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 A B S T R A C T

To address the environmental challenges in aviation, this research presents a novel mathematical model for 
simulating hybrid-electric powerplants in regional propeller-driven aircraft from the early design stages. The 
model integrates conventional thermal engines with battery and fuel cell systems, supporting up to two inde-
pendent propulsion lines. Using a throttle-based approach, a linear mathematical formulation estimates power 
distribution within the architecture. A powerplant management algorithm enhances adaptability to varying 
power demands while ensuring a physically consistent solution. This approach enables rapid performance 
evaluation, allowing designers to optimize configurations from the earliest design stages. Case studies validate 
the model’s effectiveness in meeting diverse power requirements while maintaining a consistent solution. 
Ultimately, this study provides innovative analytical method for early-stage exploration and optimization of 
complex propulsion systems, contributing to a more sustainable aviation sector.
1. Introduction

Aviation accounts for about 3.8% of Europe’s greenhouse gas (GHG) 
emissions, with projected annual growth of roughly 4.5% [1,2], high-
lighting the need for innovative decarbonization strategies. In re-
sponse, the European Union (EU) has outlined in its Fly The Green Deal
roadmap [3] ambitious emissions reduction targets for 2030, 2035, and 
2050 towards net-zero CO2 emissions. Hybrid-electric (HE) and all-
electric (AE) propulsion systems represent a promising pathway toward 
more sustainable aviation, as they can significantly reduce or even elim-
inate direct and indirect CO2 emissions [4,5]. These strategies combine 
thermal engines with alternative energy sources such as batteries or fuel 
cells.

Within this broader context, regional propeller-driven aircraft offer 
a particularly attractive testbed for hybridization considering their 
lower power demand if compared with larger aircraft. Moreover, short-
haul flights under 600 nautical miles represent approximately 55% 
of global flight operations and are responsible for about 18% of the 
sector’s CO2 emissions [6]. Regional aircraft can operate from shorter 
runways and access a wider airport network, improving connectivity 
in areas with limited infrastructure. Additionally, forecasts by ATR and 
Bombardier predict strong growth in this market segment, driven by 
fleet replacements and increasing passenger demand [7,8].

HE propulsion systems that couple thermal engines with battery-
powered electric motors are attracting increasing interest. The feasibil-
ity and environmental benefits of such systems are strongly influenced 
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by battery energy density and weight constraints, making them particu-
larly suitable for regional aircraft applications. Pornet and Isikveren [9] 
investigated a narrow-body transport aircraft equipped with two ad-
vanced geared turbofan engines and two under-wing podded electrical 
fans powered by batteries, demonstrating that a 16% reduction in fuel 
burn could be achieved for short-range missions with an 18% battery 
energy ratio. Voskuijl et al. [10] analyzed a 70-passenger regional tur-
boprop aircraft where Li-air batteries supplied 34% of the shaft power, 
resulting in a 28% emission reduction for a 825 nm range mission. 
Similarly, Marciello et al. [11] conducted a design exploration for a 
50-passenger regional aircraft using internal combustion engines paired 
with batteries. They projected fuel savings of 24% in the short-term 
(2025–2035), which rise up to 45% in the medium-term (2035–2045) 
with improvements in battery energy density. Nasoulis et al. [12] pro-
vided an in-depth environmental and techno-economic assessment of 
HE propulsion architectures with thermal engines and batteries, show-
ing that, for a 19-seat commuter aircraft, series configurations could 
reduce environmental impact by up to 59.7% compared to conventional 
aircraft by 2040, albeit with higher capital costs than parallel config-
urations. These studies indicate that an increase in the hybridization 
ratio does not necessarily correspond to a reduction in fuel consump-
tion. Instead, fuel savings reach a minimum point before beginning 
to rise again. This nonlinear trend is also supported by Viswanathan 
et al. [13], who demonstrate that the low gravimetric energy density 
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of current Li-ion batteries (approximately 280Wh∕kg [14]) represents 
the actual bottleneck in achieving greater fuel reduction. However, 
as demonstrated by Reid et al. [15], optimizing power management 
throughout the design range during the design loop can mitigate the 
limitations imposed by low battery energy density. Current studies 
on AE propulsion systems based on batteries are generally restricted 
to small general aviation aircraft, primarily due to the gravimetric 
energy density limitations discussed above. Hospodka et al. [16] pro-
vided valuable insights into the trade-offs between battery mass and 
operational performance for small commuter aircraft, highlighting that 
AE aircraft can deliver substantial operational cost advantages despite 
these constraints.

Greater fuel reduction is potentially achievable by substituting the 
battery system with a higher energy density power source, such as 
a fuel cell system [17]. Palladino et al. [18] conducted a conceptual 
design analysis of a 70–80 seat regional aircraft utilizing HE propulsion 
powered by hydrogen fuel cells. Performance assessments were con-
ducted for various configurations of the electrical propulsion system 
and different mission profiles. The findings revealed that, compared 
to a conventional baseline aircraft, the optimal hybrid configuration 
achieved a 24% reduction in CO2 equivalent emissions and a 40% 
decrease in NOx emissions, highlighting the potential of fuel cell tech-
nology to significantly mitigate the environmental impact of regional 
air travel. Similarly, Rischmüller et al. [19] explored the retrofit of the 
Dornier 328 regional aircraft to incorporate a hydrogen-hybrid dual-
fuel propulsion system. The findings revealed that, compared to the 
original aircraft, the optimal hybrid configuration achieved an 18% 
reduction in fuel consumption. Recent studies have expanded the scope 
of hybrid-electric architectures by integrating multiple power sources 
to enhance performance and endurance. Ji et al. [20] proposed a novel 
hybrid propulsion and power system combining batteries, fuel cells, and 
jet engines for a high-altitude, long-endurance unmanned aerial vehicle 
configuration. The examined aircraft, with specifications similar to the 
Northrop Grumman RQ-4 Global Hawk, featured a maximum operating 
altitude of 27.5 km, with a top Mach number of 1.8. The hybrid con-
figuration was designed so that batteries provided high thrust during 
take-off, while solid oxide fuel cells powered the electric motors during 
cruise, supplying continuous electrical power with minimal fuel con-
sumption. The results indicated that this hybrid system could achieve 
an endurance of 19.6 h during cruise operations, with a thrust-specific 
fuel consumption of 15.32 g∕s∕kN. Importantly, the integration of fuel 
cells contributed to a significant reduction in fuel consumption during 
the cruise phase without imposing substantial weight penalties. The 
findings highlight the potential of combining fuel cells and batteries 
to meet the power and energy requirements across all flight segments.

Fully electric configurations may offer even larger environmental 
benefits, particularly when fuel cells are integrated with high-energy-
density battery systems. In their 2023 study, Eissele et al. [21] designed 
a 50-passenger regional aircraft intended for entry into service by 
2040, combining both hydrogen fuel cells and batteries for propulsion. 
Innovative features, such as wingtip propellers, were integrated too, 
to enhance performance and sustainability even further. The study 
concluded that, while fuel cell-based AE regional aircraft are promising 
and feasible by 2040, further research is needed in fuel cell technology 
and thermal management, to fully realize their potential. In their 2023 
study, Sparano et al. [22] developed a mathematical tool to co-design 
a hybrid powertrain for regional aircraft, integrating hydrogen fuel 
cells and batteries. Their findings suggest that such hybrid systems are 
feasible and highlight the potential of hydrogen fuel cells in achieving 
more sustainable aviation.

In contrast to these hybrid approaches, several studies demonstrate 
the feasibility of a fully electric powerplant employing a purely hy-
drogen fuel cell system. For instance, Zaghari et al. [23] illustrate the 
scalability of a multi-stack fuel cell system for regional aircraft. The 
authors explored various configurations in which fuel cell stacks are 
connected in parallel and series to meet power demands, assessing 
2 
their impact on system efficiency, total weight, failure management, 
and operational performance. Key findings indicate that configurations 
providing independent control over fuel cell stacks through individual 
DC/DC converters offer better fault tolerance and operational flexibility 
but at the cost of increased weight and reduced overall efficiency. 
Additionally, the study highlights critical trade-offs between system 
voltage levels, power converter design, and weight penalties. To sup-
port and improve the design of fuel cell systems tailored for AE aircraft 
applications, Li et al. [24] developed a graphical design approach based 
on mission-specific requirements. They demonstrated that with their 
approach, the cruise powertrain specific energy can be improved by 
6.5%.

While the above literature clearly indicates that HE powerplants 
incorporating hydrogen-based fuel cell systems can significantly reduce 
aviation emissions, there are several issues and shortcomings which 
need to be addressed as well. Schenke et al. [25] and Hoelzen et al. [26] 
have highlighted that a robust hydrogen supply chain is essential for 
the effective integration of hydrogen in aviation. Moreover, Hoelzen 
et al. [27] emphasize the importance of developing a strategic hy-
drogen refueling system aligned with the hydrogen supply chain. In 
addition to electrification strategies, alternative fuels like sustainable 
aviation fuel (SAF) have emerged as a viable means to decarbonize avi-
ation without extensive modifications to existing infrastructure. Alrebei 
et al. [28] evaluated a novel SAF derived from multiple biomass feed-
stocks, demonstrating its compatibility with the CFM56-7B turbofan 
engine without requiring design alterations. Notably, the proposed SAF 
outperformed conventional Jet A1 fuel, achieving a 17% thrust increase 
and a 10% range improvement, while also reducing CO2 emissions by 
up to 8%. These findings underline the potential of SAF as a transitional 
solution in hybrid propulsion configurations, where thermal engines 
can operate more efficiently alongside electric power sources.

To accurately assess the benefits of integrating thermal engines, 
batteries, and fuel cells in HE or AE configurations, robust and straight-
forward analysis methods are needed, especially in the early design 
phases when time and data are limited. The literature offers several 
strategies to simplify the modeling of two-sources hybrid powerplants. 
Early work by Nam et al. [29] estimated output power based on two 
distinct power paths, using fixed component efficiencies and a power 
fraction concept. Buecherls et al. [30] introduced the hybridization 
factor described by Eq. (1), where 𝑃1 and 𝑃2 are respectively the 
primary and secondary source produced power. This parameter has 
been later combined by Pornet et al. [31,32] with power path models 
to represent parallel HE architectures. 

𝜙 =
𝑃2

𝑃1 + 𝑃2
(1)

De Vries et al. [33] proposed a generalized two-source HE architecture 
integrating two propulsive lines. This architecture can be specialized 
to nine distinct power paths, referred to as operation modes. To interact 
with this architecture, they introduced the supplied power ratio, defined 
as in Eq. (1), where 𝑃2 = 𝑃𝐵𝐴𝑇  represents the power generated by the 
battery, and 𝑃1 = 𝑃𝑓𝑢𝑒𝑙 denotes the power produced by fuel combustion. 
In addition, they defined the shaft power ratio 𝛷 (Eq. (2)), which 
quantifies the fraction of secondary shaft power 𝑃𝑆2  relative to the total 
produced shaft power, and the thrust power ratio 𝜒 (Eq. (3)), which 
specifies the fraction of thrust generated by the secondary propulsive 
line relative to the total thrust. Assuming steady-state conditions and 
constant component efficiencies, the power distribution within the 
propulsion architecture can be determined, for a given combination 
of required propulsive power (𝑃𝑃 ), 𝛷, and 𝜙, by selecting a specific
operation mode and solving a set of powertrain equations, which form a 
linear system of ten equations with ten unknowns. 

𝛷 =
𝑃𝑆2

𝑃𝑆1 + 𝑃𝑆2
(2)

𝜒 =
𝑇2 (3)
𝑇1 + 𝑇2
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By contrast, Palaia et al. [34] presented a direct method that models 
a two-source hybrid-electric powerplant without relying on powertrain 
equations. The proposed approach features a two-source parallel con-
figuration in which a thermal engine and a battery pack work together 
to supply a single propulsive line through an electric machine and a 
gearbox. Their approach begins by assigning a fixed power fraction to 
the thermal engine. Subsequently, based on the estimated propulsive 
power demand necessary to meet the aircraft’s mission flight require-
ment, it is possible to determine the power that must be delivered by 
the battery and the thermal engine. Although this formulation offers 
a straightforward and explicit approach, its applicability is limited to 
parallel architectures only, and does not consider the possibility of 
battery recharging during flight.

Alternative approaches to model HE powerplants rely on high-
fidelity simulation models, that can be produced by using behav-
ioral modeling tools like MATLAB/Simulink1 or Amesim.2 With these 
tools, the designer can accurately model complex powerplant systems 
capturing the component transient dynamics and the non linear in-
teractions among the architecture. For instance, in relation to fuel 
cell systems, Schröder et al. [35] developed a computationally effi-
cient one-dimensional, two-phase polymer electrolyte membrane fuel 
cell stack model for commercial aircraft applications, emphasizing 
the importance of water management and optimized stack operat-
ing conditions. Extending this work, Schröder et al. [36] proposed a 
comprehensive fuel cell-based propulsion system for a 70-passenger 
regional aircraft, incorporating Pareto optimization to balance mass, 
drag, efficiency, and volume. However, interacting with these high-
fidelity simulation models requires designing, tuning, and testing a 
dedicated power management controller, a demanding process that 
is often impractical in early-stage analysis. Power controllers can be 
developed using three main strategies: (i) rule-based energy manage-
ment [37], (ii) optimization-based methods [38,39], (iii) learning-
based approaches [40]. A comprehensive discussion on high-fidelity 
simulation methods is available in [41,42].

Between the two above-mentioned powerplant modeling concepts, 
a mid-fidelity approach offers a balanced alternative. With this kind 
of approach, each powerplant component is represented by a specific 
mathematical formulation that captures its behavior using a reduced 
number of variables. Power output and distribution are estimated by 
solving an optimization problem. When these formulations are inte-
grated with the power requirements derived from a specific mission 
trajectory, the optimal power management strategy for a given flight 
profile can be determined. Different techniques can be used to solve 
this optimization problem. For example, Leite et al. [43] address the 
optimal energy management problem for a two-source HE powerplant 
using dynamic programming. Doff-Sotta et al. [44,45] reformulate the 
same optimization problem as a convex optimization task improving 
the convergence rate, while Li et al. [46] apply a fuzzy-logic con-
troller to optimize the energy distribution in a fully electric, two-source 
powertrain architecture.

Current modeling strategies lack simple methods for analyzing pow-
erplants integrating three energy sources over two propulsive lines. 
High-fidelity methods are too complex and time-consuming to be used 
to analyze the powerplant behavior during the preliminary design, 
due to limited available data. As a result, designers often rely on the 
methods by Palaia [34] and De Vries [33], which are limited to two 
energy sources and need to be adapted for a third source. Palaia’s ap-
proach provides an explicit formulation for modeling HE architectures; 
however, its applicability is limited only to parallel architectures. In 
contrast, De Vries’ approach allows designers to model more general 
architectures. Although it is based on the definition of supplied power 

1 https://it.mathworks.com/products/matlab.html
2 https://plm.sw.siemens.com/it-IT/simcenter/systems-simulation/

amesim/
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ratios, which are particularly suitable during the preliminary sizing 
of powerplants for aircraft applications, its effectiveness diminishes 
when designers need to evaluate the performance of a preliminarily 
sized architecture. In such cases, greater control over each energy 
source’s contribution is essential to better understand how each of them 
influences the overall powerplant performance. Additionally, when 
inappropriate choices are made regarding the operation mode, 𝛷, 𝜙, 
and 𝑃𝑃  the method can result in negative power outputs, indicating 
an unbalanced energy distribution among the architecture. Therefore, 
to address these inconsistencies, designers must either adjust the hy-
bridization factor or select an alternative operation mode to achieve a 
consistent solution.

To address these limitations, this article proposes a hybrid-electric 
powerplant model integrating thermal engines, fuel cells, and batteries, 
controlling their contribution by selecting their throttle settings. Here, 
the throttle setting is defined as the ratio of the actual output power de-
livered by an energy source to its maximum deliverable output power. 
This approach yields a linear, explicit mathematical representation of 
the power distribution among the architecture without relying on large 
equation systems. Moreover, to always ensure consistent solutions, the 
authors have introduced a powerplant management algorithm based 
on simple rules rather than complex control logic. If necessary, it 
can alter the operation mode or throttle settings to meet the required 
propulsive power while adhering closely to designer-defined parame-
ters. Therefore, the proposed powerplant model supports the designer 
in analyzing, from the early design stages, the performance of HE 
architectures integrating up to three different power sources and two 
separate propulsive lines, while guaranteeing a reliable outcome at all 
times.

The content of this paper is organized as follows. Section 2 presents 
a simplified method for modeling the behavior of a three-source hybrid-
electric powerplant system for propeller-driven aircraft. In particular, 
Section 2.1 provides details about the models used to represent each 
sub-component of the powerplant and presents two different control 
strategies employed to simulate the powerplant’s behavior depending 
on whether a specific propulsive power requirement must be satisfied. 
Section 2.2 describes a dedicated powerplant management algorithm 
developed to assist designers, ensuring that specific power require-
ments are met while maintaining a physically consistent behavior. 
Section 3.1 demonstrates the applicability of the proposed powerplant 
model by showing how the powerplant system satisfies different power 
requests based on the selected operational settings. Subsequently, Sec-
tion 3.2 demonstrates the applicability of the proposed powerplant 
model to the analysis of the cruise phase of a preliminarily sized three-
source HE regional propeller-driven aircraft, designed to transport 90 
passengers over 600 nmi. Finally, Section 4 presents the conclusions and 
outlines future work.

2. Materials and methods

2.1. Hybrid-electric powerplant model

System architecture, operating modes, and modeling principles
Simulating the behavior of an HE powerplant during the prelimi-

nary design phase requires adopting a simple and flexible approach. 
The proposed method supports designers in evaluating the ability of a 
preliminarily sized powerplant to meet specific performance or mission 
objectives, ensuring reliable power distribution and avoiding physical 
inconsistencies. To achieve this, the study presents a simple mathe-
matical formulation to simulate a generalized three/source powerplant 
architecture and a dedicated power management algorithm to preserve 
a consistent power distribution.

The proposed model enhances the conventional two-source ap-
proach, widely discussed in the literature, allowing for the analysis 
of more complex configurations. Three energy sources are integrated: 
a gas turbine (𝐺𝑇 ), a fuel cell (𝐹𝐶), and an electric storage system 

https://it.mathworks.com/products/matlab.html
https://plm.sw.siemens.com/it-IT/simcenter/systems-simulation/amesim/
https://plm.sw.siemens.com/it-IT/simcenter/systems-simulation/amesim/
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Fig. 1. Hybrid-electric powerplant architecture integrating three different power sources — thermal engines, fuel cell systems and battery — and two distinct propulsive lines.
Table 1
Operating modes of the hybrid-electric powerplant architecture, defined by the roles of 
the primary electric machine (𝐸𝑀1) and the electric storage system (𝐵𝐴𝑇 ). When 𝐸𝑀1
operates as a motor, electrical energy is converted into mechanical energy, transferring 
power from the 𝑃𝑀𝐴𝐷 node to 𝐺𝐵1. Conversely, when 𝐸𝑀1 operates as a generator, 
mechanical energy is converted into electrical energy, transferring power from 𝐺𝐵1 to 
the 𝑃𝑀𝐴𝐷 node.
 Operation mode Primary electric machine Electric storage 
 1 Motor Discharge  
 2 Motor Charge  
 3 Generator Discharge  
 4 Generator Charge  

(𝐵𝐴𝑇 ), which collectively drive two independent propulsion lines. A 
power management and distribution (𝑃𝑀𝐴𝐷) unit works as a power 
hub, providing the required shaft power distribution and allocating 
the necessary power through the electric machines (𝐸𝑀1, 𝐸𝑀2) and 
gearboxes (𝐺𝐵1, 𝐺𝐵2). Fig.  1 illustrates the proposed HE architecture 
and highlights the power flows among its components. 𝑃𝐹  denotes the 
power derived from combusted fuel, while 𝑃𝐺𝑇  represents the power 
output from the gas turbine. The power extracted from hydrogen is 
indicated by 𝑃𝐻2

, and 𝑃𝐹𝐶 refers to the power produced by the fuel cell 
system. 𝑃𝐵𝐴𝑇  denotes the power either delivered to or drawn from the 
electric storage system. Each energy source can also feature a specific 
power extraction (𝑃𝑜𝑓𝑓𝑠𝑜𝑢𝑟𝑐𝑒 ), which reduces its output to an effective 
usable power, 𝑃𝑠𝑜𝑢𝑟𝑐𝑒𝑒𝑓𝑓 . The mechanical power on the propulsion shafts 
is expressed as 𝑃𝑆1  and 𝑃𝑆2 , while the propulsive power generated by 
the propellers is denoted by 𝑃𝑃1  and 𝑃𝑃2 .

A key aspect of this three-source architecture is its operational 
flexibility, obtained by switching the role of the primary electric ma-
chine (𝐸𝑀1) between motor and generator modes, along with the 
charge or discharge behavior of the battery. This aspect allows the 
proposed architecture to specialize in four distinct operation modes, 
enabling designers to tailor power flows to specific mission require-
ments. These four distinguished behaviors are summarized in Table 
1. Caution is required to avoid physically inconsistent scenarios. For 
example, in mode 2 the battery is charging and 𝐸𝑀1 acts as a motor. 
If the battery’s requested charge power exceeds the fuel cell output 
power, contradictory demands may arise at the PMAD node. The power 
4 
management algorithm (described in Section 2.2) addresses such incon-
sistencies by continuously adjusting settings without requiring complex 
control logic. The proposed mathematical model for the HE powerplant 
represents each component as a power node, where input power is 
transformed into output power according to the component’s efficiency. 
A power balance equation ensures the congruence between input and 
output powers, reflecting the efficiency of each node. This kind of 
relation is represented in Eq. (4), where the number of input powers 
is represented by 𝑛, the number of output powers by 𝑘, 𝑃𝐼𝑛,𝑗𝑛𝑜𝑑𝑒  is the 
𝑗th input power value, 𝑃𝑂𝑢𝑡,𝑖𝑛𝑜𝑑𝑒  is the 𝑖th output power value, and 𝜂𝑛𝑜𝑑𝑒
represents the component efficiency. Model linearity is preserved by 
assuming steady-state operation, constant efficiency, power balance at 
each node, and no transient behavior. Therefore, any power-dependent 
efficiency relation requires an iterative procedure (described later in 
this subsection) to calculate a stable power distribution. 
𝑘
∑

𝑖=1
𝑃𝑂𝑢𝑡,𝑖𝑛𝑜𝑑𝑒 =

𝑛
∑

𝑗=1

(

𝑃𝐼𝑛,𝑗𝑛𝑜𝑑𝑒 ⋅ 𝜂𝑛𝑜𝑑𝑒
)

(4)

To manage the power distribution along the two propulsion lines, the
shaft power ratio (𝛷) and the thrust power ratio (𝜒) are used. The shaft 
power ratio specifies the share of the total shaft power directed to the 
secondary shaft (Eq. (2)). In contrast, the thrust power ratio indicates the 
proportion of thrust force generated by the secondary propulsion line 
relative to the total thrust produced (Eq. (3)). These two parameters are 
interrelated, as described by Eq. (5), where 𝜂𝑃1  and 𝜂𝑃2  represent the 
efficiencies of the primary and secondary propulsion lines’ propellers, 
respectively. 

𝛷 =
𝜂𝑃2
𝜂𝑃1

(

𝜒 − 1
𝜒

)

− 1 (5)

Based on varying mission requirements, two distinct strategies have 
been developed to calculate power distribution across the component 
architecture: the power source control strategy and the power required 
control strategy.

Power source control strategy
The power source control strategy is effective for simulating power-

plant behavior during specific flight segments where matching a precise 
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Fig. 2. Power flow distribution at the PMAD node for each possible operation mode.
power requirement is less critical, such as during take-off or constant-
speed climb phases. This control strategy enables the designers to 
estimate the powerplant output power by selecting the power delivered 
from each power source. This is achieved by specifying the throttle 
settings for each power source (𝜑𝐺𝑇 , 𝜑𝐹𝐶 , 𝜑𝐵𝐴𝑇 ), a specific operation 
mode, and either a shaft power ratio or thrust power ratio value. By 
tracing the energy flow from the power sources to the propulsion lines, 
it is possible to estimate the power distribution across the architecture.

The process begins with the calculation of the power generated 
by each source (𝑃𝐺𝑇 , 𝑃𝐹𝐶 , 𝑃𝐵𝐴𝑇 ) according to their throttle settings. 
By accounting for user-specified off-takes, the effective usable powers 
𝑃𝐺𝑇𝑒𝑓𝑓 , 𝑃𝐹𝐶𝑒𝑓𝑓 , 𝑃𝐵𝐴𝑇𝑒𝑓𝑓  are derived. To accurately distribute powers 
along the two propulsion lines, a linear system of two equations must 
be solved. This system links the power outputs of the electric machines 
𝑃𝐸𝑀1

 and 𝑃𝐸𝑀2
 to the shaft powers 𝑃𝑆1  and 𝑃𝑆2  according to the 

selected 𝛷 parameter. Solving this system enables the calculation of 
the total power flow within the architecture, including the mechanical 
shaft powers 𝑃𝑆1  and 𝑃𝑆2 , and the corresponding propulsive powers 
𝑃𝑃1 , 𝑃𝑃2 , 𝑃𝑃 . Fig.  2 illustrates the power flow paths at the PMAD node 
for each operation mode.

For each selected operation mode, a different system of equations 
must be solved, where the first equation ensures the power balance at 
the PMAD node according to the specified power flow path, while the 
second correlates the mechanical power on each shaft with the output 
from the electric machines as dictated by the 𝛷 parameter. Eq. (6) 
details the system of equations that must be solved to describe the 
powerplant behavior within mode 1, where 𝜂𝐸𝑀1

, 𝜂𝐺𝐵1
, 𝜂𝐸𝑀2

, 𝜂𝐺𝐵2
, and 

𝜂𝑃𝑀𝐴𝐷 denote the efficiencies of 𝐸𝑀1, 𝐺𝐵1, 𝐸𝑀2, 𝐺𝐵2, and PMAD 
respectively. 
[

1 1

𝜂𝐸𝑀1
⋅ 𝜂𝐺𝐵1

−𝜂𝐺𝐵2
⋅ 𝜂𝐸𝑀2

⋅
1 −𝛷
𝛷

]

[

𝑃𝐸𝑀1
𝑃𝐸𝑀2

]

=

[

𝜂𝑃𝑀𝐴𝐷 ⋅ (𝑃𝐹𝐶𝑒𝑓𝑓 + 𝑃𝐵𝐴𝑇𝑒𝑓𝑓 )
−𝑃𝐺𝑇𝑒𝑓𝑓 ⋅ 𝜂𝐺𝐵1

]

(6)

Fig.  3 provides a comprehensive overview of the procedure for calcu-
lating the power distribution across the HE architecture using the power 
source control strategy.

Power required control strategy
While the power source control strategy focuses on estimating the 

powerplant output based on user-defined throttle settings for the power 
sources, the power required control strategy is designed to meet specific 
power demand at the propulsion shafts. With this approach the designer 
specifies the desired power demand (𝑃𝑃 ) along with the throttle settings 
for the electric sources (𝜑𝐹𝐶 , 𝜑𝐵𝐴𝑇 ) and either the shaft power ratio or 
the thrust power ratio. From these parameters, the model automatically 
5 
estimates the necessary gas turbine throttle setting (𝜑𝐺𝑇 ) that satisfies 
the required power demand. This control strategy is particularly useful 
to simulate cruise flight segments or constant-speed at prescribed rate 
of descent (RD) descent phases, where a specific power request must 
be satisfied.

To estimate power distribution, the power flow must be traced from 
two starting points: the first originates from the electric power sources, 
and the second from the two propulsion shafts, where the required 
propulsive power (𝑃𝑃 ) is specified.

The calculation begins by estimating the power produced by the 
electric sources (𝑃𝐹𝐶 and 𝑃𝐵𝐴𝑇 ), which is converted into effective 
usable power (𝑃𝐵𝐴𝑇𝑒𝑓𝑓  and 𝑃𝐹𝐶𝑒𝑓𝑓 ) by accounting for auxiliary off-
takes. From the specified power requirement 𝑃𝑃  and the selected shaft 
power ratio 𝛷, the power values that must be guaranteed at both 
propulsive shafts (𝑃𝑆1  and 𝑃𝑆2 ) are calculated. From the secondary shaft 
power value obtained, the corresponding gearbox (𝑃𝐺𝐵2

) and electric 
machine (𝑃𝐸𝑀2

) power values are then determined. Based on the power 
balance at the PMAD node, the power output of the primary electric 
machine (𝑃𝐸𝑀1

) is calculated. This value is then used to estimate the 
gas turbine power (𝑃𝐺𝑇 ) and its corresponding throttle setting 𝜑𝐺𝑇
required to meet the specific power demand.

Fig.  4 provides a detailed step-by-step mathematical workflow for 
estimating the power distribution within the powerplant for each oper-
ation mode.

Modeling of individual power sources and components
To ensure a straightforward and linear mathematical formulation 

suitable for the preliminary analysis of an HE powerplant model, a 
simplified approach must be adopted for modeling the power and 
efficiency of each sub-component within the architecture.

The gas turbine engine is modeled using a performance table (engine 
deck) that provides power output (𝑃𝐺𝑇 ), fuel flow (𝐹𝐹𝐺𝑇 ), and emis-
sions data across varying conditions of altitude (ℎ), Mach number (𝑀), 
temperature deviation (𝛥𝑇𝐼𝑆𝐴), and throttle setting (𝜑𝐺𝑇 ) for different 
power ratings. Each rating represents the engine behavior pertinent to 
different mission phases and operating modes, namely take-off, flight 
idle, ground idle, max. continuous, auxiliary power reserve (APR), and 
cruise. By interpolating the data in the table, the performance of the 
thermal engine can be estimated. The fuel cell system (FC) is also 
modeled through a performance table allowing its output power (𝑃𝐹𝐶 ), 
hydrogen consumption (𝐹𝐹𝐹𝐶 ), and emissions to be correlated with 
ambient and operating conditions. The efficiencies of these two power 
sources, denoted as 𝜂𝐺𝑇  and 𝜂𝐹𝐶 , are calculated using Eq. (7), which 
defines efficiency as the ratio of power produced to the product of 
fuel consumed and the fuel’s specific energy (SE). SE represents the 
energy content per kilogram of fuel, with typical values of 12 kWh∕kg
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Fig. 3. HE powerplant mathematical model workflow using the power source control strategy.
Fig. 4. HE powerplant mathematical model workflow using the power required control strategy.
for kerosene and 33 kWh∕kg for hydrogen. Estimating the efficiencies 
of these two power sources requires interpolating the engine deck tables 
based on the specific mission parameters. 

𝜂 =
𝑃 (𝑀,ℎ, 𝛥𝑇 , 𝜑)

𝐹𝐹 (𝑀,ℎ, 𝛥𝑇 , 𝜑) ⋅ 𝑆𝐸
(7)

The electric storage system (BAT ) is characterized by its maximum 
capacity (total stored electric energy), maximum C-Rate (maximum 
6 
charge or discharge rate), number of battery packs (𝑛𝑝𝑎𝑐𝑘𝑠), and a throt-
tle parameter (𝜑𝐵𝐴𝑇 ). The power extracted or supplied by the battery 
system is expressed as a fraction of its maximum power (𝑃𝐵𝐴𝑇max

), 
which is calculated using Eq. (8). The throttle value (𝜑𝐵𝐴𝑇 ) represent 
this power fraction and is defined by Eq. (9). 

𝑃 = C-rate ⋅ Pack Capacity ⋅ 𝑛 . (8)
𝐵𝐴𝑇max max max 𝑝𝑎𝑐𝑘𝑠
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𝜑𝐵𝐴𝑇 = C-Rate
C-Ratemax

=
𝑃𝐵𝐴𝑇
𝑃𝐵𝐴𝑇max

. (9)

The battery system’s efficiency can either be set as a constant or derived 
from a table, which relates efficiency to the required C-Rate and state 
of charge (SOC).

The remaining architectural components, such as electric machines, 
gearboxes, PMAD, cables, and propellers, do not require detailed power 
models and instead rely solely on efficiency models. To streamline the 
efficiency modeling process for each component, the authors allow the 
designer to either specify a constant efficiency value or interpolate 
values from a user-defined table that relates the component’s efficiency 
to its output power. The efficiency model for propellers differs slightly, 
offering the designer the option to use a constant efficiency value 
or estimate it iteratively using a modified Rankine–Froude model, 
depending on mission parameters as described in [47, p. 639].

Adopting power-dependent efficiency models requires iteratively 
refining the power distribution calculated using the two described 
control strategies until a stable solution is achieved. These iterations 
are necessary because the component efficiency directly depends on 
its power value and vice versa. To ensure convergence, the following 
iterative procedure has been implemented:

1. Initialize efficiencies: Assign initial constant efficiencies to all 
components.

2. Calculate power distribution: Solve for the power distribution 
using either the power source control strategy or the power required 
control strategy.

3. Update efficiencies: Recompute efficiencies based on the calcu-
lated power values.

4. Recalculate power distribution: Solve the power distribution 
again using updated efficiencies.

5. Check for convergence: Repeat steps 3 and 4 until changes in 
efficiency fall below a predefined threshold.

2.2. Powerplant management algorithm

The control strategies presented in Section 2.1 enable the estimation 
of power distribution across the architecture to meet various power 
requirements. However, inconsistencies may arise if the input data is 
incorrectly combined. For instance, in the power source control strategy, 
inconsistencies occur when the operation mode, shaft power ratio, and 
throttle settings fail to maintain power balance across each power 
node, resulting in physically inconsistent solutions. Similarly, in the
power required control strategy, an improperly selected energy flow or 
insufficient throttle settings for electric sources may prevent the system 
from satisfying the requested power demand or yield non-physical 
solutions. To address these issues while preserving as much as possible 
of the designer’s input, a straightforward power management algorithm 
has been developed, suitable for the preliminary analysis phase. This 
algorithm, compatible with both control strategies, ensures consistent 
and feasible solutions by adjusting input data and resolving power flow 
discrepancies without requiring complex control logic.

When the power source control strategy is used and a power flow 
inconsistency is detected, the algorithm adjusts the operation mode by 
switching the role of the primary electric machine while maintaining 
the specified battery role. Conversely, when using the power required 
control strategy, if the power request cannot be satisfied based on the 
selected input data, or if a power flow inconsistency is detected, the 
algorithm adjusts the power source throttle settings to meet the power 
demand. If necessary, it also modifies the operation mode to ensure a 
physically consistent solution.

The power management algorithm incorporates two specific opera-
tional settings to efficiently manage these adjustments:

• Autofix battery throttle: allows the algorithm to adjust the battery 
throttle to meet the required power demand.
7 
Table 2
Throttle combinations used by the power management algorithm to estimate charac-
teristic powers, based on the role of electric storage. Here, 𝜑𝐺𝑇min  and 𝜑𝐹𝐶min  denote 
the minimum admissible throttle settings for the gas turbine and fuel cell system, 
respectively; 𝜑𝐹𝐶in  and 𝜑𝐵𝐴𝑇in  are the user-selected throttle values for the electric 
sources; and 𝜑∗

𝐵𝐴𝑇  represents the battery throttle value that satisfies the optimization 
problem described in Eq. (10).
 Power value Electric storage 𝜑𝐺𝑇 𝜑𝐹𝐶 𝜑𝐺𝑇  
 𝑃max Discharge 1.0 1.0 1.0  
 𝑃max Charge 1.0 1.0 0.0  
 𝑃min Discharge 𝜑𝐺𝑇min

𝜑𝐹𝐶min
0.0  

 𝑃min Charge 𝜑𝐺𝑇min
𝜑𝐹𝐶min

𝜑∗
𝐵𝐴𝑇  

 𝑃mineff Whatever 𝜑𝐺𝑇min
𝜑𝐹𝐶in 𝜑𝐵𝐴𝑇in   𝑃maxeff Whatever 1.0 𝜑𝐹𝐶in 𝜑𝐵𝐴𝑇in  

• Match with power off-takes: manages any excess power output by 
dissipating it through additional power off-takes.

The powerplant management algorithm operates using four key 
power values, 𝑃max, 𝑃min, 𝑃mineff , and 𝑃maxeff , that define its feasible 
operating range. 𝑃max and 𝑃min represent the absolute power limits, 
while 𝑃maxeff  and 𝑃mineff  correspond to maximum and minimum power 
that the powerplant can produce according to the user-selected throttle 
values. These characteristic power values can be estimated using the
power source control strategy with the throttle combinations shown in 
Table  2, where each row indicates how the gas turbine, fuel cell, and 
battery throttles should be combined according to the electric storage’s 
role. Here, 𝜑𝐺𝑇min  and 𝜑𝐹𝐶min  are the lowest admissible throttle settings 
for the gas turbine and fuel cell system, respectively, whereas 𝜑𝐹𝐶in  and 
𝜑𝐵𝐴𝑇in  represent the user-selected electric source throttle values. The 
battery’s throttle setting, 𝜑∗

𝐵𝐴𝑇 , is determined by solving the minimiza-
tion problem outlined in Eq. (10), aiming to find the lowest feasible 
power output within these constraints. It is important to note that an 
incorrect combination of the operation mode and input data may prevent 
the successful calculation of 𝑃mineff  and 𝑃maxeff .

min
𝜑𝐵𝐴𝑇

𝑃𝑃 (𝜑𝐵𝐴𝑇 )

s.t. 𝜑𝐺𝑇 = 𝜑𝐺𝑇min
,

𝜑𝐹𝐶 = 𝜑𝐹𝐶min

(10)

Once these four power values are determined, the algorithm checks 
whether the user-requested power, 𝑃req, is within the boundaries 𝑃min
and 𝑃max. If 𝑃req falls outside these limits, the algorithm returns the 
closest boundary value. Otherwise, three sub-processes (labeled A,
B, and C) adjust the throttles to meet the power demand. First, by 
modifying a single power source. Then, if necessary, by adjusting two 
of them simultaneously.

The adjustment of a single throttle is executed using a root-finding 
method, such as Brent’s method [48], to minimize the L1 norm of 
the power error, denoted as ‖𝑃req − 𝑃 (𝜑)‖1. Simultaneous adjustments 
of two throttles are achieved by minimizing the squared difference 
(𝑃req − 𝑃 (𝜑,𝜓))2. Due to potential inconsistencies arising from vari-
ous throttle combinations and operation modes, the authors did not 
use gradient-based methods. Instead, they employed the Nelder–Mead 
simplex method combined with grid-based sampling to solve this opti-
mization problem. It is important to note that each power estimation 
was performed using the power source control strategy.

Figs.  5(a) and 5(b) illustrate these methodologies, referred to as ST-
Adjust for single throttle adjustment and DT-Adjust for double throttle 
adjustment, respectively.

The three defined sub-processes are coordinated by the main pow-
erplant management algorithm, as outlined in Algorithm 1, and all of 
them act to satisfy the power request by applying the two described 
adjustment strategies to different power sources.

Sub-process A (Algorithm 2) is executed when 𝑃𝑚𝑎𝑥𝑒𝑓𝑓 ≤ 𝑃𝑟𝑒𝑞 . This 
sub-process aims to meet the power demand based on the autofix battery 
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Fig. 5.  Block diagram representations of the single (left) and double (right) throttle adjustment algorithms, used by the powerplant management algorithm.
Algorithm 1 Power Management Algorithm
Require: 𝑃𝑟𝑒𝑞 , 𝜑𝐹𝐶 , 𝜑𝐵𝐴𝑇 , 𝛷, operation mode, autofix battery throttle,

match with power off-takes, mission parameters.
Ensure: 𝑃𝑃 = 𝑃𝑟𝑒𝑞
1: Estimate 𝑃𝑚𝑎𝑥 and 𝑃𝑚𝑖𝑛
2: if 𝑃𝑚𝑖𝑛 ≤ 𝑃𝑟𝑒𝑞 ≤ 𝑃𝑚𝑎𝑥 then
3:  Estimate 𝑃𝑚𝑎𝑥𝑒𝑓𝑓  and 𝑃𝑚𝑖𝑛𝑒𝑓𝑓
4:  if (𝑃𝑚𝑖𝑛𝑒𝑓𝑓  is null) and (𝑃𝑚𝑎𝑥𝑒𝑓𝑓  is not null) then
5:  𝑃𝑚𝑖𝑛𝑒𝑓𝑓 ← 𝑃𝑚𝑎𝑥𝑒𝑓𝑓
6:  end if
7:  if 𝑃𝑚𝑎𝑥𝑒𝑓𝑓 ≤ 𝑃𝑟𝑒𝑞 then
8:  Execute sub-process A
9:  end if
10:  if 𝑃𝑚𝑖𝑛𝑒𝑓𝑓 ≥ 𝑃𝑟𝑒𝑞 then
11:  Execute sub-process B
12:  end if
13:  if (𝑃𝑚𝑎𝑥𝑒𝑓𝑓  is null) and (𝑃𝑟𝑒𝑞 is null) then
14:  Execute sub-process C
15:  end if
16: else
17:  return 𝑃𝑚𝑎𝑥 or 𝑃𝑚𝑖𝑛
18: end if

throttle setting. If this setting is enabled, the algorithm first applies 
the ST-Adjust method to the battery. If this adjustment fails to find a 
solution, the algorithm then implements a DT-Adjust strategy, which 
involves both the battery and the fuel cell. When the autofix battery 
throttle is disabled, the ST-Adjust strategy is applied to satisfy the power 
request by changing the fuel cell throttle. If no solution is found, the 
algorithm prompts the user to either adjust the battery throttle value 
or activate the autofix battery throttle setting, ultimately returning the 
𝑃𝑚𝑎𝑥𝑒𝑓𝑓  value. In Algorithm 2, 𝜑̃𝐺𝑇  represents the gas turbine throttle 
value selected to evaluate 𝑃  value (see Table  2).
𝑚𝑎𝑥𝑒𝑓𝑓
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Algorithm 2 Sub-process A algorithm
Require: 𝑃𝑟𝑒𝑞 , 𝜑𝐹𝐶𝑖𝑛 , 𝜑𝐵𝐴𝑇𝑖𝑛 , ̃𝜑𝐺𝑇 , 𝛷, operation mode, autofix battery 

throttle, match with power off-takes, mission parameters.
Ensure: 𝑃𝑃 = 𝑃𝑟𝑒𝑞
1: if autofix battery throttle then
2:  𝑃𝑝, 𝜑𝐵𝐴𝑇 ← ST-Adjust for BAT .
3:  if 𝑃𝑃 ≠ 𝑃𝑟𝑒𝑞 then
4:  𝑃𝑝, 𝜑𝐵𝐴𝑇 , 𝜑𝐹𝐶 ← DT-Adjust for BAT and FC .
5:  end if
6: else
7:  𝑃𝑝, 𝜑𝐹𝐶 ← ST-Adjust for FC.
8: end if
9:
10: if 𝑃𝑃 = 𝑃𝑟𝑒𝑞 then
11:  return 𝑃𝑃 , 𝜑𝐵𝐴𝑇 , 𝜑𝐹𝐶 , 𝜑𝐺𝑇
12: else
13:  return 𝑃𝑚𝑎𝑥𝑒𝑓𝑓
14: end if

Sub-process B (Algorithm 3) is activated when 𝑃𝑚𝑖𝑛𝑒𝑓𝑓 ≥ 𝑃𝑟𝑒𝑞 . 
This sub-process first evaluates the autofix battery throttle setting. If 
this feature is enabled, the algorithm begins by modifying the battery 
throttle. If the desired outcome is not achieved, it applies a DT-Adjust
to both the battery and the fuel cell. If the setting is disabled, the 
adjustments start with the gas turbine throttle and, if it is not sufficient, 
extend to a DT-Adjust including the fuel cell throttle. If the algorithm 
still does not meet the power request after applying these strategies, 
it considers whether to dissipate the excess power through additional 
off-takes or simply return 𝑃𝑚𝑖𝑛𝑒𝑓𝑓 , depending on the match with power 
off-takes setting. In Algorithm 3, 𝜑̂𝐺𝑇  denotes the gas turbine throttle 
for 𝑃𝑚𝑖𝑛𝑒𝑓𝑓 , as detailed in Table  2.

Sub-process C (Algorithm 4) is adopted when neither 𝑃𝑚𝑎𝑥𝑒𝑓𝑓  nor 
𝑃𝑚𝑖𝑛𝑒𝑓𝑓  can be successfully calculated. This situation occurs when the 
battery, operating in charge mode, demands more power than can 
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Algorithm 3 Sub-process B algorithm
Require: 𝑃𝑟𝑒𝑞 , 𝑃𝑚𝑖𝑛𝑒𝑓𝑓 , 𝜑𝐹𝐶𝑖𝑛 , 𝜑𝐵𝐴𝑇𝑖𝑛 , ̂𝜑𝐺𝑇 , 𝛷, operation mode, autofix bat-

tery throttle, match with power off-takes, mission parameters.
Ensure: 𝑃𝑃 = 𝑃𝑟𝑒𝑞
1: if autofix battery throttle then
2:  𝑃𝑝, 𝜑𝐵𝐴𝑇 ← ST-Adjust for BAT
3:  if 𝑃𝑃 ≠ 𝑃𝑟𝑒𝑞 then
4:  𝑃𝑝, 𝜑𝐵𝐴𝑇 , 𝜑𝐹𝐶 ← DT-Adjust for BAT and FC
5:  end if
6: else
7:  𝑃𝑝, 𝜑𝐺𝑇 ← ST-Adjust for GT
8:  if 𝑃𝑃 ≠ 𝑃𝑟𝑒𝑞 then
9:  𝑃𝑝, 𝜑𝐺𝑇 , 𝜑𝐹𝐶 ← DT-Adjust for GT and FC
10:  end if
11: end if
12: if 𝑃𝑃 ≠ 𝑃𝑟𝑒𝑞 then
13:  return 𝜑𝐺𝑇 , 𝜑𝐵𝐴𝑇 , 𝜑𝐹𝐶
14: else if match with power off-takes and 𝑃𝑚𝑖𝑛𝑒𝑓𝑓 > 𝑃𝑟𝑒𝑞 then
15:  𝑃𝐺𝑇 ,𝑜𝑓𝑓 , 𝑃𝐹𝐶,𝑜𝑓𝑓 , 𝑃𝐵𝐴𝑇 ,𝑜𝑓𝑓 ← Find additional off-takes
16:  return 𝑃𝑜𝑓𝑓 ,𝐺𝑇 , 𝑃𝑜𝑓𝑓 ,𝐹𝐶 , 𝑃𝑜𝑓𝑓 ,𝐵𝐴𝑇
17: else
18:  return 𝑃𝑚𝑖𝑛𝑒𝑓𝑓
19: end if

be supplied by the combined maximum (or minimum) outputs of the 
gas turbine and the fuel cell. Due to the high power demand from 
the battery, the gas turbine throttle remains at its maximum setting 
throughout this sub-process. If autofix battery throttle is enabled, a 
single-throttle adjustment (ST-Adjust) is executed on the battery to 
decrease its power requirement. Conversely, if autofix battery throttle
is disabled, the algorithm computes 𝑃 ∗

𝑝 , which is the maximum power 
achievable by combining the selected battery throttle with the highest 
outputs from both the gas turbine and the fuel cell. If 𝑃 ∗

𝑝 > 𝑃𝑟𝑒𝑞 , an 
appropriate fuel cell throttle can be determined using ST-Adjust. If this 
condition is not met, it becomes necessary to reduce the battery’s power 
demand to satisfy 𝑃𝑟𝑒𝑞 , thereby automatically activating the autofix 
battery throttle to ensure a consistent solution.

Algorithm 4 Sub-process C algorithm
Require: 𝑃𝑟𝑒𝑞 , 𝜑𝐹𝐶𝑖𝑛 , 𝜑𝐵𝐴𝑇𝑖𝑛 , 𝛷, operation mode, autofix battery throttle,

match with power off-takes, mission parameters.
Ensure: 𝑃𝑃 = 𝑃𝑟𝑒𝑞
1: 𝜑𝐺𝑇 ← 1.0
2: 𝑃 ∗

𝑝 ← power source control strategy(𝜑𝐺𝑇 , 𝜑𝐹𝐶 = 1.0, 𝜑𝐵𝐴𝑇 =
𝜑𝐵𝐴𝑇𝐼𝑛 , 𝛷)

3: if not autofix battery throttle then
4:  if 𝑃 ∗

𝑝 < 𝑃𝑟𝑒𝑞 then
5:  autofix battery throttle ← True
6:  end if
7: end if
8: if autofix battery throttle then
9:  𝑃𝑝, 𝜑𝐵𝐴𝑇 ← ST-Adjust for BAT
10: else
11:  𝑃𝑝, 𝜑𝐹𝐶 ← ST-Adjust for FC
12: end if
13: if 𝑃𝑝 = 𝑃𝑟𝑒𝑞 then
14:  return 𝜑𝐺𝑇 , 𝜑𝐵𝐴𝑇 , 𝜑𝐹𝐶
15: else
16:  return Error
17: end if

In summary, this powerplant management algorithm effectively 
addresses the complexities and potential inconsistencies in HE pow-
erplant control strategies. By leveraging adaptive sub-processes and 
incorporating both single and dual-throttle adjustment techniques, it 
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Table 3
Test cases summary. All cases assume that the first propulsion line electric motor 
(𝐸𝑀1) operates as a motor and the battery (𝐵𝐴𝑇 ) is in discharge mode.
 Test Case Autofix 

battery 
throttle

𝛷 Case 
IDs

 

 

CASE 1 True 0.0

1 – 1  
 1 – 2  
 1 – 3  
 1 – 4  
 1 – 5  
 
CASE 2 False 0.0

2 – 1  
 2 – 2  
 2 – 3  
 CASE 3 True 0.5 3 – 1  
 3 – 2  

Table 4
Characteristics of the gas turbine engine, fuel cell, and battery systems adopted for the 
hybrid-electric powerplant used in the mathematical model demonstration.
 Element Number Description  
 Gas turbine engine 2 𝑃𝐺𝑇 = 𝜑𝐺𝑇 ⋅ 𝑃𝐺𝑇max

, where 
𝑃𝐺𝑇max

= 2500 kW
 

 Fuel cell system 2 𝑃𝐹𝐶 = 𝜑𝐹𝐶 ⋅ 𝑃𝐹𝐶max
, where 

𝑃𝐹𝐶max
= 1000 kW

 

 Battery system 2 Maximum capacity of 300 kWh
with C-Ratemax = 2.5 1∕h

 

successfully satisfies power demands while maintaining physically con-
sistent solutions. Operational settings such as autofix battery throttle and
match with power off-takes enable designers to customize the powerplant 
responses meeting specific needs, thereby enhancing the adaptability of 
the model. This method, suitable for preliminary analysis, establishes 
a robust framework to analyze the behavior of a preliminary sized HE 
powerplant, allowing the designer to understand what is the best power 
source combination that could be used to satisfy a specific assigned 
power requirement.

3. Case studies

3.1. Powerplant model mathematical demonstration

The proposed HE powerplant model enables designers to evalu-
ate a powerplant that integrates up to three distinct power sources, 
supporting preliminary studies of a HE propeller-driven aircraft. As 
discussed in Section 2, combining the proposed powerplant control 
strategies with the powerplant management algorithm (Section 2.2) 
yields a flexible model that ensures physically consistent solutions 
while adhering closely to the designer’s input requirements.

In the following, three test cases assess the powerplant’s capability 
to meet varying power demands while ensuring physically consistent 
operation. They differ in autofix battery throttle settings and shaft power 
ratio 𝛷. Each test case includes multiple case IDs, representing distinct 
power requests (Table  3).

CASE 1 depicts conditions in which 𝐸𝑀1 operates as a motor and 
the electric storage is in discharge mode, with autofix battery throttle
enabled and 𝛷 = 0.0. Under these settings, the powerplant must provide 
the requested power using only the primary propulsion line. Five 
different power requests (five case IDs) illustrate how the powerplant 
reacts under this configuration. CASE 2 uses the same power requests as
CASE 1 but disables the autofix battery throttle setting, thereby showing 
how removing this option influences the algorithm’s ability to fulfill 
the requested power. Finally, CASE 3 demonstrates how the powerplant 
satisfies power demands by using the same operational settings as CASE 
1 but requesting 𝛷 = 0.5, distributing the required power equally across 
the two propulsion lines.
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Table 5
Constant efficiency values assumed for each hybrid-
electric powerplant sub-component.
 Powerplant element Value 
 Gas turbine 0.30  
 Fuel cell system 0.40  
 Battery system 0.95  
 Cables system 1.00  
 PMAD system 0.99  
 Primary electric machine 0.96  
 Primary gearbox 0.97  
 Primary propeller 0.85  
 Secondary electric machine 0.95  
 Secondary gearbox 0.95  
 Secondary propeller 0.83  

The HE powerplant architecture analyzed in this case study is 
powered by three energy sources, as outlined in Table  4, and integrates 
two distinct propulsion lines. For simplicity, each sub-component is 
characterized by a constant efficiency value, detailed in Table  5.

Before analyzing the powerplant’s responses, it is useful to consider 
the key power values calculated for the operation settings defined for
CASE 1 and CASE 2 (Table  3). These values, namely 𝑃𝑚𝑖𝑛 = 570 kW, 
𝑃𝑚𝑖𝑛𝑒𝑓𝑓 = 1587 kW, 𝑃𝑚𝑎𝑥 = 6867 kW, and 𝑃𝑚𝑎𝑥𝑒𝑓𝑓 = 5300 kW, represent 
the lower and upper operational power limits, as well as their ‘‘effec-
tive’’ counterparts under the specified operating conditions. Table  6 
summarizes, for each case ID, the required power, the produced power, 
the estimated source throttles, and whether the operation mode needs to 
be modified. NA (Not Applicable) indicates that, when using the power 
required control strategy, the 𝜑𝐺𝑇  value does not need to be assigned.

In CASE 1, IDs 1-1, 1-2, and 1-3, the power request decreases but 
remains within acceptable operating ranges. For ID 1-1, since 𝑃𝑚𝑎𝑥𝑒𝑓𝑓 <
𝑃𝑟𝑒𝑞 , sub-process A increases both the electric source throttles to meet 
the power demand. For ID 1-3, where 𝑃𝑚𝑖𝑛𝑒𝑓𝑓 > 𝑃𝑟𝑒𝑞 , sub-process B
reduces both electric source throttles, as lowering only the battery 
throttle is insufficient. ID 1-2 remains within the power boundaries 
and does not require intervention by the powerplant management algo-
rithm. IDs 1-4 and 1-5 illustrate scenarios where the power requests lie 
beyond the operational range; the powerplant model therefore returns 
the closest achievable power level.

In CASE 2, IDs 2-1, 2-2, and 2-3, the autofix battery throttle is 
disabled, altering how the model addresses power requests previously 
handled in CASE 1. For ID 2-1, sub-process A cannot satisfy the power 
demand without adjusting the battery throttle, so the algorithm settles 
on 𝑃𝑚𝑎𝑥𝑒𝑓𝑓 . By contrast, the power request in ID 2-3 is met by sub-process 
B, which adjusts only the fuel cell throttle. ID 2-2 behaves like ID 1-2, as 
the required power remains within bounds, making further adjustments 
unnecessary.

CASE 3 sets 𝛷 = 0.5, requiring equal power distribution across 
both propulsion lines. None of the case IDs within CASE 3 require 
the power management algorithm to fulfill the request, although they 
highlight the importance of switching the operation mode to preserve 
physical consistency. Increasing gas turbine power while maintaining 
𝛷 = 0.5 may require transitioning from mode 1 (𝐸𝑀1 acting as motor) 
to mode 3 (𝐸𝑀1 acting as generator). Fig.  6 shows the minimum battery 
throttle (𝜑𝐵𝐴𝑇 ) needed to preserve mode 1. If the system drops below 
this threshold, it must change to mode 3, thereby assigning a generator 
role to the primary electric machine. Specifically, for IDs 3-1 and 3-
2, the figure indicates battery throttle thresholds of 𝜑3−1 = 0.48 and 
𝜑3−2 = 0.0. These values reveal that mode 1 remains valid for ID 3-
2 at any battery throttle value, as 0.2 > 𝜑3−2. However, ID 3-1 must 
switch to mode 3 to maintain a physically consistent solution, because 
0.2 < 𝜑3−1.

A graphical representation of nonphysical and physical solutions for 
CASE 3-1 appears in Fig.  7. Fig.  7(a) shows the nonphysical behavior 
resulting from an imbalance of power at the PMAD node while still 
10 
Fig. 6. Minimum 𝜑𝐵𝐴𝑇  value map to preserve mode 1 physical consistency. Throttle 
values below this limit indicate the need to change the selected operation mode, 
switching from mode 1 to mode 3 and inverting the 𝐸𝑀1 role from motor to generator.

operating in mode 1. Switching to mode 3 enables CASE ID 3-1 to reach 
a consistent solution, as depicted in Fig.  7(b).

A relationship among the three power sources that leads to non-
physical behavior in mode 1 can also be derived. According to Eq. (4), 
a nonphysical state arises if at least one node of the powerplant fails 
to satisfy the power balance requirement. When the balance is not 
met, some power element within the architecture takes on a negative 
value. When applying the power source control strategy the PMAD node 
is the critical node from which the power inconsistency could arise, and 
the critical elements linked to it are the electric machines. Therefore, 
determining when mode 1 ceases to be physical involves identifying 
when the electric machines’ power switches sign. By solving the system 
given in Eq. (6), the electric machines’ powers can be estimated in 
terms of the remaining powerplant parameters (Eq. (11)). 

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝑃𝐸𝑀1
=

(𝑃𝐹𝐶 + 𝑃𝐵𝐴𝑇 )𝜂𝐺𝐵2
⋅ 𝜂𝐸𝑀2

⋅ 𝜂𝑃𝑀𝐴𝐷(1 −𝛷) −𝛷 ⋅ 𝑃𝐺𝑇 ⋅ 𝜂𝐺𝐵1

𝜂𝐺𝐵2
⋅ 𝜂𝐸𝑀2

(1 −𝛷) + 𝜂𝐸𝑀1
⋅ 𝜂𝐺𝐵1

⋅𝛷

𝑃𝐸𝑀2
=

(𝑃𝐹𝐶 + 𝑃𝐵𝐴𝑇 )𝛷 ⋅ 𝜂𝐸𝑀1
⋅ 𝜂𝐺𝐵1

⋅ 𝜂𝑃𝑀𝐴𝐷 + 𝑃𝐺𝑇 ⋅ 𝜂𝐺𝐵1 ⋅𝛷
𝜂𝐺𝐵2

⋅ 𝜂𝐸𝑀2
(1 −𝛷) + 𝜂𝐸𝑀1

⋅ 𝜂𝐺𝐵1
⋅𝛷

(11)

From this set of equations, the condition that preserves mode 1 emerges 
(Eq. (12)). Under constant efficiency assumptions and 0 ≤ 𝛷 < 1.0, the 
total electric power produced by the two electric sources must be larger 
than the power from the thermal engines multiplied by an amplification 
factor. Applying this to CASE ID 3-1 and 3-2 reveals the maximum gas 
turbine throttle value that preserves the mode 1 consistency. Exceeding 
this value, as in ID 3-1, leads to the nonphysical behavior described 
earlier. The calculated throttle limit is 𝜑𝐺𝑇 = 0.27. 

(𝑃𝐹𝐶 + 𝑃𝐵𝐴𝑇 ) ≥ 𝑃𝐺𝑇 ⋅
( 𝛷
1 −𝛷

)

(

𝜂𝐺𝐵1

𝜂𝐺𝐵2

)(

1
𝜂𝐸𝑀2

⋅ 𝜂𝑃𝑀𝐴𝐷

)

(12)

This analysis demonstrates how the powerplant model manages and 
satisfies different power requests under varying shaft power ratios and
autofix battery throttle settings. The case studies illustrate how the 
model’s management sub-processes enhance flexibility, providing phys-
ically consistent solutions that meet the designer’s power requirements 
as closely as possible. Because of its simple mathematical formula-
tion and basic power management controller, the proposed power-
plant model is well suited for preliminary analyses of HE powerplant 
architectures.
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Table 6
Powerplant behavior for the assigned case IDs power request. NA stands for Not Applicable and it is indicated because, when 
using the power required control strategy, the gas turbine throttle (𝜑𝐺𝑇 ) value does not need to be assigned.
 Required Available Gas turbine Fuel cell Battery Operation 
 ID power power In Out In Out In Out mode  
 [kW] [kW] changed  
 1–1 6500 6500 NA 1.00 0.60 1.0 0.20 0.69 false  
 1–2 3500 3500 NA 0.56 0.60 0.60 0.20 0.20 false  
 1–3 1000 1000 NA 0.10 0.60 0.30 0.20 0.10 false  
 1–4 8000 6867 NA 1.00 0.60 1.00 0.20 1.00 false  
 1–5 300 570 NA 0.10 0.60 0.10 0.20 0.00 false  
 2–1 6500 5300 NA 1.00 0.60 0.60 0.20 0.20 false  
 2–2 3500 3500 NA 0.56 0.60 0.60 0.20 0.20 false  
 2–3 1000 1000 NA 0.10 0.60 0.22 0.20 0.20 false  
 3–1 2500 2500 NA 0.35 0.60 0.60 0.20 0.20 true  
 3–2 2000 2000 NA 0.21 0.60 0.60 0.20 0.20 false  
Fig. 7. Power distribution for CASE ID 3-1 before (a) and after (b) changing 𝐸𝑀1 ’s role to achieve a physically consistent solution.
Fig. 8. Geometry and powerplant architecture representations of the 90-passenger hybrid-electric regional aircraft. The left image illustrates the aircraft’s geometric 3D model, 
highlighting key structural components and aerodynamic features. The right image details the assumed powerplant architecture, showcasing the integration of a three-source 
hybrid-electric system comprising a thermal engine, a fuel cell system, and a battery pack.
3.2. Aircraft application

The previous subsection demonstrated the theoretical powerplant 
model’s capability to meet specific power requirements while ensuring 
physically feasible solutions. To illustrate the practical utility of the 
proposed methodology, the developed powerplant model was applied 
to assess the contribution of each power source during the cruise 
11 
phase of a preliminarily sized HE regional aircraft. The aircraft sizing 
was performed using a proprietary, in-house developed tool, ensuring 
alignment with the top-level aircraft requirements (TLARs) presented 
in Table  7, which were derived from those of the Clean Aviation HERA 
research project [49]. The resulting aircraft, with a projected entry into 
service in 2035 and shown in Fig.  8(a), features a three-source HE pow-
erplant architecture comprising a thermal engine, a fuel cell system, 
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Table 7
Top-level aircraft requirements for the regional propeller-driven aircraft selected for the 
powertrain model application. Climb performance values are intended with all engines 
operative. MTOM is the aircraft maximum take-off mass. FL indicates the flight level 
(e.g., FL250 corresponds to 25 000 f t). KTAS represents the aircraft’s true airspeed in 
knots.
 Description Value Unit Note  
 Entry into service 2035  
 Design range 600 nmi  
 Number of passengers 90  
 Design payload 8550 kg 90 passengers @95 kg  
 Max payload 9000 kg 450 kg allowance mass  
 Take-off field length ≤ 1400 m  
 Landing field length ≤ 1400 m  
 Cruise speed 300 KTAS FL250  
 Time to climb ≤ 20 min @MTOM from FL15 to FL250 
 Reserves 100 nmi diversion,  
 30 min holding, 5% trip fuel  

Table 8
Key geometrical, inertia, and performance characteristics of the 90-passenger 
hybrid-electric regional aircraft. SL denotes sea-level performance. ISA refers to 
standard day conditions (288.15K). Climb performance values are calculated with 
all engines operative. FL indicates the flight level (e.g., FL250 corresponds to 
25 000 f t). KTAS represents the aircraft’s true airspeed in knots.
 Aircraft data Value  
 Number of passengers 90  
 Wing area 75m2  
 Wing aspect ratio 14  
 Maximum Take-Off Mass (MTOM) 34 800 kg  
 Operative Empty Mass (OEM) 24 750 kg  
 Aircraft key performances  
 Take-off field length @MTOM, SL, ISA 1360m  
 Absolute ceiling @95% MTOM ISA FL300  
 Time to climb from FL15 to FL250 @MTOM, ISA 18min  
 Cruise altitude 25 000 f t  
 Cruise speed @FL250 300KTAS 
 Landing field length @97% MTOM, SL, ISA 1300m  

and a battery pack, all supporting a single propulsive line. Fig.  8(b) 
provides a comprehensive overview of the powerplant configuration, 
while the key characteristics of this propeller-driven regional aircraft 
are summarized in Table  8.

Furthermore, Table  9 presents detailed data on the HE powerplant 
configuration, including the efficiencies assumed for the assigned flight 
mission. The performance table used to model the thermal engine was 
developed by scaling an in-house generated engine deck, based on a 
PW127-like engine (i.e., the gas turbine engine installed on the ATR 
42/72 aircraft’s family), to the required sizing power. During the scal-
ing process, the original relationships between shaft power and specific 
fuel consumption were preserved concerning key operating conditions, 
including thermal engine throttle setting, Mach number, altitude, and 
ambient temperature. Additionally, the specific fuel consumption val-
ues were adjusted to align with the aircraft’s projected entry into 
service. In particular, a target value of 0.213 kg∕kWh for specific fuel 
consumption under cruise conditions — defined by maximum power, 
Mach 0.50, and a flight altitude of 25 000 f t — was achieved. This target 
represents an improvement of approximately 20% compared to cur-
rent typical values for regional propeller-driven aircraft. Subsequently, 
all specific fuel consumption values in the engine deck were scaled 
accordingly to maintain consistency across operating conditions.

The cruise phase analyzed corresponds to a 300 nmi typical mission, 
based on the mission profile illustrated in Fig.  9. The take-off and climb 
phases are computed using the power source control strategy, as these 
segments do not impose specific power constraints. In contrast, the 
descent and landing phases, which require maintaining a prescribed 
rate of descent, and cruise phase, performed at constant speed, are 
evaluated using the power source control strategy in conjunction with 
the developed powerplant management algorithm. Accordingly, Table 
12 
Fig. 9. Mission profile for a typical, 300 nmi flight. FL denotes the flight level 
(e.g., FL250 corresponds to 25 000 f t).

10 outlines the flight requirements for each phase, along with the 
corresponding throttle settings assigned to each power source. It is 
important to note that no throttle parameters are reported for the cruise 
phase, as the analysis focuses on the powerplant characteristics during 
this segment; therefore, a to be determined (TBD) value is indicated in 
the table. Conversely, not applicable (NA) denotes that the gas turbine 
throttle setting (𝜑𝐺𝑇 ) is not required when the power source control 
strategy is applied. Additionally, the autofix battery throttle setting re-
mains enabled throughout the mission, ensuring that the electric motor 
operates exclusively in motor mode.

To assess the impact of the different power sources on the aircraft’s 
cruise performance, an analysis was conducted to determine the re-
quired gas turbine throttle setting (𝜑𝐺𝑇 ) necessary to satisfy the cruise 
power demand, based on the assigned fuel cell and battery throttle 
settings (𝜑𝐹𝐶−Cruise and 𝜑𝐵𝐴𝑇−Cruise). Fig.  10 illustrates the relationship 
between these assigned throttle values and that related to the thermal 
engine. Additionally, Fig.  11 presents the total energy required to 
complete the assigned mission, while Fig.  12 shows the total CO2
emissions associated with the mission, both expressed as functions of 
the cruise phase electric power source throttle settings (𝜑𝐹𝐶−Cruise and 
𝜑𝐵𝐴𝑇−Cruise).

The two charts indicate that the combination of electric source 
throttle settings that minimizes the total mission energy requirement 
is achieved when the battery operates at full power, while the fuel cell 
operates at half of its maximum output power. Under these conditions, 
the corresponding gas turbine throttle setting that minimizes the total 
mission energy demand is 𝜑𝐺𝑇 = 0.7. This optimal throttle combination 
reduces the total required energy primarily due to the lower hydrogen 
consumption associated with the fuel cell’s reduced output power. 
Conversely, the minimum kerosene consumption — corresponding to 
the lowest total CO2 emissions — is observed when both the fuel cell 
and battery systems operate at full power, thereby requiring the lowest 
gas turbine throttle setting.

This aircraft application illustrates how the proposed powerplant 
model assists designers in understanding how a preliminarily sized 
powerplant can operate to meet specific power requirements while 
consistently ensuring feasible solutions. Additionally, this application 
demonstrates how the model supports designers in identifying the op-
timal throttle settings to achieve specific objectives, such as minimizing 
total required energy or reducing CO  emissions.
2
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Table 9
Powerplant characteristics of the 90-passenger hybrid-electric regional aircraft. The reported values represent 
the maximum power outputs of the energy sources and the component efficiency values assumed throughout 
the prescribed mission profile.
 Powertrain element Description  
 Gas turbine engine Two thermal engines, each providing a maximum power output of 

2550 kW. Specific fuel consumption in typical cruise condition equal 
to 0.213 kg∕kWh.

 

 Fuel cell system Two fuel cell systems, each delivering a maximum power output of 
1500 kW. System level efficiency at peak power equal to 55%.

 

 Battery system Two battery systems with a maximum capacity of 300 kWh each 
and a maximum discharge rate of C-Ratemax = 0.7 1∕h. Efficiency is 
set at 96%.

 

 Electric machine The assumed overall efficiency, including converter losses, is 
𝜂𝐸𝑀 = 0.93 for the entire flight mission.

 

 Reduction gearbox The assumed gearbox efficiency is 𝜂𝐺𝐵 = 0.98 for the entire flight 
mission.

 

 Propeller The assumed propeller efficiency values are: 𝜂𝑃 = 0.82 for cruise, 
𝜂𝑃 = 0.85 for climb and descent, and 𝜂𝑃 = 0.88 for take-off.

 

Table 10
Assigned requirements and input throttle settings for each flight phase in the 300 nmi mission profile. NA (not applicable) 
indicates that the gas turbine throttle setting is not required when the power source control strategy is applied. TBD (to be 
determined) denotes that the cruise phase throttles will be varied during the analysis. SL represents sea-level altitude. CAS 
refers to calibrated airspeed, while TAS indicates true airspeed. RD denotes the rate of descent. FL represents the flight level 
(e.g., FL250 corresponds to 25 000 f t).
 Mission phase Requirements Gas turbine 

throttle
Fuel cell 
throttle

Battery 
throttle

 

 Take-off SL airport 1.0 1.0 0.0  
 Climb Constant CAS speed schedule 

@190KCAS from FL15 to FL250
1.0 1.0 0.0  

 Cruise Constant altitude and TAS 
@FL250 and 300KTAS

TBD TBD TBD  

 Descent Constant CAS speed schedule 
and RD @220KCAS and 
1500 f t∕min to FL15

NA 0.2 0.0  

 Landing SL airport NA 0.2 0.0  
Fig. 10. Surface plot illustrating the gas turbine throttle setting (𝜑𝐺𝑇−Cruise) required to 
meet the cruise power demand, based on the assigned fuel cell (𝜑𝐹𝐶−Cruise) and battery 
(𝜑𝐵𝐴𝑇−Cruise) throttle settings. The gas turbine throttle values are estimated using the
power required control strategy.

4. Conclusion and future work

This work has introduced a three-source hybrid-electric powerplant 
model tailored for the preliminary performance analysis of hybrid-
electric propulsion systems for propeller-driven aircraft. By employing 
13 
Fig. 11. Surface plot illustrating the total energy required from all power sources to 
complete the 300 nmi typical mission. The plot is presented as a function of the selected 
fuel cell (𝜑𝐹𝐶−Cruise) and battery (𝜑𝐵𝐴𝑇−Cruise) throttle settings selected for the cruise 
phase.

a simple mathematical formulation and simplified component repre-
sentations, the proposed powerplant model enables rapid evaluation 
of power distribution within the architecture, allowing designers to 
estimate the impact of each power source on overall power delivery.

Two different control strategies have been developed to operate 
with the proposed model: the power source control strategy, which 
calculates the powerplant’s produced power based on user-defined 
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Fig. 12. Surface plot illustrating the total CO2 emissions generated during the 300 nmi
typical mission, presented as a function of the fuel cell (𝜑𝐹𝐶−Cruise) and battery 
(𝜑𝐵𝐴𝑇−Cruise) throttle setting combinations selected for the cruise phase.

source settings, and the power required control strategy, which deter-
mines the gas turbine power level required to meet a specified power 
demand. These strategies help to quickly assess the behavior of an 
already sized powerplant, assisting the designer in understanding how 
it can be operated to satisfy specific power requirements. To ensure 
physically consistent solutions and solve potential power flow inconsis-
tencies, a dedicated powerplant management algorithm was implemented. 
This algorithm adjusts the power source throttle settings and, if nec-
essary, modifies the selected operation mode to deliver the required 
power while maintaining a consistent power distribution across the 
architecture. As a result, when combined with the proposed control 
strategies, the powerplant model can identify and resolve power path 
inconsistencies, thereby avoiding nonphysical power distributions. Al-
though not designed to provide optimal real-time energy management 
solutions, the powerplant management algorithm is robust enough to 
rapidly evaluate power distributions and identify potential sizing limi-
tations. It is also flexible enough to satisfy selected power requirements, 
closely adhering to the designer’s needs, and provides clear feedback if 
user-defined settings lead to nonphysical outcomes.

To demonstrate the capabilities of the developed powerplant model, 
two primary applications have been analyzed and presented. The first 
application has illustrated the implementation of the proposed method-
ology on a purely mathematical powerplant model, showcasing how 
the powerplant management algorithm satisfies power requirements based 
on user-defined parameters. In case ID 3-2, the algorithm’s recommen-
dation to switch to an alternative operational mode was justified by 
initially determining the minimum gas turbine throttle setting below 
which mode 1 could no longer be sustained. Subsequently, an analytical 
relationship was derived to define the conditions required for mode 1
to remain valid, as presented in Eq. (12).

The second case study has applied the developed powerplant model 
to a preliminarily sized regional propeller-driven aircraft, focusing 
on the cruise phase of a 300 nmi typical mission. By analyzing the 
total energy required to complete the mission profile as a function 
of varying fuel cell and battery throttle settings, the results have 
demonstrated how the powerplant model aids designers in identifying 
throttle combinations that minimize either overall energy consumption 
or CO2 emissions. The model provides a straightforward and effective 
methodology for assessing each power source within a three-source 
powerplant architecture—an area where accessible evaluation methods 
are currently lacking. Furthermore, the throttle analysis conducted on 
14 
the cruise phase can potentially be extended to other flight segments, 
enabling the identification of optimal throttle settings not only for 
individual mission phases but for the entire mission. Consequently, this 
establishes a robust framework for evaluating the performance of a 
three-source powertrain across a complete aircraft mission profile.

Owing to the assumed simplifications — such as the exclusion of 
transient effects and the omission of detailed component interactions 
— the proposed powerplant model proves particularly effective for 
analyzing powerplant applicability during the early stages of aircraft 
design. At a preliminary stage, exhaustive component data are often 
unavailable, and the development of complex simulation models is 
not feasible. Moreover, the model is inherently well-suited for energy 
optimization of hybrid-electric powerplants integrating up to three 
distinct energy sources, whether across an assigned mission profile or 
a specific flight trajectory. In conclusion, this model offers an effective 
methodology for minimizing the environmental impact of innovative 
aircraft platforms—a capability not provided by current state-of-the-
art approaches. Existing methodologies (e.g., powertrain equations) are 
limited in handling three-source powerplant architectures and rely on 
implicit parameters (e.g., supplied power ratios) that do not allow direct 
control over the contribution of each power source.
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