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Abstract

The Cessna 172, a widely used small commercial aircraft, is renowned for its stability
in both longitudinal and lateral-directional dimensions. Despite its intrinsic stability, a
robust control system is essential to mitigate potential failures, such as rudder malfunc-
tions. This study developed and simulated a control system for the Cessna 172 under
rudder failure conditions, relying solely on aileron input for heading control. Using a linear
state-space approach implemented in Matlab/Simulink, the control system incorporated
yaw damping, roll damping, and heading hold for stability and waypoint tracking. Initial
simulations showed that the controller could guide the aircraft to the destination waypoint
but exhibited significant deviations of up to 20% under constant rudder inputs. Controller
modification to the PID controller significantly improved performance, reducing deviations
to a maximum of only 0.1% for +5° rudder input. These results demonstrate the effec-
tiveness of the proposed control system in compensating for rudder failure, though slight
oscillations observed at the start of the trajectory suggest the need for further refinement.
This research underscores the potential for adaptive and unconventional control methods
to enhance safety and reliability in small aircraft operations.
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Nomenclature
g : Sideslip Angle 17 Aircraft’s Velocity W Heading Angle
¢ : Roll Angle b Aircraft’s Wingspan g The Earth’s
gravitational
. constant
p : Roll Rate 5, Aileron Input ls, ° &,-to-p State-Space
Component
r ¢ Yaw Rate 5, Rudder Input ls, 5,-to-p State-Space
Component
Y& *  B-to-f8 State-Space Yé, 8,-to-f§ State-Space ng, d,-to-r State-Space
Component Component Component
Yo @-to-f§ State-Space Vs, 6,-to-f State-Space ng, é,-to-r State-Space
Component Component Component
Yo p-to-f State-Space lg [-to-p State-Space ng [B-to-r State-Space
Component Component Component
Yr r-to-f State-Space Ly p-to-p State-Space ny p-to-r State-Space
Component Component Component
L. r-to-p State-Space ny r-to-r State-Space
Component Component
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1. Introduction

Stability and controllability are essential attributes of an aircraft. An aircraft is con-
sidered stable if it can develop a restoring force or moment to bring it back to its original
equilibrium condition. Meanwhile, controllability of an aircraft concerns whether the states of
the aircraft’s dynamics are affected by the control input (Nelson, 1998). These attributes are
critical for all types of aircraft, from commercial jets to small planes, ensuring they can com-
plete their missions safely. Stability and controllability also reduce pilot workload, thereby
minimizing the risk of accidents.

In the context of time, two types of stability must be considered during aircraft design:
static and dynamic stability. An aircraft exhibits static stability when the forces and moments
that arise after a disturbance tend to restore it to its original state (Adiputra & Rohmanto,
2022). Dynamic stability, on the other hand, refers to the aircraft’s ability to return to its ini-
tial equilibrium state over time, taking into account the magnitude and nature of oscillations
(Jessica Davis, 2023). Both types of stability must be analyzed in the longitudinal and later-
al-directional dimensions to declare an aircraft stable.

The Cessna 172 aircraft is one of the most popular small commercial aircraft in the
world of aviation. Its widespread popularity is due to its simple, reliable, and safe design. In
fact, the Cessna 172 is the most widely produced aircraft of all time (see Figure 1-1) (Niall
McCarthy, 2021). The Cessna 172 is an American-made four-seater aircraft equipped with a
single engine and a high-wing configuration. This aircraft is used for various aviation purpos-
es, from flight training to a private aircraft.

The Cessna 172 was designed as a commercial aircraft that is stable in both the longitu-
dinal and lateral-directional dimensions. Several studies have shown that the Cessna 172 is
statically stable, as indicated by its derivative coefficient values, which meet the static stability
requirements (Fadhilah, 2023; Kasnakoglu, 2016; Vadivelu et al., 2020), as well as confirmed
by flight test results (Marek M. Cel, 2019). Among them is the value of the derivative coeffi-
cient of the pitch moment to the angle of attack, which is negative (C,,, < 0C,,, < 0), the value
of the derivative coefficient of the roll moment to the angle of side slip is negative (¢;, < 0C;, <0

. . . LB B. .
), and the value of the derivative coefficient of the yaw moment to the angle side slip is positive
(Cnﬁ < 0C,, <0). Furthermore, the Cessna 172 aircraft control system also ensures that the
aircraft is dynamically stable, so that the aircraft will return to an equilibrium state in a short
time (Akyurek et al., 2016; Cessna Aircraft Company, 1998).
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Aircraft models with the highest estimated
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Figure 1: Sales Statistics of Various Aircraft Throughout History.
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Even though the Cessna aircraft is intrinsically stable, the aircraft’s control system
must be designed to be tolerant of control failure, should it occur at any time. One failure
that happens quite often is the failure of the aircraft’s rudder. Failure of the rudder will make
the aircraft unable to be controlled in its directional plane, leading to a situation where yaw
movement is impossible. This imposes dangerous risks to the aircraft since it will lead to the
aircraft’s uncontrolled heading direction. In mid-1987, it was recorded that a Cessna 172
aircraft had an accident during landing due to the aircraft losing directional control (National
Transportation Safety Board, 1987). Then, in 2005, a private Cessna 172 plane was forced to
make an emergency landing shortly after landing due to the rudder not functioning properly
(National Transportation Safety Board, 2005). In 2020, another Cessna 172 aircraft hit the
ground after falling because of a rudder anomaly that caused the pilot to lose directional con-
trol (National Transportation Safety Board, 2020).

Research into improving flight controls for the Cessna 172 has yielded various ap-
proaches. Vadivelu et al applied non-conventional control in the form of changing the tail
length to control the Cessna 172 aircraft in the longitudinal dimension (Vadivelu et al., 2020).
Malik also developed a longitudinal dimension control system on the Cessna 172 aircraft by
combining LQR and Fuzzy-PID-based control (A. Al-Isawi et al., 2020). However, these stud-
ies primarily focus on longitudinal stability. Prach developed a control system based on SDC
(state-dependent coefficient), which is able to guide the aircraft for landing (Prach et al., 2019)
and maintain the aircraft’s attitude stable under wind disturbances in the form of turbulence
to front and side winds (Prach, 2022). Despite these advances, Prach’s work did not address
control failures.

Given the frequency of rudder failures and the need for robust control systems, further
research is necessary. This study addresses this gap by developing a control system for the
Cessna 172 capable of compensating for rudder failure. Simulations are conducted in Mat-
lab/Simulink using a linear state-space approach, focusing on lateral-directional dynamics.
The system stabilizes the aircraft and guides it to a designated waypoint using aileron control
in the absence of a functional rudder.

2. Methodology

This research implemented a numerical simulation of Cessna 172 lateral-direction-
al stability. The derivative coefficients data for the Cessna 172 aircraft were obtained from
Kasnakoglu (Kasnakoglu, 2016). The simulation was built in MATLAB/Simulink with a linear
state-space approach. The dynamics of the aircraft in lateral-directional motion in the sta-
bility frame of reference are represented by the matrix expressions in Eq. 2-1 and 2-2 (Etkin
& Reid, 1995; Nelson, 1998). Linearization is applicable to a specific trim condition. In this
research, the aircraft was trimmed at a cruising speed of 65 m/s.

x =Ax + Bu (1)
. Yo Yo M W
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However, since this research investigated a case of rudder failure, the rudder input was
set to zero. Therefore, the pilot would be unable to control the aircraft’s heading via rudder
input. Alternatively, the pilot shall control the heading of the aircraft by using aileron input,
utilizing the relation between turn rate and roll angle (Sadraey, 2020):

 gtan(e)
Y= 3)

Assuming a small angle, tan(g) ~ gtan(g¢) ~ ¢ and implementing the Laplace transform,
the following roll-to-turn transfer function is obtained:

Y g

o sV 4)
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The Simulink block for this research is represented in Figure 2-1. The model imple-
mented a cascade control approach. The outermost loop served as the heading control for the
aircraft, the second outer loop was the aircraft’s roll damper, and the innermost loop became
the yaw damper for the aircraft. These controls ensured stability of the aircraft in lateral-di-
rectional dimensions.

Aileron Feedback
. Input States
Heading Command 0 . — i
X | state Space Model >
Y

‘Yaw Rate

Roll Rate

Roll to Turn Roll Angle

Transfer Function |~

Figure 2: Simulink Block Model.

The aim is to determine the control gains that are capable of making the aircraft achieve
the desired heading angle using aileron input, while also ensuring that the aircraft is stable
by using the roll damper and the yaw damper. The control gains were chosen by investigat-
ing the transfer function for each loop, represented by its root locus diagram. The innermost
control gain, yaw damper gain, was determined first, while the roll damper gain and heading
hold gain were selected afterwards.

The heading command was evaluated by using a method proposed by (Fajar & Arifianto,
2018) (See Figure 2). The value of cross-track error (¢) is:

(%)
£ = Rsin(y, — Prey)

while ¢ is the cross-track error, i.e., the distance of the aircraft trajectory deviation to
the desired trajectory, R is the distance between the previous waypoint to the aircraft posi-
tion, ¥, is the angle between R and the north direction, ¥,.; is the angle between the north
direction to the line connecting the previous and current waypoints. The heading command
was calculated as follows:

if || = &, then

Y = 1"L’r'e?f’ - Sign(g)g (6)
if [e] £ &, then
EM
Y = ’wbre}’ 52 7

Where § is the reference distance for the aircraft to turn, that is varied to obtain the
desired trajectory, and i, is heading the command for the aircraft.

WEfi)

Figure 3: Aircraft Motion Towards Waypoints.
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The position of the aircraft with respect to the local horizon frame of reference (North-
East-Down, NED) is calculated by evaluating the aircraft’s heading angle as follows:

t
X = stinlppdt ®)
t

0

t
¥ = f Vcosy, dt Q)
t

[}
where x and y are the aircraft’s position in the NED reference frame, and Vis the cruising

speed of the aircraft.

3. Result and Analysis

3.1. Yaw Damper

Feedback gain for the yaw damper was determined using a root locus diagram. The in-
put for the feedback gain is the yaw rate (r). The transfer function is represented in eq (1). The
output of the feedback gain is the aileron input for the aircraft state-space. Figure. displays
the root locus diagram for this system. The poles are all located on the left side of the real axis
of the root locus diagram, indicating that all lateral-directional flight modes (Dutch roll, roll
subsidence, and spiral) of the Cessna 172 aircraft are stable.

—6.273s% — 40.708s + 8.333 (10)
s*+ 10.785s% + 19.082s2 + 84.773s + 0.943

Hy, (s) =

The gain evaluated was approximately 9, as it provides a good damping ratio while min-
imizing overshoot. Figure. 5 presents the comparison of the aircraft’s response subjected to
impulse input given various gain values. A gain value of 9 demonstrates better settling time,
despite a slightly larger overshoot, compared to gain values of 7 and 11. Consequently, a gain
of 9 was selected for the yaw damper.

System: untitied1
Root Locus Gain: 7.08
' Pole: -1.5 + 1.85i
Damping: 0.63
3t P Overshoot (%): 7.8
: Frequency (rad/s): 2.38
.

Root Locus

w

[N
[N

{
e
System: untitled1 System: untitled1
Gain: 9.1 Gain: 11
Pole: -1.39 + 1.13i Pole: -0.86 + 1.05i
Damping: 0.776 Damping: 0.635
Overshoot (%): 209 | Overshoot (%): 7.57
Frequency (rad/s): 1.8 Frequency (rad/s): 1.35
—

=}
*

o

Imaginary Axis (seconds‘W)

(8}

\
“

Imaginary Axis (semnds‘1}

(¥
T

&

%

&

xS
b

-15 -10 -5 0

. Bl -4 -3 -2 1 0 1
Real Axis (seconds™ ')

Real Axis (seconds'w)

(a) Original Scale (b) Zoomed Scale

Figure 4: Root Locus Diagram for Yaw Damper System
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Figure 5: Yaw Rate Response for Different Gain
3.2. Roll Damper

For the root locus diagram analysis, the input for the feedback gain is the roll rate (pp),
while the output is the aileron input. The plant is the aircraft state-space model equipped with
the previously designed yaw damper. Eq (2) represents the transfer function for this system.
Figure. 6 represents the root locus diagram for this system. All flight modes of the system,
including dutch-roll, roll subsidence, spiral, and yaw damper control, are stable, as indicated
by the poles located on the left side of the root locus diagram.

3.663s® +5.118s? + 39.911s (11)

H =
ra(s) s* +15.516s3 4 55.649s2? + 89.046s + 54.726

The gain to be evaluated for roll damper control was approximately 0.05 because of its
near-critical damping ratio and small overshooting. Figure. 6 illustrates the response of the
aircraft’s response to an impulse disturbance for different gain values. The gain value of 0.05
shows the largest overshoot compared to the other values. However, the gain values of 0.5 and
1 exhibit significantly longer settling time than that of the 0.05 gain value. Hence, a 0.05 gain
value was selected for this system.
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Figure 6: Root Locus Diagram for Roll Damper System
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Figure 7: Roll Rate Response for Different Gain

3.3. Heading Hold

For the heading hold system, the input for the feedback gain is heading angle (), while
the output of the feedback gain is the aileron input. The plant is the aircraft state-space model
equipped with the yaw damper and roll damper that have been designed. Figure. 8 shows the
root locus diagram generated for this system. Eq (3) displays the transfer function used. Un-
like the yaw damper and roll damper system, which have all stable poles, this system has two
poles that eventually go to the unstable region, to the right side of the real axis. From Figure
3-5(b), it can be observed that the system becomes unstable when the gain value is approxi-
mately 1.44. Therefore, the gain selected must be below this threshold.

428.076s? 4+ 598.135s + 4664.5

H =
an(5) 65s° + 1020.4s* + 3633.853 + 5917.7s2 + 3557.3s (12)

The gain chosen for heading hold control was around 0.344 due to its favorable damping
ratio and overshoot characteristics. Figure. 9 represents how the aircraft responded when an
impulse disturbance is given for several gain values. A gain value of 0.15 resulted in a signif-
icant overshoot in the aircraft’s heading response. While a gain value of 0.5 led to a reduced
overshoot, the response was excessively oscillatory, resulting in a larger settling time. A gain
value of 0.35 produced both minimal overshoot and a less oscillatory response. Thus, for the
heading hold system, a gain value of 0.35 was selected.
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Figure 8: Root Locus Diagram for Heading Hold System
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Figure 9: Heading Response for Different Gain

3.4. Waypoint Following

By the previous section, the controller had been designed by selecting a combination
of gain values, as shown in Table 1. To evaluate the performance of the controller, a simula-
tion of the aircraft following a waypoint under rudder failure was performed. As part of the
simulation, fixed rudder inputs, representing the malfunctioning rudder, were included as a
variation.

Table 1: Controller Gain Values

Controller Gain Value
Yaw Damper 9
Roll Damper 0.05
Heading Hold 0.35

The simulation results are depicted in Figure 10. For zero rudder input, the designed
controller successfully guided the aircraft to reach the destination waypoint starting from
the origin. However, when the aircraft experienced a constant rudder input, the controller
failed to guide the aircraft close to the target waypoint. A steady-state error appeared for the
constant rudder input simulation. The deviation was approximately 250 m (12.5%) for +3°
rudder input and around 400 m (20%) for £5° rudder input. These results indicate that the
designed controller could not adequately compensate for a rudder failure event. To eliminate
the steady-state error, integral and derivative gains were added to the controller, effectively
transforming it into a PID controller. The integral and derivative gains were tuned using the
PID tuner available in the Simulink PID Controller block, while the proportional gain was re-
tained as specified in Table 3-1. The finalized gain values for the modified PID controller are
summarized in Table 3-2.
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Figure 10: Aircraft Trajectory for Waypoint Following

Table 2: Controller Modified Gain Values

Controller Kp Ki Kd N
Yaw Damper 9 0.008 0.3 3
Roll Damper 0.05 0.008 0.5 3
Heading Hold 0.35 0.008 0.1 3

Figure 11 presents the simulation results for the aircraft’s trajectory under rudder fail-
ure conditions with the modified controller. The controller successfully guided the aircraft to
its destination across all simulation scenarios, exhibiting only minimal deviations. The larg-
est deviation was observed in the simulation with a +£5° constant rudder input, resulting in
a lateral error of just 2 meters (0.1%). These results highlight the significant improvement in
trajectory tracking performance achieved by implementing a PID controller, as opposed to a
proportional-only controller. However, this enhanced waypoint-following accuracy came with
a trade-off: the aircraft experienced minor oscillations at the beginning of the trajectory as it
approached the target.
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Figure 11: Aircraft Trajectory for Waypoint Following for Modified Gains
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4. Conclusions

The controller for the Cessna 172 aircraft under the rudder failure event had been suc-
cessfully designed. The controller included the yaw damper and roll damper for aircraft lat-
eral-directional stability, as well as the heading hold, in order to achieve a specified targeted
waypoint. The final design, which included a modification of the controller, successfully guid-
ed the aircraft to the destination, with minimal deviations for the simulations under constant
rudder input.

There is still room for improvement for the proposed controller. The aircraft response
indicated a slight oscillation at the beginning of the simulation, which is unfavorable. Un-
conventional controllers, such as Fuzzy Logic Controller, Sliding-Mode Control, etc., might
be needed to eliminate this phenomenon. Moreover, an adaptive controller could also be em-
ployed since it has the ability to adapt to various cases of rudder malfunction.
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