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Abstract: In this paper, control of shimmy vibration of aircraft nose landing gear
is presented. In this regard, the NARMA-L2 neural controller and a robust
controller using a fuzzy method are designed and compared. The efficiency of
these controllers was measured by comparing the results obtained from CTM and
PID controllers. Using the NARMA-L2 neural controller, maximum effort and
settling time are improved whereas using fuzzy controller overshoot of the
vibration response improvement in the closed-loop system was observed.
According to these results, a large part of the design requirements can be solved by
the implemented controllers.
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1 INTRODUCTION

Small vibrations (shimmy) are a very important and
common phenomenon in the landing gear system when
taking off or landing an aircraft. The energy required
for this type of vibration is provided by the kinetic
energy of the forward motion of the aircraft [1]. In the
landing gear of an aircraft moving on the runway, the
shimmy of the oscillating state is evoked by the
reaction forces between the tire and the ground. In fact,
shimmy is the oscillating motion of landing gear in
torsional, lateral, and longitudinal directions; Which is
due to the interaction between the tire dynamics and the
landing gear with a frequency range of 10 to 30 Hz [2].
Shimmy not only leads to instabilities that impair
comfort but can also affect the pilot's vision and lead to
more dangerous consequences such as loss of control,
excessive tire wear, failure of mechanical components,
or even cause failure of the landing gear. The first
attempts to reduce the destructive effects of these
vibrations were to use passive methods. A damper was
used to dampen these vibrations on Boeing 737 and
Airbus A-320 aircraft as a standard preventive measure
[3]. However, as noted in [4], poor damping
requirements are often at odds with high-speed
directional control. In addition, the structural
parameters for vibration damping cannot be changed
after the landing gear design is completed. One of the
main disadvantages of dampers used in this method is
the need for frequent maintenance and also increase
temperature; Which causes the hydraulic fluid to
expand and leak through the sealants, thereby reducing
the damping efficiency of the device. Therefore, no
other action can be taken when external disturbances or
unknown parameters occur in the landing gear system.
In some operating conditions, such as worn parts,
severe weather, and rugged runway, an active control
strategy can be effective in controlling shimmy
vibrations.

In [5], a PID controller was designed to eliminate the
vertical vibrations of the aircraft wheel and the active
control was compared with the semi-active control in
the aircraft suspension system. NASA [6] started with a
simplified model of the main landing gear, and
implemented an external hydraulic system for active
control in the vertical vibration damping of the aircraft
wheels. Next, in [7], authors introduced a robust and
optimal active controller for the shimmy vibrations of
the aircraft landing gear. According to the results
presented by that, the focus of the research is on the
optimality of the controller and its high robustness to
external disturbances has been neglected. This is well
evident in the vibrational response of the system during
external disturbances. Afterward, Zhang [8] addressed
the dynamic modeling and control of shimmy
phenomena in the aircraft landing gear. The controller
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implemented by him is the LQR type and its purpose is
to increase the optimality of the control. While in a
sensitive part such as the landing gear of an airplane,
the speed of operation and robustness to disturbances
are much more important than the optimality.
Afterward, Burbano et al. [9] implemented an adaptive
controller for aircraft landing gear shimmy vibration.
But according to the results they obtained, the
implemented controller, while acceptable, was not as
robust to the incoming disturbances as desired, and the
range of vibrations after applying the disturbance is
negligible. After that, Orlando [10] addressed the
control of shimmy vibrations using a modified simple
adaptive controller. Despite the acceptable results, the
implemented controller is not sufficiently robust
against disturbances and the range of vibrations cannot
be ignored. Next, Li and Zhao [11] optimized the
vibration amplitude reduction for aircraft landing gear
shimmy, using a semi-active control, considering the
time delay. Considering that the operating time of the
landing gear system is very short and must respond
quickly to all commands, the system has been designed
and implemented in such a way that it has the least
possible delay. Therefore, it is not necessary to
consider the delay in the implementation of the
controller. In addition, in the system under study, the
time response of actuators and robustness against
disturbances are more important than optimality.
Finally, Wang et al. [12] improved the performance of
aircraft landing gear against shimmy vibration using a
nonlinear feedback controller. In their research, by
focusing on bifurcation, the controller was designed in
such a way that the system remains stable in a limit
cycle; This is while basically in controlling such a
simple system (from a structural point of view),
overcoming instability is only part of the work and the
main focus is on the speed of reaching stability around
the desired point. In this regard, due to the existing
shortcomings, the implementation of two NARMA-L2
and fuzzy controllers was considered due to their high
capabilities. NARMA-L2 control transforms nonlinear
system dynamics into linear dynamics by canceling the
nonlinearities. The controller is simply a rearrangement
of the neural network plant model, which is trained
offline, in batch form. The only online computation is a
forward pass through the neural network controller.
The drawback of this method is that the plant must
either be in companion form, or be capable of
approximation by a companion form model [13]. The
NARMA-L2 controller uses neural networks to predict
the behavior of a nonlinear device. The controller
calculates the control inputs to increase the efficiency
of the device on the time axis, and among the control
models, it has minimum calculations that are taught in
batches and offline [14]. The only online calculations
are in the feedforward step of the neural network. The



57 Milad Yazdanpanah et al.

first step in using this controller is to define the system
that should be controlled. In the neural network, to
show the leading dynamics of the system, it is taught
that the first step is to select the structure of the model
used. Also, this controller simply rebuilds the model of
the device [15]. In [16], a combination of fuzzy method
and NARMA-L2 control idea was implemented to
control the movement of a small helicopter and its
efficiency was proved. Next, a method similar to that
described was used to control the speed of a turbofan
engine with unmodulated uncertainties in dynamic
Equations [17]; And its effectiveness has been proven.
The results of laboratory and theoretical research
indicate the fact that to control the motion of systems
that have complex or nonlinear motion dynamics; The
use of fuzzy controllers is a powerful tool [18]. In
addition, the use of this type of controller can increase
the robustness of the system to changes in environmental
conditions [19]. The proposed fuzzy controller tracks the
desired path by overcoming the perturbations and tries to
place the operators in that path. In this regard, the fuzzy
control of a parallel robot was performed in the [20]. The
results of the movement of this robot show very good
control of the robot and its acceptable speed of
movement. Pouly et al. [21], using a fuzzy method,
implemented an adaptation law to control the feedback
of shimmy vibration of landing gear. In their study, the
fuzzy method is used only in the part of the adaptation
law of control parameters, and the control law is
extracted from the Lyapunov method. In another study,
they used the fuzzy method to adapt the parameters
required for the sliding-mode method application on
shimmy vibrations control [22-23]. However, the fuzzy
method can control this system by itself and has
acceptable performance.

The main innovations of the article are as follows: 1-
Reducing the amplitude of landing gear vibrations. 2-
Damping the vibrations of the landing gear using fuzzy
and NARMA-L2 controllers. 3- Robustness of the
landing gear system to external disturbances with the
help of the NARMA-L2 and fuzzy controllers. 4-
Determination of the superiority of the NARMA-L2 and
fuzzy controllers to each other. To achieve the above
goals, the structure of this paper is as follows: In the
second part, system modeling and dynamic formulation
of landing gear are presented. The third part of this paper
describes the modeling of CTM, NARMA-L2, and fuzzy
controllers. In the fourth section, simulation and analysis
of results are examined. Finally, the conclusion of the
article is presented.

2 MODELING

A prerequisite for any research on the control of
mechanical systems is to have a mathematical model of

the dynamics of that system. For this reason, the
dynamic modeling of the aircraft landing gear system
was considered. A view of the aircraft suspension
system at its nose and associated oscillations is shown
in “Fig. 1”.
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Fig.1  Aview of the oscillations of the aircraft nose
system [24].
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According to “Fig. 17, the shimmy vibrations of the
aircraft suspension are limited to three oscillations:
longitudinal, lateral, and yaw. A prerequisite for any
research on dynamic systems (here, aircraft suspension)
is mathematical modelling. For this purpose, it is
necessary to identify and introduce the parameters
affecting the system dynamics. Figure 2 shows the
parameters affecting the dynamics of the aircraft
suspension.
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The nonlinear model of shimmy vibrations includes the
torsional dynamics of the landing gear, the force and
torques applied to the cart from various sources, and
the elastic deformation of the wheel, or so-called wheel
mechanics. Figure 2 shows a nose landing gear that
must be controlled to handle the Ms control torque.
Using Newton's second law, the differential Equation
of the shimmy vibrations can be obtained.

For movement in the direction of the rotation angle of
the landing gear (i) we have [4]:

.1 . K .
V/ZI—(CV/+KW+\/—COS((0)V/+M3+M5) (1)

z

The kinematic relationship between the transverse
displacement of the wheel (y1) and the rotational angle
of the landing gear is expressed as follows:

.V .
Yit—Y1=V cos(ply + Eerr —a)COS(@)y ()

Where, o is half the length of the tire's contact with the
ground and o is the length of the tire's relaxation. We
have the following:

a =tan(a) = Y1 (3)
o

Therefore, by selecting the state variables X =

[ ¥ y;]7, the shape of the state space of the
Equations of motion is as follows:

X =AX +Bu +d
B (4)
y =CX
Where we have:
0 1 0 0
A=| & £+Lcos(¢) 0| B= 1 ,
l, [, VI, I,
\Y 0 ®)
V cos(p) (eerr —a)cos(e) -

U=Ms, d:%, c=[L 0 0]

z

3 CONTROLLER DESIGN

In this section, to control the studied system,
implementation of the RCTM, NARMA-L2, and fuzzy
controllers, was considered. It is important to use the
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above method in estimating a suitable initial conjecture
for the application of control forces. This optimal initial
conjecture, which is obtained by using the Equations of
motion of the system and the error of position and
velocity, prevents the application of inappropriate
control forces and follows the smoothness of the path.
Using the obtained model and controller designed for
this system, any unwanted vibration can be repelled;
Even if there is an initial error in locating and
measuring the location of the operators. In other words,
with the use of this controller, the advantages of two
control methods of feedback and feedforward can be
used simultaneously, and in addition to applying a
suitable control signal for a nonlinear system,
disturbances and uncertainties can be eliminated with
the help of feedback terms.

3.1. Control using Robust RCTM Controller
The schematic of the CTM controller in the joint space
is as shown in “Fig. 3” [25]:
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-

Fig.3  General schematic of CTM controller in the joint
space [25].

In order to make the CTM controller resistant to
disturbance and initial conditions, we write the error
dynamic Equations as follows:

E =AE +BT,.

Ez[eT e'T]T, e=y -y, ©

Where, Trc is the torque applied by the resistor.
Matrices A, B are equal to:

O B S
| ok, B %

Now by choosing a Q matrix and solving the Lyapunov
Equation, we find the P matrix:



59 Milad Yazdanpanah et al.

ATP+PA+Q:O,Q=:L 0 8
o 1 (8)

From which it can be written:
Z =B"PE )

Using Z and the following Equation, the robust control
input is determined:

-psgn(2)
Tre =1 _pZ

|z]>s

Iz|<s o

Where the parameters p and § were selected using the
following definition:

0:0>0
P ”a)_TRC ” sp (11)
0=0.01, p=15

The input of the inverse dynamic will be equal to:

{é =w+T

. d IDM _)TRCTM (12)
@ =Yy —Tpp

And the control input of the system in the presence of

disturbance is as follows:

T =Tgrerm (13)

3.2. Artificial Neural Control using NARMA-L2
The NARMA-L2 controller uses neural networks to
predict the behavior of a nonlinear device. The
controller calculates the control inputs to increase the
efficiency of the device on the time axis, and among
the control models, it has the least calculations, which
are taught in batches and offline. The only online
computing is in the feedforward step of the neural
network.

The first step in using this controller is to define the
system that needs to be controlled. The neural network
is trained to represent the leading dynamics of the
system, the first step being to select the structure of the
model used. Also, this controller simply rearranges the
system model. A standard model used in discrete
nonlinear systems is as follow [26]:

y(k+d) =N[y(k),y(k-1), ..

14)
y(k —n+D,u(k), uk -1), ..., u(k —n +1)]

Where, u (k) is the input of the system and y (k) is its
output. In the definition phase, we can train the neural
network to estimate the nonlinear function N, and if we
want the system output to follow a reference trajectory
(y (k +d) =vyr (k + d)), the next step is developing a
nonlinear controller.

u(k) =G[y(k),y(k-1),..y (k —n+1),

y,(k+d), u(k =1, ..., u(k —m+1)] ()

Where. the G function minimizes the sum of the
squares error. The problem with this type of controller
is that if the neural network needs to be trained to
create the G function, dynamic propagation must be
used, and this is done very slowly. One solution to this
problem is a model estimation. The controller used here
is based on the estimation model.

y(k+d) =f[y(k),y(k-1), ..
y(k—n+1), u(k -1), ... u(k —-m+1)]

+gly (k). y(k-1), ...,

y(k—n+1), uk -1), .., u(k -m+1]Ju(k)

(16)

So, with the NARMA-L2 controller, the following
controller can be created, (See “Fig. 4”).
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Fig.4  NARMA-L2 controller [27].

And we have:

uk +1) =y, (k+d) -

f [y (k)..y (k =n+1),u(k),..u(K -n +1)} an
gy (K).y (k=n+1)u(k),..u(K-n+1)]

Where d > 2.



3.3. Fuzzy Controller Design

Fuzzy controllers have acceptable efficiency and
performance in controlling the nonlinear systems as
well as performing special maneuvers. One way to
design a fuzzy controller is to break down complex
system behaviors into multiple movements within the
actuators. After designing a suitable control algorithm
for each section, their corresponding actions can be
combined. In this paper, the fuzzy controller is
designed in such a way that it can stabilize the system
around its stable point well by determining the
appropriate control force and has good robustness to
disturbances. This controller is designed according to
the if-then rules in the following form:

If "e" is A and "de" is B, then "u" is C (18)
The "and" and "or" operators are defined as follows:

Hp g =Mmax(u, U), 15 U)) (19)

Hp s =Min(u, U), 115 U)) (20)

In the proposed controller, Mamdani-based fuzzy
inference  was wused along with the centroid
defuzzification method. In the first step, the fuzzy
controller, after receiving the inputs, performs the
fuzzifying process, then, based on Equation (26) and
Mamdani inference, the membership functions are
combined using the fuzzy operators. In the next step,
the values of the membership functions are combined
based on relation 19 with the "and" operator and the
fuzzified outputs calculated. The input of the fuzzy
system was selected as an error (e) and an error
derivative (de) of the desired value at a given time. The
membership functions of these inputs were considered
as Gaussian functions as follow:

-(x=¢)°
f (x;o,c)=¢e 20°

(21)

Where, ¢ is an arbitrary real constant and ¢ is non-zero.
Position and velocity errors were selected as five
membership functions [- - 0 + ++]; Where the position
error change interval [-0.1 0.1] and the velocity error
change interval [-10 10] were selected. According to
the Mamdani inference, the membership functions of
the outputs were considered as Gaussian functions too.
Membership functions for the fuzzy system inputs and
outputs are shown in “Fig. 5”. Finally, a set of fuzzy
rules was chosen to extract the appropriate control
force as shown in “Table 1”. The general algorithm of
implementing a fuzzy controller is as follows:

. Inputs: "e", "de" - crisp numerical values.
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. Output: "u"
BEGIN:

Step 1. Fuzzification of the inputs,

Step 2. Application of the fuzzy operators (AND or
OR) in the antecedent of the rules according to (19) and
(20),

Step 3. Implication from the antecedent to the
consequent using of the AND operation according to
(19),

Step 4. Aggregation of the consequents across the rules
using the OR operation according to (20),

Step 5. Defuzzification to the output variable.

END

- crisp numerical value.

1k z
<05¢
0 N — 0 0
-0.1 -0.05 0 0.05 0.1
e(m)
1k - 0 + +
05
O . —
-0.1 -0.05 0 0.05 0.1
de(m/s)
44 8 -2 -1 0 41 42 43 +4
05|
0 o o —
-0.1 -0.05 0 0.05 0.1
u(N.m)
Fig. 5 Input and output membership functions of
Mamdani fuzzy system.
Table 1 Fuzzy Rules
number Fuzzy rules
1 -- - +4
2 -- - +3
3 -- 0 +2
4 -- + +1
5 - ++ 0
6 - - +3
! "e'l‘fis - ";er!'dis _ t:e?s 2
8 0 +1
9 - + 0
10 - ++ -1
11 0 - +2
12 0 - +1
13 0 0 0
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14 0 + -1 Table 3 Parameters used for simulation [19]
15 0 ++ 2 _ -
16 + -- +1 2 fc—iL 2 @
17 + - | 0 £ = = <
18 + 0 1 5 2 > =
19 + + -2 o
20 + tr -3 e Structure parameters 0.12 M
21 +t - 0 Caster length
22 ++ - -1l c Torsional stiffnessof | —1e5 | N.m.rad™*
23 ++ 0 i strut
24 ++ + | -3 K Torsional damping of -45 | N.m.rad™ !
25 ++ ++ -4 strut
I; | Moment of inertia of strut 1 kg m?
%) Rake angle 0.1571 rad
R Tire parameters Radius 0.362 m
4 SIMULATION STUDY of nose wheel
Ir_1 thi_s study,_after mode!ing the dy_namics of_small i D(;?nn;?r% Eife:‘?igggtﬂ:)f _2'710 Nmzmm a1
vibrations (shimmy) of aircraft landing gear, it was elastic tyre
controlled by the NARMA-L2 and fuzzy controllers, CM,, | Self- aligning coefficient ) m /rad
and its results were compared with the results of of elastic tyre
RCTM and PID controllers. The parameters of the PID CF, | Restoring coefficient of 20 rad™!
controller used in this section were determined using elastic tyre
the Simulink optimization section as follows (“Table o Relaxation length 0.3 m
2”). ) Restoring force limit 0.087 rad
ag Self- aligning moment 0.1745 rad
limit
PID Transfer Function =P +1 1+ D N 1 (22) % Vert'i:cal force on the gear 9000 _lN
14N L orward velocity 75 ms
S
Table 4 Parameters used in NARMA-L2 controller block
Table 2 PID controller block parameters
Parameter Value
Controller coefficients Value
Number of hidden layers 5
P -314035
Number of input delays 3
| -35344169
Number of output delays 3
D -442
Sampling time 0.001 (s)
N 1677
Maximum of outputs 0.5 (rad)
The values in “Table 3” are used to simulate the Minimum of outputs -0.5 (rad)
mentioned system. The fuzzy and NARMA-L2 neural
control systems were simulated in the Simulink Maximum of inputs 10000 (N.m)
software environment, as described in Section Three.
Where the NARMA-L2 controller parameters in Table Minimum of inputs -10000 (N.m)
4 were shown. One of the important issues that the Number of training 10000

controller has to deal with is the different initial
conditions. To measure the performance of the
implemented controllers about the error, the following
conditions were considered as initial conditions:

lv v],=[-01 10] (23)

samples

The results of the simulation of the mentioned
controllers are as follows:

As shown in “Fig. 67, the overshoot of response in the
system controlled by NARMA-L2 in the time interval
from zero to 0.03 seconds is up to 30% less than in the
PID and CTM controllers' case whereas the fuzzy
controller overshoot is zero; And then, these three



controllers have reached a stable state in the same time.
As shown in “Fig. 77, the neural controller operated by
applying a controlled force at a smaller amplitude and
greater oscillations than other controllers.

N _wPID
0051 [\ --Yemm
4 UNARMA-L2
l. _wFuzzy
T oo AN
g /)
\ Jud
= Al
-0.05¢
_01 1 1 1

0 0.01 002 003 004 0.05 0.06
Time (s)
Fig.6  Angle ¢ is driven by controllers designed without
the presence of external disturbance.
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T
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,\ 6 _uFuzzy |
£
Z 4
3,

0 T g

2L

0 0.01 0.02 0.03 0.04 0.05 0.06
Time (s)
Fig.7  The amount of control torque applied by the
implemented controllers without the presence of external
disturbance.

The maximum amplitude of control force for the neural
controller is up to 90% less than that applied by the
CTM and PID controllers. This value for the fuzzy
controller is 50% less than the same controllers. To
measure the robustness of the controllers to
environmental disturbances, a disturbance signal with
the following schematic was used (“Fig. 8”).
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10000 -
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L L )
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Fig. 8  Disturbance signal applied to the system.

The disturbance was modeled as an external torque
applied to the aircraft wheels and applied to the system.
The initial conditions considered in this section are as
follows:

lv v],=[01 0] (24)

As shown in “Fig. 97, the overshoot of the response in
the system controlled by NARMA-L2 from zero to
0.03 seconds is equivalent to those used by the PID and
CTM controllers; Whereas for the fuzzy controller,
overshoot is zero. But at the onset of the disturbance
pulse, the neural controller vibrates less and stabilizes
faster than PID and CTM controllers; But the
superiority of the neural controller at the end of the
disturbance pulse is obvious. The controller maintains
the balance of the system well during this period and
prevents unwanted vibrations caused by the change of
the disturbance pulse. System vibrations in this case are
less than a quarter of the system vibrations when PID
and CTM controllers are used. While the vibrations
amplitude of the fuzzy controller is almost zero in the
whole domain of disturbance; this phenomenon clearly
shows the robustness of the fuzzy controller.

0.1y n|

— Y
“Vetm

0.05 UNARMA-L2]
—

- “Fi

g \‘ A uzzy

<, ﬁ .

> g \//’

-0.05

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Time (s)
Fig.9  Angle ¢ driven by controllers designed in the
presence of external disturbance.
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As shown in “Fig. 10”, the neural controller exerts a
controlled force equal to One-tenth of the control force
exerted by the CTM and PID controllers from zero to
0.03 seconds. This value for the fuzzy controller is half
of the same controllers. At the end of the disturbance
pulse, the neural controller in the same amplitude as the
other designed controllers used more oscillations to
apply the control force. Finally, these more fluctuations
in the application of the control force have led to a
reduction in the amplitude of the vibrations at the angle
0.
‘><104

—pi

~Yerm

uNARMA-LZ

7uFuzzy

1 1 | 1 1
0 005 0.1 015 _ 02 025 03 035
Time (s)
Fig. 10 The amount of control torque applied by controllers
implemented in the presence of external disturbance.

All of the above will demonstrate the superiority of the
NARMA-L2 neural controller over the PID and CTM
controllers. But the comparison between two
controllers, NARMA-L2 and fuzzy, is a bit more
difficult. To better investigate, the efficiency of the
control methods implemented in “Table 5” is
compared.

Table 5 Comparison of the efficiency of the control methods

used
Control Overshoot maximum settling time
method effort
PD 0.06 le5 0.020
CT™M 0.07 le5 0.023
NARMA-L2 0.03 led 0.019
Fuzzy 0 5e4 0.020

As can be seen, the NARMA-L2 controller had less
settling time and maximum effort than other
controllers. This is a good indication of the high
performance of the designed controller compared to
PID and CTM controllers. whereas the fuzzy controller
overshoot is zero and is the best controller in this area.

In this paper, in order to solve the challenge of small
vibrations of the aircraft landing gear, after
mathematical modeling of the mentioned system, a
NARMA-L2 neural controller and a robust controller
using a fuzzy method are designed and implemented.
The efficiency of these controllers was measured by
comparing the results obtained from CTM and PID
controllers. Using the NARMA-L2 neural controller,
maximum effort and settling time improved whereas
using fuzzy controller, overshoot of the vibration
response improvement in the closed-loop system was
observed. The maximum effort in the neural controller
is one-tenth of this value in the CTM and PID
controllers. This value for the fuzzy controller is half
that in the mentioned controllers. The amount of
overshoot in the neural controller is less than half of
this amount in the CTM and PID controllers. This value
is exactly zero for the fuzzy controller. Also, the
settling time of the four controllers is close to each
other, but the neural controller is somewhat better.
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