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ABSTRACT
This paper introduces a methodology to synthesize the
performance of fully electric Vertical Axis Propellers
(VAPs) into characteristic maps (Ks, Kd, η) for ship de-
sign. Driven by the SHIVA and SAWASP projects, the
study leverages the expanded kinematic flexibility of elec-
tric actuation to optimize blade pitch laws. A multi-
objective Bayesian optimization is conducted, uniquely in-
tegrating the advance ratio λ as a design variable. This
approach yields a Pareto front defining the theoretical lim-
its between thrust and side loads. A bijective relationship
between λ and optimal thrust is identified, enabling the ex-
traction of control laws for real-time applications.
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1 INTRODUCTION
Vertical Axis Propeller (VAP), often referred to as cycloidal
propeller, is a high-performance system capable of gen-
erating almost instantaneous, 360◦ vectorial thrust. Un-
like conventional screw propellers, VAPs provide high ma-
neuverability and efficiency by decoupling thrust direction
from the vessel’s heading. Recent advancements in fully
electric blade actuation have revolutionized this technol-
ogy. By replacing traditional mechanical linkages with in-
dependent electric motors, the range of feasible blade kine-
matics has significantly expanded. This increased actua-
tion authority enables the implementation of sophisticated,
non-symmetrical pitch laws tailored to diverse operational
requirements, such as hydrodynamic efficiency, noise mit-
igation, or hydro-regeneration. This flexibility is partic-
ularly relevant for modern wind-assisted ship propulsion.
The integration of sails on cargo vessels shifts the aero-
hydrodynamic equilibrium, often inducing a leeway angle
and varying propulsive loads. In such scenarios, while a
conventional propeller often operates far from its design
point, a fully electric VAP can adapt its kinematics in real-
time to maintain optimal performance despite shifting op-
erating conditions. Moreover, while standard propellers
use a spanwise pitch distribution optimized for a single de-
sign point, VAPs with extruded 2D profiles maintain con-
sistent hydrodynamic performance across the entire blade
for any operating point.

The present study is part of the “SHIVA” and “SAWASP”
projects, which focus on the development of innovative
wind-assisted propulsion systems and the performance op-
timization of fully electric VAPs. In particular, this work
supports the design and control of a 6-meter-long demon-
strator vessel, as illustrated in Figure 1. This platform
is equipped with a rigid wing-sail and two fully electric
VAPs, serving as a testbed for validating integrated aero-
hydrodynamic control strategies in real sea conditions.

Figure 1: 6-meter demonstrator vessel featuring a rigid wing-
sail and twin electric VAPs (SHIVA and SAWASP projects).

Building on the work presented in Fasse et al. 2024, 2025,
multi-fidelity optimization methodologies have been devel-
oped to explore these new kinematic degrees of freedom.
However, for ship architects and the maritime industry, the
complexity of VAP technology remains a barrier compared
to well-documented screw propeller series (Barnitsas et al.
1981; Dang et al. 2013).

The contribution of this paper is twofold. First, a global op-
timization framework is presented where the advance ratio
λ is integrated as a design variable alongside the kinematic
parameters. This enables the construction of a comprehen-



sive Pareto front that captures the theoretical performance
limits of the VAP over a continuous range of operating con-
ditions. Second, it is demonstrated how these performance
maps serve as the foundation for a control strategy. By ob-
serving that the evolution of λ as a function of the thrust
coefficient CFx

along the Pareto front is bijective, a unique
mapping is established. This property allows for the direct
extraction of the optimal control laws required to operate
the VAP at peak efficiency for any given setpoint. Such
an approach transforms a complex, high-dimensional opti-
mization result into a practical, deterministic tool for real-
time propeller control and vessel design.

The remainder of this paper is structured as follows. Sec-
tion 2 details the methodology, encompassing the numer-
ical flow solver, the parametric pitch law model, and the
multi-objective Bayesian optimization framework. Sec-
tion 3 presents the results, starting with the analysis of the
global Pareto front and the construction of the performance
maps. This section also explores the derivation of a self-
regulating control strategy based on the identified optimal
kinematics. Finally, concluding remarks and perspectives
are provided in Section 4.

2 METHODS
This section is organized as follows. First, Section 2.1 de-
scribes the numerical model based on the PUFFIn solver,
used to evaluate the hydrodynamic loads on the propeller
blades. Section 2.2 details the parametric model of the
blade kinematics and the formal definition of the optimiza-
tion problem, including the integration of the advance ra-
tio λ as a design variable. Finally, Section 2.3 presents
the multi-objective Bayesian optimization strategy, driven
by Gaussian Process surrogates and advanced infill criteria,
employed to identify the Pareto-optimal trade-offs.

2.1 Numerical model
The numerical simulations are conducted using the PUF-
FIn flow solver (Perali et al. 2024), which is based on an
incompressible potential flow framework. This approach
assumes the fluid to be inviscid, thus neglecting viscous
effects to prioritize computational efficiency, a critical re-
quirement for the evaluations involved in the optimization
process. A detailed description of the solver’s mathemat-
ical formulation and its numerical implementation can be
found in Perali et al. 2024 and Abgrall et al. 2025. The
hydrodynamic forces computed by the solver serve as pri-
mary inputs to evaluating the objective functions.

Although the inviscid assumption significantly reduces the
computational burden, it limits the model’s validity to
regimes where flow separation is negligible (Abgrall et al.
2025). Consequently, this study focuses on the trochoidal
operating mode of the propeller, ensuring that the blade
kinematics maintains moderate angles of attack consistent
with the solver’s range of accuracy.

The numerical model consists of a single rotor equipped
with three blades. Following the setup established by Fasse
et al. 2025, the temporal discretization is defined by a con-
stant azimuthal increment of 5◦. Accordingly, the time step

is adaptively scaled with the rotational speed (linked to the
advance ratio λ), ensuring consistent azimuthal resolution
across all operating points during the objective function
computations.

To assess the reliability of the potential flow framework for
the vertical axis propeller, a preliminary validation was per-
formed. Figure 2 shows the thrust and side forces gener-
ated by a single blade as a function of azimuthal position,
comparing PUFFIn solver results with experimental data
for a standard 20◦ sinusoidal pitch law at λ = 0.8. A good
agreement in the evolution of both thrust and side forces
is observed between the numerical predictions and the ex-
perimental measurements. In particular, the thrust and side
force peaks at θ ≈ 90◦ are well captured, despite a slight
overestimation and a minor phase shift. The force evo-
lutions in the downstream region (blades operating in the
wake) are also accurately predicted, although a slight un-
derestimation of the maximum thrust can be noted in this
area. Finally, the mean forces over a full revolution are
close, with a relative difference of 17% for thrust and 15%
for the side force.
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(a) Blade thrust force.
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Figure 2: Comparison of PUFFIn and experimental results
for a sinusoidal 20◦ pitch law at λ = 0.8.

2.2 Parametric model and problem definition
A primary objective of this study is to establish the per-
formance maps of a fully electric vertical axis propeller



by identifying optimal blade pitch laws across a continu-
ous range of operating conditions. This requires a robust
parameterization capable of capturing the non-linear rela-
tionship between blade kinematics and the advance ratio λ.

To achieve this, the blade pitch law is defined using a para-
metric model based on cubic Hermite splines, building on
previous work (Fasse et al. 2024). In the trochoidal mode,
the pitch angle ϕ = f(θ) is interpolated through two pri-
mary control points, (θup, ϕup) and (θdown, ϕdown), with
vanishing derivatives imposed at these extrema: dϕ

dθ (θup) =
dϕ
dθ (θdown) = 0. To ensure C1 continuity over a full
revolution, these constraints are periodically extended at
θ = ±2π. Unlike traditional symmetrical laws, this four-
parameter setup (θup, ϕup, θdown, ϕdown) allows for non-
symmetrical amplitudes and shifted azimuthal positions.
Such flexibility is crucial to maximize hydrodynamic ef-
ficiency, as it permits ϕ(θ = 0) ̸= 0, a property identified
by Fasse et al. 2024 as a key driver for performance en-
hancement. This parameterization is shown in Figure 3.
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Figure 3: Pitch parameterization illustrated for 3 random
laws.

In this paper, the optimization problem is extended to in-
clude the advance ratio λ = V

ΩR as a core design variable.
This addition allows the optimizer to explore the coupling
between kinematics and flow speed directly. Consequently,
the performance is evaluated through two objective func-
tions:

CFx = Fxtot

0.5ρSV 2 and C|Fyb
| = |Fyb

|
0.5ρSV 2 , (1)

where CFx
represents the mean total thrust coefficient (to

be maximized) and C|Fyb
| denotes the mean transverse

blade force coefficient (to be minimized). S = DL is the
propeller reference area (where D is the diameter and L the
blade span) and V the flow velocity. The minimization of
C|Fyb

| is justified by the fact that any individual transverse
force generated by a blade represents a structural constraint
and a source of induced efficiency loss.

The global optimization problem is thus defined over a 5-
dimensional design space x ∈ Ω ⊂ R5:

min
x∈Ω

− CFx
(x), C|Fyb

|(x), (2)

where the design vector x = (θup, ϕup, θdown, ϕdown, λ)
combines the kinematic parameters with the operating con-
dition. The search space Ω is bounded by the following
physical limits:

• Kinematic parameters

θup ∈ [90◦, 160◦],
ϕup ∈ [2◦, 35◦],
θdown ∈ [180◦, 260◦],
ϕdown ∈ [−40◦, −10◦].

• Operating range

λ ∈ [0.8, 2.0].

By including λ in the design vector, the resulting Pareto
front does not merely represent a single optimal point, but a
continuous optimal strategy linking the best possible kine-
matics to each advance ratio.

2.3 Multi-objective optimization
Multi-objective optimization problems are defined over a
design space Ω ⊂ Rd as follows:

min
x∈Ω

f1(x), . . . ,fm(x) s.t. g(x) ≤ 0, (3)

where f = (fj)1≤j≤m and g = (gk)1≤k≤p denote the
real-valued objective and constraint functions, respectively.
The objective is not to identify a single global optimum,
but rather to determine a set of non-dominated trade-offs
known as the Pareto front. On this front, any improvement
in one objective necessarily results in the degradation of at
least one other (Fonseca and Fleming, 1998).

To handle the high computational cost of CFD or FEM
evaluations, surrogate models are employed to approxi-
mate the objective functions. Gaussian Processes (GPs) are
particularly suited for this task (Rasmussen and Williams,
2006), as they provide both a mean prediction and a mea-
sure of prediction uncertainty (variance). This statistical
framework enables sequential sampling strategies such as
Efficient Global Optimization (EGO) (Jones et al. 1998).
EGO balances exploration (sampling in regions of high
uncertainty) and exploitation (sampling near known op-
tima) via the Expected Improvement (EI) criterion. This
approach has proven effective in complex maritime appli-
cations, including fluid-structure interaction (Sacher et al.
2018). In multi-objective contexts, the EI is extended using
metrics such as the Expected Hypervolume Improvement
(Emmerich et al. 2006) or the reduction of uncertainty
relative to the predicted Pareto front (Passos and Luersen,
2018).

The optimization strategy adopted in this study follows the
iterative methodology described by Fasse et al. 2024. At
each iteration, two new design candidates are selected by
maximizing the Hypervolume-based EI criterion (Zhan et
al. 2017) and the Minimization of the Variance of the Pre-
dicted Front criterion (Passos and Luersen 2018).



3 RESULTS
In contrast to the numerical validation in Section 2, which
utilized the SHIVA platform geometry, the results in this
section are based on the VAP geometry illustrated in Fig-
ure 1. This VAP demonstrator features a 4.2 kW main mo-
tor driving a cylindrical base. This base houses six inde-
pendent 235 W secondary motors, each controlling the ro-
tation of a single blade. The blades, characterized by a
NACA0018 profile, are machined from aluminum with an
average chord of 61.2 mm and a span of 269.5 mm. Each
blade pivots around its quarter-chord point. The assembly
is configured with an azimuthal diameter (the circle inter-
secting the six centers of rotation) of 225 mm.

3.1 Pareto front
Multi-objective optimization yields a Pareto front, illustrat-
ing the trade-off between achievable thrust and the cor-
responding maximum side-force level. As previously de-
tailed, both objectives are expressed as dimensionless co-
efficients to ensure the analysis remains valid for any target
ship speed. Figure 4 presents the Pareto front obtained at
convergence. The open black squares represent the PUFFIn
numerical simulations for nearly 800 parameter combina-
tions (encompassing pitch law parameters and the advance
coefficient), while the colored squares highlight the result-
ing predicted Pareto optimal solutions.
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Figure 4: Predicted Pareto front at convergence.

The color-coding on the predicted front illustrates the re-
lationship between the advance coefficient λ and the thrust
coefficient. It is observed that higher thrust requirements
correlate with lower λ values, indicating that adjusting the
rotational speed (for a constant ship speed) is a lever for
modulating thrust. Furthermore, each point on the Pareto
front corresponds to a unique pitching law, confirming that
modifications to the pitch kinematics also impact thrust ad-
justment. The evolution of the five parameters along the
predicted front is presented in Figure 5.
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Figure 5: Evolution of parameters along the predicted Pareto
front for CFx ∈ [−0.85,0.0].

The evolution of the parameters along CFx
indicates a con-

tinuous growth in the pitch law amplitude as the thrust co-
efficient approaches zero. In contrast, the parameters θup

and θdown exhibit a more complex trend, characterized by
a distinct step change just before CFx

= −0.4.

For each parameter, a surrogate model (implemented as a
cubic spline in this study) is developed to establish a direct
relationship between the thrust demand CFx and the opti-
mal operating point of the VAP (comprising the pitch law
and λ). This surrogate model is specifically designed for
real-time VAP control applications; given a specific ship
speed and thrust setpoint, it efficiently determines the op-
timal blade pitching law and rotational speed to be applied
(see Section 3.3).

3.2 Performance maps
Once the optimal pitching laws have been determined
across a broad thrust range, the global performance of the
VAP can be characterized in accordance with the standard
metrics used for conventional propulsion systems. Follow-
ing the framework established by Jürgens et al. 2009, the
performance is expressed using the specific coefficients de-
fined for Voith-Schneider Propellers (VSP):

Thrust coefficient

Ks = Fxtot

0.5ρu2S
(1)

Torque coefficient

Kd = 2Ctot

0.5ρu2SD
(2)

Open-water efficiency

η = Ks

Kd
λ (3)

where u = ΩR is the peripheral velocity and S the
propeller reference area.

Figure 6 illustrates the evolution of these performance co-
efficients, evaluated for a discrete set of operating points
along the predicted Pareto front with uniform increments



in CFx
. These specific operating points correspond to the

vertical dashed lines previously shown in Figure 5.
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Figure 6: Ks, Kd and η as functions of λ.

The results demonstrate that the open-water efficiency re-
mains relatively stable across the range of λ values, pri-
marily due to the ability to adapt the pitch kinematics to
the rotational speed.

Figure 7 presents six representative pitching laws corre-
sponding to different thrust coefficients, while the asso-
ciated blade kinematics over the azimuthal disk are illus-
trated in Figure 8. It should be emphasized that for each of
these pitching laws, the advance coefficient varies accord-
ingly. This representation is unconventional and constitutes
a novel approach compared to previous studies (Fasse et al.
2024, 2025).
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Figure 7: Identification of six representative optimal operat-
ing points for different CFx .

Figure 8: Associated blade kinematics of the six representa-
tive optimal operating points.

In agreement with the trends observed in Figure 5, a re-
duction in kinematic amplitude is observed as λ decreases.
Furthermore, the shift in the azimuthal position of the ex-
trema (ϕ) is consistent with the observations from Figure 5
for CFx

≈ −0.4.

Finally, consistent with previous findings (Fasse et al.
2024, 2025), the optimal pitch at θ = 0◦ does not re-
sult in a zero angle. Moreover, the optimal laws exhibit
a clear asymmetry between the upstream and downstream
extrema, a specific feature enabled by fully electric VAPs.

3.3 Towards a self-regulating control strategy
Based on the surrogate models reconstructed from the evo-
lution of the parameters x = (θup, ϕup, θdown, ϕdown, λ)
along the Pareto front (see Figure 5), a new VAP self-
regulating control strategy is proposed in this section. In-
deed, the ability to generate any arbitrary pitching law on a
fully eletric VAP inherently requires a more complex oper-
ational control system than a mechanical pitching system.
The latter remains limited in the variety of laws it can gen-
erate and thus exhibits low performance (Fasse et al. 2024,
2025).

To this end, Figure 9 shows the proposed control dia-
gram for the VAPs equipping the autonomous vessel of the
present research project (see Figure 1).

Based on a thrust command (orange block “Thrust input”,
Figure 9) and measurements of the vessel speed and VAP
rotational speed (green block “Feedback measure”, Vs and
Ωs), the selection of the pitching law (blue block “Selection
of VAP controls”, {θ, ϕ, λ}opt) is performed using surro-
gate models previously derived from the Pareto front (see
Figure 5).

The VAP dynamics are then updated (light blue block
“VAP dynamic update”, Ωc and {θ, ϕ}c). Subsequently, an
internal automatic control loop for the pitching law param-
eters {θup, ϕup, θdown, ϕdown} is applied (light red block
“VAP check” and blue block “Update VAP controls”). This
loop automatically enforces the optimal pitching law pa-
rameters {θ, ϕ}opt according to the actual advance ratio λs,
which may deviate from λopt depending on the instanta-
neous power required by the thrust command.
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CFx(t)

Feedback measure
Vs(t),Ωs(t)

Selection of VAP controls
{θ, ϕ, λ}opt = f(CFx)

VAP dynamic update
Ωc ← Vs(1−w)

λoptR
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Ωs ≈ Ωc?

Ωs(t)

Update VAP controls
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Figure 9: Self-regulating control strategy.

It should be noted that the velocity considered for calcu-
lating the advance ratio is dependent on the wake factor
(1 − w). Finally, the outer loop in Figure 9 represents the
main time-stepping loop, which allows for the integration
of new thrust commands.

4 CONCLUSIONS AND PERSPECTIVES
This study presented a methodology for synthesizing the
performance of fully electric Vertical Axis Propellers
(VAPs) into characteristic maps and operational control
strategies. By integrating the advance ratio λ as a de-
sign variable within a multi-objective Bayesian optimiza-
tion framework, a Pareto front was identified, defining the
optimal trade-off between thrust generation CFx and side
load mitigation C|Fyb

|.

The primary contribution lies in the identification of a bi-
jective relationship between the thrust requirement and the
optimal operating parameters. This property allowed for
the reconstruction of surrogate models that map the Pareto-
optimal kinematics directly to the thrust command. The re-
sulting self-regulating control architecture, intended for the
“SAWASP” autonomous demonstrator, enables real-time
adaptation of the pitching law. This strategy ensures that
the propeller maintains peak efficiency by automatically
adjusting to the actual advance ratio, even when instanta-
neous power constraints or vessel speed fluctuations induce
deviations from the theoretical optimum.

Future research will focus on the experimental validation
of this self-regulating control strategy during sea trials with
the 6-meter demonstrator vessel. Additionally, this method
will be applied to cycloidal mode using high-fidelity RANS
simulations and hydrodynamic tank tests.
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