared with other fault scenarios, which could potentially lead to a hazardous situation compromising the integrity of the actuator and other peripheral systems. As for the OC and IOC, the increase in temperature seems much less dangerous; nevertheless, it indicates an ongoing fault in the system.



Similarly, the performance degradation trend is quite evident on the motor angular displacement and braking force, as shown in Figure 9. Again, jamming presents the maximum impact leaving the system with no force and angular displacement. OC stops abruptly as expected and IOC displays a considerable reduction in performance.



Lastly, the impact of the fault modes on the power of electric motor can be noted in Figure 10, where the normal condition (a) is compared with all the three scenarios. As is evident, there is a great variation in the electric power of the motor, which eventually impacts the overall performance of EMA. The scenario with the OC (b) shows the abrupt cut in power that affects the motor of the actuator, with a clear disruption in the system. In case of the scenario with IOC (c) displayed, the power cuts after every cycle and power spikes when the connection is closed, reducing the performance of the EBS. The fourth scenario (d) shows the electric power increasing with time as the actuator is subjected to the jamming condition, generating other disruptions, such as rapid temperature increase and no actuator displacement.



5.1. Qualitative Validation


It is important to assess and validate methods qualitatively so as to develop a better understanding of the issues presented by different operational fault scenarios [27]. This implies that the information can be gathered by differentiating the performance outcome of each scenario and accordingly setting up an expected baseline for more efficient system health evaluation.



Accordingly, a rubric scoring-based qualitative validation method is developed to evaluate the performance of the EBS under different scenarios with fault modes. An ascendant numerical qualification using numbers from 1 to 4 is given to describe the behaviour of the signal compared to the normal condition, with 4 representing the greatest change. The sum of the results obtained is compared to a range of values which define the fault mode. Table 3 describes the numerical assessment and the order used. Depending on the failure, a different combination in results can be expected and the failure identification process can be made. As seen in the previous section, the OC, IOC, and jamming have very different outcomes. Whilst the OC and IOC have electric power cut and no temperature change, with a jamming condition the same cannot be expected.



Table 4 shows the qualitative validation of the fault modes by comparing various related output signals. It is worth noting that each of them displays a specific value that can help identify the change each signal experiences. Comparing with the normal condition, the change in every signal is very noticeable, as all of them suffer from medium-to-great increase. The OC shows a complete lost signal as the electric connection of the actuator is disconnected.




5.2. Analysis


5.2.1. Normal Operation Condition


As a baseline, the normal operation scenario presents a smooth reduction on the aircraft speed achieved through proper control and modulation of the EMA by the actuator controller. The actuator provides enough force to the brake, which is capable of providing the required torque to stop the aircraft gradually. The wheel slip value is properly stabilized at 0.2 and provides a good difference in speed between the wheel and the aircraft.



With the actuator controller set at the specified parameters, the electric power is maintained at proper levels without having peak loads. The electric motor temperature increase is minimum, which suggests a good performance achieved by the controller. Moreover, the simulation shows the stopping distance of 2.1 km achieved under this scenario, which can be used to compare with the scenarios on which the aircraft actually achieves a full stop, such as the ABS OFF scenario, which stops after 2.6 km, showing a reduction in performance.



When comparing with the scenario in which the ABS system is OFF, the EBS fails to reduce the aircraft speed at the same pace as the wheel stops with the wheel slip at 1 and continues on that value until the end of the simulation. The force provided to the brake by the EMA is eventually reduced, which can be also seen on the braking torque, taking a longer time to stop the aircraft. The electric power from the actuator increases gradually to higher levels under the ABS ON scenario, which suggests a reduction in the performance of the system due to increase in the motor temperature.




5.2.2. Open Circuit


For this fault mode, the sudden cut of the electric power to the motor of the actuator presents an appreciable impact on the motor voltage, current, and controller signal which ultimately drop to zero as the switch transitions to “Open” state. This causes several other EMA data profiles to drop to zero as the actuator stops producing the braking force required for the aircraft to stop. The actuator staysor halts in the retracted position with no resultant braking torque.



It is also noteworthy that as the actuator shaft stops rotating with OC, the rise in motor temperature stalls and is maintained at the level it was at prior to the fault trigger. The qualitative validation of these data helps detect the occurrence of such a scenario, which indicates that the motor is not being powered electrically and it is not producing any torque, thereby rapidly providing an early stage diagnosis.




5.2.3. Intermittent Open Circuit


The IOC shows an abrupt power interruption with electric connection disrupting intermittently every 5 s. The data from the actuator controller show the fluctuating behaviour of the electric motor with intermittent power cuts and the subsequent power spikes occurring every time the connection switches between “Open” and “Closed” state. It helps understand the impact on the EMA and the controller as they experience functional challenges whilst aligning the braking procedure.



Under the IOC mode (contrary to OC), the aircraft manages to achieve a full stop but with a longer time (20% more) and distance (25% more) than it would under the normal operating conditions. The actuator becomes susceptible to damage or performance degradation with the increasing temperature values due to the power fluctuation and spikes and an improper modulation of the brake. As this information is validated qualitatively, an instant appreciation of the EMA and EBS health can be made and the maintenance regime can be adjusted accordingly.




5.2.4. Jamming


Under the jamming fault mode, as there is no movement from the EMA, there is no force applied and no ‘no-load’ feedback is available to the actuator. As a result, this prevents the controller from modulating effectively to achieve an unhindered braking procedure. The qualitative validation of jamming highlights the rapid increase in motor temperature due to higher current as a debilitating factor that may affect the reliability of EMA if it goes unnoticed and is not remedied promptly. In addition, considering the qualitative validation, the condition-based maintenance activities can be realigned to prevent the recurrence of jamming and help prolong the useful life of EMA and its associated equipment.






6. Conclusions


With the growing electrification requirements for more-electric aircraft (MEA), the enabling technology and systems must be on par with high reliability standards and maintained to the highest operational readiness levels. The existing health management regime that leverages several condition-based maintenance methods lacks the efficient and highly representative assessment techniques that could pinpoint the occurrence of faults in mission-critical systems and help realign the maintenance approach to foster system reliability. The qualitative validation approach presented in this paper plugs this gap and provides an efficient way of enhancing the existing CBM capabilities. Oriented towards electro-mechanical actuators (EMA) of an electric braking system (EBS), the newly developed qualitative validation is a rubric-scoring-based method that takes into consideration the sensor-based data on the change in behaviour of operational parameters under different aircraft operating conditions, differentiates, and classifies them according to the weighting score from 1 (min. change) to 4 (max. change). This helps with rapid identification of fault occurrence, building more robust remedial measures, and augmenting CBM capability for EMAs.



The whole qualitative validation scheme is built around a highly representative digital model of EMA integrated with an anti-skid braking system (ABS) model to provide a holistic EBS environment, more-realistic simulation with carefully selected three fault modes (open circuit (OC), intermittent open circuit (IOC), and jamming), and rigorous assessment of their impact on EMA performance and reliability.



As an early stage detection and analysis method, qualitative validation can be very useful to discard or include any relevant fault mode affecting the system. In addition, the developed qualitative validation method can be employed as an add-on to a digital twin (DT) environment for more rapid and realistic identification of faults in a given system. Furthering this research, we intend to expand the scope of fault modes (such as spalling, leadscrew structural problems, and other sensor issues) to build a large-scale EMA reliability database using qualitative validation for safe implementation in future more- and all-electric aircraft systems.
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Figure 1. The interaction between physical and digital objects depicting the difference between a “digital model” and “digital twin”. 
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Figure 2. The architecture of an aircraft electric braking system. 
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Figure 3. The Simulink-based digital model of an electro-mechanical actuator (EMA). 
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Figure 4. The structural diagram of a linear electromechanical actuator. 
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Figure 5. The Simulink model of the anti-skid braking system. 
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Figure 6. The integrated model of electric braking system combining EMA and anti-skid braking system (ABS) models. 
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Figure 7. A comparative impact analysis of different fault modes with the Normal Operation conditionof EMA (a) Stopping Distance comparison; (b) Wheel Slip comparison; (c) Wheel Angular Speed comparison; (d) Vehicle Linear Speed comparison. 
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Figure 8. The impact of fault modes on the temperature of the EMA. 
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Figure 9. The impact of fault modes on motor angular displacement and braking force; (a) motor angular displacement; (b) braking force. 
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Figure 10. The impact of fault modes of the electric power of the EMA electric motor (a) motor power in Normal Operation condition; (b) motor power in open circuit (OC); (c) motor power in intermittent open circuit (IOC); (d) motor power in jamming. 
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Table 1. The parameters of EMA used for simulation.
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	Parameter
	Value
	Units
	Reference





	PWM Frequency
	5
	kHz
	[16]



	PWM Voltage
	5
	V
	[17]



	Motor Operating Voltage
	36
	V
	[18]



	Motor Rated Load
	200
	W
	[17]



	Motor Temperature Range
	−40 to 80
	°C
	[18,19]



	Gear Reduction
	6.25:1
	
	[20]



	Leadscrew Displacement per Revolution
	0.015
	Mm
	Assumed



	Motor Efficiency
	99
	%
	Assumed



	Leadscrew Efficiency
	99
	%
	Assumed
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Table 2. Different aircraft and ABS parameters for simulation.
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	Parameter
	Variable
	Value
	Units





	Aircraft Initial Velocity [21]
	v0
	88
	m/s



	Wheel Radius
	Rr
	0.34295
	M



	Force to Torque
	Kf
	1000
	N/m



	Mass of Aircraft
	M
	8000
	M



	Max. Brake Pressure
	PBmax
	30,000
	Pa



	Inertia
	I
	0.0210701
	kg m2
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Table 3. Qualitative validation method.
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	Signal Behaviour
	Numerical Value
	Behaviour Description





	No Change
	1
	The performance is similar to the one obtained from the normal condition simulation.



	Change Moderately
	2
	The signal increases or decreases moderately. Not much difference in the results can be visible, but some change in performance exists.



	Change Greatly
	3
	Great change in the signal obtained from the simulation. It is clear that some abnormal condition exists and there is great variation in performance.



	Signal Abruptly Cut
	4
	The signal does not provide any information as it remains as it started the simulation. Great change in performance is observed.
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Table 4. Fault modes qualitative validation comparison.
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	Operational Condition
	Temperature Increase
	Voltage Signal Change
	Current Signal Change
	Torque Signal Change
	Shaft Velocity Change
	Angular Displacement Change





	Normal Condition (ABS ON)
	1
	1
	1
	1
	1
	1



	Open Circuit
	3
	3
	3
	3
	3
	3



	Intermittent Open Circuit
	2
	2
	2
	2
	2
	2



	Jamming
	3
	2
	3
	4
	4
	4
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