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Vibration Control of a Landing Gear System Featuring
Electrorheological/Magnetorheological Fluids

Young-Tai Choi¤ and Norman M. Wereley†

University of Maryland, College Park, Maryland 20742

The feasibility and effectiveness of electrorheological (ER) and magnetorheological (MR) � uid-based landing
gear systems on attenuating dynamic load and vibration due to the landing impact are demonstrated. First, the
theoretical model for ER/MR shock struts, which are the main componentsof the landing gear system, is developed
based on experimental data. The analysis of a telescopic-type landing gear system using the ER/MR shock struts
is theoretically constructed, and its governing equation is derived. A sliding mode controller, designed to be robust
againstparametervariationsand external disturbances, is formulated,and controlledperformanceof the simulated
ER/MR landing gear system is theoretically evaluated during touchdown of the aircraft.

Introduction

D URING touchdown, an aircraft is exposed to a short-duration
impulsive impact.The landingimpact has been recognizedas a

signi� cant factor in structuralfatigue damage,dynamicstresson the
aircraft airframe, and crew and passenger discomfort. To attenuate
the landing impact transmitted to aircraft, several types of landing
gear systemshave been employed in commercial airplanes.One po-
tential method in which to implement landinggear systems is to use
smart � uids such as electrorheological (ER) and magnetorheolog-
ical (MR) � uids. In general, ER and MR � uids are known to have
the outstanding advantages of continuously controllable rheologi-
cal properties and fast response time in response to applied electric
(ER) or magnetic (MR) � eld.1;2 Therefore, landing gear systems
using ER or MR � uids have salient features such as continuously
controllable mechanical damping characteristics and wide control
bandwidth.

Thus far, of the research published, studies of the applica-
tion of ER and MR � uids to landing gear systems are largely
unexplored.3¡14 Consequently, the main contribution of this study
is to demonstrate the feasibility and effectiveness of ER and MR
� uid-based landing gear systems on attenuating dynamic load and
vibrationdue to the landingimpact.To achievethisgoal, the theoret-
ical model for ER/MR shock struts, which are the main components
of the landinggear system, is developedbased on experimentaldata
obtained at different excitation velocities and � elds. With the the-
oretical model, the landing gear system using ER/MR shock struts
is theoretically constructed, and its governing equation is derived.
From the obtained governing equation, a sliding mode controller,
which is robust against parameter variations and external distur-
bances, is formulated to attenuate the accelerationand displacement
of the landing gear system. Controlled performances of the simu-
lated landing gear system using the robust sliding mode controller
are theoretically evaluated during touchdown of the aircraft.

ER/MR Shock Struts
A schematic diagram of the � ow-mode type of controllable

ER/MR shock struts proposed in this study is shown in Fig. 1. The
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shock struts are composed of gas and hydraulic reservoirs. The hy-
draulic reservoir is divided into upper and lower chambers by the
piston head and fully � lled with controllable� uids. There is a valve
through the piston head, typically an annular valve, where the � uid
is activatedthroughthe applicationof the � eld. As the piston moves,
the resultingpressuremoves � uids through the annulargap from the
upper chamber to lower chamber. To compensate for the changing
� uid volume occupied by the piston rod in the lower chamber, a gas
accumulator is located above the upper chamber. In the absence of
an external � eld, the ER/MR shock struts produce the same level of
damping force as passive shock struts comprised of viscous damp-
ing force, gas spring force, and so forth. However, when the � eld
is applied to the controllable � uid shock strut, additional damping
force due to the � eld-induced yield stress is produced in the an-
nular valve. This damping force can be continuously controlled by
adjusting the intensity of the applied � eld.

The force of the ER/MR shock strut, Fd , can be expressed as a
combination of nonlinear viscous damping, Fv , gas spring, Fg , and
yield Fy forces:

Fd D Fv C Fg C Fy (1)

The nonlinear viscous damping force Fv can be given by

Fv D c. Pv; G/ Pv (2)

where Pv is the relative velocity of shock strut, or shaft speed rela-
tive to the damper body, and G is the applied � eld. In the case of
ER � uids, G.DE/ is the electric � eld that is proportionalto applied
voltage. In the case ofMR � uids,G.DH / is the magnetic � eld that is
proportional to applied current. The function c. Pv; G/ is the nonlin-
ear viscousdampingas a functionof the relativevelocityandapplied
� eld. In the ideal Bingham model, the postyield viscousdamping of
the ER/MR damper is changed by neither velocity nor the applied
� eld. However, this assumption is valid only for conditions of low
velocity and low � eld strength.8;14 Because shock struts would nor-
mally operate under the conditions of high velocity and high � eld
strength, assumption of constant postyield viscous damping is not
suf� cient to predict the behavior of the strut precisely. Therefore,
in this study, a variable damping c. Pv; G/ is used to predict the be-
havior of the struts, and the values of c. Pv; G/ are identi� ed through
experiments. To do so, � rst, the damping force of a shock strut is
tested under different piston velocities and � eld strengths. Next,
from the measureddata, the viscousdamping is estimated over each
piston velocity and applied � eld through a curve-� tting method.
Then, a lookup table for the viscous damping is made using pis-
ton velocity and the applied � eld as the independent variables. The
viscousdamping at the untestedconditionsbetween experimentally
estimated data is obtained via a linear interpolation.
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Fig. 1 Schematic diagram of the controllable ER/MR shock strut.

Becausethe gas in the pneumaticreservoirundergoesa polytropic
process during touchdown, the gas spring force Fg due to the gas
pressure can be given by15

Fg D Ar Pg0

³
Vg0

Vg0 ¡ Ar v

´n

(3)

where Vg0 is the initial volume of the pneumatic chamber, Pg0 is the
initial gaspressureof the pneumaticchamber,and n is the polytropic
exponent.

The yield force Fy due to the yield stresses of ER and MR � uids
is given by4

Fy D .A p ¡ Ar /2.L=h/¿y .G/ sgn. Pv/ (4)

where Ap is the cross-sectionalarea of piston head, Ar is the cross-
sectional area of piston rod, L is the � eld activation length, h is the
� eld activation gap, and ¿y.G/ is the yield stress of the ER or MR
� uid. It is well known that ¿y is an exponential function of applied
� eld, ¿y D ®G¯ . Here, ® and ¯ are characteristicvalues determined
by experiments.

To validate our theoreticalmodel for the ER/MR shock struts, an
ER shock strut was fabricated and tested. The requiring damping
force level of the ER shock strut in this study is chosen on the basis
of the conventional shock strut for a helicopter tail landing gear.16

The electrode length L and gap h of the ER shock strut are 43
and 0.6 mm. For the ER � uid, laboratory-madeER � uid composed
of 60% peanut oil and 40% corn starch particles by weight ratio
was used, and its yield stress was experimentally obtained using
a � ow-mode device in which the � uid passes through an annular
valve. The exponential function for the yield stress of the ER � uid
was determined to be ¿y .E / D 193E1:3 Pa, and E is in kilovolts per
millimeter. The fabricated ER shock strut and experimental setup
for damping force testing is shown in Fig. 2. The fabricated ER
shockstrut is placedbetween the load cell and a hydraulicexcitation
actuator.The load cell is � xed, and the bottom part of the ER shock
strut is moved through the hydraulic excitation actuator. When the
pistonof theER shockstrutmovesalongwith theexcitationactuator,
the ER shock strut produces the damping force, and it is measured
through the load cell.

Figure 3 shows the maximum damping force performance of the
ER shock strut at different maximum piston velocities. In this case,
each maximum piston velocity is obtained by increasing the excita-
tion frequency of the sinusoidal function with a constant displace-
ment amplitude of 15 mm. Note that the displacement amplitude of
15 mm was chosen to achievehigh pistonvelocityon the basis of the
capacity of the hydraulic excitation actuator. Below the maximum
piston velocity of 0.2 m/s, it is clearly observed that the damping
force increasesas the applied electric � eld increases.However, over
0.2 m/s, the increment of the damping force in response to the ap-
plied � eld decreases. It arises from the fact that as the � uid velocity
in the gap of the strut increases, the particle chains in the � uid are
easier to break.14 Figure 4 presents the viscous damping estimated
by a curve-� tting method with the measured data. In Fig. 4, the solid

Fig. 2 Experimental setup for damping force testing of the ER/MR
shock strut.

Fig. 3 Maximum damping force vs piston velocity.

Fig. 4 Estimated damping coef� cient.
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Damping force vs piston velocity

Damping force vs piston displacement

Fig. 5 Comparison between theoretical (– – –) and experimental
(——) data (1.0 Hz and §§15 mm).

circle stands for the viscous damping directly estimated from the
measured damping force characteristics.The viscous damping be-
tween the directly estimated values is obtained via an interpolation
method.

Figure 5 presents a comparison between the theoretical and ex-
perimental data for the ER shock strut at the low maximum piston
velocityconditionof 0.094m/s. In this case, theexcitationfrequency
and amplitude are 1.0 Hz and 15 mm, respectively.As observed in
Fig. 5, the theoretical data show favorable agreement with the ex-
perimental data. Note that the damping force of the ER shock strut
is biased from zero because of the gas spring force from the gas
accumulator. Figure 6 presents a comparison at the high maximum
piston velocity condition of 0.471 m/s. In this case, the excitation
frequency and amplitude are 5.0 Hz and 15 mm, respectively. As
expected, the curve-� t model is still in a favorable accordancewith
the experimental data. Therefore, it is proved that the proposed the-
oretical model for the ER shock strut is appropriate for predicting
its behavior with respect to the applied � eld.

Simulated ER/MR Landing Gear System
In general, there are several types of landing gear systems. Our

analysis will focus on a telescopic type of landing gear system.
The transient behavior of the landing gear system can be easily
evaluatedbecause the telescopic type of landinggear has no linkage
mechanism.The schematiccon� gurationof the landinggear system
considered in this analysis is shown in Fig. 7. Note that our analysis
is based on the assumption that the airframe is a rigid-body mass
(the upper mass) and the wheel tire is a rigid-body mass (the lower
mass) and nonlinear spring.

Damping force vs piston velocity

Damping force vs piston displacement

Fig. 6 Comparison between theoretical (– – –) and experimental
(——) data (5.0 Hz and §§15 mm).

Fig. 7 Schematic con� guration of telescopic type of ER/MR landing
gear system.

The equations of motion for the landing gear system can be
expressed as

.W1=g/Rz1 C Fds C L f ¡ W1 D 0

.W2=g/Rz2 ¡ Fds C Ft ¡ W2 D 0 (5)

where W1 is the weight of the airframe, W2 is the weight of the
wheel tire, g is the gravitation acceleration, L f is the lift force,
z1 is the displacement of the weight of the airframe, and z2 is the
displacement of the weight of the wheel tire. During the landing,
the lift force varies and can be represented by17

L f D [1:2 ¡ 0:9 tanh.3t/].W1 C W2/ (6)
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where t ¸ 0 is the time in seconds. Fds is the damping force of the
ER/MR shock strut with the coil spring given by

Fds D Fd C Fs (7)

The coil spring force is given by

Fs D ks.z1 ¡ z2/ (8)

where ks is the stiffness coef� cient of the coil spring. In addition,
Ft is the wheel tire spring force and can be represented by

Ft D m zr
2 (9)

where m and r are constantscorrespondingto variousregimesof the
tire de� ectionprocess.The regimesof the tire de� ectionprocesscan
be divided into two parts by the occurrenceof tire bottoming. For a
regime before tire bottoming,m D 480,000and r D 1.365 (Ref. 16).
For a regime after tire bottoming,the valuesof m and r become large
numbers because a severe impact takes place when tire bottoming
occurs.

On the other hand, the ER/MR shock struts are in� ated to some
� nite pressure in the fully extended position. Thus, the shock strut
does not begin to move under impact until suf� cient force is de-
veloped to overcome the initial preloading imposed by the gas
force.15;16;18 Because the shock strut is effectively rigid in com-
pression as well as in bending, the landing gear system may be
considered to have only one degree of freedom during the initial
stage of the impact. The equations of motion for the one-degree-of-
freedom system are derived to permit determination of the initial
conditions required for the analysis of the landing gear behavior
subsequent to the beginning of shock strut motion.

Because Rz1 D Rz2 D Rz and Pz1 D Pz2 D Pz during this � rst phase of the
impact when the vertical force at the wheel axle Fdv is less than the

Acceleration of the upper mass Displacement

Acceleration of the lower mass Control � eld input

Fig. 8 Controlled performance of the ER/MR landing gear system in case of carrying payload (sink velocity = 0.76 m/s).

initialgas forceof the shockstrut, Fg0.D Ar Pg0/, so that Fdv · jFg0j,
the equation of motion can be given by

[.W1 C W2/=g]Rz C Fds C Ft C L f ¡ W1 ¡ W2 D 0 (10)

where,

Fdv D Ft C .W2=g/Rz ¡ W2 (11)

Note that the states of Eq. (10) are used as initial conditions for
solving Eq. (5). In addition, note that the yield force does not come
into the condition of Fdv · jFg0j because there is no � eld input
applied to the ER/MR shock strut at the initial impact.

To attenuate the dynamic load and vibration of the landing gear
system, a robust sliding mode control algorithm is adopted in this
study. It is well known that the robust sliding mode controller has
strong stability characteristics in the presence of parameter varia-
tions and external disturbances.19¡21 The dynamics for the ER/MR
landing gear system can be rewritten in the form of a single input
nonlinear system

Rz1 D .g=W1/.¡Fv ¡ Fg ¡ Fs C W1 ¡ u ¡ L f /

Rz2 D .g=W2/.Fv C Fg C Fs ¡ Ft C W2 C u/ (12)

where u is the control input that physicallymeans the yield force Fy .
To emulate the practical situation of control action, the dynamics
for the yield force are modeled as20

PF¤
y D 100

¡
u ¡ F¤

y

¢
(13)

This model neglects higher-orderdynamics from command control
input u to actual yield force F¤

y . Note that Eq. (13) is used not for
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the design of the controller, but for the performance evaluation of
the simulated system.

Then, a sliding surface function is de� ned as follows

Ã D
³

d

dt
C ¸

´
z1 (14)

where ¸ > 0 is the slope of the sliding surface. For the practical
ER/MR landing gear system, there are some variations in the pa-
rameters such as upper vehiclemass, viscousdamping,and so forth.
Therefore, in this study, the followingparameter variations are con-
sidered in the design of the robust sliding mode controller:

500 · W1=g · 800kg (15)

1500 · c. Pv; G/ · 7000 N ¢ s/m (16)

70,000 · ks · 90,000 (17)

0 · L f · 2.W1 C W2/ (18)

It is assumed that the estimation errors of the parameter variations
and dynamics are bounded as follows

NW1 ¸ jW1 ¡ OW1j (19)

Nc. Pv; G/ ¸ jOc. Pv; G/ ¡ c. Pv; G/j (20)

Nks ¸ jOks ¡ ks j (21)

NFg ¸ j OFg ¡ Fgj (22)

Acceleration of the upper mass Displacement

Acceleration of the lower mass Control � eld input

Fig. 9 Controlled performance of the ER/MR landing gear system in case of zero payload (sink velocity = 0.76 m/s).

where, OW1; Oc. Pv; G/; Oks , and OFg are theestimatesand NW1; Nc. Pv; G/; Nks ,
and NFg are the boundson the estimationerrors. Then we can formu-
late the robust sliding mode controller satisfying the sliding mode
condition Ã PÃ < 0:

u D . OW1=g/¸Pz1 ¡ OFv ¡ OFg ¡ OFs C OW1 C kg sgn.Ã/ (23)

where OFv; OFg , and OFs are the estimationdynamics for viscousdamp-
ing force, gas spring force, and coil spring force; kg is the discon-
tinuous control gain given by

kg D Nc. Pv; G/jPz1 ¡ Pz2j C NFg C Nks jz1 ¡ z2j C NW1 C »v

C .W1 max=g/.1 C Áw/¸jPz1j (24)

where

Áw D W1 max=W1 min; »v ¸ 2.W1 max C W2/ (25)

Then, we can show that the controller u given by Eq. (23) satis� es
the sliding mode condition, as follows:

Ã PÃ D Ã [.g=W1/.¡Fv ¡ Fg ¡ Fs C W1 ¡ u ¡ L f / C ¸Pz1]

D Ãf.g=W1/[. OFv ¡ Fv / ¡ Nc. Pv; G/jPz1 ¡ Pz2j sgn.Ã/

C . OFg ¡ Fg/ ¡ NFg sgn.Ã/ C . OFs ¡ Fs/ ¡ Nks jz1 ¡ z2j sgn.Ã/

C .W1 ¡ OW1/ ¡ NW1 sgn.Ã/ ¡ L f ¡ »v sgn.Ã/]

C .1 ¡ OW1=W1/¸Pz1 ¡ .W1 max=W1/.1 C Áw/¸jPz1j sgn.Ã/g < 0

(26)
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To attenuate the chattering in the control input, the sign function
given by Eq. (23) is replaced by saturation function with an appro-
priate boundary thickness " as follows:

u D . OW1=g/¸ Pz1 ¡ Oc. Pv; G/.Pz1 ¡ Pz2/ ¡ OFg ¡ Oks.z1 ¡ z2/

C OW1 C kg sat.Ã/ (27)

where

sat.Ã/ D
»

Ã=" at jÃ j · "

sgn.Ã/ at jÃ j > " (28)

On the other hand, the proposed robust sliding mode control input
is designed in the active actuator manner. However, because the
ER/MR shock strut is a semi-active actuator, the following semi-
active conditionshouldbe superposedon Eq. (27) (Refs. 21 and 22):

u D
µ

u if u ¢ .Pz1 ¡ Pz2/ ¸ 0

0 if u ¢ .Pz1 ¡ Pz2/ < 0 (29)

This semi-active condition constrains the control input to ensure
that the ER/MR landing gear system is dissipating energy.

Figure 8 presents controlled performance of the ER/MR landing
gear system under the robust sliding mode controller. In this case,
the upper mass is chosen as 800 kg, and the sink velocity of the
aircraft is set to 0.76 m/s. It considers the practical condition that
the aircraft carrying payload is landing softly. The system and con-
trol parameters employed in this study are speci� ed in Table 1. As
observed in Fig. 8, the accelerationsof the upper and lower masses
are signi� cantly reducedby employing the robust slidingmode con-
troller to the ER/MR landing gear system. In addition, the robust

Acceleration of the upper mass Displacement

Acceleration of the lower mass Control � eld input

Fig. 10 Controlled performance of the ER/MR landing gear system in case of zero payload (sink velocity = 1.37 m/s).

sliding mode controller gives good performance in displacement
attenuation. On the other hand, it is observed that the control � eld
input is discontinuousbecauseof the semi-activeconstraintgivenby
Eq. (29). In this study, thecontrol� eld input is limited to 7.5 kV/mm.

Figure 9 shows controlled performance of the ER/MR landing
gear system in case of zero payload. In this case, the upper mass
is 500 kg. As observed, the acceleration of the upper mass is sig-
ni� cantly increased because the aircraft mass is lighter than that of

Table 1 System and control parameters

Quantity Symbol Value Units

Piston head area A p 2.0e¡3 m2

Piston rod area Ar 1.96e¡4 m2

Initial gas pressure of pneumatic chamber Pg0 1.1 MPa
Initial volume of pneumatic chamber Vg0 4.36e¡5 m3

Stiffness coef� cient of coil spring ks 80,000 N/m
Weight of lower mass W2 15.3 kg
Estimation error bound for viscous Nc. Pv; G/ 5,500 N ¢ s/m

damping coef� cient
Estimation error bound for stiffness coef� cient Nks 20,000 N/m

of coil spring
Estimation error bound for upper mass NW1 300 kg
Estimation error bound for gas spring force NFg 0.5jFg j N
Estimate for viscous damping coef� cient Oc. Pv; G/ 4,500 N ¢ s/m
Estimate for stiffness coef� cient of coil spring Oks 70,000 N/m
Estimate for weight of upper mass OW1 650 kg
Estimate for gas spring force OFg 1.5Fg N
Bound for external disturbances »v 16,000 N
Slope of sliding surface ¸ 10 ——
Boundary thickness " 0.003 ——
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Fig. 8. However, the absolute displacement of the upper and lower
masses is decreased, although its vibration is increased. Still, it is
observed that the robust sliding mode controller gives good per-
formance on attenuating the acceleration and displacement of the
landing gear system. On the other hand, the case of zero payload
requires a little more control � eld input to attenuate the vibration
of the landing gear system. It arises from the vibration of the upper
and lower masses in case of zero payload being greater than that of
carrying payload case. When the sink velocity of the aircraft is in-
creased to 1.37 m/s, controlled performanceof the ER/MR landing
gear system is as shown in Fig. 10. It considers that the aircraft with
zero payload is landing normally. As observed, the sliding mode
controller gives favorable vibration control performances.

Figure 11 presentscomparisonof the passiveand ER/MR landing
gear systems on vibration control performance at the sink velocity
of 1.37 m/s. In this case, the passive landing gear system has the
passive shock strut with 70% of critical viscousdamping coef� cient
of the system, which is given by

c D 2 £ 0:7
q¡

ks C n A2
r Pg0

¯
Vg0

¢
.W1=g/ (30)

In Fig. 11, the thin solid line stands for the passive landing gear
system, the dashed line is for the ER/MR landing gear system with
the length of 1 £ L, and the thick solid line is for the ER/MR land-
ing gear system with the length of 2 £ L. As observed in Fig. 11a,
both ER/MR landing gear systems show better suppression at the
� rst and second peaks of the acceleration of the upper mass than

a) Acceleration of the upper mass

b) Displacement

Fig. 11 Comparison of the passive and ER/MR landing gear system
in case of zero payload (sink velocity = 1.37 m/s).

the passive system. However, in the residual vibration of the up-
per mass, the passive landing gear system shows better controlled
performance. Note that the peak acceleration reduction is a prior
required function of the landing gear system. On the other hand,
when the length is increased, the acceleration reduction at the � rst
peak is deteriorated,but the control performance at the second peak
is greatly improved.Figure 11b shows the displacementof the land-
ing gear systems. As observed in Fig. 11b, the ER/MR landing gear
system with the length of 1 £ L shows the relatively large vibration
of the displacement as opposed to the passive system. However the
ER/MR landinggearsystemwith lengthof 2 £ L providesfavorable
control performance in the vibration reduction of the displacement,
as well as the acceleration,when being compared with the passive
system.

Conclusions
An analysis of a telescopic type of helicopter tail landing gear

system using ER/MR shock struts was constructed,and its feasibil-
ity and effectivenesson attenuating the dynamic load and vibration
were demonstrated. A theoretical model for ER/MR shock struts
was developedbased on experimental data obtained at different ex-
citation velocities and � elds for an ER shock strut constructed at
the Universityof Maryland.With the theoreticalmodel, the ER/MR
landing gear system was constructed, and its governing equation
was derived.From the obtained governingequation, a sliding mode
controller, robust against parameter variations and external distur-
bances, was formulated to attenuate the acceleration and displace-
ment of the landinggear system.It hasbeendemonstratedthat accel-
eration and displacement are signi� cantly attenuatedby employing
the robust sliding mode controller to the ER/MR landing gear sys-
tem, regardless of parameter variations such as upper vehicle mass,
viscous damping, and so forth.

In the future, theoretical models incorporating practical effects
such as hysteresiswill be used to design the controllerof the ER/MR
landing gear system, and its implementationwill be experimentally
and theoreticallyevaluated. In addition, the controlledperformance
of the ER/MR landing gear system will be compared with existing
landing gear systems through experimental and theoretical studies.
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