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Abstract

Hybrid-electric and fuel cell-based aircraft propulsion requires energy management strategies (EMS) to dis-
tribute power among heterogeneous sources while satisfying state, thermal, operational, and safety con-
straints. Although EMS methods are well established for ground vehicles and increasingly studied for uncrewed
aerial vehicles (UAVs), urban air mobility (UAM), maritime, and aircraft applications; their transferability to certi-
fiable aircraft propulsion has not been systematically assessed. This paper presents a structured cross-domain
review of 35 studies spanning ground vehicles, rail, maritime, UAVs, UAM, electric vertical take-off and landing
platforms, and aircraft. Ten EMS method families are classified and compared using five dimensions. A total of
20 research gaps are identified and mapped to an adaptation roadmap towards deterministic, redundant, and
certification-oriented aircraft EMS.
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1. INTRODUCTION ologies and explicitly state that current methodologies

Aircraft propulsion is undergoing the most significant
architectural change since the introduction of the jet
engine. Hybrid-electric and fully electric power trains
combine fuel cells (FC), lithium-ion batteries, and, in
many concepts, a conventional internal combustion
engine, to feed one or more electric motors. Unlike
conventional propulsion, where power management
is largely governed by engine operating-point control,
hybrid-electric and full-electric aircraft must contin-
uously determine how to distribute power among
heterogeneous sources with different efficiencies,
dynamics, degradation behaviour, and safety char-
acteristics. This coordination problem is the energy
management strategy (EMS): an EMS must simul-
taneously respect power balance, state-of-charge
(SOC) and state-of-health (SOH) constraints, thermal
limits, and an explicit reserve of stored energy for
emergency operation, while remaining computation-
ally tractable on embedded avionics hardware.

The EMS problem has been studied extensively
across domains: in automotive hybrid-electric vehi-
cles (HEVs) since the early 2000s, and more recently
in rail, maritime, urban air mobility (UAM), and un-
crewed aerial vehicle (UAV) applications. Aircraft
propulsion introduces requirements that distinguish
it from these source domains. Several narrower
reviews exist. For example, Xie et al. [1] survey
hybrid-aircraft conceptual design and EMS method-

favoured in hybrid ground vehicles do not consider

the aircraft safety. They, however, do not undertake

a systematic, dimension-by-dimension comparison

against the source domains to understand this gap.

No existing review, to the authors’ knowledge, sys-

tematically maps which EMS method families are

transferable to certified aircraft propulsion, under
which conditions, and with what evidentiary gaps.

This paper addresses that gap, using six questions

as guide:

« Which EMS approaches have been developed
across hybrid-propulsion domains, and how mature
are they?

» How do these approaches compare under a com-
mon set of evaluation criteria?

« Which characteristics make the aircraft EMS prob-
lem fundamentally different?

« Which methods are transferable to aircraft, and
what adaptations are required?

« Where does the literature fall short of aircraft certifi-
cation requirements?

- What research pathway could lead from the current
evidence base to a certifiable aircraft EMS?

The main contribution of this review is a structured

cross-domain mapping of EMS approaches and their

transferability to aircraft propulsion. Rather than treat-
ing EMS methods as isolated algorithms, the review
identifies the assumptions underlying each method



TAB 1. Literature search term categories

Category Example terms

EMS energy management, energy manage-
ment strategy, power management, su-
pervisory control, power split

Propulsion hybrid electric, full electric

Storage battery, fuel cell mainly PEMFC, super-
capacitor

Platforms vehicle, train, ship, UAV, UAM, eVTOL,
aircraft

family, evaluates how these assumptions are affected
by aircraft-specific requirements, and uses the result-
ing analysis to derive a research roadmap towards
aircraft-ready and, ultimately, certifiable EMS archi-
tectures. Section 2 describes the review methodol-
ogy and scope. Section 3 introduces hybrid-electric
propulsion architectures and the generic EMS prob-
lem formulation. Section 4 develops a taxonomy of
EMS method families. Section 5 presents the cross-
domain evidence base, organised by application do-
main. Section 6 synthesises cross-domain transfer-
ability. Section 7 presents the four aircraft-specific
EMS challenges. Section 8 consolidates the litera-
ture gaps identified throughout and the corresponding
adaptation roadmap, and Section 9 concludes.

2. REVIEW METHODOLOGY AND SCOPE

Following Pautasso’s guidance for integrative lit-
erature reviews [2], the review defines its search
strategy, inclusion criteria, exclusion criteria, and
comparison framework explicitly. Candidate stud-
ies were identified using Scopus, Web of Science,
ScienceDirect, IEEE Xplore, and Google Scholar.
Searches combined terms from the EMS, propulsion,
storage, and platform categories listed in Table 1.
Search terms were adapted where necessary to
account for domain-specific terminology.
Studies were included when they addressed hybrid
or fuel cell/battery propulsion, reported an evaluable
system level EMS or power split method, and pro-
vided at least one quantitative result against a stated
baseline. Studies addressing only single-component
control, such as isolated battery management or cell
balancing functions without a system level power split
decision, were excluded. The reviewed studies are or-
ganised into three application tiers according to their
proximity to aircraft propulsion.
Each reviewed study is assessed, when the available
evidence permits, on a four-level scale (Strong / Mod-
erate / Weak / Untested) against five evaluation di-
mensions used consistently throughout Sections 5-8:
+ Fuel/H>, economy — quantified fuel, hydrogen, or
equivalent energy saving relative to a stated base-
line.
» Charge sustaining behaviour — SOC regulation,
terminal-SOC error, or explicit reserve manage-
ment.

« Component lifetime — whether battery or fuel cell
degradation, stress, or lifetime is represented and
how rigorously it is quantified.

- Real-time implementability — online computa-
tional cost, mission foreknowledge requirement,
and level of hardware validation.

- Aeronautical certification readiness — evidence
relevant to deterministic execution, verifiability,
redundancy, fault handling, and engagement with
certification-oriented development processes.

3. GENERIC EMS PROBLEM FORMULATION

The reviewed studies span four recurring propulsion
architectures: (i) series hybrid, in which an internal
combustion engine drives a generator that, together
with a battery, supplies an electric motor with no di-
rect mechanical path to the propulsor; (ii) parallel hy-
brid, in which a combustion engine and an electric
motor both contribute mechanically to the propulsor
shaft; (iii) series-parallel or power-split hybrid; (iv) fuel
cell/battery hybrid, with no combustion engine.
Despite differences in propulsion architecture and ap-
plication, the EMS problem can be represented by a
common supervisory optimisation structure. The in-
stantaneous propulsive power request must be sup-
plied by the available sources,

(1) Preq(t) - PFC(t)+Pbat(t) +Paux(t)7

where the source terms are interpreted according to
the architecture under consideration. The EMS se-
lects the control input w(t), representing the power
split, to minimise a mission-level cost,

T
2) Hl(ltl)lj = / [wyJp 4 waJq + What Joat] dt,
u 0

where J; represents fuel or hydrogen consumption,
J4 represents component-degradation cost, and Jy.s
represents an additional battery-related term when
one is modelled. The optimisation is subject to state
and actuator constraints, including

(3) SOCpin < SOC(t) < SOCax,

together with component power, current, thermal, and
operating-envelope limits.

The method families in Section 4 differ in optimisation
horizon, available mission information, model fidelity,
and treatment of the constraints. These differences
determine both achievable performance and imple-
mentation requirements.

4. TAXONOMY OF ENERGY MANAGEMENT
STRATEGIES

Ten families are organised into three conventional
groups, namely rule-based control, instantaneous
optimisation, and global/predictive optimisation; plus
two additional identified in the reviewed evidence:
signal decomposition and classical feedback control.



Table 2 compares the ten families across six charac-
teristics used consistently throughout the remainder
of the paper.

4.1. Rule-based, fuzzy-logic, and hybrid-Al con-
trol

Rule-based control determines the power split from
instantaneous measurements through fixed decision
logic, requiring no mission foreknowledge and neg-
ligible computation [3]. Fuzzy logic replaces sharp
thresholds with membership functions and is often
combined with Equivalent Consumption Minimization
Strategy (ECMS) or adaptive mechanisms to correct
SOC drift or account for degradation [4, 5]. Hybrid-Al
approaches add an offline-trained inference layer,
such as Adaptive Neuro-Fuzzy Inference Method
(ANFIS), to modify an underlying control law [6].
These variants retain low online computational cost
but differ in optimality guarantees and, for learned
methods, behavioural traceability.

4.2. Equivalent consumption minimization strat-
egy and pontryagin’s minimum/maximum
principle

The ECMS converts battery use into an equivalent
fuel or hydrogen cost through an equivalence factor
and solves the resulting instantaneous optimisation,
subject to the system constraints [7]. PMP provides
the corresponding optimal control formulation through
a Hamiltonian and costate , which has the interpreta-
tion of the marginal value of stored electrical energy.
Under appropriate normalisation, the ECMS equiva-
lence factor and PMP costate produce the same in-
stantaneous power split [7]. Adaptive variants update
this quantity online, while degradation costs can be
incorporated into both formulations [8].

4.3. Dynamic programming

Dynamic programming (DP) computes the globally
optimal trajectory over a discretised state-action
space using full mission knowledge, making it primar-
ily an offline benchmark because of its non-causal
formulation [9-13]. Vehicles-tier studies mitigate this
through state space reduction, representative-cycle
reuse, or offline DP followed by an online tracking
law [9—-11].

4.4. Convex optimisation and model predictive
control

Convex optimisation and Model Predictive Control
(MPC) are complementary rather than mutually
exclusive: convex optimisation reformulates the
non-convex EMS problem which typically arises from
SOC/energy-state dynamics or component efficiency
maps. MPC adds a receding-horizon structure on top
of this, repeatedly re-solving a finite-horizon problem
as the measured state and forecast update, so that
future demand and input constraints are considered
explicitly rather than only instantaneously. Across

the reviewed evidence, convex formulations achieve
substantial computational savings relative to DP while
retaining near-optimal cost. The principal limitation
is that these advantages depend on model validity
and, for relaxed formulations, on the tightness of
the convexification. For MPC, the optimisation must
additionally be solved within the control loop interval.
Mixed-integer variants extend the same framework
to discrete decisions, such as engine or component
on/off states [14, 15], thus reproducing operating de-
cisions which a purely continuous formulation cannot
represent. However, a mixed-integer solve does not
generally offer the same deterministic polynomial-
time guarantee, leaving worst-case execution time as
an open issue.

4.5. Signal-decomposition and classical feed-
back control

Signal-decomposition methods allocate power by
separating the demand signal into frequency com-
ponents. Empirical Mode Decomposition (EMD) and
Variational Mode Decomposition (VMD), for example,
assign different frequency bands to sources accord-
ing to their dynamic characteristics [16]. Because
the allocation follows filtering rather than an iterative
optimisation, online computation can be predictable.
Classical feedback control provides an even simpler
alternative. Karvekar and Karvekar [17] regulate bat-
tery SOC using PI control. Such approaches offer
simple implementation and verification paths, but do
not optimise competing fuel economy, degradation,
and reserve objectives.

5. CROSS-DOMAIN EVIDENCE BASE

This section presents the evidence base organised
by application domain, moving from the most mature
(ground vehicles) to the most aerospace-specific (air-
craft).

5.1. Tier I: Vehicles (ground and off-road plat-
forms)

Automotive and off-road ground vehicles constitute
the most mature EMS evidence base reviewed in this
paper.

Gokce and Ozdemir [3] establish the practical floor
of real-time implementability with an instantaneous
rule-based controller requiring no drive-cycle fore-
knowledge. Mounica and Obulesu [6] raise the
sophistication with an ANFIS-augmented ECMS
whose Haar-wavelet stress metric recurs as a lifetime
proxy elsewhere in this tier, though training-set repre-
sentativeness and generalisation to unseen missions
are left unexamined. Zhang et al. [16] applied a
frequency-domain signal decomposition method
(EMD/VMD). Although this was the lightest-weight
allocation method reviewed, it was only validated
in a single, non-aerospace application. Inuzuka
et al. [9], Wu et al. [10], and Fares et al. [11] ad-
dress DP’s computational burden through three



TAB 2. EMS method-family taxonomy: horizon, model requirement, optimality, real-time suitability, and character-
istic advantage/limitation, synthesised across the reviewed evidence base.

EMS family Horizon Model Optimality RT suitabil- Main advantage Main limitation
req. ity

Rule-based / Instant. Low Low Excellent Negligible computation; simple  No optimality guarantee; cali-

state machine to verify bration effort

Fuzzy logic Instant. Low— Low Excellent Handles uncertainty; can adapt ~ Rule/membership design; lim-

Med. online (MFLC) ited formal analysis

Hybrid Al (AN- Instant. Med. Low— Good (post- Fast inference; strong empirical  Training-set traceability; gener-

FIS) Med. train.) fuel economy alisation unproven

Signal decomp. Instant. Low Low— Excellent Very low, predictable cost; no Validated in only one non-

(EMD/VMD) Med. tuned cost function aerospace domain

ECMS Instant. Medium  Local Very good Efficient; intuitive equivalence- Equivalence factor must track
factor tuning true co-state

PMP Costate Medium  High Good Optimal-control basis; degrada-  Costate tuning/convergence
tion folds into H

Dynamic  pro- Full mission High Global Poor  (of- Benchmark optimum Curse of dimensionality; non-

gramming fline) causal

Convex optimi- Variable Medium  High (if Excellent—  Polynomial-time complexity in Requires a valid (lossless) con-

sation tight) good the idealised problem formula- vex relaxation
tion

MPC (incl. Receding High Near- Med.— Exploits mission preview; han-  Solve-time cost; MIP worst-case

mixed-integer) optimal excellent dles constraints time unbounded

Classical feed- Instant. Low N/A Excellent Simplest possible law; highly No explicit fuel-

back (PI/PID)

certification-tractable economy/degradation trade-off

distinct mechanisms: state-space reduction, reuse
of a single representative-cycle solution, and an
offline-DP/online-PID split. The latter architecture
is the closest analogue to a certifiable offline opti-
mise/online execute aircraft EMS, though real-time
the performance of none of the three has been
benchmarked.

Instead of mitigating the tractability problem, several
studies resolve it. Specifically, Fu et al. [18] use a
closed-form PMP costate, Tao et al. [19] introduce a
convex ADMM reformulation, Guanetti et al. [14] ap-
ply mixed-integer convex programming, and Hou et al.
[15] utilize a hardware-validated mixed-integer nonlin-
ear MPC. The hardware-in-the-loop demonstration by
[15] is the strongest existing precedent in this review
for a jointly optimized, real-time-capable aircraft EMS
architecture. However, the worst-case solve time for
the mixed-integer programming remains an open cer-
tification concern.

The remaining six studies target component lifetime
through largely disjoint strategies. Song et al. [8] and
Luca et al. [5] price degradation directly inside the
dispatch objective, with Luca et al’s mutative fuzzy
controller being the only mechanism in this tier that
adapts its durability trade-off online. Instead of pric-
ing degradation into the objective, Molavi et al. [20]
bound fuel cell power based on measured conditions.
Meanwhile, Salem et al. [21] derive stress terms ana-
lytically without experimental data, Mukhopadhyay et
al. [22] tune bounds on the operating envelope of-
fline, and Hu and Zhang [23] target power-variation
frequency directly. None of these six philosophies
have been cross-validated against one another on a
common platform.

5.2. Tier I: Rail Platforms

Jibrin et al. [24] extend convex EMS optimisa-
tion to a rail powertrain by jointly considering train
speed, Proton-Exchange Membrane Fuel Cell
(PEMFC)/battery power split, and battery tempera-
ture. The space-domain formulation represents the
non-convex terms through convex relaxations that
are shown to be tight at the optimum. For a 63 km,
87-minute journey, the formulation reduces hydrogen
consumption by approximately 10% relative to a
conventional four-phase driving strategy and reduces
battery cooling requirements by 12%.

5.3. Tier I: Maritime Platforms

Chen et al. [25] develop a semi-empirical two-resistor-
capacitor LiFePO, battery model fitted to more than
2,000 cycling tests and report approximately 13%
mean absolute error. The model is embedded in
lifecycle-cost optimisation for ferry battery sizing and
hybrid propulsion architecture selection, reducing life-
cycle cost by 26% relative to a mechanical-propulsion
baseline. Fan et al. [26] develop a three-layer EMS for
a 7500-tonne parallel-hybrid bulk carrier. The upper
layer combines MPC and ECMS and is benchmarked
against fixed-factor ECMS and offline DP-ECMS in
simulation and on a hardware-in-the-loop rig. On the
physical rig, MPC-ECMS reduces fuel cost by 5.01%
and CO, emissions by 7.34% relative to ECMS.
DP-ECMS shows the weakest hardware adaptability
and the highest mode-switching frequency among
the tested approaches.



5.4. Tier ll: Uncrewed Aerial Vehicles and Heli-
copter/UAM rotorcraft

Tian et al. [27] propose a two-layer adaptive hi-
erarchical energy management strategy for a
PEMFC/battery fixed wing UAV. An offline sequential-
convex layer generates a global SOC reference, while
an online convex-MPC layer tracks it with an adap-
tive prediction horizon. Hydrogen savings of 19.2%
and 29.7% are reported relative to nonlinear MPC
and a fuzzy state-machine strategy in simulation,
with 17.9-43.3% savings on a hardware-in-the-loop
bench. Xie et al. [28] directly convexify a UAV hybrid
powertrain and report lower energy consumption than
DP at approximately 8.5% of DP’s solve time. Bai
et al. [4] combine fuzzy logic with ECMS to reduce
front-to-back SOC deviation from 0.28 to 0.04.
Donateo et al. [29] develop a parallel hybrid UAM
powertrain in which offline DP establishes reference
trajectories and an ECMS controller is deployed
online. Across four representative missions, the
online controller achieves 10-22% fuel savings
while maintaining an SOH-dependent minimum
SOC reserve for electric-only operation following tur-
boshaft failure. Taghbalout et al. [30] applies ECMS
to a PEMFC/battery eVTOL for accident-rescue
operations and independently cross-validates the
implementation in MATLAB and OpenModelica. The
reported full-flight hydrogen consumption is 6.92kg.
The study uses offline batch simulation and does not
report a per-step computational-time benchmark or
closed-loop hardware validation.

5.5. Tier lll: Airplanes

Doff-Sotta et al. [31] formulate a convex MPC EMS
for a 100-seat, 42-tonne parallel-hybrid aircraft. The
method reduces fuel consumption by 11.6% relative
to an gas turbine configuration and by 3.2% relative
to a heuristic charge-depleting/charge-sustaining
strategy. Hoenicke et al. [32] develop a redundant
power management control and delivery module
with threshold-based control, fault detection, and
precharging. The system exceeds 98% efficiency
and was demonstrated in flight on the HY4 aircraft,
with a maximum reported relay turn-on delay of
130ms. Xie et al. [1] review hybrid aircraft configu-
rations and EMS methodologies and identify aircraft
safety and emergency operation requirements that
are not addressed by conventional automotive EMS
approaches. Their retrofit study combines convex
optimisation with fuzzy-augmented ECMS and re-
ports 18.7% fuel savings and 12.5% improved energy
economy. Pinto Leite and Voskuijl [12] apply DP to
a serial hybrid lightaviation aircraft while accounting
for fuel-burn mass reduction and regenerative pro-
peller windmilling. Fuel consumption improvement
relative to the baseline generator schedule is only
0.06—0.4%. Chai et al. [33] develop a degradation-
conscious ECMS for a redundant multi-stack fuel
cell aircraft of a size equivalent to an ATR 72-600.
Fuel cell and battery degradation costs are included

TAB 3. Count of (S)trong vs. (U)ntested evidence per
evaluation dimension and domain.

Vehicles UAV Helic./eVTOL Aircraft
Dimension S U S US u S U
Fuel/H; economy 11 1 4 0 2 0 7 0
Charge-sustaining 10 1 4 0 2 0 5 1
Component lifetme 8 2 0 1 1 0 1 4
Real-time impl. 11 0 3 0 1 0 4 1
Cert. readiness 0o 11 0 3 0 1 1 4

directly in the online objective, producing efficiency
improvements of 6.09% and 4.18% relative to the two
reported baselines. Penta et al. [34] compare ECMS
with rule-based control for a four-seat fuel cell aircraft
and impose a minimum SOC of 70% to retain battery-
only capability following fuel cell failure. Ma et al. [35]
develop a state-machine EMS for a distributed elec-
tric propulsion aircraft and validate fault detection and
reconfiguration on an RT-LAB hardware-in-the-loop
platform. Ferrulli et al. [13] apply offline DP to a par-
allel hybrid aircraft combining an internal combustion
engine, electric motor, and fuel cell system. Cuomo
et al. [36] synthesise several aircraft electrical power
management projects into a hierarchical architecture
combining droop control, state-machine bus-voltage
management, MILP/Knapsack-based fault-tolerant
reconfiguration, and MPC-based generator-efficiency
tracking.

6. CROSS-DOMAIN COMPARISON AND TRANS-
FERABILITY

The results from Sections 4 and 5 are now compared
across domains to identify which capabilities are
already demonstrated beyond a single application
and which characteristics determine their transfer-
ability to aircraft. The comparison focuses on four
dimensions, as listed in Table 3. The table also
compares the number of reviewed studies providing
Strong quantitative evidence with those for which a
dimension remains Untested. The counts indicate
that fuel/Hy economy and real-time implementability
are comparatively mature evaluation dimensions and
Charge-sustaining behaviour is also widely reported.
In contrast, component lifetime evidence becomes
substantially weaker outside the most mature studies,
while certification readiness remains largely untested
across all tiers.

Aircraft specific consequences of these findings are
developed separately in Section 7.

6.1. Real-time implementability

The evidence shows a progression from low-
complexity instantaneous control laws to increasingly
sophisticated EMSs based on optimisation. Rule-
based, fuzzy, and signal decomposition methods
offer predictable computation time but no optimal-
ity, whereas PMP, convex optimisation, and MPC
provide greater optimisation and constraint-handling



capability.  Mixed-integer formulations additionally
represent discrete operating decisions but introduce
less predictable computational effort. Hardware-
in-the-loop demonstrations confirm practical online
execution [14,15,18,19,27].

6.2. Component lifetime and stress modelling

Degradation modelling is present across several do-
mains, but the formulations and validation procedures
are heterogeneous, preventing direct quantitative
comparison. The limitation is consistency rather
than the absence of degradation modelling. In par-
ticular, real-time degradation proxies have rarely
been cross-validated against common experimental
reference data, while the reviewed UAV studies do
not incorporate quantitative degradation models.

6.3. Thermal states within EMS optimisation

Thermal management provides a second example
of a capability that can be transferred structurally,
but whose aircraft-specific implementation remains
underdeveloped. Jibrin et al. [24] incorporate battery
temperature as an optimisation state alongside SOC
and vehicle speed within a convex EMS formulation,
demonstrating that adding a thermal state does
not fundamentally require a different optimisation
architecture.

This result is significant because several aircraft pow-
ertrain characteristics depend intrinsically on the tem-
perature. Fuel cell performance, battery power capa-
bility, and cooling system demand can all vary with op-
erating conditions. Nevertheless, the reviewed stud-
ies do not optimise power split jointly with both elec-
trical and thermal constraints at comparable fidelity.
Thus, the cross-domain evidence establishes the fea-
sibility of thermal-aware optimisation, while its formu-
lation in an aeronautical domain remains an open re-
search problem.

6.4. Redundancy in the architecture

The strongest contrast between the mature EMS
literature and aircraft applications appears when
optimisation is considered together with fault tol-
erance. Hoenicke et al. [32] provide the clearest
evidence of redundant power management hardware
with explicit failure handling, also tested in flight.
In contrast, the optimisation-based aircraft EMS
studies reviewed are demonstrated primarily through
simulation, hardware-in-the-loop testing, or system-
level architecture studies [27, 29, 31, 35, 36]. These
two evidence streams demonstrate complementary
capabilities: one establishes redundancy and failure
handling tested in flight, while the other establishes
optimised energy dispatch.

Cuomo et al. [36] provide the closest architectural
bridge by combining optimisation, supervisory con-
trol, and fault-tolerant reconfiguration within a broader
aircraft power-management framework. However,
the constituent techniques are not yet demonstrated

as an integrated optimisation-based control loop.
The cross-domain evidence therefore supports the
feasibility of combining the two concepts, but does
not yet demonstrate their simultaneous operation
under representative aircraft failure conditions.

7. AIRCRAFT-SPECIFIC EMS CHALLENGES

The cross-domain evidence shows that the core EMS
optimisation methods are transferable, but their direct
application to aircraft is constrained by a set of re-
quirements that are either absent or less critical in
other domains. Four characteristics are particularly
consequential are addressed in this section.

7.1. Time-varying aircraft mass

Ground-vehicle EMS formulations generally treat ve-
hicle mass as constant or slowly varying. In aircraft,
fuel represents a substantial fraction of takeoff mass,
and the resulting continuous reduction in aircraft mass
changes the required thrust and power throughout the
mission and couples current EMS decisions to future
power demand through mass in the flight-dynamics
model. Pinto Leite and Voskuijl [12] show that the
optimal power split changes during cruise as aircraft
weight decreases, although its effect on fuel econ-
omy is small for their specific configuration. Neglect-
ing mass variation can therefore introduce systematic
sub-optimality when transferring EMS formulations to
aircraft.

7.2. Predictable mission profile

Aircraft operations generally provide substantially
more structured information about future operating
conditions than road vehicles, including planned
altitude, waypoints, and available weather or wind
forecasts. This enables an improvement of en-
ergy allocation by predicting future power demand
rather than relying solely on instantaneous needs,
potentially optimising before departure. For exam-
ple, Doff-Sotta et al. [31] exploit this information by
initialising shrinking-horizon MPC from a full-flight
optimum, while Tian et al. [27] show for UAVs that full-
mission preview can provide near-DP performance
with online optimisation.

7.3. Deterministic computation

Aviation guidelines provide a framework for software
assurance, within which timing behaviour and exe-
cution performance must be appropriately verified
according to the applicable certification objectives.
Algorithms with uncertain iterative convergence or
adaptive learned components require additional evi-
dence to establish deterministic behaviour and timing.
Convex optimisation, using deterministic solver con-
figurations with bounded computational complexity, is
particularly attractive for the development of EMS un-
der these considerations. Rule-based state machines
offer an even simpler structure.



7.4. Asymmetric emergency state-of-charge floor

The asymmetric emergency SOC requirement is
the most significant constraint specific to aircraft
identified. EMS formulations for ground vehicles
typically target a nominal SOC or a symmetric
charge-sustaining band. Aircraft must additionally
retain sufficient energy for emergency operation,
imposing a minimum reserve threshold. Donateo et
al. [29] enforce this reserve as a function of battery
SOH, while Penta et al. [34] impose a fixed 70%
minimum SOC for post-failure operation. However,
even these formulations use a conventional symmet-
ric SOC-penalty structure, rather than reformulating
the objective around the asymmetric emergency
floor. Battery degradation further couples this reserve
constraint to the available usable energy. As SOH
decreases, a higher SOC may be required to guaran-
tee the same usable reserve capacity, reducing the
SOC range available for energy optimisation. This
directly limits the fuel-economy benefit that an EMS
can obtain from an aged battery and is consistent
with the aged-battery results reported by Donateo et
al. [29].

8. GAPS AND ADAPTATION ROADMAP

Twenty gaps are identified from the cross-domain syn-
thesis in Sections 5-7. Table 4 groups them by prin-
cipal barrier and maps each to an adaptation activity
allocated to a certain band of Technology Readiness
Levels (TRL).

Certification, redundancy, and deterministic im-
plementation: The principal gap is the lack of an
integrated EMS architecture that combines optimi-
sation with aircraft fault tolerance and execution
constraints.  Flight-demonstrated work establishes
redundant power-management and failure handling,
whereas optimisation-based aircraft EMS remain pri-
marily simulation- or hardware-in-the-loop-validated.
G-AC1, G-AC6, and G-AC7 therefore target fault-
tolerant EMS integration, while G-AC2 addresses
deterministic execution-time evidence.

Mission preview and computational implemen-
tation: The second gap concerns the transfer of
offline optimality into predictable online control. Ex-
isting approaches include representative-cycle rules,
lookup tables, costate interpolation, and hierarchical
optimisation, but their relative performance under
mission deviations and certification-oriented timing
constraints remains insufficiently established. G-V3,
G-AC2, G-ACS3, and G-SH2 target benchmarking and
offline-to-online architectures.

Component lifetime and reserve-aware optimi-
sation: The third major gap is the lack of a unified
treatment of degradation, SOC management, and
emergency energy reserve. Existing aircraft for-
mulations preserve emergency SOC but largely
retain conventional charge-sustaining structures,
while degradation models remain insufficiently cross-
validated across domains. G-AC5 targets direct

integration of the asymmetric reserve requirement
into SOC optimisation, while G-SH1 and G-UAT
address validation of the degradation models. The
remaining gaps in Table 4 address secondary transfer
questions, including signal-decomposition methods,
thermal-aware optimisation, robust optimisation.

9. CONCLUSIONS

This paper presented a systematic cross-domain

review of energy management strategies (EMS)

for hybrid-electric aircraft powertrains, synthesising

35 studies across seven domains domains and

three application tiers. The principal conclusions,

corresponding to the research questions, are:

« The EMS methods developed across the reviewed
non-aircraft domains provide a broad and techni-
cally transferable toolkit for hybrid-electric aircraft,
but their assumptions cannot be transferred un-
changed.

- The reviewed literature identifies four aircraft-
specific characteristics that materially alter EMS
design: time-varying mass, predictable missions,
the need of a deterministic implementation, and an
asymmetric emergency SOC reserve.

« Convex optimisation and MPC offer the most
promising optimisation-based route to aircraft de-
ployment because they combine explicit constraint
handling with comparatively structured computa-
tion. However, the literature does not yet provide
the timing, degradation validation, redundancy,
and fault-tolerance evidence required to support
certification.

« The 20 identified gaps point to a progression from
cross-domain methods through a specific reformu-
lation for aeronautics and hardware validation to de-
terministic and redundant EMS architectures. The
proposed roadmap provides a structured path for
this transition.

Overall, the existing EMS toolkit is technically trans-
ferable to aerospace powertrains, but certification
requires targeted reformulation, deterministic imple-
mentation, and verification of the underlying methods
rather than direct adoption of controllers developed
for automotive, maritime, rail, or UAV applications.
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TAB 4. Consolidated gap and adaptation-roadmap register: gaps identified each matched to a proposed adapta-

tion activity. Priority: H = High, MH = Medium-High, M = Medium, L = Low.

ID (Prio.) Gap TRLband  Adaptation activity
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ployment.
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appropriate to the applicable certification basis.
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reserve activation as a discrete decision or establish predictable generated implementation with bounded execution time.
worst-case optimisation time.
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trade-off online; every other weighting/bound is fixed at design PMP/MPC controllers ( [19], [15], [8]) as an online-adapting
time. weight; assess worst-case timing determinism.

G-V6 (M) Degradation-cost-optimising dispatch objectives and real-time TRL3—4  Combine [20]'s real-time physical safe-power envelope with a
physical safe-power envelopes have never been combined in degradation-cost-optimising dispatch objective ( [8], [33]).
one controller.
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G-TR1 Battery thermal state convexifies losslessly alongside TRL 3—4 Extend TR1’s convex thermal-EMS formulation to a
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