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Piloted Evaluation of Flying-V with Incremental Nonlinear
Dynamic Inversion and Envelope Protection

Direnc Atmaca∗, Olaf Stroosma†, and Erik-Jan van Kampen‡

Delft University of Technology, Kluywerweg 1, 2629 HS, Delft, The Netherlands

The Flying-V is a novel flying wing aircraft design that aims to improve aerodynamic
efficiency and fuel consumption. In recent years, there has been an increased effort to evaluate
the handling qualities (HQs) of the Flying-V, and to develop new flight control strategies. One of
the latest flight control designs for the Flying-V uses Incremental Nonlinear Dynamic Inversion
(INDI) with a Flight Envelope Protection system. The purpose of this research is to validate this
FCS design and its conclusions on handling qualities by conducting piloted experiments. To
facilitate a sound comparison, the aerodynamic model, flight control structure, and airframe
characteristics are taken as is from the existing study. For the experiment, numerous maneuvers
are designed and carried out. The experiment is performed on the SIMONA Research Simulator
of the Delft University of Technology, with three real-life test pilots as participants. The results
show a significant correlation with offline findings and demonstrate the improvement in HQs
provided by the flight control system.

I. Introduction

The conventional commercial aircraft that consists of a fuselage and two wings has been dominating the market for
the last 50 years [1]. Lately, with an increase in strong public opinion on environmental protection, the efficiency

requirements for aircraft have been becoming increasingly stringent. As a result, this drove aircraft designs to have
higher fuel efficiency, less noise, and larger capacity. However, the fuel efficiency of the conventional design has
been approaching an asymptote since the 1980s. To overcome this stagnation in fuel efficiency, some new airframe
concepts such as blended-wing-body (BWB) and flying-wing have been proposed. One promising flying-wing design
that was initially proposed by Benad [2] is called the Flying-V. It is a long-distance energy-efficient commercial aircraft
concept that integrates passengers, cargo hold, and fuel tanks inside two merged wings, creating a unique V shape∗. The
Flying-V promises significant improvements in aerodynamic efficiency and up to 20% fuel savings compared to Airbus
A350-1000, all while managing to keep the same wing span with a shorter length [2–4].

Since its conception, Flying-V has been gaining increasing attention from the research community. Over the last ten
years, many studies have been published focusing on a variety of design aspects, including model identification, control
systems, aerodynamic analysis and optimization, and assessment of handling qualities (HQ). An important component
of Flying-V research is the design of the flight control system (FCS) and the evaluation of the handling qualities. The
Flying-V flight control problem is a challenging one due to the distinctive design of the airframe. In recent years, many
studies have focused on identifying, understanding, and solving a range of flight control problems related to the Flying-V
model. An earlier paper pointed out that the Flying-V has pitch-break tendencies when the angle of attack is greater
than 19 degrees, leading to static instability [5]. Another study on handling qualities revealed that the Dutch roll is
insufficiently damped and is highly coupled with other dynamic modes [6]. Recent piloted simulator experiments have
investigated these issues related to the model [7–9]. The experiments assessed the handling qualities of the Flying-V
through pilot feedback, with each study examining different stability components under different flight conditions and
aircraft configurations. This revealed the need for refining the aircraft model and the control system. Consequently, as
the Flying-V evolves, handling quality assessment stands to be a major part of the research and is also imperative for
certification.

Most recently, three papers focusing on modeling, control, and handling qualities have been published [10–12].
These papers present three important contributions for handling quality analysis and control system design of the
Flying-V. The first is aerodynamic modeling using data generated with a Vortex Lattice Method (VLM) and data from
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previous wind tunnel experiments (WTE), performed on a scaled Flying-V model. Since VLM is a linear method, it
cannot capture nonlinear phenomena. For this reason, VLM is used as a baseline model, where it is expanded using the
WTE data to include nonlinearities. The second contribution is an offline handling quality analysis focusing mainly on
the dynamic modes for both bare and augmented airframe models. The results of the offline analysis verified many
of the previous findings, such as the insufficiently damped Dutch roll. In addition, it created a baseline handling
quality expectation that needs to be validated through pilot-in-the-loop experiments. Lastly, the third contribution is the
design of an Incremental Nonlinear Dynamic Inversion (INDI) flight controller [13–16] that uses a law based on the
C* parameter [17, 18] for longitudinal control, a roll rate command for lateral control, and a sideslip compensator for
directional control. In addition, the control system is equipped with a flight envelope protection (FEP) system with
angle of attack, bank angle, and load factor limits. Compared to previous control designs for the Flying-V, INDI is a
big step forward as it is more robust against uncertainties in aerodynamic coefficients, and it only requires an onboard
control effectiveness model to derive the control law.

To carry the Flying-V research even further, a Flying-V Flight Control Project is currently underway. The project
aims to increase the Technology Readiness Level (TRL) of the Flying-V control systems from 3 to 5, while ensuring
level 1 handling qualities for the augmented airframe and level 2 for the bare-airframe. To this end, several developments
are being made in aerodynamic model identification, scaling, and control system design and evaluations.

This paper presents four research contributions. The first is validating the handling quality findings detailed in
[10, 11]. The second contribution is validating the non-piloted simulation results of the INDI flight control system with
FEP proposed in [12]. The third contribution is to demonstrate that FCS reduces pilot workload and leaves an overall
impression of safety on the pilots. The last contribution is to test whether the FEP functionality works as intended and
prevents the aircraft from exceeding the designated limits.

To accomplish these through piloted handling quality evaluations, three pilots are invited as participants. As
simulation platform, the SIMONA Research Simulator (SRS) [19] of Delft University of Technology (TU Delft) is used.
SRS is a sophisticated simulator equipped with a flight deck, motion system, visual display system, and control loading
system. The pilots are asked to perform a variety of longitudinal and lateral-directional maneuvers specifically chosen
for proper HQ evaluation. The results are collected using the Cooper-Harper rating scale [20], PIO rating scale [21],
EASA CS-25 Easy Access Rules [22], and verbal pilot feedback.

The structure of this paper is as follows: Section II covers the aircraft modeling, including a discussion of the
aerodynamic model, physical parameters, and control surface specifications. Section III explains the control allocation
and the system setup for the bare-airframe as well as the INDI-based flight control system. Section IV outlines the
expected handling qualities that resulted from the offline analyses in previous studies. Section V discusses the setup of
the experiment in the SRS, the tasks given to the pilots, the flight conditions, the pilot qualifications and the experiment
timeline. Section VI describes the results and provides a detailed discussion. Finally, Section VII gives an overview of
the paper, outlines the main findings, and suggests future directions for the research.

II. Aircraft Modeling
The Flying-V is under continuous development, which means that there have been many design iterations of the

airframe. As a result, there is great variability between each iteration, resulting in different structural characteristics,
control surface layouts, aerodynamic models, and flight conditions. This paper uses the aircraft model described in
[10, 11].

A. Aerodynamic Model
The aerodynamic model is a combination of two models identified through different methods. The first is the

linear VLM model, which is obtained from another study [6]. Due to its linear nature, VLM is limited in accurately
representing the entire flight envelope. The validity of the model degrades as the point of evaluation moves away from
the predetermined flight conditions. The model is only considered to be valid for angle of attack values between -5 to 15
degrees. In addition, the model does not consider other factors such as the landing gear model, compressibility, ground
effect, aeroelasticity, and atmospheric effects.

From previous research, the Flying-V is known to have pitch break tendencies at higher angle of attack values [5, 6].
The pitch break is inherently nonlinear and cannot be captured using a linear model. For this reason, a second model
identified from wind tunnel experiments (WTE) is used [23]. However, the WTE model also has limitations due to the
setup of the experiment. The wind tunnel experiments are performed on a subscale half-span model of the Flying-V [5],
leading to lower fidelity. Also, since measurements are taken with sensors that are placed along the wingspan, they are
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affected by structural vibrations. During model identification, the wingtips that contain the rudders were removed from
the analysis, making it quite difficult to identify lateral-directional behavior. This also makes it challenging to capture
Dutch roll characteristics from nonlinear data.

To combine these two models, the VLM is used as a baseline, where its longitudinal coefficients are modified
using the wind tunnel data to capture the pitch-break behavior. However, there are some important points that must be
considered before combining the models. Firstly, the control surface layout between the subscale model used in WTE
and the full-scale model used in VLM is different. The subscale model has no rudders but has three elevons on each
wing, whereas the full-scale model has one rudder and two elevons on each side. In addition, the subscale coefficients
must be scaled up before they can be integrated with the full-scale coefficients.

Considering that the WTE model cannot be used to capture the Dutch roll, the lateral direction coefficients 𝐶𝑌 , 𝐶𝐿 ,
and 𝐶𝑁 are directly taken from the VLM model. For the remaining coefficients, 𝐶𝑋, 𝐶𝑍 , and 𝐶𝑀 are combined using
both models. For angle of attack values between -5 and 15 degrees, they are taken from the VLM, and between 15 and
30 degrees, they come from the WTE model. Using the combined model, the aerodynamic coefficients are determined
for cruise (M = 0.85) and approach (M = 0.2) conditions. Figures 1 and 2 show the longitudinal coefficients in these
conditions for the combined and separate models.

Fig. 1 Longitudinal coefficients for WTE and VLM in cruise and approach conditions, taken from [10]

Fig. 2 Longitudinal coefficients for the combined model, taken from [10]

From the pitching moment figure 𝐶𝑀 , it can be seen that when considered separately, VLM cannot capture pitch
break. However, the combined model is able to capture this in both cruise and approach conditions.
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B. Aircraft Configuration
The structural and physical parameters of the airframe are taken from Cappuyns [6]. These values are also used

by van Overeem [10, 11] for aerodynamic model construction and offline handling quality analysis. The layout of the
control surfaces is given in Figure 3. The current Flying-V configuration possesses two elevons and one rudder on each
side. The rudders are controlled with a single control input; hence, they are considered as a single control surface. The
control surface deflection rate limits are taken from Stougie [12], whereas the deflection range comes from [6]. The
definitions of the control surfaces and limits are given in Table 1.

Fig. 3 Control surface layout, obtained from [11]

The aircraft configuration is chosen in a way that allows validating the offline handling quality analysis of both the
bare airframe and the augmented airframe through piloted evaluations. The next section focuses on the distinction
between the bare and augmented airframe, and explains the method of augmentation.

Table 1 Control surfaces and corresponding limits, based on [6, 12]

Label Control Surface Deflection Range, deg Deflection Rate Range, deg/s
CS1𝐿 Left inboard elevon [-25,25] [-80,80]
CS2𝐿 Left outboard elevon [-25,25] [-80,80]
CS1𝑅 Right inboard elevon [-25,25] [-80,80]
CS2𝑅 Right outboard elevon [-25,25] [-80,80]
CS3 Rudders [-30,30] [-120,120]

III. Flight Control System
This section explains the bare and augmented airframe models, as well as the associated control allocation. For both

airframes, the structural parameters, control surface deflection limits, aerodynamic model, and actuator dynamics are
kept the same. The dynamics of the aircraft, sensors, and actuators are directly taken from the control design proposed
in [12], which originates from [24].

A. Bare-airframe Model
Bare-airframe refers to aircraft with no stability augmentation system. In this configuration, the pilot directly

commands the control surfaces using the sidestick for longitudinal and lateral channels, and through the pedals for
directional. Figure 4 shows the setup of the bare-airframe. In the figure, 𝑢 stands for the control input that results from
control allocation, 𝑥 is the aircraft state vector, and 𝑥𝑚𝑒𝑎𝑠 is the measured aircraft state vector including the effect of
sensor noise on the states. Actuator dynamics are modeled as second-order systems. The control allocation used for the
bare-airframe is referred to as explicit-ganging in the literature. With this method, the relationship between the pilot
input and the control input is fixed. The pilot inputs are spread over the elevons and rudders manually. The relation for
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Fig. 4 Bare-airframe setup

control allocation is given in 1. 

𝛿𝐶𝑆,1𝐿

𝛿𝐶𝑆,1𝑅

𝛿𝐶𝑆,2𝐿

𝛿𝐶𝑆,2𝑅

𝛿𝐶𝑆,3


=



0 −1 0
0 −1 0
1 −1 0
−1 −1 0
0 0 −1



𝛿𝑙𝑜𝑛

𝛿𝑙𝑎𝑡

𝛿𝑑𝑖𝑟

 (1)

In equation 1, 𝛿𝐶𝑆 stands for the control surface deflections, and 𝛿𝑙𝑜𝑛,𝑙𝑎𝑡 ,𝑑𝑖𝑟 are the longitudinal, lateral, and
directional pilot inputs, respectively. Since the Flying-V has an unconventional airframe, control allocation is not
straightforward. In traditional aircraft, there is a clear distinction between control surfaces such that ailerons are used
only for lateral motion and elevators for longitudinal motion. However, the Flying-V has four elevons that act as both
elevator and aileron. This requires the designer to make a decision about the control allocation. For the purposes of this
study, all elevons are used for longitudinal control, whereas only the outboard elevons are used for lateral control.

B. Augmented-airframe Model
The discussion is divided into two parts, the inner loop and the outer loop. The inner loop covers the control

allocation and the derivation of Incremental Nonlinear Dynamic Inversion, whereas the outer loop contains the C*
controller, the roll and pitch reference models, sideslip compensator, pseudo-control hedging, linear controller, and the
flight envelope protection system. An overall schematic of the control system is shown in Figure 5.

Fig. 5 Flight Control System Layout, obtained from [12]

1. Inner Loop
The control system used for the augmented airframe is based on incremental nonlinear dynamic inversion (INDI),

which is fundamentally a sensor-based feedback linearization method. By linearizing the system through model
inversion, INDI allows using linear control methods such as PID for flight control. Assuming the system is control-affine,
it can be written as in equation 2.

¤𝒙 = 𝑓 (𝒙) + 𝐺 (𝒙)𝒖 and 𝒚 = ℎ(𝒙) (2)
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In equation 2, 𝒙 refers to the state vector, 𝒖 is the input vector, and 𝒚 is the output vector. Starting from this
control-affine system, it is possible to apply Taylor expansion while neglecting higher-order terms. Applying the
expansion leads to equation 3.

¤𝒙 ≈ ¤𝒙0 +
𝜕

𝜕𝒙
[ 𝑓 (𝒙) + 𝐺 (𝒙)𝒖]𝒖0 ,𝒙0 (𝒙 − 𝒙0) +

𝜕

𝜕𝒖
[ 𝑓 (𝒙) + 𝐺 (𝒙)𝒖]𝒖0 ,𝒙0 (𝒖 − 𝒖0)

= ¤𝒙0 +
𝜕

𝜕𝒙
[ 𝑓 (𝒙) + 𝐺 (𝒙)𝒖]𝒖0 ,𝒙0 (Δ𝒙) + 𝐺 (𝒙0) (Δ𝒖)

(3)

To simplify this expression even further, we can use the time-scale separation principle. Assuming that the control
derivatives are much larger than the state derivatives, it is possible to rewrite this as in equation 4.

𝒖 = 𝒖0 + 𝐺−1 (𝒙0) (𝝂 − ¤𝒙0) (4)

In this equation, 𝝂 is the virtual control input that comes from a linear controller. The incremental nature of the
equation is apparent as the control input of the current step, 𝒖, results from an incremental update on 𝒖0. Also, as a
result of the time-scale separation, calculating the control input only requires the control effectiveness terms of the
aerodynamic model contained in 𝐺 (𝒙0), where its complete form is given in equation 5.

𝐺 (𝒙0) =
𝜌𝑉2𝑆𝑐

2
𝑰−1


𝐶𝑙𝛿𝐶𝑆1𝐿

𝐶𝑙𝛿𝐶𝑆1𝑅
𝐶𝑙𝛿𝐶𝑆2𝐿

𝐶𝑙𝛿𝐶𝑆2𝑅
𝐶𝑙𝛿𝐶𝑆3

𝐶𝑚𝛿𝐶𝑆1𝐿
𝐶𝑚𝛿𝐶𝑆1𝑅

𝐶𝑚𝛿𝐶𝑆2𝐿
𝐶𝑚𝛿𝐶𝑆2𝑅

𝐶𝑚𝛿𝐶𝑆3

𝐶𝑛𝛿𝐶𝑆1𝐿
𝐶𝑛𝛿𝐶𝑆1𝑅

𝐶𝑛𝛿𝐶𝑆2𝐿
𝐶𝑛𝛿𝐶𝑆2𝑅

𝐶𝑛𝛿𝐶𝑆3

 (5)

From equation 4, it is clear that this matrix has to be inverted. However, since the Flying-V has five control surfaces
and only three moments need to be controlled, the control effectiveness matrix is not square; hence, it cannot be directly
inverted. To overcome this issue, a proper control allocation strategy must be employed. For this reason, the method of
Cascaded Generalized Inverses (CGI) [25] is preferred. This strategy uses the Moore-Penrose pseudo-inverse for the
inversion while minimizing the overall control surface deflections. In case of control saturation, the algorithm removes
the rows and columns related to the saturated control surface from the control effectiveness matrix and re-allocates the
controls over the surfaces. This is repeated until no saturated control surfaces remain. For the complete algorithm and
details regarding the CGI, the reader is referred to [12, 25].

2. Outer Loop
Fundamentally, the outer loop defines the interaction between the pilot input and the inner loop controller. This is

done by defining control laws that convert the pilot inputs into roll, pitch, and yaw commands or references that must be
followed by the aircraft.

For longitudinal control, the FCS uses an Airbus-inspired C* approach. The C* is a criterion that combines load
factor and pitch rate, where the load factor dominates at higher speeds and the pitch rate at lower speeds. Essentially,
with this controller, the pilot commands a C* parameter through longitudinal sidestick inputs. The input then goes into
the longitudinal controller to generate a pitch rate command, ¤𝜃𝑐𝑜𝑚. The command in turn is sent to a pitch reference
model to create pitch, pitch velocity, and pitch acceleration references to be used by the linear controller. In addition,
the C * controller block seen in Figure 5 contains a load factor and angle of attack protection (AoA). The load factor, by
default, is limited to the range -1.0 to 2.5. The angle of attack protection works as a modifier of the maximum and
minimum load factor values, where the maximum AoA changes between 22 and 24 degrees depending on altitude, and
the minimum is set to -5 degrees. To modify the load factor limits, the current AoA is subtracted from the maximum
and minimum AoA, and the result is multiplied by a gain. These results are then sent to “min” and “max” statements to
find the load factor protection limits. The AoA protection is disabled when the AoA of the aircraft is between 0 and 15
degrees to prevent interference within the standard operational boundaries. The structure of the C* controller and the
protection systems are available in [12].

The lateral control implemented in the FCS is quite similar to the C* controller. The pilot commands roll rates
through lateral sidestick inputs. This input is sent to a roll reference model, which acts as a second-order filter to
generate roll, roll velocity, and roll acceleration references for the linear controller. Also, the reference model includes a
roll protection scheme. Roll values are limited to the range between -66 and 66 degrees. Lastly, for directional control,
the FCS includes a sideslip compensator. For this, the pilot directly commands sideslip angles through pedal inputs.
The input is then converted into a yaw rate reference, 𝑟𝑟𝑒 𝑓 .
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All these reference signals generated by the roll and pitch reference models as well as the sideslip compensator must
be followed by the aircraft. The generated signals are sent to a linear controller that utilizes a proportional-integral (PI)
scheme to calculate a control input for the body rates 𝜈𝑝 , 𝜈𝑞 , and 𝜈𝑟 that stabilizes the error dynamics. After this, the
measured angular rates ¤𝑝, ¤𝑞, and ¤𝑟 are subtracted from the control inputs to obtain the final virtual control that is sent to
the inner loop.

An important feature of the FCS discussed in this section is the Pseudo Control Hedging (PCH), which is a method
to create protection against control saturation. PCH calculates a virtual hedge, 𝝂ℎ, using the difference between actual
and commanded control surface deflections. This control input is then subtracted from the roll and pitch acceleration
references in each model, which essentially scales the commanded control deflections to a level achievable by the
actuators.

The next section will focus on presenting the offline handling quality results from previous studies for the bare and
augmented airframe, as well as providing a brief discussion about the tuning of the FCS.

IV. Handling Quality Expectations
This section explains the analytical handling quality expectations for the bare and augmented airframe. The results

presented in this section are taken from a series of papers that illustrate the gradual progress of the Flying-V control
system [10–12]. Since the focus of this paper is to perform a piloted handling quality validation of the existing
bare-airframe model and the flight control system, the most direct approach is comparing the simulator results with
these analytical expectations.

A. Bare-airframe Analytical Handling Qualities
This study uses three types of handling quality requirements, which are the trim requirements from EASA CS-25

[22], modal requirements from MIL-F-8785C [26], and the Control Anticipation Parameter (CAP). For comparison
purposes, only the modal and CAP requirements will be taken into account, as these allow for direct classification of
handling qualities between level 1 and 3. The offline analysis is limited to only approach and cruise conditions.

1. Modal Analysis Results
The MIL-F-8785C document [26] outlines several frequency and damping requirements for dynamic modes of the

aircraft. To calculate these modal values, the aircraft must first be linearized at its trim condition. After expressing
the linearized system in state-space form, the eigenmodes of the linearized system can be directly calculated from the
system matrix A. These eigenmodes for the approach and cruise conditions are given in Tables 2 and 3.

Table 2 Eigenmodes for the approach condition at the forward and aft CG, obtained from [10]

Approach (M = 0.2)
Forward CG Aft CG

Eigenmodes 𝜁 𝜔 𝑇𝑟 , s 𝑇𝑠 , s 𝜁 𝜔 𝑇𝑟 , s 𝑇𝑠 , s
Short Period 0.683 0.681 - - 0.744 0.609 - -

Phugoid −2.31 · 10−3 0.161 - - −4.37 · 10−2 0.146 - -
Dutch Roll −8.14 · 10−2 0.992 - - −8.97 · 10−2 0.848 -

Aperiodic Roll - - 1.26 - - - 1.32 -
Spiral - - - 42.6 - - - 79.4

The handling quality levels for these values can be obtained by comparing them with the requirements defined in
[26]. In these tables, 𝜁 stands for the damping ratio, 𝜔 is the natural frequency, 𝑇𝑟 is the roll time constant in seconds,
and 𝑇𝑠 is the spiral time constant in seconds. Before moving on with the exact requirements for each mode, it would
make sense to explain the meaning of flying/handling quality levels.
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Flying quality levels according to MIL-F-8785C:
• Level 1: Flying qualities clearly adequate for the mission flight phase
• Level 2: Flying qualities adequate to accomplish the mission flight phase, but some increase in pilot workload or

degradation in mission effectiveness, or both, exists
• Level 3: Flying qualities such that the airplane can be controlled safely, but the pilot workload is excessive or

mission effectiveness is inadequate, or both
Now that the definitions are established, the requirements for each eigenmode are given in Table 4.

Table 3 Eigenmodes for the cruise condition at forward and aft CG, obtained from [10]

Cruise (M = 0.85)
Forward CG Aft CG

Eigenmodes 𝜁 𝜔 𝑇𝑟 , s 𝑇𝑠 , s 𝜁 𝜔 𝑇𝑟 , s 𝑇𝑠 , s
Short Period 0.225 2.01 - - 0.303 1.41 - -

Phugoid 7.19 · 10−2 5.43 · 10−2 - - 6.97 · 10−2 5.37 · 10−2 - -
Dutch Roll −7.38 · 10−3 0.811 - - 4.68 · 10−3 0.732 -

Aperiodic Roll - - 1.32 - - - 1.71 -
Spiral - - - Stable - - - Stable

Table 4 Modal requirements for the approach and cruise conditions, based on [10, 26]

Modes Levels Approach (M = 0.2) Cruise (M = 0.85)
Level 1 0.5 < 𝜁𝑠𝑝 < 1.3 0.3 < 𝜁𝑠𝑝 < 2.0

Short Period Level 2 0.35 < 𝜁𝑠𝑝 < 1.3 0.2 < 𝜁𝑠𝑝 < 2.0
Level 3 0.25 < 𝜁𝑠𝑝 0.1 < 𝜁𝑠𝑝
Level 1 0.04 < 𝜁𝑠𝑝 0.04 < 𝜁𝑠𝑝

Phugoid Level 2 0 < 𝜁𝑠𝑝 0 < 𝜁𝑠𝑝
Level 3 Unstable with 55𝑠 < 𝑇𝑠𝑝 Unstable with 55𝑠 < 𝑇𝑠𝑝
Level 1 𝜁𝑑 > 0.08 𝜁𝑑𝜔𝑑 > 0.10 𝜔𝑑 > 0.5 𝜁𝑑 > 0.08 𝜁𝑑𝜔𝑑 > 0.10 𝜔𝑑 > 0.5

Dutch Roll Level 2 𝜁𝑑 > 0.02 𝜁𝑑𝜔𝑑 > 0.05 𝜔𝑑 > 0.5 𝜁𝑑 > 0.02 𝜁𝑑𝜔𝑑 > 0.05 𝜔𝑑 > 0.5
Level 3 𝜁𝑑 > 0 𝜔𝑑 > 0.4 𝜁𝑑 > 0 𝜔𝑑 > 0.4
Level 1 𝑇𝑟 < 1.4𝑠 𝑇𝑟 < 1.4𝑠

Aperiodic Roll Level 2 𝑇𝑟 < 3.0𝑠 𝑇𝑟 < 3.0𝑠
Level 3 𝑇𝑟 < 10.0𝑠 𝑇𝑟 < 10.0𝑠
Level 1 𝑇𝑠 > 17.3𝑠 𝑇𝑠 > 28.9𝑠

Spiral Level 2 𝑇𝑠 > 11.5𝑠 𝑇𝑠 > 11.5𝑠
Level 3 𝑇𝑠 > 7.2𝑠 𝑇𝑠 > 7.2𝑠

By comparing the eigenmode values of the bare-airframe model given in Tables 2 and 3, with the requirements
defined in 4, it is possible to obtain the handling or flying quality classifications. Looking at the short period at the aft
center-of-gravity, the bare-airframe has Level 1 handling qualities in both cruise and approach conditions, whereas at the
forward CG, it has Level 2 in both flight conditions. For the phugoid during approach, the eigenvalues indicate instability
since their real component is positive. Hence, the approach condition cannot be classified using the MIL-F-8785C
standard. However, during the cruise, both aft and forward CG locations exhibit Level 1 handling qualities. Dutch roll is
mostly unstable and cannot be classified, except at the aft CG for cruise condition, where it shows Level 3 handling
qualities. Aperiodic roll is stable for all CG locations and flight conditions. For the approach condition, it displays Level
1 handling qualities, while for the cruise it shows Level 1 at the forward CG and Level 2 at the aft CG. The spiral mode
is stable at the cruise condition, which automatically puts it in the Level 1 category; however, it is unstable during the
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approach. Even though the mode is unstable, the handling quality category depends on the spiral time constant, which
puts it at Level 1 for the approach at both CG locations.

Overall, although this might not be the case for all modes, the forward CG is less stable than the aft. Hence, for the
control augmentation and the associated piloted evaluations, only the forward CG will be studied, as it is more critical
than the aft CG.

2. Control Anticipation Parameter
The control anticipation parameter (CAP) is mainly a longitudinal parameter concerned with the pilot’s perception

of aircraft responsiveness. The expression for the CAP and its relation to pitch rate are given in Equations 6 and 7.

CAP =
𝑔𝜔2

𝑠𝑝𝑇𝜃2

𝑉
(6)

𝑞(𝑠)
𝛿𝐶𝑆1 (𝑠)

=
𝐾𝑞

(
1 + 𝑇𝜃2 𝑠

)
𝑠2 + 2𝜁𝑠𝑝𝜔𝑠𝑝 + 𝜔2

𝑠𝑝

(7)

The CAP can be defined as the ratio of the initial pitch acceleration response to the final steady-state normal acceleration
due to an elevator or in the case of the Flying-V, elevon deflection. Based on Equation 6, CAP is closely related to the
square of the short period frequency and the airspeed. From Tables 2 and 3, the short period frequency at the forward
CG is 0.681 and 2.01, respectively, for the approach and cruise conditions. As a result, the CAP is expected to be
smaller for approach. This indicates that the response of the aircraft along the pitch channel might feel more sluggish
with decreasing speed. The CAP values and the handling qualities requirements are presented in Figure 6.

Fig. 6 CAP values and requirements, taken from [10]

In this figure, the regions related to Levels 1, 2, and 3 are indicated by Roman numerals I, II, and III, respectively.
Hence, it is straightforward to notice that during approach at the forward CG, the CAP is right between Level 1 and 2,
whereas at the aft CG it is Level 2. For cruise at the aft CG, the CAP is between Level 1 and 2, while at the forward CG
it exhibits level 2 handling qualities.

B. Augmented-airframe Analytical Handling Qualities
The FCS used for the augmented airframe is taken from Stougie [12]. In order to ensure that the FCS delivers desired

performance, the control gains must be tuned properly. For this reason, a multi-objective optimization strategy is adopted,
where the optimization constraints are set using performance requirements that are based on the MIL-STD-1797A
[27] document. The optimization is divided into two separate tasks as the longitudinal and lateral tuning, and they are
executed independently of each other. Separation of the tuning is viable since the scoring of each task is independent of
the other. The tuning is only performed for the cruise condition at the forward CG location.
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The longitudinal tuning uses handling quality requirements on the gain and phase margins of the pitch rate, short
period frequency and damping ratio, CAP, bandwidth frequency, the equivalent time delay parameter, and the low-order
equivalent system (LOES) fitting score. These constraints are used for minimizing the maximum control surface
deflections, control surface activity, C* settling time, and C* overshoot. On the other hand, lateral tuning uses
requirements on the gain and phase margin of roll and yaw rates, aperiodic roll and spiral time constants, Dutch roll
frequency and damping ratio, and the LOES fitting score. Similarly, these are used to minimize control surface activity,
maximum control surface deflections, and roll settling time. The results of the tuning procedure are given in Figure 5,
where yellow cells indicate Level 2 handling qualities, and all the rest are Level 1.

Table 5 Tuning of the flight control system in cruise, obtained from [12]

(a) Longitudinal tuning results

Parameter No
Sensors

Adjusted
Sensors

Baseline
Sensors

GM on 𝜈𝑞 , dB 20.37 6.08 5.35
PM on 𝜈𝑞 , deg 65.34 48.06 34.5
𝜔𝑠𝑝 , deg/s 1.81 1.82 2.18
𝜁𝑠𝑝 1.29 1.12 0.79
CAP, 𝑔−1𝑠−2 0.433 0.388 0.368
𝜔𝐵𝑊 , rad/s 3.27 3.17 3.12
𝜏𝑝 , s 0.029 0.021 0.038
LOES𝑠𝑐𝑜𝑟𝑒 4.67 4.05 10.79

(b) Lateral tuning results

Parameter No
Sensors

Adjusted
Sensors

Baseline
Sensors

GM on 𝜈𝑝 , dB 24.28 7.91 6.97
PM on 𝜈𝑝 , deg 63.16 52.95 48.98
GM on 𝜈𝑟 , dB 26.29 7.19 5.85
PM on 𝜈𝑟 , deg 75.95 49.28 22.82
1/𝑇𝑠 , 𝑠−1 0.074 0.065 0.07
𝑇𝑟 , s 0.513 0.604 0.52
𝜔𝑑𝑟 , rad/s 1.036 2.66 3.81
𝜁𝑑𝑟 0.26 0.52 0.74
𝜔𝑑𝑟 𝜁𝑑𝑟 , rad/s 0.27 1.37 2.83
LOES𝑠𝑐𝑜𝑟𝑒 3.54 3.74 3.77

An important contribution of this tuning procedure is that this process was repeated for three different sensor
configurations, which are no sensors, baseline sensors, and adjusted sensors. The tuning procedure without sensor
dynamics yields Level 1 handling qualities for all parameters. However, when sensor dynamics are added for tuning, the
gain and phase margins for the pitch and yaw rates decline to Level 2, while all the rest remain at Level 1. The main
cause of this decline is the sampling rate and the time delay modeling of the angular rate sensor. Hence, to recover the
handling qualities back to Level 1, an adjusted sensor model is proposed. The new model uses an angular rate sensor
with a time delay of 0.04 seconds and a filter time constant of 0.03. The adjusted sensor model successfully recovers
Level 1 handling qualities for all parameters. It is noted in [12] that as long as the sampling frequency of the angular
rate sensor is equal to or above 100 Hz with a maximum time delay of 0.05 s, the FCS can be tuned to deliver Level 1
handling qualities.

In conclusion, the same FCS structure and final gains associated with the updated sensor model will be used for
piloted evaluations. Hence, based on this offline analysis, the piloted evaluations of the augmented airframe should
deliver level 1 handling qualities in cruise condition.

The next section will explain the experiment design for the simulator evaluations including the assessment methods,
rating scales, maneuvers, tasks, flight conditions, the SIMONA Research Simulator, symbology for the tasks, pilot
qualifications, and the experiment timeline.

V. Experiment Design
The experiment is designed with the objective of investigating the handling qualities of the bare and the augmented

airframes. As explained in the previous sections, there are existing studies on the Flying-V using the same aerodynamic
model and the FCS used in this paper. These studies make several claims regarding handling qualities based on offline
simulations. Hence, one aspect of this paper is the validation of these claims through piloted tests. In addition to
handling qualities, specific maneuvers are designed to test the flight envelope protection by pushing the aircraft towards
the edges of the flight envelope.
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A. Piloted Handling Quality Assessment Methods
There are several rating scales and requirements that allow quantifying the handling qualities of the aircraft during

piloted simulations. For this paper, two primary rating scales and various requirements from the EASA CS-25
specifications are used. The first handling quality scale is the Cooper-Harper (CHRS) [20]. This scale helps the pilot
rate aircraft behavior for a specific task to achieve desired performance. Fundamentally, the pilot will rate the adequacy
of the aircraft for a pre-designated operation or mission. Hence, the validity of the CHRS is tied to the pre-defined
desired and adequate metrics.

In addition to CHRS, a second rating scale is used to reveal the pilot-induced oscillation characteristics while
performing tracking tasks. The AC 25-7D document from the U.S. Department of Transportation [21] outlines flight
test procedures to demonstrate compliance with the CS-25 requirements. According to AC 25-7D, tracking and capture
tasks can reveal PIO tendencies and assist in investigating pilot-aircraft couplings. Hence, including the PIO rating
broadens the conclusions that can be drawn from piloted tests. The characteristic descriptions of PIO are available from
the Federal Aviation Administration (FAA) and the military standard, MIL-STD-1797A [27]. However, for quantifying
the results, military ratings will be used.

B. Experiment Tasks and Flight Conditions
This subsection covers all the tasks and maneuvers designed for the experiment. Overall, three types of maneuvers

are considered, which are longitudinal, lateral-directional, and FEP. The definitions of each of these are explained
in conjunction with their scoring and/or compliance requirements. The longitudinal and lateral-directional task and
maneuver selections are derived from the AC 25-7D and CS-25 standards. The FEP maneuvers are designed based on
the FCS design specifically for this study; hence, they do not come directly from any military standard or civil aviation
authorities. For all tasks and maneuvers, the auto-throttle remains active to relieve the pilot from the responsibility of
adjusting the thrust manually. Although none of the tasks require speed adjustment, in case the pilot deems it necessary
to change the speed, they can do so by setting a new reference using the mode control panel. The longitudinal and
lateral-directional tasks are performed for both the bare and augmented airframe in cruise, climb-out, and approach
conditions. On the other hand, the FEP maneuvers are only performed for the augmented airframe in cruise condition.
The definitions of the flight conditions are given in Table 6. During the longitudinal tasks, lateral sidestick and rudder
pedal inputs are disabled to prevent accidental activation of the lateral-directional dynamics and to allow pilots to focus
on the given task.

Table 6 Flight conditions for the maneuvers

Condition TAS [Mach] TAS [m/s] Altitude [km] Air Density [kg/m3]
Approach 0.20 70 1 1.1116
Climb-Out at MTOW (Take-Off) 0.30 100 0.3 1.2250
Cruise 0.85 250 13 0.2655

1. Pitch Tracking (PT)
Pitch tracking is a task that looks at longitudinal motion and allows us to gain understanding of PIO susceptibility.

For this task, a reference signal consisting of steps and ramps is generated. Starting from the trim condition, the
pilot is asked to follow this pitch reference accurately enough to satisfy a pre-determined performance level, which is
characterized by the adequate and desired performance scores that are displayed for the pilot during the experiment. The
desired margin is defined as ±0.5 deg from the reference signal, whereas it is ±1 deg for the adequate margin. The
calculated scores are based on the time the pilot is able to stay within the margins as a percentage of the time elapsed for
the maneuver. Consequently, if the pilot is in the desired margins, both the desired and adequate scores will go up,
whereas if the pilot is only in the adequate margins, the desired score will go down. The pilot is asked to attain 75% for
desired compliance. Once the experiment is over, the pilot is asked to provide scores using the CH and PIO rating scales
and to provide comments regarding aircraft behavior. An example pitch signal with associated margins is shown in
Figure 7.
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Fig. 7 Example pitch reference signal

2. Flight Path Angle Tracking (FPAT)
The second task focusing on longitudinal dynamics is the flight path angle tracking. This maneuver is a valuable

addition to pitch tracking, as it is directly related to the aircraft’s velocity vector. Looking into flight path angle provides
insight into how well the aircraft’s trajectory is controlled. The tracking is performed similarly to pitch tracking using
a reference signal starting from the trim condition, where the desired and adequate margins remain the same. The
reference signal used for FPAT is less aggressive than the pitch tracking. This is because the flight path angle dynamics
are slower than the pitch dynamics. The pilot is asked to obtain a score of 75% for desired compliance. A flight path
marker and scores are available to the pilot during the task. Once the experiment is over, the pilot is asked to provide
scores using the CH and PIO rating scales and to provide comments regarding aircraft behavior.

3. Pitch Capture (PC)
The last maneuver for longitudinal dynamics is the pitch capture. This task is based on Section 5.1.4.4 of AC 25-7D

[21]. The pilot is asked to capture a sequence of pitch angles changing in 5 or 10 degree increments. There is no scoring
in this section, as pilots are asked to capture the pitch at their own pace, allowing them to freely comment on the aircraft
behavior without worrying about the desired performance.

4. Coordinated Turn (CT)
A particularly interesting maneuver that focuses mainly on lateral-directional motion is the coordinated turn. This

maneuver aims to test the aircraft’s capability to coordinate yaw, pitch, and roll together. To this end, the pilot is asked
to turn at a constant speed while minimizing the sideslip angle, which is available on the head-up display during the
maneuver. According to CS 25.143 (h), a bank angle between 40 and 45 degrees and a flight path angle between 0 and 5
degrees are required for compliance. The maneuver will be considered satisfactory if the pilot can keep the aircraft
within the target margins for 10 seconds.

5. Bank-to-Bank (BTB)
According to AMC 25.147(f) [22], an aircraft must be able to go from a 30 degrees steady banked turn to 30 degrees

opposite bank in 7 seconds for lateral control compliance. For this, starting from trim, the pilot is asked to reach a bank
angle between 30 and 36 degrees, while keeping a flight path angle between 0 and 5 degrees. Once the pilot leaves the
first target with all margins satisfied, a timer is displayed for the pilot, and simultaneously a marker indicates the next
bank angle target in the opposite direction. The maneuver is considered satisfactory once the pilot successfully reaches
the opposite bank under 7 seconds.

6. Steady Heading Sideslip (SHS)
Steady Heading Sideslip (SHSS) is a maneuver that allows assessing the crosswind capabilities of an aircraft.

The goal is to keep constant heading while the aircraft has non-zero sideslip. AMC 25.177(c) provides a formula to
determine the appropriate sideslip angle as a function of airspeed for this maneuver: 𝛽𝑟𝑒𝑞 = arcsin (30/𝑉) where V is
calibrated airspeed in knots. This leads to a sideslip requirement of 13.4, 9, and 7.4 degrees for approach, climb-out, and
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cruise, respectively. These are rounded off to 15, 10, and 5 degrees to make the task slightly more difficult in cruise and
easier in approach. Starting from the trim condition, the pilot is asked to capture the indicated sideslip while holding the
flight path angle between 0 and 5 degrees. The maneuver is considered complete if the pilot can maintain a constant
heading within a margin of ±7.5 degrees for 10 seconds while keeping constant speed.

7. Dutch Roll (DR)
As a part of its unique design, the Flying-V lacks a fuselage and a vertical tail. A consequence of this is that the

aircraft body has a harder time damping any undesired lateral-directional oscillations. For the bare-airframe model, as
seen in previous sections, the Dutch roll is known to be unstable. However, the FCS used for this experiment promises
level 1 handling qualities in cruise condition, including the Dutch roll. Hence, it is valuable to demonstrate how well the
FCS is able to compensate for the Dutch roll, its effect on pilot experience, and the degree of Dutch roll instability in
the bare-airframe model. To this end, starting from a steady trim condition, the pilot is asked to excite the Dutch roll
through a sideslip/rudder doublet input, and once the aircraft is in a sustained oscillation, to counteract this using any
means available.

8. Free Roll Captures (FRC)
For this maneuver, the pilot has complete freedom to capture bank angles in increments of 5 to 10 degrees. The goal

of this is to allow pilots to comment on the aircraft behavior while they resort to their natural flying instincts without
worrying about the margins and the desired performance.

9. High-Bank Descending Turn (HBDT)
This maneuver aims to test the roll protection feature of the FCS. For this, starting from trim, the pilot is asked to

apply a continuous lateral stick input while slowly descending. Roll protection becomes active once the bank angle
reaches 66 degrees. During the maneuver, the flight path angle must be kept between 0 and -20 degrees. The goal of the
descent is to prevent the aircraft from reaching a load factor of 2.5. If that were to happen, the load factor protection
would become active and would push the aircraft’s nose down, interfering with roll testing. The maneuver is considered
satisfactory if the pilot can descend while keeping a bank of 66 degrees for 10 seconds, and afterward is able to recover
to a zero bank and a flight path angle between -5 and 5 degrees.

10. Full-Pitch Ascending Turn (AT)
This maneuver focuses on testing the load factor protection of the FCS. The pilot is asked to reach a bank angle

of 45 degrees while maintaining a positive flight path angle. Once the initial target is satisfied, the pilot should apply
maximum pitch deflection with the sidestick and hold it for 20 seconds. This will push the load factor to 2.5 and activate
the protection system. Once the pilot is able to hold everything inside the margins for 20 seconds, is asked to recover to
zero bank and a flight path angle between -5 and 5 degrees for a successful maneuver.

C. Experiment Simulator
The experiment is carried out in the SIMONA Research Simulator (SRS) [19] of the Delft University of Technology.

SRS is a 6-DOF, motion-based simulator that possesses a flight deck, a visual display system, and a control loading
system. During the experiment, the motion system of the SRS remains inactive. This is due to the high-g nature of the
maneuvers for the FEP testing, and for the rest of the maneuvers, the contribution of the motion system is assumed to be
minimal on the pilot’s flight experience. Figure 8 shows the SRS from the outside and its interior.

An essential part of the simulator is the head-up display (HUD), which can be seen in Figure 8b located in the
middle. The flight parameters that are most relevant for the operation are communicated to the pilots through the HUD.
The display has a default layout to show these parameters, and there are additional layouts for each task. The default
layout is given in Figure 9.

In this default HUD configuration, “A” is the load factor, “B” is indicated airspeed in kts, “C” is the Mach number,
“D” is the thrust level as a percentage of the maximum thrust, where the yellow line is the thrust needed for trim, “E”
is the pitch ladder, “F” is the pitch indicator, “G” is the flight path angle marker, “H” is the altitude in feet, and “I”
provides the AoA, sideslip angle and flight path angle in degrees.
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(a) SRS from the outside (b) SRS from the inside

Fig. 8 SIMONA Research Simulator

Fig. 9 Default HUD configuration

D. Experiment Participants and Structure
The experiment is conducted with three different pilots. Two of the pilots are technical test pilots for commercial

aircraft, whereas the third pilot is both a flight test engineer and a US National Test Pilot School alum. The pilots and
their credentials are given in Table 7.

The simulation is performed in blocks for all pilots. The experimental sections are grouped into longitudinal,
lateral-directional, and FEP maneuvers for bare and augmented airframes. A total of five simulation blocks are designed.
The overall progression of each experiment session is given in Table 8.

Pilots A and C had complete availability to go through the simulation blocks in this order; however, Pilot B had
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Table 7 Pilots and their credentials

Pilot Credentials
A Technical Pilot (commercial aircraft)
B Flight Test Engineer, US National Test Pilot School Alum
C Technical Pilot (commercial aircraft)

Table 8 Simulation blocks

Simulation Blocks Tasks
Pitch Tracking

1. Longitudinal (Bare-Airframe) Flight Path Angle Tracking
Pitch Capture
Pitch Tracking

2. Longitudinal (Augmented-Airframe) Flight Path Angle Tracking
Pitch Capture
Dutch Roll
Coordinated Turn

3. Lateral-Directional (Bare-Airframe) Bank-to-Bank
Steady Heading Sideslip
Free Roll Captures
Dutch Roll
Coordinated Turn

4. Lateral-Directional (Augmented-Airframe) Bank-to-Bank
Steady Heading Sideslip
Free Roll Captures

5. FEP (Augmented-Airframe)
High-Bank Descending Turn
Full-Pitch Ascending Turn

limited availability. As a result, for that session, the longitudinal tasks for the bare and augmented airframes were
grouped in a single block, and the FPAT task was removed. In the second block, lateral-directional maneuvers for the
augmented airframe were considered together with the FEP tasks, and lastly only the Dutch roll was considered for the
bare-airframe lateral-directional block.

The next section will outline the results of these experiments, including the ratings, pilot comments, and data
analysis based on the experiment logs as well as pilot inputs, and will provide a discussion of the findings. In addition, a
comparative conclusion will be presented between the theoretical handling quality expectations based on offline analysis
and the experiment results.

VI. Results and Discussion
This section aims to present the results and provide a well-reasoned discussion using the data collected during the

experiment. The results are grouped into three categories, longitudinal, lateral-directional, and FEP. Each category
provides ratings, pilot comments, and where necessary, an analysis of the experiment data logs.

A. Longitudinal Results
The longitudinal tasks are the pitch tracking (PT), flight path angle tracking (FPAT), and pitch capture (PC). PT and

FPAT use scoring systems in relation to desired and adequate performance levels. Setting these levels is an essential
part of the evaluation, as they indicate the validity of the Cooper-Harper ratings given by the pilots. As explained in the
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previous section, the desired score for PT and FPAT is set to be 75%. The calculation of the score is based on how long
the pilot is able to stay inside the margins as a function of the total time elapsed for the task. So, before moving on with
the CHRS and PIO results, it makes sense to look at the desired and adequate scores the pilots are able to achieve. These
scores are given in Figure 10 for all longitudinal tasks performed during the experiment. It is important to reiterate that
the lateral sidestick and rudder pedal inputs are disabled for these maneuvers; therefore, the pilots did not use roll or yaw
inputs to perform the task. Also, due to limited availability of Pilot B, the FPAT task is removed from that session.

(a) Desired scores (b) Adequate scores

Fig. 10 Desired and adequate scores for all longitudinal tasks

Before analyzing the figure, it is important to mention that almost all pilots commented that longitudinal tasks were
highly demanding for a commercial airliner. Consequently, the requested performance limit was also deemed high. This
means that adjusting the difficulty of the tasks to be more operationally relevant with proper scoring targets can lead to
higher scores and a lower performance threshold.

The abbreviations CR and TO stand for cruise and take-off, respectively. By direct inspection of the figures, it is
possible to notice several trends. First, especially for the pitch tracking task, switching from augmented to bare airframe
leads to a significant reduction of the desired score. This is an expected observation and a positive indication that the
FCS is able to provide substantial performance improvements. The score reduction between the bare and augmented
airframe is less pronounced in the flight path angle tracking task. This disparity in the tracking results can be explained
by the additional dynamics between the pitch and flight path angle. Since the dynamics considered for this section are
purely longitudinal, the flight path angle can be defined as the difference between pitch and angle of attack. The pitch
angle describes the aircraft’s orientation with respect to the horizon, whereas the flight path angle defines the aircraft’s
velocity vector. Hence, considering that the speed is constant during the experiment due to auto-thrust, changing the
flight path angle first requires a change in pitch. The response of the flight path angle to these changes is, by nature,
slower and more damped. Consequently, it is easier for pilots to stay within the margins for the FPAT task. Additionally,
the scores for the cruise condition tend to be higher compared to take-off. This is because the aircraft is considerably
faster in cruise condition, where the control effectiveness is higher.

Now that the scores are established, it is interesting to visualize how these translate into actual Cooper-Harper and
PIO scores. Figure 11 gives the ratings for all longitudinal tasks and the associated handling quality classifications.
Fundamentally, the Cooper-Harper rating scale is a qualitative measure that depends on some desired performance
criteria and the pilot’s judgement on the aircraft behavior for a specific task. On the other hand, PIO rating is reflective of
pilot-aircraft couplings. As a result, it is difficult to find a direct correlation between these ratings and the handling quality
levels defined in the military standard MIL-F-8785C [26]. Fortunately, another military standard, MIL-STD-1797A
[27], provides handling quality categories for the PIO and CH rating levels.
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(a) Cooper-Harper Scores (b) PIO Scores

Fig. 11 Cooper-Harper and PIO ratings for all longitudinal tasks

Judging from the figures, for both ratings, the augmented airframe results are all within Level 1 according to Pilots
A and C. On the other hand, Pilot B, who could only perform the pitch tracking task, deemed the handling quality to be
Level 2. For the bare-airframe, pitch tracking scores of Pilot A and C moved towards Level 2. However, Pilot B gave a
CH rating of Level 3 and a PIO rating of Level 2. The score disparity between pitch tracking and flight path angle
tracking seen in Figure 10, exhibited itself in the ratings as well. Almost all FPAT tracking tasks are in the Level 1
range, with only some Level 2 ratings for the bare-airframe in cruise and take-off conditions.

During the experiments, pilots are asked to comment on the behavior of the aircraft while performing the tasks and
to provide an explanation for their ratings. In general, pilots commented that longitudinal tasks with the augmented
airframe are well-controllable, predictable, and realistic. For pitch and flight path angle tracking, reference signals are
regarded as difficult to follow when the load factor buffet limit is kept between 0.7 and 1.3. However, they are deemed
followable if the load factor buffet limit is increased to be between 0.4 and 1.6, which is significantly greater than
conventional aircraft configurations. Also, the auto-thrust is mentioned to work nicely. Conversely, some comments
note slight over and undershooting tendencies from the pilots in case of aggressive inputs. The pitch response is found to
exhibit small oscillations, together with slight dropback behavior and sluggishness, which nicely corresponds to the CAP
expectations outlined in Section IV.A.2. One pilot mentions that lowering the input aggressiveness solves the dropback,
oscillations, and under/overshooting tendencies but makes it difficult to attain desired performance. Figures 12 and 13
show the load factors and pitch behavior of Pilot A using low and high aggressiveness during pitch tracking. Following
the signal more aggressively violates the load factor buffet limits, but makes it easier to achieve the desired score.

Expectedly, the pilots had a more difficult time with the bare-airframe model for the same tasks. The aircraft was
commented to be stable and controllable, but only with significant pilot effort. Compared to the augmented airframe,
the pitch rate damping was mentioned to be much worse, and the PIO tendencies were more significant. In addition, the
stick deflections were more sensitive, which led to a higher workload for the pilots. This could be due to the linear
nature of the mapping between the sidestick and control surface deflections, which does not take flight condition into
consideration. Interestingly, for the tasks in take-off condition, one pilot commented that the aircraft feels unstable with
high-frequency but small-amplitude oscillations. However, another pilot mentioned better pitch rate damping and lower
PIO tendencies for the same task. Furthermore, the pitch response was found to be more sensitive in take-off compared
to cruise.

Lastly, none of the tasks could be performed in approach condition due to very low control authority, and high angle
of attack values necessary to trim the aircraft. Trimming the aircraft in approach requires around 23 degrees AoA, and
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Fig. 12 Pitch and load factor behavior for low aggressiveness

Fig. 13 Pitch and load factor behavior for high aggressiveness

around 20 degrees deflection for all elevons. This AoA value immediately activates the AoA protection system for the
augmented airframe, and since the control deflection limit is set to 25 degrees for the elevons due to actuator limitations,
the remaining control authority is not sufficient to track any reference signal.

B. Lateral-Directional Results
The lateral-directional tasks are the Dutch roll, coordinated turn, bank-to-bank, steady heading sideslip, and free roll

captures. In contrast to longitudinal tasks, these maneuvers are not assessed through a scoring and/or rating system. As
mentioned previously, these maneuvers are designed specifically to demonstrate compliance with the EASA CS-25
rules and are evaluated on a pass/fail basis. For free roll captures, no evaluation criteria are used, and the only outcome
collected is verbal pilot feedback. Table 9 shows the results for all maneuvers, where (!) indicates a conditional pass as
explained in more detail in the following sections.

The criteria for passing and failing each task are described in Section V. Moreover, due to the limited availability of
Pilot B, only two cases could be tested for the bare-airframe. Nevertheless, as it will become clear during the discussion,
this does not change the validity of these results. The discussion is divided into two as augmented and bare-airframe.

1. Augmented Airframe
From the table, almost all maneuvers were successful for the augmented airframe except for the steady heading

sideslip in take-off condition. For this maneuver, obtaining a sideslip angle of 10 degrees is required while keeping
the heading constant. The failure is caused by the aircraft’s inability to follow the sideslip command given by the
pilot through the pedals. The pilots indicated the possibility of rudder saturation. Therefore, an investigation of the
experiment data logs revealed that the rudders are in fact saturating before the commanded sideslip can be attained.
Figure 14 shows the commanded and measured sideslip angles, as well as the control surface deflections for the SHS
maneuver performed by Pilot C in take-off condition. As seen in the figure, initially the actual sideslip is able to follow
the command; however, at around 20 seconds, the rudder starts saturating and the sideslip can no longer follow the
commanded value.
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Table 9 Results for all lateral-directional maneuvers

Augmented-Airframe Bare-Airframe
Maneuvers Pilot A Pilot B Pilot C Pilot A Pilot B Pilot C

DR-CR Pass Pass Pass Pass Pass Fail
DR-TO Pass Pass Pass Pass - Fail

CTC-CR Pass Pass Pass Fail Fail Fail
CTC-TO Pass Pass Pass Fail - Fail
BTB-CR Pass Pass Pass Pass(!) - Pass(!)
BTB-TO Pass Pass Pass Pass(!) - Pass(!)
SHS-CR Pass Pass Pass Fail - Fail
SHS-TO Fail Fail Fail Fail - Fail

The pilots successfully completed the remaining maneuvers while providing feedback for each of them. They
characterized the Dutch roll as perfectly stable, ’deadbeat’, and self-damping without requiring pilot input. One pilot
even commented that the Dutch roll behavior of the augmented airframe is better than a commercial airliner with which
they have experience.

For coordinated turn, pilots noted the desirable characteristics of the augmented aircraft and good turn coordination
during cruise conditions. However, they commented on the high back pressure relative to roll input during turns,
revealing a discrepancy in sensitivity between pitch and roll channels. One pilot also observed a slight lag in turn
coordinated in take-off conditions.

The bank-to-bank maneuver in cruise condition is considered to be stable, as all pilots are able to perform the task
with dynamic and stable captures. Nevertheless, in take-off condition, pilots mentioned a slight PIO tendency, roll
hesitation, and pitch dropout, especially when high roll inputs are applied. The pilot who experienced the pitch dropout
suggested that it might be due to elevon saturation. Investigating the data after the experiment confirmed the suggestions
of the pilot. Figure 15 shows the inputs given by the pilot during the BTB maneuver and the control surface deflections.
This figure does not include the rudder deflections, as it would further complicate the plot and does not add value
for this specific analysis. From the inset of these figures, it can be seen that around 13 seconds from the beginning
of the experiment, the elevons start to saturate. The effect of saturation is clear from the pitch angle plot, where the
saturation of CS1R and CS2L leads to a slight initial increase, as the remaining control surfaces try to compensate for
the saturation. This is followed by a sudden pitch drop once the remaining surfaces saturate as well. The saturation
limits of the elevons are indicated by black dashed lines.

Fig. 14 Sideslip angles and control surface deflections: augmented airframe, SHS maneuver, TO condition

Lastly, during the free roll captures, pilots commented good turn coordination and easy bank control. On the
other hand, they reported small pitch and sideslip oscillations while capturing various roll targets. Similarly to the
bank-to-bank discussion, one pilot commented that large roll inputs drop the nose slightly, which, as already explained,
is due to elevon saturation.
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Fig. 15 Pitch angle and control surface deflections: augmented airframe, BTB maneuver, TO condition

2. Bare-Airframe
From Table 9, it is clear that the bare-airframe model performs significantly worse than the augmented airframe,

as almost all maneuvers fail. The core reason for these failures is the very poorly damped Dutch roll. In the section
related to handling quality expectations, the Dutch roll is stated to be unstable for the bare-airframe model at the forward
CG location. Hence, this result is not surprising; however, the extent of instability is worse compared to the previous
lateral-directional piloted study on the Flying-V [7]. The degradation of lateral-directional behavior could be explained
by differences in the aerodynamic model between the two studies.

The pilots found the Dutch roll to be quite challenging and difficult to control. Most of the remarks by the pilots had
similar themes. They mentioned that the Dutch roll by itself does not dampen out without pilot intervention, and there
is a lot of adverse yaw present. The recovery method was found to be highly unusual in the sense that conventional
recovery techniques lead to divergent behavior. It was noted that rudder-only recovery strategies make the situation
worse. However, the oscillations were less pronounced when unloading, and for singlet inputs. Applying small sideslip
corrections while unloading was proposed as a potential effective recovery technique. In addition, pilots commented
that being able to see the horizon and activating the motion system of the simulator could help with recovery.

All remaining maneuvers suffer from the Dutch roll instability. The only maneuver that could be satisfied was
bank-to-bank. However, as can be seen in Table 9, the result of the BTB maneuvers has "(!)" right next to them. This
mark indicates that the requirements for those maneuvers could only be satisfied through dynamic captures. Compliance
with bank-to-bank does not specify any stability or overshoot limitations and solely focuses on the aircraft’s ability to
change a 60-degree bank under 7 seconds. As a result, the pilots were able to capture the target dynamically without
caring for yaw stability or roll overshoot. All attempts made by the pilots in a slow and steady way ended up exciting the
Dutch roll, leading to failure.

Coordinated turn results draw a similar picture to that of bank-to-bank. Accomplishing the maneuver becomes an
impossible task once the Dutch roll is excited. Pilots commented that even small roll inputs are sufficient to start the
Dutch roll. Figure 16 shows the control surface deflections, sideslip angle, and the aircraft Euler angles for a CTC
experiment run.

Due to the implementation of open-loop or bare-airframe control allocation, matching elevons on the right and left
sides are always deflected with the same angle. As a result, they cannot be used to generate any yawing moment. As
explained during the experiment design section, the goal of the CTC maneuver is to capture a bank angle between 40
and 45 degrees and hold for 10 seconds while keeping the sideslip as close to zero as possible. So, if there is no coupling
between roll and yaw, no rudder input should be necessary to perform the task, since the elevons are not capable of
generating sideslip. However, in Figure 16, it can be seen that even though the pilot did not use any rudder input, the
sideslip angle started to oscillate in a divergent manner. As the sideslip oscillations progress, the roll angle also starts to
develop divergent oscillations. Expectedly, the steady heading sideslip shows the exact same behavior. None of the
pilots could achieve the task in any flight condition due to Dutch roll excitation.

Finally, for free roll captures, pilots found the yaw damping to be lacking, and noted that the large elevon deflections
lead to oscillatory behavior. It was also commented similar to the CTC that even small bank angles trigger the Dutch
roll.
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Fig. 16 Control deflections, Euler and sideslip angles: bare-airframe, CTC maneuver, CR condition

C. FEP-FCS Results
The maneuvers to test the flight envelope protection system are designed specifically for this experiment based on

the characteristics of the flight control system. Hence, they are not directly available from military standards or civil
aviation rules. The pilots did not comment that these maneuvers were unrealistic and seemed to understand the nature
and purpose of them effortlessly.

The high-bank descending turn maneuver (HBDT) is designed to test roll protection without activating load factor
protection. The pilots noted that if the rate of descent is not sufficient, the load factor protection becomes active, which
interferes with the roll limit testing. So, during the experiment, the simulation had to be repeated 3 or 4 times until the
pilots had some training and were able to adjust their descent rate. Figure 17 shows the results of the HBDT maneuver.
The results reveal a considerable overshoot over the bank angle limit. Although the load factor remains below 2.5 to
prevent interference with the roll protection task, the roll angle overshoots approximately 10% above the limit. This roll
limit of 66 degrees is already quite larger than conventional airliners. However, the results are still relevant since the
overshoot is not related to the roll limit but rather to the dynamics of roll protection. Furthermore, the second part of the
task, which is recovery, could not be performed successfully by the pilots due to departure tendencies. Toward the end
of the maneuver during recovery, the load factor starts oscillating and jumps out of its boundaries in a divergent way.
This was an interesting finding, because departure tendencies were not stated nor identified during the offline analysis,
which underlines the importance of pilot-in-the-loop simulations.

Fig. 17 Load factor and bank angle: augmented-airframe, HBDT maneuver, CR condition

The second and last FEP maneuver is the full-pitch ascending turn. In contrast to the previous one, the goal of this
maneuver is to assess the load factor protection. To this end, pilots are asked to capture a bank angle and give full pitch
deflection to push the load factor to its limits and hold for 20 seconds. Similarly to roll protection, the load factor is
also prone to overshoot. The pilots noted some pitch and roll oscillations due to the load factor protection. However,
recovery is successful and steady for all pilots. Figure 18 compares the actual and commanded load factors during this
maneuver and shows the pitch and roll angles.

From the figure, it is clear that for the maximum load factor command of 3, the actual load factor fails to stay within
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Fig. 18 Commanded and actual load factors, roll and pitch angles: augmented-airframe, AT maneuver, CR
condition

its boundaries and oscillates in and out. However, other than the oscillation, the load factor protection gives a good
performance in its ability to bring the load factor below the limit. Also, it is possible to comment that even though they
exist, the pitch and roll oscillations are not divergent.

VII. Conclusions
This study focused on conducting piloted simulator experiments to validate recent claims regarding the handling

qualities of the Flying-V simulation model and the flight control system. These claims come from offline studies
that involve the development of an aerodynamic model and the design of the flight control system. The simulator
experiments are performed for both the bare-airframe model that does not include a flight controller in the loop, and the
augmented-airframe that uses an Incremental Nonlinear Dynamic Inversion (INDI) based flight control system with C*,
roll rate, and sideslip controllers in the outer loop. The flight control system also includes a flight envelope protection
system for bank, angle of attack, and load factor protection.

To assess handling qualities, several longitudinal and lateral-directional maneuvers were designed to demonstrate
compliance with the EASA CS-25 rules and establish qualitative handling quality levels using Cooper-Harper and
PIO rating scales. In addition, some aggressive maneuvers were formulated to test the flight envelope protection
capabilities of the FCS to expose potential issues. A total of three pilots were invited to join the experiment and perform
these maneuvers in the SIMONA Research Simulator of Delft University of Technology. During the experiment,
pilots provided verbal feedback on aircraft performance and used the rating scales in relation to desired performance
characteristics.

Judging strictly from the longitudinal results for the bare-airframe, most longitudinal results were between level 1
and level 2, showing a behavior similar to offline expectations. Regarding lateral-directional compliance, almost all
maneuvers failed due to Dutch roll instability. This was also expected since the Dutch roll at the forward center-of-gravity
was noted to be unstable in a previous study. On the other hand, for the augmented airframe, the results mostly fell in the
level 1 category, which similarly is in alignment with the non-piloted results. The pilots were pleasantly surprised with
the flight control system’s ability to dampen out the Dutch roll. The FCS managed to turn this unstable and divergent
mode into a characteristic that is perfectly stable and easy to manage. In addition, except for the SHS maneuver,
which failed due to insufficient lateral-directional control authority, all other maneuvers could be performed to show
compliance with the requirements. However, pilots noted slight pitch dropouts and oscillations, especially for large roll
inputs, caused by elevon saturation.

It should be noted that it is not trivial to draw conclusions based on the results of the simulator test campaign.
Although there seems to be a strong correlation between the piloted and offline results, the validity of the aerodynamic
model to represent the Flying-V remains a significant question that brings a level of ambiguity to both the offline and
piloted results. Another concern is the implementation of the flight control system. The control system used in the
simulator was accepted as a correct and accurate implementation. However, since there are many elements to the
controller that can have an impact on the handling qualities, it is not possible to be exactly sure about the viability of the
implementation. Lastly, there is a slight mismatch between the real-time simulation platform and the offline Simulink
environment caused by the adjustments that were necessary to generate C codes from the Simulink model. Hence, all of
these factors must be taken into consideration when making a judgement on this version of the Flying-V simulation
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model and for proposing new research directions.
In light of this, two categories of directions are considered for future research. The first is to address the concerns and

ambiguities explained in the previous paragraph by validating that the simulator, model, and control implementations are
correct. The second direction is to address poorly damped structural couplings and insufficiencies in control authority.
The second research direction requires further research on structural and aerodynamic modeling, simulation, engine
placement, landing gears, and the identification of the Flying-V model. In fact, there are a few recent studies that aim to
tackle these problems [28–30]. These involve using handling quality criteria with offline simulations to size the control
surfaces, concept design of a new subscale research demonstrator, and the design of a new aerodynamic model for the
full-scale Flying-V model.

In terms of flight control, even though the tested FCS is capable of stabilizing the aircraft, the flight envelope
protection cannot keep the bank, AoA, and load factor strictly within the limits. Hence, the implementation of the FEP
should be re-evaluated. Also, the auto-thrust functionality of the flight controller is overly aggressive; so, the engine
dynamics and the associated gains should be re-designed to make the changes in thrust more gradual. Finally, this
experiment could study only one center-of-gravity location and two flight conditions. In the future, a wider range of CG
locations and flight conditions should be investigated in piloted experiments.
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