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Abstract

:

Featured Application


Usage of series/parallel power systems for ultralight aviation to increase safety.




Abstract


The conventional powertrain for ultralight aviation consists of a fixed pitch propeller connected to an internal combustion engine (ICE). Since ICEs have a limited thermal efficiency (<40%), new and more efficient powerplant configurations have recently been proposed in the scientific literature by adopting hybrid electric solutions. Hybridization has the additional benefit of increased safety thanks to redundancy. This is a very important issue in ultralight aviation, where a high percentage of accidents are caused by engine failure. In a previous investigation, the authors proposed the design of a series/parallel hybrid electric power system to increase safety and optimize fuel economy by controlling the engine working points during flight. A new powertrain, derived from an automotive Honda i-MMD system, is analyzed in this study and a reliability analysis is performed to underline the improved safety obtained with the proposed system.
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1. Introduction


In the field of ultralight aviation, safety is a crucial topic. De Voogt et al. [1] reported that a large percentage of accidents that occurred in ultralight vehicles in Portugal, the USA, and the UK from 2000 to 2010 were the consequence of engine failure, and most of them occurred during ascent. To improve the safety of ultralight aviation, a hybrid electric propulsion system was developed in collaboration with Promecc Aerospace in a previous investigation by the authors [2], according to the technical standards defined by the Italian regulations for sport or leisure vehicles [3,4]. In particular, a series/parallel hybrid electric solution was designed in order to improve the safety and ensure a continuous ascent in a purely electric mode after engine failure. A second but not insignificant goal was the selection of relatively cheap technologies deriving from the automotive market.



A hybrid electric power system (HEPS) combines the advantages of conventional and all-electric power systems because it uses two or more power sources to produce propulsive power. Hybridization reduces fuel consumption and pollutant and acoustic emissions and generates very high power at take-off and ascent with respect to conventional power systems characterized by a single engine mechanically connected to a propeller [5]. With respect to an all-electric configuration [6], HEPSs increase the range and the endurance that are limited by the still insufficient energy density of today’s batteries. HEPSs also have the advantage of redundance. In the case of engine failure, the electric drive can sustain the flight for a short time because of the possibility to “boost” the electric machine and the battery to work at their peak power.



According to the connection of the thermal and electric machines, HEPSs are classified as in parallel, series, and series/parallel [5].



In series HEVs, the generation of propulsive power is performed by the electric machine (motor). The required electric power comes from either the battery or from another electric machine (generator) run by an internal combustion engine (electrical summation of power). The double conversion of power from mechanic-to-electric (in the generator) and electric-to-mechanic (in the motor) power and the large size of the electric machine connected to the output shaft are the main drawbacks of this configuration. On the other hand, there are two degrees of freedom in series HEPSs: the split of electrical power between the battery and the generator and the engine rotational speed. Therefore, it is possible to make the engine work at high efficiency in a large variety of operating conditions. This compensates for the negative effect of multiple energy conversions when the power request quickly varies, as in the case of an automobile running in an urban context.



Parallel HEPSs are characterized by a mechanical sum of the power of the engine and the electric machine at the transmission level. The single degree of freedom in a parallel configuration is the torque split between the engine and the motor, while the rotational speed of both converters is constrained by the output shaft speed. Unlike the series configuration, the parallel configuration requires only two converters (the engine and the electric machines) and they can be of smaller size because of the mechanical summation of power. In aerospace applications, piston engines are the most common choice, but a Wankel engine has been proposed in [7]. According to the authors of [8], parallel configurations can improve ascent performance by up to 56% and decrease the fuel consumption by 6% [5] with an increase of only 5% in weight compared to a non-hybrid system. In the case of failure of the engine or the motor, this configuration allows for the de-coupling of the combustion drivetrain or the shutting down of the electric power supply [9]. Unfortunately, if the accident takes place during take-off or ascent, this configuration is unable to give the required power because the engine and the electric machine are usually downsized in parallel HEPSs [10,11].



A series/parallel HEPS contains two electric power sources (the battery and the engine/generator system) and two mechanical power generation devices (the engine and the electric motor). The three machines are connected by a power coupling device. In the series/parallel configuration it is possible to optimize both the speed and the torque of the engine like in a series system. Similar to the parallel configuration, a series/parallel HEPS is based on the usage of smaller machines than a series arrangement.



There are two main types of power coupling devices for series/parallel hybrid electric vehicles [12]: the wet clutch (used in the Honda i-MMD [13]) and the planetary gearbox or power-split system such as in the Toyota THS [14,15,16]. Other more complex configurations have been proposed in the scientific literature, but they are unsuitable for aerospace applications, where it is mandatory to reduce the mass, bulk, and complexity. Both the Honda Hybrid System (HHS) and the THS allow the optimization of the engine working point; however, in the planetary systems, the engine is rigidly connected to the propulsion system to the detriment of driving comfort in the case of changing the engine start-stop mode (typical of the automotive applications).



In a previous investigation [2] performed on the same vehicle, the advantages of using a series/hybrid electric configuration to increase the safety and reduce fuel economy were addressed. This study adapted the THS system to an ultralight aerial vehicle and compared it with a conventional thermal powertrain adopting either a piston or a rotary engine. As in the original Toyota system [17], the engine is coupled with the carrier, the electric machine EM1 with the sun gear, while the electric machine EM2 is on the outer gear (see Figure 1). The same electric machines of the original THS were considered, while the piston engine was replaced by a rotary thermal machine.



A Wankel engine [2] was preferred for this application because of its high power/weight ratio and simple design. Similar to all rotary engines, the thermodynamic cycle of a Wankel is not obtained from the reciprocating movement of a piston in a cylinder. The four stages of intake, compression, ignition, and exhaust, in fact, are achieved by the movement of an eccentric rotor within an epi-trochoidal housing. Wankel engines are characterized by a low maintenance cost thanks to the reduced number of moving parts and the absence of intake and exhaust valves, while the rotary kinematics decrease noise and vibrations. The drawbacks of Wankel engines are related to the large surface-to-volume ratio and to the slow rotation of the rotor chamber (one-third of the eccentric shaft speed). These features intensify the wall heat flux and reduce the thermal efficiency of the engine. Moreover, Wankel engines suffer from sealing problems and low power outputs at low speeds [18]. These problems can be partially solved by the use of a hybrid electric power system, especially in a series configuration [19].



The results of the previous study releveled that, even accounting for a larger take-off mass and despite the lower efficiency of the Wankel engine, the proposed HEPS allowed an improvement in the fuel consumption of about 20%. Compared with a non-hybrid Wankel engine arrangement, the series/parallel HEPS improved the fuel economy by 28%. These fuel saving figures were estimated with a backward simulation approach starting from a typical mission and calculating the consumption of fuel and electricity (in the hybrid case). Stationary performance curves and efficiency maps were used for the propeller, the engine, and the electric machines.



A planetary gear configuration allows high torque transmission and a large speed reduction to be achieved with relatively small gears, as required by the automotive application. However, its complex design and manufacturing tend to make it a more expensive solution than other gearbox types and its configuration makes heat dissipation more difficult. Other disadvantages are the high bearing load, inaccessibility, and design complexity [20]. Moreover, it requires a complex energy management strategy. For these reasons and for the fact that it is impossible to disengage the engine in case of failure, the Honda system was adopted in this investigation and a preliminary Honda-type series/parallel hybrid configuration was designed. To the authors’ knowledge, this system has never been considered for aerospace applications.



Another contribution of this investigation is represented by the reliability analysis. As stated in [21], the reliability of HEVs has not been investigated deeply until now, due to the fact that hybrid technology is at an early stage of development, together with the amount of time required to collect data related to component and subsystem reliability, which in addition are often retained as proprietary information. However, the authors of [21] claim the superiority of ICE-based vehicles in terms of reliability, only considering the lower number of system components. The possibility of working under partial functionality of hybrid systems must be considered, which is a crucial aspect in making them more reliable than conventional systems.



A reliability assessment has been carried out, considering the importance of attaining a higher safety level as a key objective of the present study. The reliability assessment proposed in this investigation is based on the well-known Markov models [22], but the present investigation introduces a complete calculation of series/parallel system reliability, which includes not only propulsion system components but also the clutch and the gearbox to give an indication of the behavior of the entire system that will be developed.



The novelty and potential impact of the proposed investigation on the scientific literature on this topic is also guaranteed by the adoption of a series/parallel configuration (that is quite overlooked in the hybridization of aircraft) and by the sizing procedure which is based on the analysis of the power request under a realistic mission according to different energy management strategies.



The rest of the paper is organized as follows: Section 2 defines the reference ultralight airplane and the modeling approach; Section 3 describes the sizing of the series/parallel power system and its operating modes. Finally, Section 4 reports the results of the reliability analysis, the details of which are described in Appendix A.




2. Ultralight Aircraft and the Modeling Approach


In this investigation, the retrofitting of the Promecc Aerospace Freccia to a hybrid electric ultralight aircraft was performed. The aircraft has a take-off mass of 450 kg and a wing area of 12 m2 (see Figure 2). The HEPS was designed and simulated according to the realistic flight mission shown in Figure 3 that was obtained from a previous investigation [23].



The original configuration for the Freccia includes a fixed pitch propeller. This kind of propeller works at high efficiency in a very limited operating range. High pitch propellers are preferred because they improve efficiency during cruising [24], which is the longest phase of flight and the most significant for fuel consumption. However, the reduced efficiency during ascent leads to a higher power demand that results in the need to increase the installed power and this, in turn, causes a higher takeoff weight [25]. Moreover, the engine efficiency is constrained in a conventional power system by the need to follow the speed and torque demands of the propeller. Therefore, the engine is sized according to the takeoff and ascent power and then works at partial load during the cruise and in the final part of the flight (descent).



A variable pitch propeller maintains the ideal blade setting for each flight phase by adjusting the pitch position [25] by means of a push–pull rod driven by a servo [26] or a governor. In this way, the propeller rotation speed can be kept constant (constant speed propeller) [27]. Even if constant speed operation does not warrant optimal propeller efficiency, it allows the engine to be operated at constant speed and expands the propeller’s operating range, allowing it to absorb the maximum engine power [28].



In this investigation, a fixed speed propeller with a diameter of 1.78 m with the dimensionless performance map of Figure 4 was considered. By applying the balance of forces acting on the plane along the mission and by using the following polar,    C D  = 0.0349 + 0.0749  C L 2   , as suggested in [29] for an ultralight aircraft, the propulsive power request was calculated. By dividing the propulsive power by the efficiency of the propeller, it was possible to obtain the power request at the output shaft of the series/parallel power system, which is reported in Figure 4, together with the propulsive power. More details on the evaluation of the propulsive power can be found in [23].



The shaft power request in Figure 4 must be satisfied each time by the hybrid electric power system according to the selected operating mode (as explained in the next section). The thermal and electric machines are modeled by means of performance curves and efficiency maps available in the scientific literature. In particular, the wide-open throttle torque curve and the efficiency map of the Wankel engine, reported in Figure 5, are obtained from the two-rotor Mazda 13B [30]. The optimal operating line (OOL) shown in the figure collects all the torque and speed combinations that, for a specific power request, guarantee the minimum fuel consumption in steady-state conditions.



Generic Brushless DC electric machines were considered in this investigation. Their efficiency map is obtained with a simple Willans line approach as suggested in [31]. More details on the simulation approach can be found in [2]. Note that this kind of approach is universally accepted in the preliminary design of hybrid electric power systems when experimental data are not available [31].




3. The New Power System


In this investigation, the Wankel engine is connected with a new power split device to the two electric machines that, unlike the previous power system [2], are not obtained from the Toyota Prius configuration, but sized according to the mission requirements and operating mode as explained later in the paper.



3.1. Transmission Scheme and Operating Modes


Many of the power split devices proposed for the automotive field are very complex, characterized by the presence of many planetary gears and clutches (see, for example, patents US 11,305,636 and 2008/0248909). On the contrary, the Honda i-MMD presents a lower degree of complexity while maintaining high flexibility in the choice of the engine working point, and is therefore considered suitable for the present application. The Honda i-MMD system was proposed in 2013 and makes use of four pairs of gears and one clutch that allows the decoupling of the internal combustion engine from the transmission [32]. This system will be henceforth named HHS (Honda hybrid system).



The operating modes of the HHS are schematized in Figure 6. When the clutch is open, the system works in electric vehicle mode or in series HEV, while the second electric machine propels the vehicle. When the clutch is locked, the vehicle operates in parallel mode and the engine speed is proportionate to the wheel speed.



As shown in Figure 7, the shafts of the electric motor EM2 and generator EM1 are coaxial. A clutch is interposed between gear 6 and gear 7 to allow the internal combustion engine to be decoupled, while the latter is always in mesh with the generator shaft via gear 6.




3.2. Choice of the Rotational Speeds


To adapt the system to the present application, the wheel shaft was replaced by a propeller shaft and the transmission was subjected to a first preliminary design, which led to the modification of the transmission ratios to make them more suitable for use with a variable pitch propeller, and thus at a given output shaft speed. Given the configuration chosen for the transmission, the speeds and torque ranges were obtained for the engine and electric motors, respectively, in engine mode and EV series mode when the engine is decoupled from the transmission shaft.



The second step in the design process was to evaluate the choice of the engine speed on the basis of its performance curve and efficiency map at sea level (Figure 5).



The wide-open throttle (WOT) power of the engine is 70 kW and is reached at the speed of 7000 rpm, while the WOT torque is maximized at 4700 rpm. Therefore, if the transmission is designed so that the engine runs at 7000 rpm, the mission can be entirely performed in thermal mode and the engine power is fully exploited. Actually, it would be necessary to take into account the reduction in WOT power that is caused by the lower pressure and temperature of the atmosphere at the flight altitude. For naturally aspirated engines, such a reduction can be expressed as [33]:


    B H P  z    B H P  0    = 1.13 σ ( z ) − 0.13  



(1)




where  z  is the flight altitude,   B H P   is the engine WOT brake horsepower, and “   σ ( z )   ” is the ratio between air density at  z  and air density at sea level (z = 0).



Figure 8 shows the percentage of loss of engine WOT power as a function of the flight altitude. Keeping in mind the mission in Figure 3, a 10% loss in the engine is obtained for the specific application.



However, in order to reduce fuel consumption, it could be suitable to make the engine work at its best efficiency point (optimal operating point, OOP), but in this case, the sea level power should be only 30 kW. To compromise between performance and efficiency, a rotational speed of 4590 rpm was chosen for the Wankel engine. The relevant operating points of the engine considered in this investigation are summarized in Table 1.



As for the electric machines, the speeds of EM1 and EM2 were chosen with a trial-and-error procedure considering a constant output speed of 2000 rpm. The geometrical and functional limits of the proposed power split device and the range of feasibility of permanent magnet machines were taken into account in the procedure. The results of the analysis led to the choice of 8570 rpm for EM2 and 7000 rpm for EM1. The number of teeth and the transmission ratio of the original and modified systems are reported in Table 2.




3.3. Energy Management and Power Sizing


In the previous investigation, a complex energy management strategy was proposed to allow the engine to work at optimal operating points independently of the propeller speed and torque request. In the new configuration, thanks to the constant speed of the propeller, the energy management can be simplified.



The size of the electric machines and the battery were obtained from the power request distribution among the engine and the electric machines according to the three operating modes of the system.



	-

	
Full electric: the engine is disengaged and no fuel is used;




	-

	
Hybrid power assist: the mission is performed with the engine running at 4590 rpm. The EM2 machine is used help the engine when the shaft power overcomes   51.8 ⋅    1.13 σ ( z ) − 0.13       kW   , i.e., the maximum power that the engine is able to deliver at that speed at altitude z (see Table 1 and Equation (1));




	-

	
Hybrid series: the engine is disengaged from the transmission so that its operating point can be set equal to the OOP of Table 1. The engine power is delivered to the generator (EM1), which in turn supplies electric power to the motor (EM2). If insufficient, additional power is delivered to EM2 from the battery. On the contrary, when the EM1 power is higher than the shaft power request, the excess power is store in the battery.







The power distribution among the different machines and the battery according to these operating modes is reported in Figure 9. The mission cannot be performed in thermal mode (using only the engine) with the selected engine speed. However, to obtain a term for a comparison of fuel saving, the engine is assumed to be running at its max power rotational speed (7000 rpm), thus obtaining a hypothetical thermal mode where only the engine is used to move the propeller.



The plots in Figure 9 were obtained by taking into account the efficiency of the three machines. For the engine, the efficiency was obtained from the map of Figure 5, while the electric machines were modelled with a Willans line model. For details of the modelling approach, please refer to [2].



The results of the mission analysis are reported in Table 3. The table reports the consumption of fuel and electricity of the HHS with the three possible operation modes, the consumption of a hypothetical thermal configuration with the engine allowed to run at 7300 rpm (max power), and the consumptions obtained with the THS over the same mission with the same take-off mass.



Compared with the thermal hypothetical mode, the HHS in power assist mode allows a fuel saving of about 20%, while needing a very small battery to account for the electricity consumption. On the other hand, a fuel saving of about 45% can be obtained with the series hybrid mode, but this would require a much larger battery (about 10 kWh). With twice this size of the battery, the mission could be performed in all-electric mode.



The improvement in fuel economy guaranteed by the series hybrid mode is due not only to the reduced contribution of the engine in satisfying the shaft power request, but also to the higher and constant efficiency of the engine that works always at its OOP while in power assist mode, the engine works at 4590 rpm (see Table 1). The time trends of engine efficiency in the series hybrid, power assist, and thermal cases are compared in Figure 10.



With respect to the previous powertrain (THS + constant pitch propeller) with the complex energy management strategy explained in [2], the HHS causes an increase in both fuel consumption and electricity consumption. However, as already pointed out, the new system is less complex and the engine works at constant torque and speed.



To complete the sizing of the electric machines, the mission requirements were taken into account and translated to the minimum size of the electric machines. The minimum size of machine EM2 is 69.6 kW in EV, while 17.7 kW is sufficient in power assist mode. The machine EM1, that works only in series hybrid mode, has a minimum size of 30 kW.



Table 4 compares the new power system, sized according to the series hybrid mode, with that proposed in the previous study. The only difference is the larger size of electric machine EM2. However, EM2 works at constant speed in the new systems thanks to the adoption of a constant speed propeller, while its rotational speed was variable in the THS system because of the fixed pitch propeller.




3.4. Battery Sizing and Weight Considerations


The battery must be sized by considering not only the limitations in terms of gravimetric energy density but also in terms of power density [34]. Assuming a depth of discharge of 80% and a gravimetric energy density of 200 Wh/kg for the battery, the battery mass ranges between 10 kg for the power assist mode and 128 kg for the all-electric case. As a compromise, the battery size will be set equal to 10 kWh (62.5 kg) because, in case of engine failure, the aircraft can easily complete takeoff and ascent and then descend to land. Since the maximum battery power in Figure 9 is about 76 kW, the battery must have a power density of about 1200 W/kg, a value in line with today’s high-power lithium battery technology [33].



At this stage, an accurate weight analysis of the proposed system has not yet been performed, even if for each component, the weight can be estimated from the literature data of power densities for modern electric machines. However, it is not correct to evaluate the weight of a hybridization scheme by simply adding the weight of the extra components to the original weight of the aircraft [35]. First, the starter motor/generator and the battery of the conventional configuration are not needed anymore to turn on the engine and generate on-board electricity. In the case under analysis, moreover, the proposed power system makes use of a very light Wankel engine, and the fuel saving can help reduce the size of the fuel tanks. Additionally, note that, according to Italian legislation, the takeoff weight must be kept under 450 kg, which is also the actual takeoff weight of the reference vehicle used in this investigation. Therefore, the retrofitting of the Freccia would not be feasible even with a limited increase in the powertrain weight. For this reason, the design of a new prototype ultralight aircraft will be the goal of the next step of this project, which will also include a reduction in the weight and bulk of the proposed system and the choice of battery.





4. Reliability Analysis


Once the proposed propulsive system was outlined, a reliability analysis was carried out, as flight safety enhancement was the main objective of the present research. To this end, a Markov model has been used, as suggested in [22].



According to this approach, the reliability of a system is calculated in terms of availability as the probability of existing in a state of usability, which is based on the transition rates from a pre-existent “healthy state” and the transition rates from a previously failed to a “healthy” state in each time interval.



In its simplest form, the availability of the system in Figure 11 is given by the probability associated with the state “healthy”, while the transition from one state to the other is characterized by the parameters λ and μ, which are failure and repair rates, respectively, defined as:


   λ =   1  MTBF    



(2)






   μ =   1  MTTR    



(3)




where MTBF and MTTR are the mean time between failure of and the mean time to repair a given component.



In complex systems such as that being examined, a reliability assessment is related to the particular configuration of the system itself, so that all possible states can be enumerated and consequently their probability can be calculated. In the present work, the reliability of the developed system is compared to the reference conventional system, which is the system before hybridization.



The conventional system (only thermal) is made of three distinct components, namely the engine, the clutch, and the gearbox. It follows that the system can assume eight different states, summarized in Table 5, where the working state of a component or system is denoted by 1 and the failed state by 0 and whose transitions are represented in Figure 12.



Thus, the availability of the system coincides with the probability of state 1, calculated as:


   P 1  =    μ E  ⋅  μ C  ⋅  μ  GB        ( μ   E  +    λ   E  ) ⋅    ( μ   C  +    λ   C  ) ⋅    ( μ    GB   +    λ    GB   )    



(4)




where the subscripts E, C, and GB of failure rate, λ, and repair rate, μ, refer to the engine, clutch, and gearbox, respectively. From Equation (4), an availability of 0.9910 is obtained.



As the hybrid system is made of six components (battery, EM2, EM1, engine, clutch, and gearbox), the number of states is now 64. The states and the corresponding Markov chain for the proposed hybrid system are given in Appendix A. It is assumed that gearbox failure always leads to system failure, while clutch failure is not critical, as long as the system can work in electric mode. The failure and repair rates employed in the calculation of system availability are given in Table 6 [22,36,37].



The availability of the hybrid system, calculated as the sum of the probabilities of the working system states, is equal to 0.9999.



As expected, the redundancy and versatility of the hybrid system allow for a higher availability with respect to the conventional system, demonstrating the efficacy of hybridization in increasing safety.



Additionally, the reliability of the system in conventional, series, and parallel configurations has been calculated over a time horizon of t = 1000 h, according to the following equations:


     R = e     λ t      ( component   reliability )  



(5)






   R  series   =    R   1  ⋅ … ⋅  R n    ( reliability   of   a   system   made   of   n   components   in   series )  



(6)






   R  parallel   = 1 −   ∏    i = 1   n  ( 1 −    R   i  )   ( reliability   of   a   system   made   of   n   components   in   parallel  )   



(7)







The results are given in Table 7, which reaffirms the advantage of hybridization. Both the power assist and series configurations increase the reliability by 33% with respect to the conventional power system.



Note that the reliability analysis performed in this investigation does not take into account the replacement of the piston engine with a rotary one, because the data on the reliability of a Wankel engine in the scientific literature are limited and controversial. On the one hand, the Wankel engine has a very limited number of moving parts with respect to a piston configuration, and the study of Yewale et al. [38] demonstrated that this kind of engine is able to complete endurance testing. On the other hand, this kind of engine experiences trouble with the sealing of the trochoidal rotor and stress in the eccentric shaft [39].




5. Conclusions


The preliminary design and the reliability analysis of a hybrid electric power system for the retrofitting of an ultralight airplane were addressed in this paper. The goals of the preliminary design were three: ensuring the safety of aircraft operation in case of engine failure, proposing a less complex power split device with respect to a previous investigation of some of the authors, and saving fuel despite the usage of a low-efficiency type of engine (Wankel). The results of the present investigation showed that all these goals can be achieved with series/parallel power systems, a configuration hitherto neglected in the aerospace industry. In particular, it was found that a series/parallel configuration with an adapted Honda hybrid system increases the reliability by 33% with respect to the conventional configuration. The simplicity of the device was guaranteed by replacing the planetary system with a helical gearbox used in a previous study and by considering a fixed speed propeller that also allows obtaining a relevant fuel saving (with respect to a full thermal configuration) with a very simple energy management strategy. The battery and the electric machines were sized by considering the power request of the power system in three different operating modes: all-electric (in case of engine failure), power assist (parallel), and series. In further investigations, a new aircraft prototype will be designed and the proposed power system will be optimized with the goal of reducing the weight and bulk in order to meet the requirements of maximum take-off weight for ultralight aviation according to Italian legislation.
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Table A1. States of the proposed series parallel hybrid system (E = engine; EM1 = generator; B = battery; EM2 = motor; C = clutch; GB = gearbox; S = system).






Table A1. States of the proposed series parallel hybrid system (E = engine; EM1 = generator; B = battery; EM2 = motor; C = clutch; GB = gearbox; S = system).





	
State Number

	
Condition

	
E

	
EM1

	
B

	
EM2

	
C

	
GB

	
S






	
1

	
Healthy

	
1

	
1

	
1

	
1

	
1

	
1

	
1




	
2

	
Single fault

	
0

	
1

	
1

	
1

	
1

	
1

	
1




	
3

	
1

	
0

	
1

	
1

	
1

	
1

	
1




	
4

	
1

	
1

	
0

	
1

	
1

	
1

	
1




	
5

	
1

	
1

	
1

	
0

	
1

	
1

	
1




	
6

	
1

	
1

	
1

	
1

	
0

	
1

	
1




	
7

	
1

	
1

	
1

	
1

	
1

	
0

	
0




	
8

	
Dual fault

	
0

	
0

	
1

	
1

	
1

	
1

	
1




	
9

	
0

	
1

	
0

	
1

	
1

	
1

	
0




	
10

	
0

	
1

	
1

	
0

	
1

	
1

	
0




	
11

	
0

	
1

	
1

	
1

	
0

	
1

	
1




	
12

	
0

	
1

	
1

	
1

	
1

	
0

	
0




	
13

	
1

	
0

	
0

	
1

	
1

	
1

	
1




	
14

	
1

	
0

	
1

	
0

	
1

	
1

	
1




	
15

	
1

	
0

	
1

	
1

	
0

	
1

	
1




	
16

	
1

	
0

	
1

	
1

	
1

	
0

	
0




	
17

	
1

	
1

	
0

	
0

	
1

	
1

	
1




	
18

	
1

	
1

	
0

	
1

	
0

	
1

	
1




	
19

	
1

	
1

	
0

	
1

	
1

	
0

	
0




	
20

	
1

	
1

	
1

	
0

	
0

	
1

	
0




	
21

	
1

	
1

	
1

	
0

	
1

	
0

	
0




	
22

	
1

	
1

	
1

	
1

	
0

	
0

	
0




	
23

	
Three faults

	
0

	
0

	
0

	
1

	
1

	
1

	
0




	
24

	
0

	
0

	
1

	
0

	
1

	
1

	
0




	
25

	
0

	
0

	
1

	
1

	
0

	
1

	
1




	
26

	
0

	
0

	
1

	
1

	
1

	
0

	
0




	
27

	
0

	
1

	
0

	
0

	
1

	
1

	
0




	
28

	
0

	
1

	
0

	
1

	
0

	
1

	
0




	
29

	
0

	
1

	
0

	
1

	
1

	
0

	
0




	
30

	
0

	
1

	
1
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Figure A1. Markov chain of the proposed series parallel HEPS. 
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Figure 1. Toyota powersplit adopted in a previous investigation [2]. 
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Figure 2. Reference aircraft (Promecc Aerospace Freccia). 
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Figure 3. Mission profile. 






Figure 3. Mission profile.
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Figure 4. Propeller efficiency map (left) and propulsive vs. shaft power (right). 
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Figure 5. WOT torque curve (black line), efficiency map (isoline map), and OOL(red line) of the Wankel engine at sea level. 
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Figure 6. Working modes of the Honda hybrid system. 
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Figure 7. Transmission scheme of the HHS. 
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Figure 8. Loss of engine power as a function of flight altitude. 
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Figure 9. Distribution of power among the different components of the power system. 
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Figure 10. Engine efficiency for the series -hybrid, power assist, and thermal modes. 
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Figure 11. Markov chain of a two-state system. 
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Figure 12. Markov chain of the conventional system. 
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Table 1. Relevant engine working points.






Table 1. Relevant engine working points.





	Operating Point
	Speed (rpm)
	Torque (Nm)
	Power (kW)
	Efficiency (%)





	Max power (WOT)
	7000
	95.5
	70.0
	0.220



	Max torque (WOT)
	4700
	109.0
	53.7
	0.230



	Best efficiency (OOP)
	3000
	95.0
	29.8
	0.240



	WOT and OOL @ selected speed
	4590
	107.7
	51.8
	0.235
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Table 2. Number of teeth (z) and transmission ratios (τ).
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	z1
	z2
	z3
	z4
	z5
	z6
	z7
	τ21
	τ43
	τ73
	τ65





	Original Honda iMMD
	65
	19
	54
	22
	39
	76
	69
	3.42
	2.43
	0.81
	0.51



	Adapted HHS
	50
	28
	36
	15
	21
	32
	28
	1.79
	2.4
	1.29
	0.66
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Table 3. Consumption of fuel and electricity for different operating modes.
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	Operating Mode
	Fuel Consumption
	Electricity Consumption





	HHS—EV
	-
	20.5 kWh



	HHS—POWER ASSIST MODE
	8.5 L
	1.6 kWh



	HHS—SERIES HYBRID MODE
	5.8 L
	9.8 kWh



	THERMAL (hypotethical)
	10.7 L
	-



	THS (old powertrain)
	5.6 L
	3.9 kWh
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Table 4. Specifications of the old and new powertrains.
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	Specification
	Toyota Hybrid System (THS)
	Honda Hybrid System (HHS)





	Wankel engine
	Peak power
	70 kW @ 7000 rpm
	70 kW @ 7000 rpm



	
	Displacement
	654 cm3
	654 cm3



	
	Fuel
	Avgas
	Avgas



	EM1
	Max. power
	30 kW
	30 kW



	EM2
	Max. power
	50 kW
	70 kW
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Table 5. States of the conventional system.
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State Number

	
Condition

	
Engine

	
Clutch

	
Gearbox

	
System






	
1

	
Healthy system

	
1

	
1

	
1

	
1




	
2

	
Single fault

	
1

	
1

	
0

	
0




	
3

	
1

	
0

	
1

	
0




	
4

	
0

	
1

	
1

	
0




	
5

	
Dual fault

	
1

	
0

	
0

	
0




	
6

	
0

	
1

	
0

	
0




	
7

	
0

	
0

	
1

	
0




	
8

	
Three faults

	
0

	
0

	
0

	
0
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Table 6. Failure and repair rates of involved components.






Table 6. Failure and repair rates of involved components.










	
	λ (1/y)
	μ (1/y)





	Engine
	2.52802
	361.6846



	Generator (EM1)
	0.01111
	4151.659



	Battery
	0.0006
	848.0155



	Motor (EM2)
	0.01825
	2591.716



	Clutch
	0.032259
	16.10294



	Gearbox
	0.2545
	3981.818
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Table 7. Reliability of different system configurations.
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	Configuration
	Reliability





	Conventional
	0.72519



	Series hybrid
	0.969327



	Power assist
	0.970835
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