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ABSTRACT

The dissertation thesis deals with the design ajmatorheological (MR) strut for
vibration isolation system (VIS) of the space ldunehicle. Previously used VIS and
their struts are described in state of the arthEddhe struts which contained any fluid
was sealed by static seals and elastic bellows wisteel. The strut of a passive system
called ELVIS was chosen as an inspiration and thereanalysed thoroughly. The strut is
three-parametric that means the damper is eldgticahnected. The stiffness of this
connection is identical to the projection of belfowlumetric stiffness into the axial
direction which is called the pressure thrust iséiffs.

The method of the pressure thrust stiffness detextion from bellows dimensions
presented in the thesis. Moreover, the parameteichvean be used for the modification
of the ratio between axial and pressure thrughsstk of the bellows. This ratio affects the
dynamic behaviour of the strut, thus also the beheof whole VIS.

The multi-body model of VIS based on the Stewaatfpfm mechanism and detailed
multi-body model of a single strut was created tioe prediction of their dynamic
behaviour in a vibration environment. Simulatioras/é revealed the parameters which
affect the efficiency of the MR strut: the timepesase and the dynamic force range of the
MR valve. The range of these parameters which shenkure an effective vibration
isolation by the MR strut in the specific VIS wastefrmined by the multi-body
model; specifically, time respong®5 msand the dynamic force ran§elO.

The final design of the MR strut for the VIS of tlaeinch vehicle preceded the
design, manufacture and testing of the experimesttal. The parameters of the
experimental strut were measured and consequesely for the verification of models
used in the thesis. Knowledge obtained during éktstwere used in the final design of
the strut. One of the most important detectionstivas the ferrite (material used in the
magnetic circuit) cracked during the semi-activentoa of the experimental strut.
Therefore, a method of the fast magnetic circuisigling was established and
subsequently patented. The method is based on @ ghadification of the magnetic
circuit which ensures shorter time response andnidgnetic circuit is manufactured by
3D printing. The MR strut designed in this thesas l predicted time responseldt ms
and dynamic rang&0. The method which was used for the design prasessmmarised
in conclusions.

KEYWORDS

vibration isolation system, launch vehicle, payloadiapter, magnetorheological,
damper, strut, valve, vibrations, suspension, dagjpsolation, elastically connected
damper, short time response, pressure thrustesgfrmetal bellows
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Introduction

1 INTRODUCTION 1

Spacecraft is one of the most sophisticated thimgs these days. It is used for
communication, navigation, research etc. Currentgd spacecrafts have made
significant progress in comparison with the firsee Sputnik (launch in 1957), unlike
launch vehicles. Especially the principle of thereh vehicle traction stays almost the
same for more than 50 years.

The vibration environment is much harder than the-omit vibration
environment. Although the spacecraft spends mosthef lifetime on orbit, its
components are dimensioned for the flight vibragmvironment, which takes only
around 5 minutes. This approach leads to the hgjgiw of the spacecraft components
thus high mission costs, because transport oftt kayv orbit cost from 4 000 — 40 000
USD, depends on the total weight of the payload [1]

Vibration isolation system usually made of alummiwr composite is inserted
between the sensitive payload (spacecraft) anddbster which is the main source of
the vibrations. However, sometimes reduce the tidomaransmissibility is a priority.
This happened, for example, in the transport ofHhbble Telescope [2]. Thus, the
vibration isolation system used in this mission wasre efficient, but also heavier
compared to other flights.

Fairing

Booster

Fig. 1 Concept of launch vehicle Ariane 6 (ESA) [3]

Even more payload comfort can be achieved by actibeation elimination.
However, the weight of active vibration isolatiopstem designed for spacecraft
Artemis was approximately 5 times higher than thespre adapter intended for the
same flight [4]. The weight increase was cause@@ally by the power supply and
other electrical equipment.

A perfect vibration isolation system would be ligleight and very effective. This
thesis examines the possibility of using semi-a&ctilbration isolation system based
on magnetorheological damper which efficiency i<hmhigher than passive dampers.
The power consumption of such as damper is in wattst could not increase the
weight of the vibration isolation system signifitign
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State of the art

2 STATE OF THE ART

2.1 Vibration isolation systems for the space applicatin

Vibration isolation systems (VIS) are used in lduneehicle to decrease of
vibration transmissibility between excitation bodgunch vehicle) and sprung mass
(payload). Acceleration bellow (blue signal in F&).and above (yellow signal) the
VIS was measured during the launch vehicle Tau#sSA) flight [6]. Vibrations and
shocks are most often formed by booster oscillatiaiming separation of by lift-off
blastwave. The payload must resist (to stay undadjag this vibration environment.

CQuiKTOMS Flight Data, First Stage, Asial MTI Fight Data, First Stage, Radial
Below isolators —— Below isolators |
Above isolators Above isolators |

Axial

+t  Radial
“l (thrust)

W3 ﬁ < et
<

"o 10 20 20 40 50 60 70 6‘[ o 10 20 0 40 50 &
Time {sec) Time (ses)

Fig. 2 Taurus/GFO flight data, bellow and above isolaf6}s

VIS can be divided by application to whole spacidvdS or satellite part VIS
(antennas, optical equipment etc.). The main daiffee between these two groups is
their lifetime. Whole spacecraft vibration isolati®s necessary only during the flight
— separating of the satellite (payload) from thentzh vehicle happens approximately
5 minutes after the start. On the other hand, @tellges VIS has to ensure On-orbit
vibration isolation which usually takes severalrgea

2.1.1 Structural vibration isolation systems

Usually passive systems which isolate the vibratiby the suitably designed
shape of their structure. The SoftRide productsrizglo this group. The Uniflex and
the Omniflex systems were developed to isolateueqgy lower thal80 Hz Higher
frequencies can be isolated for example by ShogkRimich reduces vibration most
effectively aroundlL kHz[7]. Cone made of composite material is the mostroon
element for launch vehicle payload vibration pratecin ESA. This structural VIS
are sometimes called payload adapter.

The adapter diameters are normalized. The lowesefbdiameter corresponds to the
connection with the launch vehicle, diameter 2624 s used in Ariane 5,920 mm

in Vega,2000 mmin Soyuz2000 mmetc. The upper diameter depends on the payload
which is used. Launch vehicles user manuals defimesk upper (payload) diameters:
937, 1194, 1663, 16662624 mni8].
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However, not just the dimensions have to be kemitreer important parameter is the
natural frequency of the system consists of paykratl adapter. The payload modal
shapes may disturb the flight control (samplingérency is usually 50 Hz). Therefore,
there is a request to keep the natural frequentyeo$ystem within the ran@® — 45
Hz in the longitudinal direction. The natural freqagnn lateral direction has to be
higher tharv.5 Hz this value is relevant for a payload m&<00 kg Thy system with

a payload lighter tha 500 kghas to have a frequency higher tharHib

Fig. 3ESA adapters: PAS 93?(3 (lef8] a PAS 1194C (right]9]

2.1.2 Mechanical vibration isolation systems 212

Vibration energy spreads in all directions, therefthe Stewart platform (6 DOF
mechanisms) is used almost exclusively [5, 10, The Stewart platforms have
various numbers of struts. But, at least 6 strusrgntee 6 DOF mechanisms. The
strut may consist of spring and damper [5], actugi®] or both [11].

Evolved launch vibration isolation system (ELVIS)

Passive system ELVIS was tested with experimerggload, which had similar
geometric parameters to parameters of commonly sestedlite.

Lateral excitation was provided by dynamometer \mlhmonic movement: with
a constant amplitude of strokemmup to frequency0 Hzand constant amplitude of
acceleratiori g for the frequencies higher tha@ Hz Accelerometers were connected
to the payload at various position, their amplitigguency dependency is shown in
Fig. 4.
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The acceleration signals revealed the presencgmitodal shapes in range—
100 Hz The payload behaviour can be estimated due tdhbaaccelerometers were
fixed in the various height of payload. The lowefuency acceleration peak (arouhd
Hz) has a similar shape along the whole payload he@frwhich it can be concluded
that the translation movement was dominant for itindslal shape. On the other hand,
transmissibility of high-frequency peak (arour@ H2 differs significantly along the
payload height. This modal shape was probably amhil the rotation with the axis of
rotation near the point with the lower transmidgipi This point is approximately in
a third of height by measurement, see blue cunFagn4.

2.2 Struts of VIS for space application

The strut of mechanical VIS combines a functioegring and damper. The spring
accumulates the vibration energy and it is necggsgpayload support. The damper
dissipates the kinetic energy of the vibration émginecessary to decrease of vibration
amplitude in the vicinity of resonance.

2.2.1 The strut of the ELVIS

This strut is also inspired by the D-strut, the mdifference is that strut of ELVIS
uses just one pair of bellows with the same sti$na instead of two pairs in D —strut
with primary and secondary stiffness. The fluidifobetween the bellows due to the
hole in the piston rod. The pressure in the fladrmot stretch the secondary bellows.
Nevertheless, this concept is also called threarpatric, because the pressure causes
“inflating” of bellows.

Pneumatic spring \ Hydraulic stabilizer Bellows

Fig. 5 Scheme a) and photo b) of ELVIS stjbit

Davis defines the resistance against this defoonats volumetric stiffness [13].
However, this stiffness is marginal in his conceptwith respect to the difference in
orders between the volumetric stiffness and axiethess of the secondary bellow.
The volumetric stiffness cannot be neglected indtrat of ELVIS. The value of
volumetric stiffness is the key parameter to thiénsiss determination of the damper
elastic connection.

Page
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The primary stiffness of the strut is formed by#xel stiffness of primary bellows
and a stiffness of pneumatic spring. The pressuchambers of the pneumatic spring
is equal under the static load of the strut [S]e Tifference between the effective area
above and below the piston of pneumatic springiplidt by the pressure inside the
chambers defines the static load of the strut.vEm®us pressure in the spring allows
using this strut for various sprung mass with thme compression of the strut. The
bellows are not preloaded in this position.

The strut of ELVIS is innovative in the solution efastically connected
damper by pressure thrust stiffness of bellows.dibadvantage of this concept is that
the pressure thrust stiffness is not listed instaats of bellows. Therefore, the chose
of the bellows for this application is complicat®dithout known, the pressure thrust
stiffness cannot be guaranteed the strut functigndlherefore, next chapter will be
focused on the elastic metal bellows and deternoinaif its parameters.

2.3 Metal bellows 2.3

Metal bellows are the commonly used for thermalagsgion in pipelines — loaded
by axial force; for a component of the clutch —ded by torsion, or for pressure
accumulators — loaded by internal pressure. Howeklierbellows can be used as the
case of damping fluid.

A leakage of a fluid has destructive effects orctetaics of spacecraft (payload).
Damper with conventionally sealing placed betwden giston rod and body of the
damper is prone to leakage because the sealingtigebn parts whit relative
movement. Dynamic sealing of piston rod can beaagd by static sealing of flexible
bellows. The leakage risk of static sealing is mlaster than the risk of a dynamic
one. Moreover, the static type of sealing has midn, which brings benefits in the
dynamic behaviour of semi-actively damped system.

Welded
bellows

Formed
bellows

Fig. 6 Formed and welded belloi#5]

Axial stiffness of bellows is much lower than aiséEnce against the volume
change caused by internal pressure. The volumegeharaccompanied by the length
change in axial direction — pressure thrust stgfneAxial stiffness commonly
available in product lists, while the pressure $rstiffness is not. Final Element
Analysis (FEA) is one of a possible approach isiétermining the pressure thrust
stiffness using the bellows dimensions and paramsete
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2.3.1 FEA of metal bellows
Above mentioned shell parts were simulated by naartiors [16 - 18]. The FEA
used two general approaches:

3D model meshed by “SHELL" elements [17]
2D model with axial symmetry meshed by “SOLID* ekemts [16]

— SHELL

SOLID

Fig. 73D shell and 2D solid model of metal belloj4s]

Thakkar compared both methods in his dissertat@sis [18], the difference
between these approaches is shown in Fig. 7. Merethe results are compared with
the analytical counting. The stresses obtaineddbly &pproaches of FEAs are almost
the same. In addition, consistent with the resulitined analytical, the deviation is
approximately20 %.

Search in the literature did not reveal any FEAv&ftal bellows deals with the
interaction between the filling of the bellows ahd wall. However, there were some
mentions that the internal pressure causes theéhletegformation of pipelines. It is
caused by the pressure forcing on the surface leatwee minimum and maximum
diameter of bellows. This force is called presshrast [19].

2.4 Magnetorheological dampers

Research in this field was started in 1939 [20]wieeer, application of the MR
effect occurred at the end of ®2@entury. The conventional design of MR damper
contains a gap in the piston, see Fig. 8. The ntagfield can be applied in the gap
using an electromagnetic coil. The ferromagnetidigdas of the MRF fluid are
dispersed randomly and the damping in this stateishigh. But, when the colil is
powered by an electric current, magnetic flux dgnsithe gap increase, the particles
are formed into a chain-like structure, the yielgess of the fluid increase and the
damping force in this state is significantly higliean the force at inactivated state.

Page



State of the art

baypass
(B=0T)

coil  ———l}

Fig. 8 MR damper with the magnetic circuit in pist@1i]

2.4.1 Dynamic force range of MR dampers 2.4.1

Magnetic field influenced the MR damper force. Tdfere, the force-velocity
dependency of the MR damper has to be measure@ifmus magnetic flux density
in the gap that means various current in the ddihe damper. Dynamic force range
— one of a performance parameter of MR damper fimete by ratio between thr
damping force generated with maximum magnetic tlersity in the ga,,..(v, B)
and the damping force generated with minimum magrietx density in the gap
Fmin(v) [22]

Finax (Vo) _ Fr(Tmax) + E;(Vo) + Fr _ Fr(Tmax)
Fnin(vo) E,(vo) + Ff a Fy(vo) + Fy (1)

D(vo) =

Dimensions of channels which affected the damporgef are usually designed
using analytical counting base on a so-called [mrplate model, see Fig. 9. The
model considers the fluid flow between two pargtlieltes; the geometry is similar to

flowing through the gap of the MR damper [22].

- L ~‘—> AT
oz
ct,LA
‘ = :T e
pressure — 5
7 (1 2 2100,
20

/ I -+ wh®
h H Yo F

/

Fig. 9 Forces component of the MR damji22]

e
>
Vo

Where: F+ is friction force created by seals, guiding, etc.

F, is viscous force created by the internal frictiointhe fluid,
A, = (n/4)(D-dY* is an effective area, which is given by the
piston D and piston rodd diameters. The viscous force is
dependent on the piston velociy
is force necessary to overcome the vyield stréddRofluid 7o,
the force can be control by the electric currentthe coil
Coefficientc is within the range 2.07 to 3.07 [23]

n
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2.4.2 The response time of MR dampers

Semi-active controlled damper performance is gibgntime period which is
necessary to change of damping fortene response. The force increases nonlinearly,
see Fig. 10 a). Thus, it is complicated to deteentive time between changes of the
force from minimum to maximum. Therefore, the tinesponse is reported as time
between 0 to 62.3% of maximum value [2425] — the primary response or 0 to 95%

[22, 26] — the secondary response.
a) b) =

2

/ \ I : \ -4 so

0s

=== real force

Fnorm[%]
3

v [m/s], Fnorm

40 o

control signal

\: ;i A Wi wm

1]
i controlsignal |

°
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"
~
w
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=

|
= § L )
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vz
tls] asd Loomomoow iy G

Fig. 10 The response time of MR damper and simulated ki d3]

Total time response of MR damper is influenceditmgtof current rise, which can
be significantly shortened by current [22]; timepense of MR fluid itself [24 2f];
and eddy currents which are generated in the coé {25]. The influence of eddy
effect on the MR damper time response depends ®@md¢lometry and material of
magnetic circuit (coil core).

The eddy currents flow in the perpendicular di@ttio the magnetic field and
they are inducted by magnetic flux density chan@®&}. The currents are always
closed in loops. These loops generate a secondagpetic field which has opposite
direction to the magnetic field, which causes ttéyecurrents.

There are two different approaches to prevent fognaf eddy currentsnaterial
approach using composite materials for example sinteredtésr of Soft Material
Composites (SMC) [29]; ahape approachusing laminated coil cores [30]. The eddy
current loop is not able to cross the insulatingefeon the border of metal sheets, see
Fig. 10 a) or insulating film in the case of comip®snaterial, see Fig. 10 b). The
smaller size of loops the lower effect of the eddyrents that result in shorter time
response of MR damper.

a) Ié b) = Eddy current
Eddy current B ) . =
2| Magnetic hard axis 3
is'i :Cn b
3 z'°
- =
L —— = ////
= = .//
I =, L /\:..
/ -:ﬁ /_F"
[ <

eiiE Fe-Si sheet ~ Fe, Fe-Si powders
Insulating layer (0.05~0.5mm) Insulating film (0.01~0.5mm)

Fig. 11Eddy currents in magnetic core a) laminated b)pmasite[31]
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2.4.3 MR damper for the space application 2.4.3

One of the few MR dampers, which were designedsfiace application, was
patented in 2005 [32]. This damper, more preciséiyt or an isolator, because of
certain stiffness, has internal MR valve and themo piston rod for a guiding as it is
common.

Piston movement of the damper causes the fluid.fldwere are two possible paths
of flow from the outer chamber to the inner one finst through two gaps with coll
along the housing or directly through only one gap bypass, see in Fig. 12. Both
paths cause high damping.

outer [/ 1 : e
chamber /] N7\ gap
inner A2
chamber . 1ET N\ piston
N
: R
housing baypass
adjustment : _ 1/ NEN W . compensating
screw < ' chamber

Fig. 12 The response time of MR damper and the influeficesponse time on semi-active control
[32]

An elimination thermal expansion is provided by ahdtellows which creates a
compensating chamber. The bellows is connected djiystanent screw to set a
required pressure inside the damper.

The lid serves to the guidance of the piston bexalus upper part of the lid is
weakened what results in elastic deformation iretkial direction, while the stiffness
of the lid lateral direction is much higher. Thenef the isolator can be considered
single-axis and it is designed for low stroke aggtions. The absence of dynamic seals
and guidance guarantees no friction force, whatlshesult in high dynamic force
range in low piston velocities. Semi-active corgdldamper with high dynamic force
range is effective by Yang [22].

Page
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3 CONCLUSIONS OF LITERATURE REVIEW

The vibration environment during a flight of theitech vehicle is very dangerous
for the valuable payload (spacecraft). Two baspes$yof vibration isolation systems
(VIS) were used for the space application: meclamaiad structural. Mechanical VISs
were used with passive (whole spacecraft isolatimn)active (light part of the
spacecraft) control.

Single axis elements such as actuators, strutsuséa for vibration elimination
must be united in a mechanism with 6 DOF. A literatreview points out the Stewart
platform as the best candidate. It is usually ckiasdf 6 actuators and this active
mechanism, is used also for positioning of lighsmédevices. However, it was found
the passive platform whose legs are struts, whigraie and spring and damper. One
of such as the designed passive Stewart platforallisd ELVIS.

All strut used for the space applications which Vitesd with a fluid was sealed
by elastic metal bellows and some static sealsv@aional sealing by dynamic seals
between the piston rod and a damper body are tawed in this field, because a
leaked fluid would evaporate due to atmosphericsquee drop. Consequently,
condensation of the vapour on the spacecraft el@ctparts, short circuit, which may
endanger the mission.

Available literature didn’t provide any informatioon how to determine the
volumetric stiffness of metal bellows neither thegsure thrust stiffness (projection
of volumetric stiffness into the axial direction)he pressure thrust stiffness
determination is necessary for the strut desigrer@fiore, FEA will be used for the
pressure thrust stiffness determination using tiws geometry.

Suspension system employing the MR damper withprameters lying in this
area will be able to significantly decrease thendmaissibility of vibration in
comparison with the suspension system using the ddRper with one or both
parameters out of this rectangle.

 p S

Nguyen (2009) Yang (2002)
Guo (2015)
&

The
area
of
interest

e o

Koo (2006)
@

5t{rjecl<er (2015)

Dynamic force range [-]

1 10 100 1000
Time response [ms]

Fig. 13Time response — Dynamic force range dependeneyisting MR dampers
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4 AIM OF THE THESIS 4

Vibration isolation system for the launch vehideai complex task. This thesis is
focused on the design of key element of the vibraigolation system.

The aim of the thesis:
Design of semi-active strut combining spring anchgdar function for the vibration
isolation system of the launch vehicle.

Sub-aims:
* Multi-body modes of vibration isolation system asicut
* Hydraulic, pneumatic and magnetic analysis forapigmal strut dimensioning
» Design and manufacture of an experimental strukafooratory testing
» Verification the experimental strut functionalityrthg vibration tests
« Design of the strut for VIS of the launch vehicle

Methods:

Multi-body model of the single strut will be usexdefine the area of interest for
the MR strut, see Fig. 13. The model will be vedfby experiment. The MR strut will
be designed in two versions:

Experimental: verification of the multi-body mod#lthe strut
Final: use in the VIS of the launch vehicle

Suspenssion TR Strut concept
concept parameters +
+ and loading Multi-body
Multi-body of single strut model
mocdlel

ON / OFF damping
and
Primary and sedondary
stiffness of the strut Time response
of MR damper

Models verification

Spring branch of strut Damping branch of strut

Engineering design

Magnetic circuit of
nNsions

dim
Channels for MR fluid

dimmensions

the MR strut

Strut
dimensions

Bellows
dimensions

Pheumatic spring
dimensions

Fig. 14 Scheme of MR strut design process

Design process will used many models and calculatior optimal dimensioning
of the strut. Inputs outputs and interconnectiorthef models and other procedures
during the design process is shown in Fig. 14.

The strut dimensioning is based on the whole Viguirements: payload mass
m = 1 500 kgcentre of gravity heighicoc= 1.5 m VIS + payload natural frequency:
3 — 25 HAlateral),8 — 45 HZaxial). Max. displacement of the paylaz@mm(lateral),

10 mm(axial).
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5 DESIGN OF MR STRUT

5.1 Conceptual design of MR strut

The literature review described some struts usediqusly for the purpose of
vibration isolation for space application. The sWtiELVIS was chosen as the most
suitable source of inspiration for the new MR stiitlie pneumatic spring will ensure
the dominant part of the primary stiffness of th®& Mtrut. This spring is suitable
especially for the possibility of the pressure tagan and for the equal pressure under
and above the piston in static load created bygaalin gravitation field g

Axial stiffness of metal bellows will contributedtprimary stiffness of the strut.
Moreover, these flexible parts will serve as theecaf the damping medium — MR
fluid. Thus, the conventional piston rod seals wdk use, because of higher friction
and a risk of leakage in comparison of metal bedlg@aled by static seals.

Spring branch Damping branch
(pneumatic spring + bellows) (MR valve)

Fig. 15 Conceptual design of the MR strut

5.2 Dimensions and parameters determination of VIS andtrut

Force affecting on each strut was determined byirsplof the system of motion
laws solution. The payload behaviour on the Stewiatform was simulated by the
model in multi-body system ADAMS. A complex modéMibration isolation system
was operated only in passive mode and with linEanents, that means the stiffness
and damping of the strut were constant. More stiphted simulation such as semi-
active control was provided in detail model of #teut, especially for lower time
requirements. Also, the verification by measurencantbe provided much easier with
a model of the single strut. However, boundary @k were determined in the
model of VIS.

5.21
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5.2.1 Multi-body model of VIS

5.2.1

Multi-body model of VIS consists of two rigid bodiewhich are interconnected
by 8 struts and a mechanical stabilizer. Lowerdgjéody - base represents the launch
vehicle, thus the source of vibration with acceierax,. Upper (yellow) body
represents a payload and the response on thetexctitameasured by the acceleration

of payloadx.

Strut numbers

Eye1 ——

; Damper (c,)
\

Payload (M) ——

‘ Strut mass (m,) —— —
L ) Primary spring (k,) —

Secondary spring (k;) —=

>
—
>
¥ i

Fig. 16 Scheme of VIS multi-body model

-

>

Spherical joint

Translation joints

_— Spherical joint

A

Parameters of Stewart platform which meet the redutransfer ratio for
payload of masM = 1500 kgand dimetePD = 1 280 mmare base diametd8D =
1 660 mm,angle between the struts along the payload pesmf&s = 19°, angle
between struts along the payload perim&ar= 26°, platform heighth = 400 mm
The strut has the primary stiffneks = 1 230 N/mm the secondary stiffness is
approximately 50 times high&t = kB/kA = 50and the strut damping s = 26
Ns/mm Transfer function of the VIS and payload is @dttn Fig. 17 by transfer ratio
in different height of payload for lateral vibratiand only in centre of gravity for axial

vibration.

Transfer Function lateral excitation 1g (X)

10.05

013

003 —Ppayload Base |
11 —Payload CoG
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Frequency [Hz]
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Transfer Function lateral excitation 1g (Y)
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0.01

;Ea;cmqj

0.001
1

.0
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Frequency [Hz]

Fig. 17 Transmissibility function of the VIS + the payloagstem
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Design of MR strut

The maximum strut deformation is given by the sppsition of quasi-static and
dynamic excitation and it is aroudd mm So, a stroke of the strut with this value of
(constant) stiffness should B& mm

The payload displacement during dynamic (lateradyl auasi-static (axial)
excitation is within the permissible range. Paylahsplacement at the top during
quasi-static load in axial direction exceeds timeitlia little. However, progressive
force-deformation dependency of pneumatic sprirgykshdecrease this maximum of
payload displacement under th@ mmwhich is the limit.

250

20'0: ——Payload displacemnt (TOP) lat. excitaionax=+0.9g ‘

15.0 —Payload displacement long. excitaiona=-55¢g

o)
2l

el U1 W

-20.01

Length (mm)

"
-25.0

0.0 5.0 10.0 15.0 20.0
Frequency (Hz)

Fig. 18 Payload displacement during dynamic (lat.) andsgstatic (ax.) load

Load of the strut for its dimensioning
Maximum strut force is able to determine only ie ttase when the excitation is
well known. But the vibration environment in theiheeh vehicle can be predicted just
roughly. Therefore, the maximum strut force wasaot#d as the sum of force caused
by the quasi-static acceleration in axial directtoh gand maximum damping force
during harmonic excitation of acceleration in atat direction with amplitudé.9 g
Consequently, the sum was multiple by safety fa2tor

tab. 1 Limit forces of the MR strut

Quasi-static force in the strut (5.59) 5.5 11.9 [KN]
Damping force E 5.06 [KN]
Total strut force boe 33.92 [KN]

5.2.2 Multi-body model of single

The boundary conditions of the single strut modelmsed on the axial excitation
of the VIS multi-body model. 8 struts with an imation relative to the base plate are
replaced by a single strut in the axial directidrhus, the payload mass for
experimental strut was chos&@0 kg The stiffness and damping of the experimental
strut were chosen so that the transmissibility svaslar to the VIS + payload system,
see right side of Fig. 17.

Multi-body model of single strut consists of threedies: base (where the
excitation is applied) payload, (where the respoisseneasured) andy, which
represents the mass of moving parts of the daniges. body is connected with
payload by dampesa and with the base by sprikg
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Fig. 19 Scheme of single strut model

Parameters of the single strut model were detenlyethe VIS simulations on
m = 100 kgk =400 N/mmCon = 12.5 Ns/mnmandk1 = 50*k Effect of time response
and dynamic force range of MR valve in semi-actiostrol mode is described below.
The base is excited by the axial acceleration gblénde 1 g Frequency increases
linearly from0 to 100 Hz simulation time wag&00 sand number of stept00 000

Time response

A time delay of damping force increase was insertgathe model to observe the
behaviour of the mass during the semi-active coofrthe strut. The force increasing
is similar to the response of the first order systeee in the right side of Fig. 19.
Damping force can be control by the semi-activedlgm. The position of the damper
between the payload and the bady caused slight changes of equations, for the
ON/OFF Skyhook algorithm:

X (X—%) =20 - Fc=Fcpax
x-(x—%) <0 - Fc=Fcpy (2)

Acceleration of the payload and the base were feainsto the frequency spectra
using Fast Fourier Transformation (FFT) and the laoges of both signals were
divided for the same frequencies. This calculati@sults in “transmissibility
function”. However, considering that thy systennd linear, the designation as the
function is not clear. Therefore, “the transfefa’awill be used:

_ XN
r(n) =24 ©)

The dependency of time response on the transfer imtshown in Fig. 20.
Simulation confirmed the hypothesis that the tirasponse increase results in the
higher amount of vibration transfer onto the sprarags by the semi-active controlled
strut. The system behaviour at the frequenciesehittan in this case fronDHzis
distorted by the fact that the excitation was hanmadrhus, the damping of the damper
with slow time response for examde@ mshas stabilized on a specific value which
results in lower transfer ratio than the ratio agbd by semi-actively controlled
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damper with faster response, for example)s However, this “advantage” of slower
damper would probably not be confirmed in the aafseeal excitation, for random
vibration. A significant benefit of semi-active ¢arl was observed for the dampers
with the time response lower th&mms A system with the damper with time response
10 mshas similar transfer ratio in the vicinity of resmce in compare of passive
mode. Therefore, the time response of the MR stratld be lower thah ms

Transfer ratio [-]

o
far}
T

o
o
T

=
iy
T

o
ra

Orns

Trms 1

2rms
ams
10ms H
—— passive

i i i ; i i
] 10 20 30 40 a0 G0 70 a0 S0 100

Frequency [Hz]

Fig. 20Influence of time response on the transfer ratio

Dynamic force range

Simulations deals with the dynamic force range wemided with the constant
damping in ON state. The value of dynamic rangecadf just the damping in OFF
state. Results in Fig. 21 show that the transter odi the system equipped with damper
with dynamic force rangP = 50 is similar than the transfer ratio of the systeithw
the damper with dynamic force range infinitely high
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Fig. 21Influence of dynamic force range on the transégior
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Dynamic force range increase causes a significarrtedse of the transfer ratio at
isolation area, but also a slight increase in tbmity of the resonance. This handicap
of semi-active control can be mitigated by the prtipnal control of the damping
force. That means to use an algorithm which swi#dietween more than two levels
of damping as the ON/OFF Skyhook.

Dynamic range higher thah proves to be suitable for this system as suitable,
because, the transfer ratio was significantly lothan the transfer ratio achieved by
passive damping. However, the dynamic force ina@@aser the valug0 has minimal
benefit onto the transfer ratio. Therefore, theaiyit range of the MR strut should be
betweerb and10.

5.3 Experimental MR strut design 5.3

The functionality verification of MR strut is nesesy before the final design of
MR strut for space application. Therefore, the expental strut was manufactured
and tested. Moreover, some vibration experimentk thie experimental strut were
used for verification of multi-body model describedchap. 5.2.2. The experimental
strut consists of two coil springs, bellows unitdaan external magnetorheological
valve. This strut was inserted into the system (@®strator) which is illustrated in
Fig. 22. Excitation is provided by the hydraulid¢wator; sprung mass is realized by a
set of weights. The sprung mass and actuator amgected by the experimental strut.
Therefore, the transmissibility of the experimensatut can be determined by
measurement of acceleration bellow (actuatgrnd above (sprung mass)he strut.

SPRUNG MASS

COIL SPRING

MR FLUID

g
[
i
H
i
£

MR VALVE

~ BYPASS

BELOWS UNIT

BASE

ACTUATOR

Fig. 22 Experimental strut in the demonstrator
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5.3.1 Demonstrator of the experimental MR strut

Parts of bellows unit, MR valve, weights, etc. weranufactured and assembled
in accordance with the scheme in Fig. 22. The ballonit is in Fig. 23 shown without
the sheets, which connected the lids and withaufrdme, because of greater clarity.
MR valve is equipped with the pressure se$BM 154210274nd the valve which
is used to connect the expansion tank, which ieseary to easy change of the pressure
inside the experimental strut.

Bellows unit MR valve

Fig. 23 Important parts of the experimental MR strut

Both components of MR strut shown in Fig. 23 wexeasately filled with the MR
fluid and then interconnected by steel tubes. Atftat, the MR strut was deaerated.
The steel tubes were used because of higher vaiensétfness in compare with the
rubber hoses, which were planned to use originally.

- Calless .'
-, - 1

Fig. 24 Demonstrator for the experimental strut vibratigsiation properties verification
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Excitation is realized by a hydraulic dynamomegatiator), which displacement
was set that its acceleration was conslagin a whole range of tested frequencies.
The acceleration was measured by accelerorB&r4507Bscrewed to the base, see
detail at the bottom right of Fig. 24. The samessenvas placed on the sprung mass.
The ratio of these two signals gives a transmibgibof the experimental strut.
Position sensoYLP 15 SA 15@vas inserted between the base and the sprung mass.
The relative velocity between these two bodies walsulated by derivation of the
position signal.

5.3.2 Experimental verification of the strut parameters 5.3.2

Force-velocity dependency determination requires a force measurement.
Therefore, the load cdINTERFACE 1730ACK-50kiNas inserted between the frame
and the sprung mass, see Fig. 25. Velocity wagrdaeted by the position sensor
signal derivation.

F

LOAD CELL

ROD

SPRUNG MASS

MR VALVE

BELLOWS UNIT

FRAME

ACTUATOR

REAL TIME
COMPUTER

Fig. 25Demonstrator configuration for the F-v dependemeasurement
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tab. 1 Measured parameters of the demonstrator

Sprung mass 95.6 [kq]
Primary stiffness 395 [N/mm
Secondary stiffness 2844 [N/mm]
Damping in ON state (I=1 A) non-linear | [Ns/mm]
Damping in OFF state (=0 A) non-linear | [Ns/mm]
Time response 4 [ms]

Dynamic force range (maximum) 9 []

Ua%%;—z‘g

5.3.3 Transfer ratio of the demonstrator

Vibration isolation strut cannot be evaluated obly parameters, which are
measured separately but verify its behaviour indtiaplex system. That means to
determine the transfer ratio — amplitude of vilmas transmitted from the vibration
source to the sprung mass. Therefore, the struinvgasted into the complex system
(demonstrator) and the transfer ratio was measured.

Passive mod®f MR valve has been used for the most of testBign26 there are
three of them for the curren®sA, 0.5 Aand1 Atogether with the simulation results
(dashed lines).

3 ‘
i o
it ——1=0A exp. ——I=0.5Aexp. 1= 1A exp.
22 T e I=0Asim o I=1Asim e I=05Asim
o |
_d j
E b
< 3
0‘1.5 7 B
95 \ \\J“‘\-,
R h‘r“ﬂ \TT:-_E:T_"__"
0 ! ] ETTe e R

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
frequency [Hz]
Fig. 26 Transfer ratio of a demonstrator with MR valvegassive mode

Simulated and measured data are not completelyicadéthey differ primarily by
a maximum of transfer ration with no current in tod and the isolation properties at
frequencies higher th&0 Hz This may be caused by passive losses of theystdm
(for example friction in linear bearings) which a@ included in the model. However,
there is one more difference, namely high dampeak pround80 Hz which
disappears hand in hand with the current increase.

One of the possible causes of this transfer raticeiase is a so-called mass effect
[13, 14]. That means the peak aro@®@Hzmay be caused by oscillation of the fluid
due to the elasticity of metal bellows (pressuraghstiffness). This hypothesis was
tested by additional measurements with variousoballor fluid, see chap. 5.3.4.
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Semi-active controlof the experimental strut have been investigateth wie
same excitation and the result was obtained bys#mee methods as in the case of
passive mode. ON/OFF skyhook described by equéZipwas chosen as the control
algorithm. However, the equation had to be modifeedhe real application: algorithm
did not switch the damping force but the electuaent in the coils of MR valve; an
additional rule of the control was added to an lecaéion noise elimination. The
current in the coils valve coils was zero whendbeditions (4) were not met.

I—{x—%)>QMAx>OﬂW V. (k— %) < —0.01A % <—0.007 (4)

X (x—%)=0->1=1A

. (5)
X (x—%)<0->1I=0A4

0 I=0A

Value of relative velocit9.01 m/sand0.007 m/dor the sprung mass velocity were
obtained from several preliminary tests. Lower ealof the velocities cause random
switching of the current. Influence of the rule (4)evident in Fig. 27, the relative
velocity exceeds the val@®01 m/ssporadically for the excitation frequent§ Hz
and higher. Therefore, there is a significant desean transfer ratio around th@ Hz

I | L]
14 —
i f’\ ——Passive | = 0.5A_exp. Semi-active_exp. Semi-active_sim

1.2 -—/—I AN
I | \\
E fa
<, 0.8 ; \
I 06
£ \{\M
< 0.4 . N A

L \...___
-
S
0.2 1 ——
0 -

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

frequency [Hz]
Fig. 27 Transfer ratio of a demonstrator with semi-actigatrol of MR valve

The electric current in the MR valve coils was zinothe frequencies higher than
20 Hzthe resonance peak with a maximum aro8@dHzappears in the semi-active
controlled mode.

5.3.4 Conclusions of the experimental MR strut tests 5.3.4

Mass effect- a phenomenon described above may cause th@atisder ratio has
a second resonance peak, in the case of Fig. #einange betweeb0 — 110 Hz.
Hypothesis, that the peak is caused by a partraff stass oscillation on a part of the
strut stiffness was confirmed by re-measuring tla@dfer ratio with significantly
stiffer bellows and a fluid with different density.
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One of the possible causes of the peak is a movenhd@nid massrk in the axial
direction. The primary stiffness of strkitprevents this movement. However, in this
case not only the axial deformation of bellows ketaithe fluid flow, internal volume
changes of bellows may cause the flow too. Redgisigainst this deformation is given
by the sum of both bellows pressure thrust stifftkes

Bellows can change its shape by two different wdgagth, volume. Total
deformation is given by the combination of both siaResistance against this can be
calculated as the sum of two spring’s stiffnessaries, mass is given by the volume
calculations and known density the fluids.

——One-layer bellows_MRF 132

A DG
{ 117.8 Hz ——One-layer bellows_shock

i) 7 absorber ol
L\ == _nlaa / ‘\\ ;
o 3 | I861THZ 7 \ —— Multi-layer bellows_ MRF
= L% 122 EG
E
< A _,:-f/ \\\x
& \wﬂﬂ\,h \ S~
= S #—M\J_/
£ 01 e 4
| —— A et
¢ — T S
:\"ﬂ""\‘_‘;-_\u_a, % o
~ “‘:‘""‘\’w ! 1;;\‘%”1
WAL VDt

0.01
0 20 40 60 80 100 120 140 160 180 200 220 240

Frequency [Hz]
Fig. 28 Mass effect

tab. 2 Measured and calculated the modal frequency oihss effect

Multi-layer, MRF 122 EG 146.9 117.8 25
Single-layer, MRF 132 DG 115.2 78.6 a7
Single-layer, oil 209.6 203.1 3

Table 2 compares measured and calculated freqeatimodal shape, which
may be caused by mass effect. This possible causgported by two facts: Firstly,
an increase of damping causes disappearing offteegmenon. Which is probably
caused by the MRF yield stress increase in thegdjhe fluid flow just by the bypass.
This path exhibits much higher damping and therrasoe peak is not reflected in the
transfer ratio.

Secondly, a decrease of the fluid density resulta significant increase of the
resonance frequency. However, the natural frequeatgulated from a fluid mass
differs from the measured resonance frequency.

The closed bypassvas initially considered as an advantageous vefsiosemi-
active control, especially because of high dynafoice range at low relative
velocities. However, ON state of MR valve exhil@tewuch higher transfer ratio than
expected, see, Fig. 29. Therefore, the strut vemsithout bypass was rejected.
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Fig. 29 Transfer ratio of a demonstrator with MR strutheiit bypass

This final design of strut will contain the bypassjich proposal is described in
chap. 5.4.3 (hydraulic part).

Ferrite cracks were found after the tests with semi-active contvdider rings
(pos. 2)t = 13 mmhas usually just chipped edges but the thibret mmring cracked
totally (pos. 3). Therefore, its reuse was excluded

VR | 3)

Fig. 30Ferrite rin'g‘s of MR valve aftér héévy loading

This accident started searching for another matevaich guarantees a similar
time response of MR valve, but it is more resistanhechanical loads. Moreover, it
will be advantageous that the new material willdaigher saturation than the ferrite
has. Vacoflux 50 the second has 4 times highetraatresistivity than pure iron and
almost 5 times higher saturation in comparison vethite. The electrical resistivity
of material can be increased by suitable shape.

Therefore, research inspired by shape approachddy eurrent elimination
described in chap. 2.4.2 was started. Productichntdogies which were tested:
glueing (a), grooving by wire cutting (b) 3D prife in Fig. 31.

" il VR
Fig. 31 Shape approach of magnetic circuit time respopsesdse
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The magnetic circuit of the final strut will maké\éacoflux 50, by 3D print using
method SLM. Magnetic circuit time response decrégsshape approach is described
in chap. 5.4.3 (magnetic part).

5.4 Design of the MR strut for VIS of the launch vehict

5.4.1 Metal bellows design

Axial stiffness is commonly available in produats bf bellows in contrast with
the pressure thrust stiffness. Therefore, the FEdMehwas created to determination
both stiffness based on the bellows geometry. Astifhess result is necessary for the
model verification.

The model consists of two parts: wall (steel) dmelftuid inside (oil). During the
determination of axial stiffness, the fluid mesma considered in the model. The
model was created IANSY Ssoftware package as a plane mode2@nusing the
rotational symmetry. The shell elements could reotibed as in Thakkar thesis [18],
because of the fluid and the wall interactions. tete is also mentioned the second
approach — with solid elements with a note thatrésilts of both methods do not
differ significantly. Thus, th&OLID 182elements were used for the wall ah8FLD
241 elements for fluid.

F LOAD

~x, (line)

Y,

THE SAME /
PRESSURE \,

uV:O
(line)

N

Fig. 32 FEM model of bellows

Load force is applied by the pressure on the to@ Mvhich corresponds to the
force Fp. The displacement of the top liggis used for the stiffness calculation. The
bottom line cannot move in vertical directignNodes located on Y axis cannot move
in the horizontal directiorK. There are several points (depends on a number of
corrugations) with the same pressure in the med#lidf It ensures identical pressure
in the fluid, as shown in Fig. 32.

The FEM result of axial stiffness was compared hign measurement, counting
carried out by the manufacturer and also with thlee which is listed in the product
list. The pressure thrust stiffness was comparstiyith the measurement described
in chap. 5.3.2.
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tab. 3 Bellows stiffness comparison determined by varimeshods

Product list [33] Axial k 22.3 12.6
Manufacturer calc. Axial & 29.5 15.6
FEM model Axial k 25.52 ref. value
Measurement Axial K 22.7 11
FEM model Press.th. 1k 1531.6 ref. value
Measurement Press. th. 1K 14445 5.7

Sensitivity analysis of each parameter on the afidlpressure thrust stiffness was
carried out after the model verification. The as&yses the geometry of the bellows
324125 just one dimension differs the tab. 1@ 95, 105110 %of its initial value
for each set of simulations.

The simulation results shows that some parametars the same impact on both
stiffnessest, i, L; while, two of themDn, w affected axial and pressure thrust stiffness
differently, see Fig. 33. The conclusion of the ss&vity analysis is that the ratio
between the pressure thrust and axial stiffness bearslightly modified by the
geometry of the bellows. That may affect the ratibetween primary and secondary
stiffness of the strut.

. Mean diameter (Dm)

160 = N
*  Cor. Width (w)

140 e Pressure
’ thrust
stiffness
120

Axial
stiffness

Stiffness [%]

100

Axial

80
stiffness

| Pressure

60 thrust

90 95 100 105 110 stiff.
Parameter [%)]

Fig. 33Parameters with different impact to axial and pues thrust stiffness

Verified model was used for select of suitabled&$ for the strut with description
47.4x66x5x0.3n [33]. Axial and pressure thrust stiffness wasedmined using the
methodology described above. Raldetween the primary and secondary stiffness
was chosen aNl = 50. Selected bellows and proposed axial stiffnessrot gives
stiffness ratio:

kg kyp*2 23470 %2
—B_ e " f 382 (6)
ki kg 1230

N

Considering that the FEA estimation of pressuraghstiffness wag0% lower
than the measurement, the real ratio N should gjeehi Anyway, change & from
50 to 38 will not have a significant impact on \W8haviour. However, the geometry
modification of the chosen bellows that means custoade of the bellows should
increase the ratibl to the required value.

Page
27



Design of MR strut

5.4.2 Pneumatic spring design

Pneumatic spring is designed for a load of strult bu VIS with payload mass
1500 kg This load causes the equal pressure above arad pistion of the pneumatic
strut. The strut force-deformation dependencydeisrmined by analytical counting;
see Fig. 34. The strut stiffness is non-linear tu¢ghe pneumatic spring. The strut
stiffness in steady state is:

ky = Kp(O) +2-k,=632.7+ 2-298 = 1228.7 (7
This value is almost identical to the value usethenmodel. However, the strut
force-deformation dependency has a progressiveseafrin compression part of the
diagram and an almost linear course in tensions Téature isiseful with respect to
the flight direction (quasi-static acceleration).

40000

30000 — Pneumatic
spring
Strut
20000
5g
10000 1g
z
) —0g
& 0
O -
= — Deformation
- i limit

-10000 e Force limit

-20000
-20 -10 0 10 20

Deformation [mm]
Fig. 34 Force-deformation dependency of the strut angriesumatic spring

Progressive course of the strut force-deformatepeddency allows decreasing of
the maximal stroke of strut formr2@ mmlisted in onto £5 mm This stroke reduction
helps to decrease the weight of the strut.

5.4.3 MR valve design

MR valve design consisted of two models which aterconnected by several
parameters, especially dimensions of the MR valle first one (hydraulic) is an
analytical model of MR valve pressure drop causeBIB fluid flow through it. The
second one (magnetic) is a FEM of the magnetiaitisghich determines the yield
stress of MR fluid in the gap.
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Hydraulic part

An analytical model of MR fluid flow through gap bypass, see Fig. 35 was
created using the equation mentioned in [22]. Tloeleh determines pressure drop
during the fluid flow, thus also damping force-vaty dependency.

The MR fluid flows via two paths: through the gapexe the magnetic field can
change of the fluid yield stress or through bypa#sce. Total flow rateQ has to be
split into two part€1, Q2. The ratio betwee®1 andQ2 depends on the intensity of
the magnetic field in the gap and on the dimensarchannels. In the model, there is
a rule that when the shear stress the MR fluid is lower than the yield stress\iR
fluid 1, then theQlis zero.

Q1 02 q2
T ,_T_ ¢ _.T MR Fluid
f flow (Q)

@0

lo

Fig. 35MR valve hydraulic scheme

tab. 4 A combination of MR valve dimension meeting reqdifev dependency

Gap thickness h 0.65 [mm
Gap length L 22 [mm]
Gap mean diameter D 42.65 [mm]
Bypass length L2 40 [mm]
Bypass diameter d2 1.95 [mm]

Dimensions mentioned in the tab. 4 ensures forteeitg dependencies in Fig.
36. The blue curve represents ON state, the orangés for OFF state.
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Fig. 36 The simulated F-v dependency of MR valve
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The dynamic range of the strut with this MR damp#rdecrease by the friction
of seals [34]. In the case of the MR strut, it viad the seal of pneumatic spring and
guiding, which was estimated #0 N Moreover, magnetic remanence of magnetic
circuit material will cause a little yield stressea in the case of OFF state. The
magnetic flux density in the gap of the magneticuwit made of Vacoflux 50 was
measured 5 mT(measured on air — no MR fluid in the gap), thegmetic flux density
causesD.4 kPayield stress oMRF 122 EG[35]. Comparison of theoretical and
predicted dynamic force range of MR strut for VISt launch vehicle is in Fig. 37.

25

theoretical

N
o

=
[%2]

predicted
o .

Dynamic range [-]

0 0.1 0.2 0.3 0.4 0.5
Velocity [m/s]

Fig. 37 MR strut dynamic force range

Magnetic part

Measured B-H curves Vacoflux and the MR fluid waseirted into the model
using interpolation. The other materials used enrttodel was taken from libraries of
the model software packageANSYS ELECTRONICS 20ai7from the product list.

Tested seqment AfA
£C

065

Pole piece

Radial groove

Wﬂlll,

/
/

Coil core

MR fluid

\_symmefry 2.~

T s o

Fig. 38 Grooved magnetic circuit called as 24x2

Rotational symmetry (symmetry 1 in Fig. 38) was djsbecause of time-
consuming simulations. Preliminarily results showédt the lowest number of
grooves which gives satisfactory time responseistiiereby circular sectors of the
angle of 30° are created. The magnetic circuityrarmaetrical around the horizontal
plane (symmetry 2 in Fig. 38); therefore just ldifhe magnetic circuit was modelled.
The example in Fig. 38 illustrates the circuit wathaxial and 1 radial grooves, thereby
24x2 rods are created.
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Shortening of time response was achieved by axi#teradial grooves. Under
certain conditions the axial and radial groovethassame influence to time response,
see24x0and 12x2in Fig. 39. Substitution of the axial groove b tradial helps
decreases the risk of saturation, which was obderv86x0version. Versiord8x4
(Fig. 39) is characterized by shorter time resp@mgkhigher intensity in the gap than
the96x0version.
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Fig. 39Influence of grooves number to the time response

Grooves in axial and radial direction create rotishe magnetic circuit which
cross section differs depending on the distanaa fte axisy, see version 1 in the left
side of Fig. 40. Thus, the magnetic field densstypot constant in each rod, which is
inappropriate due to the unnecessarily high weadlthe magnetic circuit. Therefore,
the shape of grooves and was modified, see FigTl®8.figure compares magnetic
flux density in three different magnetic circuitstiwthe same excitation, constant
current in the coil = 2A (simulation results for time= 0.05 m3.
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Fig. 40 Saturation of several versions of magnetic cirexdited by | = 2A (t = 0.05 ms)
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Design of MR strut

Version 3 was chosen for the magnetic circuit ia MR strut. Primary time
response is approximatey2 ms However, the time response of power supply is
dominant in this value. Secondary time responsapisroximately0.7 ms Time
response of MR fluidd.5 m$ must be added because it is not simulated itréinsient
model; thus, the time response of the MR valvesisrated afl..2 ms
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Fig. 41Intensity of magnetic field in the gap of MR valve

Several points in Fig. 41 are marked by squarepnthgnetic flux density and the
current density is plotted for these times in Big. Power supply disconnect causes a
decrease of magnetic flux density in the magnadticuit. However, eddy currents
induce a secondary magnetic field; therefore, thgmatic flux density drop process
is slowed down. Magnetic flux density in the figglometry dropped in coil core from
2100.5 Tperl ms

t=0.15ms t=04ms t=0.7ms t=1ms
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The final version of magnetic circuit is grooveded-ig. 43. When the grooves
would be unfilled, the fluid could flow through time so the bypass would be very high
and the damping force of the MR valve would be Jewy. Therefore, the grooves will
be filled with filled plastic.

Fig. 43Initial and final version of the magnetic circuit

5.4.4 Engineering design 5.4.4
The final structural design honours the divisiomoinwo branches: damping
(marked by shades of red in Fig. 44) and springdsk of yellow). MR fluid is by the
strut compression/extension forced to flow from em@nother bellows through the
MR valve which causes damping.

A-A

Damping branch MR Fluid

MR valve

Spring branch e

Pneumatic spring,

Bellows

Fig. 44 MR strut branches
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Dimensions ofMR valve design is based on hydraulic and magnetic models
described in chap. 5.4.3. The magnetic circuihef¥R valve consists of a coil wound
on the skeleton which is surrounded by coil com e pieces. The pole pieces have
to be dismountable, because of assembly (to inkercoil into the space in pole
pieces). The pole pieces consist of 12 segmentsndrthe perimeter, which are
divided onto 4x4 rods. Thus, a magnetic circuitssts of 196 rods.

The rods are interconnected by bridges, see tlad &ein Fig. 45. These bridges
are designed just because of manipulation afterdymtion. Influence of
interconnection of rods by the bridges on time oase of MR valve was tested in the
magnetic model. The time response increase wagyitdgl <1%.

Upper pole piece

MRF flowl Magnefic flux i

Coill skeletaon

' ™

Coll core
Coll

Lower pale piece

H]
5
8
8
§
H
S

Yrsawasa !Illlllg I

4

Plastic case

Wire hole

Y
=

Fig. 45Design of MR valve

The distance between connection eyes of Mfe strut is 380 mmin an
equilibrium position. However, the length can bejuattd in the range of
approximatelyt 2 mmby the screw of the eye (pos. 19) and fixed byta(pos. 27).
When the lower eye (pos. 20) is consider fixedcédpading of the upper eye causes
an adapter (pos. 6) movement which is transfewweati¢ piston of pneumatic spring
(pos. 7) by a piston rod (pos. 8). Movement offilson changes the pressure in the
pneumatic spring chambers but also causes thensetleformation (pos. 9). One of
the bellows is compressed the other one is strétabgposite faces of bellows are
interconnected by the piston rod. That causes MK flow through the MR valve
(pos. 1), which is clamped between MR valve bodys(2) and flange (pos. 5) by
screws M6 (pos. 22).
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19 A-A

18 & 20 73 26 79 14

Fig. 46 Design of MR strut for VIS of the launch vehicle
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Internal seals in the strut, for example in threafdhe piston rod is not designed
to leakage impossibility. Therefore, the threaths piston rod is coated by sealant
before thickening. These threats of piston rodnfibther parts: screw (pos. 23) or
adapter which is as well as piston rod made afitita, because of high stress in the
threads. The screw connected piston rod and thenpiahich is made of magnesium.
Because of lower allowed compressive stress of esgm, there is a washer (pos.
26) made of titanium between the piston and pisboin

The total mass of MR strut was minimized by thensstcated design of each part
of the MR strut. Used material and weight of eadmponent of MR strut is
the tab. 5.

tab. 5 Comparison of an initial and final version of thagnetic circuit

1 MR valve Vacoflux / Lukopren 693 1
cooper /
2 MR valve body AZ80A-TS5 169 1
(magnesium alloy)
3 Cylinder AZ80A-T5 337 1
4 Lid AZB0A-T5 225 1
5 Flange AZB0OA-T5 159 1
6 Adapter Ti6Al4V 279 1
(titanium alloy)
7 Piston AZB0OA-T5 176 1
8 Piston rod Ti6AI4V 230 1
9 Bellows 1.4571 447 2
(stainless steel)
10 Upper stopper AZBOA-T5 49 1
11 Lower stopper AZB80OA-T5 48 1
12 Piston guideline PTFE 2 1
13 | Piston rod guideling PTFE 11 1
14 Seal 66x2.5 NBR 1 4
15 Seal 71x2.5 NBR 2 2
16 Seal 123x3.4 NBR 4 2
17 Piston seal NBR / PTFE 9 1
18 Bonded seal NBR / Steel 2 1
19 Rod end M81935/1 Ti6AI4V 127 1
20 | Lower eye MS14104 Ti6AI4V 16 1
21 Plug AZB0A-T5/ NBR 2 1
22 Screw M6x16 Ti6AI4V 4 12
23 Piston rod screw Ti6AI4V 23 1
24 Screw M6x12 Ti6AI4V 3 12
25 Screw M6x10 Ti6AI4V 3 32
26 Washer Ti6AI4V 8 1
27 Nut Ti6AI4V 12 1
28 Split washer 6.4 Ti6AI4V 0.4 56
29 Taxer valve C-360 9 2
(brass alloy)
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6 CONCLUSIONS (I

Vibration elimination in launch vehicle is specifit many factors: the vibration
environment is quite hard and the frequency raagey wide. Any fluid fillings are
allowed to be used only in case of their completé eeliable sealing. Finally, the
weight of the vibration isolation system is verypontant factor in the assessment of
the design. Previously designed VIS were summarneddivided into structural and
mechanical groups. One of the mechanical VIS calié®/IS was chosen as an
inspiration for this thesis and therefore, analyednderstand design background.

The strut of the VIS in this study consists of sBge and magnetorheological
damper enabling semi-active control of dampingdoithe benefit of semi-actively
control in comparison to passive damping was prdsedimulations of multi-body
models. The models also served for the determimatfothe strut parameters and
investigated their impact on the vibration elimioatefficiency.

The simulations with the semi-active algorithm ORFskyhook have shown that
the most significant factor of semi-actively cofied dampers is their time response.
The lower time response the damper exhibits thetdvansmissibility of vibrations
can be achieved by VIS equipped by this damper.abya force range increase (in
this case increased by OFF state damping drop)esaasslight increase of the
transmissibility in the vicinity of resonance bubet significant drop of the
transmissibility in the isolation area.

The requirement of perfect sealing of the MR stoutVIS of the launch vehicle
was solved by the use of elastic metal bellowsesHay static seals as the only possible
way of safe sealing. A damper with elastic bellmssd for the damping medium case
must be considered elastically connected. Thens of the connection is affected
by the resistance of the bellows length changemsigéne internal pressure increase
— pressure thrust stiffness.

The pressure thrust stiffness is not a commonljlava parameter of the bellows.
Therefore, the FEA of bellow filled with a fluid waprovided and verified by
measurement in this thesis. Moreover, sensitivitglgsis revealed that the mean
diameter of damper and width of corrugation affectsl and pressure thrust stiffness
differently. Thus, the ratio between axial and ptes thrust stiffness of bellows can
be adjusted by these two parameters of bellows.

Two versions of MR strut were designed in this gtudne of them: the
experimental MR strut was also manufactured aneéded his test provided valuable
knowledg which was used in the final MR strut dadigr the VIS of launch vehicle.

One of the most important findings was that #lastic bellows allow an
oscillations of MR fluid which appears as a peakthe transfer function. This
phenomenon is called fluid mass effect and itsreutasearch could help to clarify the
reason why the resonance frequency is not dependgnbn the mass of a fluid and
the stiffness of bellows.

The magnetic circuit made of ferrite was damagedindutesting of the
experimental strut. The ferrite rings cracked bseanf strong force impulse occurring
during vibration elimination by semi-actively cooited MR damper. This material is
not suitable for parts of the magnetic circuit whare loaded by a force. Therefore, a
new way of very fast magnetic circuit designing basn investigated in this study —
shape approach.
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The main aim of shape approach, as well as therialaa@proach of fast magnetic
circuit design, is the eddy currents elimination.nfagnetic circuit with suitably
designed grooves can achieve similar time respasgbe circuit made of a material
with very low electrical conductivity (for examptke ferrite). Moreover, a material
with a higher level of saturation can be used faape approach. This results in a
significant weight reduction of the magnetic citcui

The magnetic circuit of the MR strut of VIS for theunch vehicle is made of
Vacoflux 50. The magnetic circuit contains 48 gre®wn the axial direction (created
circular sectors) and 4 radial grooves (parall@hagnetic flux). Both types of grooves
together created 192 rods of the magnetic circhickv are electrically isolated by
grooves filled with plastic. This design of maguoetircuit exhibits primary time
response (step fro&D0to 32.7 %of damping force) 0d.2 msand secondary response
(step from100to 5 % of damping force) of aroun@ 7 msin the case of the electrical
current drop take@.3ms from2 AontoO A Estimated secondary time response of the
MR strut with this magnetic circuit 5.2 ms(containing the MR fluid time response
itself).

The grooved magnetic circuit is also very efficiemterms of weight. The MR
strut designed with an external MR valve made ofteehad nearly twice the mass in
comparison with the grooved magnetic circuit of ke strut. Both mentioned struts
were designed for the same loading. Neverthelassyweight penalty in comparison
of less efficient but lighter passive adapters W@l probably acceptable only for
transport of extremely sensitive payloads. Howetle, MR strut can be applied in
other fields of vibration isolation, where the wiigs not the decisive factor.
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