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Abstract

Hybrid-electric propulsion (HEP) is emerging as a promising pathway for reducing emissions in airship-based
cargo transport, yet systematic conceptual sizing methodologies remain limited. This study presents a
conceptual sizing methodology for hybrid-electric propulsion systems in airships by adapting aircraft-based
hybrid-electric range formulations to account for buoyancy effects through the concept of static heaviness.
Existing hybrid-electric range models are evaluated, and a shaft-energy-based formulation is selected and
modified for airship applications. The methodology further incorporates corrections derived from Zeppelin NT
propulsion-system data, an improved battery-sizing approach that accounts for deep-discharge protection and
pack-level energy density, and a component-wise propulsion-sizing framework. Validation using Zeppelin NT
data demonstrated improved agreement with available propulsion-system and battery-sizing information.
Parametric analysis showed that increasing electrification significantly increases vehicle weight at currently
achievable battery energy densities. A MATLAB/Simulink-based time-step simulation framework was
developed for independent assessment of the methodology, with analytical predictions showing close
agreement with simulation results across a range of hybridisation levels. The proposed methodology provides
a physically consistent and practically applicable framework for conceptual sizing of hybrid-electric propulsion
systems in airships.
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1. Introduction and Background

Cargo airships are gaining renewed attention as platforms for sustainable heavy-lift transportation
due to their inherent buoyant lift and comparatively low energy demand. In parallel, hybrid-electric
propulsion (HEP) has emerged as a promising pathway for reducing aviation emissions. Recent
cargo airship projects, including those by LTA Research [1] and Flying Whales [2], are incorporating
HEP architectures in which gas-turbine-driven generators power electric motors, with batteries
providing supplemental power during high-demand phases such as take-off and low-speed
manoeuvring. As battery energy density improves, increasing levels of electrification and, ultimately,
fully electric propulsion using fuel cells are being targeted in near-term designs by Flying Whales
and Hybrid Air Vehicles [1-3].

Despite this potential, the development of systematic design and sizing methodologies for HEP
systems in airships remains limited [4-6]. Existing studies on airship propulsion largely employ
simplified relations to estimate battery or fuel cell requirements and do not account for the coupled
behaviour of hybrid-electric systems. Furthermore, no study provides explicit formulations for
comprehensive system-level modelling of HEP that includes all major components. Only limited
work, such as that of Murugaiah et al. [7], attempts to formulate hybrid-electric range relations
specifically for airships; however, such models lack validation and exhibit inconsistencies in their
underlying assumptions.

In contrast, a substantial body of work exists for hybrid-electric aircraft. Modified Bréguet-type range
equations proposed by Voskuijl et al. [8] and De Vries et al. [9], and later refined by Batra et al. [10],
provide frameworks for analysing hybrid propulsion systems using constant power-split assumptions
and efficiency-based formulations. However, these models are developed for aircraft and cannot be
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directly applied to airships due to fundamental differences in lift generation and effective weight
representation.

Consequently, there is no validated conceptual sizing framework for HEP systems in airships. This
gap arises from two key challenges: the limited availability of airship-specific hybrid-electric models
and the absence of operational hybrid-electric airships for validation.

To address this gap, the present study develops a conceptual sizing methodology for HEP in airships
by adapting aircraft-based hybrid-electric range formulations to account for buoyancy-driven flight.
The methodology incorporates a critical evaluation of existing hybrid-electric range formulations,
modifications to conventional propulsion sizing through empirically derived correction factors, a
refined battery sizing approach that accounts for deep-discharge protection and pack-level energy
density, and an assessment of hybridisation effects on system mass and performance. Validation is
performed using data from the Zeppelin NT airship and through comparison with published studies,
complemented by parametric analysis and time-step simulation.

2. Hybrid-Electric Range Models

Several hybrid-electric range formulations have been proposed in the literature, primarily for fixed-
wing aircraft, along with limited work for airships. Notable formulations include those by Voskuijl et
al., De Vries et al., and Batra et al., as well as the airship-specific model proposed by Murugaiah et
al. These models differ in their treatment of hybridisation, efficiency, and energy accounting, and are
evaluated in the following subsections for applicability to airship propulsion sizing.

Additional studies provide insight into HEP characteristics and constraints. For instance, Hepperle
highlights the dominant influence of battery-specific energy and system efficiency on achievable
range. At the same time, Sahoo et al. and Brelje and Martins develop sizing methodologies based
on performance metrics such as specific fuel consumption and energy-based range relations. These
studies collectively emphasise the importance of consistent energy accounting and efficiency
modelling in hybrid-electric systems.

2.1 Murugaiah et al. (2022)

Murugaiah et al. [7] adopted a hybrid-electric range equation originally proposed by Brelje [11], given
by:

Ruge = 22212 (10 1 4] + p ) (™)

9Cp Cp

where A and B are functions of degree of hybridisation, battery and fuel energy density, and weight
fractions.

The formulation assumes constant aerodynamic efficiency and propulsion efficiencies during cruise.
An attempt was made to reproduce the authors' published results for the Airlander 10 airship using
the provided data. However, the computed range values were found to be an order of magnitude
smaller than those reported. Further investigation revealed inconsistencies in the input parameters:
key variables such as brake-specific fuel consumption (c,) and engine efficiency (ng) were not
specified, and discrepancies were identified between the reported and implemented maximum take-
off weight values. Additionally, the empty weight fraction used in the underlying code (~0.089) was
unrealistically low.

2.2 Voskuijl et al. (2018)

Voskuijl et al. [8] derived a hybrid-electric range equation using an energy-balance approach,
expressed as:
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(2)

The formulation explicitly distinguishes between shaft power-split (S) and degree of hybridisation
(%), defined as:
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S — Pbr,electric (3)
Pbr,total

Y= )
total

The model assumes steady, level cruise and continuous power-split. The model was tested by
developing a hybrid variant of the ATR-72-600 aircraft, while keeping the design range unchanged.
Their results were reproducible, but the equation was not selected for this study. For the present
study, a formulation governed by a single hybridisation parameter was preferred because it simplifies
the interpretation of hybridisation effects and facilitates integration with the proposed conceptual
sizing methodology.

2.3 De Vries et al. (2020)

De Vries et al. [9] proposed a simplified hybrid-electric range equation assuming a constant power-
split ratio throughout cruise:

WoEg + WpL +($)Eo,tot<¢ + (ez}lt>(1 - ¢)>
)in (5)
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The authors reported that aircraft range increases with increasing electrification beyond a threshold
battery energy density, which depends on the aircraft and mission. However, the take-off weight will
increase significantly due to the lower energy density of batteries.

Further analysis showed that this formulation is mathematically equivalent to the Voskuijl et al. [8]
model if the shaft power-split is assumed constant in Eq. (2). The shaft power-split and degree of
hybridisation are then related by:

_ Ny
S(rd) = 6)

Thus, both formulations yield identical predictions under the assumption of constant power-spilit.

2.4 Adopted Hybrid-Electric Range Model

Based on the evaluation of existing hybrid-electric range formulations, the model proposed by Batra
et al. [10] was selected for further development. This formulation provides a physically consistent
framework for the conceptual sizing of HEP systems.

For a parallel hybrid-electric configuration, the range is expressed as:

E e 1-
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This expression represents a modified Breguet-type relation that accounts for both fuel and battery
energy contributions via an efficiency-based formulation. A parallel hybrid architecture is considered
in this study because of its greater flexibility, reliability, and operational feasibility compared with
series configurations.

In this formulation, the degree of hybridisation (¢) is defined based on the effective shaft power
contribution as:

_ Ppatn2
Q= (8)
Pgn1 + Ppat2

Eo 0t represents the total shaft energy delivered to the propeller over the duration of the mission,
rather than the total stored onboard energy alone.

The model satisfies the expected limiting cases: for ¢ = 0, it reduces to the classical Breguet range
equation, and for ¢ = 1, it reduces to the fully electric range formulation. These characteristics ensure
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consistency with established propulsion theory.

The formulation is derived under the standard assumptions of Breguet-type range equations, namely
steady, level cruise flight with zero flight-path angle, constant velocity during the cruise segment,

constant aerodynamic efficiency C—L constant propulsion system efficiencies, and negligible variation
D

in atmospheric conditions. As a result, the model applies only to cruise segments and cannot directly
capture transient phases such as take-off, climb, descent, or manoeuvring flight, which must be
treated separately in a complete mission analysis.

The model by Batra et al. is particularly suitable for initial sizing applications. It demonstrates physical
consistency by predicting a decrease in range with increasing battery energy density, consistent with
the known limitations of current battery technology. Furthermore, reproducing the trends reported in
the original study confirms that the model exhibits realistic sensitivity to battery energy density and
hybridisation.

Thus, this formulation was selected as the basis for developing the proposed sizing methodology.
Although it was found to be mathematically equivalent to the formulation of De Vries et al., Batra’s
formulation directly employs shaft energy as the primary sizing parameter, making it more convenient
for propulsion system sizing and component-level energy estimation. The modifications required to
adapt this aircraft-based formulation to airship configurations are presented in the following section.

3. Hybrid-Electric Propulsion Sizing Methodology

3.1 Adaptation of Hybrid-Electric Range Equation

Although the hybrid-electric range equation presented in the previous section is derived for fixed-
wing aircraft, its direct application to airships is not appropriate due to fundamental differences in lift
generation and weight characteristics. In aircraft, lift is entirely aerodynamic and directly coupled to
weight, whereas airships derive a significant portion of lift from buoyancy. As a result, the effective
weight that governs propulsion requirements in airships is not the total weight, but the static
heaviness, defined as the difference between the vehicle's weight and buoyant lift. Therefore, the
classical Breguet framework must be modified to account for buoyancy effects when applied to
airships.

Carichner and Nicolai [12] derived a Breguet-type range equation for airships by expressing the
range in terms of the variation of static heaviness, given by:

R = IpChaero (o ) (9)

¢ Cp Wh1

L,aero

where R is the range, np is the propeller efficiency, ¢, is the brake-specific fuel consumption, 2 c

D
is the aerodynamic efficiency of the airship, Wy and Wys represent the initial and final static
heaviness, respectively. Static heaviness is defined as:

where Wrow is the take-off weight, and B is the buoyant lift. The hybrid-electric aircraft range equation
adopted in the previous section can therefore be extended to airships by replacing the total weight
terms with static heaviness, consistent with Carichner and Nicolai’'s formulation. Applying this
modification to the hybrid-electric range equation (for parallel hybridisation) yields:

Rparatier = NgtNgbMp CL'C‘,I;TO (1 + a f(p)) (%) In (;A:—:) (11)

where ng is the electric drivetrain efficiency, ny, is the conventional drivetrain efficiency, g is
acceleration due to gravity, and the initial and final static heaviness are given by:

Eotot9) [ @(1+CCP) epat(1 — @)
Wio = Wog + Wp, + (22t )( D) 4 O ) ~B (12)
g @(+CCP)Eg¢o
WHl == WOE + WPL + ETW - B (13)
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where Woe is the operating empty weight, W, is the payload weight, nem is electric motor efficiency,
and eyt and er are energy densities of the battery and fuel, respectively. This modification preserves
the structure of the hybrid-electric range formulation while explicitly incorporating buoyancy effects
through the static heaviness term.

For sizing purposes, the range equation is rearranged to express the total shaft energy required for
a given mission range R and shaft power-split S as:

(Wog +WpL — B)(exp(g) - 1)

Eotor = <g¢(1+ccp) a0 <p)> _ (g<p(1+ccp))exp(5) (14)
€patTlem efngt €patTem K
where,
— CLaero er_1
K = ngtngbrlp cp g1-9) (15)
_ SOCoff
CCP = m5ac, ) (16)

This expression provides the total shaft energy required to complete a mission of range R for a
specified hybridisation level. By evaluating Eow: as a function of S, the variation of energy
requirement with degree of hybridisation can be obtained, enabling the selection of an appropriate
hybridisation level for a given mission profile.

The formulation is derived under the assumption of steady, level cruise and is therefore applicable
only to mission segments that satisfy this condition. Accordingly, the selected value of S must be
consistent with the shaft power requirements for steady cruise. For other phases of flight, such as
take-off, descent, and low-speed manoeuvring, the propulsion requirements may differ significantly,
and the hybridisation strategy must be determined separately for each phase. In such phases, the
battery's contribution is typically higher due to transient power demands. However, for initial sizing
of conventional airships, the cruise energy requirement may be assumed to approximate the total
mission energy, consistent with the approach of Carichner and Nicolai.

3.2 Conventional Propulsion Sizing Methodology and Corrections

To establish confidence in the proposed hybrid-electric sizing framework, the conventional
propulsion system of an existing airship was first analysed. The Zeppelin NT (N07-101), developed
by Zeppelin Luftschifftechnik GmbH & Co. KG, represents the only airship currently in active
commercial operation and provides a suitable reference for validation. A detailed propulsion system
breakdown is available from the HeRKoLus 2023 study conducted in collaboration with the University
of Stuttgart [13,14], which serves as a reliable source of real-world data.

As a baseline, the conventional propulsion system of the Zeppelin NT was independently sized using
the baseline methodology proposed by Carichner and Nicolai, which is widely used for conceptual
airship design. The required system inputs, including mission and configuration data, were obtained
from publicly available sources [15,16]. This allowed for a direct comparison between the estimated
component weights and those reported in the HeRKoLus study.

The results of this comparison are summarised in Table 1, which presents a component-wise
breakdown of propulsion system mass. The baseline methodology provides reasonable estimates
for primary components such as the engine and propeller, while noticeable differences are observed
in components associated with nacelles and transmission systems.

Table 1 Zeppelin NT conventional propulsion system component-wise weight comparison

Compone Conventional Component Zeppelin NT
Conventional system nt mass system mass correction
component (in kg) component (in kg) factor
(HeRKoLus 2023) (Methodology)
Engine (wet/fluids and 49260  Engine Weight 447.70 1.10

Lubrication system included)
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Fairing/Cowling Engine Mount

(including Cooling and 367.30 M 180.97 2.03
ass
Exhaust systems)
Engine Control Unit 1350  ndine Controls 5667 0.37
Engine Starting
Starter Battery 26.30 Component 22.72 1.16
Mass
Gearbox/Transmission (wet) 194.80 (C\ENeea}[;P ox Mass 62.76 3.10
Propeller 147.10 Propeller Mass 133.95 1.10
Fuel (Mission and Unusable) 51.50 Fuel Mass* 44.22 1.16
Fuel System 102.30 fﬂue' Tank 143.82 0.71
ass
Total Mass 1,395.40 Total Mass 1,072.81 1.30

*Component not accounted for separately in baseline methodology; estimated via generic formulae.

To account for these differences, correction factors were introduced based on the ratio of actual
component weights to those predicted by the baseline methodology. These factors, referred to as
Zeppelin NT correction factors, are applied to the corresponding components in the sizing
methodology to incorporate the contributions of unmodeled subsystems.

The inclusion of these correction factors enables the baseline methodology better to represent the
propulsion system characteristics of the reference airship while retaining its suitability for initial
design. The resulting framework forms the basis for HEP system sizing in the present study. The
accuracy of the baseline methodology is further discussed in Section 4.1.

3.3 Battery Sizing Methodology

Accurate battery sizing is critical for HEP systems, yet commonly used formulations in aircraft sizing
literature often omit key practical considerations. In particular, the effect of deep-discharge protection
(DDP) and the distinction between cell-level and pack-level energy density are frequently neglected.
Battery packs cannot be discharged below a minimum state of charge (SoC) without risking
permanent damage. Additional subsystems such as the battery management system (BMS), thermal
management system (TMS), casing, and interconnections can account for up to 40% of the total
battery pack mass. As a result, using cell-level energy densities can lead to a substantial
underestimation of battery weight.

To address these limitations, an updated battery sizing relation was adopted:

_ g (1+DDP)E5h
H’O,bat -
Ne €bat,p

(17)

where Wy a is the total battery pack weight, ne is the battery-to-shaft efficiency (taken as 86%), Esn
is the required shaft energy for the mission, and esap is the battery pack energy density (taken as
200 Wh/kg). The deep-discharge protection factor is defined as:

_ So0Cmin
bbP = (1 = SoCmin) (1 8)
For a minimum allowable state-of-charge of 20% for a Li-ion battery pack, this term accounts for the
unusable fraction of stored energy.

The sizing procedure was applied to the Zeppelin NT sightseeing mission, using the mission
parameters summarised in Table 2. The total shaft energy requirement, including both mission and
reserve segments, was computed and used as input to the battery sizing equation. The resulting
battery mass estimate is summarised in Table 3.
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Table 2 Zeppelin NT sightseeing mission performance requirements [15,16]

Performance Parameter Value
Cruise duration 45 min (0.75 hour)
Cruise speed 35 kts (64.81 km/h)
Cruise shaft power 75 kW
Reserve cruise duration 2 hours
Reserve cruise speed* 50.66 km/h
44.7 kW (10% of Max. shaft

Reserve shaft power
power)

*Value estimated by using parasitic drag Cpo = 0.0362 (obtained from cruise mission segment) and static heaviness SH = 500 kg

Table 3 Battery weight sizing results

Parameter Value
Estimated shaft energy required 145.65
(mission + reserve) kWh
Total battery mass (Zeppelin NT 1,167.11
study) kg

Total battery mass (our study) ;5061 74
Error 9.03%

The battery sizing relation is subsequently integrated with the hybrid-electric range formulation to
enable consistent estimation of propulsion system mass. The accuracy of this approach is discussed
in Section 4.2.

3.4 Component-wise Sizing Methodology

A component-wise sizing methodology for the HEP system was developed based on an extensive
review of available literature, with emphasis on both state-of-the-art and conservative estimates
applicable to airship configurations. The primary components considered in this methodology are
summarised below:

1) Battery pack (including state-of-charge constraints and packaging overheads)
2) Electric motor/generator

3) Power-electronic converters (PECs)

4) Switchgear and protection equipment

5) Power cables

6) Thermal and cooling systems

7) Mechanical transmission systems

8) Thrust-vectoring mechanisms

The sizing approach and governing parameters for each component are described in the following
subsections.
1) Battery pack (including state-of-charge constraints and packaging overheads)
Battery pack sizing is governed by two primary considerations: state-of-charge (SoC)
constraints and packaging overheads.
e State-of-charge constraints
In hybrid-electric airship applications, batteries are subjected to rapid charge—discharge
cycles, including fast charging and high-rate discharging. Under such operating
conditions, it is necessary to limit both the minimum and maximum allowable SoC levels
to ensure safe and efficient operation [17]. Charging at high SoC levels results in
reduced efficiency, increased losses, and accelerated battery degradation [18].
Accordingly, the maximum SoC is typically limited to 80-95%, depending on cell
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chemistry and charging requirements.
Similarly, deep discharge at very low SoC levels can result in irreversible damage to
battery cells, including loss of recharge capability and accelerated ageing. To prevent
this, the minimum SoC is typically set to 5-20%, depending on system requirements
and operating conditions [19]. These constraints are incorporated into the total shaft
energy sizing formulation through the charge constraint parameter (CCP), as defined in
Eq. (16).

o Packaging overheads
In addition to electrochemical storage, the total battery pack mass includes contributions
from auxiliary subsystems such as the battery management system (BMS), thermal
management system (TMS), interconnections, and structural casing. These packaging
elements introduce a significant mass penalty, typically reflected in cell-to-pack mass
ratios of 0.67-0.75, with long-term targets of 0.8-0.9 [19-24]. These overheads are
accounted for in addition to the SoC-related constraints described above.

Power cables

Power cables are sized based on their current-carrying capacity and installation length.
Modern aviation-grade power cables exhibit typical performance characteristics of
approximately 170 A/kg/m, which is used as the basis for estimating cable mass in the present
methodology [25].

Electric Motor/Generator and Associated Electrical Components
Electric Motors/Generators, power-electronic converters (PECs), switchgear & protection
devices, and overall thermal/cooling systems are sized based on their power-handling
requirements, using power density values. Known values of their densities are as follows [25—
27]:

e Motor/Generator: 9-13 kVA/kg

e Power-electronic converters: 9-19 kW/kg

o Switchgear and protection devices: ~200 kW/kg (DC systems) & up to ~350 kW/kg (AC

systems)
e Thermal and cooling systems: 0.38-0.68 kW/kg

Mechanical transmission systems

Mechanical transmission systems are sized based on complexity and power distribution
requirements [28]. For simple gearbox systems without accessory drives or shaft power-
splitting, typical mass ranges from 0.14-0.20 kg/hp (0.18-0.28 kg/kW).

In contrast, parallel hybrid-electric configurations require more complex transmission systems

incorporating accessory drives and power-splitting mechanisms. These systems exhibit higher
mass characteristics, typically in the range of 0.25-0.30 kg/hp (0.33-0.40 kg/kW).

Thrust-vectoring mechanisms

Thrust-vectoring systems are essential for airships due to their low-speed flight characteristics
and, in some configurations, vertical take-off and landing (VTOL) capability. In airship
applications, thrust vectoring is typically achieved by tilting the propeller assembly.

The mass of such systems is estimated based on the mass of the swivelled component, with
typical sizing factors of 0.12—0.16 kg per kg of the actuated component [28].

4. Results and Analysis

To evaluate the proposed HEP sizing methodology, a combination of validation and parametric
analysis is performed. The assessment includes (A) validation of conventional propulsion sizing
against real airship data, (B) validation of battery sizing through mission-level comparisons, and (C)
analysis of HEP behaviour across varying degrees of hybridisation.

8
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In addition, validation of the hybrid-electric range formulation is addressed through comparison with
higher-fidelity approaches reported in the literature and through the development of a time-step
simulation framework. Due to the absence of operational hybrid-electric airships, validation relies on
a combination of real airship data, cross-comparison with published studies, and analytical
consistency of predicted trends.

4.1 Validation of Conventional Propulsion Sizing

The accuracy of the conventional propulsion sizing methodology in Section 3.2 was evaluated using
the Zeppelin NT (NO7-101) airship. A comparison of the estimated component weights with the
reference data from the HeRKoLus 2023 study is presented in Table 1 (Section 3.2). The results
show that the baseline methodology underestimates the total propulsion system mass by
approximately 23%, with the largest discrepancies observed in nacelle-related components and
transmission systems. For instance, the gearbox/transmission mass deviates by approximately
300%, while the fairing and associated subsystems exhibit similarly large differences.

These discrepancies indicate that Carichner and Nicolai’'s methodology does not fully capture
several integral components of modern airship propulsion systems. In particular, elements such as
propeller reduction gears, swivelling mechanisms for thrust-vectoring propellers, mechanical
transmission systems, and auxiliary subsystems, including cooling, exhaust, and lubrication, are
either simplified or not explicitly modelled. As a result, the baseline methodology underestimates the
total mass of the propulsion system. The application of correction factors is essential for extending
the methodology to HEP systems, as many of the omitted components, particularly transmission,
cooling, and integration-related subsystems, are also present in hybrid and fully electric
architectures. Furthermore, airships such as the Zeppelin NT employ complex gearing arrangements
and non-uniform power distribution to accommodate different flight conditions.

Through this process, the baseline conventional propulsion sizing methodology is further augmented
better to reflect the characteristics of modern airship propulsion systems. This corrected framework
is subsequently used as the foundation for HEP sizing in the present study.

4.2 Validation of Battery Sizing

The proposed battery sizing formulation in Section 3.3 was validated against the Zeppelin NT
sightseeing mission using data from the HeRKoLus study. Using the mission parameters
summarised in Table 2 (Section 3.3), the total shaft energy requirement (including reserve) was
computed as 145.65 kWh. The corresponding battery mass estimated using the proposed
formulation was 1,061.74 kg, compared to 1,167.11 kg reported in the reference study, resulting in
an error of 9.03%.

This level of agreement is considered acceptable given that the reference study employs a more
detailed mission analysis, whereas the present formulation is intended for initial sizing. The
discrepancy arises from differences in the underlying battery sizing formulations and the higher
fidelity of the mission energy estimation in the reference study. Nevertheless, the results
demonstrate that the proposed approach captures the dominant factors influencing battery mass
estimation and is suitable for integration with the hybrid-electric range model.

4.3 Hybrid-Electric Sizing Analysis

Before validating the formulation against higher-fidelity models, its behaviour is first examined
through parametric analysis. The adapted hybrid-electric range formulation was applied to the
Zeppelin NT configuration to understand the effect of hybridisation on propulsion system sizing. The
baseline parameters correspond to the sightseeing mission at an altitude of 300 m, an envelope
volume of 8,425 m?, a payload of 1,038 kg, a maximum take-off weight of 7,086 kg, and an empty
weight of 6,000 kg.

The total shaft energy Eoi: was computed using Eq. (14) by varying the ¢, (shaft power-split) from
0 to 1. The corresponding take-off and empty weights were then evaluated by accounting for the
required fuel and battery system masses. Fig. 1 shows the variation in take-off weight with ¢ for
battery energy densities of 300 Wh/kg and 400 Wh/kg.
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Figure 1 — Change in airship TOW with shaft power-split at esar = 300 Wh/kg, 400 Wh/kg.

The results indicate a significant increase in take-off weight with increasing electrification, particularly
at lower battery energy densities. For a fully electric configuration, the take-off weight increases by
approximately 43% at 300 Wh/kg and 14% at 400 Wh/kg relative to the conventional configuration.
These trends are consistent with the expected impact of battery mass on overall vehicle weight and
demonstrate the sensitivity of the proposed sizing methodology to battery energy density and
hybridisation level.

4.4 Time-Step Simulation Validation

Due to the lack of operational hybrid-electric aircraft with significant hybridisation, direct validation of
hybrid-electric range equations against flight data is currently not feasible. However, several studies
have validated such formulations against high-fidelity simulations and independent sizing methods.
Wroblewski et al. [29] validated a hybrid-electric Breguet range equation against a time-stepping
simulation of an Embraer ERJ-175 regional jet, incorporating real engine performance data. The
predicted ranges and endurance values matched simulation results within 2—5% across different
flight conditions and hybridisation levels. Similarly, Finger et al. [30] performed cross-validation
between two independent hybrid-electric sizing methodologies and reported agreement within 5%
for key performance metrics.

These studies indicate that hybrid-electric range formulations can provide reliable predictions for
conceptual design when validated against higher-fidelity models. However, the absence of real-world
hybrid aircraft data remains a key limitation in the field.

To further assess the validity of the proposed HEP sizing methodology, a time-step simulation of a
hybrid-electric airship was developed in MATLAB/Simulink (version R2024b). The simulation
incorporates variation of airship weight, propulsion power requirements, and energy consumption
over time. It provides an independent, higher-fidelity framework to evaluate the accuracy of the
analytical hybrid-electric range formulation developed in Section 3.1. The model structure and its
operation are described below.

4.4.1 Simulation Model

The overall Simulink model developed for the HEP system is shown in Fig. 2. It consists of three
primary subsystems: (i) Mission Profile, (ii) Airship Model, and (iii)) HEP system.
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63% VariableStepAuto

Figure 2 — MATLAB/Simulink Model Overview.

Mission Profile Block

The Mission Profile block, shown in Fig. 3, generates a simplified cruise-only mission,
characterised by constant cruise velocity and altitude. The cruise altitude is provided as input
to the ISA Atmosphere block from the Simulink library, which outputs the corresponding
atmospheric properties, including air temperature, pressure, and density.

The core assumption in this study is that cruise at constant altitude and g_[L; In an actual cruise

flight, that essentially means the cruise velocity changes due to loss of fuel mass. The same
conditions are created in the simulation. The airship’s static heaviness is updated at every
simulation time step based on the remaining fuel mass, while battery mass remains constant.
The model thus adjusts the cruise velocity and shaft power required at every time step to

. . . . . C
maintain cruise altitude and given C—L
D

Hybr\d_Ele(tric_Airsh\p_ModeH\ng_\ﬂ » Cruise—only Mission Profile b -
4
1-D T{u)
1
1 | .
Mission Time NED)
2
Cruise Ref. Velocity 1-D Lookup —l
Table1
v_cr (constant) s
v_er X
Cruise Ref. Velocity
v_cr (variable)
—< T+
Temperature
e O e
» . ol . > (m) N Speed of Sound
,SAQ F(Fa)
Cruise Ref. Altitude1-D Lookup 2 Air Pressure
Tabla2 h_cr [
o (kgim®)
I Air Density
Cruise Ref. Altittude
1N2% VariableStepAuto

Figure 3 — Mission Profile Block.

Airship Model Block
The Airship Model block, illustrated in Fig. 4, computes the aerostatic and aerodynamic
characteristics of the airship based on inputs from the Mission Profile block. Using these
inputs, the block evaluates dynamic pressure, aerodynamic drag, and buoyant lift using
standard equations [31], ultimately determining the shaft power required to maintain steady
cruise under the specified conditions.

11



HYBRID-ELECTRIC PROPULSION IN CARGO AIRSHIPS

[Pa| Hybrid_Electric_Airship_Modelling V1 b [Pa Airship Model b -
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= |
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: . = 2
Air Density < £ Combined Shaft Power

Dynamic Pressure Drag

()
o
=)

: N
tho et »| Ambient Air Density "'--\_
Eur ekal o Static Lif
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Tomperature
Temperature
\‘ ’ ’ ’ Airship Weight
Air Pressure | e—
g Airship Weight
Air Pressure d
Buoyancy
1% VariableStepAuta

Figure 4 — Airship Model Block.

Hybrid-Electric Propulsion Block

The HEP block, shown in Fig. 5, generates the shaft power required by the Airship Model
block. The demanded shaft power is first processed through a power-split logic, which
determines the respective power contributions of the electric motor and the spark-ignition (SI)
engine based on the specified degree of hybridisation. It must be noted that the present
implementation represents a parallel HEP architecture in which shaft power demand is shared
directly between the Sl engine and electric motor according to the shaft power-split parameter
S, determined from the degree of hybridisation ¥ (see Eq. 6).

[*a] Hybrid_Electric_Airship_Modelling V2 ¥ [%a] Hybrid Electric Propulsion b -

Figure 5 — Hybrid-Electric Propulsion Block.

The electric motor is modelled using the Mapped Motor block available in the Simulink library,
with the “Electrical Torque” parameterised by “Tabulated torque-speed envelope” and the
“Electrical Losses” parameterised by “Tabulated efficiency data with temperature and voltage”.
The motor parameters are based on data from the MATLAB File Exchange [32], where the
motor was modelled using public specifications for the Tesla Model 3 Long Range All-Wheel
Drive (AWD). The modelled motor provides a maximum continuous power of 100 kW. The
block interpolates motor performance under a torque-control configuration.

The Sl engine is modelled using the Simple Engine block from the Simulink library. This block
interpolates engine torque and speed based on input torque—speed characteristics. The
12
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engine model is based on the Ford EcoBoost 1.6L engine, for which torque-speed-fuel
consumption data are available in [32].

4.4.2 Model Operation

To facilitate parameter input and simulation control, a MATLAB-based graphical user interface (GUI)
was developed. The input parameters used are shown in Figs. 6 and 7. The simulation was
executed using the ode45 (Dormand-Prince) solver in variable-step mode, with relative tolerance of
1e-6. The simulation stops once the specified range is covered by the airship, determined as the
time integral of the airship speed function.

The default input values used in the GUI are based on publicly available performance data of the
Zeppelin NT airship, operated by Luftschiffbau Zeppelin in Germany and the United States [15,16].

[% Hybrid Electric Airship Design Requirements Capture

Airship Propulsion Design Specifications

Tuisir a
e | 3000.00
i s -
km/n) 89.98 h
Aerody! -
v -
-~ Degree of -
8425.00} tion :
Airship Maximum N N

TakeofiMass | 8348 92 Pareste e | 0.0382
(in kgy h -

Total Shaft Energy 7418145 KWh

‘ Load Data ‘ ZEDIIES 7715162 |kg | Simuiate Airship ‘

[__show Formuia |

FuelMass (Estimate) | 118.9999 | kg | Export Data ‘

[__show Formuia |

Payload

(in kay 1058.40 -

Desired Range. =
(in km) 20000/%

Alrship Empty -
Mass 6400.00
{in kg) -

Envelope Volume

Figure 6 — MATLAB App GUI Screen 1 (Hybrid-Electric Airship Design Requirements Capture).
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Figure 7 — MATLAB App GUI Screen 2 (Complementary Specifications & Requirements).

The simulation was performed using the airship parameters and mission profile specified in Figs. 6
and 7, under the assumption of constant aerodynamic efficiency g—: This assumption is consistent
with the analytical range formulation developed earlier, enabling a direct comparison between
analytical and simulation-based predictions. The simulation determines the total shaft energy
supplied by the propulsion system for the mission, as the sum of the time integrals of the total shaft

powers of both powertrains.

For the mission profile considered in Figs 6 and 7, the comparison of simulation results and those
estimated by Eq. (14) for varying degrees of hybridisation is listed in Table 4.

Table 4 Comparison of simulation results with the proposed range equation for 200 km range

Error in Fuel
Consumption

Error in Battery
Capacity (%)

Degree of Error in Shaft
Hybridisation (¥) Energy (%)

0 0.0300

0.25 0.0100

0.5 0.0010

0.75 0.0010

1 0.0002

NA
4.9
4.8
5.8
5.2

The equation model validation was performed over a range of W values. In all cases, mission shaft
energy and fuel consumption estimation errors were within 1%, while battery capacity estimation
errors were within 6%, which is equal to the error in battery mass. This level of agreement is good

for the conceptual design stage.
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The aerodynamic coefficients used in the model are estimated using the empirical methodology
proposed by Carichner and Nicolai and may therefore differ slightly from the actual airship
characteristics. Additionally, the given engine has been modelled using a full BSFC map
implemented as a 2-D look-up table to obtain accurate fuel consumption and engine efficiency values
during simulation, which effectively vary with operating conditions.

This comparison provides initial validation of the proposed hybrid-electric sizing methodology and its
underlying analytical formulation across varying hybridisation levels and cruise ranges, under the
assumptions adopted in the present study.

It must be noted that the current formulation does not include the following considerations:
e climb/descent
e transient maneuvers
¢ variable propeller efficiency
¢ variable aerodynamic coefficients
e battery ageing/degradation
e thermal effects
e power limits.

Future work will focus on incorporating these factors into the methodology.

5. Conclusion

This study presents a conceptual sizing methodology for hybrid-electric propulsion systems in
airships by adapting hybrid-electric aircraft range formulations to account for buoyancy-driven flight
through the concept of static heaviness. The resulting framework integrates hybrid-electric range
analysis, conventional propulsion sizing corrections, battery sizing considerations, and component-
level propulsion system sizing, enabling a preliminary assessment of hybridisation effects on airship
propulsion system mass and energy requirements.

Validation against data from the Zeppelin NT airship demonstrated that conventional airship sizing
methodologies underestimate the propulsion system mass by approximately 23%, primarily due to
the omission of integration-related subsystems, such as transmission, cooling systems, and thrust-
vectoring components. The introduction of Zeppelin NT correction factors enables the sizing
methodology to reflect better the propulsion-system masses observed in the reference airship. The
proposed battery sizing methodology, which incorporates deep-discharge protection and pack-level
energy density effects, predicted battery mass within 9.03% of values reported in the HeRKoLus
study, demonstrating suitability for conceptual design applications.

Parametric analysis of the adapted hybrid-electric range formulation showed that increasing
electrification results in significant increases in take-off weight at currently achievable battery energy
densities. For the Zeppelin NT case study, fully electric configurations increased take-off weight by
approximately 43% at 300 Wh/kg and 14% at 400 Wh/kg relative to the conventional configuration.
These results highlight the sensitivity of airship propulsion-system sizing to battery energy density.

A MATLAB/Simulink-based time-step simulation framework was developed to provide an
independent validation of the proposed methodology. Across multiple hybridisation levels and cruise
ranges, analytical predictions of mission shaft energy and fuel consumption agreed with simulation
results within 1%, while battery capacity/mass estimates remained within 6%. These results
demonstrate that the proposed methodology provides reliable estimates of mission energy
requirements and propulsion-system sizing parameters for conceptual design studies.

Overall, the proposed methodology establishes a physically consistent and practically applicable
framework for conceptual sizing of hybrid-electric propulsion systems in airships. Future work will
focus on incorporating variable aerodynamic characteristics, propulsion-system operating limits,
battery degradation and thermal effects, transient flight phases, and detailed component-level
models, as well as extending the simulation framework to complete mission profiles.
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