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ABSTRACT

This paper delves into the concept of stability augmentation in lateral-directional dynamics, focusing on a multivariable approach. In aircraft control
systems, ensuring lateral-directional stability is crucial for safe and efficient flight. The primary objective is to examine the feedback control system's
role in enhancing stability and how it interacts with the aircraft's inherent dynamics. We begin by exploring the basic augmentation system for lateral-
directional dynamics, which includes the feedback of body-axis roll rate to ailerons and yaw rate to the rudder, commonly referred to as the yaw damper.

One of the key challenges addressed in this paper is the need to overcome the interference caused by the yaw damper when coordinating turns. This
interference results from the constant nonzero yaw rate present during coordinated turns. To address this issue, the concept of "transient rate feedback"
is introduced, which uses a washout filter to differentiate the feedback signal and minimize its effect during steady-state conditions.

The paper presents mathematical models and transfer functions that describe the behavior of the lateral-directional augmentation system. It discusses
the impact of different parameters, such as the time constants of actuators and washout filters, on the system's performance. The design of the feedback
loops for roll and yaw control is elaborated upon, emphasizing the trade-offs between roll response, dutch roll damping, and roll-yaw coupling.

Simulation results are used to evaluate the effectiveness of the stability augmentation system in improving the aircraft's roll response and dutch roll
damping under varying flight conditions. The paper concludes with insights into the challenges and benefits of multivariable control system design
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for lateral-directional stability augmentation in aircraft.
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Introduction

Lateral-directional stability is a critical aspect of aircraft control
and is essential for safe and efficient flight. This paper explores
stability augmentation in lateral-directional dynamics, with a
specific focus on a multivariable approach. The lateral-directional
dynamics of an aircraft involve complex interactions between roll,
yaw, and sideslip motions [1-5]. This complexity necessitates the
use of feedback control systems to enhance stability and ensure
the aircraft's performance in various flight conditions.

The primary augmentation system discussed in this paper involves
the feedback of body-axis roll rate to the ailerons and yaw rate to
the rudder, commonly referred to as the yaw damper. This feedback
system aims to modify the roll subsidence mode and Dutch roll
mode, which are essential for lateral-directional stability.

One of the primary challenges addressed in this paper is the
interference caused by the yaw damper during coordinated turns.
In coordinated turns, the aircraft experiences a constant nonzero
yaw rate, which the yaw-rate feedback attempts to oppose.
This interference requires the pilot to apply larger-than-normal
rudder pedal inputs to coordinate turns, which is often considered
objectionable. To mitigate this issue, the concept of "transient rate

feedback" is introduced, where the feedback signal is differentiated
to minimize its impact during steady-state conditions. This is
achieved using a simple first-order high-pass filter known as a
"washout filter."

The design of the stability augmentation system involves
considering various parameters, including the time constants
of actuators and washout filters. The interaction between roll
response, dutch roll damping, and roll-yaw coupling is explored to
strike a balance between improving roll response and maintaining
stability.

The paper also presents mathematical models and transfer
functions that describe the behavior of the lateral-directional
augmentation system. These models are used to assess the impact
of different control system parameters on the aircraft's lateral-
directional stability.

To evaluate the effectiveness of the stability augmentation system,
the paper includes simulation results that demonstrate how the
system enhances roll response and Dutch roll damping under
various flight conditions. The simulation considers factors such
as feedback gains and time constants to analyze the trade-offs and
design considerations involved in stability augmentation.
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In conclusion, this paper provides insights into the challenges
and benefits of using a multivariable approach to design stability
augmentation systems for lateral-directional dynamics in aircraft.
It emphasizes the importance of balancing roll response and Dutch
roll damping while addressing the interference caused by the yaw
damper during coordinated turns. Section 2 provides an overview
of the lateral dynamics augmentation system. Section 3 talks
about the challenges of the yaw damper feedback. The role of
feedback in SAS is discussed in section 4. Design considerations
and tradeoffs are explained in section 5. Section 6 gives the lateral
model of F-16 aircraft and the design procedure for the lateral
SAS is given in section 7.

Augmentation System Overview

The augmentation system for lateral-directional dynamics involves
feedback control mechanisms that modify the roll and yaw
characteristics of an aircraft [6-7]. Figure 1 illustrates the basic
structure of this system, which utilizes body-axis roll rate feedback
to control the ailerons and yaw rate feedback to control the rudder.
This arrangement is commonly referred to as the yaw damper.
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Figure 1: Lateral-Directional Augmentation
The primary objectives of this augmentation system are to:

1. Modify the roll subsidence mode by using feedback from
body-axis roll rate.
2. Modify the dutch roll mode by using feedback from yaw rate.

The interaction between lateral (rolling) motion and yawing and
sideslipping (directional) motions necessitates using multivariable
state equations. These state equations consider two inputs (ailerons
and rudder) and two or more outputs, as implied by Figure 1.

The analysis in this paper primarily focuses on the simple feedback
scheme depicted in Figure 1. However, it's important to note that
additional feedback couplings between the roll and yaw channels
can be introduced in more advanced designs.

Challenges of Yaw Damper Feedback

One of the significant challenges in the augmentation system
design is related to the yaw damper feedback [8-10]. While the
yaw damper aims to generate a yawing moment to counter any
yaw rate that arises from the Dutch roll mode, it introduces a
complication during coordinated turns.

In a coordinated steady-state turn, the aircraft has a constant
nonzero yaw rate. The yaw-rate feedback system attempts to
oppose this yaw rate, requiring the pilot to apply larger-than-

normal rudder pedal inputs to coordinate the turn. This excessive
pilot input is often considered objectionable and hampers precise
control.

To address this issue, the paper proposes the concept of "transient
rate feedback." This feedback mechanism involves differentiating
the feedback signal so that it vanishes during steady-state
conditions. The differentiation is achieved using a first-order
high-pass filter, referred to as a "washout filter" in this context.

Role of Feedback

To analyze and design the stability augmentation system, transfer
functions are employed to model the relationships between control
inputs (aileron and rudder deflections) and aircraft responses (roll
rate, yaw rate, etc.). These transfer functions help in understanding
the behavior of the system and its response to different input
signals.

Key transfer functions of interest in this context include those
related to roll rate, yaw rate, and their corresponding control
inputs (aileron and rudder deflections). These transfer functions
are instrumental in designing the feedback loops and assessing
the system's performance.

Feedback gains play a crucial role in shaping the behavior of
the augmentation system. Adjusting the feedback gains can
significantly impact roll response, dutch roll damping, and roll-
yaw coupling. Careful selection of feedback gains is essential to
strike a balance between these competing factors and achieve the
desired lateral-directional stability.

Design Considerations and Tradeoffs

The design of the stability augmentation system involves several
considerations and trade-offs. One of the primary factors is the time
constant of the washout filter, denoted as rw. The washout filter's
time constant is crucial in determining the system's behavior. Too
large a value can interfere with the entry into turns, while too small
a value may reduce dutch roll damping. The transfer function of
such a filter is given by:

ST
1+ st

Gy =

Furthermore, the design considers the effect of feedback gains,
such as kp for roll and kr for yaw. These feedback gains influence
the natural frequencies and damping ratios of the Dutch roll and
other lateral-directional modes. Optimal values for these feedback
gains must be determined to achieve the desired lateral-directional
stability.

Additionally, compensation networks, such as phase lead filters,
can be incorporated into the feedback loops to further enhance
the system's performance. These compensation techniques can
be explored to address specific challenges and improve stability.

Lateral Model F16

F-16 dynamics is considered at zero altitude with the nominal
cg position and an airspeed of 205.0ft/s, the roll pole is real and
quite slow and the dutch roll is very lightly damped [11-13]. The
state equations can be found by linearizing and a five-state set
of lateral-directional equations can be decoupled from the full
thirteen-state set. The coefficient matrices can be found to be
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[—0.13150 0.14858 0.32434 —0.93964
A 0 0 1 0.3397
| —10.61 0 ~1.179 1.002
| 0.9965 0 —0.0018 —0.258
[0.00012  0.00032
5 0 0 o 0 5729 0
| —0.103  0.0209 0 0 0 57.29
| —0.0021  —0.0107
0 0
D =
0 0

Above matrices make the following state system

x = Ax + Bu

y = Cx + Du

state variable x is given by x =[f ¢ p r]T, where £ is sideslip
angle, ¢ is bank angle, p is roll rate and r is yaw rate. The output
vector is [p r]T and input u=[da 6r], aileron and rudder deflections.

Design Procedure

The aileron and rudder actuators will be taken as simple lags with
a corner frequency of 20.2rad/s and the bending mode filter will
be omitted for the sake of simplicity. The coefficient matrices A,
B, C and D makes the plant. Positive deflection of the control
surfaces leads to the negative deflection of the principle moments,
so to use the positive gain root locus for design, a phase reversal
is inserted at the output of the control actuators. The ailron and
rudder actuators will be combined into two-input, two-output state
model and cascaded with the plant. The washout time constant z,,,
is a compromise, too large a value is undesirable since the yaw
damper will then interfere with the entry into turns. Root locus
design plot can be used to show that too small a value will reduce
the achievable dutch roll damping. The time constant chosen for
this paper is 7,, = 1.0.

The simulation is done in MATLAB and results are shown in the
next section.

Results

The results of the stability augmentation system design are
presented based on simulations and analysis. The system's
performance is evaluated under different conditions and with
varying design parameters. Figure 2 compares the roll rate
response of the open loop dynamics (augmented with actuators)
with the closed loop system response. A doublet served as an
input which is negative for 1s and positive for 1s, then zero with
unit amplitude. In the closed loop system gains K, =04,K =
1.3 are used for the simulation.
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Figure 2: Comparison of SAS ON vs OFF

Conclusion

This paper has explored the concept of stability augmentation in
lateral-directional dynamics, focusing on a multivariable approach.
The stability augmentation system plays a crucial role in ensuring
safe and efficient aircraft control. The key findings and conclusions
from this analysis can be summarized as follows:

1. The stability augmentation system, with feedback control of
roll rate and yaw rate (yaw damper), is essential for enhancing
lateral-directional stability.

2. Interference caused by the yaw damper during coordinated
turns can be effectively mitigated by introducing "transient
rate feedback" through a washout filter.

3. Feedback gains, such as kp and k, are critical in shaping
the system's behavior. Optimal feedback gain values can be
determined to achieve the desired lateral-directional stability.

4. The design of the stability augmentation system involves
trade-offs, particularly in balancing roll response and dutch
roll damping. The selection of parameters, including the
washout filter time constant, is essential to strike the right
balance.

5. Simulation results demonstrate the system's ability to improve
roll response, especially at low dynamic pressure and high
angles of attack. Additionally, the system enhances Dutch
roll damping, making it valuable during landing approaches
in gusty crosswind conditions.

In conclusion, this paper highlights the challenges and benefits
of employing a multivariable approach to design stability
augmentation systems for lateral-directional dynamics in aircraft.
It underscores the importance of optimizing system parameters to
achieve the desired lateral-directional stability while addressing
interference issues during coordinated turns. The stability
augmentation system is a critical component of modern aircraft
control systems, ensuring safe and precise flight.
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