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ABSTRACT
This paper evaluates several rotor inflow models with a focus on the State-Space Free Vortex Wake (SSFVW) model
for rotorcraft flight mechanics applications. An articulated rotor based on the UH-60 configuration was implemented
using the Helicopter Rotor Simulation (HeRoS) framework in MATLAB/Simulink, employing blade element theory
with aerodynamic and inertial coupling. Three inflow models named Glauert, Pitt–Peters, and SSFVW, were assessed
through steady-state, trim, and gust response simulations under various flight conditions. Results show that Glauert
and Pitt–Peters models capture general aerodynamic trends efficiently, making them well-suited for rapid analysis
and control design. In contrast, the SSFVW model provides enhanced fidelity, accurately resolving unsteady wake
dynamics and their influence on rotor performance, especially in gusty or maneuvering conditions. Although more
computationally intensive, SSFVW demonstrates strong potential for real-time or control applications through further
optimization techniques. These findings highlight the trade-offs between fidelity and efficiency and support the ongo-
ing integration of advanced inflow models into rotorcraft simulation frameworks.

NOTATION

*

Symbols

R Rotor radius, m

Nb Number of Blades

Ω Rotor Speed, RPM

c Blade Chord Length, m

λ Inflow Factor

λ0,λ1c,λ1s Inflow Harmonics

β Flap Angle

β0,β1c,β1s Flap Harmonics
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µ = tan−1(Vvercital/Vf orward) Advance Ratio

αdisc = V∞/(ΩR) Rotor Disc Angle of Attack, rad

χ Wake Skew Angle, rad

Ki Glauert Distribution Gain

r Position of the Blade Element or Vortex Particle, m

ψ Azimuth Angle, rad

CT Thrust Coefficient

CL Pitch Moment Coefficient

CM Roll Moment Coefficient

Vinduced Induced Velocity, m/s

Γ Vortex Strength

ν Kinematic Viscosity of Air, N · s/m2

t Time, s

INTRODUCTION

Helicopter flight simulations require accurate modeling of the
rotor aerodynamics. A long-standing challenge is represent-
ing the rotor wake and its influence on the rotor disk, called
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the inflow. The rotor’s wake consists of trailing vortices that
induce velocity on the rotor, affecting the flow around the ro-
tor.

Simplified models were used historically, but modern tech-
nology demands higher fidelity. For example, modern heli-
copters that have faster maximum velocities or autonomous
rotorcrafts are pushing for simulations that remain accurate in
complex maneuvers and unconventional flight regimes.

Recent modeling approaches aim to bridge the gap between
simple and high-fidelity methods. One promising approach is
the state-space free vortex wake model, which aims to com-
bine the accuracy of physics-based wake simulations with the
efficiency of a state-space form.

For a helicopter flight dynamics application, an inaccurate
wake or inflow model can mispredict the power required, con-
trol margins, or stability of the rotorcraft. The most basic
analyses often use momentum theory, treating the rotor as an
actuator disk that induces a uniform air velocity through it.
Glauert’s theory was an early application of momentum the-
ory to rotorcraft (Ref. 1). It provided separate formulas for
climbing, descending, forward, or hovering conditions. How-
ever, it does not develop the solution through time; in other
words, it is not a dynamic model, hence the transitions in a
time simulation cannot be captured by this model.

By the late 20th century, researchers introduced dynamic in-
flow models to improve on momentum theory. These models
add states to represent the evolution of inflow over time. In
one influential example, Pitt and Peters derived a set of first-
order differential equations for the induced velocity, yielding
a finite-state inflow model (Ref. 2). The Pitt–Peters model in-
cludes a uniform inflow state and additional harmonic states
corresponding to the first lateral and longitudinal distribution
over the disc. Hence, it can capture how inflow builds up or
decays with a characteristic time lag. In effect, dynamic in-
flow models provide a way to predict inflow in a state-space
form. This represented a major advancement in computing
stability derivatives more realistically (Ref. 2).

Textbooks by Leishman and Johnson detail how such finite-
state models improve trim and stability predictions over a sim-
ple steady model (Refs. 3, 4). Padfield’s work on helicopter
flight dynamics also emphasizes that including rotor wake dy-
namics is important for matching flight test behavior, espe-
cially in control response and handling qualities (Ref. 5). In
practice, dynamic inflow models have been widely adopted in
flight simulators and design tools because they strike a bal-
ance between simplicity and accuracy.

Yet, dynamic inflow is still a low-order approximation. It as-
sumes an idealized wake shape and only accounts for its effect
on the rotor disc. Real rotor wakes are much more complex
as the tip vortices roll up and trail behind, or the wake dis-
torts in transient maneuvering flight, which can create uneven
induced flow. Free-vortex wake models were developed to
capture this complexity. A free-vortex wake model treats the
rotor wake using discrete vortex filaments or particles shed
from the blade as it rotates. These models calculate the posi-
tions and strengths of vortices over time.

In comprehensive rotorcraft analysis programs such as Flight-
lab (Ref. 6), free-wake models can predict phenomena like
wake skewing in forward flight, tip vortex pairing, and
even vortex ring state onset with much higher fidelity than
momentum-based models. Johnson (Ref. 4) notes that free-
wake methods represent the state-of-the-art in rotor aerody-
namics modeling, minimizing theoretical approximations by
directly simulating the wake physics. The payoff is more ac-
curate performance and load predictions, but the cost is heavy
computation and complexity.
Historically, using a full free-vortex wake in real-time flight
dynamics simulation or in linear control analysis was imprac-
tical. Free-wake codes might take minutes or hours to run
a maneuver, whereas simulators require faster than real-time
calculations. Moreover, a free wake is not naturally in a state-
space form as it is a set of moving points or filaments in space,
which complicates getting system matrices or doing stability
analyses. This is where the state-space free vortex wake (SS-
FVW) modeling approach comes in. The idea is to reformu-
late the wake model into a set of state equations.
Roberto Celi (2005) applied the method of lines to the ro-
tor wake equations, creating a state-space approximation of
a free-vortex wake (Ref. 7). Essentially, the continuous vor-
tex wake is discretized into a finite set of ordinary differential
equations. This was a significant development since it opened
the door to including high-fidelity wake effects in flight simu-
lations and to linearize the model for control design.
Following Celi’s work, further research explored and refined
state-space wake models. Hidalgo (2014) carried out a com-
prehensive assessment of a state-space free wake model for
rotorcraft flight mechanics (Ref. 8). More recently, Saetti
and Horn (2022) implemented a state-space free-vortex wake
model in a rotor simulation and performed a full linearization
of the coupled system (Ref. 9).
To contribute to this ongoing development, a rotor model
based on the UH-60 configuration has been implemented us-
ing the blade element method in MATLAB/Simulink. The
framework, named Helicopter Rotor Simulation (HeRoS), in-
corporates both aerodynamic and inertial force calculations
along the blade span and allows flap and lead-lag degrees of
freedom. This model has been introduced in (Ref. 10).
Although prior studies have validated SSFVW models in aca-
demic settings, their direct comparison with classical models
under unified rotor configurations remains limited. The goal
of this study is to compare the SSFVW model with widely
used inflow models like Glauert and Pitt-Peters under various
flight conditions. The performance of these models is ana-
lyzed in terms of their impact on steady-state forces and mo-
ments, trim conditions, and gust responses.

METHODOLOGY
This section presents the mathematical modeling techniques
and inflow models used in the simulation. Three different in-
flow models were implemented and compared under a com-
mon simulation framework. The details of the simulation en-
vironment and each inflow model are provided below.
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Table 1. Rotor Model Parameters Used in the Simulation.
Parameter Value
Number of blades Nb 4
Rotor radius R 8.2 m
Blade mass 128 kg
Hinge offset 0.37 m
Rotor speed Ω 258 RPM
Blade airfoil NACA 0012
Blade chord c 0.53 m
Twist distribution Linear (10° at root to –3° at tip)
Flap Spring Constant 0 N ·m/rad
Lag Damper Constant 27116 N ·m · s/rad

Simulation Framework

The simulations were performed using a modular helicopter
rotor model developed in MATLAB/Simulink, called HeRoS
(Ref. 10). This framework calculates the aerodynamic and
inertial forces on multiple spanwise segments of the blade.
The blades are assumed to be rigid, but they can flap and lead-
lag with first-order hinge dynamics, including damping and
stiffness, as defined in 1. Blade element theory is used to
compute local forces, and induced velocities are applied using
the selected inflow model.

The rotor is based on the UH-60 Black Hawk configuration,
same as Flightlab (Ref. 6), and its parameters are listed in
Table 1.

Glauert Inflow Model

The Glauert model is an extension of uniform inflow theory.
It assumes that the rotor acts as an actuator disk and uses mo-
mentum theory to estimate the induced velocity. In momen-
tum theory, the induced velocity is computed from the energy
balance. This computation is an iterative solution of Eq. 1.

λ = µ tan(αdisc)+
λhover√
µ2 +λ 2

+λvercital cos(αdisc) (1)

In forward flight, an empirical expression is used to account
for the wake skew angle.

Ki = tan(χ/2) (2)

λ0 = λ (3)

λ1c = Kiλ (4)

The radial distribution of the induced velocity is expressed as:

λelement = λ0 +λ1c
r
R

cos(ψ) (5)

Glauert’s model provides separate expressions for climb, de-
scent, and forward flight regimes, but it does not evolve
through time and does not include any dynamic states (Ref. 1).
Hence, the solutions are according to the flight conditions at
the time instant; in other words, the information about inflow
from the past will not be used.

Figure 1. Vortex Filament
Pitt–Peters Dynamic Inflow Model

The Pitt–Peters model introduces a low-order dynamic inflow
formulation. The model consists of three states representing
the uniform, longitudinal, and lateral components of the in-
flow. These states evolve based on the rotor thrust and mo-
ment coefficients.

The state-space form is given by: λ̇0

λ̇1c

λ̇1s

= ΩM̂−1

CT
CL
CM

−V̂

L̂−1

λ0
λ1c
λ1s

 (6)

where,

The inflow at each blade element is reconstructed as:

λelement = λ0 +λ1c
r
R

cos(ψ)+λ1s
r
R

sin(ψ) (7)

This model enables time-domain analysis of induced flow and
allows linearization for stability studies (Ref. 2).

State-Space Free Vortex Wake Model

The state-space free vortex wake (SSFVW) model is a high-
fidelity inflow model derived from a physics-based represen-
tation of the free vortex wake. Only tip vortices are considered
and they followed for 0.5 seconds which corresponds slightly
more than 2 revolutions of rotor. A new vortex particle is shed
at each time step, and its position and circulation are tracked
as state variables.

The particle dynamics are modeled by:

ṙ =−Aζ r−V∞ +∑Vinduced,k (8)

Γ̇ = Aζ Γ (9)

where Aζ is a finite difference matrix defined by Celi (Ref. 7).

The induced velocity at a point is calculated using the
Biot–Savart law as done in Eq. 10 and visualized in 1.

Vinduced,P =
Γ

4π
Kcore

r1 × r2

∥r1 × r2∥2

(
lAB · r1

∥r1∥
− lAB · r2

∥r2∥

)
(10)
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where lab is the vector from point A to B.
To prevent singularities at short distances, a vortex core cor-
rection model called the Vatistas core model is used (Ref. 11),
which smooths the vortex core using a parameterized radius
and decay exponent.
In addition, Lamb–Oseen vortex growth is implemented to al-
low the core radius to grow with time, defined as:

rc(t) =
√

r2
c,0 +4νt (11)

where rc,0 is the core size for a freshly shed vortex element
taken as 5% of the radius.
This model provides a detailed evolution of the rotor wake and
its effect on the flow around the rotor, suitable for transient
analyses and linearization (Refs. 7, 9).

RESULTS
There are three main kinds of analysis done to compare the
inflow methods mentioned: steady-state, trim, and simulation
analysis

Trim Analyses

In the trim analyses, the objective is to find the equilibrium
condition where the rotor generates a predefined thrust of ap-
proximately 60710 N without producing any net rolling or
pitching moments. This condition is achieved while the ro-
tor is subjected to different combinations of horizontal and
vertical wind velocities, representing a sweep across various
flight conditions.
The trimming process involves iteratively adjusting the col-
lective and cyclic control inputs until the target thrust and mo-
ment conditions are satisfied within specified tolerances, by
iterating on the controls to drive force and moment errors to
near zero.
In the first application of this analysis, the trimming results
are validated against data obtained from FlightLab (Ref. 6),
a widely used and extensively validated rotorcraft modeling
and simulation software. FlightLab’s credibility and estab-
lished accuracy in rotorcraft aerodynamics provide a strong
reference point for assessing the fidelity of the developed in-
flow models.
The first analysis case is for a forward flight from hover to
50 m/s. The trim controls are compared in the Figure 2.
According to the Figure 2, as forward velocity increases, the
collective pitch generally decreases for all models to compen-
sate for the decreasing inflow. The SSFVW model consis-
tently demands higher collective input than the others. It pre-
dicts more induced losses or a less efficient inflow, requiring
greater blade pitch to generate the same thrust. FlightLab’s
vortex wake model matches the SSFVW model for forward
flight conditions ranging from 10 to 35 m/s. Although Flight-
Lab predicts less before this interval, it predicts more collec-
tive input after the interval. At high forward speeds, the accu-
racy of the SSFVW model decreases due to the rapid convec-
tion of vortex particles beyond the near-wake region, limiting

Figure 2. Trim Controls for Forward Flight

its ability to represent the full wake structure. In contrast,
FlightLab’s Scully periodic vortex wake model, while more
consistent at higher speeds, is known to underpredict induced
inflow in hover, making it less reliable in that regime.

In terms of cyclic inputs, both lateral and longitudinal cyclic
requirements increase with speed, showing the effect of the
asymmetry in lift and pitching moments across the rotor disc.
In lateral cyclic, all the models match with the expectations
and behave in a similar pattern with different magnitudes or
peaks. A similar trend is observed in the longitudinal cyclic
input. Although all models exhibit comparable slopes, the SS-
FVW model underpredicts the required longitudinal cyclic at
low forward speeds. This discrepancy arises from the dom-
inance of inflow contributions near the rotor hub, where the
SSFVW model lacks sufficient resolution or representation of
near-hub vorticity effects.

Furthermore, the Figure 2 shows how the HeRoS and Flight-
Lab results match for different inflow models implemented
on them, which can be considered as proof of validation of
HeRoS.

In climb and descent, a similar behavior is observed. In Fig-
ure 3, a case to compare the models for climb and descent
is shown. In this analysis, all the models are trimmed with
35 m/s forward velocity, and the vertical wind component
is swept from 5 to −5 m/s. For all the control inputs, an
unsymmetrical behavior for downward velocity is observed
in Glauert since it has a different analytical solution for the
climb and descent conditions; hence, the slope of the control
inputs is different for these cases. On the other hand, the Pitt-
Peters and SSFVW models are quite similar except for the
lateral cyclic, which is expected since the estimation of in-
plane forces, dominant in the lateral axis, is different for both
models.
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Figure 3. Trim Controls for Climb and Descent with
35 m/s Forward Velocity

In terms of inflow distributions at trim, the Figures 4, 5, 6 shos
the distribution across the disc for hover, and Figures 7, 8, 9
for forward flight are obtained. Note that these figures have
the same color bar limits set, so they did not repeat after the
first one.

In hover, Figures 4, 5, and 6, the results from 3-State Pitt-
Peters and Glauert inflow models are quite similar. On the
other hand, for the same condition at trim, the SSFVW model
provides a much richer inflow distribution across the disc. In
hover, the radial distribution dominates, and the inflow is re-
duced at tips and reaches maximum in an inner section be-
cause of the wake contraction.

In forward flight, Figures 7, 8, 9, the behavior of the Pitt-
Peters and Glauert inflow models is similar, but their skewness
is not the same, as the Pitt-Peters results in a more skewed dis-
tribution. Furthermore, SSFVW has a similar skewness with
some radial changes.

One of the key advantages of the SSFVW model is its abil-
ity to capture the detailed wake geometry and its influence on
the surrounding flow field, which cannot be resolved by tra-
ditional analytical inflow models. Figures 10 and 11 illustrate
the wake structure at hover and forward flight, respectively.

In hover (Figure 10), the wake exhibits strong contraction due
to the concentrated vortex core near the rotor hub and the in-
duced axial flow. In forward flight (Figure 11), distinct vor-
tex roll-ups are observed, especially on the advancing side of
the disc, where blade loading is higher. These roll-ups are
less pronounced on the retreating side due to reduced dynamic
pressure.

Figures 12 through 15 present the induced velocity field
around the rotor under different flight conditions. In hover
(Figure 12), the wake primarily affects the region between

Figure 4. Inflow Distribution with Glauert Model at Hover
Trim

Figure 5. Inflow Distribution with Pitt-Peters Model at
Hover Trim

Figure 6. Inflow Distribution with SSFVW Model at Hover
Trim
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Figure 7. Inflow Distribution with Glauert Model at
35 m/s Forward Flight Trim

Figure 8. Inflow Distribution with Pitt-Peters Model at
35 m/s Forward Flight Trim

Figure 9. Inflow Distribution with SSFVW Model at
35 m/s Forward Flight Trim

Figure 10. Wake Structure with SSFVW Model at Hover
Trim

Figure 11. Wake Structure with SSFVW Model at 35 m/s
Forward Flight Trim

50% and 90% of the rotor radius and maintains an approxi-
mately symmetric and uniform distribution in the azimuthal
direction.

The Figures 12, 13, 14, and 15 show how the wake affects the
flow around the rotor in different flight conditions. In hover,
like in Figure 12, the wake is more effective between 90%
and 50% of the rotor radius and maintains an approximately
symmetric and uniform distribution in the azimuthal direction.

In forward flight (Figure 13), the wake is convected rapidly
downstream, and the wake particles are quickly washed off to
the back of the disc. The effect at the 180◦ψ is very low and
near zero, in contrast to the back side of the disc as seen. his
asymmetry indicates increased interaction between the rotor
wake and the aft fuselage in a full aircraft configuration.

In climb and descent, the wake is influenced by the vertical
component of the freestream. As shown in Figures 14 and 15,
the wake convects along the flow direction. In climb (Figure

Figure 12. Induced Flow Around Rotor with SSFVW
Model at Hover Trim
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Figure 13. Wake Structure with SSFVW Model at 35 m/s
Forward Flight Trim

Figure 14. Wake Structure with SSFVW Model at 35 m/s
Forward Flight with 5 m/s Climb Trim

14), the wake is deflected downward and elongated, spreading
the induced velocity field farther below the rotor. In descent
(Figure 15), the wake is redirected upward, resulting in a con-
centrated region of high induced velocity near the rear of the
disc around ψ = 0◦.

Steady-State Analyses

Steady-state analyses are performed by fixing the control in-
puts by setting the lateral and longitudinal cyclic to zero and
the collective pitch to approximately 8◦. The rotor is then
subjected to horizontal flow from the nose direction (ψ = 0◦)
with varying wind speeds. Unlike the trim analyses, this setup
allows for a direct evaluation of how different inflow models
react to external flow conditions. This setup enables a com-
parative study of the behavior of the inflow models without
the influence of any control inputs.

Figure 16 illustrates the flap response of the rotor, highlighting
the classical blowback effect with increasing forward velocity.
As expected, the coning angle β0 increases due to greater dy-
namic pressure. All models follow the same general trend,
although the SSFVW model exhibits slightly more nonlinear-
ity in the 20–30 m/s range, where wake distortion becomes
more prominent.

The longitudinal flapping angle β1c shows close agreement
between the Pitt–Peters and Glauert models up to approxi-
mately 30 m/s. Beyond this point, Glauert’s skewed wake ap-
proximation begins to diverge, while SSFVW predicts about
0.5◦ greater blowback due to its more accurate wake resolu-
tion.

Figure 15. Wake Structure with SSFVW Model at 35 m/s
Forward Flight with 5 m/s Descent Trim

Figure 16. Steady State Flap Angles for Forward Wind

The most pronounced differences occur in the lateral flapping
angle β1s. The SSFVW model predicts values up to 1◦ higher
than the analytical models. This discrepancy reflects the im-
proved estimation of in-plane aerodynamic forces by SSFVW,
particularly on the advancing side of the rotor, where lateral
dynamics are dominant.

Figure 17 presents the vertical force, torque, and hub moments
under the same forward flow conditions generated by the ro-
tor. The SSFVW model initially predicts lower vertical force
and torque up to around 25 m/s, indicating a slight reduc-
tion in rotor efficiency. Between 25 and 40 m/s, the torque
increases while vertical force decreases, suggesting a signif-
icant loss in aerodynamic efficiency. Beyond 40 m/s, both
the Pitt–Peters and SSFVW models exhibit more oscillatory
torque and similar behavior, likely due to their sensitivity to
wake distortions and unsteady aerodynamic effects.

Simulation Analyses: Gust Response

The purpose of these analyses is to evaluate the dynamic re-
sponse of each inflow model to transient, non-uniform flight
conditions, providing insight into the models’ ability to cap-
ture unsteady aerodynamic phenomena.

Simulations are initialized from two trimmed conditions:
hover and forward flight at 35 m/s. A sinusoidal gust distur-
bance is introduced, originating from ψ = 45◦, thereby excit-
ing both longitudinal and lateral axes. The headwind, cross-
wind, and vertical wind components of the applied gust are
shown in Figure 18.

Firstly, in the forward flight case, all three models give similar
responses for the given gust as seen in the Figure 19. Espe-
cially, the Pitt-Peters and SSFVW methods have very similar
responses. In all the cases, the magnitude and phase of the
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Figure 17. Steady State Forces and Moments for Forward
Wind
Glauert model results fall behind the other models because it
assumes the analytical solution for that time instant for steady
conditions. Another observation from this figure is the ampli-
tude of oscillations, especially the n-per-rev ones. In forward
flight, it is expected to have n-per-rev oscillations because of
the flap dynamics. However, the Glauert and Pitt-Peters mod-
els fail to catch the same frequency oscillations for inflow dy-
namics that the SSFVW method catches. Hence, the n-per-rev
oscillations are much more evident for SSFVW results.

On the other hand, in hover, as seen on Figure 20, the be-
havior of these models separates. In torque, the Glauert and
Pitt-Peters models have similar behavior with a small phase
difference, but the SSFVW does not show such a sinusoidal
oscillation. It has a similar frequency, but it stays in the peaks
a bit, which mirrors the delay from the development of the
wake. In moments, the results of the SSFVW and Pitt-Peters
are similar to the forward flight case, but the Glauert model
gives untraceable and unrealistic results. The reason for these
kinds of results from the Glauert model is that it uses different
equations for hover and forward flight, and while transition-
ing, it loses the information about the step before and assumes
there is a steady condition at that time instant. Hence, it can be
said that the Glauert inflow model is not reliable for transient
analysis.

Performance of the Models

In order to measure the computational performance of the in-
flow models, 60-second simulations are performed using the
MATLAB Simulink interface without any code generation.
During these simulations, the real-time ratio is computed for
each time step by dividing the elapsed computation time by
the time step size. The median of these ratios over the full

Figure 18. Wind Input for Gust Response Simulations

Table 2. Computational Performance Comparison.
Model Mean Real-Time Ratio
Glauert 0.14
Pitt-Peters 0.15
SSFVW 8.65

simulation duration is taken as the representative performance
metric. This approach provides a consistent basis for compar-
ing the computational efficiency of different inflow models.

As shown in Table 2, both the Glauert and Pitt-Peters inflow
models perform significantly faster than real-time, with real-
time ratios well below 1. These models are computationally
lightweight due to their closed-form or low-order dynamic
formulations, making them suitable for applications requir-
ing rapid evaluations such as optimization loops or real-time
simulation environments.

In contrast, the SSFVW model exhibits a median real-time ra-
tio of 8.65, indicating that it requires more than eight times
the simulation duration in wall-clock time. This increase in
computational cost stems from the need to track and con-
vect discrete vortex particles, evaluate induced velocities via
the Biot–Savart law, and manage a growing set of wake el-
ements over time. While SSFVW offers the highest fidelity
and enables unsteady wake modeling, this computational bur-
den limits its direct applicability in time-critical scenarios.

Despite its high computational cost, the SSFVW model re-
mains an strong tool for high-fidelity off-line analyses, vali-
dation efforts, and design evaluations where accurate predic-
tion of unsteady wake dynamics is critical. While the current
implementation is not optimized for execution speed, there
is a room for improvement through techniques such as code
generation, algorithmic optimization, parallel computing, or
GPU acceleration. These improvements have the potential to
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Figure 19. Gust Response Forces and Moments for For-
ward Flight

significantly reduce computational burden and bring the SS-
FVW model closer to real-time applicability. With these ad-
vancements, the SSFVW approach shows strong promise for
future use in advanced simulation platforms.

CONCLUSIONS

This study compared three inflow models; Glauert,
Pitt–Peters, and State-Space Free Vortex Wake (SSFVW), us-
ing a blade element-based helicopter rotor simulation frame-
work implemented in MATLAB/Simulink.

Overall, the Glauert and Pitt–Peters models demonstrated suf-
ficient accuracy for predicting general trends in steady and
trimmed conditions. Their simplicity and computational ef-
ficiency make them suitable for rapid analyses, preliminary
design iterations, and controller prototyping. However, both
models showed limitations in transient simulations.

In contrast, the SSFVW model produced more realistic and
detailed results, especially in unsteady cases. It captured the
expected n-per-rev oscillations and reflected the wake mem-
ory effect in gust response more accurately than the other
models. Moreover, it provided better agreement in flap deflec-
tions and induced velocity distributions compared to validated
benchmarks.

• The SSFVW model offered significantly higher fidelity
in dynamic conditions, particularly in gust response and
flap dynamics, making it a superior choice for transient
simulations.

• Despite its accuracy, SSFVW required a real-time com-
putation ratio of 8.65, limiting its practicality for real-
time applications in its current form.

Figure 20. Gust Response Forces and Moments for Hover
Future improvements such as code generation, parallelization,
and GPU acceleration may significantly reduce its computa-
tional burden. These enhancements could unlock the potential
of SSFVW for real-time simulation, hardware-in-the-loop se-
tups, and advanced control system development.
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