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Abstract. In this paper, the mechanical admittance approach is developed to control a 6 DOF
aircraft landing gear. The objective of the control system is improving both passenger comfort
(PC) and aircraft handling (AH) which are considered as two important criteria in the evaluation
of landing gear systems. A 6 DOF vibrational model and state-space equations are proposed for
the system. Then, a control system that is comprised of two loops is proposed. The outer loop is
designed for generating a suitable trajectory for body displacement subjected to the tire force. In
fact, variable admittance control is used for regulating the dynamical behavior of the system. The
other loop is a displacement control loop that used a PD controller to track the generated trajectory.
The proposed control system and passive system are both simulated in MATLAB software and
the results are compared. The results indicate the effectiveness of the control system in promoting
both comfort and handling.
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1. Introduction

Landing gear (LG) plays a key role during landing and taxiing in the interaction between
runway and aircraft. It provides PC and makes the aircraft to handle on the runway [1]. Until
present, a range of control methods is used for controlling the LG. For instance, PID control [2],
optimal control [3, 4], back stepping control [5], predictive control [6, 7], and fuzzy control [8-10]
are presented by researches. But in these studies, a simple 2 DOF model is used for modeling the
LG. In [11, 12] a 6 DOF vibrational model is presented for LG and a PID controller is designed
for the active control of LG in which the coefficients are adjusted by Ziegler-Nichols tuning rules.
After that, this vibrational model is utilized by other researchers. In some studies, a PID controller
was used with variable coefficients. These coefficients can be tuned by intelligent manners such
as Bee algorithm, PSO or other methods [13-18].

PC and AH are considered as two opposite criterias for performance evaluation of LG. Major
researchers had only focused on the PC and had ignored the handling issues. The behavior of LG
is similar to mechanical admittance and impedance. Thus, the admittance control approach can be
a powerful method for controlling LG. But the admittance control has not been applied to the LG
system in the other researchers’ studies. Hogan introduced the concept of admittance control and
impedance control for the first time [19]. These control approaches have been highly considered
in robotics researches and are efficient to regulate dynamic behavior of system when interacting
with its environment and lead the system to operate as a mass-spring-damper system [20]. The
admittance can transform force as its input to displacement as its output and impedance control is
a complement of the admittance [19]. The objective of the admittance approach is not controlling
the displacement and force separately and it attempts to control the displacement of the system as
well as using admittance to regulate the environment force indirectly.

Recently, in order to achieve a reasonable performance including good PC and good AH, an
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impedance fuzzy controller was proposed for LG. The impedance control system was able to
regulate the dynamic behavior of LG [21]. The control system succeeded to decrease the vibrations
and improve both PC and AH. However, in this study 2 DOF model was applied and because of
the simplicity of the model, the results are not very accurate.

In this paper, first, the 6 DOF vibrational model of LG and space state equation are described.
Then, the control system including the admittance control loop and the displacement control loop
are designed. In section 4, the proposed control system and passive system are simulated in
MATLAB software and the results are compared. The last section is dedicated to the conclusion.

2. Mathematical dynamic model of system

The 6 DOF model of the aircraft’s LG is shown in Fig. 1. These 6 DOFs include vertical
displacement of the body z, pitch 6 and roll ¢ rotations of the body, and three vertical DOFs for
three nose z, left z,, and right z; LGs.

L
/\ : ] X
I
%

B

S, 3
e kt ct
: 2 M :

Xg . " ¥

d
s, L 0 ks T VrO_
kt ot Kt
Xg Xg,

| b l a 1

I \ 1
Fig. 1. A schematic diagram of 6 DOF vibration model for LG of aircraft [12]

k.

Using Newton-Euler equations, the dynamic equations of the system will be as follows:
[M1[Z] + [H][Z] + [N][Z] = [F] + [T][E]. O]

In Eq.(1),[Z]=[z 68 ¢ 2z 2z, z3]". The matrix elements of [Z] refer to six degrees of
freedom which was described previously. In Eq. (1) [M], [H] and [N] are the stiffness, damping,
and mass matrixes which are described in Eqgs. (2-4). [F] is the vector forces of LG considered as
the input of the system. Also, [@] is the ground input which can be supposed as a kind of external
disturbance. [T] is a constant matrix that changes the dimension of [Fg]:

Ry R, R; —ks; —ks, —ks;
R, R, Rs aks, —bks, —bks;
[N] = Rs Rs R¢ hks, dks, —eks; ,
—ksy aks;  hks; ks, +kt, 0 0
—ks, —bks, dks, 0 ks, + kt, 0
—ks; —bks; —eks; 0 0 ks; + kt;
Ry = ks; + ks, + ks3, @)
[RZ = —aks; + bks, + bks;,
{R3 = —hks; — dks, + eks;,
| R, = a’ks; + b%ks, + b2kss,
lRS = haks, — dbks, + ebkss,
Rg = h%ks; + d?ks, + e?ks;,
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Si S, S3 —cs; —CS, —CS3
S, S Ss acs; —bcs, —bcs; ]
[H] = S3 Ss Se hcsy dcs, —ecss
—cs; acs;  hes; csy+cty 0 o
—cs, —bcs, dcs, 0 cs, + ¢ty 0
—cs3 —bcsz —ecs; 0 0 cs3 + ct3
S1 = ¢Sy + ¢s, + cs3, 3)
S, = —acs; + bcs, + bess,
S3 = —hcs; —dcs, + ecss,

S, = a%cs; + b%cs, + b%css,
Ss = hacs; — dbcs, + ebcss,
Se = h%cs; + d%cs, + e?css,
M 0 0 0 0 O

0 L 10 0 0 8 0 kt,Xg, + Ct;Xg,

[M] = 8 g 'Y n? 8 ol T= [133:33], [F;] = |ktyXg, + Ct,X g, |. (4)
00 0 0 m, 0 kt:Xgs + CtsXgs
lo o 0 0 0 msl

Considering 12 state variables as X = [z 7]7, state space equations of the system will be
presented as in Eq. (5):

I e R o v (R v [ ®

3. Design of control system

Fig. 2 indicates the block diagram of the control system that includes two interior loops. The
outer loop is an admittance loop that adjusts the dynamic behavior of LG. When aircraft is passing
a bump, tire force decreases the AH. On the other hand, the ground input decreases the PC. In fact,
it is required that a trade-off between PC and AH as two opposite objectives should be found. The
relation between the vector of tire forces and the vector of displacements can be predetermined by
the impedance rules to achieve the desired behavior. In fact, a suitable trajectory is required for
the displacement loop. For providing both PC and AH, finding a reasonable desired trajectory may
be difficult. It is better that the desired displacement trajectory be flexible when the tire force faces
changes. In this control system, mechanical admittance determines the appropriate desired
displacement trajectory according to the tire force. It is able to regulate the interaction between
the system and the environment. The inner loop is responsible for controlling position. In order to
track the desired position, a PD controller is designed that determines the LG forces according to
the error of displacements.

Admi

PD
Control + Controller

Landing
X p Gear

Displacement loop

Admittance loop

Fig. 2. Block diagram of the control system

In order to design a wise desired trajectory for the states, the basics of impedance rules are
used in this study. The goal of the controller is to track this trajectory to provide passengers
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comfort and AH possible, simultaneously. Admittance controller receives the measured tire forces
as an input and gives back the displacements as the output. This output is the desired value for the
control system and the control system should be able to track it. Tire force is transmitted through
the tire from the runway surface and can be described as:

F,=PX+F, P=[033 Ktz O3z Ctzal]
kt, 0 0 ¢, 0 0 (6)
0 kt, 0], Ct=[0 ct, ol.

3

0 0 kt 0 0 cty

Kt =

Fori =1, 2, 3 the impedance rules for ith LG can be proposed as:

[Fil = KinZa + LinZg + K264 + Liz6a + Kizpa + Lizpa )
+KisZra + LiaZya + KisZzq + LisZ2q + KiedZ3q + LigZ3q4.

As it is obvious in the equation, the impedance rule, for estimating tire force is considered to
spot all 12 states of the system. Therefore, all effects of the two other LGs are taken into
consideration in the third one. The impedance parameters are selected by the designer based on
different conditions. Thus, some of them may be selected as zero.

In order to calculate the outputs, let's rewrite Eq. (7) as follows:

[Fl =Zo(t)Xq, [Fl=[Fu Feo Fal", Zo(t) =[K(@®) L],

Ky - Ky Ly -+ Lyg

P , L) = [ oo l
L31 L36

K@) = (®)

K31 -+ Kz

Zy(t), K(t) and L(t) are called impedance matrix, desired stiffness matrix, and desired
damping matrix, respectively which are time-variant matrices. As Z,(t) is not a square matrix, it
is not possible to calculate the inverse of it. In order to extract X; from Eq. (8), it can be written:

Xq =Yy (OF, Yy(t) = ZOT(ZOZOT)_li )

where, Y,(t) is called the admittance matrix that creates a relationship between tire force and
desired displacement. The admittance block formulation is clear and it is possible to calculate the
states for the desired trajectory. High admittance parameters cause increasing body displacement
and decreasing PC. It also leads to decreasing tires’ forces and providing AH. However, selecting
low admittance parameters helps to promote PC at the expense of AH. Thus, opting for the
admittance parameters depends on runway conditions. If the runway is approximately flat, AH is
more prominent while in rough ground PC is a top priority. Thus, a set of reasonable matrices is
presented for a variable admittance matrix and each matrix is proportionate to a special condition.
They can be chosen by the control system based on which matrix is more suitable. Also, an
adaptive admittance matrix can be designed by GA or other artificial intelligence methods.

For controlling the input forces of LG, the PD controllers receive error and its derivate as input
and gives back the actuator’s forces. The structure of the controller is designed as:

Eq. (10) can be rewritten as follow:
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In order to have a stable closed-loop control system, both admittance and position loops must
be stable. To provide an admittance control loop, it's sufficient that Y,(t) be Hurwitz. Every
eigenvalue of Y,(t) must possess a strictly negative real part. Also, based on Routh criteria,
selecting strictly positive values for @; and f8; lead to a stable position control loop.

4. Simulation results

The control system is simulated using MATLAB software. The parameters of aircraft used in
the simulation are based on [11]. The ground excitations are supposed as:

o = {40(1 —coswt), 02<t<l1, o = {60(1 —coswt), 26 <t<34,

91 70, otherwise, 92 70, otherwise, (12)
o = { 00(1 —coswt), 50<t<5.8,

93 0 otherwise.
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Fig. 3. The response of active and passive systems for different variables

, x10°

F N
[
b
error z
I s b
r i
errorzl
o

(N)

error theta
error Z,J

" % o

K
S xlot

F N

0
x10°

I”(\I
|
|
1
error phi
t
] i
error Z3

6 7 8 o 2 6 8 ~o 2

4 4
time(s) time(s)

a) b)
Fig. 4. a) Tire forces comparison in both systems, b) the error of the admittance control system
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In Fig. 3, the response of the control system and the passive system are compared. In the
passive system, vertical and rotational body displacements have huge overshoots and noticeable
oscillations. Also, there are large fluctuations and overshoots in the diagrams of the displacements
of the nose and main LGs. However, the active system has smoother diagrams with small
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overshoots and without any oscillations and it arrives to the steady state, quickly.

Also, Fig. 4(a) indicates that the tire forces have several fluctuations and large settling times.
Although the peaks in the diagram of the active system have larger values in comparison with the
passive system, it has a faster response without fluctuations. Indeed, for providing a suitable PC,
the active system prevents large displacements when the aircraft faces the bumps and rapidly
reduces tire forces to zero, after passing the bumps to obtain good handling. The tracking errors
in closed loop system are observed in Fig. 4(b). The superiority of the control system can be
realized by paying attention to the negligible values of the tracking errors.

5. Conclusions

In this study, a new concept is proposed for controlling the landing gear of aircraft. The 6 DOF
model of the LG is described and a mechanical admittance control system is proposed for
controlling the LG of aircraft subjected to ground inputs. The control system is comprised of two
loops. The outer loop is admittance control and regulates the dynamic behavior of the system. The
inner loop is displacement control that tracks the desired trajectories generated by the admittance
loop using a PD controller. Simulations show that in the proposed admittance control method, the
number of oscillations in the graph of body position parameters, and the amplitude of them are
reduced significantly, in comparison to the passive system. Moreover, the tire force is highly
reduced, which means that the force transmitted to the body of aircraft due to the surfing over
bumps, will be declined. As a result, the two important criterias, PC and AH, are increased in this
approach. The mechanical admittance approach can be a suitable approach for controlling the
landing gear of the aircraft.
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