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Electrorheological Semi-active
Shock Isolation Platform for Naval Applications

Wolfgang Kemmetmüller,Member, IEEE,Klaus Holzmann, Andreas Kugi,Member, IEEE,and Michael Stork

Abstract—This paper presents a semi-active shock absorber
system which utilizes the special properties of electrorheological
(ER) valves and which is intended to protect sensitive equipment
on ships or submarines. It consists of a platform and a base
plate, which are connected via an ER damper and an air spring.
The resulting acceleration of the platform upon an external
shock of the base plate should be significantly reduced while
assuring fast and accurate repositioning of the platform after
the shock. A control strategy is discussed, which fulfills these
requirements using only one acceleration sensor. Simulation
studies and measurement results on a prototype prove the
feasibility of the proposed system.

Index Terms—Electrorheological fluid, shock absorber, semi-
active shock isolation, modeling.

I. I NTRODUCTION

T HE broad topic of vibration and shock isolation is of
great interest in many technical applications, with the

objective of reducing the effect of external excitations in
some manner. The present work in particular considers short
individual events of (in some range) unknown strength that
can occur at unknown times, so-called shocks [1]. The goal
of shock isolation platforms is to avoid negative effects on
plants, devices, goods or persons, which are exposed to the
shock. In case of plants or devices, it might be possible to
modify them mechanically, thus making them insensitive to
high accelerations. This approach is not applicable to goods
or persons, thus an alternative approach is necessary in order to
avoid damage or injuries. Therefore, suitable shock isolators
are frequently used in order to protect goods and persons.
These systems also allow for the use of conventional standard
devices, which often results in a lower price of the overall
system.

This work deals with a semi-active shock isolation platform
intended to be used on ships or submarines to increase their
resistance against shocks from different sources including
weaponry impact [1]. Shocks of this type are characterized by
very high accelerations up to3000 m/s

2 and a short duration
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of less than100 ms. The objective of the shock isolation
platform is to significantly reduce the acceleration induced by
a high vertical shock on the base plate (i.e. the ship) and to
assure a fast and accurate repositioning of the platform after
a shock. Furthermore, the system has to be well damped in
order to prevent undesired motion of the platform in normal
operation e.g. due to the motion of the sea.

Shock isolators for marine applications are frequently based
on wire rope isolators [2]. In case of a shock, the deformation
of the wire ropes significantly decreases the resulting acceler-
ations on the platform. However, such systems suffer from the
disadvantage that the difference in the position between the
platform and the base plate before and after the shock is often
larger than allowed, i.e. the required repositioning cannot be
achieved. Alternatively, passive damping systems consisting
of a spring in parallel with a damper are frequently used,
both with a fixed characteristics. With these passive elements
with fixed characteristics it is impossible to fulfill both the
requirements of the shock isolation and the fast repositioning
during normal operation. A special configuration of passive
elements are elastomer vibration isolators, which combinethe
functions of a spring and a damper in one element [3].

Although these existing solutions provide some basic isola-
tion of the platform with respect to shocks, the conflicting
demands on shock isolation and high damping in normal
operation cannot be completely satisfied. Therefore, adjustable
dampers are used in this paper in order to improve the
quality of shock isolation of these simple concepts. The
proposed concept is based on the specific properties of so-
called electrorheological (ER) fluids (ERF). Such fluids arein
general suspensions of polarizable solid particles in a fluid
phase [4]. Without an external electrical field such a fluid
behaves rheologically like a normal Newtonian fluid of a
given dynamic viscosity. Upon application of a sufficiently
large electrical field, the particles form chains or agglomerate
in some manner [4]. These chains are responsible for the
reversible and fast change in the rheological properties, i.e. the
apparent viscosity of the ERF. By using semi-active dampers
which are based on the ER effect, a new type of shock isolation
platform has been designed which significantly improves the
behavior of the system during shock and in normal operation.
Furthermore, it is shown in this paper that only the exploitation
of the special properties of electrorheological fluids witha
mechatronic design of the overall system allows to reach the
desired goals of the shock isolation platform.

The paper is organized as follows: Section II describes the
proposed concept for the semi-active shock isolation platform.
This is followed by the mathematical modeling of the platform
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and its components in Section III and by a discussion of
the control strategy in Section IV. The usefulness and the
feasibility of the proposed semi-active shock isolation platform
with the corresponding control strategy are shown by means of
simulation results in Section V and by means of measurement
results in Section VI.

II. CONCEPT

In order to prove the basic idea of the electrorheologi-
cal semi-active shock isolation platform, a system with one
degree-of-freedom has been designed which can only cope
with vertical excitations. The concept of this one-dimensional
platform is based on the principle of semi-active suspensions
comprising a spring in parallel to an adjustable damper [5],
see Fig. 1. The system consists of a base plate (positionzB,
velocityvB and accelerationaB) directly connected to the ship
and a shock isolation platform (positionzP , velocity vP and
accelerationaP ) whose acceleration should be kept as small
as possible.

The spring has to compensate the static load of the platform
and all components connected to it including the goods placed
on it. If a classical steel spring would be used, the fixed pre-
load of the spring would result in different positionszP of
the platform if the static load of the platform is changed.
Therefore, air springs which allow to adjust the pre-load by
means of the pressurepA are used in this project. The damping
of the system is provided by damping cylinders with chamber
pressuresp1 andp2, whereby the damping can be adjusted by
a suitable control of the voltageU applied to the ER-valve.
The platform is assumed to be ideally stiff and hence it can
be modeled as a rigid body. Furthermore it is assumed that
the excitationaB of the ship acts only vertically.

The considered field of application of the shock isolation
platform on ships and submarines is characterized by the
following two scenarios: (i) In normal operation, the only
excitation of the platform is due to the motion of the ship
or due to the change of the static load. In this situation, no
reduction of the acceleration of the platform is necessary but
the relative position between the base plate and the platform
zP − zB, i.e. the relative position of the platform to the ship,
has to be kept as constant as possible. Therefore, very high
damping of the motion of the platform is necessary. (ii) In
the case of a shock on the base plate, the acceleration of the
platform has to be kept as low as possible which in turn means
that the forces on the platform should be minimized. This
yields a minimization of the actual damping force during the
shock. However, directly after the shock, which in general is
a very short event, the damping has to be increased again in
order to obtain fast repositioning of the platform.

Based on these two scenarios, the ER damper has to bridge
the gap between very different amounts of damping. Since
the most important feature of the shock isolation platform is
to protect the equipment, the ER damper has been designed
based on the requirements of the shock scenario. Very large
volume flows occur during a shock which leads to a rather
large geometry of the ER valve. This, however, makes it
difficult to accurately control the relatively small volumeflows

zB, vB, aB

zP , vP , aPpA

p1

p2

U

air spring

base plate

platform

ER-valve

variable
throttle

damping cylinder

Fig. 1. Concept of the semi-active shock isolation platform.

and therefore the damping during low excitations in normal
operation, e.g. caused by water waves acting on the ship. (ii)
Thus, the damping of the platform during normal operations is
defined by a small (passive) bypass throttle which is connected
in parallel to the ER-valve. In normal operation the ER valve
is closed and only the bypass throttle is active which yieldsa
fast repositioning of the platform after the shock and sufficient
damping in normal operation.

Using only one damper and spring element as depicted
in Fig. 1 would lead to asymmetric forces on the platform.
Furthermore, the rather large mass of the platform would
result in quite large components (ER-valve, damping cylinder
and air spring). For this reason, each of the four corners
of the platform is equipped with a spring and a semi-active
ER-damper, where the control of the four ER dampers is
synchronized.

As already outlined, ER-valves are used in order to adjust
the damping of the semi-active damper. Naturally, other con-
structions using e.g. conventional proportional valves would
be imaginable. The use of ER-technology, however, provides
some major advantages for this type of application: (i) The
dynamics of the ER-valve is determined by the fast dynamics
of the ERF (in the range of a few milliseconds) which can
hardly be reached with classical electrohydraulic valves.(ii)
The ER-valve can be closed by applying a voltage without
moving any mechanical components. If in the case of a shock
the control fails and the ER-valve is kept closed, the ER-
valve will still open if the pressure difference along the valve
exceeds a certain limit. This property of an ER valve results
from the fact that an ER fluid can only generate a limited yield
strength. Thus, also the forces on the platform are limited
and even in this case the accelerations on the platform are
significantly reduced. If, however, a conventional proportional
valve would have been used, keeping the valve closed in the
case of a shock would result in very high accelerations of the
platform and, in worst case, to a damage of the shock isolation
platform.
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III. M ATHEMATICAL MODELING

The essential part of the shock isolation platform is the
electrorheological semi-active damper, see, e.g., [6]. The semi-
active damper consists of the damping cylinder together with
the ER-valve, the bypass throttle and the piping, see Fig. 2.
Due to the design of the ER-valve, a small constant volume
exists at both ends of the ER-valve with the corresponding
pressurespV 1 andpV 2. The mass flows between the damping
cylinder and these volumes arėm1 and ṁ2 while the mass
flows through the ER-valve and the bypass throttle are denoted
by ṁER andṁT , respectively.

piping

piping

piping

piping

volume

volume

p1

p2

pV 1

pV 2

ṁT
ṁ1

ṁ2

ṁER

U ER-valve bypass

throttle

Fig. 2. Hydraulic diagram of the semi-active damper.

The ER-damper uses an electrorheological fluid, which,
as already mentioned, changes its apparent viscosity upon
application of an electric field. In the absence of an external
electric field the ERF behaves like a normal fluid, such that
in all components but the ER-valve the ERF can be described
by an isentropic compressible fluid model which is derived in
Section III-A. In these parts, the dominating effects are due to
the (changing) compressibility of the ERF and the effects of
the very low viscosity of the ERF can be neglected. The special
field dependent properties of the electrorheological fluid are
addressed afterwards in Section III-B which is concerned
with the mathematical modeling of the ER-valve. The model
is completed by a mathematical description of the damping
cylinder, the piping, the air spring and the motion of the
platform given in Sections III-C to III-F.

A. Isentropic Fluid

The bulk modulusβ of an isentropic fluid is defined by

β = β0 = ρ
∂p

∂ρ
, (1)

with the pressurep and the mass densityρ, cf. [7], [8], [9]. The
assumption of a constant bulk modulusβ = β0 is very well
satisfied, if (i) the pressurep is below 1000 bar and (ii) the
pressurep is above a certain saturation pressurepsat, which is
in the range of1 bar. Both assumptions are typically satisfied
in conventional hydraulic systems. In the present application of
the fluid, the shock isolation platform, the second assumption
will not be satisfied in the case of a shock event. In this
case, the high accelerations result in very large volume flows

which in turn can cause that the pressure in some parts of the
system drops significantly below the saturation pressurepsat.
Therefore, a mathematical model for an isentropic fluid will
be derived in this section which gives a correct descriptionof
the fluid behavior even in this case.

If the pressure drops below the saturation pressurepsat then
a significant reduction of the bulk modulusβ and of the mass
densityρ occurs. There are basically two reasons which are
responsible for this effect: (i) In technical applicationsit is
inevitable that the oil gets in contact with the air. During
transport, storage or normal use, air can be partially dissolved
within the hydraulic oil. If the pressure drops below a certain
level, the previously dissolved air is partially set free inthe
form of gas bubbles, cf. [10]. (ii) Even if the fluid would be
free of dissolved air, a further decrease of the pressure leads
to a vaporization of the fluid itself (cavitation, see, e.g.,[11]).
These gas bubbles and the vapor of the fluid are responsible
for the dramatic decrease of the bulk modulus and the mass
density in this case. As already mentioned, cavitation is
avoided in most applications of conventional hydraulics. It
is, however, part of operation of the shock isolation platform
presented in this contribution. In order to correctly describe
the behavior of the platform, the mathematical model of the
fluid must incorporate the effects described above [11].

The saturation pressurepsat is the smallest pressure, at
which the whole air is dissolved within the fluid in the
stationary case [12], whereby it is assumed that the dissolved
gas incorporates no volume. Below this saturation pressure, in
the stationary state the gas is partially or completely free. The
upper limit, i.e. the pressure at which the evaporation of the
fluid starts, is referred to as the upper saturation vapor pressure
pvapU . In a chemical pure substance, all dissolved air would be
free belowpsat and all fluid would be evaporated belowpvapU .
Of course, the ERF used in this project is not a chemical pure
substance. Thus, these processes occur over a finite pressure
range. It should be pointed out that only equilibrium states
are considered. It is also assumed that the air below the
upper saturation vapor pressurepvapU is completely free and
thus the release of dissolved air and the evaporation of the
hydraulic fluid occur within different pressure regimes. With
the assumptionpvapL < pvapU < psat one can distinguish the
following four cases:

1) psat < p: No vapor is present and all of the air is
dissolved within the fluid.

2) pvapU < p ≤ psat: No vapor is present and the air is
partially dissolved within the fluid.

3) pvapL < p ≤ pvapU : Vapor and fluid are present and the
air is completely free.

4) p ≤ pvapL: Only vapor and air are present.

In all four cases, a measure for the air which is dissolved in
the fluid is required. It has been shown that the ratioζ of
the volume of the dissolved air to the overall volume of air
and fluid is a good choice [12]. The theoretical volume, which
would be incorporated by the air when fully free under normal
conditions (p0 = 1 bar) is denotedVa0. The remaining volume
of the fluid (again under normal conditions) is not influenced
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by this virtual separation and is denotedVf0, thus we have

ζ =
Va0

Va0 + Vf0
. (2)

Under these assumptions, the theoretical volume of the (sepa-
rated) fluid and air is called reference volumeVr0 = Va0+Vf0.
Thus we get

Va0 = ζVr0 (3a)

Vf0 = (1− ζ) Vr0 . (3b)

The overall massm consisting of air and fluid is constant and

m = Va0ρa0 + Vf0ρf0 = ζVr0ρa0 + (1− ζ)Vr0ρf0, (4)

holds with the mass densities of air and fluid,ρa0 and ρf0,
both under normal conditions. Furthermore, it is assumed that
the air changes its volume isentropically. In the following, the
four cases for the description of the fluid are discussed.

1) Case psat < p: In this case the air is completely
dissolved within the fluid and does not contribute to the
volume. For a constant bulk modulusβ0 (1) yields

ρ = ρ0e

(
p−p0
β0

)
(5)

and hence the volumeV is calculated from the conservation
of massVf0ρf0 = V ρ in the form

V = Vf0e

(
− p−p0

β0

)
= (1− ζ) Vr0e

(
− p−p0

β0

)
, (6)

where Vf0 is the volume of the fluid at normal condition.
Making use of (4), one can calculate the mass density

ρ =
m

V
=

(
ζ

(1− ζ)
ρa0 + ρf0

)
e

(
p−p0
β0

)
. (7)

2) CasepvapU < p ≤ psat: In this pressure range a certain
part of the air is free. An adapted version of Henry’s law
is used to determine the percentage of free air [11], [12].
Henry’s law basically states that the percentage of dissolved air
decreases linearly beginning with0% at the saturation pressure
psat and reaching100% at 0 bar. In this article it is, however,
assumed that already at the upper saturation vapor pressure
pvapU all of the air is free (see, e.g., [11] and [12]). The
factor

Θ =





0 if p > psat

1− Θ̂ if pvapU < p ≤ psat

1 if p ≤ pvapU

(8)

with

Θ̂ =
p− pvapU

psat − pvapU
(9)

denotes the portion of air which is free at a certain pressure
p. As in the first case, a reference volumeVr0 is considered,
which again contains under normal conditions the massm (4).

If all of the air was free, the pressurep and volumeVa would
be related by Poisson’s equation for isentropic transitions

pV κa
a = p0V

κa
a0 = const., (10)

whereκa is the constant isentropic coefficient of air. Thus, the
volume

Va = Va0

(
p0
p

) 1
κa

(11)

is a function of the pressurep. In the considered pressure range
only a fractionΘ of the air is free and a portion of(1−Θ) is
dissolved, both under normal conditions. The volume of free
air

Va = ΘVa0

(
p0
p

) 1
κa

= ΘζVr0

(
p0
p

) 1
κa

, (12)

is calculated based on (3a) and (11) whereas the volume of
the remaining dissolved air and the fluid results from (3b) and
(6) in the form

Vf = Vf0e

(
− p−p0

β0

)
= (1− ζ)Vr0e

(
− p−p0

β0

)
. (13)

For the effective densityρ, the relation

ρ =
m

Va + Vf
=

ζρa0 + (1− ζ) ρf0

ζΘ
(

p0

p

) 1
κa

+ (1− ζ) e

(
− p−p0

β0

) (14)

holds. Using the two abbreviations

βa = ζ

(
p0
p

) 1
κa

(15a)

βf = (1− ζ) e

(
− p−p0

β0

)
(15b)

the effective bulk modulus of the fluid results from (1) and
(14) in the form, cf. [12], [10]

β =
βaΘ+ βf

βa

(
Θ
κap

+ 1
psat−pvapU

)
+

βf

β0

. (16)

3) CasepvapL < p ≤ pvapU : In this case, all the air is free
air, i.e. we haveΘ = 1. From the upper saturation pressure
pvapU the liquid begins to evaporate until the lower saturation
pressurepvapL is reached and all the liquid has evaporated.
Similar to the percentageΘ of free air in the previous case,
the fractionΦ of vaporized liquid can be described in a steady
approach with the adapted Henry’s law in the range between
pvapU andpvapL. Similar to Case 2, the following relation for
Φ as a function of the pressurep is used

Φ =





0 if p > pvapU

1− Φ̂ if pvapL < p ≤ pvapU

1 if p ≤ pvapL

(17)

with the abbreviation

Φ̂ =
p− pvapL

pvapU − pvapL
. (18)

The volume of free air results from (12) withΘ = 1 to

Va = ζVr0

(
p0
p

) 1
κa

. (19)

The fluid vapor would (under normal conditions as a liquid)
incorporate the volumeΦ (1− ζ) Vr0, which corresponds to a
mass of

mv = ρf0Φ (1− ζ) Vr0 . (20)
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In the considered pressure range this mass is in the form of
vapor and would possess a volume of

VvvapU =
mv

ρvvapU
=

ρf0
ρvvapU

Φ (1− ζ)Vr0 (21)

at the upper saturation pressurepvapU with the corresponding
densityρvvapU of the vapor. Again, the isentropic relation (11)
holds for the vapor volume

Vv =
ρf0

ρvvapU
Φ (1− ζ)Vr0

(
pvapU
p

) 1
κv

(22)

with the constant isentropic coefficientκv of vapor. Together
with the corresponding liquid volume

Vf = (1− ζ) (1− Φ)Vr0e

(
− p−p0

β0

)
, (23)

the effective density results in

ρ =
m

Va + Vv + Vf
. (24)

The effective bulk modulus can now be calculated using (1)
and the abbreviations (15) as well as

βv =
ρf0

ρvvapU
(1− ζ)

(
pvapU
p

) 1
κv

(25)

in the form

β =
βa +Φβv + (1− Φ)βf

βa

κap
+ βf

(
1−Φ
β0

+ ∂Φ
∂p

)
+ βv

(
Φ

κvp
− ∂Φ

∂p

) . (26)

4) Casep ≤ pvapL: In this last case only vapor and free air
is present. The volume of free airVa and the volume of vapor
Vv result from Case 3 forΦ = 1. It follows that the effective
density within the considered pressure range takes the form

ρ =
ζρa0 + (1− ζ) ρf0

ζ
(

p0

p

) 1
κa

+
ρf0

ρvvapU
(1− ζ)

(
pvapU

p

) 1
κv

(27)

and the effective bulk modulus is given by

β = p
βa + βv(
βa

κa
+ βv

κv

) . (28)

B. Electrorheological Fluid and Electrorheological Valve

As already mentioned before, the ERF in the absence of
an electric field, i.e. in all components but the ER-valve, can
be very well described by means of the mathematical model
of isentropic fluids as derived in Section III-A. In the ER-
valve, the influence of the electric field is, of course, essential,
such that an extended constitutive equation for the ERF is
required. There are numerous approaches for the modeling of
ERFs proposed in literature, which can be basically divided
into microscopic and macroscopic models. The microscopic
modeling approaches describe the motion and aggregation of
particles under the influence of an external electric field, see,
e.g., [4] for an overview. Unfortunately, this approach can
only be used to model the behavior of a very limited number
of particles. In order to design and simulate the behavior of
technical devices and applications, macroscopic ER models
have to be used instead. Besides purely phenomenological

models describing the input-output behavior of ER devices,a
systematic macroscopic description of ERFs is possible in the
framework of continuum mechanics. In these latter models the
ERF is treated as a homogenous continuum, making use of a
so-called generalized Cauchy stress tensor, which incorporates
the influence of the electric field, see, e.g., [13], [14]. Themain
advantage of the continuum mechanics approach is that the
resulting models are scalable such that, based on simulations,
rather precise predictions of the behavior of the real system
can be made. This is the reason why this continuum mechanics
approach is chosen to model the behavior of the ERF in this
paper.

The subsequent mathematical modeling of the ERF and the
ER-valve is based on the following assumptions (see, e.g.
[13]): (i) the suspension of polarizable particles in the carrier
fluid can be treated as a homogenous continuum, (ii) changes
in the electric field strength take effect instantaneously and (iii)
there are no memory or long-distance effects. Furthermore,the
temperature and the mass density are assumed to be constant.

A typical ER-valve is composed of an outer electrode
(cylinder of radiusRo) connected to earth and an inner
electrode (cylinder of radiusRi) connected to the voltage
U , forming an annular gap (see Fig. 3). Since the height
H = Ro − Ri of the gap is small compared to the mean
radiusRm = (Ro +Ri) /2, the ER-valve can be approximated
by an equivalent flat channel of the lengthL and the width
W = 2Rmπ.

L

Ri Rm Ro

x1
x2

x3

pV 2pV 1

U

u1 (x2)H

Hγ
E2

Fig. 3. Longitudinal section of an ER-valve.

Due to the geometry of the valve only laminar flow within
the gap has to be considered. Thus, the ERF flows only in
x1-direction, i. e. the velocityu is given byu = u1 (x2) e1,
wheree1 is the unit vector inx1-direction. Furthermore, the
electric fieldE = E2e2 is assumed to act only inx2-direction
and thus perpendicular to the direction of the fluid flow. With
the dynamic viscosityη and the field dependent yield strength
τ0 (E2), the constitutive equation of an extended Bingham
model, see, e. g., [13]

σ12 = τ0 (E2) sign (γ̇) + ηγ̇ if γ̇ 6= 0 (29)

can be derived from a more general constituve equation in
order to describe the behavior of the ERF inside the gap of
the ER-valve, [13], [15]. Here,̇γ = ∂u1/∂x2 is the shear
rate andσ12 is the corresponding shear stress. In the case of
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|σ12| < τ0 (E2), it is assumed that the ERF behaves like a
solid.

Calculations on a microscopic scale assuming an ideal
dipole-dipole interaction between the polarizable particles
predict that the yield strengthτ0 has a quadratic growth
with the electric field strengthE2 = U/H , see, e. g., [4].
Measurements, however, show that above a certain electric
field strengthĒ a kind of saturation occurs, which results in
a henceforth linear increase of the yield strength with respect
to the electric field strength. The ERF used in this project
is RheOil [16] from Fludicon GmbH. The approximation of
measurement data in the form

τ0 (E2) =

{
a1E2 + a2E

2
2 + a3E

3
2 if E2 < Ē

b0 + b1E2 if E2 ≥ Ē
(30)

yields a very good agreement between measurement and
approximation, see Fig. 4.
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Fig. 4. Comparison of the approximated yield strengthτ0 according to (30)
with the measurement values of a test rig.

Using the above constitutive equation of the ERF, the
velocity profile can be calculated based on the balance of
momentum. For non-vanishing electric fields the resulting
velocity profile inside the ER-valve comprises a field depen-
dent plug zone in the middle of the gap, i.e.γ̇ = 0 for
Hγ ≤ x2 ≤ H − Hγ , where Hγ = H/2 − τ0(E2)/|P |
and P = (pV 1 − pV 2) /L denotes the pressure gradient. In
the rest of the gap, the velocity profile is parabolic. The
stationary volume flowqER through the ER-valve is calculated
by integration of the velocity profileu1 (x2) over the area of
the gap

qER =
W (|P |H + τ0) (|P |H − 2τ0)

2

12P 2η
sign (P ) (31)

if |P | > 2τ0(E2)/H . Otherwise the plug zone covers the
whole gap (Hγ = 0) and the ER-valve is closed, i.e.qER = 0,
see, e.g. [15], [17].

The above equation (31) describes the stationary volume
flow qER through the ER-valve. The dynamic behavior of
the ER-valve can be approximated based on this stationary
relationship by taking into account the effects due to the inertia
of the fluid [15]. This results in the following equation for the

mass flowṁER through the ER-valve

d

dt
ṁER =

ηπ2

ρERH2
(−ṁER + ρERqER) (32)

with the average mass densityρER = (ρ (pV 1) + ρ (pV 2)) /2
of the ERF in the gap.

The housing on both sides of the ER-valve are modeled in
the form of constant volumesVV 1 andVV 2 with the pressures
pV 1 and pV 2, respectively. The mass balance for these two
volumes results in

d

dt
pV 1 =

β (pV 1)

VV 1ρ (pV 1)
(ṁ1 − ṁER) , (33a)

d

dt
pV 2 =

β (pV 2)

VV 2ρ (pV 2)
(ṁER − ṁ2) . (33b)

The mass densitiesρ (pV 1) andρ (pV 2) and the bulk moduli
β (pV 1) andβ (pV 2) are determined according to Section III-A
since no voltage is applied to the ERF outside the ER-valve.

C. Bypass Throttle and Piping

The determination of the mass flowṡm1 and ṁ2 requires
a closer examination of the piping of the system. Due to the
high accelerations of the base plate and the resulting large
changes in the volume flows in the system, the piping has
an essential influence on the system dynamics and therefore
cannot be neglected. To keep the resulting mathematical model
simple, and since wave propagation effects do not play a
role in the present application, an approximation in the form
of lumped parameter elements is used. The inertia and the
resistance are the dominating effects inside the pipes, whereas
the compressibility of the fluid can be neglected. In the
following, the index j = 1, 2 refers to the pipe element
associated with the mass floẇmj according to Fig. 2. The
pressure drop along a pipe element is composed of the inertia
term [7], [18]

∆pIj =
LPj

APj

d

dt
ṁj (34)

and the (turbulent) friction term [18]

∆pFj =
λPjLPj

DPj

ṁ2
j

2ρPjA2
Pj

sign (ṁj) (35)

with the friction factor λPj , the mass densityρPj =
(ρ (pV j) + ρ (pj)) /2 of the ERF, the lengthLPj , the inner
diameterDPj and the cross sectional areaAPj of the pipe.
Additional pressure drops due to inlet, outlet and elbows are
summarized as

∆pEj =
ξEj

2

ṁ2
j

ρPjA2
Pj

sign (ṁj) (36)

with the effective pressure loss coefficientξEj , see, e.g., [18].
Thus, the differential equation of the mass flowsṁ1 andṁ2

yield

d

dt
ṁ1 =

AP1

LP1
(p1 − pV 1 − (∆pE1 +∆pF1)) , (37a)

d

dt
ṁ2 =

AP2

LP2
(pV 2 − p2 − (∆pE2 +∆pF2)) . (37b)
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As described in Section II, the bypass throttle ensures the
required damping of the platform in normal operation. Further-
more, it is responsible for the fast repositioning of the platform
when using the control strategy proposed in Section IV. A
throttle with laminar characteristics would be preferablefrom
a theoretical point of view since the resulting damping of
the semi-active damper would be proportional to the velocity.
Laminar throttles have, however, two major drawbacks: (i)
A compact design is not possible and the characteristics is
strongly dependent on the viscosity of the fluid. Since the
viscosity changes significantly with the temperature of the
fluid, this in turn also changes the damping of the system. (ii) It
is almost impossible to change the geometry of laminar throttle
during measurement campaigns. Thus, a simple adjustment of
the damping is not possible. For these reasons, a turbulent
throttle, which allows a fast manual adaptation of its flow
characteristics during measurement campaigns, was chosenfor
the prototype. The stationary pressure drop across the bypass
throttle [9]

∆pT =
ṁ2

T

2ρTα2
TA

2
T

sign (ṁT ) (38)

is a function of the discharge coefficientαT , the (variable)
areaAT of the orifice and the mass floẇmT through it. The
piping of the turbulent bypass throttle is modeled in the same
way as before, dividing the pressure drop across the pipe in
the friction term∆pFT and the pressure drops due to inlet,
outlet and elbows∆pET .

d

dt
ṁT =

APT

LPT
(p1 − p2 − (∆pFT +∆pET +∆pT )) (39)

Here, the mass densityρT = (ρ (p1) + ρ (p2)) /2, the length
LPT and the cross sectional areaAPT of the pipe are used.

D. Platform

As only the absolute value of the accelerationaP of the
platform but not the absolute values of its velocity or position
are of interest, it is reasonable to use the relative position
∆z = zP − zB and relative velocity∆v = vP − vB as
new state variables. The conservation of momentum yields
the mathematical model of the platform

d

dt
∆z = ∆v (40a)

d

dt
∆v = aP − aB (40b)

where the acceleration

aP =
4

mP +mL
(FA (∆z) + FD (p1 − p2))− g (41)

is a function of the damper forceFD depending on the pressure
differencep1 − p2 and the air spring forceFA depending on
the relative position∆z. Furthermore,g = 9.81m

s2 denotes the
gravitational constant andmP andmL denote the mass of the
platform and its payload, respectively.

E. Damping Cylinder

The high accelerations during the shock lead to a pressure
gradient within the chambers of the damping cylinder which
could be modeled by means of partial differential equations.
It turns out that for the purpose of analysis and design of
the shock isolation platform a lumped parameter model with
homogenous chamber pressuresp1 and p2 is sufficient. The
internal leakage between chamber1 and 2 can be described
by the mass flow

ṁl,12 = kl,12 (p1 − p2)
ρ (p1) + ρ (p2)

2
(42)

with the laminar leakage coefficientkl,12 and the mass densi-
tiesρ (p1) andρ (p2) of the ERF in the two cylinder chambers.
The external leakages can be neglected due to the good sealing.
With the initial volumesV10 andV20 of the damping cylinder
and the effective piston areaAK , the differential equations for
the chamber pressures take the form

d

dt
p1 =

β (p1)

V10 +∆zAK

(
−ṁ1 + ṁl,12 + ṁT

ρ (p1)
−∆vAK

)

(43a)

d

dt
p2 =

β (p2)

V20 −∆zAK

(
ṁ2 + ṁl,12 + ṁT

ρ (p2)
+ ∆vAK

)
.

(43b)

The mass densitiesρ (p1) and ρ (p2) and the bulk moduli
β (p1) and β (p2) are calculated according Section III-A
since the high accelerations during the shock event can cause
cavitation within the system. The overall damper force is given
by

FD = AK (p1 − p2) + FR, (44)

whereFR summarizes the mechanical friction of the damping
cylinder.

F. Air Spring

For the subsequent simulation studies it is assumed that the
movement of the air spring is sufficiently fast. This assumption
entails that the heat exchange with the environment can be
neglected and therefore the thermodynamic process can be
regarded as isentropic. With the pre-charge pressurepA0 and
the corresponding air volumeVA0, the pressure in the air
spring can be calculated as follows

pA (∆z) = pA0

(
VA0

VA (∆z)

)κa

(45)

with the air volumeVA (∆z) and the isentropic coefficientκa

of air. The resulting force of the air spring [19]

FA (∆z) = pA (∆z)
D2

A (∆z)π

4
(46)

is determined by the effective diameterDA (∆z).
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IV. CONTROL STRATEGY

The characteristics of the spring is defined by the choice
of the air spring. Thus, the only possible control input is the
damping characteristics determined by the applied voltageU .
Nevertheless, in the sense of a mechatronic design approach,
the choice of the spring has been regarded as an extra degree-
of-freedom in the design of the system. Here, basically the
following consideration have been used for the choice of the
spring: (i) The spring has to support the static weight of the
load and the platform. (ii) In order to ensure small acceleration
of the platform, the stiffness of the spring should be kept
as low as possible. (iii) On the other hand, high stiffness is
necessary in order to guarantee a fast repositioning of the
platform after the shock. Based on simulation results, the
parameters of the spring have been chosen such that a good
compromise between the conflicting demands (ii) and (iii) has
been reached.

The demands on the control strategy can be summarized as
follows: (i) Under normal operation conditions, the damping
should be high in order to avoid undesired oscillations of
the platform. (ii) In case of a shock, the damping has to be
sufficiently small to assure minimum accelerationaP of the
platform. (iii) After the shock, the induced oscillation ofthe
platform should be damped rapidly and the relative distance
between the base plate and the platform should be within a
certain limit.

This directly leads to the following control strategy:

1) Under normal conditions, the ER-valve is completely
closed by applying the maximum voltage ofU = 6kV.
The damping of the system is then defined by the bypass
throttle.

2) Upon detection of a shock, i.e. when the excitationaB
exceeds a certain threshold, the voltage on the ER-valve
is removed resulting in minimum pressure difference and
thus minimum force of the damping cylinder.

3) When a certain time period∆TS , which is characteristic
for shocks caused by weaponry impact, has passed
after detection of the shock, the maximum voltage of
U = 6kV is applied again. This results in high damping
forces which are responsible for the fast repositioning of
the platform.

One main advantage of this control strategy is its simplicity.
Only one acceleration sensor mounted on the base plate is
necessary to implement the control strategy. Secondly, this
control strategy is also optimal in case of a shock since the
accelerations on the platform are minimized.

Furthermore, the basic functionality of the shock isolation
platform is also preserved in case of a failure of the power
supply. In this case, the shock isolation characteristics is
not changed at all. During normal operation, however, the
damping of the platform is lower than normal which yields
to large oscillations. Nevertheless, the remaining damping of
the system is sufficient for a basic operation of the platform.

The possible failure of the shock isolation platform is a
shock event, which remains undetected due to a failure of the
sensor. In this case, the voltageU = 6kV is applied to the
ER damper all the time. This leads to higher accelerationsaP

TABLE I
PARAMETERS OF THE FOUR PARALLELER-VALVES AT EACH CORNER.

Parameter Value Unit

H 1 mm

L 200 mm

Rm 35 mm

on the platform which are, however, still much smaller than
the acceleration on the base plate. Thus, also in this second
scenario the basic shock isolation functionality is preserved.

V. SIMULATION STUDY

The mathematical model used for the simulations has been
derived and described in Section III of this work. Four ER-
valves, each with the dimensions as presented in Table I, are
connected in parallel at each corner of the platform in orderto
provide a sufficiently large area for the enormous volume flows
during a shock event. The mass of the platform is estimated
with mP = 900 kg and a payload ofmL = 400 kg was given
as nominal value. A block diagram of the overall simulation
model is presented in Fig. 5. Furthermore, the typical time
span of the shockaB is given by∆TS = 20ms, see Fig. 6.

FA

∆zaB

p1
p2

FD

ṁT

ṁ1

ṁ2

∆v

air spring
(45), (46)

platform
(40), (41)

bypass throttle
(39)

damping cylinder
(43), (44)

ER valve + piping
(31)− (37)

4 ER dampers

Fig. 5. Block diagram of the simulation model derived in Section III.

The simulations are based on a benchmark excitationaB
on the base plate which is typical for the excitations in naval
applications due to weaponry impact, cf. Fig. 6. In this figure,
the resulting accelerationaP of the platform during the shock
is depicted together with the excitationaB of the base plate
(ship). The peak value of the excitation of3000 m

s2 is reduced
to a value of approximately60 m

s2 at the platform, which is a
reduction of nearly a factor50.

The corresponding relative displacement∆z is presented in
Fig. 7. The platform reaches its rest point after0.27 s, which
is a very good result when imaging the size of the prototype.
Due to static friction in the system an exact repositioning is not
possible and the repositioning error is approximately1.7mm.

The forces,acting on each of the four corners of the plat-
form, are depicted in Fig. 8. One can see the high damping
forceFD occurring at the very beginning, i.e. during the shock
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due to the high accelerations and velocities while the forceFA

of the air spring is only a function of the relative displacement
∆z and thus significant smaller. The damping force starts
with FD = 0N before the shock since no relative motion
exists while at the same time the air spring has to compensate
the massmP = 900 kg of the platform and its payload of
mL = 400 kg. One can identify a sudden change in the
damping force when the platform comes to rest att ≈ 0.27 s
which is due to the friction in the damping cylinder.

The damping force is mainly determined by the pressuresp1
andp2 in the chambers. They are, together with the pressures
pV 1 and pV 2, illustrated in Fig. 9. The maximum pressure
occurring in chamber1 is approximately61 bar. Whereas the
pressures in the chambers and the adjacent constant volumes
are different immediately after the shock, they are nearly
identical after the fast transients have decayed. Looking at
p2, one can clearly identify the drop belowp0 = 1bar which
conforms with the isentropic fluid model of Section III-A.

VI. M EASUREMENT RESULTS

In order to prove the function of the prototype depicted
in Fig. 10, measurements were performed on a shock test-
bench at the Bundeswehr Technical Center for Ships and Naval
Weapons (WTD 71) in Kiel, Germany.
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This test-bench is designed for the shock test of military
systems and can produce vertical accelerationaB in the
order of 240 g. The excitations produced by the test-bench
are slightly different compared to the measured excitations
of a real weaponry impact used in the simulation studies
in Section V. Thus, a direct comparison of the simulation
and measurement results is not possible. The basic features
of the shock isolation platform can, however, also be tested
by means of the test-bench. Two different scenarios with a
payload ofmL = 800 kg were examined during the tests, one
nominal scenario with control of the ER dampers and one
scenario without control, i.e. with no voltage applied to the
ER dampers.

The evaluation of the measurement results is based on a
comparison of the accelerationaB applied to the base plate
with the resultant accelerationaP on the platform. The smaller
aP , the better is the shock isolation, see Fig. 11. An excitation
of aB ≈ 2400 m

s2 leads to an accelerationaP of approximately
125 m

s2 .
A comparison of the post-shock oscillation times in Fig. 11

shows the advantage of the control strategy. In the case without
control it takes approximately1.1 s for the platform to come
to rest. This can be significantly improved when applying the
control strategy which reduces the post-shock oscillationtime
to approximately0.6 s. It can be easily seen that the control
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Fig. 10. Photo of the prototype, source: Fludicon GmbH.

leads to a significant reduction of the post-shock oscillation
time while not increasing the resultant acceleration on the
platform.

VII. C ONCLUSION

This contribution presents a semi-active shock isolation
platform for naval applications making use of the special prop-
erties of electrorheological fluids. The primary objectiveis the
significant reduction of induced accelerations while assuring
a fast and accurate repositioning of the platform. A control
strategy was proposed, which uses only one acceleration
sensor to fulfill these requirements. Simulation studies based
on a benchmark excitation proved the proper functionality of
the system. A peak value of the excitation of3000 m

s2 could
be reduced almost by the factor50 which is a satisfying value
for the intended employment. Furthermore, measurements on
a shock test-bench were performed, validating these good
results.
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Fig. 11. Relative displacement∆z in (a) without control (U = 0kV) and in (c) with control. Measurement values of the acceleration aB on the base plate
and on the platformaP in (b) without control and in (d) with control.
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