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Electrorheological Semi-active
Shock Isolation Platform for Naval Applications

Wolfgang KemmetmiullerMember, IEEE Klaus Holzmann, Andreas KugMember, IEEEand Michael Stork

Abstract—This paper presents a semi-active shock absorber of less than100 ms. The objective of the shock isolation
system which utilizes the special properties of electrorhogical  platform is to significantly reduce the acceleration indlibg
(ER) valves and which is intended to protect sensitive equipent 5 pigh vertical shock on the base plate (i.e. the ship) and tq
on ships or submarines. It consists of a platform and a base L
plate, which are connected via an ER damper and an air spring. 2SSUre & fast and accurate repositioning of the platforer aft_
The resulting acceleration of the platiorm upon an external @ shock. Furthermore, the system has to be well damped il
shock of the base plate should be significantly reduced while order to prevent undesired motion of the platform in normal
assuring fast and accurate repositioning of the platform afer  operation e.g. due to the motion of the sea.
the shock. A control strategy is discussed, which fulfills thse  gpqcy jsolators for marine applications are frequentlyebas
requirements using only one acceleration sensor. Simulatn . . .
studies and measurement results on a prototype prove the on wire _rope |solatc_Jrs_[_2]. In case of a shock, the d_efornrratlo
feasibility of the proposed system. of the wire ropes significantly decreases the resultinglacce
ations on the platform. However, such systems suffer frogn th
disadvantage that the difference in the position between th
platform and the base plate before and after the shock ia ofte
larger than allowed, i.e. the required repositioning carbe

I. INTRODUCTION achieved. Alternatively, passive damping systems cangist

HE broad topic of vibration and shock isolation is off @ spring in parallel with a damper are frequently used,
T great interest in many technical applications, with thBoth with a fixed characteristics. With these passive elésnen
objective of reducing the effect of external excitations iWith fixed characteristics it is impossible to fulfill botheth
some manner. The present work in particular considers shitiuirements of the shock isolation and the fast repositgn
individual events of (in some range) unknown strength théring normal operation. A special configuration of passive
can occur at unknown times, so-called shocks [1]. The gddments are elastomer vibration isolators, which comtiine
of shock isolation platforms is to avoid negative effects ofyinctions of a spring and a damper in one element [3].
plants, devices, goods or persons, which are exposed to thélthough these existing solutions provide some basic isola
shock. In case of plants or devices, it might be possible #n of the platform with respect to shocks, the conflicting
modify them mechanically, thus making them insensitive #@emands on shock isolation and high damping in normal
high accelerations. This approach is not applicable to goggPeration cannot be completely satisfied. Therefore, &aijles
or persons, thus an alternative approach is necessaryéntord dampers are used in this paper in order to improve the
avoid damage or injuries. Therefore, suitable shock isatat quality of shock isolation of these simple concepts. The
are frequently used in order to protect goods and persoREP0osed concept is based on the specific properties of sg
These systems also allow for the use of conventional stand&@lled electrorheological (ER) fluids (ERF). Such fluids iare
devices, which often results in a lower price of the overafiéneral suspensions of polarizable solid particles in a flui
system. phase [4]. Without an external electrical field such a fluid

This work deals with a semi-active shock isolation platforfi€haves rheologically like a normal Newtonian fluid of a
intended to be used on ships or submarines to increase tigyen dynamic viscosity. Upon application of a sufficiently
resistance against shocks from different sources incudilrge electrical field, the particles form chains or agglate
weaponry impact [1]. Shocks of this type are characterized B Some manner [4]. These chains are responsible for thq
very high accelerations up ®000 m/s° and a short duration "eversible and fast change in the rheological propertiesttie

apparent viscosity of the ERF. By using semi-active dampers
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and its components in Section Il and by a discussion of 1 damping cylinder
the control strategy in Section IV. The usefulness and the
feasibility of the proposed semi-active shock isolaticatfoirm ER-valve |
with the corresponding control strategy are shown by meéns o P1 variable
simulation results in Section V and by means of measurement v throttle
results in Section VI. platform T Do 7
Z ' VA!
[l. CONCEPT - 1
. . pPA Zp,Vp,a
In order to prove the basic idea of the electrorheologi- air sofin £m e
cal semi-active shock isolation platform, a system with one pring
degree-of-freedom has been designed which can only cope
with vertical excitations. The concept of this one-dimensil K 2
platform is based on the principle of semi-active susperssio base plate P
comprising a spring in parallel to an adjustable damper [5], T

see Fig. 1. The system consists of a base plate (positon
velocityv an.d acc.eleratloaB) dlrectl_y_ Conneaeq to the ship Fig. 1. Concept of the semi-active shock isolation platform
and a shock isolation platform (positian, velocity vp and

acceleratiom p) whose acceleration should be kept as small

as possible.

The spring has to compensate the static load of the platfoyRy therefore the damping during low excitations in normal
and all components connected to it including the goods FjlaCSperation, e.g. caused by water waves acting on the ship. (ii
on it. If a classical steel spring would be used, the fixed Prep s the damping of the platform during normal operatians i
load of the spring would result in different positions of gefined by a small (passive) bypass throttle which is commect
the platform if the static load of the platform is changeqy paraliel to the ER-valve. In normal operation the ER valve
Therefore, air springs which allow to adjust the pre-load By cjosed and only the bypass throttle is active which yields

means of the pressupe are used in this project. The damping,; repositioning of the platform after the shock and sigffit
of the system is provided by damping cylinders with Chamb@%\mping in normal operation.

pressure®; andp,, whereby the damping can be adjusted by ) )

a suitable control of the voltagél applied to the ER-valve. USINg only one damper and spring element as depicte
The platform is assumed to be ideally stiff and hence it cdff Fig- 1 would lead to asymmetric forces on the platform.
be modeled as a rigid body. Furthermore it is assumed thatrthermore, the rather large mass of the platform would
the excitationa of the ship acts only vertically. result in quite large components (ER-valve, damping cg@ind

The considered field of application of the shock isolatiofnd @ SPring). For this reason, each of the four corners
platform on ships and submarines is characterized by tiEthe platform is equipped with a spring and a semi-active
following two scenarios: (i) In normal operation, the onb]ER-damper, where the control of the four ER dampers is
excitation of the platform is due to the motion of the shigynchronized.
or due to the change of the static load. In this situation, noAs already outlined, ER-valves are used in order to adjust
reduction of the acceleration of the platform is necessaty the damping of the semi-active damper. Naturally, other con
the relative position between the base plate and the piatfostructions using e.g. conventional proportional valvesiido
zp — zp, i.e. the relative position of the platform to the shipbe imaginable. The use of ER-technology, however, provides
has to be kept as constant as possible. Therefore, very higime major advantages for this type of application: (i) The
damping of the motion of the platform is necessary. (ii) Idynamics of the ER-valve is determined by the fast dynamics
the case of a shock on the base plate, the acceleration of dfieghe ERF (in the range of a few milliseconds) which can
platform has to be kept as low as possible which in turn meahnardly be reached with classical electrohydraulic val@k.
that the forces on the platform should be minimized. Thifhe ER-valve can be closed by applying a voltage without
yields a minimization of the actual damping force during thmoving any mechanical components. If in the case of a shocl
shock. However, directly after the shock, which in genesal the control fails and the ER-valve is kept closed, the ER-
a very short event, the damping has to be increased agairvaive will still open if the pressure difference along thdvea
order to obtain fast repositioning of the platform. exceeds a certain limit. This property of an ER valve results

Based on these two scenarios, the ER damper has to brifigen the fact that an ER fluid can only generate a limited yield
the gap between very different amounts of damping. Sine&ength. Thus, also the forces on the platform are limited
the most important feature of the shock isolation platfosm and even in this case the accelerations on the platform ar;
to protect the equipment, the ER damper has been desigsahificantly reduced. If, however, a conventional projworal
based on the requirements of the shock scenario. Very lakgdve would have been used, keeping the valve closed in the
volume flows occur during a shock which leads to a rathease of a shock would result in very high accelerations of the
large geometry of the ER valve. This, however, makes pilatform and, in worst case, to a damage of the shock isolatio
difficult to accurately control the relatively small volurfiews platform.
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I1l. M ATHEMATICAL MODELING which in turn can cause that the pressure in some parts of th

The essential part of the shock isolation platform is th@yStem drops significantly below the saturation presuie
electrorheological semi-active damper, see, e.g., [63. Jémi- Therefpre, a mgthema}tlcal mode! for an isentropic fllun:'l will
active damper consists of the damping cylinder togethen wip€ derived in this section which gives a correct descriptbn
the ER-valve, the bypass throttle and the piping, see Fig. € fluid behavior even in this case.
Due to the design of the ER-valve, a small constant volumelf the pressure drops below the saturation presgyyethen
exists at both ends of the ER-valve with the correspondirgsignificant reduction of the bulk modul@sand of the mass
pressuregy; andpys. The mass flows between the dampingensity p occurs. There are basically two reasons which are
cylinder and these volumes are; and i, while the mass responsible for this effect: (i) In technical applicatioitss
flows through the ER-valve and the bypass throttle are ddnoteevitable that the oil gets in contact with the air. During

by mgr andrmr, respectively. transport, storage or normal use, air can be partially tisslo
within the hydraulic oil. If the pressure drops below a cierta
volume level, the previously dissolved air is partially set freetire

piping

my

piping form of gas bubbles, cf. [10]. (ii) Even if the fluid would be
free of dissolved air, a further decrease of the pressudslea
to a vaporization of the fluid itself (cavitation, see, e[@1]).
These gas bubbles and the vapor of the fluid are responsibl
t 1 bypass % for the dramatic decrease of the bulk modulus and the mas

P ’rhT v

throttle density in this case. As already mentioned, cavitation is
avoided in most applications of conventional hydraulids. |
is, however, part of operation of the shock isolation platfo
piping presented in this contribution. In order to correctly déser
the behavior of the platform, the mathematical model of the
fluid must incorporate the effects described above [11].

The saturation pressurgs,; is the smallest pressure, at
Fig. 2. Hydraulic diagram of the semi-active damper. which the whole air is dissolved within the fluid in the
stationary case [12], whereby it is assumed that the disdolv
The ER-damper uses an electrorheological fluid, whichas incorporates no volume. Below this saturation pressure
as already mentioned, changes its apparent viscosity upba stationary state the gas is partially or completely. filde
application of an electric field. In the absence of an externapper limit, i.e. the pressure at which the evaporation ef th
electric field the ERF behaves like a normal fluid, such th8tid starts, is referred to as the upper saturation vap@spire
in all components but the ER-valve the ERF can be describgg,,;. In a chemical pure substance, all dissolved air would be
by an isentropic compressible fluid model which is derived iftee belowp,,: and all fluid would be evaporated belgwy,,¢ .
Section IlI-A. In these parts, the dominating effects are thu Of course, the ERF used in this project is not a chemical purg
the (changing) compressibility of the ERF and the effects sfibstance. Thus, these processes occur over a finite pressu
the very low viscosity of the ERF can be neglected. The speciange. It should be pointed out that only equilibrium states
field dependent properties of the electrorheological fluiel aare considered. It is also assumed that the air below the
addressed afterwards in Section [lI-B which is concernegbper saturation vapor pressyrg,, is completely free and
with the mathematical modeling of the ER-valve. The modéhus the release of dissolved air and the evaporation of the
is completed by a mathematical description of the dampimydraulic fluid occur within different pressure regimes.thwi
cylinder, the piping, the air spring and the motion of théhe assumptiop,.pr, < puapy < Psat ONE can distinguish the
platform given in Sections IlI-C to IlI-F. following four cases:

D2

volume

1) psat < p: NoO vapor is present and all of the air is

A. Isentropic Fluid dissolved within the fluid.

The bulk moduluss of an isentropic fluid is defined by 2) puapu < P < psar: NO vapor is present and the air is
ap partially dissolved within the fluid.
B=0= Pap 1) 3) Puapr < P < Puapu: Vapor and fluid are present and the

) ] air is completely free.
with the pressurg and the mass densigy cf. [7], [8], [9]. The  4) ,, < Puapr: ONly vapor and air are present.
assumption of a constant bulk modults= gy is very well

satisfied, if (i) the pressurg is below 1000 bar and (ii) the In all four cases, a measure for the air which is dissolved in
pressure is above a certain saturation presspisg, which is the fluid is required. It has been shown that the ratiof

in the range ofl bar. Both assumptions are typically satisfiedhe volume of the dissolved air to the overall volume of air
in conventional hydraulic systems. In the present appticaif and fluid is a good choice [12]. The theoretical volume, which
the fluid, the shock isolation platform, the second assumptiwould be incorporated by the air when fully free under normal
will not be satisfied in the case of a shock event. In thionditions po = 1 bar) is denoted’,o. The remaining volume
case, the high accelerations result in very large volumesflowf the fluid (again under normal conditions) is not influenced
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by this virtual separation and is denotgg), thus we have wherex, is the constant isentropic coefficient of air. Thus, the
volume
VaO

Ve ) &
¢ Vo + Vf() ( ) Va = Vao (%) (11)

Under these assumptions, the theoretical volume of th&fsef 4 function of the pressuge In the considered pressure range
rated) fluid and air is called reference voluiig = Vao+Vyo.  only a fraction® of the air is free and a portion ¢t — ©) is

Thus we get dissolved, both under normal conditions. The volume of free
Vao = (Vio (3a) ar - + - +
Vio=(1-¢) Vo . (3b) Va =0OVao (;) =0V (;) o (12)

The overall massn consisting of air and fluid is constant ands calculated based on (3a) and (11) whereas the volume g

the remaining dissolved air and the fluid results from (3kg an
m = Vaopao + Viopsro = (Vropao + (1 = ) Viopso,  (4) (6) in the form

holds with the mass densities of air and flujg, and pyo,

both under normal conditions. Furthermore, it is assumatl th
the air changes its volume isentropically. In the followitige For the effective density, the relation
four cases for the description of the fluid are discussed.

Vi = Vioem ) = (1 - i) L)

m a0 + 1-
1) Casep.e < p: In this case the air is completely = — - = Cpi (1= pso — (14)
dissolved within the fluid and does not contribute to the @ f <C) (%) tey (1 _g)e(*W)

volume. For a constant bulk modulgg (1) yields ] o
holds. Using the two abbreviations

p = poel"5") (5) "
| | mzc(@)“ (152)
and hence the volum¥ is calculated from the conservation P
of massVyopso = Vp in the form B =(1-0) o(=7522) (15b)
V= Vf()e(_pggo) =(1-< Vroe(_pgé)o), (6) the effective bulk modulus of the fluid results from (1) and
) ) ~ (14) in the form, cf. [12], [10]
where V( is the volume of the fluid at normal condition. 5,0+ 8
a f

Making use of (4), one can calculate the mass density B = (16)

PES——

Psat —PvapU

@)

_m_(_¢ (2522)
P=v = <(1 -0 pao + pfo) e 3) Casepuapr < p < puapy: In this case, all the air is free
air, i.e. we have® = 1. From the upper saturation pressure

pa%t) cﬁatieepvgipr[]i; flr)ei p sz : a:ga:glzgr\?s:sl;cr; rngﬁeir;?;t?;n vapU the quuiq begins to evaporate un_til the lower saturation
is used to determine .the percentage of free air [11] uﬁressur@mpL is reached and all the liquid has evaporated.

) : . . imilar to the percentag® of free air in the previous case,
Henry's law basically states that the percentage of di the fraction® of vaporized liquid can be described in a steady

decreases linearly beginning witfi; at the saturation pressure, . , -
) . A approach with the adapted Henry’s law in the range betweer
psat and reachind00% at 0 bar. In this article it is, however, PP P y 9

. vapL- SiMil 2, the followi lation f
assumed that already at the upper saturation vapor pres@@g;?:fcﬁgﬁ ()Sflmlea;:gsiﬁfs;s u;eil oflowing refation for
puapu all Of the air is free (see, e.g., [11] and [12]). The

factor 0 if P> puapu
0 if P> psat d={1- (i) i DvapL < P < PuapU (17)
@ = 1- (;:) if pvapU < p S Psat (8) 1 If p S PvapL
1 if p< poapu with the abbreviation
with $ — P~ Poapl (18)
C':‘) _ P — PvapU (9) PvapU — PvapL
Psat — PvapU The volume of free air results from (12) with =1 to
denotes the portion of air which is free at a certain pressure o -
p. As in the first case, a reference voluig, is considered, Vo =(Vio (*) (19)

which again contains under normal conditions the magg). ) N o
If all of the air was free, the pressup@nd volumeV, would The fluid vapor would (under normal (_:ondltlons as a liquid)
be related by Poisson’s equation for isentropic transition |ncorpo;ate the volume (1 — ¢) V;0, which corresponds to a
mass o

pVrie = py Ve = const, (10) my = pro® (1= Vo . (20
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In the considered pressure range this mass is in the formnebdels describing the input-output behavior of ER deviees,

vapor and would possess a volume of systematic macroscopic description of ERFs is possiblaen t
Mo P g 1-0V, 21) framework of continuum mechanics. In.these Iatter.modeﬂs th

Povapll  Povapl 0 ERF is treated as a homogenous continuum, making use of

. . . so-called generalized Cauchy stress tensor, which incarg®
at the upper saturation pressusg,y with the corresponding the influence of the electric field, see, e.g., [13], [14]. Tian

densitypuuapu OF the vapor. Again, the isentropic relation (11)advantage of the continuum mechanics approach is that th
holds for the vapor volume resulting models are scalable such that, based on simusatio
Poaplr =3 rather precise predictions of the behavior of the real syste
(—> (22)  can be made. This is the reason why this continuum mechanic
approach is chosen to model the behavior of the ERF in this

VuvapU =

V,= 2% 501 -0,
PvvapU

with the constant isentropic coefficient of vapor. Together

. L paper.
with the corresponding liquid volume The subsequent mathematical modeling of the ERF and the
(_P*Po ER-valve is based on the following assumptions (see, e.g
—1-00- 7t)
Vi=(1-0Q0=®)Vigel 7/, (23) [13]): (i) the suspension of polarizable particles in theriea
the effective density results in fluid can be treated as a homogenous continuum, (ii) change
m in the electric field strength take effect instantaneousty (i)

p (24)  there are no memory or long-distance effects. Furtherntioee,

mperature and the mass density are assumed to be consta
A typical ER-valve is composed of an outer electrode
(cylinder of radius R,) connected to earth and an inner

TVt Vo4 vy

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

1

050 Poaptr | = electrode (cylinder of radiud?;) connected to the voltage
o = Puvapl 1-9) ( ) (29) U, forming an annular gap (see Fig. 3). Since the height
in the f H = R, — R; of the gap is small compared to the mean
in the form radiusR,, = (R, + R;) /2, the ER-valve can be approximated
_ Ba + 2By + (1 — @) By (26) Dby an equivalent flat channel of the lengthand the width
Ba 1-% , 2% @ 22\ = .
Loty (52 +52) + 6 (35 - 32) W = 2Rmm
4) Casep < pyqpr: Inthis last case only vapor and free air L
is present. The volume of free dif, and the volume of vapor b 7 4
V, result from Case 3 fo® = 1. It follows that the effective N T \
density within the considered pressure range takes the form SN
Cpao+ (1—O) Vi H 3 w1 (z2)| pv2
p= 1 Pad pfo 1 (27) A A
po \ e Ps _ PvapU | "V
(2)7 s 00 () alnl | 2] Ea
. I G—>
and the effective bulk modulus is given by T3 / / ;U ’,
a + v
§=p et (28) Ri| Rin| Ro

. . . Fig. 3. Longitudinal section of an ER-valve.
B. Electrorheological Fluid and Electrorheological Valve 9 g

As already mentioned before, the ERF in the absence ofD
an electric field, i.e. in all components but the ER-valvey cgh
be very well described by means of the mathematical mo eF
of isentropic fluids as derived in Section Ill-A. In the ER

valve, the influence of the electric field is, of course, eagn electric fieldE — Eye, is assumed to act only in,-direction

such that an extended constitutive equation for the ERF did thus perpendicular to the direction of the fluid flow. With

required. There are numerous approaches for the modelinq d - it d the field d dent vield st th
ERFs proposed in literature, which can be basically divide ynarmic viscostly) anc e Tield cependent yie'd streng

. ; X ) . 70 (E2), the constitutive equation of an extended Bingham
into microscopic and macroscopic models. The MICroscoRiCdel see e.g. [13]

modeling approaches describe the motion and aggregation oo ' '

particles under the influence of an external electric fiedgh, s 012 = 70 (By) sign (§) + 17 if Y40 (29)
e.g., [4] for an overview. Unfortunately, this approach can

only be used to model the behavior of a very limited numbean be derived from a more general constituve equation ir|
of particles. In order to design and simulate the behavior ofder to describe the behavior of the ERF inside the gap of
technical devices and applications, macroscopic ER mod#ie ER-valve, [13], [15]. Herejy = Ouy/0zy is the shear

have to be used instead. Besides purely phenomenologiedé ando;s is the corresponding shear stress. In the case 0

ue to the geometry of the valve only laminar flow within
gap has to be considered. Thus, the ERF flows only i
z1-direction, i.e. the velocityu is given byu = u; (22) eq,

‘Wheree; is the unit vector inz;-direction. Furthermore, the
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lo12| < 70 (E2), it is assumed that the ERF behaves like mass flowrngg through the ER-valve

solid. 2
Calculations on a microscopic scale assuming an ideal — = L2

dipole-dipole interaction between the polarizable patic dt perH

predict that the yield strengthy has a quadratic growth with the average mass densjty.r = (p (pv1) + p (pv2)) /2

with the electric field strengttE, = U/H, see, e.g., [4]. of the ERF in the gap.

Measurements, however, show that above a certain electridhe housing on both sides of the ER-valve are modeled in

field strengthE a kind of saturation occurs, which results irthe form of constant volumel,; and Vi » with the pressures

a henceforth linear increase of the yield strength with eesp py1 and py 2, respectively. The mass balance for these two

to the electric field strength. The ERF used in this projegblumes results in

megr (—™mER + PERIER) (32)

is RheOil [16] from Fludicon GmbH. The approximation of d B (pv1) . .
measurement data in the form v = Vorp ovr) (1 —mEeR) , (333)
2 3 H I d
7o () = a1 By + as By + az By if Ey < f:j (30) EPVQ - Vﬁ(pig/g)) (Thpg — ma) . (33b)
bo + b1 B> if Fy>FE 2 vap (Pv2

i The mass densities(py1) and p (py2) and the bulk moduli
yields a very good agreement between measurement ang, ) andg (py-.) are determined according to Section I11-A
approximation, see Fig. 4. since no voltage is applied to the ERF outside the ER-valve.

= 35| approximation : ] C. Bypass Throttle and Piping
§ 30t * measurementg ; | The determination of the mass flowis; and . requires
=N a closer examination of the piping of the system. Due to the|
£ 257 high accelerations of the base plate and the resulting largy
D 20+ changes in the volume flows in the system, the piping has
5 15t an essential influence on the system dynamics and therefor
w cannot be neglected. To keep the resulting mathematicaéimod
% 1.0 simple, and since wave propagation effects do not play 3
> 05} role in the present application, an approximation in thenfor
. . . . . of lumped parameter elements is used. The inertia and th¢
0.0 0 1 9 3 4 5 6 7 resistance are the dominating effects inside the pipestasie
electric field strength, in XV the compressibility of the fluid can be neglected. In the

following, the index;j = 1,2 refers to the pipe element
Fig. 4. Comparison of the approximated yield strengfhaccording to (30) associated with the mass floxiz; according to Fig. 2. The

with the measurement values of a test rig. pressure drop along a pipe element is composed of the inerti
term [7], [18]
Using the above constitutive equation of the ERF, the Aprj = Lp; im, (34)
J J

velocity profile can be calculated based on the balance of Apjdt
momgntum._Fo_r r_10n-van|sh|ng electric f!elds th_e resultlrgnd the (turbulent) friction term [18]
velocity profile inside the ER-valve comprises a field depen-
dent plug zone in the middle of the gap, i®#.= 0 for
H, < 29 < H—- H,, whereH, = H/2 — 19(E»)/|P|
and P = (pyv1 —pv2) /L denotes the pressure gradient. In . - . .
the rest of the gap, the velocity profile is parabolic. Th%/'t(h the friction factor Ap;, the mass densitpp; =
p

stationary volume flowjz r through the ER-valve is calculatedd pVJi) “;)p (pj))d/chOf the ERF,t_the IIengtlej ; tt?]e inner
by integration of the velocity profile.; (z2) over the area of 9'@Meleriip; and the cross sectiona aretp; of the pipe.
the gap Additional pressure drops due to inlet, outlet and elboves ar

summarized as

Ap;Lpj m? . .
————sign (1m; 35

Appj =

€pj ME
App; = =L sign (1 (36)
if |P| > 2mo(E»)/H. Otherwise the plug zone covers thgim, the effective pressure loss coefficignt;, see, e.g., [18].

whole gap {, = 0) and the ER-valve is closed, i¢zr = 0, Thys, the differential equation of the mass flois and i,
see, e.g. [15], [17]. ield

The above equation (31) describes the stationary volume

_ W(P|H +7) (|P| H — 270)°
12P2%p

4ER sign (P) (31)

flow ¢gr through the ER-valve. The dynamic behavior of — @ (p1 — pv1 — (Ape1 + Aprr)) (37a)
the ER-valve can be approximated based on this stationary (jit ipl

relationship by taking into account the effects due to tleetia S, = 22 — o — (Apmo + A ] 37b
of the fluid [15]. This results in the following equation faret "2~ Lpy V2~ P2~ (Ape2 T Apr2)) . (370)
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As described in Section II, the bypass throttle ensures tke Damping Cylinder
required damping of the platform in normal operation. Ferth
more, it is responsible for the fast repositioning of thetfiplan
when using the control strategy proposed in Section IV.

The high accelerations during the shock lead to a pressur;
gradient within the chambers of the damping cylinder which

throttle with laminar characteristics would be preferafoten Cofld be rrlog]elte(: bythmeans of parftlal dllﬁ erentlatlj edquqtlonsf
a theoretical point of view since the resulting damping dj wrns out that for the purpose of analysis and design o

the semi-active damper would be proportional to the vejoci e shock isolation platform a lumped pa_lramet_e_r model with
Laminar throttles have, however, two major drawbacks: omogenous chamber pressupgsand p is sufficient. The

A compact design is not possible and the characteristics iéernal leakage between chambieand2 can be described
strongly dependent on the viscosity of the fluid. Since ti@' IhE mass fow

viscosity changes significantly with the temperature of the

fluid, this in turn also changes the damping of the systexit (ii my12 = ki1 (p1 — p2)
is almost impossible to change the geometry of laminar tlerot

during measurement campaigns. Thus, a simple adjustmentdth the laminar leakage coefficiekt 1> and the mass densi-
the damping is not possible. For these reasons, a turbulges (p;) andp (p2) of the ERF in the two cylinder chambers.
throttle, which allows a fast manual adaptation of its floWhe external leakages can be neglected due to the goodgsealin
characteristics during measurement campaigns, was cfmserwith the initial volumesly, and Vs, of the damping cylinder
the prototype. The stationary pressure drop across thesbypand the effective piston aredy, the differential equations for

p(p1) -gp (p2) (42)

throttle [9] the chamber pressures take the form
m2
Apr = mﬁgn (rr) (38) ipl _ B (p1) (_ml + 112 e AvAg
dt Vio + AzAk o (p1)
is a function of the discharge coefficient;, the (variable) (43a)
areaAr of the orifice and the mass flovin through it. The . . .
piping of the turbulent bypass throttle is modeled in thesam —p, = 5 (p2) (m2 a2 T A A
way as before, dividing the pressure drop across the pipe in Voo — AzAk p(p2) (43b)

the friction term Appr and the pressure drops due to inlet,

outlet and elbowsApr. The mass densitiep (p1) and p (p2) and the bulk moduli

d Apr B(p1) and B (p2) are calculated according Section IlI-A
= (1 — p2 — (Aprr + Aper + Apr)) (39) since the high accelerations during the shock event carecaus
cavitation within the system. The overall damper force i&gi

Here, the mass densityr = (p (p1) + p (p2)) /2, the length by
Lpr and the cross sectional arglgr of the pipe are used. Fp = Ak (p1 — p2) + Fr, (44)

whereFr summarizes the mechanical friction of the damping
D. Platform cylinder.

As only the absolute value of the acceleratiop of the
platform but not the absolute values of its velocity or posit . .
are of interest, it is reasonable to use the relative pasiti§ Alr SPring

Az = zp — zp and relative velocityAv = vp — vp @8 For the subsequent simulation studies it is assumed that th
new state variables. The conservation of momentum yielgs,vement of the air spring is sufficiently fast. This asstoTpt

the mathematical model of the platform entails that the heat exchange with the environment can by
d neglected and therefore the thermodynamic process can b
EAz = Av (40a) regarded as isentropic. With the pre-charge presguseand
d the corresponding air volum&,o, the pressure in the air
EA’U =ap —ap (40b) spring can be calculated as follows
. V Ra

where the acceleration pa (A2) = pao A0 (45)

4 Va (Az)
=——  (Fsa(A2)+ F - - 41
“ mp +mpg (Fa (42) s O with the air volumeV4 (Az) and the isentropic coefficient,

is a function of the damper ford€, depending on the pressureOf air. The resulting force of the air spring [19]

differencep; — p» and the air spring forcé’y depending on D2 (Az)

the relative positiol\z. Furthermoreg = 9.812 denotes the Fa(Az) = pa(BAz) == —— (46)
gravitational constant anak» andm denote the mass of the

platform and its payload, respectively. is determined by the effective diametBry (Az).
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TABLE |
IV. CONTROL STRATEGY PARAMETERS OF THE FOUR PARALLELER-VALVES AT EACH CORNER.

The characteristics of the spring is defined by the choice
of the air spring. Thus, the only possible control input ie th
damping characteristics determined by the applied voltage
Nevertheless, in the sense of a mechatronic design approach
the choice of the spring has been regarded as an extra degree- B 35 mm
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 the platform which are, however, still much smaller than
load and the platform. (i) In order to ensure small accéiena the acceleration on the base plate. Thus, also in this secon
of the platform, the stiffness of the spring should be ke&penario the basic shock isolation functionality is preser
as low as possible. (iii) On the other hand, high stiffness is
necessary in order to guarantee a fast repositioning of the V. SIMULATION STUDY

platform after the shock. Based on simulation results, therhe mathematical model used for the simulations has beel
parameters of the spring have been chosen such that a 99@flyeq and described in Section IIl of this work. Four ER-
compromise between the conflicting demands (ii) and (ii§ hga\es, each with the dimensions as presented in Table I, ar
been reached. _connected in parallel at each corner of the platform in otder
The demands on the control strategy can be summarizedyasyide a sufficiently large area for the enormous volumeslow
follows: (i) Under normal operation conditions, the damingyring a shock event. The mass of the platform is estimatec
should be high in order to avoid undesired oscillations Qi mp = 900kg and a payload ofn;, = 400kg was given
the platform. (ii) In case of a shock, the damping has 10 B nominal value. A block diagram of the overall simulation
sufficiently small to assure minimum acceleratiop of the 5del is presented in Fig. 5. Furthermore, the typical time

platform. (iii) After the shock, th_e induced oscillat_ion tj_fe span of the shock is given by ATs = 20 ms, see Fig. 6.
platform should be damped rapidly and the relative distance

Parameter || Value || Unit

H 1 mm
L 200 mm

between the base plate and the platform should be within a - -
L F4 | air spring
certain limit. (45), (46) [
This directly leads to the following control strategy:
1) Under normal conditions, the ER-valve is completely ap > platform ﬁf >
closed by applying the maximum voltage Gf= 6 kV. » (40),(41) KR

The damping of the system is then defined by the bypass L TETSTSPS PR SRR S -
throttle. ! > bypass throttlerivr ;

2) Upon detection of a shock, i.e. when the excitatign i (39) !
faxceeds a certair_l thresh_ol_d, the voltage on the ER-valve ' 72| damping cylinder [€ !

is removed resulting in minimum pressure difference and TP (43), (44) < i
j i

I 1

I 1

I 1

Y

thus minimum force of the damping cylinder.

3) When a certain time periaiTs, which is characteristic
for shocks caused by weaponry impact, has passed
after detection of the shock, the maximum voltage of L4'Eﬁ'dé'rﬁ"éFs'""'"""""""""":
U = 6kV is applied again. This results in high damping P
forces which are responsible for the fast repositioning Qfg 5. Block diagram of the simulation model derived in Sectll.
the platform.

One main advantage of this control strategy is its simplicit The simulations are based on a benchmark excitatign
Only one acceleration sensor mounted on the base plateoiisthe base plate which is typical for the excitations in hava
necessary to implement the control strategy. Secondlg, tlipplications due to weaponry impact, cf. Fig. 6. In this fegur
control strategy is also optimal in case of a shock since the resulting acceleratiomp of the platform during the shock
accelerations on the platform are minimized. is depicted together with the excitatiarn; of the base plate

Furthermore, the basic functionality of the shock isolatio(ship). The peak value of the excitation 00 5 is reduced
platform is also preserved in case of a failure of the powés a value of approximatelg0 3 at the platform, which is a
supply. In this case, the shock isolation characteristics reduction of nearly a factads0.
not changed at all. During normal operation, however, the The corresponding relative displacemeént is presented in
damping of the platform is lower than normal which yield§ig. 7. The platform reaches its rest point afte27 s, which
to large oscillations. Nevertheless, the remaining dampih is a very good result when imaging the size of the prototype.
the system is sufficient for a basic operation of the platfornDue to static friction in the system an exact repositionggot

The possible failure of the shock isolation platform is possible and the repositioning error is approximatefymm.
shock event, which remains undetected due to a failure of theThe forces,acting on each of the four corners of the plat-
sensor. In this case, the voltage= 6kV is applied to the form, are depicted in Fig. 8. One can see the high damping
ER damper all the time. This leads to higher acceleratiogns force Fip occurring at the very beginning, i.e. during the shock

—>| ER valve + piping m
(31)— (37) |12

Y
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Fig. 7. Relative displacementz. Fig. 9. Pressurep:, p2, py1 andpy o according to Fig. 2.

due to the high accelerations and velocities while the fdtge  This test-bench is designed for the shock test of military
of the air spring is only a function of the relative displaesh systems and can produce vertical acceleratign in the
Az and thus significant smaller. The damping force startgder of 240¢. The excitations produced by the test-bench
with Fp = 0N before the shock since no relative motiorare slightly different compared to the measured excitation
exists while at the same time the air spring has to compensatea real weaponry impact used in the simulation studies
the massmp = 900kg of the platform and its payload of in Section V. Thus, a direct comparison of the simulation
mr = 400kg. One can identify a sudden change in thand measurement results is not possible. The basic feature
damping force when the platform comes to rest at 0.27s of the shock isolation platform can, however, also be testec
which is due to the friction in the damping cylinder. by means of the test-bench. Two different scenarios with a

The damping force is mainly determined by the presspres payload ofm = 800 kg were examined during the tests, one
andps in the chambers. They are, together with the pressu@@minal scenario with control of the ER dampers and one
py1 and py, illustrated in Fig. 9. The maximum pressurescenario without control, i.e. with no voltage applied te th
occurring in chambet is approximatelys1 bar. Whereas the ER dampers.
pressures in the chambers and the adjacent constant volumddhe evaluation of the measurement results is based on
are different immediately after the shock, they are nearpmparison of the acceleratiary applied to the base plate
identical after the fast transients have decayed. Looking With the resultant acceleratiarr on the platform. The smaller
po, ONe can clearly identify the drop belgwy = 1 bar which ap, the better is the shock isolation, see Fig. 11. An excitatio
conforms with the isentropic fluid model of Section llI-A.  of ap ~ 2400 % leads to an acceleratiary of approximately
125 3.

A comparison of the post-shock oscillation times in Fig. 11
shows the advantage of the control strategy. In the caseutith

In order to prove the function of the prototype depictedontrol it takes approximately.1s for the platform to come
in Fig. 10, measurements were performed on a shock test-rest. This can be significantly improved when applying the
bench at the Bundeswehr Technical Center for Ships and Nagahtrol strategy which reduces the post-shock oscillatiioe
Weapons (WTD 71) in Kiel, Germany. to approximately0.6s. It can be easily seen that the control

VI. MEASUREMENTRESULTS
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Fig. 10. Photo of the prototype, source: Fludicon GmbH. [12]
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leads to a significant reduction of the post-shock osailiati [14]
time while not increasing the resultant acceleration on thles]
platform.

[16]
[17]

This contribution presents a semi-active shock isolation
platform for naval applications making use of the speciappr [1g]

VIlI. CONCLUSION
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