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HIGHLIGHTS GRAPHICAL ABSTRACT

o Investigating hybrid propulsion
system failure modes and their
impact on the aircraft.

e Sizing the hybrid propulsion
system under all-turbine and
battery failures.
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state of charge trajectory to

100

70

60
50

idmissible Span

Battrey state of charge (%)

ensure safe landing of the hybrid 40 : ; § e !

aircraft Take —off | Cruise ' Descent& !
e Simulating the hybrid propulsion & Climb - Approach

system under all-turbine and -

battery pack failures. Time
ARTICLE INFO ABSTRACT
Article history: In this paper, the sizing method and reference battery state of charge (SOC)
Article Type: Research paper trajectory for a hybrid aircraft under failure conditions are presented. With this aim,
Received: 07 January 2026 first, the types of hybrid-electric propulsion system (HEPS) structures along with
Received in revised form: 27 their components are introduced. Then, the failure modes of HEPS main components
February 2026 and their impact on the aircraft performance are investigated. Next, the sizing of
Accepted: 06 April 2026 parallel HEPS under all-turbine and battery pack failures is formulated. Then, the
Available online: 21 April 2026 reference SOC trajectory is presented by simulating the HEPS during a real flight
*Correspondence: mission, to ensure the safe landing of the aircraft in the event of all-turbine failure.
mkhasheinejad@gmail.com So that the battery SOC in the cruise and descent phases should be about 35-45% and
Keywords: 65%, respectively. Finally, using the results of the parallel hybrid aircraft simulation
hybrid Propulsion under emergency failure modes, the correctness of the proposed sizing procedure has
Failure Modes been proven. In addition, by presenting the simulation results of the healthy hybrid
Failure-Based Sizing aircraft, the satisfaction of the performance constraints of the parallel HEPS has been
Reference State of Charge validated.

Aircraft Simulation

Cite this article: Khasheinejad M®, Montazeri-Gh M. Sizing and Reference SOC Trajectory of Hybrid Aircraft
Propulsion System under Failure Conditions. Journal of Aerospace Mechanics. 2025; 22 (1): 31-44.
DOI: https://doi.org/10.47176/MAJ.2026.1530

© Author(s) retain the copyright and full publishing rights |@ ® @

Publisher: Imam Hossein Comprehensive University. OPEN (3 ACCESS



https://doi.org/10.47176/MAJ.2026.1530
https://orcid.org/0000-0001-5043-2993
https://orcid.org/0000-0001-5043-2993

Sizing and Reference SOC Trajectory of Hybrid Aircraft Propulsion System under Failure Conditions; Masoud Khasheinejad, Morteza Montazeri-Gh =~ 32

1. Introduction and Problem Statement

According to the International civil aviation organization (ICAO), about 2.4% of the pollution caused by the
consumption of fossil fuels was related to the aviation industry, especially passenger and commercial aircraft. This
has been increased by about 32% compared to the last five years. In this regard, to achieve more sustainable
aviation in passenger aircraft, the international air transport association (IATA) has proposed several solutions,
including the use of new propulsion technologies based on carbon neutral growth strategy. Due to the current
battery technology and their high weight, it is not possible to have an all-electric propulsion structure for regional
and long-range aircraft. Therefore, hybrid propulsion has been proposed as one of the most promising approaches to
reducing fuel consumption and aircraft pollution. In addition, by using the hybrid propulsion system, it is possible
to improve the safety and resilience of the aircraft propulsion due to the flexibility of the aircraft energy sources.
Regional aircraft play an important role in civil aviation for medium-range transportation. ATR series turboprop
aircraft are among the most widely used regional aircraft.

One of the interesting subjects is the safe and emergency landing of a hybrid electric aircraft in case of all-turbine
failure. This is a vital condition, and in this case, it is necessary that the remaining battery state of charge (SOC) be
sufficient over the whole flight conditions to guarantee a safe landing. To the knowledge of the authors, no research
has been reported to investigate the required SOC trajectory that enables the hybrid passenger regional aircraft to
make a safe and emergency landing from any point in the entire flight mission in case of the all-turbine failure.
Furthermore, no paper has been published considering the operational constraints such as SOC, turbine over-
temperature, and propeller speeds and the formulation of the sizing of the hybrid-electric propulsion system
(HEPS), considering the failure of all-turbine or battery pack of the hybrid propulsion system.

2. HEPS Structures and their Comparison

1. Parallel HEPS: In a parallel hybrid propulsion, the turbine engine and the battery (via an electric motor) are
directly capable of providing the thrust required by the aircraft. In general, a parallel HEPS has an electric
motor and a battery in addition to the turbine. Due to the lower power density of the battery relative to the
thermal value of the fossil fuel, the weight of the hybrid aircraft increases relatively significantly compared to
the conventional type.

2. Series HEPS: In a series HEPS, the power from the turboshaft engine is first converted into electrical power
by a generator. Then, this power can be used to charge the battery or drive the motors that drive the aircraft's
blades. In the series structure, a large generator is used to convert the mechanical power of the turbine into
electrical power compared to the parallel structure; therefore, for the same reference aircraft, the weight of the
series hybrid thruster is greater than that of the parallel type.

3. Series-Parallel HEPS: In this structure, both the serial and parallel architectures are used in combination;
therefore, their advantages and disadvantages are seen simultaneously in this structure. However, due to the
greater weight and more complex control system of this structure compared to the two serial and parallel
architectures, its implementation is very difficult in practice.

Considering battery and electric machine technology, it can be concluded that implementing a parallel hybrid
architecture is more practical than the other two architectures; therefore, in this research, a parallel hybrid
propulsion structure is used for a turboprop aircraft.

3. Hybrid Propulsion System Failures

In this study, the speed of the propellers is considered constant; therefore, the gearbox conversion ratio is constant.
In the gearbox of a hybrid propeller, there are three vulnerable parts, including the bearings and the shaft entering
from the turbine and hybrid motor/generator to the gearbox and exiting from the gearbox to the propeller.

In the hybrid system used in this study, turbine engines and battery pack are the sources of power supply for the air.
Also, by reviewing published articles, it has been concluded that the probability of complete failure of the electrical
and mechanical power transmission system components is not high. Therefore, the all-turbines and battery pack
failures are among the most critical failure modes of the HEPS.

4. Failure-Based Sizing Method of HEPS

In this study, a hybrid electrified regional aircraft is used considering the ATR 42 airframe. This HEPS has a
propeller at the aircraft's aft fuselage. So, the HEPS have an AFT propulsor and two parallel hybrid modules
(Hybrid-PMSM/G + turboprop engine). The AFT-PMSM drives the AFT propeller, and the motor/generator
coupled to the turboprop of each hybrid module is called the Hybrid-PMSM/G. To size the AFT-ATR42 aircraft
propulsion, it is necessary to determine the battery operation strategy. For this purpose, a flight mission can be
divided into take-off, cruise, and descent phases. For this purpose, the requested power of the aircraft is provided by
turbines and battery pack in the take-off phase and by turboprop engines in the cruise phase. Also, in the descent
phase, turbines are responsible for providing the required power of the AFT-ATR42 aircraft and charging the
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battery pack to ensure the safe landing of the aircraft in case of all-turbine failure. It should be noted that the AFT
propulsor is active only at take-off and cruse phases.
To formulate the control strategy presented for each phase of the flight mission, relation 1-a is proposed, where the
index i represents the flight phase. By integrating the above relationship, equation 1-b was obtained, which shows
the contribution of the turbine and battery in providing the required power for the aircraft. In the case that the
components of the HEPS are healthy, the kg4, parameter is equal to 1. Also, battery performance is formulated
using equation 1-c.
2% Pryr1 i+ Ppate i = Kstate * Preq i (0
2 x ETurl_i + EBat_i(ASOCi) = kState * EReq_i (b)
Pgaee i >0 or ASOC; <0 i: take_off
Pgaee i ® 0 or ASOC; =0  i:cruise © (D
Ppare 1 <0 or ASOC; >0 i:descent
In equation 2-a, the relationship between battery power and electric machines is presented. According to the control

strategy presented in Figure 2, as well as the combination of battery performance in 1-c with equation 2-a, the
performance of electric machines can be determined with equation 2-b in flight phases.

2% P Hybrid_PMSM/G_i T Pyrr_pmsm_i = Prace.i @
Puybria_pmsmyci > 0 and Pypr pysy ; ¢ Active i : take_off
(2 * Pyypria_pmsm/ci < 0) = —Papr_pusm_i * Active i:cruise (b) (2)
Puypria_pmsmyci < 0 and Pupr pysy ; : Disable i: descent

In fossil fuel aircraft, turbine sizing is done according to the one-engine inoperative engine (OEI) failure in each of
the flight phases so that the aircraft can continue to fly and land according to a specific flight plan. In a hybrid
aircraft with battery and turbine power sources, failures of the all-turboprop engine and battery pack during flight
are among the worst possible failure scenarios for hybrid propulsion. By comparing hybrid and fossil propulsion,
the failure of the all-turbine or battery pack in HEPS can be considered equivalent to the OEI failure in
conventional aircraft, and as a result, based on equation 3, the value of the kg, parameter in equation 1 is
considered equal to 0.5. In general, the energy required for the take-off and cruise phases is greater than the energy
required for the descent phase. As a result, to satisfy equation 1-b in the cruise and the take-off phases, a battery
pack with a larger capacity should be used, which leads to a large increase in the weight of the HEPS, which is not
practical or possible. Therefore, equation 1-b is true only in the descent phase.

kstare =1 State: No faliure 3
{kstate = 0.5 State: All — turbine or battery faliure (3)
According to the above assumption, the size of two turbines as well as the battery pack should be equivalent to the
size of one of the two turbines of the reference fossil aircraft. Therefore, a sizing procedure can be provided based
on failures of the all-turbine and battery pack. The size of the battery pack and turbine of a hybrid propulsion
should be such that in case of failure of the all-turbine engine or battery pack during the flight, the aircraft has the
required energy for a safe and emergency landing. In general, the turbine size is determined based on its output
power at ground level and the cruise flight conditions. The battery size is also expressed using its output power
parameter and capacity to store electrical energy, or watts-hours (W.h.).
To size the turbine and the battery, 1-a and 1-b relationships have been rewritten for the failures of the battery pack
and all-turbine in their unequal form, and a low limit for their output power is determined by equations 4 and 5,
respectively. In equation 4, turbines are sized, assuming the battery pack failure is equivalent to the OEI
status. Also, as mentioned above, due to the permissible weight of the battery and current technology, the use of a
battery pack with enough capacity for storing the energy required for the descent phase in OEI mode (0.5 *
EReq_descent) 18 practical for the hybrid aircraft. Therefore, it is recommended that the battery store at least this
amount of energy throughout the flight so that, in the event of the all-turbine failure, the battery has the required
energy for an emergency landing.

e Battery Pack Failure

2% PTurlgmund = 0.5 * PReq_take_off (a)
2 * PTurl_cruise = 0.5+ PReq_cruise (b) (4)
e  All-Turbine Failure

PBatt,max = 0.5 * PReq,take,off (a)
Epqat i(ASOC;) = 0.5 * Epeq. i: take — of f and cruise (b)
Epat;(ASOC;) = 0.5 * Epeqpccone L descent (c) (5)

In general, the share of AFT-PMSM in supplying the required power of the hybrid aircraft is determined by the
flight mission. Therefore, according to this assumption and using equation 2, the AFT-PMSM and hybrid-PMSM/G
sizes can be calculated. To size the HEPS components by satisfying 1-5 equations along with their operating
constraints, the simulation of the hybrid propulsion dynamic model with the designed control strategy has been
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done many times. These simulations are performed with the assumption of healthy components of the hybrid
propulsion as well as failures of the all-turbine and battery pack.

5. Reference Battery SOC Trajectory for AFT-ATR42 Aircraft

One of the worst possible working conditions for a HEPS is the simultaneous failure of all turbines and some power
transmission components, such as electric machines, power electronic systems, gearboxes, etc. To enable a safe and
emergency landing of a hybrid or AFT-ATR42 aircraft, before the mentioned failure mode occurs, an acceptable
amount of energy must be stored in the battery pack. For this purpose, in this article, according to the proposed
sizing procedure as well as the battery operational strategy and with the help of the HEPS dynamic model
simulation under different hybrid propulsion failure modes, the SOC limits of the hybrid aircraft propulsion system,
or AFT-ATR42, have been determined. The battery SOC of the hybrid aircraft propulsion system, or AFT-ATR42,
should be maintained in the range of 35-45% during the cruise phase and reach about 60% at the end of the flight.
In this way, if both turboprop engines fail in the middle of the cruise or at the beginning of the descent phase, the
battery has enough energy to land the aircraft safely, like the OEI condition in conventional aircraft.

6. Simulation Results

To simulate the hybrid aircraft, a 300-mile flight mission based on the flight data of the STK19L series (ATR)
aircraft was used. Using the flight mission data (velocity and altitude profile) and flight dynamics equations, the
requested power of the regional hybrid aircraft has been calculated.

6.1. Simulation of the HEPS under the battery pack failure

In the event of a battery pack failure, the size of the turbines should be such that the aircraft can land safely using
the turbines. By simulating the HEPS under the battery pack failure during the descent phase, it is observed that the
output power of a turbine engine from the beginning of the descent phase to the end of the flight is greater than the
power required by the aircraft; therefore, in the event of a simultaneous failure of the battery pack and one of the
turbines at the beginning of the landing phase, the safe landing of the aircraft can be ensured by using the other
turboprop engine.

6.2. Simulation of the HEPS under the all-turbine failure

In the event of a failure of all turbines, the battery pack must have the necessary energy for a safe landing of the
aircraft. By simulating the HEPS under the battery pack failure during the descent phase, it was observed that the
aircraft continued its flight during this phase with the help of the energy stored in the battery pack and landed
safely.

After the aircraft lands, the battery SOC at the end of the flight mission is approximately 22%. This leads to the
preservation of the battery health.

6.3. Simulation of the healthy HEPS

During the take-off, the battery SOC decreases from an initial value of 98% to about 40%, and during cruise, the
SOC is maintained at 40%-35%. The battery SOC reaches about 60% at the end of the flight mission. At the end of
the take-off phase, the minimum battery voltage is measured, which is equivalent to the maximum battery current.
Also, at the end of the flight mission, the battery voltage increases, which indicates its charge.

The hybrid aircraft requires 578.6 kg of fuel for a 300-mile mission, while the conventional ATR42 aircraft
consumes 800 kg of fuel for this distance; therefore, compared to conventional thrusters, the hybrid system can
reduce fuel consumption by about 27.7%. The turbine inlet gas temperature during the flight is less than 1660
degrees Kelvin that it is within the permissible range.

7. Conclusion

In this research, the sizing formulation and resilient switching-fuzzy EMS for the regional hybrid aircraft named
AFT-ATR42 were presented, considering failures. For this purpose, the sizing procedure for the HEPS components
under the failures of either the all-turbine or the battery pack, which is equivalent to one engine inoperative (OEI)
condition in fossil fuel aircraft, was formulated .Then, according to the proposed sizing procedure and simulating
the HEPS, the reference battery SOC trajectory of the HEPS was presented with the aim of enabling the safe and
emergency landing of the AFT-ATRA42 aircraft in case of all-turbine failure during the flight using the remaining
SOC.

***Pata Availability Statement
Not applicable.
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