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Executive Summary

Flying characteristics of a multi-engined light general aviation (GA) aircraft during and after an engine
failure is often a major safety consideration when both designing and operating the aircraft. In the
meantime, the propellers, being large rotating masses, can exert considerable gyroscopic effect on
the aircraft during flight, itself contributing to a coupling between the pitch and yaw axis, thus affecting
flight dynamics. This study presents an investigation on the impact of propeller gyroscopic effects
on the flying motion of a representative twin-engine GA aircraft. This is done using a modular flight
mechanics toolbox that performs analyses in both frequency domain and time domain. A steady-state
windtunnel aerodynamic and control surface model with empirically estimated unsteady aerodynamic
coefficients, along with a propeller-governor-engine system simulation, complements the gyroscopic
inertia model in the simulation setup.

Firstly, a modal analysis showed that all modes aside the spiral mode does not get discernibly affected
by the rotating inertia typical to the reference aircraft’s propellers. Then, time-domain simulations of
various rapid maneuvers show that gyroscopic effect does cause significant change in the angular re-
sponse of the coupled axis, e.g. sideslip angle response during a pitch-input-only maneuver, whilst
its impact on long-term phugoid motion remained inconclusive due to undesired and uncontrolled roll
motion. To compensate for this, maneuvers were performed again with a manually tuned simple wing
leveler and results showed that pitch-input maneuvers does not show much deviation in phugoid mo-
tion, whereas yaw-input maneuvers such as sudden left engine failure shows discernible difference
in airspeed and altitude responses, though the difference in magnitude is still small. Next, compar-
isons made with different powertrain responsiveness showed that in a power-reducing case such as
sudden one-engine-failure, the effect of the powertrain time delay is independent from the influence
of gyroscopic effects, whereas for a power-increase case, such as going around, the impact of the
two is simultaneous and intertwined. Finally, a sensitivity study on unsteady aerodynamic coefficients
showed that their effects on flying motion are generally independent from the gyroscopic effect.
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Introduction

Safety is the priority focus when designing an aircraft. A National Transportation Safety Board (NTSB)
study [1] found in 1979 that the change of a fatal crash is four times more likely for a twin-engine general
aviation(GA) aircraft than that of a single-engine aircraft when an engine failure occurs. Despite the
redundancy of an extra engine, this higher fatality rate is a result of pilots being unable to bring the
aircraft under control due to the presence of asymmetric thrust. As a result, controllability during and
after a engine failure situation is a dominant factor in the sizing of the aircraft control surfaces, especially
that of vertical tails and rudders. However, larger vertical tails and rudders would lead to higher weight
and parasitic drag, causing detriment to the fuel efficiency and environmental friendliness of the aircraft.

With that in mind, one effect that could impact to the controllability of an aircraft is the gyroscopic pre-
cession effect. This refers to the tendency of a rotating object to maintain its orientation and exert a
reacting moment when its orientation is being changed by an external moment. This coupled moment
is in the direction perpendicular to both the exerted moment and the rotation axis. For propeller-driven
aircraft, the propellers, with their relatively high rotation mass and rate, are a primary source of gy-
roscopic precession moment. As propeller rotation axes are often close to parallel to the longitudinal
axis, a rotation rate in the aircraft’s pitch axis would result in a corresponding pitching moment being
exerted on the propeller by the airframe. This then causes a reacting moment on the Z-axis, leading
to a coupled yaw motion. The converse could also happen as a rotation in yaw axis would result in a
reacting pitching moment. This effect is best visualized in figure 1.1.

y-axis yeaxis
(pich) (pitch)

'z r
Resultant Yawing to Left yaw rate to the left

Figure 1.1: Gyroscopic yaw moment due to pitch rate (left) and pitch moment due to yaw rate’

1.1. State of Art Review

Some previous research was done to attempt to quantify the impact of gyroscopic moments produced
by propeller on the aircraft, though most of those are concerning the structural or local aerodynamics

"Image source: https://www.key.aero/article/twin-comanche-pa-30-flight-adventure
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4 1. Introduction

effect. Scanlan and Truman [2], for example, analyzed the impact that gyroscopic effects have on
engine on-wing vibration modes. Using an analytical approach, Liu’s study on propeller whirl-flutter
[3] also found that the presence of propeller gyroscopic effect leads to a change in the free-vibration
modes. Meanwhile, Teixeira and Cesnik [4] demonstrated that the inclusion of the simulation of pro-
peller gyroscopic effects in the aero-elastic simulations of high-altitude long-endurance (HALE) aircraft
affects the wing twist distribution.

On the area of flight dynamics, Smith’s 1958 experiment [5] using a flywheel in a scaled jet-powered
VTOL model showed that, when the flywheel is enabled to simulate powertrain gyroscopic effect, the
scaled model becomes difficult to control without added stabilization. For conventional airplanes, Goraj
and Chichoka [6] performed a more detailed study on the impact of weak and strong gyroscopic effects
on the flying motion of a single-engine turboprop aircraft. In this case, weak gyroscopic effects refer
to those that can be investigated using the traditional method of modal analysis, whereas strong gyro-
scopic effects refers to those that are more pronounced during a dynamic maneuver, such that it can
only be analyzed from the time domain. The research shows that while the presence of weak gyro-
scopic effect does modify the aircraft's dynamic modes, the change is not of large significance. On the
other hand, the impact of strong gyroscopic effect is more pronounced in the time-domain simulation
of rapid maneuvers such as step deflections of elevator and rudders as well as gust encounter.

With that in mind, one of the research gap currently present is the impact of the gyroscopic effect
produced by multiple engines/propellers on the flight dynamics of light airplanes. For twin-engine light
aircraft, a sudden engine failure can lead to the excitation similar to a rapid maneuver, which may
in turn improve or worsen the ease of recovery maneuver. Moreover, the effect of different transient
powertrain response characteristics on the flying motions, especially in combination with the presence
of gyroscopic effect, has yet to be investigated.

1.2. Research Objective and Questions

In consideration of the current gaps, the main research question aimed to be answered by the study is:

How can one quantify the impact of propeller gyroscopic procession effect on the flight dy-
namic behaviors of light multi-engine aircraft through flight simulation, especially during
the event of a powertrain failure?

To help with answering the question, the following research sub-questions were formed:

» What are the relevant parameters that can be used to quantify the impact of the gyroscopic effect
on the flying qualities?

» During which maneuvers is the effect of propeller gyroscopic procession more prominent?
» How do different powertrain torque responses impact the results?

» How sensitive is the result of this study to the unsteady aerodynamic derivatives?

The main contribution of this research aims to grant an insight on the effect of propeller gyroscopic
procession on light multi-engine aircraft especially during rapid maneuvers similar to those encountered
during the event of engine failure. It would also help to add an additional layer of fidelity to flight
dynamics simulation, which could help with the preliminary design and sizing of the aircraft flight control
systems.

1.3. Report Outline

The content of this thesis report is organized into four parts. Part | (this part) is the introduction. Part Il
presents the research done in this thesis study in an academic paper format. Part lll presents the pre-
viously graded literature study report for this research. Part IV presents the conclusion to the research
and a list of recommendations for future research. Appendices with supplemental information on the
experimental setup and results are also provided in this section.
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and after an engine failure is often a major safety consideration when both designing and
operating the aircraft. In the meantime, the propellers, being large rotating masses, can
exert considerable gyroscopic effect on the aircraft during flight, itself contributing to a cou-
pling between the pitch and yaw axis, thus affecting flight dynamics. This study presents an
investigation on the impact of propeller gyroscopic effects on the flying motion of a represen-
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I. Introduction

Safety is the priority focus when designing an aircraft. A National Transportation Safety Board (NTSB) study
[1] found in 1979 that the change of a fatal crash is four times more likely for a twin-engine general aviation(GA)
aircraft than that of a single-engine aircraft when an engine failure occurs. Despite the redundancy of an extra
engine, this higher fatality rate is a result of pilots being unable to bring the aircraft under control due to the
presence of asymmetric thrust. As a result, controllability during and after a engine failure situation is a dominant
factor in the sizing of the aircraft control surfaces, especially that of vertical tails and rudders. However, larger
vertical tails and rudders would lead to higher weight and parasitic drag, causing detriment to the fuel efficiency and
environmental friendliness of the aircraft.

With that in mind, one effect that could impact to the controllability of an aircraft is the gyroscopic precession
effect. This refers to the tendency of a rotating object to maintain its orientation and exert a reacting moment when
its orientation is being changed by an external moment. This coupled moment is in the direction perpendicular to
both the exerted force and the rotation axis. For propeller-driven aircraft, the propellers, with their relatively high
rotation mass and rate, are a primary source of gyroscopic precession moment. As propeller rotation axes are often
close to parallel to the longitudinal axis, a rotation rate in the aircraft’s pitch axis would result in a corresponding
pitching moment being exerted on the propeller by the airframe. This then causes a reacting moment on the Z-axis,
leading to a coupled yaw motion. The converse could also happen as a rotation in yaw axis would result in a reacting
pitching moment.

Some previous research was done to attempt to quantify the impact of gyroscopic moments produced by
propeller on the aircraft, though most of those are concerning the structural or local aerodynamics effect. Scanlan
and Truman [2], for example, analyzed the impact that gyroscopic effects have on engine on-wing vibration modes.
Using an analytical approach, Liu’s study on propeller whirl-flutter [3] also found that the presence of propeller
gyroscopic effect leads to a change in the free-vibration modes. Meanwhile, Teixeira and Cesnik [4] demonstrated
that the inclusion of the simulation of propeller gyroscopic effects in the aero-elastic simulations of high-altitude
long-endurance (HALE) aircraft affects the wing twist distribution.

On the area of flight dynamics, Smith’s 1958 experiment [5] using a flywheel in a scaled jet-powered VTOL
model showed that, when the flywheel is enabled to simulate powertrain gyroscopic effect, the scaled model becomes
difficult to control without added stabilization. For conventional airplanes, Goraj and Chichoka [6] performed a
more detailed study on the impact of weak and strong gyroscopic effects on the flying motion of a single-engine
turboprop aircraft. In this case, weak gyroscopic effects refer to those that can be investigated using the traditional
method of modal analysis, whereas strong gyroscopic effects refers to those that are more pronounced during a
dynamic maneuver, such that it can only be analyzed from the time domain. The research shows that while the
presence of weak gyroscopic effect does modify the aircraft’s dynamic modes, the change is not of large significance.
On the other hand, the impact of strong gyroscopic effect is more pronounced in the time-domain simulation of
rapid maneuvers such as step deflections of elevator and rudders as well as gust encounter.

With that in mind, one of the research gap currently present is the impact of the gyroscopic effect produced by
multiple engines/propellers on the flight dynamics of light airplanes. For twin-engine light aircraft, a sudden engine
failure can lead to the excitation similar to a rapid maneuver, which may in turn improve or worsen the ease of
recovery maneuver. Moreover, the effect of different transient powertrain response characteristics on the flying
motions, especially in combination with the presence of gyroscopic effect, has yet to be investigated.

In this paper, the development of a physics-based gyroscopic effect model and powertrain transient response
model as a part of flight dynamics simulation suite is presented. The model is then used to investigate the
impact of propeller gyroscopic effects on the flight dynamics of a twin-engine general aviation aircraft through
frequency-domain analysis as well as time-domain simulation of various types of rapid maneuvers. It therefore aims
to contribute by assessing the impact of propeller gyroscopic effects on aircraft handling qualities and to add an
additional layer of fidelity to flight dynamics simulation, which could help with the preliminary design and sizing of
the aircraft flight control systems.

The content of this paper is divided into five sections. Whilst Section I is the introduction, Section II provides
a description of the flight dynamics simulation model, with the focus being on the features and limitations of
each components. Section III presents the methodology used for performing both the frequency-domain and
time-domain simulations, including an outline of the way specified maneuvers are performed. Section IV provides
some validations and verifications done to the simulation setup. Section V then shows and discusses the results
generated from the flight simulations. Last but not least, section VI provides a conclusion by summarizing the
results as well as highlighting future works to be done.



I1. Flight Dynamics Model Setup

This section intends to present the setup of the simulation model for this study. The simulation model used in
this experiment is built based upon the in-house built Performance, Handling Qualities and Load Analysis Toolbox
(PHALANX) suite, which has been used for 6-Degree of Freedom (DoF) flying and handling quality assessments
in researches such as [7-9]. The PHALANX suite is written using MATLAB/Simulink and is modular, which is
especially beneficial as modules particular to this study can be added to the existing PHALANX architecture whilst
also avoiding the need to spend time on implementing existing parts. The overview of the particular PHALANX
setup for this study is shown in figure 1, with the blue parts denoting original contributions.
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Fig. 1 A summary of the flight simulation setup

A. Reference Aircraft

The Piper PA-30 Twin Comanche is chosen as the reference aircraft because it is a representative general
aviation twin-piston-engine light aircraft and its static wind tunnel aerodynamics data [10] as well as pilot’s
operating handbooks (POH) are readily available. The three-view drawing of the reference aircraft as well as some
measurements of the aircraft is shown in figure 2. The basic mass and inertia, geometry parameters, as well as the
engine-propeller system of the reference aircraft are shown in table 1.

The aircraft is of conventional layout with an all-moving tail serving as both stabilizer and elevator. The rudder
is a single-piece on the vertical tailplane and a pair of ailerons are placed along the wing’s outer span and trailing
edge. The pair of piston engines are located in pods above the wing and drive a couple of constant-speed two-bladed
propellers.

Table 1 Basic specifications of the reference aircraft

PA-30 Twin Commanche

Mass and Inertia[11] Geometry
mass 1633 kg Wing Area (Syer) 16.5 m?
Lixoa 3796 kg - m? Wing Span (by.r) 10.97 m
Iyy A 2576 kg - m> Mean Aerodynamic Chord (¢, ) 1.53m
LA 6101 kg - m>
Liz.a 108 kg - m?
Longitudinal CoG  2.16m behind reference plane
Engine Propeller
Max RPM 2700
Rated Power 119.3 kW Diameter 1.92m
Maximum Torque 422 N -m Mass 26.6 kg
No. Blade 2
Prop Hub Location (Relative to CoG) 1.535m Forward, 1.675m to the side, 0.242m above
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Fig. 2 Three-view drawing of the PA-30

B. Gyroscopic
The equation for the gyroscopic moment is:

M,
MGyro = | My :d—tp+wa><LP (1)
zZ

Where L, = I X w), is the angular momentum of the propeller.

Assuming that the propeller’s rotational axis is parallel to the longitudinal axis of the aircraft, the propeller
angular momentum can be further simplified into:

Ly =luwp |10 O]T @)
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Fig. 3 The Simulink diagram of the aircraft-propeller multi-body model
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In this study, the SimScape multi-body physical simulation was employed to simulate the effect of the two
propeller rotational masses. The airframe itself is modelled as a single lump mass with the same mass and mass
moments of inertia as the aircraft, as listed in table 1. The propellers are then also modelled as individual cylinders
with equivalent mass and mass moments of inertia as the real propellers. The propellers confined to 1 degree of
freedom by a rotational joint around its rotating axis, which takes in the net torque input from the propulsion model
as the sum of the produced engine torque and the aerodynamic "drag" torque of the propeller. The propeller masses
are then rotated and translated using a rigid transformation joint to align with the orientation and location of the
propellers.



As the exact mass composition of the propeller is not given, considering that the reference aircraft uses
two-bladed propellers, the Mol of the propellers are estimated by assuming them to be the same of a uniform long
rod around its center of mass, such that:

2

mpD7,

Iy = 3
xx B 3)

Where m, is the mass of the propeller and D p is the diameter of the propeller. In the model setup stage, the mass
and moment arm contribution of the propellers are deducted from the aircraft mass and CG as quoted in table 1.

C. Aerodynamics

The aerodynamic model is split into three parts: steady-state airframe coefficients (Cr ), steady-state
(incremental) control surface (CS) coeflicients (dCr 5(“”}), as well as unsteady airframe coefficients due to body
rotation rates (Cr (p.4,-})- The coeflicients are functions of angle of attack (AoA, a), sideslip angle (), angular
rates (p, ¢, r), and control surface deflections (elevator ¢, aileron ¢,, and rudder ¢,), and take the general form
shown in Equation 4. As the flight envelope of the aircraft is not expected to exceed Mach 0.3, compressibility is
not considered and therefore the aerodynamic model is not dependent on Mach number.

Cr(@.B,p.a.r.0cs) = Crp(@B)+ D, Crilapi+ D, dCr i(aB,)) @)

i={p.q.r} J={6c,6a.6,}

Where f = {fx, fy, fz, Mx, My, Mz} represents the 6 body-axis forces and moments corresponding to the 6 DoF.

The steady-state aerodynamics and control surface coefficients are obtained from the static windtunnel data by
Fink and Freeman[10] (Figures 6, 16, 25, and 31). Specifically, the dataset is obtained with the propeller net thrust
manually set to zero by setting the blade pitch angle and advance ratio corresponding to the zero net thrust and
the (tunnel) airspeed of 28.35m/s. As such, propeller whirl and slipstream effect is present to a degree. For the
scope of this research, only the clean configuration of the aircraft, i.e. flaps and gear up, is used. The data points
are collected from the chart then placed in a multi-dimensional look-up table where the coefficients are linearly
interpolated. As the windtunnel data was in terms of coefficient of lift and drag, the data needs to be transformed
into the body-axis NED coordinate system used by PHALANX using Equation 5.
)

{CX =—-Cpcosa+Cpsina

Cz =—-Cpsina — Cr cosa

Due to the limitation of the windtunnel data, the longitudinal force and moment coefficients, Cy, C,, and Cyyy,
as well as the forces and moment increment caused by longitudinal control surface J, are symmetrical and therefore
does not depend on S. In the meantime, lateral forces and moments are not affected by the elevator deflections.
Table 2 gives a summary of the dependency of each steady-state aero and CS coefficients on «, 8, and CS deflections.
It is also worth noting that no control interaction effects is presented in the wind tunnel data, and therefore the force
and moment contributions of each control surfaces are simply superimposed.

Table 2 Steady Aerodynamic & Control Surface Coefficients Dependency Chart

al plé.]o.]o,
Cy | v v
c, | v v
Cumy | v
c, | v v VAR
Cux | v | v VAR
Cyvz |V | v VAR

The shape of the steady-state airframe aerodynamic coefficients are shown in figure 4 and a selection of
steady-state CS aerodynamics coefficients vs a or 3 at every deflection are shown in figure 5 and 6. One can observe
that the aerodynamics data, especially the lateral force and moments, are quite nonlinear when plotted against AoA.

Due to the lack of windtunnel data, the unsteady aerodynamic coefficients due to rotation rates are estimated
empirically using the various methods summarized in Smetana et al.[12]. Those unsteady coefficients are constant
and independent of «, 8, and control surface deflections. Whilst most of those coefficients are deemed insignificant
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for light aircraft, the value used for the non-zero rate coefficients are listed below in Equation 6:
Cyx,p=-04 C.qg=39 Cymxr =0.08
Cymzp=-005 Cpyq=-1243 Cpy,r=-0.1 6)
Unit : 1/(rad/s)

D. Propulsion

Two variants of the propulsion sub-systems were implemented for the simulation. The first one is a simple
ideal model where the thrust output from each engine is a function of the percentage throttle control (x.) and the
specified maximum thrust of the engine(7},,), as seen in equation 7, regardless of airspeed and other atmospheric
conditions. This model is used for two main purposes: to facilitate development of other modules as well as
facilitate the modal analysis.

A first-order delay in the form of transfer function tf(s) = % in the thrust output is also implemented

to simulate a delay of engine thrust response to change in throttle input. The delay can be adjusted to investigate
the effect of powertrain response characteristics on aircraft flight dynamics. The default value of 7e,e = 0.1s, as
suggested in [11], was used as a representative value for the internal combustion engine used by the reference
aircraft.

In this variant, the propulsion model also does not contribute to any torque experience by the propeller mass.

T =xc (Tmax) @)
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On the other hand, as output characteristics of propeller engines in reality are close to constant-power rather than
constant-thrust, the second propulsion variant functions as a low-medium fidelity model of a propeller-governor-
engine system, similar to the constant-speed propeller and piston engine powerplant as used by the PA-30 aircraft.
The overview of the Simulink model of propeller-governor-engine system is shown in figure 7.
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Fig. 7 The Simulink diagram of the propeller-governor-engine model

The simple prop propeller model takes the following input: the freestream airspeed of the aircraft (V. ), propeller
RPS (n,), propeller diameter (D), and propeller blade pitch angle (8, defined at 75%R,, station). It then outputs
the power coeflicient ¢, and efficiency 7,, which in turn can be used to derive thrust:

T = pnngn(ﬁp,J)c,,(ﬂp,J) 3

Where J = Vi /n, D, is the advance ratio.
The aerodynamic resistance torque of the propeller can also be derived:

cppnng,
np(27)

szpp/wpz 9

In the absence of aerodynamic data of the exact two-bladed propeller model used by the reference aircraft, the
windtunnel data of a Clark-Y-airfoiled two-bladed propeller was used[13]. The propeller performance is charted in
figure 8. Due to the limited propeller performance data, windmilling or any other negative thrust condition, as well
as feathering, are not simulated. As a result, the thrust output would be strictly non-negative. The model also only



uses the magnitude of airspeed V., and does not consider inflow angles, thus ignoring the effect @ and 8 could have
on the thrust produced.
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The simple engine is modelled to be a constant-torque model, where the torque output Qep, is a function of
percentage throttle control and maximum engine torque Qeng max, as shown in equation 10. A first-order delay
similar to the one introduced above in the ideal variant is also implemented here for the torque output.

Qeng = xc(Qeng,max) (10)

As mentioned before, the PA-30 is equipped with a constant-speed propeller. Compared with a fixed-pitch
propeller, the constant-speed propeller has the ability to vary the pitch angle of the propeller blades to better adapt
to the varying flight condition. Specifically, a governor, typically mechanically geared to and driven by the engine
whilst hydraulically actuating the blades, is employed to maintain the pilot-commanded propeller RPM by varying
the propeller pitch. For example, to absorb the same shaft power at a given RPM, the blade pitch angle S, needs
to become increasingly coarse (large) as airspeed increases. Similarly, at a given airspeed, a reduction in engine
torque would mean that a finer (smaller) 8, would be required to maintain a given RPM. To simulate this behaviour,
the propeller governor in the simulation is modelled as a PID controller that takes the reference and current RPM
as input, and outputs a 8, command to the propeller. The gains of the controller are tuned manually to ensure
convergence while limiting rise time to 5 seconds and steady state error to below 20 RPM, both of which are
educated guesses that intend to replicate the performance of the real governor system.

This propulsion model is interconnected with the gyroscopic model as mentioned in Section II.B to simulate the
coupling between the gyroscopic effect and the powertrain dynamics. The 7, in this propulsion model is provided
by the output of the propeller mass model and the net torque Q = Qeng — Q) of the assembly is then fed back to the
propeller mass model, such that the propeller inertia, and thereby its angular momentum, would accelerate and
decelerate according to the throttle control setting and the flight condition at the time.

Due to this setup, a torque gain parameter is also implemented to the torque source. The magnitude of the
propulsion model torque output is adjusted when the propeller moment of inertia is changed, so that the angular
acceleration of the propeller due to aerodynamic drag and engine torque is always the same as the reference propeller
regardless of its Mol, thus isolating the effect of propeller angular momentum from other aerodynamic or propulsion
effects .

E. Aero/Propulsion Interaction

Recognizing the significant contribution of propeller slipstream and other aero-propulsive interaction effects to
the flying characteristics of a light propeller-drive aircraft, during the study, an attempt was made to include the
aero-propulsion interaction effect in the simulation by utilizing the windtunnel test results of the aircraft performed
at different thrust coefficients[10]. However, as the simulation currently only controls the deflection of the control
surfaces directly without taking into account the control forces and hinge moments, the significant increase in
control authority under the presence of power effect at a given deflection can cause massive undamped oscillation in
the aircraft motion that are uncontrollable during the open-loop simulations. As a result, whilst acknowledging the



potential role of such effect could play in altering the results of the comparison, the aero-propulsion interactions
are not included in the simulation due to the lack of time to implement a more advanced control system that can
accommodate this effect and is left as a recommendation for the future.

F. Flight Control System

The flight control system is a linear direct-gearing type, which maps pilot stick-and-pedal deflections x,, xp,
and x,, to the control surface deflections 04, d., and 0, respectively. The throttles of left and right engines can be
controlled individually through x. 1. and x. g, respectively. When they move in unison, a single x is used. In the
direct thrust propulsion variant, they control the percentage of total thrust of the respective propulsors. In the
simple prop variant, they control instead the percentage torque output from the corresponding engine.

For closed-loop maneuvers, a simple wing leveler is implemented to limit the roll angle excursion. The wing
leveler employs a cascaded loop design as seen in figure 9, with the outer loop a proportional gain K for error in
roll angle ¢, and the inner loop a proportional gain K ; for error in roll rate .

phi_dot_ref
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hi dot phi_dot_actual
phi_dof

Fig. 9 Block diagram of the wing leveler controller

The controller gains were tuned through a sensitivity study, with the outer loop being tuned for all cases and the
inner loop tuned separately for high-speed cruise cases and low-speed climb and approach cases. The criteria used
were peak overshoot of 1° and settling time of 5s.



II1. Methodology

This section presents the methodology for the flight dynamics analysis in both time and frequency domains.

A. Trim

In order to perform the flight simulation, the aircraft must first be trimmed to a steady flight condition with no
rotation rate or acceleration. Based on the existing PHALANX trimming algorithm, the trimming process is treated
as an optimization problem where the objective is zero acceleration and rotation rate. The target sideslip value is
also set to zero. The optimization variables are the flight controls (elevator xp, aileron x,, rudder x,, and throttle
x¢) as well as the euler angles ¢, 8, . The optimization itself is solved using a gradient descent technique.

In order to facilitate a faster solution, the degrees of freedom were restricted by ganging the two individual
throttle controls using a ganging gain, with such gain set at:

T
[1 1] all engine operating
T T
K[thr.gang] = K[Zhr.gang,L] K[thr.gang,R]] = [1 O] Tight engine inoperative (11)

T
[0 1] left engine inoperative

When the simple prop propulsion model is employed, an additional step is required to reconcile the thrust
required to trim the aircraft and the throttle as well as blade pitch angle setting that would produce the said thrust.
As such, in this case, the aircraft is first trimmed with the direct thrust model, which yields the trimmed thrust. This
trimmed thrust figure is then inputted into the propeller trim algorithm, which first attempts to find the value of 3,
that satisfies the equation below with the commanded 7, setting, which is set at 2700RPM.

Veo Voo
T = P”ngU(ﬁp, ﬁ)cp(ﬂps ﬁ) (12)
p&p p~p
If a solution cannot be achieved at the desired RPM, it is then assumed that the trimmed thrust is so low that it
cannot be achieved through the finest possible blade pitch angle at the commanded RPM. The trimming function
then changes to assume the finest possible blade pitch and then starts decreasing the RPM until when the thrust
produced approximately resembles the trimmed thrust.
In either cases, after finding the S, and np, the trimmed engine torque setting can then be found using the
equation:
315 Veo 215 Voo
Py priyDycy(Bps 7 5;) B prpDpcy(Bps 75)

0=-"= (13)
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B. General Test Conditions

In this research, all analysis, unless otherwise specified, are done at the altitude of 2 = Om. Whilst the
aircraft quoted stall speed with flaps and gear retracted (Vs ) is 66kt(33m/s), due to the low-fidelity aerodynamic
model, the aircraft was unable to be trimmed at that speed. Instead, the single engine minimum control speed
Vnmca = 78kt(39m/s) is used as the minimum speed range, as twin-engine aircraft rarely fly below this speed to
ensure controllability in anticipation of a sudden engine failure. In the meantime, the normal operating speed /
maximum structural cruising speed (Vxo)of the aircraft is 169k#(84.5m/s). As a result, the test airspeed range is
decided to be between 40 and 84m/s.

C. Modal Analysis

The handling quality of the aircraft with gyroscopic effect is first evaluated using the traditional modal analysis.
Namely, the full non-linear model is first trimmed for straight and level flight at the designated true airspeeds and
altitude. The model is then linearized at that particular operating point. After a linearized model is formed, the
eigenmodes of the system are then calculated and analyzed. The ideal powertrain is used for this analysis since
time-domain simulation is not involved.

The modal analysis consists of two comparisons. The first one compares the effect of increasing propeller
rotation speed. The propeller rotation speed is set to RPM = [0,0.1, 1] x 2700, with the 0 RPM case also
representing a negligence of gyroscopic effect. The second one compares the effect of increasing propeller mass
moment of inertia, with I, = [0.1, 1] X I« 0, Where I o is the estimated propeller Mol of the reference aircraft.
The 0.1x cases are merely chosen to provide contrast between different magnitudes of rotational momentum, and
therefore do not represent real-world objects. Due to the limitation of the physics-based multi-body model, the Mol
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of the propeller cannot be 0 and therefore the negligence of gyroscopic effect was not simulated in this case. It is
important to note that the change in propeller Mol in this case is independent of the propeller mass, which remains
constant for this entire study.

D. Open-Loop Flight Maneuvers

Simulations of several open-loop flight maneuvers are performed to investigate the impact of gyroscopic effect
on the flying motion of the reference aircraft. A total of 5 maneuvers were devised, all of which starts at trimmed
condition at # = 0s:

1) Elevator Impulse-Input: the elevator is commanded a step input of 5° pitch-up at ¢ = 1s and then a step
decrease to the original trimmed value at r = 2

2) Rudder Impulse-Input: the rudder is commanded a step input of 5° nose-left at # = 1s and then a step decrease
to the original trimmed value at t = 2s

3) Sudden Engine Failure: the port engine, which is the critical engine, is commanded a 0% throttle at r = 1s
and the starboard engine remain at the trimmed throttle setting

4) Engine Step-Increase: a step increase to full throttles for all available engines is commanded at ¢t = 1s

5) Going around: a step increase to full throttles for all available engines in combination with a step input of 5°
pitch-up elevator command

No control surface deflection nor throttle control, other than those specified in the list above, is moved from the
trimmed position during the maneuver. In the meantime, maneuvers are performed under two engine scenarios: all
engine operating (AEO) and one engine inoperative (OEI). In the AEO sceneario, all engines are operating and
contributes to both trimming calculation and the flight simulation. In the OEI scenario, the port engine is shut down
with 0 RPM and 0 thrust, while only the starboard engine is operating and contributing to both trimming calculation
and maneuver simulation. All of the tests here are performed using the simple-prop powertrain.

Lastly, three initial conditions were used to represent the three flight phases of interest: initial climb, cruise, and
approach, with the initial airspeed, altitude, and flight path angle summarized in table 3. While the initial intention
is to chose the specific values based on the quoted best-climb, 75% cruise, and approach speeds from the POH, the
current simulation model seems to be unable to trim at some of the specified speeds at the desired flight path angle,
due to the inaccuracy in the aerodynamic-propulsive models.

Table 3 Initial trimming condition for Flight Phases

Flight Phase True Airspeed (V) Altitude Flight Path Angle (y)
48.5m/s (Vy, AEO)

Initial Climb 45.5m]s (V,, OEI) 151.5m 4°(AEO) / 1°(OEI)
Cruise 84.5m/s 2424 .2m 0°
Approach 43.5m/s Vapp.Flapsup) 151.5m -3°

The test matrix is shown in table 4, indicating which maneuvers are performed at which phases and with which
engine configurations. Each simulation is performed for a duration of 20 seconds.

Each test is performed with two simulations, with 1x and 0.01x propeller Mol, denoted With GE and W/O GE
respectively. Due to the limitation of the multi-body model, the propeller Mol cannot be set to zero to prevent
singularities. On the other hand, due to the coupling between the multi-body inertia model and the propulsion
model, the propeller RPM must be set to the same range as the real aircraft to ensure proper functionality and
also cannot be 0 when engine is on. As such, there is no way to set propeller angular momentum to O thereby
removing the gyroscopic effect entirely. Therefore, throughout the context of this study, the comparison cases
are performed with 0.01x propeller Mol to represent a negligible level of gyroscopic effect in place of one with
completely nullified GE.

The time history of each simulation performed is then characterized using the following four metrics to facilitate
comparisons:

1) Initial Angle of Attack Excursion: the difference between the initial o value and the first peak value of the &
oscillation with respect to time

2) Initial Side Slip Angle Excursion: the difference between the initial S value and the first peak value of the 8
oscillation with respect to time

3) Largest Airspeed Deviation: the largest difference in magnitude of true airspeed between the cases with and
W/O GE
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Table 4 Open-Loop flight maneuver test matrix

Maneuver Initial Climb Cruise | Approach
Elevator Impulse-Input | All Engine Operative (AEO) AEO
. ) AEO
Rudder Impulse-Input One Engine Inoperative (OEI) OEI
Sudden Engine Failure AEO
Engine Step-Increase N/A AEO | AEO & OEI
Going Around N/A N/A AEO & OEI

4) Largest Airspeed Deviation: the largest difference in magnitude of altitude between the cases with and W/O
GE

The first two metrics are chosen to represent the short-term aircraft motion and also grants some insight on the
controllability of the aircraft throughout the maneuver. Whilst the aerodynamic model in this study does not have
sufficient fidelity to model inflight upset, monitoring the value of those wind axis angles allows a better view on
where the aircraft is in its safe flight envelope when observing its dynamic response.

The other two metrics are chosen to reflect the long-term aircraft dynamic and specifically the aircraft’s vertical
trajectory and energy state.

The difference and percentage difference of these aforementioned metrics between the 1x propeller Mol case
and the 0.01x Mol case is then calculated as follows:

Difference : AM = Mixymor — Mo.oixymor

Mixsror — Mo.ixmor (14)

Percent Difference = X 100%

Mo.oixmor

Where M is any of the four metrics.

E. Closed-Loop Maneuvers with Wing Levelers

In response to the undesired roll axis excursion effect which affects the long-term aircraft motion significantly,
partially closed-loop maneuvers based on the same test matrices in table 4 are performed with the implementation
of a simple wing-leveler, its design and parameter described in subsection ILF.

F. Powertrain Response

To study the effect of powertrain fidelity and torque response characteristics on the flying characteristics of the
aircraft, the flying motion of aircraft with the simple prop powertrain and its higher torque lag version was made.
The comparisons are made for the throttle-related maneuvers, which are No. 5 through 7 in the maneuvers list with
all-engine-operative scenario.

G. Sensitivity Study towards Unsteady Aerodynamic Coefficients

Last but not least, due to the low fidelity method used for determining the unsteady coeflicients, a sensitivity
study on the unsteady aerodynamic coeflicients was performed. As literature[6] as well as the modal analysis results
in this study already indicate that classic modal analysis does not capture the influence of propeller gyroscopic
effect, it was decided that, instead of comparing the change in aircraft modes in response to variations in unsteady
aerodynamic coefficients, short time-domain simulations were performed for variations of the four rates coefficients
(Crmzp> Cryg» Crxr» Crzr). The simulations are performed at cruise condition using the elevator impulse and
rudder impulse maneuver with all engine operative, so that both the pitch and yaw axis maneuvers are covered. The
control deflections occur at the usual timing but the simulation is truncated to a duration of 5 seconds as only the
short-term dynamics are of interest.
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IV. Validation and Verifications

Due to the lack of real-world flight-test data, especially those of dynamic flight maneuvers, and considering
limited fidelity of aerodynamic data, few validation and verification could be done on a wholistic level to demonstrate
that simulation model is a faithful representation of the real reference aircraft. Nevertheless, a few validations and
verifications were performed to ensure that the models are showing the correct trend.

Firstly, the correct operation of the propeller governor in the simple prop propulsion model is verified by the
means of a unit test. The simple prop model was isolated from the rest of the simulation model and put onto a
"testbench" with the throttle and aircraft airspeed as the input. The commanded RPM is set at the maximum allowed
setting of 2700, which is the typical setting for critical flight phases such as takeoff, initial climb, and approach.

In the first scenario, the throttle set at 100% while the airspeed was raised at a constant rate starting at t = 5s.
The results of this test is shown in the top graph of 10. As expected, the commanded blade pitch angle (5,,) becomes
larger as airspeed increases while the commanded RPM is maintained.

In the second scenario, the airspeed remains constant and the throttle setting is changed through two step inputs.
The powertrain behaviour is presented in the bottom graph of Figure 10. After the first step rise of throttle input to
full throttle, the governor changes 3, to a larger setting and tracks the commanded RPM fairly well after the initial
disturbance. Meanwhile, the thrust increase also reflects the power increase. The second throttle step change closes
it completely, commanding O torque from the engine. In this case of vanishing torque source, the governor attempts
to maintain RPM by commanding the finest possible 8,. However, this is not sufficient as the propeller continues to
spin down in RPM in order to reach the new equilibrium of zero thrust and zero shaft power. The result of the
simulation is again the same as the real world expectation.
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Fig. 10 Response of the propeller-governor model towards increasing airspeed (top) and changing throttle (bottom)

Next, a power-required-curve test was performed to validate the frimmed lift to drag curve of the model. The
simulation model is trimmed to an unaccelerated straight-and-level flight condition at airspeed from 35m/s to
90m /s a fixed altitude of & = Om. As only trimming is involved, the direct thrust propulsion is utilized. The
throttle setting at trimmed condition is then recorded and then converted into thrust and power required to maintain
unaccelerated flight.

The result is shown in Figure 11. One can see that the minimum power-required airspeed occurs at around
40m /s or around 80kt. One may recall that the minimum power-required speed is typically the best rate-of-climb
speed due to the aircraft having the maximum excess power at that airspeed. Whilst the quoted best rate-of-climb
speed of PA-30 is 97kt ~ 47.5m/s, the result of this test shows that the static aerodynamics performance of the
simulation model is still a reasonable resemblance of a typical light general aviation aircraft.
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Power and Thrust Setting vs Airspeed
during Trimmed Unaccelerated Level Flight
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V. Results and Discussion
This section presents the results of the simulation performed both in frequency-domain and time-domain. The
impact of gyroscopic effects are demonstrated through time-history plots, as well as summarized metrics. After this,
the results of the powertrain fidelity and response are also presented, along with the outcome of a sensitivity study
on unsteady derivatives.

A. Model Analysis

The change in longitudinal modes of the linearized model for the aircraft due to increasing propeller Mol and
increasing RPM is shown in Figure 12 and Figure 13, respectively. One can see that the short-period and phugoid
mode frequencies for both the varying propeller RPM and inertia shows similar trend against rising propeller angular
momentum L. The longitudinal frequencies differ very little in the case of 0x, 0.1x, 1x original propeller angular
momentum(L, o) Through the airspeed range, there is no case where the change in L, causes a degradation in
frequency or damping criterion levels.

In the meantime, the irregularity around the 50m /s to 60m /s can be explained the nonlinearity of the longitudinal
control surface aerodynamic model. Specifically, the elevator pitching moment incremental coefficients (dCazy,s,.,)
vs a reverses its slope at around o = 6°, which is also approximately the trimmed AoA for this speed range.
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Fig. 13 Effect of increasing propeller moment of inertia (left) and RPM (right) on phugoid mode vs airspeed

The Dutch-roll, roll subsidence, and spiral modes of the aircraft for varying propeller inertia and RPM with
respect to increasing airspeed are presented in Figure 14, 15, and 16, respectively. Just as the longitudinal cases, the
trends are similar between increasing RPM and increasing inertia.

The frequency and damping ratio for the Dutch Roll mode, presented in Figure 14, shows negligible if any
difference between the 0%, 0.1X, 1X L, o cases. All in all, similar to the longitudinal cases, the handling quality
levels do not change with the change in L.
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The roll subsidence modes are again nearly identical for all cases of propeller RPMs and inertia. This is expected
as the roll subsidence mode is mainly dependent on the roll moments and coeflicients, whereas the propeller
gyroscopic effect mainly concerns the coupled moments between the pitch and the yaw axis.

The spiral modes remain convergent throughout the airspeed range and also for all cases of propeller RPMs
and inertia, and therefore are all at handling quality level 1. The spiral frequencies and times to double are also
generally overlapping for the the 0x, 0.1x, 1x L, ¢ cases, as seen from Figure 16. However, the plot of spiral
frequency against airspeed does not agree with the usual shape of such curves as seen in literatures such as [14,
Fig. 7] and [15, Fig. 11]. This upward inflection after reaching a minimum Re (1) value could not yet be explained
without further investigation on the coupling between aerodynamics and inertia model. The said minimum Re (1)
approaches zero however does not reach zero. Whilst the deviation from the 0x, 0.1x and 1 x L, o cases are the
most significant, there is also a shift in the airspeed at which minimum spiral frequency occurs.
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In summary, while the magnitude of propeller angular momentum does show some effects on the longitudinal and
lateral dynamic modes, the differences between the results without or with lower gyroscopic effect are insignificant,
except for the spiral mode. The peculiarity of the results, notably short-period and phugoid, are rather due to the
aerodynamic models, not the addition of gyroscopic effect. More importantly, changing the magnitude of the
propeller angular momentum does not show any downgrade nor upgrade in handling quality levels for all modes.
This lack of gyroscopic effect influence on the modal analysis is consistent with existing literature[6] concerning a
single-engine aircraft. This can be explained by the fact that small perturbations were used to linearize the model for
modal analysis, whereas the gyroscopic effects only manifest themselves at relatively high pitch and/or yaw rates.

B. Open-Loop Flight Response
This subsection intends to present the comparison results of the open-loop flight responses for the two gyroscopic
effect (GE) cases (0.01x and 1x propeller Mol) for both all-engine-operating scenario and one-engine-inoperative.
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First, a couple of time history results are shown to demonstrate typical responses for a pitch-input maneuver and
a yaw-input maneuver, respectively. Then, a summary of results for all maneuvers in the test matrix using the 5
proposed metrics are shown and discussed. Last but not least, a summarization on the findings from the open-loop
maneuver simulations are presented.
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Fig. 17 Time history comparison of the elevator impulse maneuver during cruise condition with all engines operative

Figure 17 shows a time history comparison between the two cases of gyroscopic effect (1x and 0.01x propeller
Mol, labeled With GE and W/O GE respectively) for the elevator impulse-input maneuver with all engines operating
at cruise condition (Vo = 169kt, h = 8000 f¢, and y = 0°). This maneuver demonstrates how a input or disturbance
in the pitch axis can excite yaw rotation due to the presence of propeller gyroscopic effect. One can observe from
the left plot for @ and S that the sideslip angle response is significantly different for the two GE cases. For the
stronger GE case, a pitch-up moment leads to an almost simultaneous coupled negative rotation in the yaw axis
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when the step input occurs, which is the expected impact of the propeller gyroscopic effect, whilst the weak GE
case shows much less negative rotation before the aerodynamic moments causes a yaw rotation in the positive
direction for both cases. This difference leads to not only a much higher initial 8 but also a noticeable phase offset
in B response between the two cases. The S oscillation period is also longer for the stronger GE case, meaning
the presence of gyroscopic effect causes a slightly dampening effect on lateral dynamics, which agrees with the
increase in Dutch-roll damping for an increasing GE as shown in Figure 14 in the modal analysis. The @ response
also differs after the initial pull-up, with the stronger GE case having a more noticeable oscillation that corresponds
with the g oscillation, signifying a continued gyroscopic influence after the initial disturbance.

The response of the aircraft, in terms of airspeed and altitude, corresponds well with the o and S response. The
AoA is consistently lower for the stronger GE case, thus leading to less airspeed loss and more altitude loss. There is
also a noticeable shift in phugoid mode, with the stronger GE case having a longer oscillation period However, the
top-down view shows that the aircraft has entered a shallow bank and thereafter a divergent spiral mode, despite the
fact that the modal analysis suggests spiral modes are convergent throughout the airspeed range. This phenomenon
can be explained by three factors of contribution:

* The aileron deflection at trim is non-zero, thus causing additional roll moments as soon as the aircraft departs
from trimmed condition due to the elevator deflection.

* The roll moment, yaw moment, as well as side-force coefficients are highly non-linear with respect to both «
and B, with Cys o flipping sign at medium AoA with 8 = 4°, as seen in Figure 4.

» The modal analysis could also have been deficient due to its evident inability to account for strongly non-linear
effect such as GE as well as the non-linear nature of the aerodynamic model.
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Fig. 18 Time history comparison of the sudden left engine fail maneuver during initial climb condition with all engines operative

Figure 18 shows the time history comparison between cases with and without GE for the sudden left engine
failure maneuver during initial climb with all engines operating (Voo = 97kt, h = 500f¢, and y = 4°) at the start of
the simulation. This maneuver is an example of how gyroscopic coupling causes a sudden yaw movement to affect
aircraft pitch motions. Similar to the above example, the @ and S oscillations are more strongly coupled for the
stronger GE case. On the other hand, as the absolute magnitude of AoA and sideslip angle variation remained low,
there is noticeably less difference in terms of aircraft phugoid and spiral motion. However, it is worth noting that
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the propeller system does not model negative thrust conditions, which often is the case when loss of power and oil
pressure to the propeller causes the propeller to be windmilled by the incoming airflow, thus causing massive drag
and thrust asymmetry before the blades are feathered. As such, a real-world engine failure could incur much higher
beta excursion.
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Fig. 19 Maneuvers with the 5 highest percentage difference in « (top) and S (bottom) initial peak excursion between simulation with and
without GE, open-loop

The time-simulation results are best summarized by the bar charts in Figure 19, which shows the top 5 maneuvers
in terms of percentage difference in initial @ (top) and B (bottom) excursions. One can observe from Figure 19
that the top 5 B percentage excursions are dominated pitch-input maneuvers such as elevator impulse pitch-ups,
symmetric engine increases as well as go around maneuvers. Accordingly, yaw-input maneuvers such as rudder
impulse The negative percentages for the step and impulse elevator during initial climb condition signifies that the
initial response of the lesser GE case is in the opposing direction of the stronger GE case. This is due to the fact that
the lateral aerodynamic coeflicients are also a function of @. As a result, side forces and moments are generated in
the direction opposing the gyroscopically coupled moment when aircraft pitches up. In the less GE case, there is
not enough gyroscopic moment to counteract such an opposing aerodynamic moments, thus the opposite initial
reaction.

For the pure elevator input cases, the magnitude of difference between the initial excursion of the excited axis™
is significantly higher for the cruise phase compared to the initial climb phases. This is due to the fact that the same
angle of control deflection is used for all three flight phases, which means much higher rotation rate was generated
at the high-speed cruise phase thanks to the much higher dynamic pressure. This higher rotation rate therefore
excites much higher moment in the excited axis for the strong GE cases. However, the low airspeed cases have more
difference in excursion in terms of percentages. This is due to the fact that the magnitude of the actual excursions
for the no GE cases are rather small due to the low dynamic pressure, leading to less impact on the response by
the asymmetric aerodynamic forces, making the GE contributions appear to be much more significant than the
aerodynamic contributions. For the dual engine thrust increase cases, the gyroscopic effect is more evident during
the approach phase compared to the cruise phase. This is because the trimmed thrust during approach is much
farther away from full thrust and power than the cruise case. For pure rudder input cases, the trends between the
three flight phases are less clear-cut, with the approach phase presenting the most percentage difference, and the
initial climb phase shows the most difference in magnitude of a excursion. This is because rudder effectiveness
actually increases with @, which means that the rudders are most powerful for the slow speed phases, thus leading to
higher yaw rates and therefore higher pitch rates and excursion. Seeing that the flight conditions and the asymmetric
aerodynamics model cause deviations in expected magnitude of gyroscopic-exciting angular rates, further tests are

*The excited axis is defined as the axis for which rotation rate is excited by the input axis, e.g. the yaw axis is the excited axis during a pitch
maneuver.
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needed to isolate the effect of rotation rates from that of aerodynamics.
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Fig. 20 Angular and rate response of the excursion in excited axis vs the excursion in exciting axis for the elevator impulse maneuvers of various
elevator deflection

@ excursion vs § excursion for the rudder impulse maneuver during cruise Peak pitch rate vs peak yaw excursion for the rudder impulse maneuver during cruise
T T T T T T T T T T

0011

I3
S
5

)
5
8

a excursion(®)

q, Peak Pitch Rate(rad/s)

0.04

0.05

06 L L L L L 006 L L L L L
-7 -6 5 4 -3 2 -1 0.1 0.2 03 0.5 06 0.7

4 excursion(°)

0.4
r, Peak Yaw Rate(rad/s)

Fig. 21 Angular and rotation rate response of the excursion in excited axis vs the excursion in exciting axis for the rudder impulse maneuvers of
various rudder deflection

Therefore, to further investigate the relationship between gyroscopic impact and initial aircraft rotation rates
further, the elevator and rudder impulse maneuvers are performed again at cruise condition with a range of
increasingly larger elevator and rudder deflections, respectively. The results are presented in Figure 20 and 21 in the
form of the excited axis excursion vs exciting axis excursion. For the elevator impulse, the first trend to be noticed is
that the peak 8 excursion becomes increasingly negative as @ excursion increases, signifying a positive relation
between the rotation rate and the coupled axis excursion. The differences between magnitudes of initial peak S
angle excursion of the strong GE cases and the weak GE cases also increase almost linearly with the initial peak
a value, further affirming this trend. The rudder impulse response tells a similar story, with the differences in
magnitude of the initial peak @ angle excursion increasing almost linearly with the initial peak S value. Moreever,
one can see that the magnitude of the peak rate of the excited axis is significantly higher for the strong GE cases,
again confirming that the impact of gyroscopic effect is strongly related to the rotation of the exciting axis.

On the other hand, due to the presence of significant roll excursion, the characteristics of the phugoid motions
are quite varied and no clear trends emerge, as shown in Figure 22, with both pitch and yaw maneuvers during
various flight phases among the largest deviations. Further research could instead consider the amplitude, period,
and phase lag of the phugoid mode between the weak and strong gyroscopic cases, although the highly nonlinear
nature of the influence of the gyroscopic effect may make it hard to determine those values on a large scale.

In general, the results for one-engine-inoperative scenarios show similar trends (and lack of trends) in both
short-term and long-term aircraft motion, and the results are therefore omitted here.

In summary, time-domain simulations for both all-engine-operating and one engine inoperative scenarios show
that:
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Fig. 22 Maneuvers with the 5 largest deviation in airspeed (top) and altitude (bottom) between simulation with and without GE, open-loop

* The influence by propeller gyroscopic effect on pitch-yaw axis coupling is evident and noticeable, with the
difference between the initial excursion of the excited axis of high and low gyroscopic effects in some cases
being more than 100%

* It is also evident that by varying the magnitude of the propeller moment of inertia, long-term modes such as
phugoid and spiral modes are also modified, despite the outcome of the modal analysis, which only uses
small perturbations to linearize the aircraft system.

* The extent to which gyroscopic effects impact short-term aircraft motion, i.e. AoA and sideslip initial
response, depends mainly on the angular rate generated by the initial control input.

* The extent to which gyroscopic effects impact the long-term aircraft trajectory (airspeed, altitude, and
horizontal paths) is inconclusive and is deemed to be highly dependent on the shape of the steady aerodynamic
models, the nature of the maneuver, and the initial condition.

Further targeted study on the effect of long-term aircraft trajectory may require a well-tuned closed-loop flight
control system due to the highly nonlinear nature of the aircraft’s aerodynamic and control surface model, which,
more often than not, led to roll divergence that hinders abilities to draw solid conclusions on the aircraft flight
path. A control force-based control system, where control inputs are in terms of stick force rather than simple
geared deflection, could also improve the fidelity of the simulation and alleviate the roll divergence in the open-loop
simulations.
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C. Closed-Loop Flight Responses with Wing Leveler

In order to address some of the adverse effect of roll excursion during the open-loop simulations, flight
maneuvers with a closed-loop aileron controller and open-loop elevator and rudder controls were performed to
provide additional insight on the impact of gyroscopic effect.
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Fig. 23 Time history response for elevator impulse during cruise with all-engine-operative and wing leveler enabled

The time history response for the elevator impulse maneuver during cruise condition with wing leveler enabled
is shown in Figure 23. The influence of GE on the short-term angular responses is still evident as seen from the
a and B response. In the meantime, the 8 response shows a much quicker convergence back to symmetric flight
for both cases with and without GE, with the strong GE case converging slightly quicker. However, there is no
discernible difference in airspeed, altitude, nor ground track trajectory between the with and W/O GE cases, which
is in agreement with literature[6] that the long-term flight dynamics does not get affected by the gyroscopic effect.
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o (deg)

B0 a0 0 20 40 0 10 20 %0 40 50
¥ Positon (m)

Fig. 24 Time history response for sudden left engine failure during initial climb with all-engine-operative and wing leveler enabled

As shown from the time history response for the sudden left fail maneuver during initial climb condition with
wing leveler enabled in Figure 24, the initial response in the excited axis shows again marked difference between
cases with and without GE. For the sudden left fail maneuver, instead of settling into a bank into the failed engine and
converging to almost no sideslip, the closed-loop cases converge to a non-zero 3, which is again within expectation
when trying to maintain wing level during engine failure. In contrast to the elevator impulse case, the airspeed and
altitude trend does change noticeably. However, the magnitude of changes is still rather small.

The bar graph summary for closed-loop scenarios, shown in Figure 25, shows that the short-term trends shown
in the open-loop maneuvers does not change very much with the addition of a wing leveler. Throughout the text
matrix, the maneuvers with the largest difference in initial @ excursion with wing leveler enabled are still the yaw
dominated ones, with similar situation for the initial 8 excursion observed.

The bar graph summary for the airspeed and altitude shown in Figure 26, however, shows a different trend than
that of the open-loop maneuvers. Most of the largest deviations in phugoid motion are yaw-dominant maneuvers.
The fact that yaw maneuvers shows more change in phugoid motion than pitch motion is more related to the fact
that the longitudinal aerodynamic model is not dependent on lateral dynamics, whereas lateral aerodynamics model
does indeed depend on longitudinal dynamics. This dependency, coupled the additional moment generated by the
gyroscopic effect, in turn leads to the more noticeable deviation in the phugoid trends.

In the meantime, it is worth noting the caveat that the ailerons also contribute to yaw moment, albeit to a much
less degree than rudders. As such, the closed-loop aileron deflections can also contribute to the yaw responses,
especially after the initial disturbance.
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Fig. 25 Maneuvers with the 5 highest percentage difference in @ (top) and B (bottom) initial peak excursion between simulation with and

without GE, with wing leveler enabled
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D. Powertrain Response

The sudden left failure during initial climb maneuver as well as the go around during approach maneuver are
the two maneuvers in the test matrices that involves the most changes in engine power setting and therefore are
the most suitable ones for exploring the effect of powertrain torque response lag. The four cases presented are the
combination of Iy , = {0.1X, 1X} xx p o and Tene = {0.1s, 1s}.
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Fig. 27 Time history comparison of the sudden left engine failure maneuver during initial climb condition with all engines operative

The aircraft response for the sudden left failure maneuver is shown in Figure 27. One can observe that the & and
[ responses, as well as the horizontal motions, are quite similar between cases of identical propeller Mol, whilst the
phugoid motions are similar between cases of identical powertrain lag.
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Fig. 28 Time history comparison of the go around maneuver during approach condition with all engines operative

Figure 28 shows the go around maneuver simulation with the four cases. In this case, the initial & response is
higher for cases with higher powertrain lag. Because of the higher initial & response, the initial S response is also
higher for the higher lag cases. However, the o and § oscillations after the initial peaking are still more dominated
by the gyroscopic effect. The phugoid motions are also predominantly affected by the powertrain lag, whilst GE
also modifies the phugoid mode by a small extent.

To summarize from the two above cases, the phugoid motion is mainly dominated by powertrain lag, which is
within expectation, as the lag in power affects the aircraft’s energy state, with is mainly represented by the phugoid
motion. When the principal axis of maneuver is the yaw axis, such as during a sudden engine failure, the short-term
attitude changes are still dominated by the gyroscopic effect, and the phugoid contribution by the gyroscopic effect
is comparatively low. When the principal axis of interest for the maneuver is the pitch axis, the differences in
short-term responses are contributed by both the powertrain lag and the gyroscopic effects, with the exact split of
influences not quantifiable through the limited test case. The pitching maneuvers also show GE modifying the
phugoid motion slightly, though to a much lesser extent than the powertrain lag.

For further investigation, a closed-loop flight control system is again recommended for performing better
simulations that more closely replicate real-life situations for evaluating the impact of both the powertrain lag and
the gyroscopic effect. This is especially true for the go-around maneuver, which is usually actively performed by
the pilot and follows a different routine by following a set airspeed through pitch manipulation, rather than moving
the stick to a preset deflection then leaving it there.
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E. Unsteady Aerodynamic Coefficient Sensitivity

Figure 29 and Figure 30 show the results of the sensitivity study for elevator and rudder impulse, respectively.
For the elevator impulse maneuver, the excitation of yawing motion for the strong GE case is significant for all
variations of the unsteady rate derivatives. The variation of Cps,, and Cyy, all sees amplitude reduction with the
increased damping, whereas the Cys,, variation shows again lower amplitude in yaw when the pitch amplitude
itself is lower due to the higher damping. Nevertheless, all strong gyroscopic effect cases are recognizable through
the reduced period of S oscillation.
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Fig. 29 Aircraft « and 8 responses for elevator impulse for variations of unsteady aerodynamic coefficients and propeller Mol

For the rudder impulse maneuver, the excitation of the pitching motion for the strong GE case is also evident for
all variations of unsteady coefficients. In the case of sensitivity towards the pitch damping coefficient, the peak o
amplitude is reduced with the higher Cyy,, case, which is expected with the increased pitch damping. For the yaw
damping coefficient sensitivity, the peak amplitude of the pitch motion is lower for the higher Cy;,,- because the
peak amplitude of the yaw motion itself is more heavily damped, thus leading to lower induced gyroscopic moments.
All strong GE cases are detectable by the much higher amplitude and lower frequency of the AoA oscillation.

As such, one can conclude that while the amplitude of the response on the excited axis maybe modified by the
variation of some unsteady aerodynamic coefficients, the impact of gyroscopic effect is still very discernible from
the impact of those variations.
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VI. Conclusion

In conclusion, this paper has presented an investigation on the impact of propeller gyroscopic effects on the
handling qualities of a twin-engine light general aviation aircraft. Traditional handling qualities assessments using
modal analysis as well as time simulation of rapid maneuvers were performed using an augmented flight mechanics
simulation suite which incorporates a multi-body physics based simulation of propeller gyroscopic phenomena, a
non-linear wind tunnel aerodynamic model, and propeller-governor-engine dynamics.

Traditional modal analysis shows very little difference between the linearized models with and without the
presence of gyroscopic effects. This is because the linearized models are obtained based on small flight parameter
perturbations whereas the gyroscopic effect is nonlinear in nature and only manifest itself at considerable rotation
rates. Peculiarity in the trend of modes vs airspeed is the same for all amplitudes of propeller angular momentum,
and therefore is more likely due to the non-linear aerodynamics model.

Next, open-loop simulations of various flight maneuvers at different flight phases shows that rapid pitch and yaw
maneuvers does excite a coupled reaction of the yaw and pitch axis, respectively, as evident from the time history
of the angles of attack and sideslip angles. The stronger the angular rate that the maneuver generates, the larger
the induced response from the excited axis is. The phugoid motion was also evidently affected by the presence
of gyroscopic effect, though the question of which maneuver(s) are more significantly affected by the gyroscopic
moments remains inconclusive. The open-loop nature of the simulation and the non-linear aerodynamics model
means that undesired roll motion is also introduced, which further restricts the ability to draw more conclusions
from the flight trajectory.

To alleviate this roll excursion problem, partially closed-loop maneuvers with a simple wing leveler were also
performed. When the roll angle actively controlled, the phugoid motion of the aircraft is more likely to be altered
by the presence of gyroscopic effect during yaw-dominant maneuvers rather than pitch-input maneuvers, though
overall not much difference was observed between cases with and without gyroscopic effects.

Next, the comparison between different powertrain lag shows that in an sudden one-engine-failure situation, the
powertrain lag plays almost no role in the short-term motion of the aircraft and also very little role in the long-term
phugoid motion. On the other hand, during a dual engine go around, the powertrain lag plays a major role in
changing the phugoid mode as well as the short term dynamics, mainly through reducing the initial peak alpha
value.

Last but not least, a sensitivity study on unsteady aerodynamic coeflicients shows that whilst the peak amplitude
of the gyroscopic moment induced motion changes with the varying damping coefficients on the related axis, the
coupling between the pitch and yaw axis is still evident for all cases. One can then reasonably conclude that the
relatively low fidelity of the unsteady aerodynamic coefficients do not detract from the comparison between cases
with or without the presence of gyroscopic effects.

Nevertheless, further research could consider first enhancing the aerodynamics with higher fidelity model by
including the aero-propulsion interaction effects and combine such increase in aerodynamics accuracy by also
incorporating force-based controls rather than the existing deflection-based controls. Aerodynamics models for
alternative configurations such as flaps down and gear down could also be useful for more accurately studying
maneuvers such as engine failure during final approach and missed approach, where twin-engine aircraft are
the most vulnerable to the adverse effect of flight upset. The incorporation of a more well-designed three-axis
autopilot or human pilot could also be useful for studying how the propeller gyroscopic effect affects closed-loop
behavior of the aircraft. Last but not least, the research can be further parameterized to include higher number of
propellers/propulsors on the aircraft, similar to the distributed propulsion concerts currently in study for future
electric aviation.
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Introduction

2.1. Background and Motivation

Safety is of paramount importance in the field of aviation. An NTSB investigation in 1979[1] found that,
during the time frame between 1972 and 1976, the likelihood of a fatal crash after an engine failure
was four times greater for a twin-engine aircraft than a single-engine aircraft. This is due to the fact
that a typical twin-engine General Aviation (GA) aircraft have their engines installed symmetrically on
both sides of the airframe. When one of the engine fails and stops producing thrust, the resultant
asymmetrical thrust force from the remaining engine would results in a high yaw moment that could
cause the aircraft to depart from controlled flight if not handled promptly and correctly by the pilot. In light
of this, the sizing of the vertical stabilizer(s) and rudder(s) of multi-engine aircraft is often constrained
by the controllability of the aircraft under the one-engine-inoperative (OEI) conditions.

However, whilst larger vertical stabilizers and rudders allow for greater directional controllability, they
also lead to higher surface area and mass, both resulting in higher fuel consumption due to increased
parasitic drag and lift-induced drag, respectively. As the understanding of aircraft dynamics as well
as the capability of modelling the flying motion grows, much of the efforts have been made to take
advantage of this new ability in the early phases of the aircraft design cycle in the chase of efficiency.
This can be seem from efforts such Soikkeli’s study[7] on evaluating the potential reduction of vertical
tail sizes through incorporating differential thrust as yaw control device.

With that in mind, the gyroscopic procession effect refers the tendency of a rotating mass to resist
change in its rotating axis in the form of a restoring moment. Such effect increases with the rotating
inertia and rotational speed of the rotating mass. In the context of flight dynamics, aircraft propellers are
such major rotating masses in airplanes due to its dimension, mass, and angular velocity. It is therefore
interesting to investigate the impact of such effect on the dynamic behavior of an aircraft, which could
lead to a significant coupling between axes. Understanding such phenomenon could potentially enable
both insights on the handling qualities of aircraft as well as the sizing of the lateral-directional controls.
It may also enhance the fidelity of flight training simulations, which would allow pilots to be better trained
in dealing with OEI situations.

In the meantime, the advent of electric aircraft also enables the concept of distributed propulsion to be
popularized, as the simplicity and compactness of electric motors allows the propulsion devices to be
placed more freely than ever before. Whilst distributing propulsive power amongst numerous devices
yields tangible benefits in terms of efficiency, it also means that a powertrain failure is more likely to
occur and that the number of major rotating masses is also increased. As such, how such a trend in
the development of sustainable aviation would affect the contribution of gyroscopic procession to the
handling characteristics of light aircraft is also worth investigating.
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38 2. Introduction

2.2. State-of-Art

Several researches on the effect of propeller gyroscopic procession in the field of aviation have already
be done dating as early as 1940s. However, many of such studies are primarily concerning the structure
aspects. The 1941 NACA Technical Memorandum[8] derived the torque and bending moment caused
by propellers from a theoretical point of view. Building upon this, Scaland and Truman[2] took an
experimental approach to study the effect gyroscopic processions have on engine on-wing vibration
modes. Liu’s study on propeller whirl-flutter effects[3] from an analytical approach also took gyroscopic
procession into account. It was found that when a flexible wing is assumed, the gyroscopic effects of
the rotating propellers change the frequencies of the free vibrating modes.

In the meantime, Teixeira and Cesnik provided additional insight on the combination of aerodynamic
and gyroscopic effects of the distributed propellers on the highly-elastic wing of a high-altitude long-
endurance (HALE) aircraft[4], which showed that gyroscopic effect does affect the wingtip twist of such
an wing. Such behavior is expected as gyroscopic precession is only expected to produce a moment
but not a translational force.

On the flight dynamics front, early efforts on investigating the impact of gyroscopic procession were
made done mainly for rotorcraft and VTOL aircraft due to the relatively large rotating mass of the propul-
sion devices of those types of aircraft. For example, Smith, Jr.’s experiment in 1958 [5] on the hovering
and transition flight of a scaled model of a jet-powered VTOL aircraft uses a air-jet powered flywheel
to simulate the gyroscopic forces generated by the rotating masses of the jet engine. It shows that
when the simulation of gyroscopic procession is enabled, the scaled model "could not be controlled in
hovering flight without artificial stabilization because of the strong gyroscopic coupling of the yawing
and pitching motions”[5].

Goraj et al. [6] offered a detailed study into the impact of strong and weak gyroscopic effect on the
handling characteristics of a single-engine turboprop light GA aircraft through numerical flight simula-
tion. In this context, weak gyroscopic effects was referred to as those that can be investigated using
the traditional modal analysis approach of aircraft stability whereas strong gyroscopic effect refers to
those dynamic ones that are exhibited during time-domain analysis of rapid flight maneuvers. For the
weak gyroscopic effects, it was found that the moment of inertia of the propeller does not have an im-
pact on the dynamic modes of the aircraft whereas the rotational speed does. For strong gyroscopic
effects, rapid maneuvers such as step deflections of elevator and rudders were performed as well as
simulations of gusts. During such maneuvers, the effect of gyroscopic procession is discernible with
induced sideslip angle after only longitudinal control excitation.

2.3. Research Gap

As seen from the state-of-art review in section 2.2, the study of gyroscopic procession on aircraft flight
dynamics through flight simulation is still rather limited. Notedly, no study has been done on the how
gyroscopic effects can impact flight dynamics for multi-engined aircraft. Moreover, as highlighted by
Goraj and Chichoka’s study[6], propeller gyroscopic procession does have a noticeable effect during
rapid maneuvering such as elevator and rudder step inputs as well as gusts. A sudden engine failure
for a multi-engine aircraft could also cause the plane to experience sudden attitude change that would
induce significant gyroscopic torque, which could potentially contribute to improving or worsening the
recovery maneuver.

Furthermore, no study has been performed yet that takes into account of the effect that different power-
train types can have on the behavior of the aircraft when gyroscopic effects are taken into account, as
more of the study assumes constant propeller rotational speed. In the meantime, neither was there any
sensitivity studies on the sensitivity of such gyroscopic effect on the engine/propeller location relative
to the Center of Gravity (CoG).

2.4. Research Statement

With the aforementioned gap in mind, the following research question was then formed:
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How can one quantify the impact of propeller gyroscopic procession effect on the flight dy-
namic behaviors of light multi-engine aircraft through flight simulation, especially during
the event of a powertrain failure?

With that in mind, the sub-research questions are then:

» How sensitive is the result of this study to the fidelity level of aerodynamic modelling?
» During which maneuvers is the effect of propeller gyroscopic procession more prominent?

» What are the relevant parameters that can be used to quantify the impact of the gyroscopic effect
on the flying qualities?

» How does different powertrain types (electric, piston, turboprop) impact the results?

» How does the placement of the engines/propulsion devices affect the results?

The main contribution of this research aims to grant an insight on the effect of propeller gyroscopic
procession on light multi-engine aircraft especially during rapid maneuvers similar to those encoun-
tered during the event of engine failure. With a better understanding of the contribution of such effort
on aircraft flight motion, the sizing method of flight controls for meeting controllability constrains could
potentially be improved whilst the improved flight dynamics model could also provide the pilots with
higher-fidelity flight training simulation. It also serves to give more understanding on the effect of elec-
trification and distributed propulsion on aircraft flight dynamics.

2.5. Reference Aircraft

The base aircraft model chosen for this research is the DA-42 manufactured by Diamond Aircraft Indus-
try, a picture of which is shown in figure 2.1. Itis a light four-seater general aviation aircraft powered by
two piston engines and constant-speed variable pitch propellers mounted symmetrically on the main
wing, which is the conventional layout of a twin-engine GA aeroplane. With initial certification and de-
livery in 2005 and more than 1000 examples built by March 2019[9], this type of aircraft is chosen for
this study due to its ubiquity amongst flight training schools as well as the general flying public. The
availability of publicly available technical materials such as the Aircraft Flight Manual (AFM)[10] and
the Aircraft Maintenance Manual (AMM)[11] as well as suitable open-source 3D model[12] is also an
advantage for the research.

Figure 2.1: A picture of Diamond DA42

1 Image Source: https://www.diamondaircraft.com/en/private-owners/aircraft/da42/overview
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2.6. Report Outline

The report is split into three chapters corresponding to the major components of the research. Firstly,
Chapter 3 presents the information on the non-aerodynamic parts of the flight dynamics simulation to
be implemented, including the mathematical model for both propeller gyroscopic procession as well as
powertrain dynamics. Next, Chapter 4 reviews the available methods for generating the aerodynamic
models for the airframe and the propeller, as well as approaches to account the interaction effects
between the airframe and the propeller. Subsequently, Chapter 5 provides an overview of approaches
to assess the impact of propeller gyroscopic effects on the handling qualities and controllability of the
simulated aircraft model. Last but not least, Chapter 6 provides an overview of the methodologies and
plans for the research project by outlining the simulations and comparisons to be performed.



Flight Dynamics Modelling

3.1. Introduction

This chapter is dedicated to presenting a method of implementing a flight dynamics model for a light
multi-engine aircraft that is suitable to simulate the motion of the aircraft for the intended purpose of
the study, with the exception of aerodynamics-propulsion model, which would be discussed in detail in
Chapter 4. A general unsteady nonlinear equation of motion for aircraft would be reviewed followed by
discussions on the appropriate models for the gyroscopic effect. Subsequently, auxiliary components of
the flight dynamics simulation such as powertrain response modelling and mass-estimation also being
touched upon. Finally, the implementation of such models would also be discussed.

3.2. Equations of Motion for Flight Dynamics

The collective equation of motion for a typical aircraft is given in Etkin’s textbook[13]. The model as-
sumes a rigid body aircraft that is symmetric around the XZ plane and have a number of rigid spinning
masses attached to it. Such rotating masses would have a fixed direction and a constant angular
velocity relative to the body axes.

The translational rigid-body Euler EoM are:
X —mgsinf = m@E + qw® — rvf)
Y + mg cos 0 sin ¢ = m@F + ruf — pwf) (3.1)
Z + mg cos @ cos ¢ = m(WE + pvf — quf)

The angular rigid-body Euler EoM are:
L=1Lp— It +qr(; — y) — I,xpq + qh; — T'hs,
M =1L, +rp(ly —12) + Ix(p*> —1?) + rhy —ph'z (3.2)
N =117—1;0+ pq(ly — L) + (I;xqr) + phy —qhy

The h' vector in Equation 3.2 represents the sum of angular momentum resulting from the rotating
masses in the aircraft, which, as stated in the assumptions, are constant in both angular velocity and
direction in relation to the body axis of the aircraft. The relevant terms are thus called gyroscopic
couples[13].

3.3. Modelling of Gyroscopic Effects

Whilst Equation 3.2 of Etkin’s[13] has already included the gyroscopic couples, the assumption used
means that it is not suitable for the use of this study, which also concerns varying propeller speed. As
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such, higher-order gyroscopic effect model would be necessary for the study.

EASA's Certification Standard for Normal Category Aircraft (CS-23)[14] dictates that the aircraft struc-
ture, particularly the engine mount, must be able to withstand a certain amount of gyroscopic load
due to the rotating propeller. As given in the Accepted Means of Compliance[14], for a three or more
bladed propeller, the magnitude of the gyroscopic load acting through the CoG of the propeller can be
calculated as:

ngTO = Ip(l)l(i)z (33)

Where [, is the propeller moment of inertia around, w, propeller rotation speed, and w, the pitch or
yaw rate of the aircraft.

Teixeira and Cesnik offered a detailed derivation for a blade-by-blade propeller inertia and gyroscopic
model in [4]. In this derivation, the propeller is presented by the blades which are rigid massless rods
with a concentrated point mass equalling the total blade mass at the CoG of the blade. This culminated
in equation 3.4:

Nplades
M, = Z -m; [pi X (ﬁi +2'w® xp, + 16° xp, + wP x wf xpi)] (3.4)
i=1

Where p; is the position vector of the center of mass of the i-th blade, ‘w® the angular velocity vector
of blade Body frame in relation to the Inertial frame, and m; the mass of the i-th blade.

However, the goal of Teixeira and Ceinik’s study[4] involves the study of gyroscopic effects on the
structure of the slender, elastic, high-aspect-ratio wing of HALE aircraft. For a typical light GA aircraft,
the wings are typically rigid enough such that the direction of the rotating propeller can be assumed to
be constant relative to the aircraft frame. As such, a simpler model that only takes into account of the
varying rotational velocity can be used.

For this purpose, the general expression for moment due to gyroscopic is given in Goraj and Chichoka

[6]:

Mel oL,
MGer = My = W +wy X Lp (35)
M.

z

Where L, = I X w, is the angular momentum of the propeller around its center of mass and w is the
angular velocity vector of the aircraft.

3.4. Modelling of Powertrain

As part of the investigation is to observe the role of the torque delivery behaviors of different power-
train types on the impact of propeller gyroscopic effects on the flight dynamics of the aircraft. This
section intends to present some mathematical models found in literature for modelling the three types
of powertrain intended to be compared in the investigation.

3.4.1. Propeller Inertia Model

Common to all three types of powertrain is the propeller inertia model. For the purpose of this study,
the propeller can be modelled as a single rotational mass with a single degree of freedom, whilst
being rigidly mounted on the airframe. The engine torque (as discussed below) and the propeller
aerodynamic torque loading (as discussed in Section 4.3) are assumed to the only torque source and
sink acting on the rotating mass. It is also worth noting that whilst all of the following descriptions on the
powertrain/torque source responses tries to identify the propeller-engine system as a whole, it would
be necessary to isolate the engine part of those models during the implementation stage such that a
common propeller inertia/aerodynamic model is used.
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3.4.2. Electric

Pavel's research[15] provides an insight into electric motor models of suitable fidelity for the flight dy-
namics and control characteristics for eVTOL aircraft, which is also applicable in this research. In this
case, a brushless-direct current(BLDC) motor can be assumed for the aircraft, and the finding by Hen-
dricks et al.[16] indicate that the self-inductance within the motor is of a small magnitude and therefore
can be ignored. As such, the change in electric current in the motor can be assumed to be instanta-
neous. Note that as constructions are similar, the behavior established here is also applicable to the
AC synchronous motors with is widely used in the field of electrified aircraft.

Derived from Malpica and Withrow-Maser’s analysis[17], the model for the torque response of an high-
speed electric motor coupled with a rotor through a fixed-ratio reduction gearbox is:

dQ
I +]r2)E = Kprig +Ta — Br2Q (3.6)

Where [, is the rotor/propeller inertia, ] the high-speed rotating mass such as the motor and connected
transmission gears, r the drive gear ratio, K,,, the motor torque constant, i, the motor armature current,
74 the aerodynamic loading torque from the rotor/propeller, and B the linear representation of frictional
losses in the drive system.

In the meantime, the simplified motor electrical circuit equation is:
di,

Lage

= —Ryi, — K., rQ+ 1, (3.7)
Where L, is the armature inductance, R, the equivalent resistance, K, = K,,, the back-EMF constant,

and V, the voltage applied at the armature.

As such, assuming zero inductance based on state-of-art motors[17], the coupled response of the
electrical and mechanical system is then:

e [ K3r29+ B 2Q+Kerv ! (3.8)
—-— =|- Ty — Br — .
dt R, 4 Ry | I, +]r?
The time constant of this response is then:
_ 1 _ Iy +Jr?
R ) T Oy P ©9)
20 \at R, oa TP T % aa

Whilst methods for estimating the motor parameters, such as K, and R,, were mentioned by Malpica
and Withrow-Maser’s study[17], the exact specification for a representative electric motor, the EMRAX
348, is already available[18]. This particular axial-flux permanent-magnet synchronous motor (PMSM),
shown in is chosen as it has a version with similar power rating (125kW /170hp) as the reference
aircraft’'s engine and it has already been used for conversion of similarly powered piston engine aircraft
to electric power[19].

3.4.3. Piston

Piston engines are still very commonly utilized amongst the light GA aircraft thanks to their lower cost in
the low power application. Richard’s study in 1995[21] utilized knowledge on the piston engine models
from automotive industry and presented a low-order, nonlinear time-dependent dynamic model of an
internal combustion engine coupled with a variable-pitch propeller. The model itself is suitable for a
representation of the propulsive system up to 10 Hz[21], which is also within the frequency range this
flight simulation is expected to be in.

In this model, the engine is modelled macroscopically to be a supplier of torque to the propeller with
the following state variables:

» Q: Engine speed
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EMRAX 208

DIAMETER | LENGTH 348mm | 112mm
WEIGHT 43,1-43 9 kg
COOLING air / water / combined
PEAK | CONTINUOUS POWER 400 kW | 270 kw*
PEAK | CONTINUOUS TORQUE 1000 Nm | 500 Nm#*
MAXIMUM SPEED 4500 RPM
OPERATING VOLTAGE 100-800 V
EFFICIENY up to 96%*

POSITION SENSOR resolver / encoder

*Subject to motor configuration, drive cycle, thermal conditions, and controller capability.

Figure 3.1: Picture and Specification of the EMRAX 348[20] (Note that the 208 instead of 348 is an typo in the specsheet)

* Q.: Engine torque
* Pman. Manifold pressure
* Myan: Manifold air mass flow

« my: Fuel mass flow

The model relies on a engine-specific map of the brake specific fuel consumption BSFC to calculate
the expected torque production:

Qe map (17,0, 02) - (3.10)
me, §l, = .
emap \"'tf e |BSFC(Q,PQ)| Q
Due to the delay, the actual torque development is also modelled as a first-order delay:
) 1 ,
Qe = ‘L'_ [Qr,map(mf' Q,0Q.) — Qe] (3.11)
e

With the time constant t, generally being %’T

3.4.4. Turboprop

Whilst purely physics-based simulations of turboprop engines were investigated in literatures such as
the one documented in [22], for the purpose of this flight dynamics study, an empirical model generated
using the system identification approach, such as the one by [23], could significantly reduce the amount
of physical simulation required and thereby reducing the complexity of the simulation as a whole.

The experimental results indicate that approximating the engine-propeller combination as a linearly
represented first-order system is accurate to around 10% of the steady-state values[23]. This can then
be adapted using gain scheduling techniques to simulate the engine envelope rather than needing to
perform a physics-based simulation.

The speed response of the turboprop engine with a disturbed fuel flow and propeller blade angle is:

a0 1 a0 1
20 = (_) <_>Amf 4 ( ) ( )Aﬁblade (3.12)
amf 1+4+Ts 6.Bblade mf 1+ Ts

Where mi; is the fuel mass flow, T the time constant, Q the propeller RPM, and .4 the blade pitch.

PBblade

Along with the speed, torque and other dependent variables, denoted as y in equation 3.13, can be

identified as:
ox 1+ aTs dx 1+ bTs
Omy Bblade 1+Ts ! 0Bblade i 1+4+Ts ade
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Where the time constant T and rise ratios a and b are calculated as:

T = Ie+Ip
29),, "3,
00 ) (ax
W1 (a f>Bp(6n)mep
ox
: (%), (3.14)
(a_ﬂ) 2x)
9Bp n sQ mfﬁp
b=1- .
ox
(5%)

Where I, and I,, are the moment of inertia of the engine and propeller.

3.5. Modelling of Inertia and Moments of Inertia

To enable flight dynamics analysis for an aircraft, its mass moment of inertia(Mol), in addition to its
weight, must also be obtained. As precise manufacturer data is not available to this study and esti-
mating the Mol through flight test data and system identification method is also not viable, such values
would have to be empirically estimated. As the reference aircraft is of an conventional layout, novel
approaches such as the one proposed in Mutluay’s thesis [24] is not required, as an empirical method
such as one suggested in an US Air Force report[25] in 1979 for preliminary design flying qualities
evaluation would be sufficient for the predictions in this study.

The basic equation for calculating an object with a mass of m, at a distance of R from the rotating axis,
with a Mol of I, about its own centroid parallel to the rotating axis is:

I =1y + mR? (3.15)
For a complex object consisting of many components/objects such as an aircraft, the total Mol of the
object is then the simple sum of the Mol of its individual components.

With that in mind, this particular method[25] first allocates the total aircraft weight into separate groups:

1. Wing group
. Horizontal tail group

. Vertical tail group

2
3
4. Fuselage group
5. Propulsion group
6

. Additional items

Then, the moment of inertia of each group are estimated about its own centroid, with major components
such as the fuselage and the main wing modeled as shells and minor components such as landing gear,
avionics and control actuators modelled as point masses. Finally, the group of inertias are translated
using equation 3.15 to be about the center of gravity of the aircraft, which is what is required for flight
dynamics simulation. For detailed equations and validation results, reader can refer to the text[25].
Sensitivity studies would also be done to explore how sensitive the results are to the value of Mol.

3.6. Implementation

Given the simulation fidelity and availability of resources in the faculty, two ways of implementing this
flight simulation is being considered. To avoid "re-inventing the wheel”, the TU Delft in-house built
PHALANX flight simulation toolbox, as developed in-house and first introduced by Voskuijl et al. [26],
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is determined to be the primary choice used for the flight mechanics simulation of this experiment. Itis a
MATLAB/Simulink toolbox and is modular, as it combines numerous disciplines such as aerodynamics,
multi-body inertia, propulsion and flight control systems. It allows for nonlinear, full six degrees-of-
freedom flight simulation and also contains models for turbulence simulation. The toolbox was used for
several past researches on control configurations and controllability studies such as [27] and [28]. The
multi-body capability of the toolbox also allows the usage of MATLAB’s built-in multi-body library for the
implementation of the propeller inertia model. Being a MATLAB suite also means that it is relatively
easy to extend upon given the vast amount of available libraries.

On the other hand, a second choice is implementing a new suite of flight dynamics simulation using
the Modelica Language[29]. The language is an a-causal modelling language for physical simula-
tions, being used widely in the automotive industry for system modelling[30]. This allows for faster
implementation of physical simulations as equations can be applied verbatim as differential-algebraic
equations(DAE) using the Modelica language without needing to worry about the numerical side of the
implementation. A number of commercial and open-source libraries[31, 32], built for multi-body sim-
ulation and aircraft simulation, among other items, are readily available for Modelica. The language
also has built-in linearization functionalities that would facilitate part of the research for the classical
frequency domain handling qualities analysis. On the other hand, Modelica, along with its standard
library, is still an ecosystem that is being actively developed. Because of this, there are still quite a
few important utilities that are missing or only available as non-standard or commercial, proprietary
implementations For example, the table interpolation tool included in the Standard Library only allows
for 2 dimensions of interpolation, which is not enough for use in aerodynamic data interpolation, as 3
or more dimensions of independent variables are often required.

Finally, the possibility of using Julia[33] and its physical modelling toolbox[34] was also briefly explored.
On one hand, Julia is said to be designed as a scientific language from the ground up and have per-
formance advantage over traditional interpreted languages such as MATLAB. However, being also a
language in active development, the existing libraries, such as the physical simulation toolbox men-
tioned above, is still lacking. Whilst acausal modelling is available just like Modelica, the said tool-
box only supports modelling through pure text-based programming and does not currently have an
graphical interface. Moreover, the toolbox currently does not have multi-body simulation nor any dy-
namics/mechanics simulation in general. Having to build such things from the ground up would post
significant strain on the timeline of the research project.

In conclusion, given the availability of mature toolboxes, the PHALANX toolbox and its underlying MAT-
LAB and Simulink framework is tentatively chosen as the foundation for simulations of this research
project.



Aerodynamic Modelling

4.1. Introduction

To obtain an adequate flight simulation of the aircraft for the purpose of the study, suitable aerodynamic
and propulsion models are required. As the main focus of this research is on propeller-driven aircraft,
the various interaction effects between the propeller and the airframe must also be taken into account.
As such, this chapter is dedicated presenting the aero-propulsive modelling part of the flight simulation.

4.2. Aircraft Aerodynamic Modelling

In this context, the aerodynamic model of an aircraft refers the model of aerodynamic forces experi-
enced by the aircraft as a function of aircraft states such as attitude, speed, control deflections, and
power settings. While there are various ways of generating an aerodynamic model for an aircraft, much
consideration have to be made to balance the fidelity, cost of obtaining, and the ability to quickly manip-
ulate the geometry. This section intends to provide a brief overview of available methods for generating
aerodynamics model. The selected method is then presented and justified.

4.2.1. Overview of Approaches

Empirical Methods Empirical methods such as the one introduced by Smetana et al. [35] can be
used to crudely estimate the stability derivatives of the aircraft at a very preliminary stage of the design
process or when a reasonable 3D model for computational analysis is not attainable. The method
uses a database approaches when it comes to estimating aerodynamic coefficients, leveraging the
aerodynamic data of known shapes, such as fuselage, landing gear, empennage, etc., and combines
the components’ contribution. An example of which is shown in the table for various empennage drag
numbers in figure

Low-Fidelity Solvers Low-fidelity aerodynamic solvers usually uses vortex-lattice method (VLM) and
panel methods for surface flow solving. The former is an extension of the lifting line method, which itself
is based on the Prandtl lifting line theory. The method approximates the lifting surfaces of the aircraft as
a sheet of horseshoe vortices. Since no flow crosses the surface, the normal component of the induced
velocity must be zero on the lifting surfaces. Thanks to the assumption on infinitely thin surface and
inviscid conditions, the method is computationally inexpensive but also has low fidelity. Drela’s AVL[36]
being a widely used example of the former. The issue, however, is that due to the assumption of zero-
thickness, the fuselage and other non-lifting surfaces cannot be represented very well in VLM solvers,
with AVL providing options to only approximate non-lifting bodies as ellipsoids.

The panel method is a more sophisticated method that also employs the potential-flow model[37].
Compared to VLM, it takes into account the thickness of the aircraft surfaces and can have a numerical
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Figure 4.1: A table for estimating the drag of various empennage shapes[35]

solution for any problem where the velocity potential satisfies the Laplace equation [38]. It can therefore
also provide solutions

In Oosterom’s study[39], the TU Delft-developed Q3D solver[40] was also considered. The Q3D solver
extends AVL by augmenting the 3D but inviscid solution with the 2D viscid solution of airfoils of arbitrary
shapes provided by XFOIL[41]. This means that along with the inviscid finite-wing lift and moment force
estimation provided by AVL, the drag force of the aerodynamic configuration can also be measured at
a sufficient fidelity for preliminary design iterations, thanks to the availability of XFOIL's viscid airfoil
aerodynamic solutions. However, this tool, due its AVL based nature, is also only applicable for lifting
surfaces, and thus is not suitable for the evaluation of the entire airframe.

High-fidelity Computational Fluid Dynamics The Reynolds-Averaged Navier-Stokes (RANS) method
is a turbulence model used for computational fluid dynamic computation. It is commonly used for civil
aircraft unsteady aerodynamic analysis thanks to its lower computational cost compared to more ad-
vanced methods such as LES and DNS [42], as shown in the pyramid in figure 4.2, adapted from
Saguat et al. [43]. However, for the scope of this investigation, considering the number of data points
required and the desire to be modular with the ability to change the aircraft mesh/geometry quickly, it is
evident that high-fidelity CFD is not the suitable method due to its relatively much higher computational
cost and complex mesh generation/validation process.

>
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Figure 4.2: Classification of (unsteady) CFD methods based on computational cost and model influence, adapted from Saguat
et al. [43]
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Wind Tunnel Test / Subscale Model Test / Flight Test Scaled wind tunnel test such as [44] and
real-world aircraft flight test[45, 46] were often done to establish the aerodynamic coefficients of an
aircraft. In the wind tunnels, as variables such as a« and 8 can be mostly independently controlled, a
clear model can be generate by running through the set points. In the meantime, obtaining the aerody-
namic model from real-world flight tests requires parameter estimations and system identifications as
real-world conditions are highly complex and variables can often not be as easily independently ma-
nipulated. Moreover, as wind tunnel and flight tests require physical models to be produced, options
are little when it comes to investigating the effect of different geometries.

Existing comparisons Whilst most professional flight simulators and training devices use flight test
and/or wind tunnel test data, NASA conducted a study on the application of CFD data for pilot-in-the-
loop simulation, especially in the domain of flight departure and aerodynamic fault tolerance study[47].
However, such data involves the highly-nonlinear region of the flight envelope and requires careful sim-
ulation setups as well as validations. It is therefore deemed to be beyond the scope of this thesis study.
In other relevant literatures on flight simulation studies of rapid maneuvers and/or gust and turbulence
encounters, a variety of types of aerodynamics methods were used for such purpose. Although static
full-scale wind-tunnel data[48] seems like a more obvious choice, actually used datasets range from
existing data that is deemed to resemble the real aircraft from subjective feedbacks[49], to FlightStream
generated models[7].

As a verification study, Goraj and Chichoka, in their study on gyroscopic effects, also investigated dif-
ferent ways of obtaining the stability and control derivatives[6] The results of the comparison is partially
shown in figure 4.3. One can see that the data from empirical methods as well as low-fidelity solvers
(3D Panel Method) holds up well to the wind tunnel data
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Figure 4.3: Comparison of various stability derivatives as generated by methods of different fidelity[6]

4.2.2. NASA Full-Scale Windtunnel Investigation

Thanks to the smaller sizes of light GA aircraft, real-size wind tunnel tests can be performed, as the
one done by NASA in 1969[50] in the Piper PA-30 Twin Comanche aircraft, as shown in figure 4.4. The
investigation includes a comprehensive study of the static longitudinal and lateral-directional stability,
with the aerodynamic data obtained at a wide-sweep range of @ and § and covers a large number
of combinations of possible configurations, such as power settings, flap settings, contrl deflections,
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landing gear positions, etc. Moreover, hinge moments were also measured in the experiment, making
this an optimal aerodynamic model for flight dynamics simulations.

Figure 4.4: Picture of a Piper PA-30 Twin Comanche in a wind tunnel test[50]

4.2.3. Athena Vortex Lattice(AVL)

The Athena Vortex Lattice(AVL) is a vortex lattice method solver developed by Mark Drela and others
at MIT[36]. Whilst lifting surfaces are approximated using infinitely thin vortex sheets, non-lifting bodies
can only be approximated using ellipsoids with very limited accuracy. As such, the model would require
external data sources for correction for the profile drag of the object.

The software offers a command-line based interface with a text-based input and output system. The tool
has been used frequently for preliminary design studies and optimizations due to its simple text interface
and fast computational speed. As such, it serves as a good example of low-fidelity aerodynamic solver
that can be compared against others.

4.2.4. Selection: OpenVSP and FlightStream

Whilst the NASA model introduced in section 4.2.2 is fairly suitable for flight dynamics simulation, it
lacks the flexibility that digital methods can provide, as this study also intends to investigate the effect
of engine placement, size and number can have on the results. As such, the tentatively selection
approach for generating the aerodynamics model is FlightStream is a mid-level-fidelity surface-vorticity
aerodynamic solver published by Research in Flight. It allows for solving 3D geometries and includes
models for skin friction and flow separation. Whilst the solver is still limited to subsonic regimes, it is
more than enough for a light GA aircraft. The solver also allows the analysis for powered flight, which
propellers modelled as actuator disks. For the interested readers, the algorithm used by FlightStream
is presented in [51].

This solver would be coupled with the OpenVSP open-source software developed by NASA[52] for
mesh generation, which is a parametric aircraft modelling and analysis software with the capability
to estimate both inertial properties and aerodynamic coefficients. OpenVSP also integrates well with
FlightStream by exporting the computational mesh directly to the latter. This selection is also based
on the experience provided by Soikkeli’s thesis[7] which also employs this aerodynamic tool stack for
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Figure 4.5: The lift coefficient vs a curve of the PA-30 with propellers removed and at several flap deflections as obtained from
full-scale wind tunnel tests[50]
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studying propeller thrust as a mean of directional control.

Preliminary ftrials of this toolchain were fairly satisfactory. Figure 4.6 shows the open-source DA-42
OpenVSP model[12] first examined in OpenVSP and then exported as a mesh to the FlightStream
solver. An a and 8 sweep was then performed on the model with the sample results for the lift vs «
curve shown in figure 4.7. The lift curve of the DA-42, obtained from a preliminary investigation on the
tool, is shown in figure 4.7.

Figure 4.6: Screen Captures of the DA-42 aircraft geometry in OpenVSP(Left) and FlightStream(Right)
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Figure 4.7: Lift vs a curve of the DA-42(propeller off) generated by FlightStream

FlightStream is a well-validated solver in general, with validation cases already provided by the devel-
oper. In his thesis, Soikkeli[7] performed a comprehensive set of validation on the FlightStream solver.
Firstly, the external aero forces and moments of the unpowered, propeller-removed reference aircraft
(the NASA X-57) generated by FlightStream was cross-compared with the solutions from two RANS
solvers. Then, the validation of control derivatives were performed by comparing the elevator coeffients
against the wind-tunnel measurement of a scaled model[53]. Finally, the aero-propulsion interaction
was validated against a wind-tunnel investigation by van Arnhem et al. [54].

4.3. Propeller Performance Modelling

In simple terms, the goal of a propeller performance model is to provide value of thrust T, and torque
Qp as a function of operating conditions such as rotational speed w,, inflow velocity V;,, blade pitch
angle g, etc. The first two parameter can also be non-dimensionalized into the advance ratio J:

Voo
J=— (4.1)

(upR
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4.3.1. Empirical Method

One generic and empirical method of modelling a variable-pitch propeller was provided in [55] and used
as a part of the generic GA internal-combustion powertrain model proposed by [21].

2

, 1 Rpwp
Tp(Bp = @, wp, p, Rp) = [Cup cOS(B, = @) = Cpp Sin(By — )] 5p4p <COS(/3 - “))
p
4.2)

. 1 Rpwp :
Qp(Bp — a, wp, p,Rp) = [CL_p sin(B, — @) + Cpp cos(B, — a)] EpAp —cos(,[)’ o R
P

Where A, = nRﬁ is the propeller disk area whilst the lift and drag coefficients (C,, , and C; ;) are empir-
ically determined using the following equation:

Crp =018, —a)

Cpp = 0.02(8, — @) + 0.002(B, — a)? (4.3)

4.3.2. Wind Tunnel Experiments

Wind tunnel experiments are also available as a way of determining the thrust and power coefficients
of a propeller. A sample curve of propeller thrust-coefficient vs advance ratio for a typical general
aviation aircraft propeller is shown in figure 4.8. Whilst this is the most accurate way of determining
the performance curves for a particular propeller, there is no available data for the MTV propeller used
by the reference aircraft. As a result, wind tunnel results can only serve more secondary rules such as
being used to validate the computational results.
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Figure 4.8: An example of propeller thrust-coefficient vs advance ratio curve for a 2-bladed propeller[56]

4.3.3. Computational Tools

In the meantime, both high and low fidelity computational/numerical solvers are available for generating
the propeller performance maps. In his thesis on parametric propeller optimization, Klein[57] reviewed
both high-fidelity propeller performance analysis using CFD as well as low-fidelity propeller performance
solvers such as JavaProp and XROTOR.

JavaProp JavaProp is a low-fidelity propeller analysis tool by Martin Hepperle[58], written in Java. It
allows for both the design and analysis of propellers and windmills and is based on the blade element
theory, where the propeller blades are divided into individual small sections and handled independently.
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Each sections are then analyzed independently like a small piece of wing with a chord, blade angle
(analogous to angle of attack), and associated airfoil characteristics, which can be customized. The
resultant forces from each sections are then summed together to result in the overall thrust and torque
of the propeller. As the overall forces and torque are a simple summation of that of the spanwise
sections, no three-dimensional effects such as sweep angle and cross-flow effects. However, the lack
of three-dimensional effects is deemed to be acceptable for most aircraft propellers thanks to their
relatively low thrust and power loading.

While simplistic, the program features only a limited set of airfoil and does not allow the possibility
of custom airfoil polar. The program offers a native Java programming API along with MATIAB and
Python bindings, allowing automation and an easy interface with the MATLAB/Simulink toolchain. A
full graphical interface is also available.

XROTOR XROTOR is another low-fidelity propeller analysis and design tool developed by Drela et
al.[59] at MIT, written in FORTRAN. It uses the same underlying theoretical foundation as QPROP and
QMIL[60], its sister program: an extension of blade-element/vortex formulation through radially-varying
self-induction velocity, enforced consistency between the analysis and design formulations, as well as
a global Newton method for the overall system solution. Interested readers can refer to [60] for detailed
formulation for the theoretical foundations of the program. Similar to AVL and as opposed to JavaProp,
XROTOR employs a command line interface and text-based input and output methods. XROTOR
allows the utilization of custom airfoil through the coupling with XFOIL[41], a 2D airfoil analysis tool
also by Drela.

JavaProp vs XROTOR In the detailed comparison between XROTOR and JavaProp against high-
fidelity CFD offered by Klein[57], the accuracy of JavaProp is much worse than XROTOR, crossing
from over-estimation to under-estimation as the blade angle of a reference propeller increases. This
could be due to the simplicity of the underlying theory used by JavaProp. On the other hand, whilst
XROTOR has better accuracy overall, it still tends to over-predict the performance at high-load regions
and vice versa for every blade angle, albeit to a more acceptable level. The inherent limitation of using
only a low-fidelity solver should therefore be kept in mind. As a result, XROTOR is a more suitable tool
for generating the desired propeller performance.

It is worth noting that both tools does not support the adjustment of inflows angle for the performance
analysis. However, researches[61, 62] has shown that the an off-center inflow angle towards a pro-
peller, which could be caused by both the angle of attack and sideslip of the aircraft, does not signifi-
cantly contribute in any changes in propeller thrust and power coefficients within the range of « and
of normal flight regimes.

High-fidelity CFD Whilst CFD methods allows for higher fidelity, the accuracy relies heavily on the
grid size of the CFD mesh[62], which means an exponentially increasing computational resource re-
quirement. Considering the overall intended aerodynamic model fidelity is pegged at mid-level with
the utilization of FlightStream, the extra accuracy brought by high-fidelity RANS CFD on the propulsion
model alone is not necessary.

4.4. Propeller-Airframe Interaction Effects Modelling

Besides the gyroscopic procession effect, aircraft propellers interact in additional ways such as the
slipstream, P-factor, as well as asymmetric thrust at increased AoA. As such, means must be introduced
to account for such interaction effects.

FlightStream FlightStream is able to investigate propeller-fuselage interaction effect by modelling
the propeller as an actuator disk, with results validated by Soikkeli[7] in his thesis by building a repre-
sentative model in FlightStream and comparing the simulation results with the wind tunnel experiment
results by van Arnhem et al.[54].
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Schroijen and Slinglerland Method On the other hand, Propeller slipstream model by Schroijen
and Slingerland[63] takes a more theoretical approach by combining various models on propeller, slip-
stream, lifting surfaces, fuselage, and empennage models to provide a fast prediction of the impact of
propeller slipstream on aircraft stability derivatives using a small amount of available geometric data
for the purpose of preliminary design and sizing. A brief description of the method is given below and
interested readers can refer to [63] for the detailed theoretical description.

The induced axial velocity a and swirl a’ are calculating using the propeller vortex theory, and the wing
model is based on the Prandtl lifting line theory by the means of a horseshow vortex on the quarter
chord and a collocation point at 3/4 chord position. The trailing vortices are then mirrored in the fuselage
to include its effect. The fuselage blockage upwash is then included using the Multhopp’s method[64].
The engine nacelle induced yaw moment is calculated again by translating it into an equivalent vortex.

Then, the wing trailing vortex sheet is calculated from the effect of wing trailing vortex sheet itself,
propeller slipstream, and the mirror vortices that represent the fuselage using a time stepping method.
The empennage, being similar to the wing model, has a corrected "freestream velocity” based on the
freestream velocity as well as induced velocity from propeller, fuselage, and wing trailing vortex sheet.

Propeller slipstream contributes to roll moment as well as yaw moment. The slipstream shearing over
the wing is modelled by two concentric slipstream surfaces, which are then divided into panels of
constant strength. The induced speed can then be calculated from slipstream surface itself, wing and
wing trailing vortex sheet, as well as the fuselage. In the meantime, control surfaces can be modelled
by including a secondary horseshoe vortex at the control surface’s quarter chord. Through this way,
the lift increment can be approximated by a lumped vortex model. Finally, the non-zero side force on
the fuselage during OEI conditions can be approximated from the pressure distribution by assuming
that propeller slipstream does not coincide with the fuselage itself.

The model was validated against wind tunnel data as well as flight test data. Whilst the validation
against wind tunnel data shows some good correlations when the propeller slipstream shearing feature
is turned off, the comparison against flight test data showed some inconsistency between the prediction
for outboard and inboard engine. As a result, this method is deemed to be a less preferred method
over the direct simulation provided by FlightStream as a way of generating propeller-airframe interaction
effects.

4.5. Validation and Verification

Due to the lack of publicly available wind tunnel data and flight test data of the DA-42 aircraft, alterna-
tive means of validating and verifying the computationally generated aerodynamics would have to be
devised.

Due to its comprehensiveness, the results of the windtunnel investigation by NASA[50] as previously
introduced in can be used to both validate the bare-airframe aerodynamics model as well as the inter-
action effect between the propeller and the airframe.

The aero-propulsive performance of the computationally generated model can be further verified by
recreating the steady-state flight conditions for which performance numbers are available in the AFM,
such as all-engine climbing, cruising, and OEI climbing.

Last but not least, a comparison study between the aerodynamic models generated from FlightStream
and from the lower fidelity AVL[36] will be done to grant an insight into the sensitivity of the simulation
outcome to the fidelity of aerodynamic modelling.






Handling Qualities and Stability

5.1. Introduction

With the flight simulation model established in place, analysis can then be done to investigate how
propeller gyroscopic effects can affect the handling qualities and the motion of a light twin-engine air-
craft. Taking inspiration from Goraj and Chichoka’s work[65] which distinguishes between weak and
gyroscopic effect, the analysis methods discussed in this chapter would also be divided into frequency
domain analysis in section 5.2 as well as time domain simulation in section 5.3.

It is important to note here that Cooper and Harper had defined handling qualities in their 1969 NASA
report as "those qualities or characteristics of an aircraft that govern the ease and precision with which
a pilot is able to perform the tasks required in support of an aircraft role.” [66] This means that the
so-called handling qualities are subjective evaluations in nature. In the meantime, flying qualities refer
to "objective metrics based on aircraft response and dynamic parameters”[67]. In the context of this
research, however, the terms “handling qualities” and "flying qualities” will be used interchangeably to
convey the meaning of the latter.

5.2. Classic Handling Quality Analysis

As civilian airworthiness standards such as the CS-23 [14] does not define any quantitative standards
for handling quality of an aircraft, the military standard MIL-F-8785C[68] is widely adapted as the de
facto standard for handling assessment of civil aviation as well. Within the scope of this standard,
light twin-engine aircraft are categorized as Class [ aircraft which include light utility and primary trainer
aircraft. In the meantime, the flight phases that are applicable to the aircraft in question are phase B, the
nonterminal flight phases that are accomplished using gradual maneuvers such as climbing, cruising,
descent, etc., as well as phase C which is the terminal flight phases that require gradual maneuver and
accurate flight-path tracking, such as take-off, approach, and landing. The specified requirements for
a Class | aircraft in phase B and C are summarized in Table 5.1.

It is expected that the aircraft numerical simulation would be linearized at numerous points within the
flight envelope of the aircraft, and the eigen modes at those points would be compared to see if handling
qualities has deteriorated due to the presence of propeller gyroscopic precession.

5.3. Time-domain Handling Quality Analysis

5.3.1. Certification Standards and Test Flight Maneuvers

As discovered by Goraj and Chichoka[6], the maneuvers that most excites the gyroscopic effect are
the pitch and yaw “pull-up” maneuvers. For this study, such study can be performed with both engine
operative, one-engine-inoperative, as well as with one or two engine changing speed as a result of

57
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Table 5.1: Level 1 Flying Quality Requirements for Class | Aircraft, as Summarized from MIL-8785-C[68]

Test Case Flight Phase Level 1 Requirements
Longitudinal
Short Period Mode Frequency B Figure 5.1
C Figure 5.1
Short Period Mode Damping Ratio B 0.30 < {;, <2.00
C 0.50 < ¢, < 1.30
Phugoid Mode Damping Ratio All ¢p =2 0.04
Lateral-Directional
Roll Mode Time Constant B T < 1.0s
C T, < 1.0s
Spiral Mode Time Constant B T, < 20s
C T, <12s
Dutch Roll Mode B {4 <0.08,{ wy < 0.15,wg < 1.0
C (d < 008, (da)d < 015, Wq <0.5
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Figure 5.1: MIL-F-8785C[68] Short-period frequency requirement for Category B(left) and C(right) flight phases
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failure or power demand from the pilot.

On the other hand, inspirations can be drawn from the required flight test demonstrations as listed in
the certification standard[14]. CS23.147(b) dictates that the aircraft must remain controllable after a
sudden engine failure. For an aircraft to be certified, controllability during the en-route climb phase
after an sudden engine failure must be demonstrated in flight tests. The maneuver shall be performed
as follows[14]:

In complying with the testing required by 23.147(b), from an initial climb condition of
straight flight with wings level, zero sideslip and in trim simulate a sudden and complete
failure of the critical engine. In order to allow for an appropriate delay no action should
be taken to recover the aeroplane for two seconds following first indication of engine fail-
ure. The recovery action should not involve movement of the engine, propeller or trimming
controls.

At no time until the completion of the manoeuvre should the bank angle exceed 45° or ex-
cessive yaw be developed. The evaluation of dangerous attitudes and characteristics should
be based on each particular aeroplane characteristics and the flight test pilots evaluation.

The method used to simulate engine failure should be:

1. for a reciprocating engine, closure of the mixture control; or

2. for a turbine engine, termination of the fuel supply by the means which results in the
fastest loss of engine power or thrust. Engine shut-off procedures would normally be
sufficient.

The different failure modes of the powertrain could also be worth exploring, as an engine slowly winding
down due to fuel system issues could cause a different impact on flight dynamics than a powertrain
that suddenly seizes due to a mechanical issue.

In the meantime, other dynamic stability testing maneuvers, such as doublet and pulse input for longitu-
dinal short-period and phugoid behavior, as well as rudder pulsing for exciting the Dutch roll modes. For
more in-depth description, readers can refer to the flight test guide section of the CS-23 standard[14].

5.3.2. Other Representative Maneuvers

Other maneuvers can also be performed for evaluating the handling qualities of a light-twin aircraft
during an engine failure. Particularly, the take-off and initial climbing maneuver, as well as the approach
and landing phase of the flight, is where light GA airplanes are most vulnerable to OEl-related accidents
due to the low airspeed and the resulting low vertical fin effectiveness.

The NASA study on piloted simulation for the evaluation of an automatic trimming system for OEI
conditions[48], for example, used the following maneuvers:

1. A take-off and initial climb maneuver with a sudden engine failure at 200ft above ground level,
with some artificial delays for pilot action to simulate the initial confusion

2. An approach and landing maneuver with one engine already failed and secured (i.e. feathered),
and with two abrupt power changes to simulate a misjudged approach (first a power chop due to
being higher than expected then a sudden power increase to correct the higher than expected
sink rate)

Both are equally applicable to the purpose of this research as they both contains sudden and asymmet-
ric thrust changes and thereby elicits abrupt attitude change commensurate with the aforementioned
rapid maneuvers.

5.4. Modelling of Pilot

Lone and Cooke[69], amongst other literature reviews on this subject[70, 71] provided a good overview
of the pilot models, split into three categories:
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» Control-theoretic, which as the name suggests models the pilot as a classical controller

* Bio-mechanical, which models the pilot from a physiological perspective such as taking into ac-
count kinesthetic cues, muscle movement rates and other biodynamics parameters

» Sensory, which models vision and other senses of the pilot

The complete breakdown of components in the pilot-vehicle system is shown in figure 5.2. Given the
scope of this study, focus would only be placed on the control-theoretic model, which is still being used
for the purposes of understanding aircraft handling qualities and aircraft-pilot coupling behaviors[70].
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Figure 5.2: A block diagram of pilot-vehicle system under manual control[69]

For control theoretic models, two major types are available: quasi-linear model and optimal control
models. The optimal control model are mainly used for detailed time delayed effect studies, such as
the human factor investigation of flight instrument displays and crew workload[69]. As such, only quasi-
linear model, being an mature and established model, is reviewed here as the selected model for the
research.

Quasi-linear Model The quasi-linear model is first introduced by McRuer[72]. A block diagram of
this model is shown in figure 5.3.

It is a crossover model which proposes that human pilot will provide lead or lag compensation, with an
associated penalty. This means that the combined pilot-aircraft transfer function is proportional to an
integrator at the crossover frequencyw, with a time delay 7,.[72]. The said model is in the form:

. wce_rejw
Y. (w) = 7N (5.1)
Where Y, is the describing function of the aircraft and Y,, the describing function of the pilot, typically in

the form:
T,(jw)+1

Ti(jw)+1
Where K, is the pilot’s gain, T; and T; the lead and lag time constant, and 7 the pilot's physical reaction
time delay. One can select the parameters using the adjustment rules as reviewed in [72].

Yy(s) =K, e jot (5.2)
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Figure 5.3: A block diagram overview of the quasi-linear pilot model[72], as adapted from Lone and Cooke[69]






Methodology

6.1. Introduction

This section intends to summarize the previously presented options of each components that will con-
stitute the flight simulation study and indicate the tentative choices. It then provides a preliminary plan
of simulations and validations to be perform for each parts of the study in order to answer the research
questions.

6.2. Experiment Setup Overview

An overview of the tentative experimental setup is shown in figure 6.1, with the colors used for identifying
the type of the components, such as input/output, off-the-shelf tools, and programs to be implemented.

It is worth noting that, as previously mentioned, while some of the components has already been cho-
sen, some other ones are still undecided, such as the propeller analysis tools (JavaProp or XROTOR),
as well as the flight simulation toolset (PHALANX, Julia, or Modelica).

6.3. Aerodynamic, Propulsion, and Inertia Model Generation

The aerodynamic, propulsion, and inertia model of the aircraft would be generated in the methodologies
mentioned in chapter 4 and chapter 3, namely in the following sequence:

1. The aircraft parameter (primarily the engine placement) is inputted
2. The propeller performance model is generated through XROTOR

3. A parametrically mesh of the aircraft is generated through OpenVSP
4

. The mesh is solved in FlightStream in through sweeping through the @ and g as well as control
surface deflections

o

The inertia model is also generated using the empirical method described in 3.5

6. The aero-propulsive model is then blended using either the FlightStream analysis or the method
described in

6.4. Baseline Configuration

As comparison studies will be performed, it is essential at this point of the discussion that a baseline
configuration of the aircraft simulation to be studied is established. Within the context of this research,
the baseline configuration or baseline simulation refers to:

63
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* An FlightStream-generated aerodynamic model of the stock DA-42 aircraft as depicted in the
open-source OpenVSP model[12]

» An piston engine model that is tuned to the best ability to replicate the performance of the AE300
engine used by DA-42

* A propeller model that is designed using XROTOR to be designed at the maximum cruising power
settings (power and RPM) of the DA-42, since a reasonably accurate 3D model of the MTV pro-
peller is not publicly available.

6.5. Validation and Verification Studies

In order to proceed with the research activity, validation and verification studies have to performed
to establish the validity of the study. For this research, validation and verification activities would be
focused on the implementation of the gyroscopic effect as well as the accuracy of the aerodynamic and
propulsion model.

6.5.1. Flight Dynamics Model Validation

The general behavior of the aircraft simulation with and without gyroscopic effect would also be ob-
served and compared against existing literature such as [6] and [5] to confirm that the flight dynamics
model is exhibiting the correct gyroscopic cross-coupling behavior. This can be done by using perform-
ing the same all-engine-operative rapid maneuvers in Goraj and Chichoka’s experiment[6]: pitch and
yaw pull-up maneuvers, using the baseline simulation.

6.5.2. Aerodynamic and Propulsion Model Validation

The accuracy of the aerodynamic model generated by FlightStream would require validation against
existing data. In this study, this can be done by recreating a parametric model of the PA-30 Twin
Comanche aircraft and comparing the FlightStream solution of this model against the wind tunnel in-
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vestigation results mentioned in subsection 4.2.2[50].

The propulsion model generated by the low-fidelity computational tools such as JavaProp and XROTOR
would be first validated against wind tunnel experiments such as the NASA experiment[73].

Additionally, the propeller-interaction effects generated by the solvers can also be validated using the
same set of wind-tunnel data as mentioned in subsection 4.2.2[50] by using the comparison between
prop-off data and propeller-on data.

The combined aerodynamic and propulsion data would be further verified by performing maneuvers
on the baseline simulation against numbers as listed in the performance tables in the AFM of the
aircraft[10]. A non-exhaustive list of validation maneuvers that can be performed is shown in table 6.1.

Table 6.1: Summary of Flight Performance Validation from the AFM[10]

Item Power L/R Flaps | Gear | IAS | Altitude | To Observe | AFM Section

All Engine Climb 92%/92% UP UP | 92kt Oft Climb rate 5.3.7

92%/92% APP UP | 85kt Oft Climb rate 5.3.7

OEI Climb Feathered/92%' UP UP | 85kt Oft Climb rate 5.3.8
92%/92%

0, o]

Level Cruise oI UP | UP | NJA | 2000ft TAS 5.3.10

35%/35%

6.6. Main Test

The main test matrix involves first performing the classical modal analysis with the baseline simula-
tion, as outlined in section 5.2. The eigenvalue analysis of the system would be performed for aircraft
model linearized across different flight conditions, such as climbing, cruising, and approach. The out-
come of the eigenvalue analysis for both simulation with and without gyroscopic effects would then
be compared as well as time-domain-simulated rapid maneuvers, both all-engine-operating and one-
engine-inoperative, as outlined in section 5.3. The aforementioned tests would be performed with the
aircraft being flown by a pseudo-autopilot controller that is setup to mimic the response of a typical
pilot, as described in section 5.4 and maintain a required flight path. Artificial delay such as the one
used in [48] to simulate initial confusion can also be implemented to further enhance the fidelity of the
simulation. The tracking performance of the controller such as rise time, peak overshoot, as well as
peak deflection, could then be used as parameters to be compared between the different cases.

6.7. Comparison Studies

The following comparison studies are to be done for the purpose of this research:

1. Comparison between Different Types of Powertrain Responses: compare the simulation results
from using three different types of typical propeller prime movers (piston, turboprop, and electric)
of the same maneuvers as those types of engine each have distinct torque responses to power
commands

2. Comparison between Aerodynamic Model Fidelity: compare the results of using different aero-
dynamic fidelity levels: wind tunnel, FlightStream, AVL

3. Comparison between Varying Spanwise Engine Position on the Wing: compare the results of
using variations of the reference aircraft with engine placed at different locations along the span
of the wing

On the other hand, the following comparison studies can optionally be performed to enhance the un-
derstanding of the topic, ranked in the matter of priority:
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1. Comparison between Different Numbers of Engines: study the effect of dividing the engine into
smaller devices with the same amount of total power, as this would grant some more insight into
the impact of distributed propulsion on light aircraft flight dynamics

2. Comparison between Fixed-Pitch Propeller and Constant-Speed Propellers: although almost all
multi-engine airplanes use constant-speed propellers due to the need to feather propellers after
engine failure, it would be interesting to see how gyroscopic precession plays its role when the
constant-speed assumption is no longer valid

The specific maneuvers to be performed for the comparison studies above would be chosen based on
the results of the main test, specifically the ones that exhibit the most prominent evidence of gyroscopic
procession coupling.



Conclusion

The increased probability of a fatal accident caused by the failure of an engine of a multi-engine light
aircraft, as compared with a single-engine one, can be attributed to the handling difficulty introduced by
the asymmetric situation. A substantial part of a multi-engine aircraft’'s sizing and design is therefore
dedicated to addressing this situation. In the meantime, aircraft propellers, being fast rotating masses,
exert gyroscopic precession effect on the aircraft in flight, especially during rapid maneuvering. As a
sudden engine loss on one side of a multi-engined aircraft resembles rapid maneuvering, with pilot
having to quickly regain the flight path of the aircraft, it would be worthwhile to explore the role propeller
gyroscopic effect could play on the handling qualities of the aircraft during such a scenario.

A literature review on the topic of investigating the effect of propeller gyroscopic effect on the flight
dynamics of light multi-engine General Aviation aircraft was therefore conducted and the results was
presented in this report.

The equation of motion for a rigid aircraft along with a simplified 1DoF propeller procession model
was first presented as the basis of the study. The torque/speed response models of the three types
of propeller powertrain (electric, piston, and turbine) are then introduced for the study of the effects
different powertrain types can have on the prominence of gyroscopic procession. An inertia estimation
model for preliminary design evaluation was then introduced as a way to obtain the inertial properties
of the aircraft. Then, the choice of two simulation platforms, PHALANX (through MATLAB/Simulink)
and Modelica, were presented as two potential ways to implement the simulation.

Next, the method for obtaining aero-propulsive model of the aircraft was then discussed, with the combi-
nation FlightStream and OpenVSP being chosen based on previous experiences in the faculty. Whilst
the advantage of the former is its mid-level fidelity that combines computational speed with suitable
accuracy as well as the ability to investigate propeller interaction effects, the latter possess parametric
capabilities, a good open-source library of aircraft models, as well as a good interface with the for-
mer. Several propeller performance models were also presented with XPROP and JavaProp being
the prime choice for proceeding, again thanks to their good combination of fidelity and computational
efficiency. Along with the FlightStream’s aforementioned ability to investigate propeller-airframe inter-
action effects, analytical methods were also presented as an alternative way of modelling such effects.

Consequently, methodologies for evaluating the effects of gyroscopic procession on handling qualities
of the aircraft was presented, both with the classical frequency domain evaluations as well as time-
domain simulations of rapid maneuvers. A series of maneuvers, drawn from both the Certification
Standard’s Accepted Means of Compliance as well as typical One-Engine-Inoperative procedures, was
then discussed. To aid in the performance of such maneuvers, a control-theoretic model was presented
as a human-aircraft interaction model.

Last but not least, the setup of the study as well as the brief overview of the experiments and compar-
isons to be performed were also provided. Methodologies for generating the relevant models as well
as methods of validation, if required, is also proposed.
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68 7. Conclusion

In summary, the aim of this research is to grant additional insight on the role propeller gyroscopic
effects play on the handling qualities by extending the existing flight simulation study on single-engine
propeller aircraft to multi-engine aircraft. Being able to quantify such effects using flight simulations
as well as computationally generated aerodynamic and propulsive models allows the adverse and
proverse aspects of the gyroscopic procession to be evaluated early in the design process and thus
allows for more precise sizing in during the preliminary design phases.
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Conclusions and Recommendations

8.1. Conclusion

In conclusion, this research has presented an investigation on the impact of propeller gyroscopic effects
on the handling qualities of a twin-engine light general aviation aircraft. Traditional handling qualities
assessments using modal analysis as well as time simulation of rapid maneuvers were performed using
an augmented flight mechanics simulation suite which incorporates a multi-body physics based simu-
lation of propeller gyroscopic phenomena, a non-linear wind tunnel aerodynamic model, and propeller-
governor-engine dynamics.

The answer to research (sub-)questions are presented as follows:

» What are the relevant parameters that can be used to quantify the impact of the gyroscopic effect
on the flying qualities?

Traditional modal analysis shows very little difference between the linearized models
with and without the presence of gyroscopic effects. This is because the linearized mod-
els are obtained based on small flight parameter perturbations whereas the gyroscopic
effect is nonlinear in nature and only manifest itself at considerable rotation rates. Pe-
culiarity in the trend of modes vs airspeed is the same for all amplitudes of propeller
angular momentum, and therefore is more likely due to the non-linear aerodynamics
model.

Next, open-loop simulations of various flight maneuvers at different flight phases shows
that rapid pitch and yaw maneuvers does excite a coupled reaction of the yaw and pitch
axis, respectively, as evident from the time history of the angles of attack and sideslip
angles. The stronger the angular rate that the maneuver generates, the larger the in-
duced response from the excited axis is. As such, the impact of gyroscopic effect in the
short-term aircraft motions can be measured well by the initial @ and f excursions.

The phugoid motion was also evidently affected by the presence of gyroscopic effect,
though the question of which maneuver(s) are more significantly affected by the gyro-
scopic moments remains inconclusive when measured by minimum airspeed and alti-
tude reached. This is because the open-loop nature of the simulation and the non-linear
aerodynamics model means that undesired roll motion is also introduced, which fur-
ther restricts the ability to draw more conclusions from the flight trajectory.

Maneuvers performed with a simple wing leveling controller allows a slightly better in-
sight into the long-term motion. With the aileron in closed-loop control, the pure pitch
input cases such as elevator impulses no longer show any deviation in phugoid path
with strong GE. On the other hand, the yaw-input cases show phugoid motion modi-
fied in the presence of strong GE. In this case, the long-term impact of gyroscopic effect
can be observed by the max deviation from the non-GE cases in airspeed and altitude
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for the duration of the simulation, where the maneuvers with the largest magnitude of
difference are all high-rate yaw maneuvers.

» During which maneuvers is the effect of propeller gyroscopic procession more prominent?

As mentioned above, pitch-dominant maneuvers showed prominent coupling yaw mo-
ments whereas yaw-dominant maneuvers showed noticeable pitch variations as well.
The exact degree to which the maneuvers of gyroscopic moment on the excited axis is
highly dependent on the rotation rate of the exciting axis.

» How do different powertrain torque responses impact the results?

The comparison between different powertrain lag shows that in an sudden one-engine-
failure situation, the powertrain lag plays almost no role in the short-term motion of the
aircraft and also very little role in the long-term phugoid motion. On the other hand,
during a dual engine go around, the powertrain lag plays a major role in changing the
phugoid mode as well as the short term dynamics, mainly through reducing the initial
peak alpha value.

» How sensitive is the result of this study to the unsteady aerodynamic derivatives?

The sensitivity study on unsteady aerodynamic coefficients shows that whilst the peak
amplitude of the gyroscopic moment induced motion changes with the varying damp-
ing coefficients on the related axis, the coupling between the pitch and yaw axis is still
evident for all cases. One can then reasonably conclude that the relatively low fidelity
of the unsteady aerodynamic coefficients do not detract from the comparison between
cases with or without the presence of gyroscopic effects.

8.2. Future Recommendations

Further research could consider first enhancing the aerodynamics with higher fidelity model by including
the aero-propulsion interaction effects and combine such increase in aerodynamics accuracy by also
incorporating force-based controls rather than the existing deflection-based controls. Aerodynamics
models for alternative configurations such as flaps down and gear down could also be useful for more
accurately studying maneuvers such as engine failure during final approach and missed approach,
where twin-engine aircraft are the most vulnerable to the adverse effect of flight upset.

Even though a closed-loop wing leveler was included, the incorporation of a well-designed three-axis
autopilot or human pilot model could also be useful for studying how the propeller gyroscopic effect
affects closed-loop behavior of the aircraft as well as adding the capability to fly maneuvers how they
are actually flown in real life.

Last but not least, the research can be further parameterized to include higher number of propulsors on
the aircraft, similar to the distributed propulsion concerts currently in study for future electric aviation.
This, in combination with a parameterized aerodynamics model, would contribute immensely to the
research of the effect the emergent distributed propulsion technology can have on aircraft handling
quality from a gyroscopic effect perspective.
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Appendix

A.1. Flight Mechanics Model

This section intends to describe the flight mechanics system of equations used for the simulation. The
simulation setup is based on the PHALANX toolbox developed in-house at TU Delft, with an overview
shown in Figure A.1. The definitions for body, wind, and aerodynamics axes as well as the relevant
angles are shown in Figure A.2 The 6 DoF non-linear equation of motion used by the simulation [74] is

Pilot Control System Actuators Forces Dynamics
— T R > F—{AAA —
L = i
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Figure A.1: Overview of the PHALANX toolbox [74]

shown in equation A.1 and A.2. The last term in the angular equations (A.2) are the gyroscopic terms,
with the actual implementation being done through SimScape MultiBody library as described in the
academic paper.

u p u Crx (a,B,p,q,7,6cs) —sin®
m|v|+m|q| X |V|=q0S|Cry(a,B,p,q7, 8cs)|+ g|cosbsiny (A.1)
W T w Crz(a,B,p,q,7,8¢s) cosfcosy
p p p qooS CMx (a! ﬁ! p.qT, SCS) —siné@ dL p
I[w|+|q|xI|q|=quSc—|Cuy(a B.,p,q,1,0cs)|+ g|cosOsiny|+2 d—t”+ q|xL,| (A2)
T r r Cuz(a,B,p0,q,7,6cs) cosfcosy r

Where L, (t) is the angular momentum of the propeller.
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Figure A.2: lllustration of body(b), wind(w), and aerodynamic(a) axis definition used in PHALANX [74]
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A.2. Simulink Models

This appendix intends to present diagrams of additional Simulink models not presented in the main
academic paper.

Atmosphere Turbulence (not enabled) Crosswind (not enabled)

CY 44y

Basic Pilot Twin FCs Aircraft Components ~ EOMs 3D Const with Prop Inertia Pe

Figure A.3: Simulink Diagram of the overall view of the PHALANX simulation
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Figure A.4: Simulink Diagram of the components of the aircraft
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A.3. Static Windtunnel data

This section intends to present the rest of the complete aerodynamic dataset [50] used in this simulation
study not shown in the academic paper.

Table A.1: Wind Tunnel Testing Parameters

Test Conditions [50]
Data reference point Center of Gravity Configuration Flap and Gear Up
Tunnel Speed 28.35m/s Reynolds number 2.96 x 10°
a Range —14° —4° B Range +8°
Aileron dCY vs Alpha with 3= -8 ° Aileron dCM vs Alpha with g =-8 ° Aileron dC_, vs Alpha with g =-8 °
X Mz
-0.05 — : 0.06 — ‘ 0.005 — :
—x—6_=-35 x5 =-35° 0 =-35°
a a a
-0.055 - ——0,=-25 e, =-25° 4 =250
: S - 0 . =.15°
4, =-15 0.04 %6 =-15 4 =-15
-0.06 - — %6 =5 — %6 =5° % 5 =5°
a a a
—% 5 =5 % 5 =5° -0.005 % 4 =5°
-0.065T S : . o
=15 002k =15 ——5,=15
0.07 i/ —>—0,=25 —x—4,=25° 0.017F 5 =25°
——5,=35 . ——,=35° N 1 —x—5,=35°
o 0075t = = 0,015
0. ) g o
© S S
0.08 / 002
-0.02
-0.085
-0.025
-0.09 |/
-0.04
0,095 -0.03
0.1 : -0.06 — : -0.035
0 10 20 0 10 20 0 10 20
a(®) a () o ()
Aileron dCY vs Alpha with g =-4° Aileron dCMx vs Alpha with g3 =-4° Aileron chz vs Alpha with g =-4°
0.25 — ; . 0.06 — : - 0.02 — ‘
+aa=-35° +Aa=-35o —x—§ =-35°
5, =25° 0, =25° 0.015 x4 =-25°
0.2 =415 004 ¥ 5, =15 b =-15
kg =5C =50 0.01 % g =5°
0451 N 5 =5° =57
+Ja=15 0.02 k- +Ja=15° 0.005 +6a=15°
—%—5,=25 % 5,=25° —%—5,=25°
01r —w5,=35 « —w§=35°| 0 s §,=35°
N a x a 8 2
o s of S
© © © 0.005
0.05 0.
-0.02 001}
ol
-0.015
o0sE -0.04
-0.02
01 . . -0.06 L . -0.025 ———
0 10 20 0 10 20 0 10 20
a(®) a(°) o ()
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Ailerzc:)nf&)@vs Alpha with §=0°

0 10
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0.04 I

0.02
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a(°)
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a
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0.04

0.02
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-0.02

-0.04

-0.06 ¥ :
0 10
a (%)
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0.025 T

0.02

0.015

e 0,=-35°
e § =25°
a
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4§ =5°
a
b, =15°

—x—0,=25°

" 0.01 1 5,236
(&)
o
0.005 1
ok ]
-0.005 b
0.01— :
0 10 20
a(?)
Aileron dCMz vs Alpha with 8 =4°
0.03 — T
—x—3
— %5 =-25°
0.025 1 |0,
—=—0
0.02 | |——0,=5°
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(&)
=
0.01 1
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dc,
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Rudder dcY vs a with g =-8 °
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0 10 20 0 10 20
o (°) a(’)
Rudder dCY vs a with g=-4° Rudder dCMx vs a with g=-4°
0.04 T T 0.02 T T
0.02 0.015 1
0.01 1
ol
0.005 1
-0.02 0 |
-0.04 -0.005 b
0.06 -0.01 1
0.015 / 1
-0.08 |
-0.02 1
01 -0.025 1
-0.12 * : -0.03 : :
0 10 20 0 10 20
o (°) a(?)
Rudder dCY vs a with g=0° Rudder chx vs a withg=0°
0.08 0.04 T T
0.06 0.03 1
0.04 0.02 1
0.02 0.01 1
0r 0 1
-0.02 -0.01 1
-0.04 -0.02 1
-0.06 {7 ! -0.03 1
-0.08 : : -0.04 : :
0 10 20 0 10 20
o () o (%)

dc,,,

Rudder dCMz vs a with g =-8°

0.03 T T

—x—0,=-27T"°
—x—4,=-18°
——05,=-9°
—*—06,=0°
——4§,=9°

o §.=18°

—x—0,=27°

-0.03 b
-0.04 ! :
0 10 20
a(?)
Rudder dCMz vs a with g =-4°
0.03 — T
—x—90 = =27 °
—_— 6r =-18°
0.02 1 |——d=9°
—x— Jr =0°
0.01 I
g, =18°
=g =27°
0 ]
-0.01 1
-0.02 1
-0.03 1
-0.04 : :
0 10 20
a(?)
Rudder dCMz vs a with g=0°
0.04 T T
—x—0, =-27°
— = Jr =-18°
0.03 g 5=9°
—=—06,=0°
0.02 5=9°
— 6r =18°
0.01 ——0,=27°
0
-0.02
-0.03
-0.04 - :
0 10 20
a ()



86

A. Appendix

Rudder dcY vs a with g=4°
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A.4. Complete Time Simulation Summarized Results
A.4.1. Result Summary for All-Engine-Operative Open-Loop Maneuvers

Table A.2: Percentage Difference in a excursion between cases with and without GE for all-engine-operating scenario

Difference in Initial @ Excursion (Degrees)
Initial Climb (AEO) Cruise
-0.21 (-4.5%) -0.06 (-0.9%)
-0.81 (-81341.4%) -1.04 (-190.4%)
-0.32 (-92.5%) -0.08 (-67.4%)
N/A -0.03 (10.6%)
N/A N/A

Approach
-0.14 (-3.1%)
-0.53 (1833.3%)
0.01 (10.8%)
0.13 (-10.6%)
-0.11 (-3.2%)

Maneuver
Impulse Elevator
Impulse Rudder
Sudden Left Fail

Dual Engine Increase

Go Around

Table A.3: Difference in 8 excursion between cases with and without GE for all-engine-operating scenario

Difference in Initial 8 Excursion (Degrees)
Initial Climb (AEO) Cruise
-1.61 (-5590.0%)  -2.62 (-115.1%)
0.31 (-4.1%) 0.13 (-2.1%)
0.05 (-4.1%) -0.00 (0.2%)
N/A 0.03 (47.0%)
N/A N/A

Approach
-1.06 (143.2%)
0.18 (-2.5%)
0.01 (-2.4%)
-0.05 (148.4%)
-1.08 (177.4%)

Maneuver
Impulse Elevator
Impulse Rudder
Sudden Left Fail

Dual Engine Increase

Go Around

Table A.4: Max difference in airspeed between cases with and without GE for all-engine-operating scenario

Max Difference in Airspeed (m/s)

Maneuver Initial Climb (AEO) Cruise Approach
Impulse Elevator -0.79m/s 3.056m/s  -1.29m/s
Impulse Rudder -1.41m/s -1.62m/s  -2.88m/s
Sudden Left Fail 2.33m/s 1.38m/s 0.33m/s

Dual Engine Increase N/A 0.70m/s  -9.82m/s

Go Around N/A N/A 2.81m/s

Table A.5: Max difference in altitude between cases with and without GE for all-engine-operating scenario

Max Difference in Altitude (m)

Maneuver Initial Climb (AEO) Cruise Approach
Impulse Elevator 4.93 -35.98 7.49
Impulse Rudder -5.61m -37.71m 14.33
Sudden Left Fail -13.83m -15.63m -1.47

Dual Engine Increase N/A -7.31m 64.65m

Go Around N/A N/A -8.79m
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A.4.2. Result Summary for One-Engine-Inoperative Open-Loop Maneuvers

Table A.6: Difference in initial a excursion between cases with and without GE for one engine inoperative scenario

Difference in Initial @ Excursion (Degrees)
Maneuver Initial Climb (OEI) Approach
Impulse Elevator -0.05 (-1.0%) -0.06 (-1.3%)
Impulse Rudder -0.24 (-19787.4%) -0.16 (-1503.9%)
Dual Engine Increase N/A -0.22 (-44.2%)
Go Around N/A -0.19 (-4.6%)

Table A.7: Difference in initial 8 excursion between cases with and without GE for one engine inoperative scenario

Difference in Initial 8 Excursion (Degrees)

Maneuver

Initial Climb (OEI)

Approach

Impulse Elevator
Impulse Rudder
Dual Engine Increase
Go Around

~1.04 (-663.7%)
0.04 (0.9%)
N/A
N/A

-0.47 (-49.9%)

0.05 (1.2%)
0.11 (2.1%)
-0.30 (-4.7%)

Table A.8: Max difference in airspeed between cases with and without GE for one engine inoperative scenario

Max Difference in Airspeed (m/s)

Maneuver Initial Climb (OEI) Approach
Impulse Elevator -1.09m/s -0.20m/s
Impulse Rudder -2.49m/s -1.44m/s

Dual Engine Increase N/A 0.95m/s

Go Around N/A 4.78m/s

Table A.9: Max difference in altitude between cases with and without GE for one engine inoperative scenario

Max Difference in Altitude (m)

Maneuver Initial Climb (OEI) Approach
Impulse Elevator 7.37Tm 0.94m
Impulse Rudder 14.09m 7.21m

Dual Engine Increase N/A -4.72m

Go Around N/A -38.54m
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A.4.3. Result Summary for All-Engine-Operative Closed-Loop Maneuvers

Table A.10: Percentage Difference in a excursion between cases with and without GE for all-engine-operating scenario with
wing leveler enabled

Difference in Initial @ Excursion (Degrees)

Maneuver Initial Climb (AEO) Cruise Approach
Impulse Elevator -0.27 (-5.7%) -0.11 (-1.9%) -0.23 (-5.0%)
Impulse Rudder -1.16 (-17138.0%) -1.01 (-470.2%) -0.81 (81509.5%)
Sudden Left Fail -0.52 (-95.6%) -0.07 (-63.1%) -0.12 (-97.4%)

Dual Engine Increase N/A -0.02 (6.3%) 0.04 (-3.6%)

Go Around N/A N/A -0.05 (-3.5%)

Table A.11: Difference in B excursion between cases with and without GE for all-engine-operating scenario with wing leveler
enabled

Difference in Initial 8 Excursion (Degrees)

Maneuver Initial Climb (AEO) Cruise Approach
Impulse Elevator -3.68 (-27331.3%) -2.45(-219.5%) -3.78 (-50036.0%)
Impulse Rudder 0.67 (-7.2%) 0.33 (-4.3%) 0.50 (-5.3%)
Sudden Left Fail -0.01 (0.5%) -0.01 (0.8%) -0.00 (-22.0%)

Dual Engine Increase N/A 0.03 (37.8%) 0.39 (271.7%)

Go Around N/A N/A -1.07 (-7328.0%)

Table A.12: Max difference in airspeed between cases with and without GE for all-engine-operating scenario with wing leveler
enabled

Max Difference in Airspeed (m/s)

Maneuver Initial Climb (AEO) Cruise Approach
Impulse Elevator 0.23 0.03 0.15
Impulse Rudder 0.28 0.53 0.21
Sudden Left Fail -0.68 -0.40 -0.10

Dual Engine Increase N/A -0.13 0.07

Go Around N/A N/A -0.09

Table A.13: Max difference in altitude between cases with and without GE for all-engine-operating scenario with wing leveler
enabled

Max Difference in Altitude (m)

Maneuver Initial Climb (AEO) Cruise Approach
Impulse Elevator 1.36 0.46 0.89
Impulse Rudder -4.42 -14.11 -2.64
Sudden Left Fail 3.42 3.50 0.51

Dual Engine Increase N/A 1.33 -0.33

Go Around N/A N/A 0.30
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