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ABSTRACT

The dissertation thesis deals with the design ajmatorheological (MR) strut for
vibration isolation system (VIS) of the launch w&ti Previously used VIS and their
struts are described in state of the art. Eachefstruts which contained any fluid was
sealed by static seals and elastic bellows masieel. The strut of a passive system called
ELVIS was chosen as an inspiration and therefoa¢yaad thoroughly. The strut is three-
parametric that means the damper is elasticallpected. The stiffness of this connection
is identical to the projection of bellows volumetstiffness into the axial direction which
is called the pressure thrust stiffness.

The method of the pressure thrust stiffness detetion  from  the  bellows
dimensions is presented in the thesis. Moreoverp#itameters which can be used for the
modification of the ratio between axial and pressilrust stiffness of bellows is also
discussed. This ratio affects the dynamic behawbtine strut, thus also the behaviour of
whole VIS.

The multi-body model of VIS based on the Stewaatfprm 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§elQ.

The final design of the MR strut for the VIS of tlaeinch vehicle preceded the
design, manufacture and testing of the experimestital. The parameters of the
experimental strut were measured and consequesely for the verification of models
used in the thesis. Knowledge obtained during éststwere used in the final design of
the strut. One of the most important detections tvas 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 la predicted time responseld 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, dagypsolation, elastically connected

damper, short time response, pressure thrustesgfrmetal bellows
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ABSTRAKT

Prace se zabyva ndvrhem magnetoreologické (MRdryzpbroizolatniho systému
(VIS) pro kosmicky nosi V reSerSnicasti jsou popsany vybrané VIS a ¥pptéchto
systénd, které byly v kosmickych nadch vyuZity v minulosti. Kazda z¢hto vzpr
obsahujici kapalinu bylaéd¢rena pomoci statickychésreni a pruznych vinowc
vyrobenych z oceli. Bkladrgji byla analyzovana vzpa pasivniho systéemu VIS s
ozna&enim ELVIS, jehoZ konstrukce se stala inspiraci puto praci. Jedna se o
tiiparametricky systém, w¥mz je tlumé uloZen na pruzif) jejiz tuhost fiblizn¢ odpovida
objemoveé tuhosti vinovcrespektive jejimu @imétu do axialniho skru (pressure thrust
stiffness).

V praci je gedstavena metodika pro stanoveni “pressure thiiffsess” na zéklad
geometrie vinovce a také uvedeny parametry vinalkg kterym je mozné emit poner
mezi axiélni a “pressure thrust stiffness” vinovEento pordr ovliviiuje v dané koncepci
vzpery jeji dynamické chovani a tim i chovani celéh& VI

Pro predikci dynamického chovani wrp byl vytvoren multi-body model VIS
zaloZzeného na StewartowploSine a detailgjSi model jediné vzfy. Simulace
provedené v tomto modelu odhalily parametry, kieegi vliv na vykonost tlunge ve
VIS: ¢asova odezva a dynamicky rozsah. Diky modelu bgkrurrozsah &hto
parametil, ve kterych bude zatena efektivni funkce vzpy ve VIS, konkrétg:
¢asova odezva: 0-5ms, dynamicky rozsah: 5-10.

Pred finalnim ndvrhem vzpy byla sestrojena vZpa experimentalni vapa, jejiz
parametry byly pesr¢ nangteny a vyuzity pro verifikaci jednotlivych model
Poznatky ziskanéhem experimeiitbyly vyuZity @i navrhu finalni vzpry. Jeden z
nejdilezit¢jSich poznatik byla nutnost nahrady feritového magnetického obved
ohledem na jehoikhkost. Proto byl odvozen tvarovyigtup k navrhovani rychlych
magnetickych obvad z oceli s vyuzitim 3D tisku, ktery byl nasledpatentovan.
Navrzena vzgra obsahuje magnetoreologicky ventil jehoz odeevar¢dikovana na
1.2 ms a dynamicky rozsah 10. V 2ay prace je fedstavena metodika, diky které
byla vzg@gra navrzena.

KLi COVA SLOVA

vibroizolaini systém, kosmicky nasi magnetoreologicky, tlumyj vzpra, ventil,
vibrace, odpruzeni, tlumeni, isolace, préizdozeny tlumé, kratkacasova odezva,
objemova tuhost
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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 the 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 elimination — theory

Vibrations - an accompanying feature of movemesarte- generally undesirable.
There are several ways of how to reduce them. Camynesed springs accumulate
the vibration energy. However, the energy accunanatesults in oscillation of a
sprung mass on theoretically infinitely high amydi¢ at natural frequency:

fo Lk (1)

- 2-nﬂ m

Where: k is the spring stiffness
mis sprung mass

The infinitely high amplitude of oscillation devaggs the system. For that reason,
the spring is usually connected with the damperarallel. The damper transfers the
energy accumulates in spring to heat — dissipaliba.damped system has a resonance
frequency:

1
fr:ﬂ'\/(z'ﬂ'fn) -< 2)

Where: ¢ is the damping ratio, which can be determined faaction of
real damping and critical dampingc:

Cc 2-Vk-m (3)
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Fig. 2 Absolute transmissibility of 1 DOF systd#5]
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State of the art

The damping ratio affects the transmissibility bé tsystem which is usually
illustrated by a transfer function. Transmissiitf 1 DOF system is shown in Fig. 2.
This system consists of two passive elements coedea parallel — spring and
damper. The increase of damping ratio causes @a®sein transmissibilityx(x) in
the amplification area (vicinity of resonance). @ contrary, the damping ratio
increase causes an increase of transmissibilttyansolation area [5].

Proposal of a damping ratio which for a specifisteyn suitable is always a trade-
off between maximum transmissibility in the vicindf resonance and slope of decline
of the transfer function in the isolation area.

However, transmissibility decrease can be achidwecelastically connected
damper [6]. The damper is connected with a sprintp \stiffnessk; in series.
Honeywell Company called this disposition a threeameter system [7, 8].
This system allows a significant decrease of trassifility in the isolation area, while
the transfer in the vicinity of resonance is nobgantially increased. It can be
achieved by suitable selection of ratio betweemmary and secondary stiffness
N = ki/k, see Fig. 3.

Transmissibility Comparison

10 ¢ — ‘ . —
q I ) ~Large Q Penalty : T‘
10 e N e e ——— Indamped k
: : : !
210 -
= : |
o | -m
@ : 2-parameter )
g . ] 20 gB/decade
Tl |
B0 e N
: H
Al | | 40 dB/decade
10 ¢ : —H : 3-parameter
: |
|
|
10‘3 : : bt -2 \
10 10 10 3-Parameter Advantage

Frequency (Hz)

Fig. 3 Transmissibility comparison of 1, 2 and 3 pararoeysteni7]

Relatively high ratidN may cause an increase of resonance frequencysntha
transmissibility increase at this frequency, FigThis effect occurs in case of high
velocity and small stroke of the damper piston wtiendamping force is higher than
the force necessary to compression of spring wiffness k. The sprung mass
oscillates on two springs which total stiffnesghie sum ofk + ki. In extreme, this
effect results in dangerous undamped oscillatiorthe case of many times higher
damping force than the force of sprikg
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Fig. 4 Transmissibility of the 3-parameter system [9]

In addition of elastically connected damper, thexeone more sophisticated
method of vibration transfer decrease. Namely,digia damper which damping can
be re-adjusted, 1 DOF system with this damperasvshin Fig. 5 a).

x(t) L

2%, % (T)
- A
Command Fi . High state damping
inputs / €= Coux
/
/ . Low state damping
Y / - - &= Cnﬂ'rr
.~
1troller (=) - > (+)
A L -2 Xy
- /
— /
Xoa Xgs X /
/
)
b)

Fig. 51 DOF system with controlled damper a) and thederelocity dependency of the damper [10]

In the case that the damper exhibits just two tifieforce-velocity dependencies,
see Fig. 5 b) it is advantageous to keep high dagnipi the vicinity of resonance and
low (ideally none) damping in isolation area. T$imple algorithm is calleddaptive-
passivecontrol [10]. Mathematically it is described by this systef equations:

RMS(%) = RMS(%,) = € = Cpmay
RMS(¥) < RMS(X,) = ¢ = Cpin (4)
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State of the art

The application of this algorithm is especially floe harmonic signal of excitation
[10]. The switch between high and low damping ipgemning when the excitation
frequency overcomes the border between amplifioaftoansmissibility >1) and
isolation area (transmissibility <1). This bordemarked by a dashed line in Fig. 2.

Semi-activealgorithms switch the damping even several timesndua single
oscillation period. There is a lot of semi-activgasithms for various purposes and
various applications. However, only one of them:/ONF Skyhook will be described
for the purpose of this thesis. The ON/OFF skyhawks developed for the
transmissibility minimizing. When the sprung mapayload) is deflected from the
equilibrium position and excitation body (launcliigte) moves in the direction which
would mean even greater deflection of the payldlad,damping force is minimal.
Conversely, if the excitation body forces the sgrunass to move back to the
equilibrium position, the damping is maximal. Matredically it is described by:

X-(X—%9) =20 = ¢ = Cnax
X (X —2%) <0 - c=cpin (5)

ON/OFF Skyhook

20

Active

Damping force
c(X-X,)
[-]
=)

Adaptive-passive

Passive o
Semi-active

(ON/OFF Skyhook)

s 20l

=30

Condition function
X(X-X,)
- % - -
. L < L
RMS acceleration transmissibility (dB)
=

40

Acceleration

-50 T
10° 10’

Time Frequency ratio olw,

Fig. 6 Steady state response of on-off skyhook semi-actntrol atw/wn = 1 (), transmissibility
comparison (b)10]

The results of ON/OFF Skyhook shows a significaptrdase of vibration
transmissibility in the vicinity of resonance (dadicurve in Fig. 6) in comparison of
the passive damper (blue curve). Even higher efiicy can be achieved #\ctive
vibration isolation system [11]. The active vibaoatielimination is based on the forced
movement of the sprung mass in opposite directiotihé¢ excitation. However, this
method is huge energy consuming therefore, it veasl @specially pro light sprung
masses [12].
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2.2 Vibration isolation systems for the space applicatin

Vibration isolation systems (VIS) are used in lduneeshicle to decrease of
vibration transmissibility between excitation bodgunch vehicle) and sprung mass
(payload). Acceleration bellow (blue signal in Frg.and above (yellow signal) the
VIS was measured during the launch vehicle Taur#sSA) flight [13]. Vibrations
and shocks are most often formed by booster oBoillafairing separation of by lift-
off blastwave. The payload must resist (to stay anmalged) in this vibration
environment.

CuikTOMS Flight Data. First Stage. Acial MTI Fight Data, First Stage, Radial

15 —_—
Below isolators |
Above isolators: |

[ Below isolators |
| Above isolators

Radial ' Axial

“l (thrust)

Acceleralion (g)

L L L L L L L
0 10 20 30 40 50 60 70 ac
Time (sec) Time {sec)

Fig. 7 Taurus/GFO flight data, bellow and above isolaft8]

VIS can be divided by application to whole spacidvdS or satellite part VIS
(antennas, optical equipment etc.). The main diffee 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

2.2.1 Structural vibration isolation systems

Usually passive systems which isolate the vibratiby the suitably designed
shape of their structure. The SoftRide productsrmgho this group, see Fig. 8. The
Uniflex (left) and the Omniflex (middle) systemsne@leveloped to isolate frequency
lower thar80 Hz Higher frequencies can be isolated for exampl8thyckRing which
reduces vibration most effectively arouh#Hz[14].

Fig. 8 SoftRide products from the left: Uniflex, Omnifle8hockRing14]
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A disadvantage of the structural systems is thatftaquency range of their
effective using can be changed only by redesigritgreover, internal damping of
structural systems material is not high; thereftire transmissibility of these systems
is relatively high in the vicinity of resonance.

An interesting structural system is a compositécatconical shell, which is
composed of the helical and circumferential hodpsjrmade of a composite material
called unidirectional carbon-fibre-reinforced piagCFRP).

Fig. 9 Anisogrid composite conical payload adapf&b]

Morozov optimized the ribs parameter with regaraveaght and load capacity of
VIS (adapter). Buckling stability of each rib wadiraiting factor of the parameters
determination. Total load capacity of the adaptes R = 100 kN Mass of the
adapter with conical shape wa2 kgand diameter800, 1600 mnrespectively. High
of the cone was00 mm However, Morozov’s study is primarily focused ttve load
capacity of the adapter thus, the vibration isolagproperties of the cone were not
determined.

Payload adapters used by ESA

Cone made of composite material is the most comstement for launch vehicle
payload vibration protection. This structural VI®e asometimes called payload
adapter.
The adapter diameters are normalized. The loweselbdiameter corresponds to the
connection with the launch vehicle, diameter 2624 im used in Ariane 3,920 mm
in Vega,2000 mnin Soyuz2000 mmetc. The upper diameter depends on the payload

Page
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which is used. Launch vehicles user manuals defimesk upper (payload) diameters:
937, 1194, 1663, 16662624 mn{16, 18].

However, not just the dimensions have to be kemitreer important parameter is the
natural frequency of the system consist of paylaad 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 thar¥.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. 10ESA adapters: PAS 937C (lefl)6] a PAS 1194C (right)19]

There are two most commonly used adapters in BigTie payload adapter PAS 937
covered 15% PAS 1194 even 65% of ESA missions [19].

The payload (satellite) has to be separated fraratnch vehicle at the end of the
mission. Therefore, the adapters have a specibiped flanges Fig. 11 which are
used for connecting by ring including a pyrotechpatron.

@ B56 w0

1.6

2 FLANE, _Ll:

804525 "

SEP. PLANE |~

]

O 2 st
S sy Losas
-DETAILB- T et &
roms | | Ross @
s ) SEPPLANE f\\j’?ﬁ*,
& % / 79/
VA

Fig. 11 Connection dimensions of adapter PAS 937C [18]

Composite cones are designed to eliminate vibrattdow frequency. Additionally,
another system can be used to improve the vibraaation at high frequency, for
example, system SASSA effectively decreases vimathigher thari00 Hz This
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system is consisted of two connection parts by wgpdongue and deformation
element, usually made of elastomer. The simulatwedicted the mechanical
behaviour of the elastomer was preceded the dewaop[20].

e

|
5 screws M8

Elastomer

Flange

SASSA unit

Fig. 12 SASSA[20]

2.2.2 Mechanical vibration isolation systems 2.2.2

Vibration energy spreads in all directions, therefthe Stewart platform (6 DOF
mechanisms) is used almost exclusively [7, 21, 7Pl Stewart platforms have
various numbers of struts. But, at least 6 strusrgntee 6 DOF mechanisms. The
strut may consist of spring and damper [7], actu@8] or both [22]. With regards to
what is the strut consists of, the Stewart platfame divided into the two groups:
Passive the energy in the system is accumulated by samhdissipated by damper;
andActive, the payload is moved by actuators, thus the gneag to be supplied to
the system [11].

Evolved Launch Vibration Isolation System (ELVIS)

Passive system ELVIS was tested with experimeragload, which had similar
geometric parameters to parameters of commonly ssddllite, see table 1.
Experimental payload was consisting of shell bodyglenof aluminium alloy and solid
weight made of steel.

tab. 1 Experimental payload parameters

Payload mass 1135 [ka]
Connection diameter 1155 [mm]
Centre of gravity height 1 600 [mm]

Lateral excitation was provided by dynamometer wihmonic movement: with
a constant amplitude of strokenmup to frequency0 Hzand constant amplitude of
acceleratiori g for the frequencies higher tha@ Hz Accelerometers were connected
to the payload at various position, their amplitigiguency dependency is shown in
Fig. 13.
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Fig. 13ELVIS and acceleration measured in the lateraation[7]

The acceleration signals revealed the presencgmftodal 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 (around
Hz) has a similar shape along the whole payload he@fwhich it can be concluded
that the translation movement was dominant for tiaglal shape. On the other hand,
transmissibility of high-frequency peak (arour@ H2 differs significantly along the
payload height. This modal shape was probably amal 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 cunkegnl3.

A 6-DOF Passive Vibration Isolator Based on StewarStructure with X-shaped
Legs

The article deals with the possibility of using ehaped strut see Fig. 14 a) for
lower transmissibility of Stewart platform in conmg®n with conventional passive
strut b). The mechanism was analyzed in multi-ba&stem ADAMS and
manufactured subsequently, see Fig. 14 c).

Fig. 14 Stewart platform with X-shaped lefi&]

Influence of chosen parameters of the system omeehanism behaviour was
examined. It was evaluated by transmissibility ibfations from base to sprung mass.
For the purpose of this work, only a few parameseesrelevant and discussed: sprung
massm, and spring stiffnes&. The excitation was provided by axial (vertical)
movement of the base plate. The results obtaineihinylation and experiment can be
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compared problematically by non-compliance with slagne sprung mass and high
level of noise (measurement), see Fig. 15. Theenwiss created especially by the
passive loses that means the friction in the X-stidegs.

10.0 100
[5) = =
z 0o g o0 o
g 3
g 100 g -0
& 8
§ 200 g 200 S
X 0 100 - 00 097 0 100 000
Frequency (Hz) Frequency (Hz)
. 40
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—_ ! m=2.0kg — 20 3 il
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T 20 z a B o}/ !
= A l“,ﬂ' Ly i E W iy
E Lﬁ‘!ﬂ,i‘.‘lf;,-*: w5 £ UL g = - - -
8 Oprt = ieSpg = } Yol Sty 8 ACA AV
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S |i‘ eyt A 2 30 V‘lf Vi, ”'\‘ y
g WP\ P I [ VoV | [TV
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%% 2 4 6 8 10 12 A e——
Frequency(Hz) Frequency(Hz)

Fig. 15 Sprung mass dependency on the transmissibilityulsition vs. experimenf24]

Experimental Study on On-orbit and Launch Environment Vibration Isolation
Platform

Each of 6 strut of VIS mentioned in the study o&[22] consists of spring, damper
and voice coil actuator, see Fig. 16 a). This Ikeda “Hybrid Isolation Device" and
it is based on Cobb study [25]. Significant redoictof vibration transmissibility to
the sprung mass can be achieved by control otthemilling off. Manufactured VIS,

see Fig. 16 b) was developed for the vibration iel&tion on orbit, which affected the
testing methodology.

a)
Payload

TN N NN

Fig. 16 Hybrid isolation device b) and its simplified s a)[22]

The acceleration of base (excitation) and sprungsni@sponse) was measured in
specific conditions, which were similar to the amvib environment. That means the
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pressure lower than atmospheric, in the case arerpntl.3 Paand the temperature
range from 10°Cto 50°C

The result shown that the transmissibility is digantly influenced by the ambient
pressure, see Fig. 17 a). This is caused by theaincept (described in chap. 2.3.2)
which is based on metal bellows. The stiffnesshef bellows is dependent on the
ambient pressure. Perhaps, lower ambient presaused deformation of the bellows,
which result in a decrease of the bellows stiffnass a decrease of natural frequency,
but paradoxically increase of the transmissibititsgeximum.
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Fig. 17 Tests results of Hybrid VIR2]

Temperature affects the viscosity of the dampingliome — silicon oil, which
affect transmissibility near natural frequency Istig, see Fig. 17 b). Active control
suppresses the resonance peak completely, seE/Fy.

The contribution of this article is a study of ¥k behaviour in conditions similar
to the on-orbit environment. The fact, that the eambpressure influenced the bellows
stiffness does not correspond to a study of Thakkarhap. 2.4.1), which determined
the stiffness of formed metal bellows as lineardarvide range of deformation. The
explanation may be that Lee uses welded bellowthfostrut for VIS while, Thakkar
used formed bellows.

Another surprising result deals with temperatuféueénce on the damping. The
higher the temperature the lower the viscosityhefgilicone oil [26]. The lower the
viscosity of damping oil is the lower the dampingiacous damper exhibits. The
higher the damping the damper has the lower tmsingssibility of the system is. But
in this case, the lower temperature causes theehiggnsmissibility. However, in the
case of elastically connected damper does not appyjeneral that the higher the
attenuation, the lower the [6, 9], see chap. 2.1.

Voice Coil Motor (VCM)-Based Stewart Platform usedfor Active Vibration
Isolation

An active system was developed for positioning\abdation isolation of precise
devices placed in the satellte — cameras, teles;opnterferometers, laser
communicators etc. [23]. The mechanism consiséstfuts, each of strut can change
its length in range: 5 mmdue to voice coil actuators. The payload with nmaxn
mass4.85 kgis located on the top plate.
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linear bearing

voi\ce coil

iron yoke

Fig. 18 An active VIS a) strut with a voice coil actuat)f23]

Sharp anglex between strut and base plate, see Fig. 18 caussatiaely low
load capacity of the platform. However, there wascpirement that the system should
have similar natural frequencies in lateral (X, afjd axial (Z) direction. Top plate
vibrations were compared in two versions of vilmatelimination. The first — passive
was based on constant electrical current in thé ddierefore, the strut worked
similarly as coulomb damper. The acceleration megbwith passive control of
current in the coils is in Fig. 19 a). It can bengared with acceleration measured with
active control of the struts, see Fig. 19 b). Langft each strut was controlled by an
algorithm what results in lower acceleration conepawith passive control. The
difference is obvious, especially in lateral direcs.
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Fig. 19 payload acceleration in passive mode a) activeenod&/IS b)[23]

There are two peaks in acceleration measured idateeal direction (Y), it is
caused by excitation of two natural shapes as aglh ELVIS measurements. The
ratio between the low-frequency and high-frequemattyiral shape of VIS designed by
Chi is significantly lower than the ratio of ELV&spite that the payload used by Chi
is apparently less prone to yawing than the paylosetl by Ruebsamen (ELVIS).
However, ELVIS uses a fluid stabilizer which sigeaintly increased the stiffens in
lateral direction and allowed to design struts Wativer carrying capacity.

2.2.3 Stabilizers 2.2.3

Stewart platform consists of several struts usedupport of the whole spacecraft
as the Honeywell tested (chap. 3.1.4), is extrenwdygled because of the payload
shape and commonly used connection diameters (2tfaf). It is clear to see in Fig.
20, which illustrated an ambitious plan of Space@xhpany — to transport school bus
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on the orbit of the Moon. A similar situation ofy@ad shape is in VEGA launch
vehicle by ESA in the right side of Fig. 20.

0

i

[t 1

1518

v ]
I

10

Fig. 20 Shape and dimensions of the launch vehicle pa)@adl6]

The payload geometry, especially its centre of iydheight causes an enormous
bending load of the payload adapter. Moreover, ethisr a risk of the control
distribution by the payload yawing, therefore tlaving should be minimized. But
the natural frequency of vertical direction shotblel low. This two contradictory
requirement is not possible to achieve by commadasVTherefore, the ELVIS was
equipped with the hydraulic stabilizer.

Many applications (automotive, railway etc.) usechamical stabilizer, which
transfers undesirable yawing to the torsion barctviworks as a torsion spring.

The hydraulic stabilizer of ELVIS

Experiments showed that lack of mechanical VIiSha the strut affected lateral
and axial parameters of the VIS simultaneously. egoently, it is complicated to
tune the system to similar natural frequenciesiarhl and axial direction. This is the
motivation which started a development of hydradlabilizer for ELVIS called
“cross-link”; see Fig. 21. The cross-link increasies stiffness of VIS in the lateral
direction while the axial stiffness remains the sam
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Fig. 21 The hydraulic stabilizer of LVI$7]

As the name suggests, stabilizer principle is basettoss-linked chambers of the
struts. When the VIS is loaded by an axial foreé @ide of Fig. 21), the compression
and the expansion exist in the chambers of eaah #tcauses the fluid flow between
the strut which is cross-linked. But when the bagdinoment is applied, there is a
compression in both of connected chambers andtéihdizer becomes much stiffer,
thus the yawing is minimized. The cross-link sysigas patented [28] and results in
lateral direction seem to be very promising.

However, axial oscillation of payload is accompdniy fluid flow. There is an
effort to minimize the volume of flowing volume lzcse of mass and high stiffness
of pipes, which result in small pipe diameters.,Buipe diameter reducing causes
hydraulic loses that means damping, which is necgds add to the strut damping.
That means the stabilizer works as an additionalpda for the axial direction.

The literature [29, 30] say that the reciprocaiflof a fluid in the flexible pipeline
can be seen as a mass oscillation on a springatitt®rs of the above-mentioned
articles used the term “fluid mass effect”. Thedlmass oscillates even in the case of
compression in both chambers which are cross-litle®aduse of non-rigid pipes used
for the link. It results in a resonance which irages the vibration transmissibility of
the VIS.

Mechanical stabilizer

Mechanical stabilization is based on the torsi@sttity of a bar. Thus usually it
is called a torsion bar. A rod and a lever transfiar movement to the torsion of the
bar, which is usually fixed in bearings. Mechanistdbilization is used in many
applications, perhaps best known is the torsiobilstar in a car, which using started
Coleman’s patent in 1919 [31].

Torsion stiffness of the mechanical stabilizeuised by material and geometry of
the torsion bar and also the length of levers witiegerods are placed. Sometimes, a
change of the stiffness is required; there areraéugethods to adjust suitable stiffness
without replacing the torsion bar. Two of the methavere shown in Elephant racing
stabilizers.

The first method uses various lengths of leverglwban be changed step by
step using several holes, see on the right siéiégof22 or smoothly by the groove, on
the left of Fig. 22. The second method is basethemotation of the lever which has
a cross-section similar to the letteMaximum of the lever stiffness is when the force
is applied along the longer side of the cross-eacti
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Fig. 22 Mechanical stabiliz€32]

Mechanical stabilization is one of the possible svag space applications.
However, the weight-stiffness balance is necessargrovide before the design.
Moreover, the same stiffness in both lateral dioest of VIS can be achieved only by
at least two perpendicular torsion stabilizers.

2.3 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 éminecessary to decrease of vibration
amplitude in the vicinity of resonance.

2.3.1 The D-strut

Dual strut (D-strut) is patented [33], presentethmarticle [29] and referred to as
three-parametric system. This term is based offaittehat the strut consists of three
elements which can produce a forpemary spring, which is connected with the
damper in parallel. The damper is connected wsdtondary springin series. The
advantage of this disposition is mentioned in clZap. From the perspective of the
designer, three-parametric disposition can be aehiby filling the damping fluid into
the elastic case. Davis (author of D-strut) usetktal bellows as the case.

D-strut consists of two pairs of metal bellows +#r@ary and secondary. A fluid
can flow between them by annulus between the simafithe piston, see Fig. 23. The
strut is attached by flexible joint (blade) anchije. Stiffnes& of the primary bellows
prevents relative movement between the blade anflahge The axial deformation
of the bellows causes a change of the internalme|uvhich causes an increase in
pressure on one side of the piston and decregeessure on the other side, thus the
fluid start to flow. However, the flow is not thalyg one consequence of the pressure
unbalance; the other result is an axial deformatbnhe secondary bellows with
stiffnesski. Therefore, the damper in this strut can be camsil as elastically
connected by Harris [6] and three-parametric byi®§9]. The ratio between the
secondary and the primary stiffnéds= k1/kinfluences the vibration transmissibility
of the strut [6].
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Fig. 23 Scheme and photo of D-st{29)]

Secondary bellows’

The elastically connected damper is well known asdally realized by silent
blocks in eyes of the damper. However, this singplé cheap solution can’t be used
in strut because connection parts attached danmpesilao the spring of the strut. The
elastic connection has to be realized inside the &ir example by elastic bellows.

The bellows application, in addition, solves thdumee changes caused by
temperature, therefore there is not necessarygtamgxpansion tank or a flow piston.
The struts with the bellows were applied in manyl@ation, for example,
magnetorheological damper described in chap. 3sbkdt in the Millennium Bridge
in the London [34], and so on.

2.3.2

2.3.2 The Hybrid Strut of Lee et al. ——

Authors do not deny an inspiration in D-strut. Ehasticity of the strut is realized
by the axial stiffness of the bellows which is lezhbetween the payload side and
middle flange, which is fixed; see Fig. 24. The gang is caused by fluid flow through
an orifice in the flange, the fluid (oil) flows fno bellows 1 to bellows 2 or back. An
axial stiffness of bellows 2 causes that the damgpeglastically connected. Two
bellows serve to the vibration energy accumulatjpassive damper dissipates the
energy. Moreover, there is a voice coil actuatorctvhcan be controlled by an
algorithm. Combination of passive and active eleimenuses that the strut is hybrid.

(a) (b) (c)
Payload side I X

T X Bellows 1 (k)
Payload }------ <
Orifice (c) i
_
c %o 1T 3
k .t.. Bell <2:(k R
ellows N
k1 = i T' %o

Voice coil
actuator

Fig. 24 Hybrid strut[22]
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2.3.3 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

e A== =

Fig. 25 Scheme a) and photo b) of ELVIS stftit

Davis defines the resistance against this defoonats volumetric stiffness [29].
However, this stiffness is marginal in his conceptwith respect to the difference in
orders between the volumetric stiffness and axi#hess of the secondary bellow.
The volumetric stiffness cannot be neglected indtrat of ELVIS. The value of
volumetric stiffness is the key parameter to tlifénsiss determination of the damper
elastic connection, marked ksin Fig. 3.

Stiffnessk in the scheme is formed by the axial stiffnesprahary bellows and a
stiffness of pneumatic spring. The pressure in d&amof the pneumatic spring is
equal under the static load of the strut [7]. Tiigedence 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 piston rod extension used as a piston of &abils located in the cylinder
between the bellows. This piston separates the lobiemmof hydraulic stabilizer
mentioned in chap. 2.2.3.

The strut of ELVIS is innovative in the solution efastically connected
damper. The disadvantage of this concept is tlavthumetric stiffness is not listed
in datasheets of bellows. Therefore, the chosdefoellows for this application is
complicated. Without known, the volumetric stiffsesannot be guaranteed the strut
functionality. Therefore, next chapter will be feewd on the elastic metal bellows and
determination of its parameters.
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2.4 Metal bellows 2.4

Metal bellows are commonly used for thermal expamén pipelines — loaded by
axial force; for a component of the clutch — load®d torsion, or for pressure
accumulators — loaded by internal pressure. Howekierbellows 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 iston rod and body of the
damper is prone to leaks because the sealingwsebatparts whit relative movement.
Dynamic sealing of piston rod can be replaced hticssealing of flexible bellows.
The leakage risk of static sealing is much lowemnthhe risk of a dynamic one.
Moreover, the static type of sealing has no frictiovhich brings benefits in the
dynamic behaviour of the semi-actively damped syste

The metal bellows are made by two technologiesniiog or welding; see Fig. 26.
Formed bellows are especially used for pipelineapmnsators because this bellows
allows high axial deformation and high maximum inte pressure. On the other hand,
welded bellows have very low axial stiffness; tliere, the most common application
is mechanical sealing in vacuum pumps or in theopaemical industry [36].

Formed
bellows

Fig. 26 Formed and welded belloy35]

The volume change, which is caused by piston mowemeconventional damper
can be substituted by two sealed bellows whichcarmected above and under the
piston a connected together by an orifice in ttetopi. Axial stiffness of bellows is
much lower than a resistance against the volumegehaaused by internal pressure.
The volume change is accompanied by the lengthgehgraxial direction. It is caused
by force which is called pressure thrust [42]. tBe,projection of volumetric stiffness
to the axial direction is in this thesis callggbssure thrust stiffness Axial stiffness
commonly available in product lists, while the pa® thrust stiffness is not available
there. Final Element Analysis (FEA) is one of agiole approach to determining the
pressure thrust stiffness using the bellows dinmerssand parameters.

2.4.1 FEA of metal bellows 2.4.1

Above mentioned shell parts were simulated by nmauthors [36 - 40[40]. The
FEA used two general approaches:
3D model meshed by “SHELL" elements [40]
2D model with axial symmetry meshed by “SOLID* ekemts [38]
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Thakkar compared both methods in his dissertath@si$ [41], the difference
between these approaches is shown in Fig. 27 andetiult of circumferential and
longitudinal stress is in Fig. 28. Moreover, theulés are compared with the analytical
counting. The stresses obtained by both approaafiieEAs are almost the same. In
addition, consistent with the results obtained yrall, the deviation is approximately
20 %.

14000

12156

12000 Tigee R

10000

Stresses, Nicm?

3000 3532 3690

Circumferential Stress Longitudinal stress

Type of stresses

B Analytical m FEA 3 D shell @ FEA Axi-symmetric

Fig. 28 Stress in metal bellowg1]

The analytical counting was in Thakkar’s study caneg with the measurement
by axial stiffness and the deviation was acceptalite axial stiffness was predicted
constant (independent on the internal pressurejeder, the measurement showed a
slight deviation from this hypothesis, see Fig. ®%e deviation between measurement
and simulation was determined of 18% after avegirmeasured data.
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Fig. 29 Spring rate comparisdd 1]

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 thrust force on the subfteeeen the minimum and maximum
diameter of bellows.

2.5 Magnetorheological dampers 2.5

In general, a damper dissipates vibration and sheakrgy, which is previously
transferred to oscillating by a spring. Intern&ttion of damping material converted
the oscillation energy to heat each stroke of #mamer. The damping material can be
solid in coulomb dampers [43], oil in hydraulic daens [29], or suspension of solid
particles in a fluid used in magnetorheological (MRmpers.

This smart material — MR fluid composed of ferrometic microparticles
dispersed in a non-magnetic fluid in most casegldil. Such a suspension can change
its rheological properties especially the yieleestrwhen the magnetic [46] or electric
field [45] is applied, see Fig. 30. The yield strésdefined as a value of shear stress
which has to be exceeding to start the flow offthiel [47]; see Fig. 30.

Fig. 30MR fluid in electric[45] and magneti¢46] field

Research in this field was started in 1939 [45]wieeer, application of the MR
effect occurred at the end of ®2@entury. The conventional design of MR damper
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contains a gap in the piston, see Fig. 31. The etagfield 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 coll is
powered by an electric current, magnetic flux dgnsithe gap increase, the particles
are formed into a chain-like structure, the yieliess of the fluid increase and the
damping force in this state is significantly higtieain the force of the inactivated state.

baypass
(B=0T)

Electromagnetic [ff &

Fig. 31 MR damper with the magnetic circuit in pistj@i8]

2.5.1 Dynamic force range of MR dampers

Magnetic field influences the MR damper force. Hiere, 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 damperfisateby ratio between damping
force generated with maximum magnetic flux densityhe gapk,...(v,B) and the
damping force generated with minimum magnetic tlexsity in the gap,...(v) [49]:

Frnax(Vo) _ F(Tinax) + P;;(Vo) + Fr _ F(Tinax)

D(vo) = Frin(Wo) - Fn(vo) + Ff B m (6)

Dimensions of channels which affected the dampargef are usually designed
using analytical counting base on a so-called fgrplate model, see Fig. 32. The
model considers the fluid flow between two pargtlieltes; the geometry is similar to
flowing through the gap of the MR damper [49].
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Fig. 32Forces component of the MR damp&9]

Where: Fs Is friction force created by seals, guiding, etc.

F, is viscous force created by the internal frictiointhe fluid,
A, = (7/4)(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 velocity

F. is force necessary to overcome the yield stréd8Ro fluid 7o,
the force can be control by the electric currentthe coll.
Coefficientc is within the range 2.07 to 3.07 [50].

As shown in Fig. 32, the dynamic raniges dependent on the piston velocity
However, often it is mentioned as a single valnghis case, the value is maximum
of dynamic force range — velocity dependency. Aanegle of measured force-velocity
dependencies is in Fig. 33 the maximum value of diggamic force range is
approximately 4 around the piston velocity0o4 m/s
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Fig. 33 A typically measured characteristic of MR Damperde-Velocity responsgl]
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Measured curves in Fig. 33 exhibit a hysteresipe@slly for a low piston
velocity. The hysteresis is caused by the elagtmitthe measured damper, which
cannot be suppressed totally. Therefore, data docefvelocity dependency are
processed by the method mentioned in [47], therfitia force-velocity dependency
has no hysteresis.

2.5.2 The response time of MR dampers

Semi-actively controlled damper performance is agnihie dynamic force range,
given by time period which is necessary to charfggamping force response time.
The force increases steeply at the beginning ofwiéch process, but after a short
time, the directive of force increase is lower dower, see Fig. 34 a). Thus, it is
complicated to determine the time between changeélseoforce from minimum to
maximum. Therefore, the time response is reporgetinae between 0 to 62.3% of
maximum value [52, 53] — the primary response tor 95% [49, 55] — the secondary
response.

120

—— I / \ b 100

real force

Fnorm[%)]

v [m/s], Fnorm

control signal

J 2 -control signal
4 5 I = == Form

ceeses w2l
t[s] as 4 L . . oav. e -150

Fig. 34 The response time of MR damper and the influeficesponse time on semi-active control
[53]

Fact that the damping force does not increase inatedg due to the effect which
is demonstrates in Fig. 34 b). The green curve shibw requirements of damping
force. But the response of damper exhibits someyd@éhus, the value of real damping
force is not the same to maximum damping forcengitteme when it is required. This
is apparent particularly in pulls arou@d. s At the beginning of this step, the damping
force should be zero, but the value managed tofdyl to30 %of maximal value due
to the previous step. After that, the force shdaddnaximal immediately. However, it
grows only up t®@0% of maximal value. It is easy to imagine, thatltthreger the time
response the lower the difference between maxinmohmanimum of damping force,
which results in low efficiency of semi-active corit

Total time response of MR damper is influenceditmgtof current rise, which can
be significantly shortened by current [49]; timepense of MR fluid itself [52, 56];
and eddy currents which are generated in the coé {53]. 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 tbdyecurrents. The total magnetic
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field in the magnetic circuit is given by the suifnboth above mentioned magnetic
fields. The secondary magnetic field caused by exldyents achieves the highest
intensity during the current step and then decseager time. Thus, the total magnetic
field rises gradually although the current in tbé mcrease almost immediately. Time
response is affected by the size of the matered arhere the loops can be formed.
The smaller the area is the shorter time respdmeseitcuit of MR damper exhibits
[58].

There are two different approaches to prevent fognof eddy currents in
literature: amaterial approach using composite materials for example sintered
ferrites of Soft Material Composites (SMC) [59];strape approachusing laminated
coil cores [60].

The eddy current loop is not able to cross thelatisig layer on the border of metal
sheets, see Fig. 34 a) or insulating film in theecaf composite material, see Fig. 34
b). The smaller size of loops the lower effecthw €ddy currents that result in shorter
time response of MR damper.

a) b)

Eddy current

Eddy current

Magnetic hard axis

~ Magnetic flux_|
Magneuc flux

A

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

Fig. 35Eddy currents in magnetic core a) laminated b)musite[61]

2.5.3 MR damper types 2.5.3

Performance of MR dampers is influenced by the gitesiThere are several
conceptions: double ended MR damper in Fig. 36dayble ended damper with
external MR valve in Fig. 36 b); and single-endeR BMamper in Fig. 36 c). At first
glance, a change in the installation dimensionsvislent. However, there is also
different in which parts are used to magnetic dirclosing. When the magnetic flux
flow through parts which can move each other (a)rttagnetic field prevents to this
movement, this force doesn’t depend on the pistdacity and it has the same effect
to force-velocity dependency as the Coulomb frictiMR fluid is loaded in shear
mode in the case (a). The other MR damper types3gidp), c) loads the MR fluid in
valve mode.
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Fig. 36 MR damper types and the modes of MR fluid insheni[62]

Double ended valve MR damper is shown in Fig. B®ak developed for the civil
engineering as a seismic damper of a cable stagési The damping force is very
high which is achieved among others using 3 cailhe piston.

Thermal Expansion
Accumulator

Fig. 37 Large-scale MR damp@t9]

Double ended piston rod doesn’t provide any chaog@sternal volume during
the damper compression. However, huge dampingddrgeto 200 kN) generates a
lot of heat, so the damper is equipped with an mcdator for thermal expansion of
MR fluid. The accumulator has a membrane which sgpa the MR fluid and the
pressure gas which helps to eliminate the preshateiations caused by temperature.

Damper with an external MR valve was designedristance by Guo, see [63].
The damper was developed for the railway suspengionnteresting feature of the
damper is that the foot valve forces fluid to flavthe same direction regardless of
whether the piston moves up or down. Single-dioeeti fluid flow is advantageous
for preventing settling of MR fluid, what is caudeylthe different density of the MR
fluid particles and carrier oil. Places with thenmal fluid flow in conventional
damper are prone to settle making. Moreover, sidgkctional fluid flow is better for
remixing the fluid.
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(4) piston valve
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Fig. 38 MR damper with an external MR valve and singleediional flow of fluid[63]

Volume change caused by piston rod insertion ispsoreated by the pressure
increase of the gas in the outer reservoir, see3BigMixing the fluid with the gas in
the outer reservoir is disable due to the workiagition of the damper is just vertical
and the lower end of the connecting tube is alvilmygsled.

Another way how to compensate of volume changessimgle-ended damper
is to used expansion accumulator, see Fig. 394)d6floating piston, which was

used in mass-produced MR damper by Delphi; see 39gb). This damper was
modified in the study [54], Fig. 39 c).

a) slit b)

cylinder

floating piston

compensating
chamber

Cylinder

Inner =

Cylinder Gas Chamber

MR Fluid )
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Current
Source

Fig. 39 Several types of MR dampers a) [64], b) [65]52)]

Page
33



State of the art

Nyguen [64] increased the dynamic range by magn&twuit optimization.
Strecker [54] significantly decrease the time resgdby the re-design of the magnetic
circuit which was made of different material in quemison to the original damper. A
comparison of the dynamic force range and the tiesponse of all of the above-
mentioned dampers is in chap. 3.

2.5.4 MR damper for the space application

One of the few MR dampers, which were designedsfiace application, was
patented in 2005 [66]. This damper, more preciséiyt or an isolator, has internal
MR valve and there is no piston rod for a guidisgnaentioned in the MR damper
types overview in chap. 2.5.3.

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. 40. Both
paths cause high damping.

r_ lid
outer [/ ¥ |
chamber /] e, : gap
inner N el AR
chamber 7 St NEZZNE B piston
\ / —\ , rd N
housing TIIN _ baypass
; . A A NN .
adjustment s AL - compensating
screw Z - chamber

Fig. 40The response time of MR damper and the influeficesponse time on semi-active control
[66]

An elimination of a thermal expansion is providgdheetal bellows which creates
a compensating chamber. The bellows is connecteddpystment screw to set a
required pressure inside the damper.

The lid serves to the guidance of the piston bexdlus 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 apgtions. The absence of dynamic
seals and guidance guarantees no friction forcat whould result in high dynamic
force range.
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2.6 The Evolved Launch Vibration Isolation System analgis 26
The strut of ELVIS has the most suitable concepfitmrthe purpose of this thesis;
therefore, it will be analysed thoroughly. The EBWvas developed by Honeywell,
thus in the company which cooperates with on tlegept which sponsors this thesis.
However, the customer was NASA (a competitor of ESFnerefore, any detailed
information about the system was not provided.

2.6.1 Estimation of essential dimensions 261

Fig. 41 The dimensions of the ELVIS strA]

The total length of the strut was estimated dudéoruler and dimensions in Fig. 41.
Subsequently, other dimensions were derived andrsho Fig. 42. This is not a
precise method however sufficient for an estimatibseveral strut parameters.

1=560

3 A%

Fig. 42 The estimated dimension of the ELVIS strut [7] ¢hfied)

2.6.2 Stiffness estimation 2.6.2

The stiffness estimation is based on the resuttedsurement mentioned in chap.
2.2.2. The inclination of the strut in the systemsvestimated from Fig. 41. Several
simplifications have been considered during theémedion: the modal shape of the
low-frequency peak is considered purely translaipjust 4 struts (oriented to the
excitation direction) are active during the exattatin the lateral direction. The
equation for determination of the total stiffne$the system in lateral directidq was
created based on this simplification and the astifhesska of the strut listed in [7].
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=== = . 2
kx_Al Al iy-ky-(cosa)

cosa

E, iy F4-cosa
X

The system stiffness estimation is based on thétrglsown in Fig. 13.
ky, = (27.[)2 m: ]an2
The system of equation solution:

fen” -m-(2m)?  82-1135- (2m)?
iy-(cosa)?  4-(cos35)2

ky = = 1068 N/mm

2.6.3 Bellows axial stiffness estimation

Axial stiffness of the strut consists of a pneumapring, stiffness and axial
stiffness of both bellows. The pneumatic sprinfjregss can be estimated from force-
deformation dependency obtained by dimensions o #pring chambers.
Consequently, bellows axial stiffness can be caliagetotal strut stiffness minus the
pneumatic spring stiffness.

hs

Fig. 43 Scheme of the pneumatic spring in ELVIS sfifjt

The basic feature of the pneumatic spring of th¥ISLstrut is equal pressure in
both chambers during loading by payload in grafiégld 1 g Other assumptions are:
none preload of the bellows; medium of pneumaticingpis nitrogen with
an adiabatic index = 1.4.

An effective area of the chamber under the pisten,Fig. 43:

D? 1202
Sp=m-—=Tm"

_ 2
2 2 =11310 mm
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An effective area of the chamber above the piston:

D? — D,)? 120% — 652
Sp=m- =71

2 2 = 7991 mm?

The volume of the chamber under the piston (nd d&tormation) consists of the
volume of cylindricaMv and conicaVc part:

w-h.-(D>2+D-D.+ D
Va=Vy+Ve=hy Sp+ e TR ) _

m-60-(120% 4+ 120 - 50 + 50%) s
50-11310 + 12 =9,072-10°mm

The volume of the chamber above the piston (na deformation):
Vg =h, Sz =70-7991 = 5.59-10°mm

A portion of the payloadn(=1135kg causes a gravity force acting in the axis of
single strut:
m-g _ 1135-9.81

= i-sin(a) 8-sin(35)

= 2426N

The pressure in both chambers is given forces ibguin illustrated in Fig. 43.

Fl_F2+F3:O

F,=p-Sa
_ N F3=p-Sp
Simplified:
Fy 2426

= 0.731 MPa

P= s —s, 11310 — 7991

Force-deformation dependency is based on dimensiaodsparameters of the
pneumatic spring:

K K
E,(Y) = p. SA.<L) _SB_(L>
p VA_SA'Y VB+SBY

The pneumatic spring stiffness as a point estimatimund zero deformation of
the strut ¥=0mn)
_ F,(1) = F,(-1) 2687 — 2164
P 2 B 2

=261 N/mm

Axial stiffness of both bellows:
Kax pen = ka — k, = 1068 — 261 = 807 N /mm

Force-deformation dependency of the strut
E = Fp +Y- kax_bell
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Fig. 44 Estimated force-deformation dependency of the E3_$trut
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3 CONCLUSIONS OF LITERATURE REVIEW 3

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 applications: medadhrand structural. Mechanical
VISs were used with passive (whole spacecraft tioipor active (light part of the
spacecraft) control.

The passive VIS excels with reliability and nonergy consumption, on the other
hand, the active VIS is very effective in vibratelimination. However, the efficiency
is accompanied by high energy consumption of theadors [67]. The third option of
vibration elimination is a semi-active system, whias much lower energy demands
compared with the active one but at the same fiitmgemore efficient than the passive
VIS. Semi-active control can be achieved by MR darsp

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 ckinsdf 6 actuators and this active
mechanism, is used also for positioning of lightsmmdevices. However, this design
can be also applied for the passive platform whezdegs are struts, which combines
spring and damper. One of such as the design sivyeaStewart platform is called
ELVIS.

The Stewart platform’s strut parameters (stiffnedamping, etc.) affect the
platform parameter in all directions simultaneou#lyis advantageous to get much
stiffer lateral direction of VIS than the axial gieecause of payload shape, especially
centre of gravity height. Therefore, the ELVIS qugped with a hydraulic stabilizer,
which prevents the payload yawing; while, the agtdfness is not influenced by the
stabilizer. Pipeline diameter of the ELVIS staldlizvere designed small in order to
minimize weight and maximize its stiffness. It cagisadditional damping during
oscillation in the axial direction, caused by theid flow. It can be taken as an
advantage in passive VIS, but in semi-active contine OFF state damping should be
as low as possible. Therefore, this version ofdtabilizer is not convenient, for a
semi-active VIS.

The lateral stiffness increase can be also provijetrsion stabilizer, which has
minimal passive losses. However, the torsion stagihas to be placed into at least
two perpendicular planes to increase the stiffn@ssany lateral direction
(perpendicular to the lunch vehicle flight).

All struts used for the space applications whiclhenidled with a fluid were 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, could short circuthefspacecraft electronic parts, which
may endanger the mission.

Available literature did not provide any informatimn 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 desigrerdfiore, FEA will be used for the
pressure thrust stiffness determination using tekolws geometry. Thakkar [41]
compared two approaches of shell parts structuralysis. The first approach used
“shell” elements and the part was modelled withaoy symmetry. The second
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approach used “solid” elements and the rotatioyralsetry. Results obtained by these
two methods were similar. However, a model of lvedidilled with a fluid cannot use
“shell” elements, because of the fluid and the wd#raction.

An effective MR damper used for semi-active conisatharacterized by a short
time response and a high dynamic force range. Téa af interest is given by a
specific application of the damper. This can besillated as a rectangle in Fig. 45
which dimensions correspond to ranges of mentigme@meters (time response,
dynamic force range) suitable for the specific agpion. Suspension system
employing the MR damper with the parameters lyinghis area will be able to
significantly decrease the transmissibility of wton in comparison with the
suspension system using the MR damper with oneotir parameters out of this
rectangle.

12 '- ------- :
]
i The E Nguyen (2009) Yang (2002)
— 01 area i Guo (2015)
g g1 of |
s Einterest:
o i
@ i i Koo (2006)
R Yemme H @
8= Strecker (2015)
L 4 i
E
o
5 2
a
0
1 10 100 1000

Time response [ms]

Fig. 45Time response — Dynamic force range dependeneyisting MR dampers

The aim of this thesis is to design a semi-actibeation isolation strut consist of
MR damper and springs. The ELVIS strut was choseong of the possible sources
of inspiration. Therefore, this strut was thoroygahalyzed.
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4 AIM OF THE THESIS 4

Vibration isolation system for the launch vehicdea complex task, which was
planned as a multiannual project for the specidlcanmpanies with the comprehensive
research team. This thesis is focused on the dedgigey element of the vibration
isolation system.

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

Sub-aims:
* Multi-body model of vibration isolation system
* Detailed multi-body model of the single strut folSV
* Mechanical, hydraulic, pneumatic and magnetic aisifor the optimal strut
dimensioning
» Design and manufacture of an experimental strutafooratory testing
« Verification the experimental strut functionalityrthg vibration tests
« Design of the strut for VIS of the launch vehicle

Assignment and methods:
The strut dimensioning is based on the whole Vifuirements:

Dimensions of VIS: Connection diameg#dg = 1920 mm
(VIS and the launch vehicle interface)
Minimum heighthmin = 400 mm

Payload: Mass1 = 1500 kg
Centre of gravity heightcoc= 1,5 m
Connection diametesD = 1280 mm
(VIS and the payload interface)

Max. acceleration in launch vehicle: Lateral dil@cta, = £0,9 g
Axial (longitudinal) direction @= +5.5 g

VIS + payload natural frequency: Lateral directips 3 — 25 Hz
Axial direction § =8 — 45 Hz

Max. displacement of payload: Lateral directiqredB0 mm
Axial direction ¢ = 10 mm

The VIS multi-body model will be used for deterntina of those strut
parameters, which will secure the above-mentiorepiirements and the vibration
transmissibility of the system as low as possiblee model will provide an operating

Page
41



Aim of the thesis

condition of the single strut in VIS (stroke, loatk;.) which will be used in the detailed
multi-body model of the single strut.

Multi-body model of the single strut will be usaeddefine the area of interest for
the MR strut, see Fig. 45. Suitable time responskdynamic force range depend on
the specific application; therefore, the area tdrest has to be determined for the strut
application in the VIS. Multi-body model of the wtwill be verified by 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

Strut design will be adapted to their use. The erpntal MR strut will serve as
a zero prototype. That means the knowledge gainedgitesting will serves in the
design of the final strut. Design process will useghy models and calculations for
optimal dimensioning of the strut. Inputs outputs! anterconnection of the models
and other procedures during the design proces®isrsin Fig. 47.

Suspenssion Dimensions, Strut concept
concept parameters +
+ and loading Multi-body
Multi-body of single strut model
model

ON / OFF damping
. and
Primary and sedondary X . . o
" Time response Modifications Fabrication
stiffness of the strut
of MR damper

Models verification

Spring branch of strut

Damping branch of strut

Bl meslEl] Hydraulic model
of MR valve

Engineering design

Magnetic circuit of
dimensions

Channels for MR fluid
annes or &l > the MR strut

dimmensions

Strut
dimensions

Bellows

) . dimensions
Pneumatic spring

dimensions

Fig. 46 Scheme of MR strut design process

Both versions of the struts will use metal belloke pressure thrust stiffness
from the bellows geometry must be determined. Tieeature review helped to find
the most suitable approach using FEA and it al$ioele& the elements.
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5 DESIGN OF MR STRUT I
5.1 Conceptual design 5.1
5.1.1 Vibration isolation system 5.1.1

The literature review identified the most suitatlechanism of VIS is the Stewart
platform. Considering that the system will incorger the mechanical stabilizer, the
number of struts is 8.

Mechanism of VIS is placed between two cones. Tdwerol electronics of the
launch vehicle can be hidden in a lower part of ¥l it is mechanically separate
from the payload environment by a membrane. Loweedas to be high at le&@€0
mmdue to the height of control electronics.

The upper part of VIS serves for the payload conmecThe force distribution
along the diameter should be as uniform as possitiies feature of VIS should
improve upper cone, which structure reduces theefpeaks in the strut connections.

MEMBRANE

STABILIZER

YBOTTOM ADAPTER

Fig. 47 Conceptual design of VIS for launch vehicle

Feasibility study of this concept was provided witthe project for ESA, on which
our research group cooperated under the leadessleipmpany Honeywell in 2014 —
2016. The conceptual design corresponds to FLPIBv@l(of design quality), it is
important to the Stewart platform dimension deteation.
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5.1.2 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.

Hydraulic stabilizer chambers are not respectedhfthe ELVIS strut design,
because the stabilizer of VIS described in thiggtwill be mechanical. This concept
of stabilization is more advantageous with regardamping of the stabilizer.

O .

Ks Ka

fluid flow

A i
i ‘ deformation
Spring branch Damping branch
(pneumatic spring + bellows) (MR valve)

Fig. 48 Conceptual design of the MR strut
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5.2 Dimensions and parameters determination of VIS andtrut .1 ______

Force affecting on each strut can be determinethbysystem of motion laws
solution. One of the possible methods is to craateodel in the multi-body system,
which solves the system of equation of motion basedhe geometry and other
parameters which are inserted into the model, rtteghod was used for example in
[69]. Bodies with much higher stiffness than themary stiffness of the strut will be
considered as rigid, that means the cones, pagtadrhe cones elasticity will not
have a negligible effect on the transmissibility\ds as well as the real payload
consist of several parts which are connected tegethstically. However, an elasticity
of cones and flexible payload could make the desigrecessarily complicated.

The payload behaviour on the Stewart platform wasilsted by the model in
multi-body system ADAMS. A complex model of vibmi isolation system was
operated only in passive mode and with linear etésjghat means the stiffness and
damping of the strut were constant. More sophisgttaimulation such as semi-active
control was provided in detaill model of the strespecially 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.

5.2.1 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 accdierax,. Upper (yellow) body
represents a payload and the response on thetexcitameasured by the acceleration
of payloadx.

Payload (M) ——

Eye 1 — “
" Spherical joint
Damper (c,)

Strut mass (m,) —— —

— (]

; - Translation joints
Primary spring (k,) ———

Secondary spring (k) — = __— Spherical joint

Base - “

Strut numbers

Fig. 49 Scheme of VIS multi-body model

Each of the struts consists of two branches, wéiieltonnected in parallel. Spring
branch consists of only one part — spring withitingtsska which is marked as the
primary stiffness of the strut. Damping branch engisting of the damper with
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constant dampinga the spring connected in series with stiffnkssvhich is marked

as the secondary stiffness of the strut. To contwextelements which can produce a
force, a body with nonzero mass isinecessary. In this case, the body is between the
springks and dampeca and represents the strut mass, more preciseaiss of parts
which are moving during the damping. Both of tharfwhes are connected by eyes,
which are constrained by one direction movemeatirad to m body and by spherical
join with the payload or the base.

Preliminarily tests have shown that the combinatibnatural frequency in lateral
and axial direction cannot be achieved only bytstritherefore, the stabilizer was
added into the model, first as the torsion spriit) stiffnesskms between the base and
the payload, see the left side of Fig. 50. Thea,tthsion springp was loaded by a
lever mechanism, see the right side of Fig. 50llttwathe lever and the torsion bar
dimensioning.

f 7(/ N
Al F= % R

080

Fig. 50Mechanical stabilizer in multi-body model

The model was created as parametric because pb#e®bility of easily change
of strut position, inclination, etc. An effect airae parameters listed in tab. 2 is often
affected by another parameter. For example, tlff@essks increase in combination
with low dampingca cause the transmissibility increase. While the sarmoeease of
the stiffnessks in combination with high dampingy may cause the transmissibility
decrease. However, Fig. 51 shows the result ofsiheulation, where just one
parameter was changed and other ones were kepé aalues listed in the tab. 2. The
results were obtained in the interface betweengaalybnd the VIS, that means the
lowest point of the payload.

tab. 2 The Stewart platform parameters

Payload mass M 1 500 [kq]
Payload diameter PD 1280 [mm]
Base diameter BD 1 660 [mm]
Angle between struts along the paylgad PA 19 [deq]
perimeter

Angle between struts along the paylgad BA 26 [deg]
perimeter

Platform height h 400 [mm]
Primary stiffness of the strut Ak 1230 [N/mm]
Damping of the strut £ 26 [Ns/mm]
Secondary stiffness of the strut B kK| 61500 | [N/mm]
Ratio ke/ka N 50 []
Torsion stiffness of stabilizer Ms | 1.07210° | [Nm/rad]
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Strut stiffness kA Strut stiffness kB
10.05 10.03
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Fig. 51 The parameter influence on the transmissibilitgdsured at the VIS/payload interface)

Determination of optimal combination of parameisrsomplicating the process,
it was provided in the cooperation with company elpmell. The final combination
of the VIS parameters in the tab. 2 was chosenidyalobservation of the transfer
ratios. The purpose was created with maximum dagngirMR damper, this value is
considered as constant dampoagWhich approximately corresponds to the state with
maximal current in the coil and the shear stretisargap of damper does not overcome
the yield stress of MR fluid — the fluid flow onflgrough the bypass. Springs are also
considered as linear, friction caused by guidamzkseals of real of the struts were
neglected. VIS with parameters listed in tab. 2 @asted by the constant acceleration
of amplitudel g, in lateralX and axialY direction. The results in form of the transfer
ratios are shown in Fig. 52.
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The VIS with final parameter response

Transfer Function lateral excitation 1g (X) Transfer Function lateral excitation 1g (Y)

10.04 10.05

014

9041 —Payload Base 093 —Payload |
1| —Payload CoG ]
] | il ]

0.001 0.001
1.0 10.0 100.0 1000.0

Transfer (a1/a0) [-]
Transfer (a1/a0) [-]

1.0 10.0 100.0 1000.0
Frequency [Hz] Frequency [Hz]

Fig. 52 Transmissibility function of the VIS + the payloagstem

The force and displacement in time (in frequensyghown in Fig. 53. The time
and frequency have the same value because timeaseiby one second means the
excitation frequency increase by one hertz. Theatsymmetrical layout of the struts
in VIS causes almost the same load of every sisgld. Therefore, only one strut
force — in strut numbet was plotted (see strut numbers in Fig. 49). Th&imam
strut deformation is given by the superpositiomoési-static and dynamic excitation
and it is around.7 mm So, a stroke of the strut with this value of (&@amt) stiffness
should be20 mm

10000.0 10.0

—Strut deformation lat. excitation ax=+0.9 g

5000.0
5.0

0.0

0.0

Force (N)

-5000.0

Displacement (mm)

——Damper force (cA) lat. excitation ax=+0.9g
—Spring force (kA) long. excitation ay =-5.5¢g -5.0

-10000.0

-15000.0 -10.0
0.0 5.0 10.0 15.0 20.0 25.0 0.0 50 10.0 15.0 20.0 25.0

Frequency (Hz) Frequency (Hz)

Fig. 53 Strut force and deformation during dynamic (lah§l quasi-static (ax.) load

The payload displacement during dynamic (laterad)l auasi-static (axial)
excitation is within the permissible range definadchap. 4. The transmissibility
functions comparison shows that the maximum isqentop position of the payload.
The other points of the payload are not shown @ 54. Payload displacement during
quasi-static load in axial direction exceeds timeitlia little. However, progressive
force-deformation dependency of pneumatic sprirgkshdecrease this maximum of
payload displacement under th@ mmwhich is the limit.
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25.0

20.09

150 n N
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—Payload displacemnt (TOP) lat. excitaion ax=+0.9 g
—Payload displacement long. excitaiona=-55g

“HM
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"
-25.0

0.0 5.0 10.0 156.0 20.0
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-15.01

Length (mm)
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Fig. 54 Payload displacement during dynamic (lat.) andsgstatic (ax.) load

Load of the strut for its dimensioning

Maximum strut force is able to determine only ie tase when the excitation is
well known. But the vibration environment in theiteeh 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 amplitud6.9 g
Consequently, the sum was multiple by safety fa2tor

tab. 3 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 5.2.2

The boundary conditions of the single strut modelk@sed on the axial excitation
of the VIS multi-body model. 8 struts with an im@tion relative to the base plate are
replaced by a single strut in the axial directidhus, the payload mass part which is
supported by every single strut is approximate8 df/the total payload mass. Effect
of the strut inclination causes the decrease afivel mass of a single strut. However,
with respect to performance, the dynamometer alatnaratory, the payload mass for
experimental strut was chos&@0 kg The stiffness and damping of the experimental
strut were chosen was chosen so that the trangilitgswas similar to the VIS +
payload system, see right side of Fig. 52.

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. 55 Scheme of single strut model

Parameters of the single strut model were detewiryethe VIS simulations:

tab. 4 Required parameters of the experimental strut

Experimental payload mass m 100 [ko]
Primary stiffness of experimental strut Kk 400 [N/lnm
Damping of the strut (activated state) onNC 12.5 [Ns/mm]
Time response of the damper t 2 [ms
Dynamic force range of the damper D 10 []

(D= Con/Corr)

Secondary stiffness of experimental strut 1 k| 50*k [N/mm]

Effect of last three parameters on the transmigsilm semi-active control mode
is described below. Only one parameter was chadgadg the simulations and the
other parameters are kept on the values listelderab. 4. The base is excited by the
axial acceleration of amplitude g Frequency increases linearly frdro 100 Hz
simulation time wad.00 sand number of step)0 000

Time response

A time delay of damping force increase was insertaathe 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. 55.
Dynamic force range of the damper can be modifidte dynamic force range is
defined as the ratio between maximal and minimahmlag force. Dynamic force
range increase provided in this study means thenmim damping drop while the
maximum damping is kept. Damping force can be obnlry the semi-active
algorithm. The position of the damper between thggad and the bodyn caused
slight changes of equations (5), for the ON/OFFHsiok algorithm:

X-(x—%) =20 - Fc=Fcpax
x-(t—2%,) <0 > Fc = Fepn 7)
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The model behaviour is presented during the exaitatith constant acceleration
with a frequency which is close to the natural freacy of the system, in this case
approximatelyl0 Hz Damping force requirements are shown in Fig.i&ck dashed
line). Damping force of the damper with time resggi msis red;10 msis blue. It
is obvious that the slower damper does not meeatethgrements of the algorithm and
the damping force is not used in its limit values.
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0.2
ol 11 1 4]
0.0 '
9.9 9.95 10.0 10.05 101
Time (s)
Fig. 56 Damping force ratio during harmonic excitatioriraguency 10 Hz

Damping force (%)

Damping force of the faster damper has the shapenge that the damper with
time respons&0 ms.
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Fig. 57 Damping force during semi-active control, excaatfrequency: 10 Hz

Time response of the damper affects the sprung (pagkad) acceleration. The
shape of the curve for a damper with time respdnsesis similar to the theoretical
model, see the curve of acceleration in Fig. 6. el®w, there are two differences, the
first is that the acceleration drop is not abstuséeep, because of the time response
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1 ms The second difference is that the accelerati@s et decrease onto zero value,
because Liu considered no damping of inactivatedH)Cstate in his study, while
simulation in this thesis considers that dampimgdan OFF state is 10 times lower
than the force of activated (ON) state. Thus, teadic force range iB = 10.

15000.0 i _100
S i :90
S ~ (70
2 5000.0 1\ 0T
£ - 60 ©
= : o
P 0.0 50 5
5 ' 40§
5 -5000.01 "30 g
8 i N _20 D
| —Payload_acc (t =1 ms) F
& -10000.0 —Payload_acc (t=10ms 1 i 10
1 ----Required damping ! i L
-15000.0 r— ' — : ' : 0
9.9 9.95 10.0 10.05 10.1

Time (s)
Fig. 58 Acceleration of sprung mass during semi-activerabnexcitation frequency: 10 Hz

Acceleration signals of the payload and the bage wansfer into the frequency
spectra using Fast Fourier Transformation (FFT) wedamplitudes of both signals
were divided for the same frequencies. This catmraresults in “transmissibility
function”. However, considering that thy systennd linear, the designation as the
function is not clear. Therefore, “the transfera’awvill be used:

)
T(f) =1L )

The dependency of time response on the transferissshown in Fig. 59.

1.4 T T T T T T T T T
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Transfer ratio [-]
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Frequency [Hz]

Fig. 59Influence of time response on the transfer ratio
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Simulation confirmed the hypothesis that the tims&ponse 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 hammadrhus, 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
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 ¢owrl 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 stratild be lower thah ms

Dynamic force range

Simulations deals with the dynamic force range weided with the constant
damping in ON state, listed in tab. 4. The valuedghamic range affects just the
damping in OFF state. Also, the theoretical sibrathat the damping force in OFF
state is zero was included in the simulation t@sss limit above which the dynamic
range increasing is useless. Results in Fig. 6@ shat the transfer ratio of the system
equipped with damper with dynamic force rarie 50 is similar than the transfer
ratio of the system with the damper with dynamicéorange infinitely high. Dynamic
force range increase causes a significant decoédise transfer ratio at isolation area,
but also a slight increase in the vicinity of tkeanance. This handicap of semi-active
control can be mitigated by the proportional contfdhe damping force. That means
to use an algorithm which switches between more th@ levels of damping as the
ON/OFF Skyhook.

14 ! ! ! ! i ! ! ' '
: 1 : : : : 1 D= inf
: : : : : : : —D=80
120k IR P L R SRETEIRE B PR _ H
U D=1
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: LN : : : ; — = passive

Transfer ratio [-]

i | 1 i 1 i ' i
0 10 20 30 40 50 B0 7a g0 a0 100
Freguency [Hz]

Fig. 60Influence of dynamic force range on the transéior
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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 ine@aser the valug0has minimal
benefit onto the transfer ratio. Therefore, theadgit range of the MR strut should be
betweerb and10.

Secondary stiffness k

The dependency of the time response and dynante fange on the transfer of
the system with a rigidly connected damper is deedrin [70]. However, the damper
in the strut is connected elastically. Thereforis ihecessary to determine the effect
secondary stiffness on the transfer ratio when stimi-active ON/OFF Skyhook
controls the damping force. The influence of theoselary stiffness on the transfer
ratio is valid for the parameters listed in the tland plotted in Fig. 61.

1.4 T T T T T T T T

T
k,= 10007k
— k= 100%k
— k=507 ||
k= 107k
—k=5% |l

Transfer ratio [-]

] i 1 i I i
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Freguency [Hz]

Fig. 61Influence of dynamic force range on the transégior

The flexibility of the damper connection affects thansfer ratio negatively in the
vicinity of resonance, but its benefit (shown fgpassive system in Fig. 3) is evident
also in the case of damper which is semi-activelytol. Therefore, the semi-active
control decreases the transfer function up to sbewguency (depends on the time
response of the damper) and the transfer raticdhagheer frequency will be decreased
using the elastically connected damper effect.

Different time response causes different influeat¢he flexible connection of
the damper on the transfer function, see Fig. 62. faster damper in the system the
lower sensibility of the system on the flexible nention of the damper. That means
the increase of maximum transfer ratio is not gmificant and the intersection of
transfer ratio curves fdu=5*k andk:=500*k is at different frequencies for the fast
damper compares with a slower one.
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Time response t =0 ms Time response t =2 ms Time response t = 10 ms
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g. 62Influence of flexibility of the semi-actively cawtiled damper connection on the transfer ratio

5.3 Experimental MR strut design EEER—

The functionality verification of MR strut is necsesy before the final design of
MR strut for space application. Therefore, the expental strut was manufactured
and tested. Moreover, some vibration experimenth tie 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 @wstrator) which is illustrated in
Fig. 63. Excitation is provided by the hydrauli¢wstor; sprung mass is realized by a
set of weights. The sprung mass and actuator ameected by the experimental strut.
Therefore, the transmissibility of the experimensatut can be determined by
measurement of acceleration bellow (actuatgnd above (sprung masshe strut.

SPRUNG MASS

COIL SPRING

MR FLUID

MR VALVE
 BYPASS

BELOWS UNIT

BASE

ACTUATOR

Fig. 63 Experimental strut in the demonstrator
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Bellows unit forces MR fluid to flow through the MR valve. Liag the new
damper (pos. 1) in Fig. 64 are connected by thalnsbeet (pos. 2). Considering that
the central part (pos. 3) is fixed, movement ofupeer lid down cause compression
of the upper bellows, while lower bellows (pos.igtjengthened. Length change of
bellows caused the MR fluid flow via two channdike first one is through the hole
marked Al then through the fitting (pos. 5) andphees to the external MR valve and
then back to the bellows unit through the hole ABe second channel is, directly
through the bypass hole B which is drilled in twogs (pos. 6). The stopper (pos. 7)
prevents the metal bellows from excessive defommatoreover, the stopper fills the
space in the bellows, thus decrease the amounRdiiwd in the bellows, which leads
to cost but mainly weight reduction.

The bellows unit can be screwed to the weightsla@actuator via threaded holes
in the frame (pos. 8) and in the lid (pos. 1). Tdoanecting hole in the lid can also be
used for filling the fluid. It is sealed with thersw (pos. 9) and the O-ring (pos. 10)
and it is tightened to conical countersink. Thiansunconventional method of sealing;
therefore, a leakage test was performed prior tout@aturing of the lids.

Fig. 64 Bellows unit

The central part (pos. 3) is screwed to the spmmags via a frame (pos. 8).
Another connection hole is in the lower lid (pok. This thread serves to connect the
bellows unit to the actuator.

Magnetorheological valvewas designed using analytical models described in
studies [49, 68[68]. Dr. Kubik was the lead desigsfehe MR valve. It consists of 3
coils, magnetic flux flows via the coil core (poS) in Fig. 65, pole pieces
(pos. 2 and 3) and the outer tube (pos. 4). Togethese components form 4 gaps,
where the MR effect can be created. The total lenfthe gaps i84 mm The MR
fluid flows from (and back) the bellows unit duepipe-lines screwed to the lids (pos.
8).

Parts of the MR valve are colour-coded in Fig. 6p&hds on material: grey colour
indicates steel (S235JR), red - aluminium (EN AV6®0 blue - plastic (POM),
orange-copper (Cu), black — rubber (NBR), yelloMR fluid (LORD 132 DG) and
the green parts are made of ferrite (N95). The mgrcircuit is mainly made
of ferrite, this sintered material was chosen beeani low electric conductivity, which
prevents the eddy currents forming and decreasesrisponse of the damper [72].
However, ferrite is fragile and hard to the machiherefore, the outer tube is made
of steel.

Page
56



Design of the MR strut

Fig. 65MR valve

5.3.1 Demonstrator of the experimental MR strut 5.3.1
Parts of bellows unit, MR valve, weights, etc. weranufactured and assembled
in accordance with the scheme in Fig. 63. The ballonit is in Fig. 66 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. 66 Important parts of the experimental MR strut

Both components of MR strut shown in Fig. 66 wexeasately filled with the MR
fluid and then interconnected by pipe made of staéier that, the MR strut was
deaerated. The steel pipes were used becausenef Rigjlumetric stiffness in compare
with the rubber hoses, which were planned to uggnadly.

Page
57



Design of the MR strut

s b Y SA W 2
Fig. 67 Demonstrator for the experimental strut vibraigwiation properties verification

Excitation is realized by a hydraulic dynamomegatator), 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. 67. The samessenvas placed at the sprung mass.
The ratio of these two signals gives a transmibsibof the experimental strut.
Position sensovLP 15 SA 15Q@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

Force-velocity dependency determination requires a force measurement.
Therefore, the load cdINTERFACE 1730ACK-50kiNas inserted between the frame
and the sprung mass, see Fig. 68. Velocity wasrdaeted by the position sensor
signal derivation.
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LOAD CELL

ROD

SPRUNG MASS

MR VALVE

BELLOWS UNIT

FRAME

ACTUATOR

REAL TIME
COMPUTER

Fig. 68 Demonstrator configuration for the #—v dependémxe,asurement

The strut was compressed by the actuator with liseseep sine function with
amplitude5 mm frequency grew frond.1to 8 Hz Zero position of the actuator was
set that, the force measured by load cell is z&rdy the points measured in zero
position of the actuator was used to the Forceegialependency determination.
Thanks to that, any spring forces were eliminatedi the force-velocity dependency
does not exhibit a hysteresis. The scheme fomtieiod is shown in Fig. 69.

Force (F) ‘ﬂoﬂ
Stroke (x—xu)%
Velocity (%-X,) ﬂ[}ﬁ

X=X,

Force-velocity dependecy

Time (t) v

“x%,; F
Time (1)

F

Time (t)

=

|

Fig. 69 Method of F-v dependency determination
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The gradient of the force-velocity dependency at telative velocitiest — x is
influenced by bypass orifice diameter, which waosgm 1.45 mmfor these
measurements. Damping was measured for severalugacurrent in the coil. The
magnetic flux density in the coil core was neasaturation of ferrite material in the
case when the current in the dod 1 Awas used. Thus, increasing of the current over
this value does not significantly increase damorge.
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Fig. 70The F-v-1 dependency of the MR valve
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Dynamic force rangewas determined using equation (6), in this casatia of
damping forces with maximum and minimum currenthi@ coil:D(v) =F (I1=1 A) /
F (I =0 A). Dynamic force range depends on the relative wglac— x,, see Fig. 71.
Maximum of MR valve dynamic force range is arouetbeity 0.08 m/sthus near the
knee of force-velocity dependency with currenthe toill = 1A. Dynamic force
range at low piston velocities could increase witin-using of the bypass [49].
However, test with MR damper without the bypassasha significant increase of the
system transmissibility, see chap. 5.3.4; theretfihie version was abandoned.
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Fig. 71 Dynamic force range of the MR valve
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Time responseof the experimental strut at the demonstrator. €nircontroller
patented by Dr. Strecker was used for rapid chafgeirrent in the coil. Switching
between maximunh = 1 A and minimuml = 0 A current was ensured by Arduino
board. An important requirement for this measurdnenhat all measured signals
have to be synchronous; therefore, only one daatyzerDEWE 50was used for the
signals.

Power supply DEWE 50 Position

30V
Controller

Current

|| Arduino board

Actuator

Fig. 72 Scheme of experimental MR strut time response oreaent

The position sensor is located between the spmags and actuator; thus, it
measures the deformation of the strut and notthestdamper deformation as shown
in Fig. 48. However, the absence of piston in tle#olwvs unit does not allow to
measure strut deformation without the deformatiamsed by secondary spring of the
strut - pressure thrust stiffness of belldwsT his fact slightly increased time response
which was measured.

Time response of the MR valve was measured widnduilar signal excitation
with amplitude5 mm The triangular course of the stroke was usedusecaf constant
deformation velocity during each stroke. The fregpyeof the actuator movement was
set froml1 to 4 Hzto achieve velocity around the force-velocity kn€ke strut force
in time, as well as the input signal and the actupbsition, are plotted in Fig. 73.
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Fig. 73 Signals obtained during time response measurement
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Detail of the strut force rise with actuator fregog4 Hzis shown in Fig. 74, from
which the primary time response (63.2%) of MR sinuthis configuration is around
4 ms An interesting effect, which was observed duritigneasurement is that the
force did not increase during the short time justrathe current switch. One of the
possible explanations is that this delay is theetiesponse of MR fluid [52].

2000 - [ &
1500 r 0.75 g
2 1000 Fes.2% 05 5
E Q
- 8
K =
3
500 -+ 0.25
—Force
---Electriccurrent
0 ? f ’ .
15 20 25 30
Time [ms]

Fig. 74 Time response of experimental MR strut (Switch@ig, x — x, = 100 mm/s)

Time response of MR strut was not constant. It ddpeon whether the damper
switches from ON to OFF state or vice versa. Timgponse of switching ON is
affected by the relative velocity— x,, see Fig. 75.

12
e ® Switchig ON

10

Switching OFF

o]

Time response [ms]
@

0 20 40 60 80 100 120 140

X-Xg [mm/s]
Fig. 75Time response of the experimental MR strut foious relative velocitieg — x,

The measured values are, however, influenced bynslecy stiffness k1. When
the current to MR valve is turned on, the forceahhis needed for movement of the
virtual rods of damper increases in very short tand till the moment when this force
is crossed, the damper behaves as a stiff rodinEhease of force which is needed for
unlocking the damper is caused by compressionfbfesds k1, which means that this
spring must be pressed by a certain distance. iiiee ieeded for compressing the
spring influences the overall time response.
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This effect is probably the cause of that the themponse increase has a similar
impact to the transmissibility as a decrease ofrdi® between the primary and
secondary stiffness of the strut, which was obskdwging simulations with a multi-
body model of the single strut.

The primary stiffness of experimental MR struk was measured at the same
configuration of demonstrator as the force-veloaitgasurement were provided.
However, the excitation differs a lot as well as ttamping of the MR valve, because
there was an effort to eliminate the damping fordéerefore the part with the bypass
orifice (pos. 3 in Fig. 64) was removed from thdldves unit. Thus, the bypass
diameter grows fron@1.45 mnto @8 mm The frequency of the actuator movement
was set as very low0.1 Hzand the amplitude wésmm

2500
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Force [N]

Fig. 76 The primary stiffness of the experimental strut

The secondary stiffnesof experimental MR strut was because of the bellows
model verification measured in two steps. The Bitsp was to measure the pressure
thrust of the bellows and the second step was &suore the pressure thrust stiffness
of the MR valve and the pipelines. Comparison esthtwo measurements confirmed
the assumption that the MR valve pressure stiffi®ss an order higher than the
pressure thrust stiffness of the bellows. Therefthre simplification that the pressure
thrust stiffness of bellows is identical to the medary stiffness of the experimental
MR strut has been introduced.

The Pressure thrust stiffnesof bellows was conducted at hydraulic workshop
press using sensors described above. The measahedvd with serial number
324125 available in the product list of Witzenmann comp§/ 1] was filled by shock
absorber oiParamo TL15 [73] sealed using the flanges and deaeratedpiidssure
sensor measured internal pressure to check thatdlkenal allowable pressure of the
bellows is not exceeded.
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Gauge
load cell
Linear position trasducer
Linear
position
) . . transducer
Belows filled with fluid
Bellows
Pressure sensor
f Flange

Pressure
sensor

Fig. 77 Measurement of the pressure thrust stiffness ke

Force-deformation dependency was measured for imdas bellows and the
measured data was linearly approximated by a IF@ce increasing was not
significant at the beginning of the compressionsii check of the experiment
revealed that the flanges are not parallel abdglutieus, approximatel).7 mmof
stroke was necessary to compensate the non-pemalldlhese points were considered
for the pressure thrust stiffness determinatioifign 78 these points are shown as less
saturated. The values of both bellows pressurestistiffness were measured as very
similar. The axial stiffness of the bellows resists compression of the filled bellows.
Thus the value of secondary stiffness of the sdrgiven by the sum of pressure thrust
stiffness of both bellows, see Fig. 78, minus ta sf axial stiffness of both bellows;
see Fig. 79.
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Fig. 78 Force-deformation dependency of the bellows filléth oil (pressure thrust stiffness)
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The Axial stiffness of bellows was obtained by a slight modificatioh te
experiment. This modification rests on the flangawoval; therefore, the oil drains
and subsequently the air inside the bellows caim doa. After this only axial stiffness
of bellows resits its deformation.
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Fig. 79 Force-deformation dependency of empty bellowsaastiffness)

The experimentally determined parameters of tiet $h the tab. 5 were
inserted into the model described in chap. 5.2@thr transfer ratio was simulated
for three current in the coil of the MR valve. T$imulation results are shown together
with the measured results in Fig. 81.

tab. 5 Measured parameters of the demonstrator

Sprung mass 95.6 [kq]
Primary stiffness 395 [N/mm

Secondary stiffness 2844 [N/mm]
Damping in ON state (1=1 A) non-linear | [Ns/mm]
Damping in OFF state (1 =0 A) non-linear | [Ns/mm]
Time response 4 [ms]
Dynamic force range (maximum) 9 [-]

5.3.3 Transfer ratio of the demonstrator 5.3.3

Uaﬁ’©'§—*3

Vibration isolation strut cannot be evaluated obly parameters, which are
measured separately. Its behaviour must be velifiedcomplex vibration isolation
system. That means to determine the transfer ratfte magnitude of vibrations
transmitted from the vibration source to the spromgss. Therefore, the strut was
inserted into the complex system (demonstrator)thadransfer ratio was measured

by the following methods. The setup of measuremers similar to Fig. 68 but, the
rod was removed.
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Transfer ratio was determined by conversion of &woelerometers signals to the
frequency spectrum. After that, the amplitude ef $pprung mass acceleratignwas
divided by the amplitude of actuator acceleralidor given frequency. An important
comment is that the settings of FFT analysis was gdame for the both signal
conversion: window typ8lackman,2048 lines overlap75% DC cut off2 Hz cut-
off frequencyl1000 Hz

The excitation signal was a sweep sine functiom w&itonstant amplitude of the
acceleration’y, = 1g = 9.81 m - s~2 in the frequency range— 150 HzThe test takes
120 s the frequency rise was logarithmic. Sampling titcy was set t& kHz

s
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time
Fig. 80 Method of the transfer ratio determination

Passive mod®f MR valve has been used for the most of testBign81 there are
three of them for the curren®sA, 0.5 Aand1 Atogether with the simulation results
(dashed lines).
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Fig. 81 Transfer ratio of a demonstrator with MR valveoassive mode

Simulated and measured data are not completelyicdéthey differ primarily by
a maximum of transfer ration with no current in tdod and the isolation properties at
frequencies higher th&80 Hz This may be caused by passive losses of theystm
(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.
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One of the possible causes of this transfer raticease is a so-called mass effect
[29, 30[30]. That means the peak aro@idHzmay be caused by oscillation of the
fluid due to the elasticity of metal bellows (preesthrust stiffness). This hypothesis
was tested by additional measurements with vatellsws or fluid, see chap. 5.3.4.

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 equéfipwas 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 (8) were not met.

{—@—&Q>0MAX>00W V (% — %) < —0.01A % <—0.007 (8)

i (k—%)=0->1=14

1 (9)
X (k—%)<0>1=04

0 I=0A

Value of relative velocit.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 (8)evident in Fig. 82, 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
14 —
j _/\ ——Passive | = 0.5A exp. Semi-active_exp. Semi-active_sim

12 LA iy

0.8 : \\

0.6 \ \

0.4 : A

pl/ xo_Ampl [ -]

g
(

0.2 : S

_'—'-——-—.._,-—___

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

frequency [Hz]
Fig. 82 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.
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5.3.4 Conclusions of the experimental MR strut tests

Mass effect- a phenomenon described above may cause thiatiséer ratio has
a second resonance peak, in the case of Fig. 8#&inange betweeb0 — 110 Hz.
Hypothesis, that the peak is caused by a partraf stass oscillation on a part of the
strut stiffness was confirmed by re-measuring tlaadfer ratio with significantly
stiffer bellows and a fluid with different density.

One of the possible causes of the peak is a movesh@nid massny in the axial
direction. The primary stiffness of strkifprevents this movement. However, in this
case not only the axial deformation of bellows ketalthe fluid flow. Internal volume
changes of bellows may cause the flow too. Registagainst this deformation is
given by the sum of both bellows pressure thruhessk:

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 stiffnessdnes and called total stiffness:

LR 10
PN (0

Then, the natural frequency of the fluid magss:

ke
m

(11)

Y

f=

2T

The volume of the fluid in MR valve and the belloursit was determined by the
3D model a3/ = 0.23 I; then, volume multiply by densigy gives a fluid mass:

mp=p-V (12)

Calculations and measurement were provided forri®ws configurations of the
experimental MR strut, always with zero currentha coils of MR valve.

1) Single-layer bellows filled with MRF 132 DG

tab. 6 Parameters of the strut configuration

The primary stiffness of the strut k 395 [N/mm]
The secondary stiffness of the strut 1 k| 2844 [N/mm]
Density of the fluid p 2.88 [kg/l]

Total stiffness:
1 1 1 1 1

k, k'l 395290 T 2843600
k. = 347 047 N/m
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Fluid mass:

m=p-V=023-2.88

m = 0.6624 kg
Natural frequency:

JE; 347 047
;= m N 0.6624
2w 2w

=115.2 Hz

2) Single-layer bellows filled with shock absorber oil

tab. 7 Parameters of the strut configuration

The primary stiffness of the strut k 395 [N/mm]
The secondary stiffness of the strut 1 k| 2844 [N/mm]
Density of the fluid p 0.87 [kg/l]
Total stiffness:
1 1 1 1 1
—=—4—= +
kr 'k ki 395290 2843600

k, = 347 047 N/m
Fluid mass:

m=p-V =023-0.87

m=0.2kg
Natural frequency:

JEZ /347047
_Am _N" 02
f_z-n 2-T

= 209.6 Hz

3) Multi-layer bellows filled with MRF 122 EG

tab. 8 Parameters of the strut configuration

The primary stiffness of the strut k 495 [N/mm]
The secondary stiffness of the strut 1 k| 11113 | [N/mm]
Density of the fluid p 0.87 [ka/l]
Total stiffness:
1 1 1 1 1
—=—4—= +
kp ko kg 495480 11113000
k, =474332N/m
Fluid mass:
m=p-V=023-242
m = 0.5566 kg
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Natural frequency:
/kr /474 332
m 0.5566
= = = 1469 H
f 2 2'1m z

Measured transfer ratio for the strut configuratiisted above are shown
in Fig. 83.

——One-layer bellows_MRF 132

DG
117.8 Hz ——0One-layer bellows_shock
T "p.l 7 absarber oil
o \r\\ \\ —— Multi-layer bellows_ MRF
g \ 122 G
g' \\i}(ﬂ‘w \\\x
= wh\ 3.1 Hz
E o1 h .
. ;"J I\ \\
—’”\:‘,‘_\-A\:Iﬁm f I“"-. 1
0.01
0 20 40 60 80 100 120 140 160 180 200 220 240
Frequency [Hz]
Fig. 83 Mass effect
tab. 9 Measured and calculated the modal frequency oimihes effect
Multi-layer, MRF 122 EG 146.9 117.8 25
Single-layer, MRF 132 DG 115.2 78.6 47
Single-layer, oil 209.6 203.1 3

Table 9 compares measured and calculated freqeatimodal shape, which
may be caused by mass effect. This possible caumgported 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 frequealcylated from a fluid mass (12)
differs from the measured resonance frequencyg.gbssible, that the dynamic of the
fluid is dominant in this phenomenon. That meartonty the mass but, kinetic energy
should be taken into account. The issue of thisipireenon goes beyond this thesis.

Minimization of the fluid mass in the final desigh the strut will be required
because of high resonance frequency and conseguemthw maximal transfer as
shown Fig. 83.
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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. 84. Therefore, the strut vemsithout bypass was rejected.

3

/\ —I1=0A
/ \"\ —1=02A | |
1=0.5A
1=0.8A
/ N

/ 7
N ,/

> \ T h‘“—-‘—-—i
S —
0o 3

—

25

-

1.5

pl/ %g_Ampl [ -]
(%]
*‘ﬁz__%_____—_‘
=
/
|

X Am
=

I | e

0 10 2 0 40 50 60 70 80 90 100 110 120

frequency [Hz]
Fig. 84 Transfer ratio of a demonstrator with MR strutheitit bypass

This final design of strut will contain the bypagsich 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 thibset mmring cracked
totally (pos. 3). Therefore, its reuse was excluded

Fig. 85Ferrite rings of M\;alve after héavy loading

This accident initiated the search for another ntevhich guarantees a similar
time response of MR valve, but which it is moreigest to mechanical loads.
Moreover, it will be advantageous if the new matehas higher saturation than the
ferrite. Usually, materials with high electric retsvity (short time response) have low
saturation, see Fig. 86. The high magnetic saturatkhibits materials Vacoflux 27
and 50. The second one has 4 times higher eldatesiativity than pure iron. Ferrite,
with the saturation at around 0.5 T and almoshnityfielectrical resistance, is out of
this diagram. The electrical resistivity of matédan be increased by suitable shape.
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Soft magnetic materials: saturation vs. resistivity

2> 7 Vacoflux®27

24 - &
2.3 | , - Vacoflux®50 @

22 | , Vacoflux® 17 @

21 |ron. M— Vacoflux® 18HR @

21 Optimization
1,9
18 - | . . . Vacoflux®9CR &

Saturation PolarizationJsin T

L7

1,6
chromium steel 430F g
1,5 = :

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8
Electrical Resistivity p in pQm

Fig. 86 Diagram electrical resistivity-saturation of sealanaterials [74]

Therefore, research inspired by shape approachntgad the eddy currents
elimination described in chap. 2.5.2 was startedgitic coil core made of a material
with high saturation provided by isolation layeesgendicular to the eddy current flux
could simultaneously meet both requirements ofetifiective magnetic circuit: high
saturation and short time response. Productiomtdobies which were tested: glueing
(a), grooving by wire cutting EDM (b) 3D print ugitechnology SLM (c) in Fig. 87.

Results of this research are currently preparedifioarticle. Therefore, they will
not be presented in this thesis. The 3D print w@sen as the most convenient method
for this thesis purpose. This method was patemt¢ds].

The magnetic circuit of the final strut will maké\acoflux 50, by 3D print using
method SLM. Magnetic circuit time response decrégsshape approach is described
in chap. 5.4.3 (magnetic part).
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5.4 Design of the MR strut for VIS of the launch vehicé ST

The MR strut design is a complex task consistdrottural, hydraulic, magnetic
etc. analysis. Each analysis was used to desigardiions of several parts. However,
some analysis deals with the same parts. The asalysre carried out separately, but
in several iterations because of the analysisaotem to a specific part. One of the
components which affects other parts dimensionsiesal bellows. Therefore, its
design was provided preferably.

5.4.1 Metal bellows design 5.4.1

The bellows were loaded by pressure pulsation ftleeninside (MR fluid) and
outside (gas of pneumatic spring). Moreover, itoad by axial deformation. The
bellows were designed with respect to axial defoionaand internal pressure caused
by MR fluid. The pneumatic spring pressure was @&egd in the phase of design. This
configuration of a pair of bellows can be considees a fluid vibration isolator
according to Fig. 88.

(a) F (b) lF

Bellows
(k/2, k,/2)

Orifice (c)

L/

e

Bellows
(k/2, k,/2)

.
Empty bellows Filled bellows
(axial stiffness) (pressure thrust stiffness)

Fig. 88 Metal bellows as a part of the vibration isolator

The bellows are filled with a damping medium (MRid). The flow of the fluid
through the orifice causes a damping c, see Fig)8Bhe isolator works in two modes
depends on the damping force: relatively small dagforces cause primarily axial
deformation of the bellows, which is prevented bg tixial stiffness of bellowk,
shown in see Fig. 88 b). However, high dampingdsi@merging for example by high
piston velocity or by application of a magnetiddién orifice) cause an increase of
damping medium pressure which results in a shapngeh of the bellows,
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see Fig. 88 c). Shape change affects the lengthelddws. Resistance against the
deformation of bellows caused by shape changdledgaressure thrust stiffneks It
can be determined by compression of bellows fitlgéh fluid and the axial force and
axial deformation measurement.

Axial stiffness is commonly available in produdts bf bellows in contrast with
the pressure thrust stiffness. Therefore, the FEddehwas created to determination
both stiffness based on the bellows geometry. Astiihess 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@nhusing the
rotational symmetry. The shell elements could reotibed as in Thakkar thesis [41],
because of the fluid and the wall interacting. Blgére is also mentioned the second
approach — with solid elements with a note thatrdsailts of both methods do not
differ significantly. Thus, th&OLID 182elements were used for the wall angFLD
241 elements for fluid.

F ~_LOAD
— %, (line)

vy,

THE SAME ;’
PRESSURE \

| | U-v-:o
" Uhe)

Fig. 89 FEM model of bellows

Load force is applied by the pressure on the tog kvhich corresponds to the
force Fp. The displacement of the top ligeis used for the stiffness calculation. The
bottom line cannot move in vertical directignNodes located on Y axis cannot move
in the horizontal directiorX. There are several points (depends on a number of
corrugations) with the same pressure in the medlidf It ensures identical pressure
in the fluid, as shown in Fig. 89. The materialdisethe model are summarized in the
tab. 10.
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tab. 10The materials used in FEM model

Stainless steel 1.4571

Modulus of elasticity E 200 000 MPR
Poisson ratio H 0.28

Yield stress after forming Re 500 MPa
Shock absorber oll Paramo TL 15
Volume modulus of elasticity K 2 200 MPa
Density p 885 kg/ni

The FEM model was verified by measurement of bedlevhich was used in the
experimental strut. The bellov@24125is listed in the datasheet of Witzenmann [71].
Its dimensions are in the tab. 11.

The parameters are listed in the tab. 11 and sloovthe right side of Fig. 90. The
wall thickness is considered one of the most ingodnparameters in axial and pressure
thrust determination. The thickness of the sheethvis the bellows made of &25
mmby the product list. However, forming of belloneduces the thickness of some
parts of the bellows wall [40]. Value of wall thiokss.22 mmused in the model was
obtained by a lot of experiment provided by theldvet manufacturer. The
manufacturer also sends us the results of axféiesis analytical counting.

(@Dm)
@D

Fig. 90The bellows used in the experimental MR strut
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tab. 11 Dimensions of the bellows used in the experimesttait

Outer diameter D 36.5 [mm]
Inner diameter d 23.6 [mm]
Mean diameter Dm=(d+D)/2 30.05 [mm]
Corrugation width w=(D-d)/2 6.45 [mm]
Corrugation length L 3.2 [mm
Wall thickness t 0.22 [mm]
Number of corrugations [ 13 [-]

The same forc€y = 300 Nwas used to compare the behaviour of empty beJlows
see Fig. 91 a) with the same bellows filled bydh®). The membrane stress is plotted
in this figure. The filling affected the bellowsifBtess but also the shape of
corrugations (waves) deformation.

Filling: oil

Membrane stress

(Z) [Pa]
—.283E+09 —.470E+08
= —.220E+09 = __3505;103
- I56E+09 . CCC0R08
B - 924E+08 B 10E+08
- .2B9E+08 B 297E+07
= =0
0 -247E+08 ] -BO4E+07
.DB3E+08 191F+08
= [
B -162E+09 .301E+08
mm -225E+09 B CYi1E08
.289E+09 B Co0iE 08

Fig. 91 Comparison of membrane stress in the wall of bedlavhich is empty a) or filled by oil b)

The compression loading was compared with theleeltading. The results were
almost identical; however, only the compression wassidered to the stiffness
determination to achieve the same method comparletine experiment. The points
obtained by tensile loading are less saturatedgn92.
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Axial stiffness Pressure thrust stiffness
400 600
300 -
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S 200 F,=1531
100 . Fy = 25.518y, vy
_ N R? = 0.9998 _ .
=z 8 = s
o 0 = 0
2 2
-100
-200
-200
-400
-300
-400 -600
-15 -10 -5 1] 5 10 15 -0.5 -0.4 0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5

i [mm] vy [mm]

Fig. 92 Axial and pressure thrust stiffness of bellows B32% (FEA)

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 comparstvjith the measurement described

in chap. 5.3.2.
tab. 12Bellows stiffness comparison determined by varimethods

Product list [71] Axial k 22.3 12.6
Manufacturer calc. Axial & 29.5 15.6
FEM model Axial k 25.52 ref. value
Measurement Axial e 22.7 11
FEM model Press.th. 1k 1531.6 ref. value
Measurement Press. th. 1K 14445 5.7

Sensitivity analysis of each parameter listed entdb. 11 to the axial and pressure
thrust stiffness was carried out after the modefigation. The analysis uses the
geometry of the bellowd24125 just one dimension differs the tab. 119t 95, 105
a110 %of its initial value for each set of simulatiofiie parameters affect axial Fig.
93 a) and pressure thrust stiffness Fig. 93 b).
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Fig. 93Sensitivity analysis of bellows to axial a) anégsure thrust b) stiffness

Comparison of both diagrams in Fig. 93 shows Huahe parameters have the
same impact on both stiffnesses, L; while, two of themDm, w affected axial and
pressure thrust stiffness differently, see Fig. Bde conclusion of the sensitivity
analysis is that the ratio between the pressutsstland axial stiffness can be slightly
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modified by the geometry of the bellows. That mHga the ratid\N between primary
and secondary stiffness of the strut.

.. Mean diameter (Dm)
160 = .
*  Cor. Width (w)

140 ", i Pressure
thrust
stiffness
120
Axial
stiffness

Stiffness [%]

100

Axial

%0 stiffness

g Pressure

60 thrust

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

Fig. 94 Parameters with different impact to axial and gues thrust stiffness

Multi-layer bellows (part numbe8324325 which were used for the mass effect
measurements were also analysed by FEM. Howevaplamated interaction between
the multi-layer bellows wall results in simplifieah (13), which determines the
stiffness of multi-layer bellows;kby multiplication of the stiffness of single-layer
bellows k. with the number of layers This hypothesis was established based on a
comparison of values of multi-layered bellows likie the product list. When the
dimensions of multi-layered (for example 5 layet®llows are similar to the
dimensions of single-layered, the stiffness is gbwvdior the example approximately
fifth time) higher than the single-layer bellowsfaess.

kLi = kL 0 (13)

Sensitivity analysis showed that the wall thicknleas the same effect on the axial
and pressure thrust stiffness. Therefore, the pregbrust stiffness estimation by the
equation (13) could be considered as valid. Thigotewas verified by measurement,
the result of FEA and measurement are compardtkitab. 13.

tab. 13Verification of multi-layer bellows stiffness esttion

Product list [71] Axial ks 66.2 13.6
FEM model Axial k3 25.52*3=76.6 ref. value
Measurement Axial W3 83.75 9.3
FEM model Press.th. 1k 1532*3=4596 ref. value
Measurement Press. th. 1M§ 5557 20.9

The deviation between the estimated and measuledsvags approximatel20.
Choose of bellows of the MR strut for the VIS oé tlaunch vehicle was discussed
with the bellows manufacturer which provides a eadfiwall thickness usable for the
calculation, see tab 14.
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tab. 14 Parameters the bellows used in the MR strut for e launch vehicle

Outer diameter D 66 [mm]
Inner diameter d 47.4 [mm]
Mean diameter Dm=(d+D)/2 56.7 [mm]

Corrugation width w=(D-d)/2 9.3 [mm]
Corrugation length L 6.7 [mm]
Wall thickness after forming t 0.27 [mm
Number of corrugations [ 11 [-]

Number of layers n 5 [-]

Axial stiffness 3 298 [N/mm]
Pressure thrust stiffness 1bK 23470 [N/mm]

Axial and pressure thrust stiffness was determinsthg the methodology
described above. Rath between the primary and secondary stiffness waserhas
N = 50. Selected bellows and proposed axial stiffnessraf gives stiffness ratio:

kg kip*2 23470%2

38.2 (14)
~k, k, 1230

N

Considering that the FEA estimation of pressuraghstiffness wag0% lower
than the measurement, the real ratio N should ¢leehi Anyway, change & from
50 to 38 will not have a significant impact on \i8haviour, see chap. 5.2.1 and 5.2.2.
However, the geometry modification of the choselioles that means custom made
of the bellows should increase the ratito the required value.

5.4.2 Pneumatic spring design 5.4.2

Pneumatic spring is designed for a load of strult bu VIS with payload mass
1500 kg This load causes the equal pressure above armt pistion of the pneumatic
strut. The angle between the strut axis and baseeflA,in Fig. 95 was determined
during quasi-static loatlg by the multi-body model of VIS.

Mg, lyws In

CoG

= PD

2xPA

SH

BD

Fig. 95 Strut angles in VIS

Both chambers dimensions necessary for the desggshawn in Fig. 96 and listed
in tab 15 and 16.
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Fig. 96 Pneumatic spring scheme

The gravitational force of payload=1500kgandl1gload to single strut axis:

Eo_M™9 1500-9.81 2083N (15)
17 j-sin(e) 8-sin(62)

Static pressure in pneumatic spring (no bellowsmassion,1gload):

R 2083 (16)
Ps =5 5, ~ 103867862 _ 0025 MPa

Static pressure increase allows adjusting steaatg shat means payload mass
which causes equal pressure in both chambers ohpatec spring withlg loading.

Maximum pressure in pneumatic spring (maximal casgion VA = 0):

Va+ VC)" _ 0 (253683 +97880\"* (17)

Pomax =11~ ( e ) =494 MPa

Cc

tab. 15Dimensions of pneumatic spring

Pneumatic spring piston diameter D 110 [mm]
Mean diameter of bellows Db 57.6 [mm
Cone diameter Dc 65 [mm]
Bellows length hb 88 [mm]
Cylinder length h 15 [mm]
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| Cone length

| hc |

15 |

[mm]

tab. 16 Volumes and areas importat to pneumatic springutations

Area of pneumatic chamber under piston SA 10386 | [mm
Area of pneumatic chamber above piston SB 7862 | [mm
Area of damping chamber SD 2210  [Am
Volume of gas under piston (cylinder) VA 247 158 nfth
Volume of gas under piston (cone) VC 91354 fhm
Volume of gas above piston VB 691 849  [Ahm

The non-linear dependence of foFgeand deformatiolY (perpendicular direction
to the piston movement) is described by the equoatio

K VB K
_SB'(V +S -Y)
B B

Stiffness point estimate in steady state= 0 can be obtained by derivation of
equation (18):

(18)

F(Y) =p. (SA- <m>

V K—1 V K—1 19
. SAZ-VA'K( Vi ) SBZ-VB-K( V) (19)
ko(?) =L For) = V=5, Y Vy—S5Y
U=y PP = (V, — S, - Y)? (Vg —Sg - V)2

Kp(0) = 632,7N/mm

Strut spring force consists of the pneumatic spiamge and the bellows force, the
second one is given by the equation:

Fb(Y) =k, Y (20)

The strut force-deformation dependency is plotteldig. 97. The strut stiffness is
non-linear due to the pneumatic spring. The stifihess in steady state is:

ko =K,(0) + 2k, = 632.7 + 2-298 = 1228.7 (21)

This value is almost identical to the value usethen model. 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 accelerationjogtessive course of the strut force-
deformation dependency allows decreasing of theimalxstroke of strut form 20
mmlisted in onto 5 mm This stroke reduction helps to decrease the weafjthe
strut.
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Fig. 97 Force-deformation dependency of the strut angriesumatic spring
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5.4.3 MR valve design

MR valve design consisted of two models which aterconnected by several
parameters, especially dimensions of the MR vale 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 magnetiaitiwhich determines the yield
stress of MR fluid in the gap.

Inputs for the pressure drop calculation causethbyMR fluid flow through the
MR valve are: yield stress of MR fluid in the gdpN state), hydraulic diameter of
bellows and required force-velocity dependency. Thput of the model are
dimensions of channels where the fluid flow.

Dimensions designed by the hydraulic model areesguently used as inputs of a
magnetic circuit model together with another inphé& intensity of the magnetic field
in the gap. The FEM of the magnetic circuit allotwsthe dimensioned coil, pole
pieces, coil core etc. Moreover, the model was dgettansient analysis that means
to determine time dependency of magnetic fieldnsity in the gap after a step change
of input current in the coil. This is necessary tbe MR valve time response

estimation.
tab. 17Boundary conditions of MR valve design

Piston rod diameter d 20 [mmn]
Mean diameter of bellows Db 57.6  [mm]

2_
Effective area of “piston?,, = M Ap | 2291.6] [mn¥]

—_

The yield stress of MRF Ty 32 kPa
Required intensity of the magnetic field H 250  KAIm
Saturation of Vacoflux 50 Bx 2.3 T
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Hydraulic part

An analytical model of MR fluid flow through gap bypass, see Fig. 98 was
created using the equation mentioned in [49]. Tloeleh determines pressure drop
during the fluid flow, thus also damping force-wety 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€Q1, Q2 The ratio betwee®1 andQ2 depends on the intensity of
the magnetic field in the gap and on the dimensadrthannels. 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 theQ1is zero. Mathematically:

T<7 > Ql=0 - Q=Q2

T>7 - Q1#0 - Q=Q1+Q2 (22)
Shear stress during the fluid flow through the gap:
Ak (23)
2-L
Baypass GT Magnetic Field

a1 Q2 42
T T ¢ _T MR Fluid
? flow (Q)
i)
o

Fig. 98 MR valve hydraulic scheme

Influence of individual parameters from the tabtd &e MR valve force-velocity
dependency is shown in Fig. 99. The slope of tinescbefore the knee can be modified
by the dimensions of the bypass orifice, td@sL2. The knee position is influenced
by the gap dimensiortsandL and the MR fluid yield stress.
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Fig. 99Influence of MR valve parameters to force-velocigpendency

tab. 18 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]

03

Dimensions mentioned in the tab. 18 ensures foetecity dependencies in Fig.
100. The blue curve represents ON state, the oramgés for OFF state.
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Fig. 100The simulated F-v dependency of MR valve

The dynamic range of the strut with this MR dampgrdecrease by the friction
of seals [76]. In the case of the MR strut, it iadl 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 magneticwit made of Vacoflux 50 was
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measured.5 mT(measured on air — no MR fluid in the gap), thegmetic flux density
causesD.4 kPayield stress oMRF 122 EG[77]. Comparison of theoretical and
predicted dynamic force range of MR strut for VIShe launch vehicle is in Fig. 101.

25

theoretical

N
o

=
(9]

predicted

[
o

Dynamic range [-]

w

o

0 0.1 0.2 0.3 04 0.5
Velocity [m/s]

Fig. 101MR strut dynamic force range

Magnetic part

An important aspect for magnetic simulation is aiateiknowledge of magnetic
properties of the material used in the model. Buirses of the magnetic circuit and
MR fluid was determined experimentally. Measurethde@as inserted into the model
using interpolation. The other materials used enrttodel was taken from libraries of
the model software packageANSYS ELECTRONICS 20&# from the product list.
Magnetic properties of the materials which weredusghe model are summarized in
the tab 19.

tab. 19Magnetic properties of materials used in the model

Coil core, Pole piece Vacoflux 5 B-H curve 2 4900
MR fluid MRF 122 EG B-H curve 0

Coll Cooper 0.999991 58 000 000
Coil skeleton, Grooves filling Polyamide 1 0

The mode environment vacuum 1 0

The electric conductivity of MR fluid depends oretleoncentration of iron
particles, the intensity of the magnetic field, ¢towever, the conductivity varies only
in the order of S/m [78therefore, the electrical conductivity of MR flurdthe model
considered zero.

Preliminary design of magnetic circuit was providgda magnetostatic model
with rotational symmetry. The intensity of magndtedd in the ga®250 kA/mhas to
be achieved while no part of the magnetic circwotld be saturated, that medhs
2.3 T. These requirements were achieved with model g&gnshown in Fig. 102
which as excited by a coil with 190 turns, whichsvgaipplied by an electric currdnt
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= 2 A. Space reserved for the coil winding was dimengsidresed on current density
J = 15 A/mm, which is recommended for the conductors loadecasionally.
Conductor diameter:

4-1  [4-2 (e4)

= =0.41-0.5
-] m-15 - mm

d =

Space intended for coil winding of chosen diamefevires0.5 mmand width of
the coil15 mmwas designed to allow reel the coilimows. So the space for the coil
has the shape of an annulus between the dianf&earsd55 mm

v a) Line 1 b)
gap 300
rotational [ reera
symmetry srssmtiony e
o0t o0
1. BESOQE +000 201
1 sa0t a0 =
| 1.3508E+000 £
1 2000t 000 < 150
1. B5E0E +008 =
o aocot oot =
7. 5008E-801 =
£, DABAE-B01 T 100
+ spct 001
< soot oot 50
| = o.c000e 00|
X 0 ‘
10
symmetry Y [mm]

Fig. 102Magnetic flux density of magnetic circuit a) amdeinsity of the magnetic field in the gap b)

Magnetic flux densityB have been kept around half valueBfvhich means
saturation of the material, because of planned am@ak by grooves. The final shape
of magnetic circuit take into account that the negnflux tends to flow around the
coil as close as possible, so, the upper cornemsagietic circuit indicates very low
B. Thus, chamfer or radius at these corners causightweduction and almost none
increase of magnetic resistivity.

Grooves of the magnetic circuit were designed 3D model in two directions,
see Fig. 103: axial, which divides the circuit iiccular sectors. Radial grooves are
parallel to the magnetic field flow. Fig. 103 showee basic dimensions of the
magnetic circuit.

A-A

Tested segment

Radial groove

Axial groove

40

(ol care

|
|
MR fluid ‘

Coil skeletgpn
T
#

\ /
. W ————
s\ Symme ry2 -

-

— s

Fig. 103Grooved magnetic circuit called as 24x2
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Rotational symmetry (symmetry 1 in Fig. 103) wa®djsbecause of time-
consuming simulations. Preliminarily results showédt the lowest number of
grooves which gives satisfactory time response2istiiereby circular sectors of the
angle of 30° were created. The magnetic circustyrametrical around the horizontal
plane (symmetry 2 in Fig. 103); therefore just haifthe magnetic circuit was
modelled. The example in Fig. 103 illustrates theuit with 24 axial and 1 radial
grooves, thereby 24x2 rods are created.

The magnetic circuit is in model excited by an glecurrentl = 2A in the caill,
see Fig. 104. The resistor is connected to the pswaply in series and substitutes the
electromagnetic coil resistivity. Transient statelectric current decrease frdm 2
Aontol =0 is examined. A period necessary to the power supphent output change
was set af.3 msbased on the previous measurement. The interfsmagnetic field
in the gap (curve 1 in Fig. 104) was observed dftercurrent drop, Magnetic field
density was observed at planes 2 and 3 and firthkéycurrent density was observed
in plane 3.

i Plane 2
* =

T Plane 3

—

Fig. 104Model of the magnetic circuit

Firstly, the influence of a number of axial groot@she time response was tested.
Each simulation consists of 20 results of averagensity in the gap in time, 0.05,
0.1... 1 msfter the current drop, see Fig. 105.
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Fig. 105Influence of axial grooves number to the time cese
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Grey curve shows a current drop, horizontal linlasstrates the ratio of the
maximal intensity of the magnetic field in the gapthe case of a drop, it is 37% for
the primary time response and 5% pro the secorttag/response. Other points of
the diagram in Fig. 105 illustrates the simulatiesults for a various number of axial
grooves in the magnetic circuit. The higher the bharnof grooves the shorter the time
response of the magnetic circuit. However, a lawgaber of grooves causes saturation
of the magnetic circuit in the coil core which rigsun lower intensity in the gap, see
an example oB6 grooves in Fig. 105. The groove is simulated asr@a with no
electrical conductivity in the model. Eddy currefitsv was compared for two chosen
magnetic circuits: 0 grooves (left) and 12 groofreght) by current density in plane 3
at timet = 0.3 and 1 ms see Fig. 106. The simulation of no grooved versb a
magnetic circuit that the eddy currents are formedr the edges of the magnetic
circuit and it is expanding into the inner sectiohshe material over time.

12 grooves \;Lb
(L, ) }

t=03ms [N

t=1ms

Fig. 106 Eddy currents in plane 3 at 0.3 and 1 ms aftectimeent drop

Shortening of time response was achieved also byrddial grooves. Under
certain conditions the axial and radial groovethassame influence to time response,
see24x0and12x2in Fig. 107.
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Fig. 107Influence of grooves number to the time response
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Substitution of the axial groove by the radial lsadigcreases the risk of saturation,
which was observed iA86x0 version. Versiod8x4 (Fig. 107) is characterized by
shorter time response and higher intensity in tyetgan th®6x0version (Fig. 105).

Grooves in axial and radial direction create rotishe magnetic circuit which
cross section differs depending on the distanam fifte axisY, see version 1 on the
left side of Fig. 108. Thus, the magnetic field signis not constant in each rod, which
is inappropriate due to the unnecessarily high kteigf the magnetic circuit.
Therefore, the shape of grooves and was modifeslFgy. 108. This figure compares
magnetic flux density in three different magneticuits with the same excitation,
constant current in the cdik 2A (simulation results for time= 0.05 m3.

Version 1 Version 2 Version 3

B [teslal

2. 2000E+00
. 2.@533E+00
1.9067E+00

1. 7600E+00
1.6133E+00
1.4667E+00
1. 3200E+00
1.1733E+00
- 1.0267E+00

8. 8000E-01

7.3333E-01
5.8667E-01

4. 4Y900E-01
2.9333E-01
1.4667E-01
0. 0000E+00

0 10 20 30 0 10 20 30 0 10 20 30
o [deg] a [deg] o [deg)

Fig. 108 Saturation of several versions of magnetic ciremtited by | = 2A (t = 0.05 ms)

Version 1 is provided by parallel grooves. The naigrflux density is the highest
at the low diameter of coil core, because of a towss-section of the rod. Therefore,
the cross-section of magnetic circuit rods is #rae, which result in a lower mass of
the magnetic circuit. The intensity of the magndigtd in rods around the coil is
significantly higher than the intensity in otherdsobecause of the shortest path of
magnetic flux. Furthermore, the same cross-sediidime rods causes high differences
between maximal and minimal intensity on the gae, graphs at the bottom of Fig.
108. That means damping force decrease. Therefergpn 2 is unacceptable.

Positive features of both mentioned version combgrsion 3. The grooves are
wider at higher diameters, which leads to the weiginimization. Problem with
uneven magnetic flux density in the gap is solvga bocal extension of the rod near
the gap.
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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 valvesitimated atl.2 ms This time
response should ensure high-performance vibraliornation of semi-active control,
see chap. 5.2.2.
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X
/
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Electric current in the coil [A]

Intensity of magnetic field in the gap

Fig. 109Intensity of magnetic field in the gap of MR valve

Several points in Fig. 109 are marked by squaeenithgnetic flux density and the
current density is plotted for these times in Bigj0. Power supply disconnect causes
a decrease of magnetic flux density in the magrestauit. However, eddy currents
induce a secondary magnetic field; therefore, tgmatic flux density drop process
is slowed down. Magnetic flux density in the figglometry dropped in coil core from
2t00.5 Tperl ms The most intensive flow of eddy currents was oleein time of
0.4 ms Migration of eddy currents deeper to the matésiah evident in lower section
of Fig. 110, which shows current density in on¢haf magnetic circuit rods.
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Fig. 110Saturation of several versions of the mag. cirduit2A, t = 0.05 ms)
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Comparison of initial version a) with the final garn b) of the magnetic field is
in Fig. 111. The final version is grooved. When greoves would be unfilled, the

fluid could flow through them, so the bypass woh&lvery high and the damping

force of the MR valve would be very low. Therefotige grooves will be filled with

filled plastic.

Both versions parameters are shown in the tabl2®weight of the final version

Initial version

gap

Final version

coil
Fig. 1111nitial and final version of the magnetic circuit

is almost half than the initial version. Moreovéne time response of the final

(grooved) version is significantly lowe2@ timegin comparison with the initial (solid)
version. However, the grooves decreased the aveardgesity of intensity of a
magnetic field by5%. Even though the outer diameter of the magnetituiti was

increased.

tab. 20Comparison of an initial and final version of thagnetic circuit

Initial 1.184 69 3.84 15 (approx. 264
Final 0.632 80 0.22 0.65 251
Difference | -46.6%| +15.9% -94.3% -4.6%

5.4.4 Engineering design

5.4.4

The final structural design honours the divisiomoitwo branches: damping

(marked by shades of red in Fig. 112) and sprihgdss of yellow). MR fluid is by

the strut compression/extension forced to flow frome to another bellows through
the MR valve which causes damping.
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Damping branch MR Fluid

MR valve

Spring hranch T

Pneumatic spring,

Bellows

Fig. 112MR strut branches

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

The rods are interconnected by bridges, see tlad 8an Fig. 113. 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%.

Each part of the magnetic circuit will be made Iy [@int using method SLM.
After the print, the grooves will be filled by ptas LUKOPREN N 1522which
provides better interconnection of each rod butvabit, the MR fluid flows only
through the gap and bypass. Shoulders createceguidhtic casting serve positioning
of MR valve, especially the coil core and the poieces. The plastic cast is higher
than the magnetic circuit b§.5 mmin all dimensions. This allowance is designed
because of machining to achieve precise geometiRofalve.

The bypass was considered circular in the hydraukclel. However, it was
transferred to an ellipse with the same cross@etiecause of the possibility to place
into a groove of MR valve. Wall of the bypass isd@a&f Vacoflux which has higher
resistivity against abrasive wear in comparisorhviitikopren. The coil connected
with the power supply by conductors put throughuire hole, see Fig. 113 and then
through a groove in MR valve body (pos. 2 in Fig4ll
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Fig. 113Design of MR valve

The distance between connection eyes of M strut is 380 mmin an
equilibrium position. However, the length can bejuatéd 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 transfewweti¢ 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).

MR fluid is filled by a plug (pos. 21), which is e also for deaeration of MR
strut. The Nitrogen is fed into the pneumatic gptimrough valves. One of them is in
the flange and uses for upper chamber of pneursiticg. The second one is screwed
into the lid (pos. 4) and it is designed for thevdo chamber filling.

The piston and piston rod of the MR strut is guibgdPTFE guidelines (pos. 13
and 11) one of them has diame2ér mmand it touches the piston rod and the other
one has diametdrl5 mmand it touches cylinder of pneumatic spring (|8)sIn the
piston, there is only one dynamic seal of the stmiich prevents gas flow around the
piston.
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Fig. 114 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 threatpiston rod is coated by sealant before
thickening. These threats of piston rod fit in otparts: screw (pos. 23) or adapter
which is as well as piston rod made of titaniuncaaese of high stress in the threads.
The screw connected piston rod and the piston,iwisimade of magnesium. Because
of lower allowed compressive stress of magnesiheretis a washer (pos. 26) made
of titanium between the piston and piston rod.

The total mass of MR strut was minimized by thensstcated design of each part
of the MR strut. Used material and weight of eagcimponent of MR strut is the tab.
21.

tab. 21 Comparison of an initial and final version of thagnetic circuit

1 MR valve Vacoflux / Lukopren / cooper / 693 1
2 MR valve body AZ80A-T5 169 1
(magnesium alloy)
3 Cylinder AZ80A-T5 337 1
4 Lid AZB80A-T5 225 1
5 Flange AZBOA-T5 159 1
6 Adapter Ti6AI4V 279 1
(titanium alloy)
7 Piston AZ80A-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 AZB0OA-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 Ti6Al4V 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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Margins of SafetyMS of several chosen parts of MR strut was determinetthe
yield stress by analytically, using FEM or by comgan of limit and real force loading
of the part see in tab 22. All of these analysssilts were calculated with safety factor
FoS =1.25 [80]:

Rpo ., 1 (25)

MS = ———
FoS * 004

tab. 22 The margin of safety for chosen parts of MR strut

2 MR valve body FEM 0.22

3 Cylinder analytically 0.81

4 Lid analytically 0.93

6 Adapter FEM 0.41

8 Piston rod analytically 0.03
9 Bellows FEM 0.33
10 Stoppers FEM 0.08

19 Rod end RBC bearings Product list 0.41

20 Lower eye RBC bearings Product list 0.73
26 Washer analytically 0.29

The total mass of MR strut can be estimated whemtass of MR fluid is known.
The volume of the space, where the MR fluid isdfile approximately 186 ml, thus
weight of the fluid 443 g. Thereforthe total mass of the MR strutis 4.145 Kkgin
operational condition. The weight of the previoudgsigned strut with external MR
(FLPP 3) for the same loading is 8.03 kg [79]. Salvparts were slightly modified
(pos. 3, 4, 6, 10 etc.) but, the most significadiuction of weight was achieved by the
re-design of MR valve (pos. 1), that means rep&ceils external MR valve made of
ferrites by internal single coil MR valve made oadoflux. The weight reduction is
almost 50 %.
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6 CONCLUSIONS (I

Design of the Magnetorheological (MR) strut fornation isolation system (VIS)
of the launch vehicle consists of many activitiesf a search of previous designs and
learning from them, through simulations and designyibration tests. All of the
necessary activities are summed in the presenésistiThe methodology used in the
MR strut design process can hopefully be re-usddture MR strut or MR damper
designs.

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 summaneddivided into structural and
mechanical groups. One of the mechanical VIS calié®/IS was chosen as an
inspiration for this thesis and therefore, analysedinderstand design background.
The VIS conceptually designed in this thesis isoanloination of structural and
mechanical VIS especially because of the wide ®egy range of the vibration
environment in the launch vehicle. However, thesithés primarily focused on the
mechanical part of the VIS (Stewart platform) apédfically on the single strut of
the mechanism.

The strut of the VIS in this study consists of sgs and magnetorheological
damper enabling semi-active control of dampingdoithe benefit of semi-actively
control in comparison to passive damping was prdwedimulations 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 cofited 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 butet significant drop of the
transmissibility in the isolation area.

Transmissibility at high frequencies of excitati@olation area) of a system with
passive viscous damper can be decreased by thealgsconnected damper. But
simultaneously with a slight increase in the trassibility in the vicinity of
resonance. The simulations confirmed that this feflid also for the semi-active
control. However, the influence of the flexibiligf the damper connection on the
vibration transmissibility is various, depending thie time response of the damper.
An Ultra-fast damper (with time response aro@ndg suppressed the transmissibility
increase much more effectively than a damper wathraon time response (arouhd
ms.

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 bellmsed for the damping medium case
must be considered elastically connected. Thenssg of the connection is affected
by the resistance of the bellows length changemsigtne internal pressure increase
— pressure thrust stiffness.
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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 affectisl 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 strut was also manufactured and te§tes test provided valuable
knowledge which was used in the final MR strut gedior the VIS of the launch
vehicle.

One of the most important findings was thatdtaetic bellows allow oscillations
of MR fluid which appears as a peak in the tranffection. This phenomenon is
called fluid mass effect and its future researalic¢tbelp to clarify the reason why the
resonance frequency is not dependent only on ttss iwfaa 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.

The main aim of shape approach, as well as therialsapproach of fast magnetic
circuit design, is the eddy currents elimination.nfagnetic circuit with suitably
designed grooves can achieve similar time respasdke 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 faapge 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 from00 to 32.7 %of the damping force) dd.2 msand secondary
response (step frod00to 5 % of damping force) of aroun@ 7 msin the case of the
electrical current drop takés3 ms from2 A onto 0 A Estimated secondary time
response of the MR strut with this magnetic circuit.2 mg(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. Neverthelassweight penalty in comparison
of less efficient but lighter passive adapters Wwél probably acceptable only for the
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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