
https://doi.org/10.71945/icas2026_0630 

 Page 1 of 16 
 

 

LATERAL-DIRECTIONAL HANDLING AND FLYING QUALITIES 
ASSESSMENT OF A BLENDED WING BODY (BWB) ACFA 2020 

CONFIGURATION 

Mushfiqul Alam1, Julien Renault1, Martin Hromcik2, & Tomas Hanis2 
 

1 Centre for Aeronautics Power and Propulsion, Faculty of Engineering and Applied Science (FEAS), Cranfield 

University, United Kingdom 

mushfiqul.alam@cranfield.ac.uk 
2 Department of Control Engineering, Faculty of Electrical Engineering, Czech Technical University in Prague, 

Czech Republic 

xhromcik@fel.cvut.cz, tomas.hanis@fel.cvut.cz 

Abstract 

The blended wing body (BWB) configuration offers significant potential for future transport aircraft through 
improved aerodynamic efficiency, reduced fuel burn, and opportunities for lower external noise. However, its 
tailless architecture and large flexible lifting surface introduce important challenges in lateral–directional flying 
qualities, gust response, aeroelastic coupling, and passenger ride comfort. This paper investigates the ACFA 
2020 flexible BWB configuration using a previously developed lateral–directional active control framework based 
on robust 𝐻∞ feedback control combined with feedforward load alleviation. The study evaluates the aircraft 
response under representative manoeuvre and disturbance conditions, with particular focus on a 60° bank-angle 
manoeuvre and a severe lateral gust. The antisymmetric wing acceleration parameter 𝑁𝑧𝑙𝑎𝑡.𝑙𝑎𝑤

 is used to assess 

gust-induced flexible structural excitation, while passenger comfort is evaluated at multiple cabin locations using 
the BS 6841 standard. Both low-frequency motion sickness sensitivity and higher-frequency whole-body vibration 
exposure are considered using frequency-weighted RMS acceleration metrics. The results show that lateral gust 
disturbances significantly amplify the antisymmetric bending response of the flexible BWB aircraft, particularly 
under combined manoeuvre-and-gust conditions. Passenger comfort levels vary strongly across the distributed 
cabin, with outboard and aft locations exhibiting the highest sensitivity to motion sickness and whole-body 
vibration. The findings highlight the importance of considering passenger ride comfort as an integrated design 
driver for future flexible BWB aircraft, alongside flying qualities, active control design, and structural load 
alleviation. 

Keywords: blended wing body aircraft, flexible aircraft, flying quality, passenger comfort, lateral–directional flight 
control  

 
1. Introduction 

1.1 Sustainable Aviation and Blended Wing Body Configurations 
The aviation sector faces increasing pressure to reduce environmental impact while maintaining 
performance and long-range transport capability. Alongside developments in sustainable aviation fuels, 
hybrid-electric propulsion and hydrogen-based concepts, unconventional aircraft configurations are 
being explored to deliver step-change improvements in aerodynamic efficiency [1,2]. 
The Blended Wing Body (BWB) is one of the most promising configurations, as its integrated wing–
fuselage layout reduces wetted area and form drag while improving lift-to-drag ratio [3]. It also offers 
potential noise benefits through engine shielding and optimized high-lift device integration [4]. However, 
its large span, structural flexibility and tailless architecture introduce significant stability, control and 
aeroelastic challenges. 
For BWB aircraft, passenger comfort is also a critical design consideration, as occupants are distributed 
across a wide flexible lifting surface and may be more directly exposed to manoeuvre- and gust-
induced vibrations. This motivates the use of active flight control systems capable of simultaneously 
addressing flying qualities, load alleviation and ride comfort. 
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1.2 Stability and Control Challenges of Flexible BWB Aircraft 
Despite their aerodynamic and environmental advantages, BWB aircraft present significant stability 
and control challenges due to their tailless architecture and large flexible lifting surface. In comparison 
with conventional tube-and-wing aircraft, BWB configurations typically exhibit reduced directional 
stability and yaw damping, leading to poor Dutch roll characteristics and strong lateral–directional 
coupling [3,5]. Previous studies have shown that reduced values of the directional stability derivative, 
𝐶𝑛𝛽

, the yaw damping derivative, 𝐶𝑛𝑟
, and the roll damping derivative, 𝐶𝑙𝑝, can degrade lateral–

directional handling qualities, particularly at low-speed flight conditions [6,7]. 
In addition to rigid-body stability deficiencies, the large span and reduced structural stiffness of BWB 
aircraft introduce significant aeroelastic effects. Manoeuvres and atmospheric disturbances can 
strongly excite flexible structural modes, leading to coupling between rigid-body motion and structural 
dynamics [4,8]. Such interactions can amplify passenger accelerations and structural loads, particularly 
in outboard cabin regions located far from the aircraft centreline. 
To address these challenges, the Active Control for Flexible Aircraft (ACFA 2020) programme 
investigated advanced active control concepts combining stability augmentation, load alleviation, and 
vibration suppression [8]. Modern control approaches including robust 𝐻∞ control, LPV methods, and 
feedforward disturbance rejection strategies were explored to improve flying qualities while mitigating 
gust-induced structural excitation. 

1.3 ACFA 2020 Programme and Active Control Concept 
The Active Control for Flexible Aircraft (ACFA 2020) project was a European research programme 
aimed at developing advanced active control technologies for future flexible transport aircraft [8]. The 
project focused on two unconventional aircraft configurations, including a blended wing body (BWB) 
transport aircraft designed for approximately 450 passengers. A major objective of the programme was 
to investigate how modern flight control techniques could simultaneously improve flying qualities, 
structural load alleviation, and passenger ride comfort. 
The ACFA 2020 BWB configuration features a highly blended lifting surface with distributed control 
effectors, including elevons, split ailerons, winglet-mounted rudders, and crocodile flaps used for yaw 
stabilization and control allocation [4]. Due to the reduced directional stability associated with tailless 
configurations, active flight control systems play a critical role in ensuring acceptable lateral–directional 
handling qualities throughout the flight envelope. The ACFA 2020 BWB configuration and control 
surface allocation are shown in Figure 1. 

 
Figure 1. The ACFA 2020 BWB aircraft configuration and control surface allocation, adapted from [4]. 

To support controller development, high-fidelity aeroelastic models of the aircraft were generated and 
subsequently reduced into lower-order representations suitable for control synthesis and robustness 
analysis [8]. The models included flexible structural dynamics, actuator and sensor dynamics, 
atmospheric disturbances, and uncertainty representations. In total, multiple flexible modes were 
retained to capture the interaction between rigid-body motion and structural response. 
The ACFA control architecture combined feedback stabilization with feedforward load alleviation 
strategies. Several modern control approaches were investigated within the programme, including 
robust 𝐻∞control, LPV control, and adaptive control methods [8]. The overall objective was not only to 
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satisfy flying qualities requirements, but also to mitigate gust-induced structural excitation and improve 
passenger comfort through active vibration suppression. 
 

1.4 Ride Comfort in Flexible BWB Aircraft 
Passenger ride comfort represents a significant challenge for future blended wing body aircraft due to 
the distributed cabin arrangement across a large flexible lifting surface. Unlike conventional tube-and-
wing aircraft, where most passengers are located close to the fuselage centreline, BWB passengers 
may be positioned far from the aircraft roll axis and closer to structurally flexible wing regions. 
Consequently, atmospheric disturbances, manoeuvre-induced loads, and aeroelastic deformations can 
produce substantial spatial variations in vibration exposure throughout the cabin. 
The combination of large structural flexibility and distributed passenger seating introduces strong 
coupling between rigid-body motion, flexible structural dynamics, and human vibration exposure. In 
particular, gust excitation may significantly amplify low-frequency structural modes, leading to 
increased passenger accelerations at outboard cabin locations. Such effects are especially important 
for lateral–directional manoeuvres, where rolling motion and asymmetric structural deformation may 
generate discomfort levels that differ considerably across the cabin. 
Previous research on flexible BWB aircraft has primarily focused on flying qualities, stability 
augmentation, and structural load alleviation [3,4,8]. However, comparatively fewer studies have 
investigated the resulting passenger ride comfort characteristics under realistic manoeuvre and gust 
conditions. As a result, the interaction between active flight control systems, gust-induced aeroelastic 
response, and distributed cabin comfort remains insufficiently understood for large flexible transport 
aircraft. 
Human sensitivity to vibration depends strongly on both frequency content and excitation direction 
[9,10]. Low-frequency vibrations are associated with motion sickness effects, while higher-frequency 
whole-body vibrations contribute to discomfort and fatigue. To evaluate these effects, standards such 
as ISO 2631 [11] and BS 6841 [12]  are commonly employed. In the present study, the BS 6841 
standard was selected due to its suitability for multi-axial vibration assessment in aerospace 
applications [13]. The passenger seating zones used for the ride comfort assessment are shown in 
Figure 2. 

 

 

(a) Passengers seating distribution on the 

BWB aircraft [4].  

(b) Position of evaluated passenger seats 

for comfort evaluation, adapted from [4]. 

Figure 2. Passenger seating zones and representative cabin locations used for ride comfort 
evaluation, adapted from [4]. Figures not to scale. 

1.5 Scope and Contribution of the Present Work 
This paper investigates the lateral–directional flying qualities and passenger ride comfort 
characteristics of the ACFA 2020 flexible blended wing body configuration under representative 
manoeuvre and gust disturbance conditions. Particular attention is given to the interaction between 
active flight control, aeroelastic response, and distributed cabin vibration exposure. 



https://doi.org/10.71945/icas2026_0630 

 Page 4 of 16 
 

A robust 𝐻∞-based feedback controller combined with a feedforward load alleviation strategy is 
evaluated for lateral–directional manoeuvres involving significant rolling motion and gust excitation. 
The study focuses on the resulting structural response and its influence on passenger comfort at 
multiple cabin locations distributed across the lifting surface. 
Passenger ride comfort is assessed using the BS 6841 standard [12], considering both low-frequency 
motion sickness sensitivity and higher-frequency whole-body vibration exposure. The analysis 
highlights the spatial variability of ride quality throughout the cabin and identifies the passenger regions 
most sensitive to gust-induced structural excitation.  
The rest of the paper is organized as follows. Section 2 introduces the ACFA 2020 BWB aircraft model, 
its flexible dynamic characteristics, and the lateral–directional active control framework used in this 
study. Section 3 describes the handling qualities and passenger ride comfort assessment methodology, 
including the BS 6841 comfort criteria, passenger-seat evaluation locations, and manoeuvre and gust 
definitions. Section 4 presents the simulation setup and results, including gust-induced flexible 
response, passenger comfort assessment, and the influence of centre-of-gravity position and fuel 
loading. Finally, Section 5 summarizes the main conclusions and discusses implications for future 
flexible BWB aircraft design. 

2  Aircraft Model and Prior Active Control Framework 

2.1 Aircraft Model Description 
The aircraft considered in this study is the ACFA 2020 blended wing body transport configuration, 
originally developed within the European Active Control for Flexible Aircraft programme. The 
configuration represents a large passenger BWB aircraft, with approximately 450 passengers and two 
rear-mounted turbofan engines and has been used in previous studies on flexible aircraft modelling, 
control design and fuel-management optimisation [4,14]. 
The ACFA BWB exhibits the key dynamic characteristics associated with large flexible tailless aircraft: 
reduced static stability margins, limited control moment arms, strong lateral–directional coupling, and 
significant interaction between rigid-body and flexible structural modes. These features make the 
configuration particularly suitable for investigating active control concepts that address flying qualities, 
structural load alleviation and passenger comfort. 
The present work builds on the lateral–directional active control framework previously developed within 
the ACFA programme. In that framework, robust feedback control and feedforward command shaping 
were used to improve aircraft response while reducing structural excitation. Rather than redesigning 
the aircraft model or controller, this paper uses the established ACFA BWB model and controller 
architecture as the basis for assessing gust-induced flexible response and passenger ride comfort 
across distributed cabin locations. 

2.2 Lateral–Directional Active Control Framework 
The flexible nature of the ACFA 2020 blended wing body aircraft introduces strong coupling between 
rigid-body motion and structural dynamics, making conventional lateral–directional flight control design 
particularly challenging. Initial investigations using classical rigid-body stability augmentation 
approaches showed that although rigid-body modes could be stabilized, flexible structural modes were 
easily excited, leading to degraded closed-loop behaviour and potential spillover effects. 
In particular, the proximity between the flexible structural modes and the rigid-body lateral–directional 
dynamics complicates the application of conventional loop-by-loop control techniques. Furthermore, 
the aircraft exhibits strong coupling between roll and yaw motion, including adverse yaw behaviour 
associated with the lateral–directional aerodynamic derivatives and distributed control surface 
arrangement. The difference between the rigid and flexible roll-rate response is illustrated in Figure 3. 
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Figure 3. Bode plots of 𝑝(𝑠)/𝛿𝑎(𝑠), comparing the roll-rate-to-aileron transfer function of the rigid-

body and flexible aircraft models. Axes removed for confidentiality. 

Previous investigations performed within the ACFA 2020 programme therefore adopted advanced 
robust control approaches capable of simultaneously addressing flying qualities, structural load 
alleviation, and passenger comfort requirements [4,8]. The present work builds upon this previously 
developed active control framework for the assessment of gust-induced flexible response and 
passenger ride comfort. 

2.2.1 Lateral–Directional Control Objectives 
The lateral–directional control system was designed to satisfy robustness, tracking, disturbance 
rejection, and manoeuvre load alleviation requirements across multiple mass configurations. In addition 
to stabilizing the flexible aircraft dynamics, the controller was required to mitigate gust-induced 
structural excitation while maintaining acceptable roll and sideslip response characteristics. 

Table 1. Lateral-directional design objectives. 

 
Unlike conventional transport aircraft, the roll response requirements were intentionally relaxed to 
reduce structural loading and improve passenger ride comfort. In particular, the target roll response 
was selected to achieve a bank-angle rise time below 7 seconds while limiting overshoot and 
minimizing excitation of the dominant flexible modes. Although this response does not satisfy the 
conventional MIL-F-8785C roll agility criterion, the reduced manoeuvre aggressiveness limits the 
vertical accelerations experienced throughout the cabin.  
To capture asymmetric structural excitation during rolling manoeuvres and gust encounters, the ACFA 
framework introduced the antisymmetric wingtip acceleration parameter: 

 𝑁𝑧𝑙𝑎𝑡.𝑙𝑎𝑤
= 𝑁𝑧,𝑟.𝑤𝑖𝑛𝑔𝑡𝑖𝑝 − 𝑁𝑧,𝑙.𝑤𝑖𝑛𝑔𝑡𝑖𝑝 (1) 

where 𝑁𝑧𝑟.𝑤𝑖𝑛𝑔𝑡𝑖𝑝
 and 𝑁𝑧𝑙.𝑤𝑖𝑛𝑔𝑡𝑖𝑝

 represent the vertical accelerations at the right and left wingtips, 

respectively. This parameter provides a direct measure of antisymmetric bending activity within the 
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flexible airframe. The inner and middle ailerons (FL3 and FL4) were selected for lateral control 
implementation because their aerodynamic effectiveness remains consistent across the flight 
envelope, unlike the outer ailerons (FL5), which exhibit control reversal effects under certain conditions 
[4,15–17]. 

2.2.2 Robust 𝑯∞ Feedback and Feedforward Control Designs 
The lateral–directional flight control system used in this study consists of a robust multi-input multi-
output (MIMO) feedback controller combined with a feedforward command-shaping controller. The 
feedback controller was synthesized using an 𝐻∞ mixed-sensitivity framework in order to provide 
disturbance rejection, robustness to mass-case variations, and attenuation of flexible structural modes 
[4]. In particular, the controller was designed to reduce the response near the dominant antisymmetric 
bending frequencies, especially the first and second wing bending modes. 
The robust feedback synthesis may be expressed in compact form as: 

 𝐾(𝑠) = arg⁡min⁡
𝐾

∥ 𝑇𝑧𝑤(𝑠; 𝐾) ∥∞ (2) 

where 𝐾(𝑠) is the 𝐻∞ feedback controller and 𝑇𝑧𝑤(𝑠; 𝐾) is the closed-loop transfer function from 
exogenous inputs 𝑤 to regulated outputs 𝑧. The output vector⁡(𝑧) contains the quantities to be 
controlled or minimized, including tracking errors, control effort, and structural-response-related 
outputs. Frequency weighting functions were used to shape the closed-loop response, particularly 
around the dominant flexible mode frequencies. 

The measured feedback vector supplied to the 𝐻∞  controller is: 

 

𝑦𝑚(𝑠) =

[
 
 
 
 

𝛽(𝑠)
𝜙(𝑠)
𝑝(𝑠)
𝑟(𝑠)

𝑁𝑧𝑙𝑎𝑡.𝑙𝑎𝑤
(𝑠)]

 
 
 
 

 (3) 

where 𝛽 is sideslip angle, 𝜙is bank angle, 𝑝is roll rate, 𝑟 is yaw rate, and 𝑁𝑧𝑙𝑎𝑡.𝑙𝑎𝑤
 is the antisymmetric 

wing acceleration signal. 
In addition to the feedback controller, a feedforward controller was implemented to improve ride comfort 
and reduce structural loading during roll manoeuvres. The feedforward controller was synthesized 
using a convex optimization framework based on linear matrix inequalities (LMI), enabling time-domain 
and frequency-domain requirements to be incorporated directly into the design. These requirements 
include the 7 s bank-angle rise time, sideslip decoupling, overshoot limitations, and load-alleviation 
objectives. 
The combined feedback–feedforward control law can be written as: 

 𝑢(𝑠) = 𝐾(𝑠)𝑦𝑚(𝑠) + 𝐹(𝑠)𝑟𝑐(𝑠) (4) 

where 𝑢(𝑠) is the control surface command vector, 𝐾(𝑠)𝑦𝑚(𝑠) is the feedback contribution, and 

𝐹(𝑠)𝑟𝑐(𝑠) is the feedforward contribution. 
The reference command vector is: 

 
𝑟𝑐(𝑠) = [

Φ𝑟𝑒𝑓(𝑠)

𝛽𝑟𝑒𝑓(𝑠)
] (5) 

where Φ𝑟𝑒𝑓 is the bank-angle reference and 𝛽𝑟𝑒𝑓is the sideslip reference. 

The sign convention associated with the feedback loops is embedded within the controller gains. The 
feedforward path shapes the pilot command before the flexible dynamics are excited, while the 𝐻∞ 
feedback controller preserves closed-loop stability and provides disturbance rejection. 
The overall flight control architecture includes actuator dynamics, sensor delays, and Butterworth filters 
for measurement-noise attenuation. The selected inner and middle ailerons are used for lateral control 
because their effectiveness remains consistent across the flight envelope, while the feedback and 
feedforward control structure together provide a means of balancing flying-quality requirements, 
structural load alleviation, and passenger ride comfort. The complete lateral–directional control 
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architecture for the flexible BWB aircraft is shown in Figure 4. 

 
Figure 4. Lateral–directional flight control architecture for the flexible BWB aircraft [18]. 

3 Handling Qualities and Passenger Ride Comfort Assessment 

3.1 Passenger Comfort Assessment Methodology 
Passenger ride comfort was assessed using the BS 6841:1987 standard due to its suitability for multi-
axial vibration assessment in aerospace applications [12]. Evaluations were performed at multiple 
passenger seating locations distributed throughout the cabin, as well as at the pilot station. For 
symmetric cabin locations, acceleration signals from the left and right passenger seats were averaged 
to obtain representative comfort metrics for each seating zone. 
The acceleration experienced by a passenger depends not only on the aircraft centre-of-gravity motion, 
but also on the passenger location relative to the centre of gravity and the local flexible structural 
deformation. The acceleration at a passenger location (𝑃) can be expressed as: 

 a𝑃(𝑡) = a𝐶𝐺(𝑡) + 𝜔̇(𝑡) × r𝑃 + 𝜔(𝑡) × (𝜔(𝑡) × r𝑃) + a𝑓𝑙𝑒𝑥,𝑃(𝑡) (6) 

where a𝑃(𝑡) is the acceleration at passenger location 𝑃, a𝐶𝐺(𝑡)is the acceleration at the aircraft centre 

of gravity, 𝜔(𝑡) is the angular velocity vector, 𝜔̇(𝑡) is the angular acceleration vector, r𝑃 is the position 
vector from the centre of gravity to the passenger location, and a𝑓𝑙𝑒𝑥,𝑃(𝑡) is the local acceleration 

contribution due to structural flexibility. This relationship highlights why ride comfort can vary 
significantly across the BWB cabin, particularly at outboard and aft passenger locations. 
For symmetric passenger locations, the left and right seat responses were averaged as: 

 
a𝑧𝑜𝑛𝑒(𝑡) =

1

2
[a𝑃,𝑙𝑒𝑓𝑡(𝑡) + a𝑃,𝑟𝑖𝑔ℎ𝑡(𝑡)] (7) 

where a𝑧𝑜𝑛𝑒(𝑡) is the representative acceleration response for the corresponding cabin zone. 
Human sensitivity to vibration depends strongly on both vibration frequency and excitation direction. 
Consequently, the BS 6841 methodology applies direction-dependent frequency weightings to quantify 
human exposure to vibration and motion sickness effects. In the present study, two comfort criteria 
were considered: whole-body vibration exposure over the frequency range 0.5–80 Hz, and low-
frequency motion sickness sensitivity over the range 0.1–0.5 Hz. 
Frequency weighting filters 𝑊𝑏, 𝑊𝑑, and 𝑊𝑒were applied for the whole-body vibration assessment, 
while filter 𝑊𝑓 was used for the motion sickness evaluation. The frequency-weighting characteristics 

used in the assessment are shown in Figure 5. The filters were implemented according to the 
specifications defined in BS 6841:1987. The frequency-weighted translational acceleration 
components may be written as: 

 𝑎̃𝑥(𝑡) = 𝑊𝑑(𝑠)𝑎𝑥(𝑡) 
𝑎̃𝑦(𝑡) = 𝑊𝑑(𝑠)𝑎𝑦(𝑡) 

𝑎̃𝑧(𝑡) = 𝑊𝑏(𝑠)𝑎𝑧(𝑡) 

(8) 

where 𝑎𝑥, 𝑎𝑦, and 𝑎𝑧 are the acceleration components in the longitudinal, lateral, and vertical directions, 
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respectively. The corresponding weighted rotational vibration components are given by: 

 𝛼̃𝑥(𝑡) = 𝑊𝑒(𝑠)𝛼𝑥(𝑡) 
𝛼̃𝑦(𝑡) = 𝑊𝑒(𝑠)𝛼𝑦(𝑡) 

𝛼̃𝑧(𝑡) = 𝑊𝑒(𝑠)𝛼𝑧(𝑡) 

(9) 

where 𝛼𝑥, 𝛼𝑦, and 𝛼𝑧 are the rotational vibration components about the three body axes. 

For the whole-body vibration criterion, the weighted translational and rotational components were 
combined using the multiplying factors defined by BS 6841: 

 𝑎𝑣(𝑡) = [(𝑘𝑥𝑎̃𝑥)
2 + (𝑘𝑦𝑎̃𝑦)2 + (𝑘𝑧𝑎̃𝑧)

2 + (𝑘𝑟𝛼̃𝑥)
2 + (𝑘𝑟𝛼̃𝑦)2 + (𝑘𝑟𝛼̃𝑧)

2]
1/2

 (10) 

where 𝑎𝑣(𝑡) is the combined weighted vibration signal, and 𝑘𝑥, 𝑘𝑦, 𝑘𝑧, and 𝑘𝑟are the multiplying factors 

specified by the standard. 

 
Figure 5. Frequency-weighting characteristics for comfort assessment as defined in BS 6841 [12]. 

In contrast, the motion sickness criterion considered only the low-frequency vertical acceleration 
component, consistent with the BS 6841 definition of low-frequency kinetosis response. The weighted 
motion sickness signal was therefore calculated as: 

 𝑎𝑚𝑠(𝑡) = 𝑊𝑓(𝑠)𝑎𝑧(𝑡) (11) 

where 𝑎𝑚𝑠(𝑡) is the weighted motion sickness acceleration signal. 
The filtered acceleration signals were subsequently processed using root mean square (RMS) 
calculations in order to quantify vibration exposure levels: 

 

𝑎𝑅𝑀𝑆 = √
1

𝑇
∫ 𝑎𝑤

2
𝑇

0

(𝑡) 𝑑𝑡 (12) 

where 𝑎𝑤(𝑡) represents the relevant weighted acceleration signal, either 𝑎𝑣(𝑡) for whole-body vibration 

or 𝑎𝑚𝑠(𝑡) for motion sickness, and 𝑇is the assessment time interval. RMS metrics were selected due 
to their suitability for sustained vibration assessment under manoeuvre and gust conditions. The 
resulting weighted RMS values were compared against the comfort scale defined within BS 6841, 
shown in Figure 6, to classify the expected passenger comfort levels. 
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Figure 6. Vibration comfort scale according to BS-6841 [12].  

3.2 Gust and Manoeuvre Scenarios 
Atmospheric disturbances were modelled using a lateral one-minus-cosine gust profile applied as an 
exogenous disturbance at the aircraft centre of gravity. The lateral gust velocity was defined as: 

 
𝑣𝑔(𝑡) =

𝑉𝑔

2
[1 − cos⁡ (

2𝜋𝑡

𝑇𝑔
)] , 0 ≤ 𝑡 ≤ 𝑇𝑔 

𝑣𝑔(𝑡) = 0, 𝑡 < 0 or 𝑡 > 𝑇𝑔 

(13) 

where 𝑣𝑔(𝑡) is the lateral gust velocity, 𝑉𝑔 is the peak gust velocity, and 𝑇𝑔 is the gust duration. The 

gust duration was defined as a function of gust length and aircraft cruise speed as: 

 
𝑇𝑔 =

𝐿𝑔

𝑈0
 (14) 

where 𝐿𝑔 is the gust length and 𝑈0 is the aircraft cruise speed. A peak gust velocity of 𝑉𝑔 = 19 m/s was 

selected to represent a severe lateral disturbance condition. 
To identify a representative worst-case scenario for flexible structural excitation, multiple gust lengths 
were investigated. Comparisons between long- and short-duration gust inputs showed that shorter gust 
lengths generated significantly larger excitation of the dominant bending modes, as indicated by 
increased values of the antisymmetric wing acceleration parameter 𝑁𝑧𝑙𝑎𝑡.𝑙𝑎𝑤

. Consequently, a gust 

length of 𝐿𝑔 = 45.72 m was selected for the present study as the critical disturbance condition. The 

influence of gust length on 𝑁𝑧𝑙𝑎𝑡.𝑙𝑎𝑤
 is shown in Figure 7. 

 
Figure 7. Influence of gust length on 𝑁𝑧𝑙𝑎𝑡.𝑙𝑎𝑤

. 

In addition to gust excitation, multiple bank-angle manoeuvre scenarios were evaluated to investigate 
the influence of rolling motion on passenger comfort. The manoeuvre severity was defined using the 
commanded bank-angle reference, 𝜙𝑐𝑚𝑑: 

𝜙(𝑡) → 𝜙𝑐𝑚𝑑 
The peak comfort-criterion values were evaluated for different commanded bank angles at a dynamic 
pressure of 𝑄 = 22000 Pa and Mach number 𝑀 = 0.85. The variation of peak comfort-criterion values 
with commanded bank angle is shown in Figure 8. 
The analysis showed that bank-angle commands above approximately 42∘ resulted in RMS comfort 
levels entering the “fairly uncomfortable” region, particularly at outboard passenger locations. A 60∘ 
bank-angle manoeuvre was therefore selected as the representative worst-case operational scenario 
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due to its combination of significant structural excitation and operational relevance for emergency 
return-to-airport conditions: 

 
Figure 8. Peak comfort-criterion values for different commanded bank angles at dynamic pressure 

Q=22000 Pa and Mach number M=0.85. 

4 Simulation Setup and Results 

4.1 Definition of Critical Assessment Scenarios 
The passenger comfort assessment was performed under a series of manoeuvre and disturbance 
conditions selected to represent critical operating scenarios for the flexible blended wing body aircraft. 
The objective was to evaluate the interaction between lateral–directional manoeuvres, gust-induced 
structural excitation, and passenger ride comfort throughout the distributed cabin. 
The simulations were conducted using the flight configuration defined in the previous sections at a flight 
condition corresponding to a dynamic pressure of 𝑄 = 22000 Pa and a Mach number of 𝑀 = 0.85. 
Passenger comfort was evaluated at multiple cabin locations using the BS 6841 vibration assessment 
methodology. 
An initial investigation considered the aircraft response to an isolated lateral gust disturbance in cruise 
conditions. The atmospheric disturbance was modelled using a one-minus-cosine lateral gust profile 
with a peak velocity of 19 m/s applied at the aircraft centre of gravity. Multiple gust lengths were 
investigated in order to identify the disturbance condition producing the strongest flexible structural 
excitation. Comparisons between gust lengths of 152.2 m and 45.72 m showed that the shorter gust 
generated significantly larger excitation of the dominant antisymmetric bending modes, as indicated by 
the increased 𝑁𝑧𝑙𝑎𝑡.𝑙𝑎𝑤

 response. Consequently, the 45.72 m gust length was selected as the 

representative worst-case disturbance condition for the remainder of the study.  
Following the isolated gust analysis, combined manoeuvre-and-disturbance scenarios were 
investigated. A commanded 60° bank-angle manoeuvre was selected as the primary assessment case 
due to its operational relevance for emergency return-to-airport situations and its strong excitation of 
the flexible aircraft dynamics. As shown in Figure 8, bank-angle commands above approximately 
42∘caused the RMS comfort levels to enter the “fairly uncomfortable” region, particularly at outboard 

passenger locations. The 60∘bank-angle manoeuvre was therefore selected as a representative critical 
case for assessing both handling qualities and passenger ride comfort.  
In addition to the nominal flight condition, the influence of aircraft centre-of-gravity position and fuel 
loading on passenger comfort was also investigated to evaluate the sensitivity of the flexible response 
to variations in mass distribution throughout the flight envelope. 

4.2 Gust-Induced Flexible Aircraft Response 
The flexible response of the ACFA 2020 blended wing body aircraft was assessed using the 
antisymmetric wing acceleration parameter 𝑁𝑧𝑙𝑎𝑡.𝑙𝑎𝑤

, which provides a direct measure of the excitation 

of the antisymmetric bending modes during lateral–directional manoeuvres and atmospheric 
disturbances. This parameter is particularly suitable for evaluating the interaction between roll motion 
and flexible structural dynamics, as it captures the difference between the vertical accelerations at the 
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left and right wingtips. 
A comparison between the nominal 60° bank-angle manoeuvre and the same manoeuvre combined 
with a lateral gust disturbance shows that the atmospheric disturbance significantly amplifies the 
flexible structural response. In particular, the lateral gust strongly excites the dominant bending modes 
of the aircraft, resulting in substantially larger oscillations of the 𝑁𝑧𝑙𝑎𝑡.𝑙𝑎𝑤

 parameter compared with the 

clean manoeuvre case. The corresponding comparison of 𝑁𝑧𝑙𝑎𝑡.𝑙𝑎𝑤
 is shown in Figure 9. 

 
Figure 9. Comparison of 𝑁𝑧𝑙𝑎𝑡.𝑙𝑎𝑤

for the clean 60∘bank-angle manoeuvre and the combined 60∘bank-

angle manoeuvre with lateral gust disturbance. 

The increased oscillatory response demonstrates the strong sensitivity of the flexible BWB 
configuration to lateral atmospheric disturbances. Although the commanded roll manoeuvre alone 
generates moderate antisymmetric structural excitation, the addition of the lateral gust produces 
significantly larger dynamic wing deformation and prolonged flexible oscillations. This behaviour 
highlights the strong coupling between lateral–directional aircraft motion and aeroelastic response in 
large flexible tailless aircraft configurations. 
The results also indicate that short-duration gust disturbances are particularly critical for exciting the 
flexible structural modes. As discussed previously, the selected 45.72 m gust length generated larger 
antisymmetric bending responses than longer gust disturbances, confirming that sharper atmospheric 
disturbances contain frequency content closer to the dominant structural modes of the aircraft. These 
amplified structural oscillations directly influence the passenger vibration environment throughout the 
distributed cabin and therefore play a key role in the subsequent ride comfort assessment. 

4.3 Passenger Ride Comfort Assessment 
4.3.1 Motion Sickness Assessment 

Passenger exposure to low-frequency motion associated with motion sickness was evaluated using 
the BS 6841 motion sickness criterion over the frequency range 0.1–0.5 Hz. The assessment revealed 
significant spatial variations in comfort levels throughout the cabin under the combined 60° bank-angle 
manoeuvre and lateral gust disturbance scenario. 
The RMS values obtained for the worst-case condition indicate that the rear–outer, middle–outer, and 
middle–inner passenger locations enter the “fairly uncomfortable” region according to the BS 6841 
comfort scale. In contrast, passengers located in the front–centre and middle–centre regions remain 
within the comfortable range, while the rear–inner region approaches the discomfort threshold. The 
pilot station showed negligible motion sickness levels due to the reduced low-frequency vertical 
acceleration response at that location. The motion sickness assessment for this case is shown in Figure 
10. 
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Figure 10. Motion sickness criterion for the combined 60° bank-angle manoeuvre and 45.72 m 

lateral gust disturbance at Q=22000 Pa and M=0.85. 

The results demonstrate that low-frequency passenger comfort is strongly influenced by cabin position 
within the flexible lifting surface. Outboard and aft cabin regions experience larger low-frequency 
accelerations due to increased structural deformation and higher participation of the flexible bending 
modes during gust excitation. 

4.3.2 Whole-Body Vibration Assessment 
The whole-body vibration assessment was performed over the frequency range 0.5–80 Hz using the 
BS 6841 weighted RMS criterion. Compared with the motion sickness results, the vibration criterion 
revealed more pronounced vibration exposure throughout several cabin regions and at the cockpit 
location. The rear–outer, middle–inner, middle–centre, and cockpit locations reached vibration levels 
classified as uncomfortable according to the BS 6841 standard. In contrast, the front–centre and rear–
inner cabin regions exhibited comparatively lower vibration levels. The whole-body vibration 
assessment is shown in Figure 11. 

 
Figure 11. Whole-body vibration criterion for the combined 60∘bank-angle manoeuvre and 45.72 m 

lateral gust disturbance at 𝑄 = 22000 Pa and 𝑀 = 0.85 at various locations. 

The higher-frequency vibration exposure is primarily associated with excitation of the dominant flexible 
structural modes during the combined manoeuvre and gust disturbance. The results highlight the 
strong spatial variability of passenger ride comfort within flexible BWB aircraft and demonstrate the 
increased sensitivity of outboard passenger locations to gust-induced structural excitation. 
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4.3.3 Influence of Flight Conditions 
In addition to the worst-case manoeuvre and gust scenario, the influence of flight condition parameters 
was investigated to assess the sensitivity of passenger ride comfort to changes in aircraft configuration. 
In particular, variations in centre-of-gravity position and fuel loading were considered, as these 
parameters affect the aircraft mass distribution, rigid-body dynamics, and flexible structural response. 
First, the influence of centre-of-gravity position was assessed by comparing two configurations during 
a 60° bank-angle manoeuvre. The rear centre-of-gravity case was located at 𝐶𝐺𝑥 = 26m, while the 
forward case was located at 𝐶𝐺𝑥 = 23.67m. The results indicate that centre-of-gravity position has a 
measurable but relatively modest influence on the antisymmetric wing acceleration response. The rear 
centre-of-gravity case produced slightly larger 𝑁𝑧𝑙𝑎𝑡.𝑙𝑎𝑤

 values, indicating increased excitation of the 

antisymmetric flexible modes. The effect of centre-of-gravity position on 𝑁𝑧𝑙𝑎𝑡.𝑙𝑎𝑤
 is shown in Figure 12. 

 
Figure 12. Comparison of the antisymmetric wing acceleration parameter 𝑁𝑧𝑙𝑎𝑡.𝑙𝑎𝑤

 for different 

centre-of-gravity positions during a 60∘bank-angle manoeuvre. 𝐶𝐺1 = 26 m represents the aft 

centre-of-gravity position, while 𝐶𝐺3 = 23.67 m represents the forward centre-of-gravity position. 

The corresponding comfort assessment showed that changes in centre-of-gravity position produced 
variations in both the motion sickness and whole-body vibration criteria. Although the overall comfort 
trends remained similar, the results suggest that mass distribution and trim condition can influence the 
level of vibration exposure experienced by passengers. The corresponding comfort metrics for the two 
centre-of-gravity positions are shown in Figure 13. 

  

(a) Motion sickness (b) Vibration criteria 

Figure 13. Comparison of motion sickness and whole-body vibration criteria for forward (CG3) and 
aft (CG1) centre-of-gravity positions during a 60° bank-angle manoeuvre. 

The influence of fuel loading was also assessed by comparing a fully loaded configuration with an 
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almost-empty fuel-load case during the same 60° bank-angle manoeuvre. The difference in aircraft 
mass between the two cases was approximately 51029 kg. The almost-empty configuration produced 
slightly higher 𝑁𝑧𝑙𝑎𝑡.𝑙𝑎𝑤

 values and increased RMS values for the low-frequency motion sickness 

criterion, indicating that passengers may experience greater susceptibility to discomfort towards the 
end of flight. The influence of fuel loading on 𝑁𝑧𝑙𝑎𝑡.𝑙𝑎𝑤

 is shown in Figure 14. 

 
Figure 14. Comparison of the antisymmetric wing acceleration parameter 𝑁𝑧𝑙𝑎𝑡.𝑙𝑎𝑤

 for different fuel-

load configurations during a 60∘ bank-angle manoeuvre. Fuel Load 10 represents the fully loaded 
aircraft, while Fuel Load 1 represents the near-empty fuel configuration. 

The corresponding comfort metrics for the fuel-load cases are shown in Figure 15. For the whole-body 
vibration criterion, the almost-empty configuration also showed increased vibration levels, although the 
values remained within the acceptable comfort range for the manoeuvre considered. These results 
indicate that variations in mass distribution and fuel loading can influence passenger comfort, but their 
effect is less dominant than the combined influence of large lateral manoeuvres and gust-induced 
flexible excitation. 

  
(a) Motion sickness criterion. (b) Whole-body vibration criterion. 

Figure 15. Comparison of motion sickness and whole-body vibration criteria for different fuel-load 
cases during a 60∘ bank-angle manoeuvre. Fuel Load 10 represents the fully loaded aircraft, while 

Fuel Load 1 represents the near-empty fuel configuration. 

4.4 Discussion 
The results demonstrate the strong interaction between lateral–directional manoeuvres, flexible 
structural dynamics, and passenger ride comfort within large, blended wing body aircraft. Unlike 
conventional tube-and-wing configurations, where most passengers are located close to the fuselage 
centreline, the distributed cabin arrangement of the BWB exposes passengers to significantly different 
vibration environments depending on their position within the lifting surface. 
The outboard passenger locations consistently exhibited the highest discomfort levels for both the 
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motion sickness and whole-body vibration criteria. This behaviour is primarily associated with the larger 
structural deformation amplitudes occurring farther from the aircraft centreline, where the influence of 
the dominant bending modes becomes more significant. Consequently, atmospheric disturbances and 
rolling manoeuvres generate substantially larger acceleration levels at the outer cabin regions 
compared with the centre-body locations. 
The results further highlight the strong sensitivity of flexible BWB aircraft to lateral gust excitation. While 
the nominal 60° bank-angle manoeuvre already produces noticeable structural excitation, the addition 
of a lateral gust disturbance significantly amplifies the antisymmetric bending response, as reflected 
by the increased 𝑁𝑧𝑙𝑎𝑡.𝑙𝑎𝑤

oscillations. Short-duration gusts were found to be particularly critical because 

their frequency content lies closer to the dominant flexible structural modes of the aircraft. 
An important observation from the present study is the trade-off between manoeuvrability and 
passenger comfort. The lateral–directional controller intentionally employed a relatively slow roll 
response to reduce structural excitation and mitigate passenger acceleration levels throughout the 
cabin. Although this strategy relaxes conventional roll agility requirements associated with MIL-F-
8785C criteria, it provides substantial benefits in terms of ride comfort and structural load reduction for 
flexible transport aircraft. 
The influence of centre-of-gravity position and fuel loading further demonstrates the sensitivity of 
passenger comfort to aircraft mass distribution. Although these effects were less dominant than the 
combined manoeuvre-and-gust excitation, changes in aircraft loading conditions still modified the 
flexible structural response and corresponding vibration levels experienced throughout the cabin. 
Overall, the study demonstrates that passenger ride comfort should be considered as an integrated 
design driver for future blended wing body aircraft. The strong coupling between active flight control, 
aeroelastic response, and distributed passenger exposure suggests that future flexible transport 
aircraft may require multidisciplinary optimization approaches combining structural design, control 
synthesis, and cabin-layout considerations in order to simultaneously satisfy flying qualities, structural 
load alleviation, and passenger comfort requirements. 

5 Conclusions 
This paper investigated the lateral–directional flying qualities and passenger ride comfort 
characteristics of the ACFA 2020 flexible blended wing body aircraft under representative manoeuvre 
and atmospheric disturbance conditions. A robust 𝐻∞-based feedback controller combined with a 
feedforward load alleviation strategy was assessed using nonlinear simulations including coupled rigid-
body and flexible structural dynamics. 
The results demonstrated that lateral gust disturbances significantly amplify the antisymmetric bending 
response of the aircraft, particularly during combined manoeuvre-and-gust scenarios. The selected 
worst-case condition, consisting of a 60° bank-angle manoeuvre combined with a 45.72 m lateral gust 
disturbance, produced substantial excitation of the dominant flexible structural modes, leading to 
increased passenger vibration exposure throughout the distributed cabin. 
Passenger ride comfort assessments performed using the BS 6841 standard revealed strong spatial 
variations in comfort levels across the aircraft. Outboard and aft passenger locations consistently 
exhibited the highest discomfort levels for both the motion sickness and whole-body vibration criteria 
due to their increased sensitivity to flexible structural deformation. In contrast, centre-body cabin 
locations experienced significantly lower vibration exposure. 
The study also highlighted the trade-off between manoeuvrability and passenger comfort in flexible 
transport aircraft. The relatively slow roll response adopted within the active control framework reduced 
structural excitation and passenger acceleration levels, although at the expense of conventional roll 
agility requirements. Furthermore, variations in centre-of-gravity position and fuel loading were shown 
to influence the flexible response and resulting comfort metrics, although to a lesser extent than gust-
induced excitation. 
Overall, the results demonstrate that passenger ride comfort should be considered as an integrated 
design driver for future blended wing body aircraft. The strong coupling between active flight control, 
aeroelastic response, and distributed passenger vibration exposure suggests that future flexible 
transport aircraft will require multidisciplinary design approaches combining structural optimization, 
active control synthesis, and cabin-layout considerations to simultaneously satisfy flying qualities, 
structural load alleviation, and ride comfort requirements. 
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