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Abstract

This thesis presents modifications to classical washout algorithms to allow for large

angular motion. This allows flight simulators with large angular motion envelopes to

more effectively produce the motion cues for edge-of-envelope aircraft manoeuvres for

pilot training. Classical washout is commonly used for flight simulation motion cues,

but was originally designed for small simulator angular motion. With the development

of the Atlas motion base allowing unbounded rotation about any axis, there is a need

for washout algorithms which can exploit this extended angular motion envelope.

Classical washout is implemented and the implementation is validated using nu-

meric metrics, normalized Pearson correlation, integral of the error, and maximum

error; and plots of the modelled vestibular response for the aircraft simulator pi-

lot compared to previous reported results. This implementation is then used as a

performance baseline for two proposed modifications to extend washout to larger an-

gular motion envelopes. Large-angle washout uses quaternions and eliminates the

small-angle approximations present in classical washout but continues to use high-

pass filters to impose restrictions on the simulator’s angular motion during sustained

angular velocity cues. Unrestricted angular washout removes the high-pass filters and

allows for unbounded rotation about all axes.

Using the numerical metrics and vestibular responses to assess the performance of

the algorithms, for manoeuvres with small angular motion cues, the original classical

washout algorithm designed for small angles performs best, and unrestricted angular

washout has comparable performance. For manoeuvres with large angular motion

cues, unbounded angular velocity washout performs best. Large-angle washout out-

performs the small-angle washout for some large angular motion cues, but is outper-

formed by unrestricted angular washout, and performs badly for manoeuvres with

small angular motion.
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Nomenclature

aAA Aircraft translational acceleration in aircraft frame (m/s2)

aC Aircraft translational acceleration in inertial frame (m/s2)

aPS Translational acceleration at simulator pilot’s head in simulator frame
(m/s2)

aSI Simulator translational acceleration in inertial frame (m/s2)

aSS Simulator translational acceleration in simulator frame (m/s2)
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φ Roll Euler angle (deg)
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1 Introduction

Washout algorithms are commonly used for motion control in flight simulators. These

algorithms are used to simulate a wider range of motion cues than would otherwise be

available in the limited motion envelope of the flight simulator’s hardware. For effec-

tive training, the simulator must recreate the pilot’s perception of the translational

specific force and angular velocity of the actual aircraft. Angular velocity simulation is

limited to high-frequency cues by the hardware motion envelope; however, the specific

force is simulated by a combination of translational acceleration and rotation. The

translational accelerations are of a short duration, and simulate the high-frequency

specific force cues usually associated with motion onset, while tilt coordination uses

slow rotations of the simulator, below the perception threshold of the pilot, to move

the gravity vector relative to the pilot to simulate the sustained specific force cues.

The combination of translational and rotational motion allows for the simulation of

sustained specific force that would not otherwise be possible.

Several different washout algorithms have been developed. The main three types

of washout algorithms are classical washout, adaptive washout, and optimal control.

In classical washout, high-pass filters are used to determine the high-frequency spe-

cific force and angular velocity cues, and low-pass filters are used for defining the cues

representing the sustained translational acceleration. Adaptive washout, instead uses

a set of cost functions and adaptive parameters to determine the translational and

rotational set points for the simulator. Optimal control washout uses conventional

optimal control techniques which have been tuned for the aircraft and manoeuvres in-

tended to be simulated. Classical washout is most commonly used, since it is intuitive

and easy to tune, although pilot testing has shown preference for the performance of

adaptive washout. Optimal control has performed poorly during pilot testing [1–3].

Existing washout algorithms have been developed for simulators with restricted

angular displacement. Figure 1 illustrates an example of a Gough-Stewart platform
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Figure 1: Gough-Stewart Platform [5].

that is the configuration most often used as the motion base for flight simulators.

The geometry of the platform’s legs restricts its angular displacement in all direc-

tions. Due to the restrictions of the simulators and for computational efficiency,

washout algorithms are developed for a limited range of angular motion, resulting

in these algorithms having several small-angle approximations, particularly in the

implementation of tilt coordination. Tilt coordination is also designed with the as-

sumption that the simulator’s heave degree of freedom will remain closely aligned with

the gravity vector, and not deviate from it by any large angle. For classical washout,

to incorporate the angular position set point from tilt coordination and the angular

velocity, the Euler angles of the two rotations are added, which is sufficiently accu-

rate for the purposes of the aircraft simulator at small angles. Euler angles also can

introduce singularities during large rotations of the simulator. There has been little

progress in the development of washout algorithms since the 1980s [4], and therefore

washout algorithms have not evolved to take advantage of advancements in simulator

hardware.

As regulatory requirements for simulating edge-of-envelope aircraft motion are be-
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ing introduced, simulators with larger angular motion envelopes are being developed.

One example of this type of simulator is the Atlas motion simulator developed by

the Carleton University Simulator Project (CUSP), which has unbounded rotation

about all axes. Figure 2 illustrates the simulator design. A Gough-Stewart motion

base provides the translational motion, while three active mecanum wheels permit

unbounded rotation in any direction for the rotational stage of the simulator [6–8].

To take advantage of the unbounded rotation, a series of changes to classical washout

are required to accommodate large angles.

In this thesis, the necessary modifications to classical washout are made and the

resulting simulator performance is evaluated. Small-angle approximations are re-

moved, and the more computationally intensive unsimplified equations are used. Tilt

coordination is allowed to act on all degrees of freedom, to ensure that the motion

base is able to respond appropriately in all simulator orientations. Quaternions re-

place Euler angles for describing the orientation of the simulator, which eliminates

the representational singularities present in existing classical washout. Finally, the

high-pass filters are removed from the rotational channel to allow the simulator to

rotate freely in response to the angular velocity cues.

In previous literature, classical and adaptive washout have been developed for

small angles, and validated through simulations and experiments. The first objective

of this thesis is to reproduce a model of classical washout and the vestibular response

of the aircraft and simulator pilot. These algorithms will be implemented and tested,

thereby allowing these algorithms to act as a baseline of performance.

The second objective of this thesis is to remove the small-angle restrictions and

extend the range of angular motion for classical washout. Small-angle approximations

and singularities will be removed, and the algorithm adapted so that it allows for a

larger range of angular motion.

The final objective of this thesis is to demonstrate the performance of classical
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Figure 2: Atlas simulator.

washout at large angles in simulation. A case study of three different aircraft perform-

ing various manoeuvres is conducted and the performance of the algorithm against

small-angle washout algorithms is assessed. In future work, adaptive washout can

also be adapted for large angular motions.

The key contributions of this thesis include:

1. Creating a MATLAB Simulink model of the classical washout algorithm.

2. Extending classical washout to accommodate a larger range of angular motion.

3. Validating classical washout with the extended range through the use of com-

puter simulation.

Additionally the work contained within this thesis has resulted in one conference

publication: M. Micomonaco, M. J. D. Hayes, R. Irani, and R. Langlois, “Classical

Washout Using Quaternions,” in CCToMM Mechanisms, Machines, and Mechatron-
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ics (M3) Symposium, Montreal, Canada, May 16-17, 2019.

The following sections provide some background of washout algorithms and the

quaternion math that will be used in this thesis.

1.1 Background

1.1.1 Washout Algorithms

There are three major types of washout algorithms: classical washout, adaptive

washout, and optimal control [1]. Classical washout uses high- and low-pass filters,

while adaptive washout and optimal control use adaptive and optimal controllers,

respectively.

Reid and Nahon performed an extensive study of these washout algorithms [1–3].

They developed multiple benchmark cases for each algorithm type, and then subjected

them to extensive pilot testing. Adaptive and classical washout performed well, with

adaptive washout ranked best overall. As optimal control produced poor results, only

adaptive washout and classical washout will be examined in this thesis.

Washout algorithms aim to simulate the translational specific force and angular

velocity cues that would be experienced by an aircraft pilot while performing the same

manoeuvre in a motion-enabled flight simulator, while remaining within the simulator

hardware’s motion envelope. They exploit the pilot’s vestibular system by slowly

tilting the simulator such that the gravity vector is interpreted as a sustained specific

force cue. Some implementations of washout will also recentre the motion platform

during sustained translational specific forces, to maximize the available translational

motion envelope.

Classical washout accomplishes the simulation of translational specific force and

angular velocity by using high-pass filters to restrict the translational and rotational

motion of the simulator, and low-pass filters to tilt the simulator for the sustained

specific force cues. Adaptive washout uses adaptive controllers and cost functions
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that work to match the specific force and angular velocity set points, while penalizing

large values for the translational and rotational velocity and position.

Tilt coordination, which is the mechanism used to tilt the simulator so that the

gravity vector is perceived as a sustained specific force cue is implemented for both

algorithms for the surge and sway degrees of freedom. Washout was designed for small

angular motions based on the limits of the motion actuation hardware available in the

1980s, and therefore as the gravity vector is closely aligned with the heave degree of

freedom at all times, specific force cues in heave are unable to take advantage of tilt

coordination. The tilt coordination limitation leads to poor performance in the heave

degree of freedom compared to surge and sway, as it is limited to the acceleration that

can be provided by the simulator’s vertical motion, and this is often small relative to

the magnitude of the cues.

An example of how tilt coordination works is illustrated in Figure 3, where there

is a specific force cue forwards along the surge degree of freedom or the x-axis due

to acceleration of the aircraft, as well as in the heave or z-axis due to gravity. To

achieve these specific force cues, first the simulator accelerates forward, creating the

specific force cue along the x-axis. As the simulator approaches the end of its motion

envelope in 2, the simulator tilts, so that a component of the specific force cue in x is

coming from the simulator acceleration, and a component is coming from the gravity

vector. In 3, the simulator has stopped accelerating, and the entirety of the sustained

specific force cues are components of the gravity vector. When the surge specific force

cue ends in 4, the simulator returns to horizontal, and the simulator pilot experiences

specific force only in heave.

Limited additional research has been completed since the Reid and Nahon study it

and mostly focuses on tuning classical washout. Classical washout is still commonly

used in the form proposed by Reid and Nahon due to its simplicity [4]. These washout

algorithms can potentially be improved by eliminating the restrictions that limit them
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Figure 3: Washout stages for a specific force cue in the surge degree of freedom [10].

to small angles, to allow for better reproduction of angular velocity cues, and the

ability to implement tilt coordination in heave.

1.1.2 Washout Evaluation and Tuning

The evaluation of washout algorithms in a simulation environment is challenging. The

standard for evaluating the relative performance of different flight simulator motion

algorithms is to conduct testing with aircraft pilots [3]. As pilot-in-the-loop tuning is

impossible for a computer simulated environment, metrics can be used to attempt to

quantify the performance of the algorithms, although pilot testing is still the preferred

choice when available. The Casas et al. study in 2015 examined several metrics and

compared them to the results from pilot testing, and concluded that the normalized

Pearson correlation, which measures the degree the aircraft pilot’s vestibular response

and the simulator pilot’s vestibular responses are positively correlated, is the best

option for determining algorithm performance [4].

Tuning the simulator’s transfer functions to improve the response of the system is

another case where pilot evaluation is used. There are no automated or algorithmic

ways of tuning a washout algorithm, and the best practice is to have an experienced
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pilot and someone familiar with washout tuning work together to tune the washout

algorithm for the specified hardware. Grant and Reid outlined guidelines on how to

address particular pilot concerns about the characteristics of the washout algorithm’s

response, and emphasized the inability to automate this process [11]. As with evalu-

ation, completing tuning in a computer simulated environment is difficult, as it lacks

the opportunity for pilot feedback.

There have been some methods proposed for automated tuning without the need

for pilot-in-the-loop testing. Asadi et al. proposed using particle swarm optimization

for tuning classical washout for a driving simulator, and showed that this increases

motion fidelity and reduce incorrect motion cues, while also maximizing the use of the

simulator’s motion envelope [12]. Casas et al. performed similar work with particle

swarm optimization for classical washout, and came to the same conclusions [13].

In addition to the particle swarm optimization, fuzzy logic and genetic algorithms

with nonlinear filters have been successfully used to tune classical washout and are

also found to reduce incorrect cues and maximize the use of the simulator’s motion

envelope [14,15].

A limitation for all these tuning studies is that the results have not been evaluated

with pilot-in-the-loop testing to compare their performance with manual tuning.

For the scope of this thesis, tuning will not be attempted in order to isolate the

performance changes due to the modifications to classical washout’s structure, rather

than improvements in tuning algorithms.

1.1.3 Uses of Washout Algorithms

Classical washout is frequently used when studying motion simulators. Keshavarz et

al. [16] use the classical washout algorithm proposed by Reid and Nahon to evaluate

the impact motion, visual, and auditory cues have on experiencing motion sickness in

driving simulators . Cleij et al. [17] used classical washout to evaluate how individ-
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uals perceive motion incongruities, or negative cues in driving simulators. Dalmeijer

et al. [18] used classical washout when they were evaluating the objective testing

methods for evaluating flight simulator performance for rotorcraft.

In these studies, classical washout is used without modifying it beyond tuning for

the intended simulator and manoeuvres being studied.

1.1.4 Extensions to Classical Washout

The creation of the Desdemona simulator has inspired one extension of the washout

algorithm. This simulator was developed with the goal of addressing the limitations in

specific force that can be applied to the simulator pilot by conventional simulators, by

adding a centrifuge component. To address the complications that the centrifuge in-

troduces to the system, spherical washout using polar coordinates was developed [19].

While spherical washout is interesting, it does not have much bearing on the scope of

this thesis, as the washout algorithms applicable in this thesis are intended for flight

simulators that do not have the centrifuge, and therefore the polar coordinate system

is unnecessary.

1.1.5 Vestibular System Modelling

As the primary goal of flight simulators is that the flight simulator pilot perceive the

same motion as they would in an aircraft undergoing the same manoeuvre, a model

of the pilot’s vestibular system is used to determine how motion is perceived [3]. The

vestibular system consists of two parts, the otolith that detects translational specific

force, and the semi-circular canal that detects rotational motion.

There are many methods of modelling the components of the vestibular system.

Meiry and Young [20] developed a model for the otolith system as a pair of transfer

functions with a deadband between them to represent the threshold where the specific

force can be detected. A survey of vestibular models completed by Zacharaias [21]
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proposed reasonable threshold values for specific force detection. Reid and Nahon [1]

used the Meiry and Young model with deadband values from the Zacharias report

to model the pilot’s specific force simulator response. However, for the second phase

of Reid and Nahon’s study [2] they no longer included the deadband when graphing

the vestibular response of the simulator and aircraft pilots. A 2016 survey of otolith

models completed by Asadi et al. [22] includes the Meiry and Young model used by

Reid and Nahon. Asadi et al. [22] recommend the Telban and Cardullo model, which

reduces the gain and phase lag impact for perceiving lower-frequency specific force

compared to Meiry and Young, and chooses the deadband values used by Reid and

Nahon. However, to maintain consistency for comparing the results of this thesis with

the study conducted by Reid and Nahon, the Meiry and Young model will be used,

and is discussed in Chapter 3.

Young and Oman [23] developed a model for the semi-circular canal that detects

angular acceleration as transfer functions. Zacharaias [21] presents an adaption of

this model for angular velocity, and as with the otolith model, proposed the detection

threshold deadbands. Reid and Nahon [2] use the angular velocity model. However,

once again in their second phase of the study omit the deadbands when graphing

the vestibular response. Asadi et al. [24] conducted a survey of semicircular canal

vestibular models in 2017, which concluded that the Young and Oman model used

by Reid and Nahon, as well as the Telban and Cardullo model, were both reasonable

models for the semicircular canal experiencing normal head movement; however, the

Telban and Cardullo model was the most acceptable. As with the otolith system

model, to maintain consistency with the Reid and Nahon report results, this thesis

will use the Young and Oman model, which is discussed in Chapter 3.

The following section provides the mathematical foundation for the development

of the large-angle washout algorithm.
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1.2 Mathematical Background

As part of this thesis, quaternions will be used as they are a useful replacement for

Euler angles in classical washout, as quaternions can be used to represent rotations

in three-dimensional space, and do not have the representational singularities present

with Euler angles.

Quaternions are of the form

q = q0 + q1i + q2j + q3k, (1)

where q0, q1, q2, q3 are real and i, j, k are three imaginary numbers defined as

ijk = i2 = j2 = k2 = −1, (2)

where these are quaternion products and not dot products, and

i 6= j 6= k. (3)

The quaternion can also be represented as

q =

 q0

qv

 =



q0

q1

q2

q3


, (4)

where q0 is the scalar or real part and qv is the vector or imaginary part [25].
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For unit quaternions these are



q0

q1

q2

q3


=



cos θ/2

kx sin θ/2

ky sin θ/2

kz sin θ/2


, (5)

where k is a unit vector in the direction of the equivalent rotation axis and θ is the

equivalent rotation angle about k.

Given the rotation matrix

0R1 =


r11 r12 r13

r21 r22 r23

r31 r32 r33

 , (6)

then

θ = cos−1
[
r11 + r22 + r33 − 1

2

]
, (7)

and when θ = 0 or π (or computationally close) the code then jumps to

q =



1

0

0

0


, (8)
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for θ = 0 and

q =



0

1

1

1


, (9)

for θ = π.

In terms of unit quaternions

0R1 =


1− 2q22 − 2q23 2(q1q2 − q0q3) 2(q1q3 + q0q2)

2(q1q2 + q0q3) 1− 2q21 − 2q23 2(q2q3 − q0q1)

2(q1q3 − q0q2) 2(q2q3 + q0q1) 1− 2q21 − 2q22

 . (10)

Given 0R1 then

q0 =
1

2
(1 + r11 + r22 + r33)

1
2 (11)

q1 =
r32 − r23

4q0
(12)

q2 =
r13 − r31

4q0
(13)

q3 =
r21 − r12

4q0
. (14)

The quaternion product can be written in vector form

p⊗ q =



p0q0 − p1q1 − p2q2 − p3q3

p0q1 + p1q0 + p2q3 − p3q2

p0q2 − p1q3 + p2q0 + p3q1

p0q3 + p1q2 − p2q1 + p3q0


. (15)

It is important to note that the quaternion product is not commutative [25].
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A quaternion can be used to rotate a vector with the equation

r(v) = q⊗ v ⊗ q∗, (16)

where q* is the conjugate of the quaternion defined as

q∗ =

 q0

−qv

 . (17)

Using the inverse quaternion, defined as

q−1 =
q∗

‖q‖2
, (18)

in Equation 16 will rotate the vector by the same measure but in the opposite direction

as the rotation with q.

Quaternion integration can be accomplished by knowing the angular rate, ω, and

the previous angular position, qn-1, with the equation

qn = qn−1 ⊗

 cos (‖ω‖∆t/2)

ω
‖ω‖ sin(‖ω‖∆t/2)

 , (19)

where ∆t is the timestep [25].

1.3 Thesis Organization

This thesis consists of 5 chapters. This chapter gives the background of the problem

and is a review of the existing literature relating to washout algorithms for flight

simulators and the mathematical background for quaternion mathematics. Chapter

2 discusses coding the existing washout algorithms in MATLAB Simulink and com-

pares their performance with each other an with a conventional implementation of
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these algorithms. Chapter 3 describes the modifications made to classical washout to

accommodate large angular motion. In Chapter 4, case studies involving three air-

craft are performed to demonstrate the performance of large-angle classical washout,

with additional modifications to improve performance. Finally, Chapter 5 presents

the conclusions of this thesis.
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2 Washout Simulation

Washout algorithms allow for flight simulators to reproduce the sensation of aircraft

flight in the limited motion envelope of a flight simulator [1]. The simulator attempts

to reproduce the sensations of the specific force and angular velocity that would be

present in the aircraft, while restricting large translational and rotational displace-

ments to prevent the simulator from exceeding its hardware limits.

The simulator represents high-frequency translational accelerations and angular

velocities directly, although they may be scaled to remain within the simulator motion

envelope. Following high-frequency translational accelerations, the platform may be

recentred to allow for future motion. To reproduce sustained low-frequency trans-

lational acceleration for surge and sway motions, the simulator is slowly rotated to

align the gravity vector with the direction of the specific force associated with the

sustained translational acceleration. By maintaining the rotation rate to align the

simulator with the gravity vector below 3 deg/s the pilot does not sense the rota-

tion and instead interprets the acceleration from the gravity vector as the sustained

translational acceleration of the aircraft [1].

There are three primary reference frames used in washout. The aircraft frame is

fixed to the aircraft at the location of the pilot. The simulator frame is fixed to the

simulator and aligned with the simulator pilot, and the inertial frame is the world

frame. There are six degrees of freedom, surge: x, sway y, heave z, roll φ, pitch θ,

and yaw ψ.

The key to good flight simulation is to match the vestibular response of the aircraft

pilot and simulator pilot [1]. The vestibular response is the pilot’s perception of

motion from their vestibular system, and accounts for their psychological perception

thresholds of motion.

Reid and Nahon conducted an in-depth study of washout algorithms and how

pilots evaluated their relative performance [1–3]. The three algorithm types studied
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were classical washout, adaptive washout, and optimal control. Testing proved that

classical and adaptive washout performed better than optimal control.

To have a baseline to evaluate the performance of adaptions to the washout algo-

rithms, first the original versions of classical washout were implemented in simulation

as a benchmark. The performance if the implementations was evaluated against the

reported performance in the original Reid and Nahon study [2] to validate the devel-

opment.

2.1 Translational Acceleration and Specific Force

The vector aAA is the translational acceleration of the aircraft in the aircraft frame.

Washout algorithms use the input of specific force fAA which is related to gravity by

fAA = aAA − gAA, (20)

where gAA is the gravity vector in the aircraft frame, and the positive z axis is down.

Table 1 lists some examples of the relationship between aAA and fAA. In the first

case, the aircraft is at rest with no acceleration, and there is a specific force applied

to the pilot of 1g up. In the freefall case, the acceleration is 1g down, and the specific

force applied to the pilot is 0 m/s2. In the third case, the aircraft is rising with an

acceleration of 1g up, resulting in a specific force of 2g up.

Table 1: Relationship between aAA and fAA.

Rest 1g Down (Freefall) 1g Up

aAA

[
0 0 0

]T [
0 0 g

]T [
0 0 −g

]T
gAA

[
0 0 g

]T [
0 0 g

]T [
0 0 g

]T
fAA

[
0 0 −g

]T [
0 0 0

]T [
0 0 −2g

]T
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2.2 Classical Washout

Figure 4 illustrates the block diagram of classical washout, where the translational, tilt

coordination, and rotational channels are indicated. The algorithm takes in inputs of

the specific force and angular velocity experienced by the aircraft pilot, and produces

set points of the translational and angular positions for the motion simulator.

Figure 4: Classical washout with Euler angles.

Classical washout was implemented with two different versions, using high-order

or low-order filters. The high-order filters act to recentre the motion simulator dur-

ing sustained translational accelerations, allowing for the full motion envelope to be

available in all directions. The low-order filters do not recentre the simulator, which

reduces the available motion envelope but also reduces the negative motion cues ex-

perienced by the pilot due to the simulator motion.
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2.2.1 Translational Channel

The translational channel’s input is the specific force experienced by the pilot of

the aircraft being simulated, in the aircraft frame. First, the specific force may be

optionally scaled, to assist in ensuring that the simulator motion set point remains

within the hardware limits of the motion simulator. It is then converted into the

inertial frame using the rotation matrix LIS

LIS =



cos θ cosψ sinφ sin θ cosψ cosφ sin θ cosψ

− cosφ cosψ + sinφ sinψ

cos θ sinψ sinφ sin θ sinψ cosφ sin θ sinψ

+ cosφ cosψ − sinφ cosψ

− sin θ sinφ cos θ cosφ cos θ



, (21)

where φ , θ , and ψ are the roll, pitch, and yaw Euler angles consistent with the ZY X

rotation sequence based on the current orientation of the simulator [1]. Gravity gI is

added in the inertial frame to convert the specific force to acceleration, and the result

is then passed through a high-pass filter GfHP of the form

GfHP =
s2

(s + ωn)2
, (22)

for the low-order case, or the form

GfHP =
s3

(s2 + 2ζωns)(s + ωb)
, (23)

for the high-order case, where ωn, ζ, and ωb are chosen based on the desired washout

algorithm performance characteristics.
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The output of the high-pass filter is then integrated twice to produce a position

set point.

2.2.2 Tilt Coordination

While the translational channel simulates the high frequency specific forces, tilt co-

ordination acts to simulate the low frequency sustained specific forces. To simulate

sustained specific forces, tilt coordination aligns the gravity vector with the direction

of the specific force. Reid and Nahon discuss two methods of tilt coordination [2].

One method, as illustrated in Figure 4, involves taking the cross product of gS,

the gravity vector in the simulator frame, and the scaled specific force f . This is then

multiplied by a scaling factor such that the result is an angular velocity which will

align the gravity vector with the specific force set point without overshoot. As the

simulator’s rotation rate must be below the threshold that the pilot will detect, it is

passed through a low-pass filter of the form

GfHP =
(2ωn)2

s2 + 4ωns + (2ωn)2
, (24)

for the low-order case, or with the addition of a ζ term, the form

GfHP =
(2ωn)2

s2 + 4ζωns + (2ωn)2
, (25)

for the high-order case, with the same values for ωn as those in the high-pass filter

in the translational channel [2]. A rate limiter can also be added after the integrator

if required to ensure the rotation produced by tilt coordination is below the pilot’s

perception threshold. The filtered angular velocity is converted to Euler angular rates
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using

TS =


1 sinφ tan θ cosφ tan θ

0 cosφ − sinφ

0 sinφ sec θ cosφ sec θ

 , (26)

based on the current orientation of the simulator, and then integrated to update the

Euler angles [1].

An alternative tilt coordination method relies on small-angle simplifications. Us-

ing small angles, the tilt coordination channel illustrated in Figure 4 can instead be

modelled by removing the cross product and Ts, and inserting the equation


φ

θ

ψ

 =


−fy
g

fx
g

0

 , (27)

between GfHP and the integrator. A rate limiter of 3 deg/s is placed after the inte-

grator.

2.2.3 Rotational Channel

Finally, to simulate the angular velocity experienced by the aircraft pilot, the rota-

tional channel takes the input of angular velocity in the aircraft frame. It is scaled,

if required, and then converted to Euler angular rates using Equation 26. The Euler

angular rates are then passed through a high-pass filter of the form

GfHP =
s

s + ωn
, (28)
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for the low-order case, or the form

GfHP =
s2

(s + ωn)2
, (29)

for the high-order case, where ωn chosen based on the desired performance character-

istics. The output of GfHP is integrated to produce angular position, and then added

to the Euler angles produced from the tilt coordination. The addition of Euler angles

from the tilt coordination and rotational channels is not strictly mathematically cor-

rect, but is an acceptable approximation for small angles [1]. The sum of the Euler

angles is the angular position set point.

2.2.4 Washout Parameters

Reid and Nahon developed three classical washout parameter sets, with different

simulator response characteristics [2]. Table 2 lists each parameter set and the order of

the filters which were used. The parameters were chosen by observing the algorithm’s

response in simulation, and also in limited testing with pilots. The use of high-

order filters allows for the simulator to recentre itself during sustained translational

accelerations.

For the CW1 case in the surge degree of freedom, the parameters result in the

Table 2: Classical washout parameter sets.

Parameter Set Degree of Freedom Order ωn [deg/s] ζ ωb [deg/s]

CW1
Surge Low 1.5 - -

Sway, Heave Low 3.5 - -
Roll, Pitch, Yaw Low 0.5 - -

CW2
Surge Low 2.5 - -

Sway, Heave Low 4 - -
Roll, Pitch, Yaw Low 1 - -

CW3
Surge, Sway, Heave High 3.1 1.4 0.2

Roll, Pitch, Yaw High 1.0 - -
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translational channel high pass filter and tilt coordination low pass filter having a

cutoff frequency of 0.31 Hz for the low pass filter and 0.37 Hz for the high pass filter.

The Bode plot in Figure 5, illustrates how the filters in the two channels are able to

isolate the high frequency and low frequency components of the signal, due to the

similar cutoff frequencies and has unity DC gain.

Figure 5: CW1 surge bode plot for the translational channel high pass filter and
the tilt coordination low pass filter.

2.3 Adaptive Washout

Adaptive washout uses the same principles as classical washout, with translational

acceleration and tilt coordination simulating the specific force cues, and rotation sim-

ulating the angular velocity cues. Figure 6 illustrates the block diagram for adaptive

washout. The adaptive filter for the translational channel has one adaptive param-

eter, and attempts to match the translational acceleration input to the filter while

penalizing large translational displacement and velocity to keep the simulator inside
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the motion envelope. The adaptive filter for the rotational channel has two adaptive

parameters, one for tilt coordination and one for the rotational velocity set point. The

tilt coordination is to not exceed the pilot’s perception threshold, and the filter acts

to match the angular velocity and tilt coordination set points while penalizing large

angular displacement and velocity. Each adaptive parameter is updated by a cost

function. Appendix A discusses the implementation of adaptive washout in greater

detail.

Adaptive washout has been shown to have good performance compared to other

implementations of washout [3]. However, it is less commonly used than classical

washout because of its complexity. Due to this complexity, classical washout was

selected for adaption to the larger angular motion envelope, and modifications to

adaptive washout are beyond the scope of this thesis.

Figure 6: Adaptive washout block diagram.
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2.4 Vestibular Response

The pilot’s vestibular system allows the pilot to perceive changes in specific force

and angular velocity. To accurately simulate aircraft motion, the simulator needs

to reproduce similar vestibular responses in the simulator pilot as would have been

experienced by the aircraft pilot. Figure 7 illustrates the block diagram to determine

the motion at the pilot’s head and the pilot’s vestibular response to that motion. The

simulator’s translational acceleration in the inertial frame aSI and angular position

expressed in Euler angles βS are the inputs. The specific force at the pilot’s head

fPS and the angular velocity of the simulator ωSS are calculated, and input into the

vestibular response model, which calculates the vestibular response to the specific

force f̂ and angular velocity ω̂.

Figure 7: Vestibular response block diagram.
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2.4.1 Simulator Motion

The inputs to the vestibular system are the specific force and angular velocity ex-

perienced by the simulator pilot’s head. For a physical simulator, the translational

acceleration in the inertial frame, aSI, and the angular position expressed using Euler

angles βS = [ φ θ ψ ]T are measured. For the simulation, it is assumed that the

simulator has perfect response to the given set point.

To calculate the specific force applied to the simulator pilot fS the acceleration is

first converted into the simulator frame using the rotation matrix

LSI =



cos θ cosψ cos θ sinψ − sin θ

sinφ sin θ cosψ sinφ sin θ sinψ sinφ cos θ

− cosφ cosψ + cosφ cosψ

cosφ sin θ cosψ cosφ sin θ sinψ cosφ cos θ

+ sinφ sinψ − sinφ cosψ



, (30)

the inverse of Equation 21, to give the simulator acceleration in the simulator frame

aSS.

The equation

Gest =
ω2s

s + ω2

, (31)

where ω2 = 12.5 rad/s is used to estimate a derivative. It is first used to estimate

the rate of change for the Euler angles. The rate of change of Euler angles of the

simulator is then converted into angular velocities, ωSS = [ pSS qSS rSS ]T, using
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the matrix

RS =


1 0 − sin θ

0 cosφ sinφ cos θ

0 − sinφ cosφ cos θ

 . (32)

The angular acceleration, ω̇SS = [ ṗSS q̇SS ṙSS ]T, is estimated with the deriva-

tive estimator given in Equation 31.

The acceleration at the aircraft pilot’s head is calculated using

aPS = aSS +


−(q2SS + r2SS) pSSqSS − ṙSS pSSrSS + q̇SS

pSSqSS + ṙSS −(p2SS + r2SS) qSSrSS − ṗSS

pSSrSS − q̇SS qSSrSS + ṗSS −(p2SS + q2SS)

RSS, (33)

where the vector RSS is the displacement of the pilot’s head from the origin of the

simulator reference frame [1].

For the Atlas simulator, RSS = [ 0 0 0 ]T, as the pilot’s head is positioned at

the geometric centre of the simulator cockpit.

With the resulting acceleration, the specific force at the pilot’s head, fPS is calcu-

lated using Equation 20.

2.4.2 Vestibular System

The primary organs in the human body for sensing specific force and rotational motion

are the otolith and the semicircular canals, respectively.

The otolith response to specific force f̂ can be modelled as the transfer function

f̂i
fi

=
K(τas + 1)

(τLs + 1)(τSs + 1)
, (34)

with typical parameter values of τL = 5.33 s, τS = 0.66 s, τa = 13.2 s, and K = 0.4 [1].
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The semicircular canal response to angular velocity ω̂ can be modelled as the

transfer function

ω̂i
ωi

=
TLTas

2

(TLs + 1)(TSs + 1)(Tas + 1)
, (35)

with typical parameter values of TL = 10.2 s, TS = 0.1 s, and Ta = 30.0 s [1].

2.5 Quantifying Washout Algorithm Performance

Typically, the relative performance of washout algorithms is assessed by qualitative

pilot evaluations. As these algorithms are currently a MATLAB Simulink simulation,

three quantitative metrics, the normalized Pearson correlation, the integral of the

error, and the maximum error, as well as qualitatively assessing the resulting graphs,

are used to evaluate the relative performance of the algorithms.

As the goal of this section of the thesis is to evaluate how well the original washout

algorithms were reproduced, the metrics will assess the difference between the original

results reported by Reid and Nahon [2] and the new simulation, instead of comparing

them to the aircraft motion set points.

The Pearson correlation (PC) evaluates how closely two signals are correlated and

is calculated by,

PC(x, y) =

∑n
i=1(xi − x̄)(yi − ȳ)√∑n

i=1(xi − x̄)2
√∑n

i=1(yi − ȳ)2
, (36)

where x and y represent the signals being correlated, x̄ and ȳ are the mean of x and

y respectively, and n is the number of samples. The Pearson correlation is a linear

metric of the correlation of the two signals, where a value of 1 indicates the signals

are completely correlated, 0 indicates they are uncorrelated, and -1 indicates they are

negatively correlated.

An alternate metric proposed by Casas et al. after conducting a study comparing
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statistical evaluations of washout algorithm performance and pilot evaluations is the

normalized Pearson correlation (NPC) and is calculated by,

NPC(x, y) =
K

1 + PC(x, y)
+ 1− K

2
, (37)

where K = 1. Figure 8 illustrates the relationship between the Pearson correlation

and the normalized Pearson correlation, where positively-correlated signals give a

value of normalized Pearson correlation value of 1, uncorrelated signals a value of 1.5,

and negatively-correlated signals a value of +∞. The normalized Pearson correlation

is a non-linear metric which penalizes negative cues, where the simulator is providing

a cue in the opposite direction to the actual aircraft motion, as this has significant

negative impact on the aircraft pilot [4]. Limitations of this metric include that when

the signal is close to constant, noise tends to overwhelm the correlation, and the

signals will appear to be uncorrelated even if they are very similarly shaped.

The second metric compares the area between two signals, by taking the integral

of the absolute value of the difference between the curves, calculated by,

IntError(x, y) =

∫
|x− y| dt. (38)

Typically, the error metrics would be used to compare the aircraft pilot and simu-

lator pilot’s vestibular responses. However, since the goal is to determine how well the

original algorithms have been reproduced, the simulator pilot’s vestibular response

will be evaluated against pilot’s vestibular response results from the original report.

The results for the normalized Pearson correlation, integral of the error, and maxi-

mum error for each degree of freedom for each algorithm version and manoeuvre are

listed in tables. To eliminate the error caused by the transient responses, only the

final 20 seconds of each manoeuvre were used.
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Figure 8: Nonlinear relationship between the Pearson correlation and the normalized
Pearson correlation.
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2.6 Washout Results

For each algorithm type and parameter set, Reid and Nahon tested them for three

manoeuvres. Figure 9 illustrates the turn entries (M1) manoeuvre has the aircraft

specific force and angular velocity at the pilot’s head for all six degrees of freedom.

For M1, the dominant motion cue is the changing roll rate. Figure 10 illustrates the

throttle pulse (M2) manoeuvre, which has a dominant motion cue of the change in

the surge specific force, as well as small oscillations in the roll rate. Finally, Figure 11

illustrates the pushover/pullup (M3) manoeuvre, which has large changes in the heave

specific force, as well as oscillations in the roll rate.

The sets of transfer function coefficients CW1, CW2, and CW3, listed in Table 2,

were run for all three manoeuvres, and the vestibular response results were plotted.

CW1 and CW2 are different coefficients for the low-order case, while the CW3 coef-

ficients are for the high-order case. Figure 12 illustrates the response for the CW1

low-order algorithm for the M1 turn entries case. The grey line is the vestibular

response of the aircraft pilot experiencing the manoeuvre. Blue line is the vestibular

response for the simulator pilot reported in the original Reid and Nahon reports for

the given manoeuvre and parameter set, and the black line is the simulator pilot’s

vestibular response for the algorithm implemented in MATLAB Simulink. For a suc-

cessful implementation of the algorithm, the simulated results should be close to the

results from the original report. The sway, heave, and pitch degrees of freedom ini-

tially diverge from the results from the original report, although all converge within

20 seconds [2].

For many degrees of freedom there are unwanted transient responses. The tran-

sient response is due to the differences in the simulation environment. The original

testing had the simulator run level to allow the transient responses to dissipate be-
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Figure 9: Turn entries (M1) aircraft motion set points.
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Figure 10: Throttle pulse (M2) aircraft motion set points.
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Figure 11: Pullover/pushup (M3) aircraft motion set points.
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Figure 12: CW1 M1 vestibular response from original report and current model.
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fore the manoeuvres were executed. As those data were not included in the original

report [2], it is impossible to recreate them such that the simulator would have the

same translational and rotational positions, velocities, and accelerations at the start

of the manoeuvre. As these initial values are important for reproducing the simu-

lator response, the simulation begins at the start of the manoeuvre, with the initial

conditions for the simulator indicated by the report. However, the transient response

cannot be eliminated.

Table 3 lists the three performance metrics for the M1 manoeuvre for classical

washout using each of the three parameter sets. For all the degrees of freedom for

all the classical washout coefficient sets, the normalized Pearson correlation is close

to one, with the exception of the heave degree of freedom for CW3. Examining the

vestibular response in Figure 12 for the heave degree of freedom for CW1, it shows

that the vestibular response for both the original and reproduced washout algorithms

deviate very little during the final 20 seconds which are used to determine the per-

formance metrics. The normalized Pearson correlation does not perform well for

unvarying signals, as small deviations result in the two signals appearing uncorre-

lated. Examining the vestibular response shows that after the transient is completed,

the two algorithms produce similar results, and the small values in the corresponding

integral of the error and maximum error metrics support this conclusion.

Table 4 lists the performance metrics for the M2 manoeuvre, and Table 5 lists the

performance metrics for the M3 manoeuvre for classical washout for each parameter

set. The results are similar to the M1 case, with small integral of the error and

maximum errors, and the normalized Pearson correlations being close to 1, with the

exception of some of the heave degrees of freedom due to the nature of the vestibular

response.

Appendix B includes additional graphs for each of the manoeuvres discussed in

this section.
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Table 3: M1 (turn entries) performance metrics for classical washout.

Degree of Normalized Pearson Integral of Error Maximum Error
Case Freedom Correlation [m/s2] or [deg/s] [m/ss] or [deg/s]

CW1 M1

Surge 1.00 0.16 0.02
Sway 1.00 1.16 0.18
Heave 1.04 0.94 0.13
Roll 1.01 9.38 2.91
Pitch 1.00 0.75 0.17
Yaw 1.00 0.30 0.06

CW2 M1

Surge 1.01 0.19 0.03
Sway 1.01 1.27 0.26
Heave 1.13 0.88 0.15
Roll 1.06 12.41 3.77
Pitch 1.01 1.19 0.29
Yaw 1.00 0.55 0.10

CW3 M1

Surge 1.02 0.37 0.05
Sway 1.01 0.94 0.17
Heave 1.40 0.87 0.16
Roll 1.04 7.50 2.02
Pitch 1.03 2.07 0.47
Yaw 1.00 0.19 0.04

2.7 Summary

In this chapter, classical washout was examined in detail, and implemented in MAT-

LAB Simulink. The vestibular responses for the implemented algorithms were com-

pared against the results reported by Reid and Nahon, and they correlate closely for

the final 20 seconds of each manoeuvre, once the impact of the transients and the in-

complete information about the initial conditions of the manoeuvre have settled. The

close correlations indicate that the implemented algorithms are a good reproduction

of the original work and can be used as a baseline for assessing the performance of

the modifications made to classical washout in the following chapters.
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Table 4: M2 (throttle pulse) performance metrics for classical washout.

Degree of Normalized Pearson Integral of Error Maximum Error
Case Freedom Correlation [m/s2] or [deg/s] [m/s2] or [deg/s]

CW1 M2

Surge 1.00 0.26 0.05
Sway 1.01 0.29 0.05
Heave 1.62 0.81 0.15
Roll 1.03 4.24 0.83
Pitch 1.01 1.59 0.44
Yaw 1.01 0.16 0.04

CW2 M2

Surge 1.00 1.11 0.02
Sway 1.02 0.39 0.06
Heave 1.82 0.81 0.15
Roll 1.05 4.40 0.83
Pitch 1.03 1.94 0.70
Yaw 1.01 0.09 0.02

CW3 M2

Surge 1.01 0.58 0.11
Sway 1.02 0.42 0.06
Heave 2.08 0.79 0.16
Roll 1.02 2.75 0.48
Pitch 1.05 2.34 0.65
Yaw 1.01 0.06 0.02

Table 5: M3 (pushover/pullup) performance metrics for classical washout.

Degree of Normalized Pearson Integral of Error Maximum Error
Case Freedom Correlation [m/s2] or [deg/s] [m/s2] or [deg/s]

CW1 M3

Surge 1.00 0.18 0.05
Sway 1.00 0.39 0.09
Heave 1.09 0.84 0.15
Roll 1.04 8.30 1.81
Pitch 1.00 1.62 0.35
Yaw 1.04 0.41 0.35

CW2 M3

Surge 1.00 0.20 0.07
Sway 1.03 0.68 0.11
Heave 1.15 0.80 0.15
Roll 1.13 10.92 1.84
Pitch 1.01 1.73 0.41
Yaw 1.01 0.29 0.07

CW3 M3

Surge 1.02 0.50 0.13
Sway 1.02 0.73 0.10
Heave 1.33 0.93 0.15
Roll 1.03 5.23 1.19
Pitch 1.01 2.33 0.54
Yaw 1.01 0.19 0.06
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3 Classical Washout with Large Angles

Washout algorithms were designed for small angular motions; therefore, problems

arise as the range of angular displacement increases. For this thesis, classical washout

was adapted to develop large-angle washout, as classical washout is widely used and is

less complex to adapt for large angles than other algorithms such as adaptive washout.

There are several limitations that the small-angle classical washout experiences

when used for large angular motions. Euler angles, regardless of the sequence used,

will always have a singularity when the middle angle of the sequence reaches π
2
± iπ,

where i is any positive integer. Furthermore, the addition of the Euler angles from the

tilt coordination and rotational channels to produce the angular position set point,

which was an acceptable approximation at small angles [1], will cause significant error

with larger angular displacements.

Large-angle washout uses a similar form to the small-angle classical washout block

diagram, which was illustrated in Figure 4. The Euler angles are replaced with unit

quaternions, which are a singularity free representation of orientation, where

q =

 q0

qv

 =



q0

q1

q2

q3


=



cos θ/2

kx sin θ/2

ky sin θ/2

kz sin θ/2


, (39)

and the rotation can be viewed as a single rotation of angle θ about the axis k =

[ kx ky kz ] and the unit quaternion must also satisfy the condition

q20 + q21 + q22 + q33 = 1. (40)

This representation of orientation is considered singularity-free, as rotations of π are

treated as a special case, and the unit quaternion can be viewed as points on the

39



surface of a unit 4D hypersphere, where distinct points represent distinct orienta-

tions [26]. Therefore, unit quaternions are used to replace Euler angles in classical

washout to eliminate representational singularities at large angles.

The small-angle approximations are removed to improve the accuracy of the

washout algorithm when the simulator is at large angles. Figure 13 illustrates the

block diagram for large-angle washout with quaternions, which includes the transla-

tional, tilt coordination, and rotational channels. The following section discuss the

changes made to each channel for large-angle washout.
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Figure 13: Classical washout for large angles.

3.1 Translational Channel

For large-angle washout, the only modification that needs to be made to the trans-

lational channel is the conversion from the aircraft frame and the inertial frame.

Figure 14 illustrates how small-angle washout used the rotation matrix, LIS from
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Equation 21, which uses Euler angles and how the rotation matrix is replaced with a

quaternion rotation,

r(f) = (−q)⊗ f ⊗ (−q∗) , (41)

where f is the scaled specific force, q is the orientation of the simulator, and q∗ is the

associated conjugate quaternion, which is similar to complex conjugate numbers,

q∗ =

 q0

−qv

 . (42)

Figure 14: Translational channel for small-angle washout (top) and large-angle
washout (bottom).
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3.2 Tilt Coordination

The next channel that requires modification is the tilt coordination channel. The

small-angle approximation version of tilt coordination from Equation 27 cannot be

used, as the small-angle approximations no longer hold.

Figure 15 illustrates that the tilt coordination channel for small-angle washout

and for large-angle washout to compare the changes. First, the gravity vector in the

simulator frame, gS was calculated by using the rotation matrix LSI from Equation 30,

using the Euler angles of the simulator orientation. The Euler angle rotation matrix

is replaced by a quaternion rotation similar to Equation 41 from the translational

channel.

The second change is that instead of converting the angular velocity output from

the low-pass filter to rate of change of Euler angles and then integrating to produce

Euler angles, the angular velocity is directly output from the tilt coordination channel.

The third change is moving the low-pass filter to before the cross product, which

is the location it is found in the small-angle simplification version of tilt coordina-

tion. Filtering the specific force instead of the angular velocity reduces unwanted

oscillations in the tilt coordination velocity output.

3.3 Rotational Channel

The last channel to be modified is the rotational channel. Figure 16 illustrates the

small-angle washout rotational channel as well as the large-angle washout rotational

channel.

First, the elimination of Euler angles results in the high-pass filtering occurring

in angular velocity rather than rate of change of Euler angles. Filtering in angular

velocity has been shown to have a small negative impact on the flight simulator’s

performance [2]. However, it also allows the addition of the outputs of the tilt co-
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Figure 15: Tilt coordination for small-angle washout (top) and large-angle washout
(bottom).

ordination and rotational channel to occur in angular velocities, removing the error

introduced by the addition of Euler angles.

Next, as the channel is using angular velocities instead of converting to rate of

change of Euler angles, the matrix TS is removed. After filtering, the angular veloc-

ity set point from tilt coordination is added to the rotational channel. To convert

the angular velocity to an angular position set point expressed as a quaternion, a

quaternion integrator is added, which is calculated using

qn = qn−1 ⊗

 cos (‖ω‖∆t/2)

ω
‖ω‖ sin(‖ω‖∆t/2)

 , (43)

where ∆t is the timestep and qn−1 is the previous angular position set point, to

produce an angular position set point.
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Figure 16: Rotational channel for small-angle washout (top) and large-angle
washout (bottom).

3.4 Vestibular Model

Finally, the model of the pilot’s vestibular system must be modified for large angles,

by modifying the calculation of the motion at the pilot’s head. For the translational

acceleration, the rotation matrix LSI is replaced by a quaternion rotation. For the

angles, the angular position is read as a quaternion, and the angular motion of the

pilot’s head ωSS is calculated as

ωSS = 2q∗ ⊗ q̇, (44)

where q̇, the quaternion rate, is given by

q̇ =
qn − qn−1

∆t
. (45)

The transfer functions used to model the pilot’s vestibular system do not require

any modifications.
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3.5 Results

The manoeuvres from Chapter 3, turn entries, throttle pulse, and pushover/pullup,

are again used to assess the performance of the adapted algorithm. These are all

small-angle manoeuvres, but it is important to ensure that there is still acceptable

performance of the large-angle washout algorithm in these ranges. The next chapter

will evaluate larger-angle manoeuvres. To evaluate the impact of the performance,

each manoeuvre in this chapter is run for both small-angle washout and large-angle

washout for the three parameter sets listed in Table 2, and there is a comparison

of their performance metrics and a qualitative evaluation of the graphed responses.

To evaluate the performance of each algorithm, the normalized Person correlation,

integral of the error, and maximum error metrics are calculated to compare the aircraft

pilot’s response and the simulator pilot’s response for each algorithm. For evaluation,

only the last 20 seconds of the manoeuvre are used when calculating the performance

metrics to eliminate the influence of the transients associated with imperfect initial

conditions, as discussed in the previous chapter.

Each metric used can only give an indication of the performance of the response,

as the primary method of evaluating flight simulators in practice is to have pilots

perform subjective evaluation. The numeric metrics are best used to compare the

relative results of two washout algorithms performing the same manoeuvre, with

the metrics calculated for the vestibular response for the simulator pilot against the

vestibular response for the aircraft pilot. The normalized Pearson correlation gives

an indication of how well the shape of the simulator pilot’s vestibular response curve

matches the aircraft pilot’s response, and the integral of the error and maximum error

metrics give an indication of the distance between the curves. If all the numbers are

smaller, it suggests that that algorithm gives a better response, and if the metrics

are all larger it is likely worse. In many cases, one metric will improve while another

worsens, which requires subjective evaluation of the responses. The following sections
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compare the new large-angle classical washout to the small-angle classical washout

for the M1 turn entries, M2 throttle pulse, and M3 pullover/pushup manoeuvres for

each of the classical washout parameter sets listed in Table 2. Appendix C includes

additional graphs for the test cases in this chapter.

3.5.1 M1: Turn Entries

For the M1 turn entries manoeuvre, the dominant motion cue is the changing roll

rate. For the roll degree of freedom, the large-angle washout performs slightly better

for both performance metrics. The vestibular responses for small-angle washout pilot,

large-angle washout pilot and the aircraft pilot are plotted in Figure 17 for each of the

six degrees of freedom, and the normalized Pearson correlation, integral of the error,

and maximum error, as well as the difference for each metric for small-angle washout

and large-angle washout are listed in Table 6. A positive number in the difference

column indicates that large-angle washout performed better for the given metric.

The CW1 parameter set sway vestibular response shows an improvement to the

normalized Pearson correlation metric; however, the maximum error is the same,

and the integral of the error is worse. Examining the vestibular response shows

that both the small-angle washout and large-angle washout vestibular responses have

substantial unwanted specific force cues. These unwanted cues are due to the roll

angular velocity set point, and cannot be eliminated by the algorithm.

For the CW1 parameter set roll response, all the performance metrics in Table 6

perform slightly worse for large-angle washout compared to small-angle washout.

Examining the vestibular response in Figure 17 shows that the small-angle washout

and large-angle washout responses are similar, but have differences at the points

where there is peak perceived angular velocities. Small-angle washout may produce

a better response based on the metrics.

The CW2 and CW3 parameter sets have similar performance for M1 as CW1.
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Overall, the vestibular response for large-angle washout produces a closer represen-

tation of the aircraft pilot’s vestibular response than small-angle washout.

Figure 17: The CW1 vestibular response for M1, for small-angle washout and large-
angle washout.
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3.5.2 M2: Throttle Pulse

For the M2 throttle pulse manoeuvre, the main motion cue is the change of specific

force in the surge degree of freedom, with some small oscillations in roll. Figure 18

illustrates the vestibular motion for the washout algorithms and the aircraft pilots

for each of the six degrees of freedom, and Table 7 lists the performance metrics for

each degree of freedom for each parameter set.

For the surge degree of freedom for CW1, the normalized Pearson correlation and

maximum error is the same for both washout algorithms, and small-angle washout

has a slightly better integral of the error. Examining the vestibular response shows

that both washout algorithms follow the aircraft vestibular response closely.

The CW1 pitch degree of freedom response shows that large-angle washout per-

formed worse for all metrics. Examining the plot shows that there is a large negative

cue spike at 25 seconds, while the vestibular responses are close in the remainder

of the time period simulated. The negative cue is present in both the small-angle

washout and large-angle washout cases, and corresponds with the change in the surge

set point, which will have an impact on the angular velocity due to tilt coordination.

The negative cue is more pronounced in the large-angle washout case, as there is a

larger change in specific force, which accounts for the decline in the metrics.

For roll for CW1, large-angle washout performed worse for all metrics in Table 7.

Examining the vestibular response in Figure 18 shows that small-angle washout ar-

rives at the angular velocity peaks more quickly than large-angle washout, which is

resulting in a better correlation with the aircraft pilot’s vestibular response.

The CW2 and CW3 parameter sets also produce similar results. Overall the

motion cues are reproduced similarly by both algorithms, but small-angle washout

has slightly better performance.
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Figure 18: The CW1 vestibular response for M2, for small-angle washout and large-
angle washout.
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3.5.3 M3: Pushover/Pullup

For the M3 manoeuvre, the main motion cue is the large changes in the heave specific

force, as well as oscillations in the roll degree of freedom. The performance metrics

for each parameter set and degree of freedom are listed in Table 8 and the vestibular

response is illustrated in Figure 19.

For the CW1 heave response, the normalized Pearson correlation shows that large-

angle washout has improved performance, while the integral of the error and the

maximum error metrics are similar for the two washout algorithms. Examining the

vestibular response shows that both washout algorithms have very similar response

and both fail to follow the vestibular response for the aircraft pilot in the heave degree

of freedom, due to tilt coordination’s limitations when the axis is aligned with the

gravity vector.

For the CW1 roll response, the performance metrics in Table 8 show that small-

angle washout performs better than large-angle washout for all the metrics. Examin-

ing the vestibular response in Figure 17 shows that the two algorithms have similar

responses, but that small-angle washout reacts more quickly to the changes in the

aircraft pilot’s vestibular response.

The responses for the CW2 and CW3 parameter sets are similar. Overall, the two

algorithm types perform similarly, but small-angle washout has better performance

metrics for the majority of the degrees of freedom.
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Figure 19: The CW1 vestibular response for M3, for small-angle washout and large-
angle washout.
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3.6 Angular Position Tracking

Washout algorithms use the angular velocity of the aircraft as their set point, and

high-pass filters to restrict the range of angular motion. However, with the ability to

use a larger motion envelope, it was possible that other methods may produce better

vestibular responses for the simulator pilots.

One method that was considered was controlling based on the aircraft’s angular

position as well as angular velocity, to assist with reproducing the specific force im-

pacts of the aircraft’s z axis not being aligned with the gravity vector. However, it was

determined that for many manoeuvres, such as a coordinated turn, where the aircraft

rolls while turning at such a rate that the specific force is pointing down relative to

the pilot, the orientation of the aircraft was not the dominant factor in determining

the specific force. Therefore, this control method was not pursued further.

3.7 Summary

For the manoeuvres examined in this section, small-angle washout tends to perform

better than large-angle washout for the majority of the degrees of freedom for the

manoeuvres. The worse performance for large-angle washout is expected, as there

was an expected performance reduction due to filtering the angular velocity instead

of the rates of change of Euler angles for the rotational channel, and the manoeuvres

in this chapter do not have large angular velocity cues, which would benefit from

eliminating the small-angle approximations that are present in small-angle washout.

The following chapter will examine manoeuvres with larger angular motion.
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4 Case Studies

To further compare the performance of large-angle washout and small-angle washout,

a series of manoeuvres is completed using three aircraft with different flight char-

acteristics: the Cessna 172, the Boeing 737, and the Columbia 400. These aircraft

give examples of the performance of the algorithms for a small fixed-wing aircraft, a

commercial passenger jet, and an acrobatic aircraft. The flight simulation program

X-Plane, which uses precise models of different aircraft to calculate the forces reacting

to the motion and the geometry of the control surfaces, was used to gather data on

the manoeuvres for each aircraft. For each aircraft, the following manoeuvres were

performed: a coordinated turn, a cross-wind landing, a single-axis takeoff, a spiral

dive, and a stall recovery. For the Columbia 400 aerobatic aircraft, an additional aer-

obatic manoeuvre with large angular velocities in roll and pitch was also performed.

Additional graphs for the large-angle washout test cases are provided in Appendix C.

The X-Plane flight simulation software outputs do not directly match the required

information for the washout algorithm inputs. In particular, X-Plane does not provide

outputs for the specific force experienced by the pilot, so before the data can be used

by the washout algorithms it must be converted into a usable form.

Table 9 lists the following X-Plane outputs: the aircraft’s translational accelera-

tion at the aircraft’s centre of gravity, the angular velocity, the angular acceleration,

the location of the pilot’s head relative to the centre of gravity, and the aircraft’s

orientation. Once the outputs have been collected, they are converted to match the

washout requirements. Table 10 lists which axes in X-Plane are equivalent to the

conventions used for washout. For the translational acceleration, the aircraft frame

for X-Plane uses a different convention than is used in washout, so the translational

acceleration must be converted to the washout frame. The angular velocity and ori-

entation variables do not require conversion, as X-Plane uses a different reference

frame for these variables, which aligns with the aircraft frame used in the washout
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algorithm.

Once all the data is in the washout algorithm’s aircraft reference frame, the specific

force must be calculated. Using Equation 33 and the converted outputs from X-Plane,

the acceleration at the pilot’s head aAA is calculated. Then the gravity in the aircraft

frame gAA is calculated with the known orientation of the aircraft. Equation 20 is

then used to give the specific force at the aircraft pilot’s head in the aircraft frame

fAA.

As the Atlas simulator is designed such that the simulator pilot’s head is at the

centre of gravity of the simulator, this configuration will be the assumed for the flight

simulator when calculating the simulator pilot’s vestibular response.

In the previous chapters, versions of each algorithm with the transfer function

coefficients defined by CW1, CW2, CW3, in the Reid and Nahon reports have been

used when evaluating the washout algorithm’s performance [1, 2]. As the three ver-

sions produce similar results, and the focus of this chapter is to compare the results

between small-angle washout and large-angle washout, a single set of the coefficients

CW1 will be used.

4.1 Overview

The following sections of this chapter discuss the performance of small-angle washout

and large-angle washout for a variety of manoeuvres. Unrestricted angular washout

is also introduced to address the performance limitations of large-angle washout.

As the primary concern for assessing the algorithm performance is avoiding neg-

ative cues to the pilot, it is preferable to have a scaled cue then an incorrect cue.

The normalized Pearson correlation gives a measurement of the correlation of the

simulator pilot’s vestibular response with the aircraft pilot’s vestibular response, but
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Table 9: X-Plane outputs.

Output Variable Name Units

Translational acceleration sim/flightmodel/position/local ax
at aircraft centre sim/flightmodel/position/local ay m/s2

of gravity sim/flightmodel/position/local az

sim/flightmodel/position/Prad
Angular velocity sim/flightmodel/position/Qrad rad/s

sim/flightmodel/position/Rrad

sim/flightmodel/position/P dot
Angular acceleration sim/flightmodel/position/Q dot deg/s2

sim/flightmodel/position/R dot

Aircraft orientation sim/flightmodel/position/q quaternion

Location of pilot’s head sim/aircraft/acf peX
relative to aircraft sim/aircraft/acf peY m
centre of gravity sim/aircraft/acf peZ

Table 10: Equivalent axis for the washout algorithms and X-Plane.

Washout axis X-Plane axis

+x −z
+y +x
+z −y
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Table 11: Ranked order of performance for each washout algorithm version for each
manoeuvre.

Small-Angle Large-Angle Unrestricted Angular
Aircraft Manoeuvre Washout Washout Washout

Coordinated Turn 1 3 2
Cross-wind Landing 1 3 2

Cessna 172 Single-axis Takeoff 2 3 1
Spiral Dive 3 2 1
Stall Recovery 1 3 2

Columbia 400 Acrobatics 2 3 1

cannot be used in isolation, as there are cases such as when the response is flat, for

which the normalized Pearson correlation is not informative. Also, different algorithm

versions may perform better for different degrees of freedom in the same manoeuvre,

so judgement is necessary to determine which cues have more impact on the pilot for

a given manoeuvre. For example, if there is low correlation in a degree of freedom

but there is also little motion in that degree of freedom, improved correlation in a

degree of freedom with larger cues can be of more importance.

Table 11 summarizes a subjective comparison of the performance of the three

washout algorithm versions. The algorithms are ranked in terms of relative perfor-

mance for the Cessna 172 for the coordinated turn, cross-wind landing, single-axis

takeoff, spiral dive, and stall recovery; and for the Columbia 400 for the aerobatics

manoeuvre. Small-angle washout performs best for the manoeuvres with small angu-

lar velocity cues, and unrestricted angular washout performs best for the manoeuvres

with large angular velocity cues. Large angle washout performs worst for all the ma-

noeuvres except the spiral dive, and the unrestricted angular washout outperforms it

for that manoeuvre.

The following sections provide the details of the simulations that lead to these

observations.
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4.2 Cessna 172

The first set of manoeuvres for the test cases was performed using a Cessna 172.

4.2.1 Coordinated Turn

For the coordinated turn manoeuvre, Figure 20 illustrates the motion of the aircraft

at the pilot’s head. Each individual time history plot represents a degree of freedom,

for surge, sway, and heave for the translational specific forces, and roll, pitch, and

sway for the angular velocities, respectively. The coordinated turn primarily involves

changes in the specific force for the surge and sway degrees of freedom, as well as

small changes in all of the angular velocities.

The vestibular responses for small-angle and large-angle washout are illustrated

in Figure 21 for the six degrees of freedom; where the dotted grey line represents

the vestibular motion experienced by the aircraft pilot for the manoeuvre, the blue

line represents the vestibular response for a simulator pilot while using the small-

angle washout algorithm, and the black line represents the vestibular response for the

simulator pilot using large-angle washout.

For the coordinated turn, the significant degrees of freedom for the vestibular

response are surge and sway. The heave response in Figure 21 is comparatively

small, and all the angular velocities remain within the perception threshold during

the manoeuvre.

Table 12 lists the normalized Pearson correlation, the integral of the error, and

the maximum error for small-angle washout and large-angle washout (small-angle

value/large-angle value), as well as the difference between the two washout algorithms

for each metric, with a positive number indicating large-angle washout performed

better.

For surge, the normalized Pearson correlation in Table 12 is the same for small-
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Figure 20: Aircraft motion at the pilot’s head and the pilot’s vestibular response
for a Cessna 172 completing a coordinated turn.
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Figure 21: The vestibular response of the Cessna 172 aircraft pilot experiencing a
coordinated turn manoeuvre, and the simulator pilot’s vestibular response for
small-angle washout and large-angle washout.
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angle washout and large-angle washout, with large-angle washout having a slightly

worse integral of the error and a slightly better maximum error. Examining the

vestibular response, small-angle washout and large-angle washout perform very simi-

larly, as would be expected based on the performance metrics, and will likely perform

equally well during pilot testing.

For sway, large-angle washout has a slightly worse normalized Pearson correlation

in Table 12, and a substantial improvement in the integral of the error, with a slightly

better maximum error. Examining the vestibular response in Figure 21 shows that the

large-angle washout response is much closer to the aircraft’s response at the beginning

of the manoeuvre, but that small-angle washout performs better at the end of the

manoeuvre. Pilot testing is needed to draw conclusions as to which behaviour is

preferred.

While all the motion for yaw is within the vestibular response threshold, there is

a noticeable difference in the response for the large-angle washout compared to the

vestibular response for small-angle washout and the aircraft pilots. The difference

is due to the impact of allowing tilt coordination to use the yaw degree of freedom,

which is not present in small-angle washout. As the negative cue is well within the

3 deg/s threshold for the pilot’s perception limits, it should not negatively impact the

pilot.

Overall, the two washout algorithms have similar responses, and pilot testing will

be needed to determine how the different sway responses impact the simulation’s

overall performance.
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4.2.2 Cross-wind Landing

Figure 22 illustrates the six-degree-of-freedom motion for the cross-wind landing ma-

noeuvre of the Cessna 172. The manoeuvre involves significant changes in heave and

roll at the beginning of the manoeuvre, and oscillations in surge, sway, pitch, and

yaw as the manoeuvre finishes.

The performance metrics for the cross-wind landing manoeuvre are listed in Ta-

ble 13, and the six-degree-of-freedom vestibular response is illustrated in Figure 23.

Figure 22: Aircraft motion at the pilot’s head and the pilot’s vestibular response
for a Cessna 172 completing a cross-wind landing.

65



Figure 23: The vestibular response of the Cessna 172 aircraft pilot experiencing a
cross-wind landing manoeuvre, and the simulator pilot’s vestibular response for
small-angle washout and large-angle washout.

For surge, the normalized Pearson correlation results are similar for both algo-

rithms. The integral of the error is better for large-angle washout, and small-angle

washout is slightly better for the maximum error. Examining the vestibular response

shows that both washout algorithms perform similarly.

For sway in Table 13 the normalized Pearson correlation, integral of the error,

and maximum error are better for small-angle washout. Examining the vestibular

response in Figure 23 shows that the responses are similar, but particularly at the
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beginning the large-angle washout does not follow the aircraft response as closely as

small-angle washout. These differences are minor, and pilot testing is required to

determine the impact of the decline in response.

For heave, the normalized Pearson correlation is better for large-angle washout,

with both washout algorithms having a similar integral of the error and the same

maximum error. Examining the vestibular response shows that both washout algo-

rithms fail to follow the large changes in specific force. The small changes in specific

force in this degree of freedom is a known limitation of flight simulators of this type,

as there is no way to add or remove specific force using methods like tilt coordination

when the axis is aligned with the gravity vector.

For roll, small-angle washout performs better for the normalized Pearson corre-

lation and the integral of the error, while large-angle washout has a slightly better

maximum error. Examining the vestibular response in Figure 23, it shows that the

small-angle washout and large-angle washout are similar until the final 30 seconds of

the manoeuvre.

For the final 30 seconds of the manoeuvre there are significant angular velocity

changes in all the rotational degrees of freedom. Figure 24 illustrates the changes

the pilots’ vestibular response for angular velocity for the final 30 seconds of the

manoeuvre.

For roll, the aircraft pilot’s vestibular response is small for the entirety of the ma-

noeuvre; however, both large-angle washout and small-angle washout have significant

cues that exceed the expected response. Small-angle washout has significantly larger

and more unwanted cues compared to large-angle washout.

Examining the pitch response in Figure 24, the aircraft vestibular response cues

remain small for almost the entire manoeuvre, with slightly larger cues in the final 10

seconds. Both small-angle washout and large-angle washout generate large negative

cues, with small-angle washout having more and larger ones than large-angle washout.
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Figure 24: The vestibular response of the angular velocities of the Cessna 172
aircraft pilot at the end of a cross-wind landing manoeuvre, and the simulator
pilot’s vestibular response for small-angle washout and large-angle washout.

68



For the yaw response in Figure 24, the aircraft vestibular motion has large cues

multiple times during the final 30 seconds of the manoeuvre. Large-angle washout

tends to follow the peaks of the aircraft response more closely; however, the response

also has more negative cues than are present in the small-angle washout response.

Overall, small-angle washout performs better for the majority of the metrics.

However, pilot testing may prove that some of the large-angle washout’s behaviour

for the rotational channels may be beneficial.
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4.2.3 Single-axis Takeoff

The single-axis takeoff manoeuvre, illustrated in Figure 26 consists of abrupt specific

forces in the surge and sway degrees of freedom, that gradually go back to zero, while

the heave specific force oscillates. The angular velocities for all degrees of freedom

fluctuate constantly throughout the manoeuvre, with roll having significant negative

spikes in angular velocity. The performance metrics for the single-axis takeoff ma-

noeuvre are listed in Table 14, and the vestibular response is illustrated in Figure 26.

Figure 25: Aircraft motion at the pilot’s head for a Cessna 172 completing a single-
axis takeoff.
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Figure 26: The vestibular response of the Cessna 172 aircraft pilot experiencing a
single-axis takeoff manoeuvre, and the simulator pilot’s vestibular response for
small-angle washout and large-angle washout.

For surge, the normalized Pearson correlation is similar for the two washout algo-

rithms, with the integral of the error better for large-angle washout and the maximum

error better with small-angle washout. Examining the vestibular response in Figure 26

shows that the two washout algorithms perform similarly in the beginning and end of

the manoeuvre, but that large-angle washout matches the aircraft pilot’s vestibular

response more closely during the middle part. It is likely that large-angle washout is

an overall improvement in response, particularly as the metrics where it is performing
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worse are still very similar to small-angle washout.

For sway, small-angle washout performs better for all metrics listed in Table 14,

but the differences are small. Examining the vestibular response in Figure 26 shows

that both algorithm versions perform similarly. There are differences in how the

algorithm versions respond to some of the smaller peaks in specific force later in the

manoeuvre, which may impact the pilot’s perception. However as these are small this

will require pilot testing to assess.

For heave, as is expected, neither algorithm version follows the changes in specific

force due to the limitations of the flight simulator.

For the angular velocity degrees of freedom, examining the vestibular response

shows that for the majority of the manoeuvre there is minimal perceived motion. For

the large spikes in the perceived angular velocity seen in the roll degree of freedom

in Figure 26, both algorithm versions fail to fully reproduce them.

Overall, with the significant motion in the manoeuvre happening in surge and

sway, the pilot’s vestibular response for large-angle washout is closer to the aircraft

pilot’s vestibular response, and sway is similar for both algorithm types. Large-angle

washout may provide improved performance overall for this manoeuvre; however, the

majority of the metrics show that the response is similar or slightly worse than the

small-angle washout response.
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4.2.4 Spiral Dive

The spiral dive manoeuvre, illustrated in Figure 27, involves large changes in specific

force or angular velocity for all degrees of freedom.

The performance metrics for the spiral dive manoeuvre are listed in Table 15, and

the vestibular response is illustrated in Figure 28. This manoeuvre is an extreme case

that requires specific forces and angular velocities beyond the abilities of the physical

simulator this algorithm is designed for.

Figure 27: Aircraft motion at the pilot’s head for a Cessna 172 completing a spiral
dive.
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Figure 28: The vestibular response of the Cessna 172 aircraft pilot experiencing a
spiral dive manoeuvre, and the simulator pilot’s vestibular response for small-
angle washout and large-angle washout.

For surge, in Table 15 large-angle washout has a large improvement in the nor-

malized Pearson correlation, and both algorithms have similar results for the integral

of the error, and the same maximum error. Examining the vestibular response, il-

lustrated in Figure 28, shows that both washout versions fail to follow the changes

in surge. This result is unsurprising, as the pilot is experiencing large specific forces

exceeding ±20 m/s2, which is well beyond the specific force that can be provided by

tilt coordination and gravity.
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For sway, the normalized Pearson correlation results in Table 15 are similar for

both washout algorithms, with small-angle washout performing slightly better. The

integral of the error shows that small-angle washout performed better, but the max-

imum error is very similar. Examining the vestibular response in Figure 28, there

are similar characteristics to the response for surge, where the large changes in spe-

cific force experienced by the aircraft pilot are well beyond the limits of what can be

provided by the simulator.

For heave, large-angle washout performs slightly worse for the normalized Pearson

correlation and the integral of the error, but the maximum error is slightly smaller.

Examining the vestibular response, the large-angle washout changes more than the

small-angle washout, but this results in some negative cues.

For the roll response, there are large angular velocity cues. Large-angle washout

shows considerable improvement for the normalized Pearson correlation and the in-

tegral of the error, as well as a smaller maximum error in Table 15. Examining the

vestibular response in Figure 28, both small- and large-angle washout have difficulty

following the aircraft pilot’s vestibular cues, but large-angle washout does match the

extremes of motion more closely, and with fewer negative cues.

Examining the pitch response, large-angle washout improves the normalized Pear-

son correlation and the maximum error, but has a slightly worse integral of the error

compared to small-angle washout. Examining the vestibular response shows that

both washout algorithms fail to reach the peaks of angular velocity experienced by

the aircraft pilot, and both have similar unwanted negative cues. There may be

slight improvements for large-angle washout, particularly around 40 seconds where

the large-angle washout provides a positive cue that small-angle washout misses, but

it will require pilot testing to determine the impact.

For the yaw response, the normalized Pearson correlation in Table 15 is very

similar for small-angle washout and large-angle washout, and large-angle washout
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performs better for the integral of the error and the maximum error. Examining

the vestibular response in Figure 28 shows that the large-angle washout matches the

aircraft vestibular response better than the small-angle washout, but that both have

negative cues and cannot match the peaks of the angular velocity.

Overall, neither algorithm reproduced the manoeuvre accurately due to the ex-

treme nature of the manoeuvre and the limitations of the simulator; however, partic-

ularly in the roll degree of freedom there is potentially improved performance with

large-angle washout.
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4.2.5 Stall Recovery

For stall recovery, the aircraft motion at the pilot’s head is illustrated in Figure 29.

This manoeuvre involves significant changes in specific force for surge, sway, and

heave. The changes in angular velocity are primarily in roll and sway.

Figure 29: Aircraft motion at the pilot’s head for a Cessna 172 completing a stall
recovery.

The normalized Pearson correlation and error results are listed in Table 16, and

the vestibular response is illustrated in Figure 30.
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Figure 30: The vestibular response of the Cessna 172 aircraft pilot experiencing
a stall recovery manoeuvre, and the simulator pilot’s vestibular response for
small-angle washout and large-angle washout.
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For the surge degree of freedom in Table 16, large-angle washout has worse per-

formance for the normalized Pearson correlation and the integral of the error, but

improves the maximum error. Examining the vestibular response in Figure 30, small-

angle washout and large-angle washout each respond more closely to the aircraft

response at different points of the manoeuvre, and both have negative cues. The

relative performance of the two algorithms will also need to be assessed by pilot

testing.

For sway, large-angle washout has a slightly worse normalized correlation and

maximum error, and a better result for the integral of the error. Examining the

vestibular response the responses for small-angle washout and large-angle washout are

almost identical, and the pilot will likely not perceive any difference in performance.

For heave, as reflected in Table 16, large-angle washout offers a substantial im-

provement in the normalized Pearson correlation, and also a better result for the

integral of the error. The maximum error is the same for both washout algorithms.

Examining the vestibular response in Figure 30 shows that both washout algorithms

fail to follow the changes in specific force, and while the change in normalized Pearson

correlation might indicate that the pilot may prefer large-angle washout, it is difficult

to draw conclusions based on the simulation.

For roll, large-angle washout performs worse for the normalized Pearson correla-

tion, the integral of the error, and the maximum error. Examining the vestibular

response shows that the majority of the manoeuvre has small angular velocity cues,

and therefore should not impact the pilot’s perception of the motion. For the angu-

lar velocity spikes, small-angle washout and large-angle washout appear to perform

similarly.

For the pitch response, the normalized Pearson correlation in Table 16 is the

same for small-angle washout and large-angle washout. Small-angle washout performs

better for the integral of the error, while large-angle washout has a better maximum
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error. Examining the vestibular response in Figure 30, it appears that large-angle

washout follows the aircraft vestibular response more closely for the large cues, so

may result in an overall improvement.
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Overall, the two washout algorithms appear to perform similarly; however small-

angle washout appears to have better performance in the majority of cases.

4.3 Other Aircraft

4.3.1 Boeing 737

The same manoeuvres; coordinated turn, cross-wind landing, single-axis takeoff, spi-

ral dive, and stall recovery, were also completed in X-Plane using a Boeing 737 to

examine the response of a large passenger jet. Table 17 lists the performance metrics

for the manoeuvres using the CW1 coefficients and the graphs for these test cases

are provided in Appendix C. For the majority of the metrics, small-angle washout

outperforms large-angle washout.
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4.3.2 Columbia 400

The Columbia 400 aerobatic aircraft was also used to perform the same set of ma-

noeuvres. The performance metrics for these manoeuvres are listed in Table 18. As

with the Boeing 737, small-angle washout outperforms large-angle washout for the

majority of the metrics.

In addition to these manoeuvres, an aerobatic manoeuvre was performed that

would not be possible with the other aircraft. The aircraft motion at the pilot’s head

is illustrated in Figure 31 for all six degrees of freedom. The performance metrics are

listed in Table 19, and the vestibular response is illustrated in Figure 32.

For all the degrees of freedom with the most significant changes, the simulator

is unable to produce motions that can closely replicate the aircraft pilot’s vestibular

response, as the aerobatic manoeuvre is well outside the physical limitations of what

the hardware could produce.

For surge, small-angle washout performs better for all the metrics in Table 19,

although examining the vestibular response in Figure 32 shows that neither algorithm

can follow the response, so it is difficult to determine if there is meaningful difference

between the algorithm responses.

For the heave reponse, small-angle washout performs better for the normalized

Pearson correlation and the integral of the error, and large-angle washout performs

better for the maximum error. Once again, however, both algorithms do not follow

the aircraft pilot’s response.

For roll, large-angle washout performs better for the normalized Pearson correla-

tion, the integral of the error, and the maximum error as listed in Table 19. Examining

the vestibular response in Figure 32 shows that while the simulator is largely unable

to follow the peaks of the angular velocity, large-angle washout captures the begin-

ning of some peaks more accurately than small-angle washout, which may lead to
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Figure 31: Aircraft motion at the pilot’s head for a Cessna 172 completing a stall
recovery.
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Figure 32: The vestibular response of the Columbia 400 aircraft pilot experiencing
aerobatics, and the simulator pilot’s vestibular response for small-angle washout
and large-angle washout.
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some improvement.

Figure 33 illustrates the Euler angles for the aircraft orientation during the aero-

batics manoeuvre. It is notable that there is a discontinuity in the aircraft roll Euler

angle from X-Plane 86 seconds into the manoeuvre, which is used to calculate the

specific force acting on the pilot; however examining the vestibular response in Fig-

ure 32 illustrates that small-angle washout is not negatively impacted by the presence

of this discontinuity, as there is no evidence of disruption in the response at that point

in the vestibular response.

Overall, this manoeuvre is outside the bounds of the designed system, and neither

algorithm version performs accurately. However, small-angle washout outperforms

large-angle washout for the normalized Pearson correlation and the integral of the

error.
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Figure 33: The aircraft’s orientation in Euler angles for large-angle washout during
aerobatics in the Columbia 400.
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4.4 Summary of Large-angle Washout Results

In all the cases shown, large-angle washout can result in some improvement for some

metrics, but overall does not present a compelling case for its use. The performance

tradeoffs that were made for large-angle washout were intended to eliminate the

problems that occur when the simulator was at sufficiently large angles; however the

design of classical washout prevents the simulator from approaching the singularity

point, even with manoeuvres such as the Columbia 400’s aerobatics. The simulator’s

angular position in ZYX-Euler angles for the aerobatics, illustrated in Figure 34,

demonstrates that despite the large angular motion present in the aircraft orientation

during the manoeuvre, the simulator motion is restricted so that the Euler angles are

continuous at all times, so the potential singularities do not impact the performance

of small-angle washout.

There are other improvements in large-angle washout, such as eliminating the

addition of Euler angles and the small-angle approximations which should reduce the

error source in the algorithm. However, the test cases show that these changes often

do not result in an overall improvement after the performance tradeoffs caused by

filtering in angular velocity.

4.5 Unrestricted Angular Washout

As large-angle washout does not provide a substantial improvement in performance

compared to small-angle washout, and to take advantage of simulators with large

angular motion envelopes, an additional change to large-angle washout was made.

The high-pass filters on the rotational channel exist to restrict the rotational motion

of the simulator, so it does not exceed the hardware limits. Simulators such as Atlas

do not have physical limits on the rotational motion, and therefore to take advantage

of the full range of motion available, the ωn values for the rotational high pass filters
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Figure 34: The flight simulator’s orientation in Euler angles for large-angle washout
during aerobatics in the Columbia 400.
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are set to zero, which effectively eliminates the high pass filter from the rotational

channel. The limit for the angular velocity input to the rotational channel remains

at 32.2 deg/s after scaling, to prevent washout from requesting velocities in excess of

what can be produced by the hardware.

This solution is different than the angular position control considered in the pre-

vious chapter, as the washout algorithm continues to control based on the specific

force and angular velocity, and is not trying to match the simulator’s orientation with

the aircraft’s orientation.

The following sections discuss some of the manoeuvres covered in this chapter and

additional graphs for the manoeuvres are included in Appendix D.

4.5.1 Columbia 400 Aerobatics

The Columbia 400 aircraft completing the aerobatics manoeuvre shows the impact

of removing the rotational channel high-pass filters. Figure 35 shows the angular

position for each rotational degree of freedom as integrals of the angular velocity (not

Euler angles) which illustrates that the simulator completes more than a full rotation

in roll and nearly a full rotation in pitch, which is much more angular motion than

what was present with the high-pass filter in place. The extended angular motion

allows the corresponding vestibular responses for angular velocity to achieve peaks

that were not previously possible, and allows the tilt coordination to act on different

degrees of freedom for different parts of the manoeuvre, as the simulator orientation

changes.

The metrics for the manoeuvre with unrestricted angular washout, compared

against small-angle washout and large-angle washout, are listed in Table 20. For

all the rotational degrees of freedom, the unrestricted angular washout improves the

normalized Pearson correlation, the integral of the error, and the maximum error

compared with small-angle washout. The results are mixed for the translational de-
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Figure 35: The flight simulator’s orientation calculated as the integral of the angular
velocity for unrestricted angular washout during aerobatics in the Columbia 400.
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grees of freedom, with surge and heave performing worse with unrestricted angular

washout for all metrics, while sway has an improved normalized Pearson correlation

and maximum error, with a worse result for the integral of the error.

The vestibular response for the aircraft pilot, small-angle washout, and unre-

stricted angular washout completing the aerobatics manoeuvre are illustrated in Fig-

ure 36. Particularly in roll, which has the most significant angular velocity cues, the

unrestricted angular washout matches the angular velocity peaks more accurately

than small-angle washout and does not have the negative cues that are present in the

small-angle washout vestibular response.

Heave, despite performing worse for all metrics, shows that for some of the peaks,

unrestricted angular washout is able to match some of the peaks much more accurately

than small-angle washout. Capturing some of these peaks may be worth the overall

reduction in the performance metrics.

Surge performs worse for all metrics, and examining the vestibular response shows

that particularly in the second half of the manoeuvre the unrestricted angular washout

pilot’s vestibular response is not following the aircraft pilot’s response. The perfor-

mance reduction is likely due to the improved pitch performance, which may be

dominating the response.

The relationship between the vestibular response for the simulator and the ori-

entation of the gravity vector is illustrated in Figure 37. The first column of graphs

shows the specific force vestibular response for the aircraft pilot and the simulator

pilot for the unrestricted angular washout and the second column of graphs shows the

component of the simulator’s gravity vector along each axis during the manoeuvre.

The components of the gravity vector are significant to understanding the specific

force vestibular response, as when the gravity vector is aligned with a translational

degree of freedom (its value is close to ±9.81m/s2), the effect of tilt coordination is

limited, as there is no way to increase the specific force applied to the pilot in those
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Figure 36: The vestibular response of the Columbia 400 aircraft pilot experiencing
aerobatics, and the simulator pilot’s vestibular response for small-angle washout
and unrestricted angular washout.
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circumstances, as the maximum effect of gravity is already acting on that degree of

freedom. Therefore, the simulator is limited to the translational acceleration, which is

restricted due to the geometry of the simulator and the high-pass filters on the trans-

lational channel. In small-angle washout, the lack of tilt coordination is assumed to

only impact the heave degree of freedom, as the small angular motion means that the

gravity vector will be aligned with the heave axis, and only deviate from it by small

angles. With the elimination of the effects of the high-pass filters, any translational

degree of freedom can be aligned with the gravity vector during the course of the

manoeuvre. It is important to remember that specific force is the force acting on

the pilot from the simulator, and therefore the gravity component is in the opposite

direction of the resulting specific force.

For surge, in Figure 36 at just over 40 seconds, the gravity component reaches

maximum, which corresponds with the large peak in the specific force. While the

gravity component is at its limit, the simulator is unable to match the peak of aircraft

pilot’s response, as it has reached its maximum specific force. For heave, the simulator

does not follow the aircraft pilot’s vestibular response for the first 40 seconds. During

this time, the heave gravity component is maximized, as this axis is aligned with the

gravity vector, which limits the range of specific force to what can be generated by

the motion of the platform.

Overall, there is substantial improvement for the performance of the angular de-

grees of freedom. There is some reduction in performance for the translational degrees

of freedom; however the response for both washout algorithms is not accurate as the

manoeuvre being completed far exceeds the abilities of the simulator.
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Figure 37: The vestibular response of the Columbia 400 aircraft pilot experiencing
aerobatics, and the simulator pilot’s vestibular response for unrestricted angular
washout, and the components of gravity acting on the simulator.
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4.5.2 Cessna 172 Single-axis Takeoff

The manoeuvres with the Cessna 172 were completed with the unrestricted angular

washout. The performance metrics for each manoeuvre are listed in Table 21.

The single-axis takeoff manoeuvre is an example of a manoeuvre with limited

angular velocity and significant specific force values. For the unrestricted angular

washout the normalized Pearson correlation is slightly worse for all degrees of freedom

except heave. For the integral of the error, unrestricted angular washout improves the

performance for surge and yaw, but otherwise the performance is similar or worse.

For the maximum error, the values are similar for most degrees of freedom, with

small-angle washout performing better for sway and pitch.

Examining the vestibular response illustrated in Figure 38 shows that the response

for surge is similar for the two washout algorithms for the first 20 seconds, and then

unrestricted angular washout is much closer to the aircraft pilot’s vestibular response,

despite the reduction in performance metrics. For all other degrees of freedom, the

response for the two types of washout appear to be extremely similar.

Overall, the performance metrics indicate that for this small-angle manoeuvre,

small-angle washout may be a better option, although the vestibular response indi-

cates that this performance reduction may not be a major issue to the pilot’s percep-

tion of the motion as the differences between the responses appear to be small.
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Figure 38: The vestibular response of the Cessna 172 aircraft pilot experiencing a
single-axis takeoff, and the simulator pilot’s vestibular response for small-angle
washout and unrestricted angular washout.
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4.5.3 Cessna 172 Spiral Dive

The spiral dive is an example of another manoeuvre that has a large angular velocity

component in the vestibular response. The performance metrics listed in Table 21

show that for all metrics the unrestricted angular washout is better for all degrees of

freedom except sway.

Examining the vestibular response, illustrated in Figure 39, shows that for all the

rotational degrees of freedom the unrestricted angular washout is significantly better

at matching the peaks of the aircraft pilot’s vestibular response, and does not have

the negative cues associated with the small washout response.

For the translational degrees of freedom, neither washout algorithm is able to

follow the specific force of the aircraft due to the limitations of the specific force

that can be generated by the simulator. However the unrestricted angular washout

response allows for larger peaks, particularly in heave.

Overall, the unrestricted angular washout response has a clear benefit, as the

performance metrics are almost all improved, and there is a clear improvement in the

response for the angular velocities.
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Figure 39: The vestibular response of the Cessna 172 aircraft pilot experiencing a
spiral dive, and the simulator pilot’s vestibular response for small-angle washout
and unrestricted angular washout.
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4.6 Summary of Unrestricted Angular Washout

For manoeuvres with large angular velocities, there is a clear benefit to the unre-

stricted angular washout, as it improves the performance for the rotational degrees

of freedom, and usually without significant detriment to the translational degrees of

freedom. For the manoeuvres with no significant angular velocity cues, the small-

angle washout is likely the better option based on the performance metrics, although

unrestricted angular washout does not seem to cause a large performance degradation.

Further testing with pilots is necessary to confirm these results.

4.7 Conclusions

For aircraft manoeuvres with large angular motion, unrestricted angular washout

has the best performance of the three washout algorithms examined in this chapter.

While large-angle washout does have some performance benefits compared with small-

angle washout for some manoeuvres with large angular motion, unrestricted angular

washout outperforms large-angle washout for these manoeuvres, and for simulators

with unrestricted angular motion envelopes, unrestricted angular washout should be

used when simulating these large angular motion manoeuvres.

For aircraft manoeuvres with small angular motion, small-angle washout has the

best performance of the three washout algorithms. However, unrestricted angular

washout’s performance is comparable to small-angle washout, and therefore it is also a

reasonable choice for small-angle manoeuvres. Large-angle washout does not perform

well for small angular manoeuvres compared to the other two washout algorithms,

and should not be used for these manoeuvres.
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5 Conclusion

The objectives of this thesis were:

1. To code the models for classical washout, adaptive washout, and for the vestibu-

lar response of the aircraft and simulator pilots.

2. To remove the small angle restrictions and extend the range of angular motion

for classical washout.

3. To demonstrate the performance of large-angle classical washout in simulation.

5.1 Objective 1: Modelling

In Chapter 2, implementation of the classical washout model and the model for the

pilot vestibular response in MATLAB Simulink was described. The main contribu-

tion of this thesis related to the first objective is the creation of a MATLAB Simulink

model of the classical washout algorithm. The model was developed to reproduce that

described by Reid and Nahon [1,2], and simulations were used to validate the perfor-

mance of the model compared to the reported performance of their classical washout

model by comparing the vestibular responses with numerical metrics and subjective

observations of the plotted vestibular response. Creating this model allowed for a

benchmark of performance for small-angle washout that was used in Chapters 3 and

4 as a benchmark for the expected performance from the washout algorithms.

5.2 Objective 2: Extension of Classical Washout

In Chapter 3, initial modifications for large-angle washout were described, and simu-

lation results were used to compare the performance for small-angle manoeuvres. In

Chapter 4, to improve performance, classical washout was extended to unbounded
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rotation by the removal of the high-pass filters for the rotational channel. The con-

tribution of this thesis related to the second objective is extending classical washout to

allow a larger angular range of motion. This washout model used quaternions instead

of Euler angles and eliminated the small-angle approximations present in small-angle

washout. Large-angle washout overall did not perform as well as small-angle washout

for the manoeuvres tested in Chapter 3 and Chapter 4; however, unbounded an-

gular velocity washout improves performance compared to small-angle washout for

manoeuvres with large angular motion, and achieves similar performance at small

angles.

5.3 Objective 3: Performance Validation

In Chapter 4, large-angle classical washout and unrestricted angular classical washout

were simulated and compared against the performance of small-angle classical washout.

The main contribution of this thesis related to the third objective is simulated valida-

tion of the performance of classical washout with an extended angular range of motion.

Large-angle classical washout did not perform well compared to small-angle washout,

and therefore was not a feasible replacement for that algorithm. The unrestricted

angular washout performed well compared to small angle washout, particularly with

manoeuvres that contain large angular velocity cues. Unrestricted angular washout

shows clear advantages for use with manoeuvres that have large angular motion, and

is comparable to small-angle washout in performance for small-angle cues.

5.4 Future Work

The following are suggested as potential areas of future work:

1. Hardware testing of unrestricted angular washout with pilot evaluation. All the

tests conducted in this thesis were done with numerical metrics and subjective
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evaluation based on the graphed vestibular response. Pilot-in-the-loop testing

will provide additional evaluation of the washout modifications.

2. Tuning the transfer function coefficients for improved washout performance.

Chapter 1 discusses several tuning mechanisms for washout, including genetic

algorithms, fuzzy logic, and particle swarm optimization that have been applied

to small-angle classical washout. Unrestricted angular washout uses the trans-

fer function coefficients that were reported by Reid and Nahon, and further

improvements could be accomplished with additional tuning.

3. Development of an adaptive washout algorithm for large-angle washout. Adap-

tive washout is less commonly used than classical washout due to its complexity.

However, it has good performance that could be improved with extending it to

large angles.

5.5 Publication

The paper M. Micomonaco, M. J. D. Hayes, R. Irani, and R. Langlois, “Classical

Washout Using Quaternions,” in CCToMM Mechanisms, Machines, and Mechatron-

ics (M3) Symposium, Montreal, Canada, May 16-17, 2019 was published based on the

work in this thesis.
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A Adaptive Washout

Adaptive washout works on the same principles as classical washout, with sustained

specific force cues generated by a component of the gravity vector due to tilting the

simulator. Figure 40 is the block diagram for adaptive washout. The diagram contains

two channels, translational and rotational, but is missing the tilt coordination channel

found in classical washout. The tilt coordination component of adaptive washout is

part of the adaptive filter in the rotational channel.

Figure 40: Adaptive washout block diagram.

A.1 Translational Channel

Adaptive washout’s translational channel uses the aircraft’s specific force in the air-

craft frame fAA as the input. The rotation matrix LIS from Equation 21 in classical

washout is used to convert the specific force to the inertial frame. The gravity vector

is added to the specific force resulting in the translational acceleration of the aircraft

in the inertial frame, aC.
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The translational acceleration is then passed to the adaptive filter, along with the

updated adaptive parameter p1, to produce the translational acceleration set point

for the simulator in the inertial frame aSI. The resulting translational acceleration is

then integrated twice to produce the translational position set point.

A.2 Rotational Channel

The rotational channel takes the input of the aircraft angular velocity ωAA in the

aircraft frame, where it is converted to rate of change of Euler angles β̇C.

The signals β̇C and aC, from the translational channel, are passed into the adaptive

filter, along with the updated adaptive parameters p2 and p3. The output rate of

change of Euler angles is then integrated to give the angular position set point in

Euler angles βS =

[
φ θ ψ

]T
.

A.3 Surge/Pitch Adaptive Filters

The surge and pitch adaptive filters are related, as changes in pitch, θ, impact the

specific forces in the surge direction, fSx.

The pair of equations for the adaptive filters are

S̈Ix = px1aCx − kx1SIx − kx2ṠIx, (46)

and

θ̇S = LIM(px2aCx) + px3θ̇C, (47)

where px1, px2, and px3 are the adaptive parameters. The constants kx1 and kx2 are

chosen to reflect the desired simulator performance characteristics [1]. These filters

have the effect of attempting to match the simulator translational acceleration S̈IX

116



with the acceleration set point from the aircraft motion aCx and the simulator roll rate

θ̇S with the angular velocity set point from the aircraft motion, θ̇C while restricting

the translational and angular velocities and positions.

To achieve tracking the translational acceleration and angular velocity while re-

stricting the translational and angular velocities and positions, the adaptive param-

eters are updated using the cost function

Jx =0.5

[(
aCx − S̈Ix

)2
+Wx1

(
θ̇C − θ̇S

)2
+ ρx

(
Wx2Ṡ

2
Ix +Wx3S

2
Ix +Wx4θ̇

2
S +Wx5θ

2
S

)
+Wx6 (px1 − px10)2 +Wx7 (px2 − px20)2 +Wx8 (px3 − px30)

]
,

(48)

where Wx1−8, ρx, px10, px20, and px30 are constants [1]. The first row of the cost func-

tion minimizes the difference between the input and output translational acceleration

and angular velocity for the adaptive filters. The second row of the equation mini-

mizes the translational velocity, translational position, angular velocity, and angular

position of the simulator, and the final row is to return the adaptive parameters to

their initial values between manoeuvres.

A.4 Sway and Roll Adaptive Filters

The sway and roll adaptive filters are set up the same as the surge and pitch versions,

using Equations 46 and 47 with y instead of x and φ instead of θ.

A.5 Heave and Yaw Adaptive Filters

Unlike surge and sway, heave does not have a tilt coordination component to the

adaptive filter, as at small angles the heave degree of freedom is already aligned with
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the gravity vector. The adaptive filter for heave is

S̈Iz = pzaCz − kz1
∫
SIz − kz2SIz − kz3ṠIz, (49)

with the corresponding cost function

Jz = 0.5

[(
aCz − S̈Iz

)2
+ ρz

(
Wz1Ṡ

2
Iz +Wz2S

2
Ix

)
+Wx3 (pz − pz0)2

]
. (50)

Finally, the adaptive filter for yaw is

ψ̇S = pψψ̇C − kψ1
∫
ψS − kψ2ψS, (51)

with the corresponding cost function

Jψ = 0.5

[(
ψ̇C − ψ̇S

)2
+ ρψ

(
Wψ1ψ̇

2
S +Wψ2ψ

2
S

)
+Wψ3 (pψ − pψ0)2

]
. (52)

A.6 Washout Parameters

For testing, the M1 manoeuvre is used with the AW1 parameter set AW1 from the

Reid and Nahon report. The performance metrics are listed in Table 22 for the

final 20 seconds of the manoeuvre comparing the results of the implemented adaptive

washout algorithm with the results reported by Reid and Nahon [2].

The normalized Pearson correlation is close to 1 for all the degrees of freedom,

which indicates that the results are closely correlated. Heave has the worst results

for the normalized Pearson correlation, but the small integral of error and maximum

error, as well as examining the vestibular response in Figure 41, indicate that both

the original report and the simulated heave values are closely correlated, and the

normalized Pearson correlation result is due to the signals remaining steady during

the final 20 seconds of the manoeuvre, therefore small changes have a large impact

118



on the results. Roll has a large integral of error and maximum error compared to the

other degrees of freedom. However examining the vestibular response shows that it

is closely correlated for the majority of the response and only deviates in the final

5 seconds of the manoeuvre.

For further discussion on adaptive washout, see Reid and Nahon’s technical reports

“Flight Simulation Motion-Base Drive Algorithms: Part 1 - Developing and Testing

the Equations” and “Part 2 - Selecting the System Parameters” [1, 2].

Figure 41: AW1 M1 vestibular response from original report and current model.
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Table 22: Adaptive washout performance metrics.

Degree of Normalized Pearson
Case Freedom Correlation Integral of Error Maximum Error

AW1 M1

Surge 1.00 0.36 m/s2 0.04 m/s2

Sway 1.00 6.43 m/s2 1.55 m/s2

Heave 1.08 2.55 m/s2 0.44 m/s2

Roll 1.05 31.90 deg/s 8.58 deg/s
Pitch 1.01 2.93 deg/s 0.77 deg/s
Yaw 1.00 3.62 deg/s 0.54 deg/s
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