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ABSTRACT

The present thesis deals with the development of the MR suspension damper for
space application. Some important requirements for semi-active control damper for
space application are a hermetic separation of operating fluids from the rest of the
launch vehicle and short response time of damping element. Those requirements
meet magnetorheological damper with bellows unit, according to state of the art.
Magnetic circuit of the MR damper was made from ferrite material which allows to
rapidly decrease the response time of the MR damper. Hermeticity was ensured using
a bellows unit. Design of this type of damper exhibits a lot of design limitations. The
developed MR damper with ferrite magnetic circuit achieved response time 4.1 ms
and dynamic force range 8. During the design of the MR damper for space
application, a new method for design of semi-actively control MR damper with short
response time were searched. Specifically, the method for elimination of eddy
currents in magnetic circuit of MR damper, magnetostatic and transient magnetic
model, CFD model of bypass gap, hydraulic model of MR damper and their
experimental verification. The presented methods allow for the design new MR
damper for space application lighter, with short response time and with higher
dynamic force range.

KEYWORDS

Magnetorheological damper, magnetorheological fluid, short response time, MR
damper, elimination eddy currents, bypass gap of MR damper
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ABSTRAKT

Dizertatni se prace se zabyvala vyvojem magnetoreologického (MR) tlumice
odpruzeni pro kosmonautiku. Dle soucasného stavu poznani jsou dilezitymi
parametry pro semi-aktivné fizeny tlumi¢ pro kosmonautiku hermetické oddéleni
pracovni kapaliny od zbytku nosi¢e a kratkd casova odezva tlumiciho elementu.
Témto pozadavkim vyhovuje magnetoreologicky tlumic¢ s vinovcovou jednotkou.
Magneticky obvod MR tlumi¢e pro kosmonautiku byl vyroben z feritového
materidlu, ktery umoznil vyrazné snizit casovou odezvu. Hermeti¢nost byla zajiSténa
pouzitim vlnovcové jednotky. Konstrukce takového typu tlumice ovSem piinasi
celou fadu problémid. Vyvinuty MR tlumi¢ s feritovym magnetickym obvodem
dosahoval ¢asové odezvy 4.1 ms a dynamického rozsahu 8. Béhem konstrukénich
praci na MR tlumici pro kosmonautiku byly hledany nové metody pro konstrukci
semi-aktivné fizeného MR tlumice s kratkou ¢asovou odezvou. Konkrétné se jednalo
o metodu eliminace vifivych proudd v magnetickém obvodu MR tlumice,
magnetostaticky a transietni magneticky model, CFD model obtokové Stérbiny,
hydraulicky model MR tlumice a jejich experimentalni verifikace. Tyto nové metody

v

vys$$im dynamickym rozsahem.

KLICOVA SLOVA
Magnetoreologicky tlumi¢, magnetoreologickéd kapalina, kratka ¢asova odezva, MR
tlumig, eliminace vifivych proudt, obtokova stérbina MR tlumice
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Introduction

1 INTRODUCTION

In recent years, an average 87 launches of launch vehicles were carried out. The
communication or the researcher satellites were launched most often. Vibration and
shock loads during the shipment may cause destruction of optics, electronics, and
other sensitive equipment of the satellites. To compensate for the hard dynamic
environment, satellites must be designed to high dynamic level [1], which rapidly
increases the cost and weight of satellite components. An interesting method is to
reduce dynamic loads using a vibration isolation system which is between the launch
vehicle propulsion and the payload. From the point of view efficiency isolation,
weight or cost, the semi-active control vibration isolation system appears a suitable
option. The decrease of the dynamic load to the frequencies up 25 Hz is important
for most design of satellites. It is necessary to have a damper that can quickly change
its damping force (response time of the damper) for effective semi-active control.
Specifically, for frequency 25 Hz, the response time 4 ms is needed. Until recently,
the design of this type of damper was unknown. In 2013, Strecker at al. published the
design of the magnetorheological (MR) damper with response time 1.5 ms. The MR
damper works with magnetorheological fluid.

The MR fluid is composed of microscale ferro-magnetic particles, non-
magnetic carrier oil, and additives [2]. In the presence of magnetic field, the MR
fluid changes the rheological properties, especially apparent viscosity: from low
value (fluid) to high value (pseudo-solid). The first mention of MR fluid comes from
Rabinov and Winslow [3] in the 1940s. However, new generations of MR fluids and
MR devices were intensely developed in the 1990s. Kordonsky et al. [4] published
the application of MR fluids for various technical devices, or Gorodkin et al. [5]
patented a magnetorheological valve. At the turn of the 20th and 21st centuries,
a wide range of application of MR fluids appeared in a variety of technical devices.
The most successful application of MR fluid was a magnetorheological (MR)
damper. The company Lord developed the MR damper for the suspension of the
truck or bus seats [6]. Cadillac or Ferrari offered MR dampers for suspension of their
cars [7].

3 p_‘g e

) cable stay bridges [9], (right) damper for

Figure 1 MR dampers (left) automotive [8], (middle
earthquake hazard mitigation [10]

MR dampers were also used in civil engineering structures for mitigation of damages
caused by earthquake [10] or for cable stay bridges (Franjo Tudjman Bridge
in Dubrovnik) [9] in Figure 1. The issue of decreasing the response time of damping
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Introduction

force of MR damper was intensively examined at the beginning of the 21st century.
It was found that inductance of the coil, response time of MR fluid, and eddy
currents generated in the magnetic circuit influence the response time of MR damper
[11]. Strecker at al. [11] from Brno University of Technology published their finding
that the response time of damping force of MR damper can by reduced by a suitable
choice of the magnetic circuit material and by a suitable current controller.

The MR damper with short response time opens up new possibilities of using
the MR damper for progressive vibration isolation systems, such as the vibration
isolation system of the launch vehicle. However, the published design of MR damper
by Strecker at al. is not suitable for space application. The design process of MR
damper with short response time suffers from a number of limitations. It will be
necessary to solve lot of technical problems or to propose completely new methods
for the design of MR damper with short response time. The design of demonstrator
of semi-active control of the magnetorheological damper for space application is
main aim of present thesis.
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2 STATE OF THE ART

2.1 Vibration isolation systems

Mechanical vibrations are generated due to the imbalance of rotating and
reciprocating components (rotors, electric motors, combustion engines), impact
forces, pressure loadings at surfaces due to the winds or acoustic noises, etc. [12].
These vibrations are undesirable in most devices; therefore, a vibration isolation
system is used for their elimination. These systems are usually composed of the
springs that accumulate energy, and the dampers that dissipate the energy from
system [13]. Vibration isolation systems are located between the source of vibration
and the isolated devices. Washing machines [14], seats of trucker [15] of airplane
engine are examples of typical application (Figure 2) of vibration isolation system.
The target parameter, which is used to quantify the performance of the vibration
isolation system, is the transmissibility (usually acceleration transmissibility)
between the source and the isolated device. The acceleration transmissibility is given
by the ratio of accelerations of isolated device and the source of vibration. In the next
sections, vibration isolation systems are divided according to the control of damping
element.

%
¥
|
Figure 2 Vibration isolation systems (launch vehicle, seats of trucker [15], washing machine [14],

airplane engine [16])

2.1.1 Passive vibration isolation system

In this system, damping is given from the “factory” and cannot be changed during
the lifetime of vibration isolation system [17]. The material (silentblock) or viscous
a damping (hydraulic damper) can be used. If the damper is manufactured with
a high value of damping (Figure 3, right, passive), the acceleration transmissibility
is relatively low in the vicinity of resonance frequency but the acceleration
transmissibility decreases slowly at higher frequencies. If the damper
is manufactured with a low value of damping (Figure 3, left, passive), the
acceleration transmissibility is considerable in the vicinity of the resonance
frequency. However, a decrease of acceleration transmissibility occurs at higher
frequencies. The setup of damping level in passive vibration isolation system
is a trade-off between the acceleration transmissibility at resonant frequency and the
acceleration transmissibility at higher frequencies [18]. These types of dampers are
used in numerous car suspensions or in train bogies because they are cheap and
reliable.
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2.1.2 Adaptive control of vibration isolation system

A level of damping can be changed in adaptive vibration isolation system; this
change of damping level is relatively slow (tens of seconds). The adaptive systems
are commonly used in bogies of rail vehicle [19, 20] or in car suspensions [21]. The
adaptive control function of damper can be described on the car suspension. Use of
adjusters on the damper can set the level of damping in the halted car. The advanced
dampers are adjustable during the ride by the driver. Specifically, in the car, different
driving modes (sport, comfort ...) can be chosen. Some dampers allow for the change
of damping level during the car cornering. This type of dampers is offered e.g. by the
company ZF Sachs as a hydraulic CDC shock absorber [21]. Some car makers also
offer magnetorheological shock absorbers from the company BWI [8].

2.1.3 Semi-active control of vibration isolation system

The semi-active control of vibration isolation system is a real-time control of
damping element by a control algorithm, which switches a damping level at the
appropriate time. The ECU (electronic control unit) and sensors (acceleration sensor,
etc.) are necessary for semi-active control. An appropriately selected control
algorithm has an influence on the performance of vibration isolation system. One
of the most commonly used control algorithms to minimize the acceleration
transmissibility is Skyhook [22]. The name ‘‘Skyhook’’ derived from the fact that
a passive damper hooked to an imaginary inertial reference point [23].

The algorithm Skyhook has many versions which vary according to the
properties of the damper. Krasnicki [24] proposed a so called on/off type skyhook
control strategy in 1980. The on/off algorithm Skyhook is frequently used because it
provides a bi-state control of damping level where this level switches between the
minimum (Off) and the maximum (On) damping force. The acceleration
transmissibility of this type of control is shown in Figure 3 (SA-2). Another type
of algorithm — a continuous algorithm Skyhook - is also frequently used. In this case,
the damping element must allow for a continuous change of damping level. The
acceleration transmissibility of this type of control can be seen in Figure 3 (SA-1).
However, there is a number of other algorithms, e.g. the on/off balance control,
which also include the influence of the spring.

20 T 20

19 . & SA-3

RMS acceleration transmissibility (48)

RMS acceleration transmissibility (d8)

-50

-50

1(3;0 . 10 10° I 10'
(a) Frequency ratio o, (b) Frequency ralio i,

Figure 3 Comparison of transfer ratio a) low damping b) moderate damping [23]; SA-2 on/off
skyhook control, SA-1 continuous skyhook control, skyhook with zero off damping force
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An important parameter of the damper for semi-active control is the time needed for
the rise or drop of damping force on the control signal (the response time of damper)
[25]. A long response time limits the control of vibration isolation system at higher
frequencies (performance decrease). Eslaminasab [26] deals with the influence
of damper response time of vibration isolation system on the acceleration
transmissibility using a mathematical model. The acceleration transmissibility with
the response time of 1 ms is close to an ideal system [26]. A small reduction of the
response time (e.g. from 2 ms to 1 ms) has a significant impact on transmissibility.
Therefore, the damper with short response time and Skyhook control algorithm
seems to be the best vibration isolation system based on the damping principle. The
design of electro-hydraulic damper has the lowest response time of about 15 ms [19].
An interesting candidate for the use in these systems is a magnetorheological damper
which provides a lower response time than the electro-hydraulic damper.

2.2 Vibration isolation system for space application

Satellites are very important products used for many purposes, such as
communications, navigation, or weather forecasts. Similarly to other products, the
satellite must be designed, manufactured, tested and shipped. However, the shipment
of satellite 1s more complicated than that of all other products [1]. Vibration and
shock loads during the shipment may cause destruction of optics, electronics, and
other sensitive equipment. To compensate for the hard dynamic environment,
payloads must be designed to high dynamic level [1], which rapidly increases the
cost and weight of payload components. An interesting alternative is to reduce
dynamic loads using a vibration isolation system which is between the launch vehicle
propulsion and the payload [27]. Nowadays, the payload is connected to the launch
vehicle by passive cone adapter made of composite or similar materials [28] (Figure
4).

Figure 4 Launch vehicle composite cone adapter [29]

This version is reliable and relatively cheap. Another significant advantage is its
relatively low weight. However, for some types of payload, the elimination
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of vibration by composite cone of launch vehicle is insufficient. Therefore, a lot of
companies are developing progressive vibration isolation systems. The company
Moog developed the soft ride system. This technology is based on the damping
flexure element (Figure 5). Stiffness and the damping are sized to mission-specific
requirements [1].

Figure 5 The soft ride system UniFlex (left), soft ride system OmniFlex (right) [1]

The company Honeywell developed the passive vibration isolation system ELVIS
(Evolved Launch Vibration Isolation System) based on patented hydraulic D-Struts
[30, 31] (Figure 6). The ELVIS provides a better isolation and damping to protect the
sensitive equipment during the launch than the launch vehicle composite cone or soft
ride system. The D-Strut system was originally developed for satellite reaction wheel
in Hubble Space Telescope [32]. ELVIS is composed of several damping and spring
struts and adapters for system connectivity [33].

Figure 6 Vibration isolation system ELVIS [34], [33]

2.2.1 D-Strut system

The D-Strut is composed of metal bellows (Figure 7 408, 412), flanges (Figure 7
404, 406) and damping annulus (Figure 7 409). The primary and the secondary
bellows are connected via the fluid path of damping annulus where hydraulic oil
flows while primary bellows are compressed (the damper Ca). The primary and
secondary bellows substantially provide the radial stiffness Ka and volumetric
stiffness Kg. Typically, the primary and secondary bellows are selected such that the
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volumetric stiffness Kgis in the range of from Kato ten times Ka [35]. This
configuration is a three-parameter vibration isolation system (a relaxation isolator
[36] or an elastically connected damper [17]).

400
™

=000 —=
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Figure 7 D-strut (left), three parameter isolation system (right) [31]

A two-parameter system has a single spring in the parallel with the damper.
In addition, three-parameter system has another spring which is connected to with the
damper in series. Figure 8 shows the difference between these two systems [37]. The
main advantage of three-parameter vibration isolation system in comparison with
two-parameter vibration isolation system is its lower acceleration transmissibility
at isolation frequencies with the same damping level (Figure 8).

Transmissibility, T (dB)

+ g = 02
/-'ﬂ,m=o.5

10

1 max=1.0

-20

-30

-50

-70

dLit 11l

Frequency Ratio

05 1.0 5 10

- M
Conventional
Two-parameter
Isolator K c
M
Three-parameter ‘L c
Isolator K I_I A
A Kq

Figure 8 Comparison of two-parameter (dotted line) and three-parameter (solid line) system [37]

The design of the first generation of passive three-parameter vibration isolation
system D-Strut is shown in Figure 9 [37]. This system is composed of two primary
bellows, two secondary bellows, annulus, piston, flanges, and fluid.
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End Support
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Figure 9 Three-parameter vibration isolation system D-Strut [37]

The next step in the development of this technology was the active control of hybrid
D-Strut (Figure 10). This system contains a voice coil, payload accelerometer, and
a base accelerometer for the control of voice coil. The hybrid D-Strut represents an
active control of three-parameter vibration isolation system and provides a lower
transmission of vibration than the passive D-strut. However, there is a risk
of destabilization of vibration isolation system by inadequate control [32].

Payload interface and

L /_- accelerometer mount
S

Bi-axial flexure

Voice coll

Base accelerometer

Thermal compensation
bellows

Primary bellows

Base mount

Position sensor

Figure 10 Three-parameter hybrid D-Strut vibration isolation system with voice coil [32]

A future research step will be to use a semi-active control damper in vibration
isolation system. An interesting candidate is the use of magnetorheological
technology.

2.2 Magnetorheological fluid

Magnetorheological (MR) fluid is a suspension of micro-scale, non-colloidal
ferromagnetic particles in a non-conductive carrier fluid and additives [38]. The MR
fluid exhibits a rapid change of rheological behaviour under an external magnetic
field. Ferromagnetic particles in MR fluid form chain-like structures in the direction
of magnetic field which rapidly increases yield stress of MR fluid (Figure 11). The
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value of yield stress is strongly dependent on the level of applied magnetic field. An
evolution of yield stress in the MR fluid with external magnetic field is a basic
feature of MR technology and is usually called the Magnetorheological (MR) effect
[39].

B O T 1
e R 5. B S L = @ ® 6 @
= .... .’... .... ...: . = ... e g ... o
::o.' o :o. o :o. ..-:. o :§ , . .:._ 2

Figure 11 Magnetorheological effect [40]

The type of MR fluid and the level of magnetic field affect the yield stress of MR
fluid. These fluids differ from each other by particles size, particles material, volume
of particles, carrier fluid, or additives. The particles size is typically in the range from
1 um to 10 um [38]. A commonly used material of particles is the reduced carbonyl
iron powder (CIP) because it exhibits good magnetic properties (high magnetic
saturation B=2.1 T) and low magnetic remanence [2, 38]. The low magnetic
remanence improves dispersibility of particles in the carrier fluid which should have
low viscosity, excellent lubricity, chemical compatibility with material particles and
good antioxidant properties [2]. This can be find in PAO (polyalphaolefin) [38],
a commonly used material. The additives in MR fluid have an impact on particle
settling, friction, wear or durability. Main limiting factors of MR fluid are magnetic
saturation and abrasiveness. The typical rheological and magnetic properties
of commercially available MR fluids are listened in Tab. 1.

Tab. 1 Typical properties of MR fluid

Property of MR fluid Typical value
Viscosity 0.04-0.8 Pa.s (40 °C)
Density 2200 — 3600 kg/m?3
Solid content by weight from 72 % to 86 %
Saturated yield stress 30 - 60 kPa
Operating temperature -40 to 130 °C
Relative permeability from 3 to 10

In the MR controllable devices, typical operating modes have been identified during
the years of their application. The MR fluid operates in flow, shear and squeeze

modes (Figure 12); each operating mode has its advantages and disadvantages.

displacement force

Figure 12 Operating modes; flow (left), shear (in the middle), squeeze (right) [39]
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In the flow operating mode, the MR fluid flows between the two stationary parallel
plates (Figure 12, left). The magnetic field controls the hydraulic resistance. The
flow operating mode is commonly used in automotive industry [41], in civil
engineering [10], or in prosthetics [42]. In the shear operating mode, the MR fluid
flows between the parallel plates which are in relative movement (Figure 12,
middle). In this operating mode, rotary dampers or clutches work [43]. The squeeze
operating mode (Figure 12, right) is the last one to describe. In this mode, the parallel
plates compress the MR fluid. This mode is used in the devices with high force
and small stroke, e.g. tn technical practice, it is used in the MR silentblock [44].

In the space vibration isolation system, the damper stroke is usually
in millimeters. Based on this information, the flow operating mode of MR damper
1s the most appropriate for space vibration isolation system.

2.3 Magnetorheological damper

A magnetorheological (MR) damper or valve is a device which uses a strong and
rapid change of yield stress of MR fluid in the direction of magnetic field. The MR
damper is composed of piston, bearing and seal, floating piston or diaphragm (with
accumulator), and MR fluid [10]. The piston consists of magnetic circuit and
electromagnetic coil. There is a gap in the magnetic circuit which is flooded with MR
fluid (an annular orifice in the piston usually called the active zone). The piston
divides the MR fluid volume between the compression chamber and the rebound
chamber. The active zone of the piston unit allows for a flow of MR fluid between
the chambers in the piston rod motion. During the flow of MR fluid in the active
zone, it is possible to control the value of yield stress (hydraulic resistance) by
electric current in the coil. This causes a rapid increase in damping force. The MR
damper is mechanically simpler than the traditional design of the hydraulic shock
absorber because it does not contain mechanical moving parts (Figure 13). For this
reason, the MR damper is noise-free.

Accumulator Diaphragm o
N, - 20 Bar Annular Orifice B ring & Seal

[

Figure 13 Magnetorheological damper [45]

One of the important characteristics describing the MR damper behaviour
is the force-velocity dependency (F-v). The MR damper has an infinite number of F-
v dependencies that differ in the supplied current on the coil. For this reason, the F-v
dependency of MR damper is often presented as a maximum current in the coil (On-
state) and a zero current in the coil (Off-state). A typical damping force of
conventional MR damper in On-state has a steep slope at low piston velocity and
a gentle slope at high piston velocity (Figure 14, right, blue line) [46]. From this
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perspective, the MR damper is similar to the friction damper. The undesired jump in
damping force might degrade the comfort in vehicle or other applications [46, 47].

Damping force

Wires to
< coil A
a) b) On-State

|| | displacement @ Without

‘ (velocity) c 1>0A

| Active zoneH'LH Coil H"L"| £ bypass gap

| : : o

11l —MR fluid i 125 5,
el | : % /7 {Y rG'Eu With bypass gap
b \MR piston ’\ | Ay

i Off-state =04

— Magnetic flux ~ Magnetic  Bypass gap / o

{e circuit Piston velocity
% Accumulator

Figure 14 The scheme of the MR damper (left); a) conventional piston unit of MR damper, b) piston
unit with bypass gap; F-v dependency (right) in off and on-state without bypass gap (blue) and with
bypass gap (red) [47]

A parallel connection of bypass gap to the active zone in the on-state of MR damper
decreases the damping force at low piston velocity (Figure 14, right, black line) [47].
The MR fluid can flow through the bypass gap, no matter what the magnetic field
is applied in the active zone (On-state). It is assumed that the magnetic field does not
affect the bypass gap. The piston with bypass gap can be seen in Figure 14 b).

An important parameter influencing the efficiency of MR damper in the
adaptive or semi-active control is a dynamic force range (in some publication set-up
ratio). This is defined as a ratio between the damping force in On-state Fon(v, H)
(resisting force) and the damping force in Off-state Forr(v) (uncontrollable force)
for the given piston velocity v and the given magnetic flux H as follows [10]:

FON(V'H) — F‘[(VrH)+FuC(V) — F‘[(V'H)
Forr(v) Fuc(v) Fp(v)+F¢

D(v,H) = 2.1)

The damping force in On-state F,y(v, H) consists of controllable damping force
FE.(v,H) and uncontrollable force F,.(v). The uncontrollable force consists
of friction force Fr and viscous force F, (v). The friction force is caused by friction
of rod guide, wiper seal, and rod seal. A dynamic force range can be significantly
influenced by the design of MR damper (friction of seal, geometry, etc.). The higher
the value of dynamic force range, the higher the quality of semi-active control [48,
49].

The response time of MR damper also influences the efficiency of semi-
active control. The response time of MR damper is the time needed for the rise
to 63.3 % (in some publication 95% ) of steady state damping force on the control
current [25] (Figure 15).

Page
16



State of the art

¢ o S 100
a0

80

70
150

60

normalizovand
sila

50

Force (Ib)

Fuom [%]

— <~—— Response Time 40
30 ——{idici signal
20
10
F, 1 —a
0 D.‘DS D.‘1 D.’WS 0.‘2 O.‘ES 0:3 0.35 10 10 B = 2
Time (sec) ‘ t[ms)

21

Figure 15 Response time as 95 % of steady-state (left)[ 10]; The response time as 63.3 % of steady-
state (right) [11]

The lower is the value of response time, the higher is the quality of semi-active
control that can be achieved [26]. The response time of MR damper is influenced by:
e response time of MR fluid,

e inductance of MR damper coil (response time of exciting current),
e cddy current in coil core (response time of magnetic field in the active zone).

The response time of MR fluid was estimated in the range of 0.45-0.6 ms by
Gonclaves at al. [50]. It is obvious that the response time of MR fluid is much shorter
than the response time of MR damper (20 ms). Many researchers [11, 51] deal with
the response time of exciting current on the coil. With the use of a suitable current
controller, it is possible to decrease the response time of exciting current under
0.5 ms [11]. The functional principle of current controller is described in [38]. The
most important effect on the response time of MR damper can be observed with eddy
currents in the magnetic circuit (the response time of magnetic field in the active
zone). Strecker et al. [11] and Maas at al. [52] proposed to use the ferrite material
of the magnetic circuit which is magnetically conductive and electrically non-
conductive. Strecker et al. [11] measured the response time of MR damper with
Epcos ferrite N87 material on the magnetic circuit. The measured response time was
about 1.5 ms depending on the piston velocity (Figure 16). However, the ferrite
materials exhibit a lower machinability and fragile behaviour. The tensile strength
of ferrite material is much lower than that of steel. Another drawback is a three times
lower saturation of magnetic field than that of steel, which significantly affects the
dynamic force range. The material selection and geometry design affect the dynamic
force range and the response time of MR damper.
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Figure 16 The dependency of response time on the control current for different materials of magnetic
circuit [11]; voltage mode and low carbon steel magnetic circuit (red), current mode and low carbon
steel magnetic circuit (green), current model of a ferrite bobbin and low carbon steel cylinder (blue)

2.4 Methods for the design semi-active control MR damper

The main goal of this chapter is to describe the methods for design of the semi-active
control MR damper. The dynamic force range and the response time of MR damper
influence the efficiency of semi-active control. The following chapters are divided
as follows: mechanical, magnetic, magnetorheological, and hydraulic sections. The
influence of each section on the dynamic force range and the response time
is discussed.

2.4.1 Mechanical section

A method of how to separate (to seal) the MR fluid from the environment is the
fundamental part of mechanical section. A sealing method has an influence on the
dynamic force range of MR damper because it causes an increase on Off-state forces.

2.4.1.1 Separation of MR fluid from the environment

Many design types of seals used in the hydraulic damper differ in a number of factors
such as durability, leakage risk, friction losses, or wear [17]. The high-pressure
resistance (up to 5 MPa in the traditional damper design) and minimum Coulomb
friction losses are the basic requirements for all types of seals. The Coulomb friction
losses decrease the dynamic force range. Interestingly, there are only a few
references in the literature related to the methods or tests of the MR damper seal [53,
54]. This chapter is divided into: rubber blade seal, metal bellows, and magnetic
seal.

Rubber blade seal

A choice of sealing design is influenced by the application and the type of sealing
media. Piston rod seals used in hydraulic dampers are different from the piston rod
seals in a hydraulic cylinder. Hydraulic systems (cylinder or pump) require
a maximum system tightness (small leakage); however, the Coulomb friction losses
are insignificant. In the hydraulic damper, it is important to minimize Coulomb
friction losses.
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A selection of piston rod seal for the MR damper is more complicated
because the MR fluid contains tiny abrasive particles. The issue of the Coulomb
friction losses of the piston rod seal becomes more important in the case of semi-
active control MR damper. Coulomb friction losses significantly decrease the
dynamic force range. In the design of MR damper, the piston rod seal is placed next
to the piston rod guide. So far, according to the available information, no publication
has been devoted to the design of the piston seal operating in the MR fluid; only
a few patents can be found. The patent of company Delphi (BWI group) [55]
describe two types of piston rod seal. The first type, a single-edged piston rod seal
(Figure 17, left, 30), is in contact with MR fluid while the second type, a double-
edged rod seal (Figure 17, left, 26), is placed behind the piston rod guide (Figure 17,
left, 32). The carrier fluid of MR fluid lubricates the piston rod guide and seals. The
MR damper contains a porous material (porosity of about 250 nm) which allows
for leakage of carrier fluid of MR fluid to the piston rod guide (the patent of
company Delphi [56]). This is an elegant way how to ensure lubrication throughout
the lifetime of the MR damper (Figure 17, right, 38).
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Figure 17 An Arrangement of piston rod seal (left) [55]; lubrication of piston rod guide by filter [56]

Wear of material of piston rod seal (polyurethane) was studied by Iyengar [53], being
tested in: hydraulic oil, in carrier fluid of MR fluid (base oil 1), in carrier fluid of MR
fluid which contains a thixotropic agent, and in MR fluid. The volume wear of
sealing material is higher in the MR fluid than in the hydraulic oil. The material with
the lowest wear volume in hydraulic oil does not exhibit the lowest wear volume in
the MR fluid. It cannot be simply assumed that the optimal sealing material for the
hydraulic fluid will be optimal for the MR fluid (Figure 18). The wear volume in MR
fluid is significantly influenced by the temperature (Figure 18). It should be noted
that there is no publication referring to the durability of piston rod seal operating in
the MR fluid.
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Figure 18 Comparison of wear volume of different materials in different fluids [53]

Metal bellows

Bellows are flexible shell components usually made of stainless steel by welding or
forming (Figure 20). A design of damper with bellows, which eliminate Coulomb
friction losses of piston rod sealing, exists [57]. The hydraulic damper with bellows
was used for the bridge Millennium Footbridge in London (Figure 19) or in the
above-mentioned design of the D-strut.

METAL BELLOWS SEAL /—DAM?ER HEAD WITH ORFICES

Figure 19 The hydraulic damper with bellows; design for Millennium Footbridge in London [57]

By compressing primary bellows, the hydraulic fluid flows through crossover ports
to the secondary bellows. The flow of fluid creates a damping force so the seal
movement is not needed. An important advantage of this type of seal is no leakage
of the hydraulic fluid and no friction losses.

Figure 20 Metal bellows [58]
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However, a disadvantage of the bellows is a relatively low stiffness which creates an
inflation due to internal pressure. This may lead to a complete elimination of fluid
flowing due to the bellows flexibility. Other disadvantages are a high price and
a relatively small stroke.

Magnetic seal

The MR damper works with magnetic fluid which can be used for sealing. The
magnetic fluid seal is composed of magnetic circuit, sealing shaft, and magnetic fluid
(Figure 21). The design of magnetic shaft seal with ferrofluid was published in [59],
[60]. This type of seal uses the ferromagnetic fluid which contains nanoparticles
(single-domain particle); this seal variant has a low pressure drop (maximum
of 1 bar).

Housing

Pole piece

& Ferrofluid o-ring
-——————————— Fluxpath

Shaft

Magnet

Figure 21 The ferromagnetic shaft seal (left) [60], location magnetic fluid in magnetic fluid seal
(right)

Some authors use a magnetorheological fluid instead of ferrofluid. The MR fluid
contains micrometric particles (multi-domain) which create a mutual magnetic
interaction between; this causes the higher pressure drops. Kordonski et al. [61] and
Matuszewski et al. [60] dealt with the design of magnetorheological shaft seal.
A disadvantage of this concept is a considerable loss of moment due to the "tearing"
of the particle chains during rotation. According to the available information,
the concept of a magnetorheological seal for sliding motion is not mentioned in
the literature. This could be a challenging field for future research.

2.4.2 Magnetic section

The magnetic design of MR damper affects the response time and the dynamic force
range of MR damper. Magnetic models are significant for the study of influence
of geometry and material selection on the response time and the dynamic force range
of MR damper. The published magnetic models are described in the chapter below.
Magnetic and electric properties magnetic circuit material have an impact on the
dynamic force range and the response time of MR damper. Eddy currents in the
magnetic circuit result in a longer response time of MR damper. The methods for
elimination of eddy currents are described in the following section.
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2.4.2.1 Methods for elimination of eddy currents in magnetic circuit

Eddy currents are loops of electrical currents induced by changing of magnetic field.
Eddy currents flow in loops perpendicular to the magnetic field; they can be inducted
by time-varying of the magnetic field [62]. Eddy currents create the magnetic field
opposite to the magnetic field in the magnetic circuit. A superposition method sums
these fields; therefore, the resulting field is lower. This has a major effect on the
increase in the response time of magnetorheological damper. The electromotive force
U is created due to a rapid change of the magnetic flux @ (fast regulation).

do
U=— (2.2)

The magnitude of the eddy current can be calculated from the Ohm law and the
electrical resistance of the material of magnetic circuit because the eddy currents are
similar to the electric current from their physical nature.

U
I = z (2.3)

According to the above, the elimination of eddy currents is possible by:
e use of the material with high electric resistivity (increase R),
e appropriate geometric adjustment of the magnetic circuit, which increases the
electric resistance in the direction of flow of eddy currents (increase R),
e minimizing the magnetic flux (decrease U).

These points are described in greater detail in the next sections.

Elimination of eddy currents by using the material with high electrical
resistance

The most commonly used ferromagnetic materials are low carbon steel, Fe-Co, Fe-
Ni, Fe-Si alloys, pure iron, or ferrite materials. Magnetic and electric properties of
ferromagnetic iron alloys are fundamentally influenced by the chemical composition.
The electrical resistance of iron alloys can be significantly increased by Si or Al
(Figure 22). The higher the content of Si in silicon steel, the higher the electric
resistance and the lower the magnetic saturation (Figure 22 middle). The maximum
relative permeability of Fe-Si is at 6.5 % of Si (Figure 22 right).

Soft magnetic materials: saturation vs. resistivity
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Figure 22 The saturation polarization dependency of electrical resistivity of different Fe-Co alloys
(left), influence of chemical composition on the electric resistivity of Fe (middle), influence of Si on
the magnetic saturation and electric resistivity of silicon steel (right) [63]
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Fe-Co alloys are also frequently used because they have excellent magnetic
properties; however, they are very expensive (lkg cost 250 $). The magnetic
saturation of Fe-Co is 10% greater than that of pure iron, between 30 % and 50 % of
Co content. A dependency of magnetic saturation and electric resistivity of Fe-Co
alloys with different content of Co can be seen in Figure 22 (left). Another major
alloy is Fe-Ni; the magnetic properties of Fe-Ni are similar to pure iron to the 10 %
of Ni. Fe-Ni is almost non-magnetic with content of 30 % of Ni and Fe-Ni with
content of 50% of Ni achieved 75 % of magnetic saturation of pure iron. The
maximum relative permeability can be achieved with 80 % of Ni [63]. However, the
relative permeability significantly decreases after the mechanical load. In recent
years, composite materials have also been used (soft magnetic composite - SMC)
[64], [65]. These materials are manufactured by compression (up to 980 MPa) from
pure iron powder with insulation surface layer and by heating of about 700 °C in
a special atmosphere [64]. SMCs have a high magnetic saturation (1.6 T) and a low
electric resistivity (roughly 10 Q.m) [66]. The price for 1 kg is about 40 §.
A disadvantage of this material is a rather low relative permeability ( roughly 400)
[67]. The most recently used group of magnetic materials are soft ferrites. These
materials have a high electric resistivity (roughly 102 Q.cm) and a low magnetic
saturation (0.5 T) but they exhibit a rapid decrease in magnetic saturation with the
increase in temperature [68].

Elimination of eddy currents by geometric adjustment of magnetic circuit

The second option of how to eliminate eddy currents is the increase of electric
resistivity by a suitable geometrical adjustment of magnetic circuit. The electric
resistance increases in the direction of flow eddy currents. A relatively frequent
geometric adjustment is the use of the magnetic circuit made of laminated sheets; this
method is frequently applied in electric motors or in transformers (Figure 23). In the
laminated version, the eddy currents flow only in a single sheet; therefore, the
magnetic flux in the magnetic circuit decreases. The lamination method is not
applicable in the case of complicated geometry of magnetic circuit.
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Figure 23 Magnetic flux (green) and eddy currents (red) (left)[69], the laminated magnetic circuit
(middle, right)[70]

The lamination method for magnetic circuit of magnetorheological damper was used
by Oliver and Kruckemeyer [71] (Figure 24) and Goldasz [38]. These designs of MR
damper are similar to the design of electric motor. Laminated sheets form a series
of individual magnetic poles with gaps in — between so the eddy currents cannot flow
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between the poles. This method provides a short response time of MR damper but it
is very expensive and also its assembly is very complicated.

Figure 24 Laminated magnetic circuit of MR damper [71]

Elimination of eddy currents by minimizing the magnetic flux

The electromotive force is given by the magnetic flux and the time of change
of magnetic flux. The higher the magnetic flux, the higher the eddy currents in the
magnetic circuit. A method of how to decrease the eddy currents is a decrease in the
magnetic flux. A multi-coil configuration decreases the magnetic flux because this
design of MR damper uses the coils with a lower number of turns (Figure 25).
A multi-coil configuration is well described in [38, 72]. The second option is
increase a height of active zone (gap). However, the increase of height gap decreases
the dynamic force range.

Figure 25 Single-coil configuration (left), multi-coil configuration (right) [38]

2.4.2.2 Magnetic models

Magnetostatic and transient magnetic models are important models for the MR
damper design. A dynamic force range of MR damper can be estimated by the
magnetostatic model and the post-yield hydraulic model. A transient magnetic model
is used for simulation of the response time of magnetic field of MR damper.

The magnetostatic model is important for the dimensional design of magnetic
circuit of MR damper due to maximization of magnetic flux in the active zone. This
model is also important for the coil design. Analytical and numerical magnetostatic
models were published e.g. by Nguyen [73] who described a simplified analytical
magnetostatic model of MR damper. However, the calculation of this model is
complicated because of non-linear material behaviour (B-H curve). For this reason,
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a lot of authors use the FEM magnetostatic model; these authors usually employed
the software Ansys/Emag [74, 75] or FEMM [76-78]. In most publications,
a simplified 2D axisymmetric model is used. A very important output of this model
is the intensity of the magnetic field in the active zone. This value is used in the
hydraulic models because of influence on the yield stress of MR fluid. Unfortunately,
this model is difficult to experimentally verify because it is not possible to measure
the magnetic flux density in the active zone with MR fluid. The second problem is
an accurate B-H curve of material.

The transient magnetic model is fundamental for determination of
the response time of magnetic field in the active zone for the step rise of control
current. Neverteless, this model is not commonly used for the design process of MR
damper. According to the available literature, the transient magnetic model was
published by Takesue [79] and Zheng [80]. Zheng [80] used the software Comsol,
while Takesue [79] did not refer to the software used for his study.

2.4.3 Magnetorheological section

2.4.3.1 In-use-thickening of MR fluid

Carlson [81] published his finding that if the MR fluid in the MR damper is subjected
to high stress and a high shear rate over a long time period in MR damper, the off-
state force increases progressively (Figure 26). This effect is probably caused by
spalling of the friable surface layer from the surface of the carbonyl iron particles.
These small pieces are of nanometric size, which has the impact on the viscosity
of MR fluid. When the viscosity (off-state force) of MR fluid increases, the dynamic
force range of MR damper decreases.
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Figure 26 The increase of viscosity due to in-use-thickening

Carlson [81] published the equation for the expected lifetime of MR fluid (LDE -
lifetime dissipated energy), which is based on the in-use-thickening effect. The LDE
is simply a total mechanical energy dissipated per unit volume of MR fluid over the
lifetime of devices.

1 life
LDE = ;.fo P.dt (2.4)

Where Vis the volume of MR fluid [m?], P is the mechanical power [W], converted
to heat of MR device. LDE of commercial available MR fluid is about 107 J/cm?. The

Page
25



State of the art

volume of MR fluid in MR devices is an important parameter which influences the
lifetime and dynamic force range of the device.

2.4.4. Hydraulic section

A hydraulic section contains three areas of interest referring to the F-v dependency
which has an influence on the dynamic force range (Figure 27). The off-state, pre-
yield, and post-yield regime are described below. In each regime, the hydraulic
model is present.
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Figure 27 The F-v dependency of MR damper [38]

2.4.4.1 Pre-yield regime

In the following section, only a bypass gap of the MR damper will be described. This
gap is parallelly connected to the active zone of MR damper and causes a decrease in
damping force (F-v dependency) at low piston velocities. Foister [82] patented the
bypass gap in MR damper (Figure 28) in 2009.
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Figure 28 Patents of bypass gap by Foister [82]

Lisenker [83] also patented the bypass gap in MR damper and the company Delphi
(BWI group) owns both patents. Sohn [46] described the problem of design
of bypass gap in MR damper. In his opinion, the MR damper without bypass gap
causes undesirable hardness in vehicle application, which may degrade the ride
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comfort. A suitable design of bypass gap is important for performance of MR
damper. Sohn [46] published a simple analytical hydraulic model of the bypass gap
but this model is inaccurate due to simplifications.

Goldasz [38] reported that the pressure drop of bypass gap can be described
by Darcy-Weisbach equation. In this equation, it is necessary to estimate the friction
factor from the steady-state CFD model. The CFD simulation was solved as 2D
axisymmetric, and the k-¢ turbulent model was used. The other models of bypass gap
were not found in the literature.

2.4.4.2 Post-yield regime

A post-yield regime is the regime where the shear stress in the active zone is higher
than the yield stress of MRF. A hydraulic model of this regime is important for
design of MR damper due to specific damping force requirements. This model
is based on the non-Newtonian behavior of MR fluid in the magnetic field. This
behavior is usually described by the Bingham model with adjustable yield stress by
the magnetic field. The shear stress in MR fluid is described by:

2.5)

7 =1,(H)sgn(y)+17. 2] 2|z (H)

E

y=0, o(H)| <o (H). (2.6)

where H is magnetic flux intensity (A/m), ”is shear rate (1/s), 1 is magnetic field
independent of post-yield plastic viscosity (Pa. s), T is shear stress in MR fluid (Pa)
and 1, is yield stress in MR fluid (Pa). The Bingham model did not include shear
thinning at high shear rates [2]. This behavior was described by Herschel-Bulkley
model. However, the Bingham model is sufficiently accurate for the design phase
of MR damper [38]. The three most commonly used hydraulic models of the post-
yield regime of MR damper are the following:
e 3D or 2D rotationally symmetric CFD hydraulic model of MR damper,

e analytical axisymmetric model of MR damper,
e analytical model of parallel plates.

All presented models are steady-state. The 2D rotationally symmetric CFD hydraulic
model of MR damper was published by Sternberg [84] (Figure 29) and Zekeriya
[85]. This model is very accurate because it contains exact geometry, entrance and
exit losses, or exact value of yield stress in each area. The connection of CFD and
magnetostatic model is an important advantage, which allows to determine
a different yield stress in each area. However, the solution is time-consuming and the
result significantly depends on the chosen boundaries.

A

Figure 29 The 2D rotationally symmetric CFD model [84]
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The analytical axisymmetric model of MR damper is based on Navier-Stokes
equation. A detailed description of the model is referred to in [10]. This model is too
complicated for the design phase of MR damper; therefore, it is simplified to the
model of parallel plates. The hydraulic model based on parallel plates is often used
for the design phase of MR damper (Figure 30).

pressure

Figure 30 Model of parallel plates [10]
Yang in [10] published the post-yield hydraulic model of MR damper which is based

on parallel plates geometry. The resisting force F,y in Yang's hydraulic model
consists of friction force Ff, viscous force F, and controllable force F; :

Fon =F +F, + F; (2.7)

Fon = (207 + =221 ) 2% 5 g (v )+ (1 +

Wh‘UO) 12QnLAp
12Qn+0.4wh2t,

+F,  (2.8)

where s, w, [ are geometries of the active zone (Figure 30) [m], Q is volumetric flow
rate [m?/s], n is post-yield plastic viscosity [Pa.s], T, yield stress of MR fluid [Pa]
and A, is the area of piston without piston rod [mm?].

2.4.4.3 Off-state regime

The off-state regime consists of viscous and Coulomb friction losses of MR damper.
The Coulomb friction of piston rod seal causes the Coulomb friction losses of MR
damper. The piston rod Coulomb friction force of MR damper in automotive industry
is about 70 N; this value is dependent on the internal pressure. The post-yield plastic
viscosity (in some publications referred to as dynamic viscosity) and geometry
of active zone influences the viscous losses. The MR fluid without magnetic field is
usually modeled as Newtonian fluid. Yang in [10] published a hydraulic model of the
off-state regime based on the equation in chapter 2.4.4.2.

FOFF = F77+Ff (2.9)

Forr = (1 + Whvo) 120 A +Fy, (2.10)

wh3

where 4, w, [ are geometries of the active zone (Figure 30) [m], O is volumetric flow
rate [m3/s], n is post-yield plastic viscosity [Pa. s], 7, yield stress of MR fluid [Pa]
and A,, is the area of piston without piston rod [mm?]. The value of off-state damping
force significantly affects the dynamic force range. A small reduction in this force
significantly increases the dynamic range. For this reason, the viscosity of MR fluid
and the type of piston rod seal are very important parameters of design process.
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Finally, the remanent magnetization of magnetic circuit also affects the off-state
regime.
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3 ANALYSIS AND CONCLUSION OF LITERATURE REVIEW

The most commonly used vibration isolation system for space applications is
a composite cone [29]. This is an economic and reliable variant of vibration isolation
system. However, the elimination of vibrations and shocks by composite cone are
insufficient for many types of payload by composite cone. For this reason, more
progressive vibration isolation systems are still under development. The company
Honeywell developed a vibration isolation system based on Steward platform
(ELVIS) [33, 34]. A patented passive D-Strut, which has a springing and damping
function, [37] was used in this system. The system D-strut was used to deliver the
Hubble's telescope to the orbit [32]. The main disadvantage of ELVIS vibration
isolation system is a weight higher than that of composite cone. For this reason, the
methods to increase the efficiency of vibration isolation system are still under
development to justify the higher weight. Active vibration isolation systems are high-
energy consuming. There is also a risk of destruction of the vibration isolation
system by an inadequate control. From the point of views of efficiency and weight
of vibration isolation system, the semi-active control seems to be the most
appropriate.

However, the efficiency of semi-active control is influenced by the response
time of damping element [26] and the dynamic force range [49, 86]. According to
the information from ESA, it is important to control the frequencies up to 25 Hz for
awide range of payloads. For the effective semi-active control, ten regulation
interventions per period are necessary. The required response time of damping
element for ESA shall be about 4 ms. An important requirement for space application
is a hermetic separation of operating fluids from the rest of the launch vehicle. The
damper with a common design of piston rod seal is inapplicable because there is
arisk of damping fluid leakage. A challenging method is the use of metal bellows
[57, 58]. The sealing system with bellows was also used in Honeywell D-Strut [37].
An important issue is a choice of the technology for semi-active control damping
element. Electro-hydraulic dampers achieved the lowest values of the response time,
i.e. about 15 ms [19], but this is too long for space application. The
magnetorheological technology seems to a be better candidate for semi-active control
damping element.

A design of MR damper was dealt with by many authors [10, 44, 75, 87].
However, the design of MR damper was primarily focused on the possibility of
change (by electric current) of damping level (adaptive mode). There was no
requirement for the time needed for the rise of damping force (response time of MR
damper). The response times of available designs of MR damper are between 20 ms
and 200 ms. The response time of MR damper is similar to that of electro-hydraulic
dampers. However, Strecker [11] published the method of how to decrease the
response time of MR damper to 1.5 ms.

In the chapter 2.4, the methods were described in terms of the influence on
the dynamic force range and the response time of MR damper. These methods were
divided into several sections: mechanical, magnetic, magnetorheological, and
hydraulic.

The methods of separation of MR fluid from the environment have
a significant influence on the mechanical section. In general, three methods can be
found: piston rod seal, bellows, and magnetic seal. Friction losses of piston rod

Page
30



Analysis and conclusion of literature review

decrease the dynamic force range and always leads to a leakage. From this
perspective, they are inappropriate for space applications. Bellows provides hermetic
sealing of fluid from the environment and provide zero friction losses. Main
disadvantages of bellows are a limited stroke and a problematic design.
An inappropriate design (low volumetric stiffness) of bellows geometry may worsen
the damper function due to the bellows inflation. The last group is a magnetic seal.
The MR fluid can be used as a sealing medium in the magnetic seal [61]. This
method has a great potential but has not been sufficiently explored yet. However,
similarly to the rubber sealing, there is a leakage risk related to this method
of sealing. The greatest potential for space application has a bellows.

The magnetic section has a significant impact on the response time and the
dynamic force range of MR damper. A selection of material with high magnetic
saturation (Fe-Co, pure iron) increases the dynamic force range. However, these
materials have a low electric resistivity, which negatively influences the response
time. The lamination method of magnetic circuit significantly increases the electric
resistance in the direction of eddy currents flow. However, for the geometry of
magnetic circuit of MR damper, this method is difficult to use. One option of how to
achieve 4 ms of the response time is the use of ferrite magnetic material or SMC. The
ferrite material has a high electric resistance but a low magnetic saturation (500 mT).
The latter dramatically reduces the dynamic force range of MR damper compared to
the use of low carbon steel. A selection of material for magnetic circuit is always
trade-off between the dynamic force range and the response time of MR damper. For
this reason, the magnetic models would help to choose a proper material of magnetic
circuit for the specific dynamic range and the response time. The transient magnetic
model of MR damper is published only in [79] or [80]. The methodology of this
model is not clear. The construction and experimental verification of magnetic
model is one of sub-goals of this thesis. However, the alfa-omega is to find the
material or geometry of magnetic circuit which provides a high dynamic range and
short response time of MR damper; this is one of the most important parts of the
present thesis.

In-use-thickening of MR fluid has an effect on the dynamic force range
in the magnetorheological section. The off-state force increases when the MR fluid
in the MR damper is subjected to high stress and a high shear rate over a long-time
period. The cause of this viscosity increase is spalling of surface layer from MR fluid
particles [81]. The dynamic force range decreases with load time. For space
applications, this effect is irrelevant because the load time of MR fluid is very short
(journey into the orbit takes around 5 min).

The hydraulic section has an effect on the dynamic force range. The
important areas referring to the F-v dependency are the following: pre-yield regime,
post-yield regime, and off-state. It is possible to design the geometry of MR damper
with a high dynamic force range using a suitable hydraulic model. The important part
of pre-yield regime is a bypass gap, which is parallelly connected to the active zone
of MR damper. The bypass gap causes a decline in F-v dependency at low piston
velocity as was described in [46, 83]. The analytical hydraulic model of bypass gap
was published in [46] but the model presented in this publication is strongly
simplified and inaccurate. For this reason, the CFD model of bypass gap represents
amore precise way. A numerical model of bypass gap and its experimental
verification are sub-goals of this thesis. The hydraulic models of post-yield regime
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are described in publications [10, 38, 84]. However, the important input into this
model is the yield stress of MR fluid which must be obtained from the datasheet
of MR fluid and the magnetostatic model. Unfortunately, in the whole range
of publications, this step is omitted. The experimental verification of published
hydraulic model of post-yield regime connected with magnetostatic model will be
performed. This is one of sub-goals of this thesis. The last one is the off-state regime.
The off-state hydraulic model is based on the post-yield hydraulic model. The
important input into this model is viscosity of MR fluid.
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4 AIM OF THE THESIS

The present dissertation thesis was closely connected with the project for European
Space Agency: “Semi-active damping system FLPP3”. This project was solved in
co-operation with the company Honeywell. The semi-actively control MR damper
of strut appears to be an effective version to decrease the transmissibility of vibration
isolation platform for space application, according to the state of the art. The
performance of this system has a significant influence on the response time and the
dynamic force range of MR damper. For ESA’s launch vehicle, it is important to
achieve the semi-active control frequency up to 25 Hz. For effective control of this
frequency, the response time of damping element about 4 ms is needed. The design
of demonstrator of this type of MR damper is the main aim of this thesis.

In 2013, the only option of how to design the MR damper with the response
time of 4 ms was to use the ferrite material for magnetic circuit, according to the
state of the art. However, the design of MR damper with ferrite magnetic circuit
exhibits a lot of design limitations, such as low strength (30 MPa), poor
machinability, fragile behaviour, or low magnetic saturation (500 mT). The latter has
a significantly influence on the dynamic force range. An important sub-aim of the
present thesis was to find the method or material for the design of MR damper with
short time response without the use of ferrite material. Another important sub-aim
was to add new methods for the design of MR damper with short response time, e.g.
the model of bypass gap, magnetostatic or transient magnetic model.

4.1 The aim of the thesis

The main aim of the submitted dissertation thesis is to design and tests
a demonstrator of magnetorheological suspension damper with short response time
for space application. A design of MR valve is fundamental for the design of the MR
damper. The sub-aims of the thesis refer to the methods necessary to add for the
design of semi-active control MR damper with short response time.

The sub-aims of the thesis are as follows:
e a method to decrease the response time of MR damper,
® magnetostatic, transient magnetic models and their experimental
verification,
e a model of bypass gap and its experimental verification,
e experimental verification of published hydraulic models.

4.2 Scientific question and hypotheses

Scientific question 1:

It is possible to design a semi-actively controlled magnetorheological damper for
space application, which has a response time of about 4 ms and a dynamic force
range more than 4?

Hypotheses 1: The ferrite material for the magnetic circuit of the MR damper will
allow designing an MR damper with a response time of approximately
4 ms.
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Hypotheses 2: The dynamic force range of the MR damper cannot be achieved more
than 4 because the ferrite material has low level of magnetic
saturation.

Scientific question 2:

It is possible to design a magnetic circuit of MR damper from material with high
magnetic saturation and low electric resistivity which achieved a short response
time?

Hypotheses 3: The decrease of creation of eddy currents, which has significant effect
on the response time, is possible by suitable structural modification
which rapidly increases the electric resistivity in the flow path of eddy
currents.

4.3 Thesis layout

The main aim of the present dissertation thesis was published in the impact journal
Smart Materials and Structures (IF 2.909). The design and experiments related to the
developed MR damper with short time response were published in the paper (I.).

The methods to decrease the response time of MR damper were searched for.
The main limitation parameters of the response time are the eddy currents in the
magnetic circuit of MR damper. The research was focused on the elimination of eddy
currents in the magnetic circuit. In this area, a considerable progress has been
achieved by using a suitable shaped groove (geometric modification) in the magnetic
circuit of MR damper. This method allows for development of magnetic circuit
of MR damper with a high dynamic force range and a low response time. The
efficiency of this method can be increased by 3D metal printing (SLM). This method
was patented (IL.).

The transient magnetic model of MR damper and its experimental verification
were published at the International Conference in Kuala Lumpur (IIl.). The paper
passed the review process. This model is important for the design of MR damper for
the specific response time.

The CFD model of bypass gap of MR damper and its experimental
verification were published at the International conference in Svratka, Czech
Republic. The paper passed the review process (IV.).

Impact journal Smart Material and Structures (Journal impact factor = 2.909)

I. KUBIK, M.; MACHACEK, O.; STRECKER, Z.; ROUPEC, J.; MAZUREK, 1., 2017.
Design and testing of magnetorheological valve with fast force response time and great
dynamic force range. Smart Materials and Structures. 26(4), 47002. ISSN 0964-1726

Czech patent

II. KUBIK M.; MACHACEK O.; STRECKER Z.; ROUPEC J.; MAZUREK I[;
KOUTNY D.; PALOUSEK D. 2017. Struktura jadra obsahujictho pruty z
feromagnetického materialu a zpasob jejiho vytvoreni. Czech Republic, PV 2017-91.
2017.

Article in conference proceedings — (after review, Scopus)
III. KUBIK, M.; MACHACEK, O.: STRECKER, Z.. ROUPEC, J.. MAZUREK, L
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IV.

Transient magnetic model of magnetorheological damper and its experimental
verification. The 4th International Conference on Mechantronics and Mechanical
Engineering 2017

Article in conference proceedings — Web of Science

KUBIK, M.; MACHACEK, O.; STRECKER, Z.; ROUPEC, J.; MAZUREK, 1., 2016.
Hydraulic resistance of magnetorheological damper viscous bypass gap.
In: ZOLOTAREV 1.; RADOLF V., ed. 22nd International Conference on
Engineering Mechanics. Svratka: Institute of Thermomechanics, Academy of Sciences
of the Czech Republic, p. 330-334.

Full version of publication in attachment of the present thesis.
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5 NEW METHODS FOR THE DESIGN SEMI-ACTIVE
CONTROL MR DAMPER

In this chapter, new methods for the design of the semi-active control MR damper
with short response time and high dynamic range are presented. The next sections are
divided into the same sections as the methods in the state of the art section.
According to the state of the art, these methods are presented in:
e In magnetic section,
o magnetostatic model and its experimental verification (5.1.1),
o transient magnetic model and its experimental verification (5.1.2),
o elimination of eddy currents in the magnetic circuit (5.1.3).
e In hydraulic section,
o CFD model of the bypass gap and its experimental verification
(5.2.1),
o experimental verification of published hydraulic models (5.2.2).

5.1 Magnetic section

In this section, the proposed magnetic models and their experimental verification are
described; specifically, these are magnetostatic and transient magnetic models. Both
magnetic models were verified on the MR damper geometry (see geometry the
attachment 1). The next section also discusses the methods of elimination of eddy
current in the magnetic circuit of MR damper.

5.1.1 Magnetostatic model of the MR damper and its experimental verification
A magnetostatic model is usually used for a design process of the MR damper.
However, the accuracy of hydraulic models and a transient magnetic model are
strongly influenced by the results of the magnetostatic model. The experimental
verification of this model was an important step in designing the MR damper with
short response time. The magnetostatic model allows to determine the magnetic flux
density in the active zone of the MR damper, which is a fundamental input into the
post-yield hydraulic model. The magnetostatic model was experimentally verified on
the MR damper geometry (see dimensions in attachment 1).

Materials and methods

The geometry of the magnetic circuit of the MR damper was simplified in the
magnetostatic model as 2D axisymmetric (Figure 31) and the software Ansys
Electronics 17.1 was used. Low carbon steel 11SMn30 was set as the material for the
magnetic circuit (Figure 31, green). The B-H curve of this material was
experimentally determined (see attachment 2). The B-H curve of air or Lord MRF-
132DG was set in the active zone (Figure 31, yellow). The coil was excited by the
magnetomotive force (current x 120 A. turns). For discretization of geometry, 3584
elements and the nonlinear residual at 0.0001 were used in the model.
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Measurement position

Figure 31 The geometry of MR damper in magnetostatic model; 11SMn30 (green), aluminum alloy
(blue), copper (red), vacuum (white, yellow)

The magnetic flux density in the active zone was measured with the ultrathin

Hall probe and the magnetometer F.W. Bell 5180. A precise position of the Hall
probe was provided by the devices with a motion screw (Figure 32, middle and
right). The coil was excitated by the laboratory source Manson SDP 2603. The
current in the coil was measured with a current clamp Fluke 130. The measured data
were acquired by Dewe 50 with a sampling frequency of 100 Hz and showen in the
software DeweSoft. The verification of the magnetostatic model was only possible
with an air in the active zone of the MR damper.

DEWE 50 Bell 5180

LIk

Manson SDP2603 Fluke i30

Figure 32 The measurement circuit (left), position Hall probe (middle, right)

The measurement methodology of the magnetic flux density in the active zone was
as follows:

1))

2)
3)
4)
S)
6)
7)
8)
9)

demagnetization of magnetic circuit before the experiment (zero remanent
magnetisation),

increase in the electric current to 5 A,

decrease in the electric current to 0 A,

change of polarization of electric current,

increase in the electric current to 5 A,

decrease in the electric current to 0 A,

change of polarization of electric current,

increase in the electric current to 5 A,

decrease in the electric current to 0 A.

Results and discussion
Figure 33, left, shows the magnetic flux and Figure 33, right, the magnetic flux
density from the magnetostatic model for current 2A.
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Figure 33 The magnetic flux at 2 A (left), magnetic flux density at 2A (right) with air

The magnetic flux density in the centre of the active zone with air (Figure 31)
is important for experimental verification of magnetostatic model. Figure 34 shows
a dependency of magnetic flux density and magnetic flux intensity in the centre
of the active zone with air on the electric current from the magnetostatic model.
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Figure 34 The magnetic flux density (left) and magnetic flux intensity (right) in the middle of active
zone with air

The whole hysteresis magnetic curve (Figure 35, left) and a virgin magnetization
curve (Figure 35, right) were measured.
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Figure 35 Hysteresis magnetic loop (left), virgin magnetization curve (right) from the experiment

A virgin magnetization curve (Figure 35, right) is important for verification of
magnetostatic model. A comparison of the magnetostatic model with the experiment
is illustrated in Figure 36.
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Figure 36 Comparison of the magnetostatic model and the experiment (left), the detail of a
comparison of the magnetostatic model and the experiment (right)

The maximum difference between the magnetostatic model with air and the
experiment was under 1 %. However, the accuracy of the magnetostatic model is
strongly dependent on the accurancy of measurement of B-H curve. The magnetic
circuit of the MR damper was composed of the same material as the testing sample
for measurements of B-H curve (the same chemical composition). The magnetostatic
model was experimentally verificated on the air in the active zone.

An important output of the magnetostatic model is the intensity of the
magnetic field (magnetic flux density) in the active zone with the MR fluid. These
value inputs represent as an essential parameter in the post-yield hydraulic model of
the damper MR (yield stress) and fundamentally affect its accuracy. The MR damper
was tested with Lord MRF-132DG. For this reason, the B-H curve of MRF-132DG
was set in the active zone in the magnetostatic model [88]. The results obtained from
the magnetostatic model with MRF-132DG are shown in Figure 37.
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Figure 37 The magnetic flux density (left) and the magnetic flux intensity (right) in the active zone
with MRF-132DG from the magnetostatic model

The yield stress in the active zone was determined from the datasheet of the MR
fluid, and the magnetic flux density in the active zone was determined from
a magnetostatic model. A dependency of the yield stress in the active zone of MR
damper and the electric current on the coil can be seen in Figure 38.
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Figure 38 Dependency of the yield stress in the active zone on the electric current of the coil with
MRF132DG

The presented geometry of the MR damper operates effectively up to the
electric current of 1.5 A; after that the slope of yield stress is slightly increases,
according to magnetostatic model.

5.1.2 Transient magnetic model and its experimental verification
The transient magnetic model allows determination of the response time of the
magnetic field (the most important part of the response time of the MR damper).

Materials and methods

The model was created in the software Ansys Electronics 17.1. The geometry was
simplified as 2D axisymmetric. A description of the model and experiment was
published in the paper entitled “Transient magnetic model of magnetorheological
damper and its experimental verification” (International Conference in Kuala
Lumpur) [89].

Results and discussion

The verification of the transient magnetic model was possible only with air in the
active zone where the maximum difference between the model and the experiment
was 28 % (Figure 39, left) with air in the active zone. This difference is probably
caused by inaccurately specified electrical conductivity given in the datasheet of the
material manufacturer. The response time was dependent on the electric current. The
response time of the magnetic field of MR damper with Lord MRF-132DG was
determined by verification using the transient magnetic model (Figure 39, right). The
response time of the magnetic field with the MR fluid was also dependent on the
electric current in the coil. This is probably caused by a non-linear behaviour of the
magnetic circuit material.
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Comparison of response time MR damper with MRF-132DG
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Figure 39 Dependency of the response time of the magnetic field on the electric current from the
transient magnetic model with air (left), with MRF-132DG (right) [89]

The response time of the magnetic field from the transient magnetic model was
compared with measurements of the response time of the MR damper published by
Strecker [11] (Figure 40). The transient magnetic model uses the same geometry
of the MR damper measured by Strecker [11]. The maximum difference between the
transient model and the Strecker’s measurement was 25 %. However, in the
response time from the transient magnetic model does not refer to the response time
of the MR fluid.

The rise control signal of MR damper
16
14
()
£ 10
o 8
(%]
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x
2 4 —e—Magnetic simulation
2 —e—Strecker’s damper
0
0 0.5 1 15 2
Electric current [A)

Figure 40 Comparison of the influence of response time of the magnetic field from the transient
magnetic simulation (red) and the experimentally measured response time by Strecker [11] (blue) on
the rise of control current

The experimentally verified transient magnetic model was used for determining the
influence of the magnetic circuit material or the type of MR fluid on the response
time of the magnetic field in the active zone. A more detailed description can be
found in [89]. The 2D transient model can be simply extended to a 3D model.

5.1.3 Elimination of eddy currents in the magnetic circuit

From the point of view of high dynamic force range and short response time,
a suitable material for the magnetic circuit should have a high magnetic saturation
and a low electric conductivity. Unfortunately, the material with a low electric
conductivity usually has a low magnetic saturation. A selection of the material for
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the magnetic circuit is a trade-off between the magnetic saturation and the
electric conductivity.

Therefore, the question has arisen: “Could the electric resistivity in the
direction of eddy currents be increased by structural modification of any part of the
magnetic circuit?”. In this case, the material with a high magnetic saturation could be
used; the response time would be reduced by the geometric adjustment. The option
is to use a laminated magnetic circuit (sheet). However, this method is not suitable
for the geometry of the MR damper. Another option was found in the analogy of
a simple relationship for the electrical resistance R of the wire. In this equation, / is
the length of the wire [mm], cross section of the wire is § [m?] and the electric
resistivity of the wire material is p [Q-m)].

_
R =" (3.1)

The higher the length / in the direction of flow path of eddy currents, the higher the
electric resistance R in this direction. The area S has also important effect. The
increase in the length of the eddy currents “path” is possible via appropriate grooves
in the magnetic circuit. This method is demonstrated on the MR damper geometry,
specifically on the yellow marked part (Figure 41). On the left in Figure 41, the
magnetic flux in the MR damper can be seen. Figure 41 a) shows a direction of the
eddy currents in the conventical MR damper. The flow path of the eddy currents is
relatively short; therefore, suitable grooves can rapidly increase this path and also the
electric resistivity, see Figure 41 b).
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Figure 41 Direction of the magnetic flux (left), influence of the grooves on the path of the eddy
currents (middle, right)

Materials and methods

Based on the verified magnetic transient analysis (3D analysis), a suitable geometry
of the grooves of the MR damper was determined. A more detailed analysis of
influence of grooves was dealt with Strmiska in diploma thesis [90]. The grooves
were manufactured by electro erosive wire machining of the magnetic circuit parts
(Figure 42). Forty-eight 0.3 mm wide grooves were manufactured. The magnetic
circuit was made from the low carbon steel 11SMn30.
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Figure 42 Manufactured grooves on the geometry of the MR damper

For the comparison of influence of the grooves on the response time, two identical
magnetic circuits were manufactured from the same material. The first magnetic
circuit was with the grooves while the other was without the grooves. Magnetic flux
density was measured in the active zone with air with the ultrathin Hall probe and the
magnetometer F.W. Bell 5180. The coil was energized by power supply Manson
SDP 2603 and current controller (our design). Measurements of the response time of
the magnetic circuit were based on the methodology in [91]. The response time of the
magnetic circuit without grooves was measured using a rise in the control current.

Results and discussion
The measured response time of the magnetic field in the active zone was 1.69 ms
(air). The course of the magnetic flux density over time is shown in Figure 43.

Induction (mT)
Cumrent {A)

Time (ms)

—\

Figure 43 The response time on the air of the magnetic circuit without grooves

The response time of the magnetic circuit with the grooves was measured with a rise
in the control current. The measured response time of magnetic field in the active
zone was 0.36 ms (air), see Figure 44.
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Figure 44 The response time on the air of the magnetic circuit with grooves

According to the obtained results, the response time of the magnetic circuit of the
MR damper can be significantly reduced by suitable grooves on the magnetic circuit.
The response time of the magnetic field in the active zone dropped 4.6 times using a
grooving structure. The maximum magnetic flux density remained the same. The
response time of MR damper with the grooved magnetic circuit and the MR fluid in
the active zone was solved by the transient magnetic model at 1.7 ms.

It can be concluded that a grooving method is feasible. However, where is the
limit for decrease in the response time and dimensions of the grooves? The thickness
of grooves (number of grooves in the part) has a limit because of manufacturing
technology. The author of this thesis proposed a different method of how to decrease
the eddy currents, i.e. to manufacture a magnetic circuit with ferromagnetic rods
oriented in the direction of the magnetic flux by SLM (Selective Laser Melting) —
method of 3D print. The rods are interconnected only by a small connecting bridges.
The principle will be described on the magnetic circuit in the shape of the toroid; the
magnetic flux in the toriod can be seen in Figure 45 on the left and the eddy currents
on the right.

Figure 45 Magnetic flux (left), eddy currents (right) [92]

The ferromagnetic rods are oriented in the direction of magnetic flux and separated
in the perpendicular direction by air or other material with a high electric resistivity.
To ensure the integrity of the toroid, the connection bridges are designed.
An example of the proposed design of the magnetic circuit is given in Figure 46.
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Figure 46 An example of the design of the magnetic circuit according to the patent manufactured by
the 3D metal printing [92]

It is necessary to manufacture appropriately small (in millimeters) ferromagnetic
rods and connecting bridges to achieve a proper efficiency of the magnetic circuit.
Unfortunately, such magnetic circuit is very difficult to manufacture with the
conventional technologies; however, the 3D metal print is usable. This method was
patented under the title: “The magnetic circuit containing rods of ferromagnetic
material and the method of its manufacture” [92]. A full version of the patent
is described by the author of the patent, who is also the author of the present thesis,
in the appendix.

5.2 Hydraulic section

In this section, the proposed CFD model of the bypass gap, the model of the post-
yield regime and the off-state regime are experimentally verified. The CFD model of
the bypass gap (pre-yield regime) and its experimental verification on the developed
experimental test rig is described in the section 5.3.1. Yang hydraulic models of the
post-yield and the off-state were experimentally tested on the geometry of the MR
damper in sections 5.3.2 and 5.3.3.

5.2.1 Bypass gap in the MR damper (pre-yield regime)

A common design of the MR damper (without a bypass gap) has a step rise of the
damping force at low piston velocities; the force-velocity dependency of MR damper
is the same as that of friction damper. This causes an undesirable hardness, e.g. in the
vehicle application; it may degrade a riding comfort. A parallel connection between
the bypass gap and the active zone causes a decrease in the damping force at low
piston velocity (Figure 47). A methodology for designing the bypass gap has not yet
been published in the available literature. The analytical approach is very
complicated and inaccurate.
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Figure 47 The bypass gap (left), damping force dependency on the piston velocity (right) [47]
Materials and methods

The CFD model of the bypass gap and its experimental verification on the developed
test rig were published in the following paper:” Hydraulic resistance
of magnetorheological damper viscous bypass gap” [47]. The CFD model was
created in software Ansys CFX and the k-e¢ turbulent model was used. The
fundamental input to the model was an apparent viscosity of MR fluid [93]. The
experimental test rig was designed and manufactured for the testing of bypass gap
(Figure 48). Different diameters and lengths of the bypass gap were tested.

Pressure sensor

Temperature
sensor

Hydraulic cylinder

Hydraulic pulsator
Inova

Figure 48 The experimental test rig [47]

The exact diameter of the bypass gap was measured with a microscope and
a precision scale (Figure 49). The MRF-122EG and the MRF-140CG were tested.
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Figure 49 The diameter of the bypass gap from microscope (left, middle); precision scale (right)

Results and discussion

A comparison between the model and the experiment can be seen in Figure 50. The
maximum difference between the experiment and the CFD model was 24 %. CFD
model can be used for the design of the bypass gap in the magnetorheological
damper; the achieved results were published at the conference listened in WOS.
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Figure 50 Comparison of the CFD model and the experiment for different diameters and lengths of

the bypass gap and two types of MR fluid [47]

5.2.2 Post-yield regime

The Yang hydraulic model in section 2.4.4.2 was experimentally verified on the
geometry of MR damper (attachment 1) with MRF-132DG.

Materials and methods

The tested MR damper (attachment 1) with MRF-132DG was placed into the test rig
with a hydraulic pulsator (Figure 51). The load cell Interface 1730 ACK-50 kN was
used for measurement of the damping force and the Messotron WLG150 sensor was
used for stroke measurement. The MR damper was tested by a sweep method with
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a constant stroke of 24 mm and frequency from 0.1 Hz to 4 Hz. A numerical
derivation of displacement was used for determination of piston velocity.

= Force sensor

— MR damper

n M

-~ Stroke sensor

Hydraulic pulsator
Inova

Figure 51 Measurement of circuit

The sampling frequency of 10 kHz was used for the data acquired from the
experiment. The MR damper was tested in 0 A, 0.2 A, 0.4 A,0.5A,1 Aand 1.5 A.

Results and discussion

In the next part, the stroke, piston velocity and damping force dependency on the
time are shown in Figure 52.
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Figure 52 Measured data from the experiment
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A dependency of the damping force on the piston velocity and the position of the
piston are shown in Figure 53.

Damping force-piston velocity dependency at 1 A Damping force-position of piston dependency at 1 A
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Figure 53 Damping force-piston velocity dependency (left); the damping force-position of piston
dependency (right)

However, the measured F-v dependency of the MR damper has a hysteresis which
is caused by elasticity of the hydraulic system. The effect of the hydraulic system
elasticity was eliminated by choosing the measured data from the centre of the
stroke. This method of data evaluation was programmed in Matlab. A comparison of

raw (left) and evaluated (right) F-v dependency for current of 1A in the coil is plotted
in Figure 54.
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Figure 54 The measured F-v dependency at 1 A (blue) and F-v dependency for different current

The same method was used for determination of F-v dependency for the other
currents (Figure 54 right). The measurement of sliding friction of the piston rod seal
is important for a proper comparison of the model and the experiment. The friction
force was determined by experiment at low piston velocity (0.01 m/s) as Fr = 51 N
(Figure 55).
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Figure 55 Sliding friction of the MR damper

The most important parameter influencing the accuracy of hydraulic model of MR
damper is the yield stress in the active zone. The value of yield stress for different
currents in the coil is based on the MR fluid datasheet and the results of magnetic
flux density obtained by the magnetostatic model. Tab. 2 lists the results from the
magnetostatic model for different currents on the coil.

Tab. 2 Results from magnetostatic model

Electrical current [A] | Magnetic flux intensity in | Yield stress in the active
the active zone [kA/m] zone [kPa]
0.2 6.4 1.5
0.4 18 5.7
0.5 24 7.8
1 53 17
1.5 76 23.5

A comparison between the experiment and the model for currents of 0.2 A, 0.4 A,
0.5A,1 A and 1.5 A is shown in Figure 56.
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Figure 56 The comparison of the Yang hydraulic model and experiment

The maximum difference between the hydraulic model and the experiment is 21 %. I
assume that the difference is caused by inaccurate dependency of yield stress and
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magnetic flux density or inaccurate B-H curve of MR fluid. We do not have any
information about methods of measuring yield stress or B-H curve presented in the
datasheet of Lord MR fluids. However, for the design of MR damper, this accuracy
of the model is sufficient.

However, a more sophisticated hydraulic model of the MR damper exists.
Goldasz [38] published a bi-plastic Bingham model which included a pre-yield
regime (very low piston velocity).

5.2.3 Off-state regime
The off-state regime of the MR damper was based on the hydraulic model by Yang.

Materials and methods

The most important parameter for the model is a dynamic viscosity of MR fluid
at different temperatures. The temperature of the MR fluid in the hydraulic system
was 30 °C. The dynamic viscosity for this temperature is 0.156 Pa.s, according to
Kubik [93]. The presented measured data was obtained by method presented in
previous section.

Results and discussion

A comparison between the hydraulic model and the experiment is shown in Figure
57. The maximum difference between the model and the experiment is 24 %.
However, the accuracy is strongly dependent on the proper measurement of the MR
fluid temperature. The accuracy of the model is also influenced by the developed of
the velocity profile in the active zone or turbulent flow. The influence geometry of
lids on pressured drop was neglected.
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Figure 57 Comparison of the Yang model (full line) and the experiment (dots) for the off-state regime
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6 MAGNETORHEOLOGICAL SUSPENSION DAMPER FOR
SPACE APPLICATION

According to the state of art, a commonly used variant of the vibration isolation
system for space application is based on the composite cone. Nevertheless, this cone
is unsatisfactory for a wide range of space applications because of high transfer
of vibration. For this reason, the systems based on damping flexure element or strut
platform are used. The company Honeywell developed the vibration isolation
platform ELVIS which is composed of D-Strut; this system was used in passive or
active control version. The semi-active control of the damping element (control up to
25 Hz) in connection with a design concept of D-Strut seems to be a more effective
vibration isolation system than the passive D-Strut of a similar weight. The MR
damper appears to be a suitable candidate for semi-active control damping element.

The Honeywell company addressed Brno University of Technology with the
offer to participate in the development of the semi-actively control D-Strut for the
space applications. The use of a semi-actively controlled MR damper was planned
with the framework of the project for the European Space Agency (ESA). It was
necessary to experimentally demonstrate that a semi-active control of D-Strut system
would bring a significant reduction in transfer of vibration to payload. As early as in
2014, the development of the magnetorheological suspension strut demonstrator (the
project Semi-active Damping System FLPP3) started. The demonstrator of
magnetorheological suspension damper (in the following section used abbreviation
magnetorheological damper strut) for space application was designed according to
specific requirements (chapter 6.1). This demonstrator was composed of bellows
unit, the MR valve, and springs (chapter 6.2). Ing. Ondfej Machacek dealt with the
development of bellows unit and the author of the present thesis also intensively
contributed to the development of this unit. Tests of MR valve with short response
time and the valve development were carried out by the author of this thesis (chapter
6.3) as its main goal; consequently, the results were published in the impact journal
[91]. A vibration isolation test rig was developed for the tests of vibration isolation
efficiency. The benefit of the MR semi-active damping control with the control
algorithm was tested on the previously described test rig (chapter 6.4).

The MR valve design, described in chapter 6.3, was created earlier than the
methods in the chapter 5 were specified. Therefore, these methods were not used
for the design of the MR valve. The time line of the project and development of the
methods presented in the chapter 5 are shown in Figure 58.
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Figure 58 Time line of the project and development of method

6.1 Specific parameters for the development of the MRD-strut

demonstrator

A vibration isolation system was developed for the launch vehicle Vega with the
specific weight of 640 kg. The important parameter was a hermetically separated MR
fluid from the surrounding environment. Another requirement was to ensure a semi-
active control of frequencies up to 25 Hz. The effective control requires an average
of 10 control intervals per cycle; therefore, it was necessary to change the damping
force up to 250 Hz. From this frequency range, the required MR valve response time
was 4 ms. The maximum required damping force of one strut in the system was
1500 N at the velocity of 0.08 m/s from the dynamic model of a vibration isolation
platform, which will be similar to ELVIS. An even weight distribution of 640 kg
over the eight struts (640/8 = 80 kg) was assumed. The resonant frequency of D-Strut
system of 10 Hz was tuned.

6.2 The demonstrator of MRD-strut

The demonstrator of MRD-strut was based on the Honeywell D-Strut for the
vibration isolation platform ELVIS (Figure 59). The resonant frequency of MRD-
strut demonstrator was set to 10 Hz. This system uses bellows for the separation
ofthe MR fluid from surroundings. The MRD-strut demonstrator is a three-
parameter vibration isolation system where the damper element is semi-actively
controlled. The demonstrator of MRD-strut allowed for a simple change of the
stiffness springs, assembling and disassembling, a simple connection of measuring
sensors, etc. The weight of this demonstrator was not an important requirement.
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Figure 59 Demonstrator of the MRD-strut with the MR valve with short response time

The demonstrator of MRD-strut was composed of coil springs, bellows unit, MR
valve and connection fittings. The stiffness of the springs can be set by a special
threaded pipe. The spring is screwed into the pipe, which reduces the spring length
(stiffness, Figure 61). The bellows unit was composed of two metal bellows made
by Witzenmann company that are connected by the pipes to the MR valve (Figure
60, Figure 61 right).
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Figure 60 The demonstrator of the MRD-strut with the MR valve [92]

Compressing of primary bellows, the MR fluid flows through the MR valve to the
secondary bellows that extends. The hydraulic resistance of the MR valve creates
a pressure drop which leads to “inflating” of the bellows (volumetric stiffness). The
bellows unit was a three-parameter vibration isolation system because of the stiffness
Kg created by volumetric stiffness of bellows. The stiffness Ka was the stiffness
of springs and axial stiffness of bellows. The three-parameter vibration isolation
system was also important for the semi-actively controlled system because of its
influence on transmissibility at higher frequencies (above 25 Hz) than that allowed
by semi-active control.
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Figure 61 Location of the expanse tank (left), connection of the spring to the threaded pipe (middle),
disassembled bellows unit (right)

6.3 Magnetorheological valve

As already mentioned, the MR valve design was based on the knowledge available in
2014. Some methods in chapter 5 were not used because they were not known at that
time. The design and experiments of MR valve were published in the impact journal
Smart Materials and Structures under the title: ,Design and testing
of magnetorheological valve with fast force response time and great dynamic
force range®.

Materials and methods

The MR valve design was composed of three coils (1), which were wound with
opposite orientation, the ferrite magnetic circuit (2,3,5), outer tube (4), coil support
(6), valve flange (8) and sealing (7, 9, 10). The magnetic circuit was made from
Epcos ferrite N95 material as the ferrite material is the only material suitable for the
MR valve design with short response time. The main disadvantage of this material
was its poor machinability, low mechanical properties, and low level of magnetic
saturation.

Figure 62 The developed MR valve; ferrite N95 (green), S235JR+C (grey), MR fluid (yellow),
Aluminum (red), Ercatel POM (blue), copper (orange) and NBR (black) [94]
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Machining of the ferrite parts can only be performed by grinding under special
conditions. The round piece (5) was the most difficult part to produce; this part was
prepared and machined by the company Epcos. Figure 63 shows the manufactured
ferrite parts.

Figure 63 Ferrite core (left), ferrite rings (middle and right)

The expansion tank was connected to the MR valve through the hydraulic valve
(Figure 61 left). The overpressure (4 bar) was set in the hydraulic system to prevent
possible cavitation by the expansion tank. 230 ml of Lord MRF-122EG was used
in the hydraulic system. The bypass gap of the MR valve was placed in the bellows
unit. Important geometric, electric, and rheological parameters are published in [94].
Pressure, damping force, stroke, and temperature were measured during the
experiment with several sensors as shown in Figure 64.

o ’ 1
" iy

.-'Fempera'fure sensor
—" Y'

Figure 64 Position of the MR valve on the demonstrator of the MRD-strut; location of the pressure
and the temperature sensor

The response time and force-velocity-current course were measured on the
manufactured and assembled demonstrator of the MRD-strut with the MR valve. The
F-v-I course was measured with the hydraulic pulsator Inova. The sweep method
with constant stroke of 5 mm from 0.1 Hz to 8 Hz was used. The points from the
centre of the stroke (zero compression of springs) were selected from the measured
data as this is the method of how to eliminate the stiffness of the hydraulic system.
The response time of the damping force was measured on the developed
system with the MR valve. The coils of the MR valve were supplied by the current
controller which was controlled by the system Arduino. The electric current on the
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coil was switched between the on-state and off-state with frequency of 2 Hz (Figure
65). The sampling frequency of measurement was 10 kHz.
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Figure 65 Measurement methodology of the response time [94]

Results and discussion
The hydraulic model presented in [92] was compared with the experiment (Figure
66). The maximum difference between the model and the experiment was 18 %.
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Figure 66 F-v-1 course of the demonstrator MR strut with the MR valve; the comparison of hydraulic
model and experiment [94]

From the measured data and the model, a dynamic force range of the MRD-strut was
determined. According to the experiment, the developed system with the MR valve

achieves a maximum dynamic force range 8.
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Figure 67 Dynamic force range of the developed system with the MR valve [94]

The response time was evaluated as a rise or drop of 63.3 % steady state damping
force. More details about the methodology of measurement of response time is in the
publication [94]. The evaluated data from the measurement of response time
dependency on bellows velocity can be seen in Figure 68.
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Figure 68 The response time of the developed demonstrator of the MRD-strut with the MR valve in
the current of 1A [94]

The response time of developed system with the MR valve achieved the response
time of approximately 4.1 ms for bellows velocity higher than 0.08 m/s. For lower
velocity of bellows and a rise control signal, response times were higher. The
influence of piston velocity on the response time is probably caused by no zero
stiffness of the hydraulic system. The response time 4.1 ms is primarily caused
by the outer tube where eddy currents could be generated.
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6.4 Vibration isolation efficiency of developed system with MR valve

Materials and methods

The developed MRD-strut with the MR valve was placed to the vibration isolation
rig, see in Figure 69. The payload weight was set on 75 kg plus the weight of the
parts connected to the MR valve. The bellows unit was excited by the hydraulic
pulsator with constant acceleration of 1 g in the range from 3 Hz to 50 Hz over 60
sec.

Weight

MR valve

Spring

Bellows unit

Hydraulic
pulsator

L i ~

=4 s ) ‘

Figure 69 Vibration isolation rig with demonstrator of MRD strut with MR valve (left), description of
demonstrator (right)

The acceleration of the hydraulic pulsator a> (base) and the weight a; (payload) were
measured with a piezoelectric sensor Bruel and Kjaer 4507B (Figure 69, Figure 70).
The data from the accelerometer were acquired by Dewe 50 and software Dewesoft.

Figure 70 The location of accelerometers

Two mathematical channels were created by the FFT analysis of the base
acceleration and FFT analysis of payload acceleration.
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Results and discussion
By dividing these mathematical channels, the acceleration transmissibility of the
tested system was created, see Figure 71.
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Figure 71 Acceleration transmissibility of the MRD-strut demonstrator in the passive variant for
different electric currents

An increase in the electric current caused a decrease in acceleration transmissibility
at the resonant frequency and an increase in the acceleration transmissibility at the
isolation frequency. The semi-active control algorithm LQR was used for the control
of the damping force. However, the company Honeywell did not give their consent
to the publication of a more detailed description of the control algorithm. A
comparison of the passive variant (maximum and minimum damping) and the semi-
active variant with the control algorithm LQR is illustrated in Figure 72.
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Figure 72 Comparison of the passive and the semi-active variant of the vibration isolation system
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The acceleration transmissibility from the semi-active control at the resonant
frequency is similar to the acceleration transmissibility from maximum damping
(1 A), while at the isolation frequency, it is similar to minimum damping (0 A). The
system was tested only on the sweep excitation signal with the constant
acceleration amplitude. A significant benefit of the semi-active control was
demonstrated.

The results of the project were very well rated in ESA. The project
is expected to continue in 2017 and will be focused on the development of the MR
strut with the aim to achieve the TR6 level. In the next project, a design of the MR
valve will be modified according to the new knowledge available.

6.5 Preliminary concept of the MRD valve with application of new

methods

A preliminary concept of the MR valve for space with application of new methods
can be seen in Figure 73. A magnetic circuit is made from Fe-Co alloy (Vacoflux 27
and Vacoflux 18 HR) and a grooving method for designing a magnetic circuit
isused. The material Vacoflux achieves the yield strength about 250 MPa. The
thickness of the grooves is 0.3 mm. The covers are made from Al alloy.

A 4_| Vacoflux 27 A-A

850

A —'1 Vacoflux 18 HR
107

Figure 73 A proposed concept of the MR valve for space with application of new methods; Vacoflux
27 (green), Vacoflux 18 HR (yellow), Al alloy (red) and steel (grey).

The grooves in the core (Figure 73, yellow part) are filled with plastic material. The
position of grooves in the magnetic circuit is shown in Figure 74.
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Figure 74 Position of grooves in the magnetic circuit of MR valve

The response time of this MR valve was estimated to 1.4 ms. The damping force of
1600 N at 0.1 m/s and dynamic force range 10 will be achieved in the MR valve
according to the hydraulic model. The weight of this valve is 1.04 kg.
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7 CONCLUSION

The present thesis deals with the development of the MR damper with short response
time for space application. Vibration and shock loads during the shipment of launch
vehicle may cause destruction of sensitive equipment of the satellites. Therefore,
satellites must be designed to high dynamic level, which rapidly increases the cost
and weight of satellites. Other method is used to the vibration isolation system which
is between the launch vehicle propulsion and the payload. An interesting candidate
for vibration isolation system for space application is a semi-active control vibration
isolation system which contains a magnetorheological damper (valve) with short
response time. The design process of MR damper with short response time suffers
from a number of limitations. Some methods for design of MR damper with short
response time doesn’t exists.

The main aim of the present thesis was to develop a demonstrator of the MR
suspension damper with short response time for space application. The original
design and results were published in scientific paper. The magnetic circuit of this
damper was manufactured from the ferrite material which allows for short response
time of the MR damper. The measurement of F-v-I and response time were
performed on the manufactured demonstrator. A designed MR damper achieved the
dynamic force range 8 (eight) and the response time of 4.1 ms according to the
experiment.

New methods for design of MR damper with short response time were
published as sub-aims of the thesis. First sub-aim of thesis was to find a method to
decrease the response time of the MR damper. A grooving method of magnetic
circuit (shape approach) of the MR damper and the magnetic circuit containing rods
of the ferromagnetic material with bridges were presented as a new method allowing
for decrease in the response time of the MR damper. The decrease in the response
time of the MR damper to 1.7 ms occurred when steel or similar material were used
(high magnetic saturation). This method was patented under the title: “The magnetic
circuit containing rods of ferromagnetic material and the method of its manufacture”.

Second sub-aim was magnetostatic, transient magnetic models and their
experimental verification. A magnetostatic model and its experimental verification
on the geometry of the MR damper were presented in this work with a difference
between the model and the experiment under 1 %. The output of this model is an
important input into the post-yield hydraulic model. The transient magnetic model
and its experimental verification were presented in this thesis with a difference
between the model and the experiment 28 %. The transient magnetic model allows to
design (material selection, geometry etc.) the MR damper for specific response time
of magnetic field. The shape of B-H curve of the material magnetic circuit influences
the dependency of the response time of magnetic field on the electric current of the
MR damper according to the transient magnetic model.

Third sub-aim was hydraulic models of the MR damper and their
experimental verification. The CFD hydraulic model of the bypass gap (pre-yield
regime) of the MR damper was presented. The experimental test rig was developed
for testing the bypass gap. A different diameter and length of the bypass gap were
tested and compared with the experiment. The maximum difference between the
model and the experiment was 24 %. The Yang hydraulic model of the post-yield
regime and the off-state was compared with the experiment on the geometry of the
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MR damper (attachment). The maximum difference between the model and the
experiment was 21% for the post-yield regime and 24 % for the off-state,
respectively.

The current thesis contains the original results extending the knowledge in
the area of magnetorheological damper. The main contribution of the thesis can be
summarized as follows:

Experimental verification of the transient magnetic model of the magnetic
circuit of the MR damper [89]. This model allows to design MR damper with
specific response time of magnetic field.

New method for the elimination of the eddy currents in the magnetic circuit
of the MR damper [92]. This method allows to design MR damper with short
response time and high dynamic force range.

A unique design of the MR damper with short response time for space
application was published [94].

Regarding the scientific questions, the obtained knowledge can be summarized in the
following concluding remarks:

Experiments conducted using ferrite material for magnetic circuit is possible
to design MR damper with response time near 4 ms (hypothesis H1 was
confirmed).

Multi-coil configuration of MR damper allows for dynamic force range
higher than 4 when the ferrite material is using (hypothesis H2 was
falsified).

The grooving method of magnetic circuit or magnetic circuit containing rods
of ferromagnetic material allow to design magnetic circuit of MR damper
from material with high magnetic saturation and low electric resistivity which
achieved a short response time. Those methods increase path of eddy currents
(hypothesis H3 was confirmed).

The presented methods allow for a design of the MR damper with response time of
magnetic field under the response time of the MR fluid itself. Now, a limiting
parameter for the response time of the MR damper is the MR fluid itself. Next
research will be targeted at the development of MR fluid with a lower response time
than that commercially available.
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Attachment 1

ATTACHMENT 1 - THE GEOMETRY OT THE MR DAMPER

A design of tested MR damper is based on the Delphi MR damper. The tested MR
damper is composed of outer tube (1), coil core (2), coil (3), flanges (4), piston rod
(5), washer 10 (7), nut M10 (8), floating piston (9), seal Hennlich S16 (10) and
Teflon guide (11). The flange (4) has 16 holes with diameter of 4 mm which allows
for the MR fluid to flow to the active zone. The coil contains 120 turns.

min 410, max 540

0 307 |

Figure 75 Geometry of MR damper; 11SMn30 (red), bronze (blue), carbon steel (gray), copper
(purple).

The coil core (2) and the outer tube (1) were manufactured from 11SMn30 (red,
Figure 75). The B-H curve of this material was experimentally determined. The
flanges were manufactured from bronze because of its good sliding properties. The
flanges guide the piston in the hydraulic tube. The piston rod and the hydraulic tube
were manufactured from carbon steel with higher content of carbon than 11SMn30
due to the strength of this material (gray, Figure 75). The coil power supply
is provided by the wire which is sealed in the hollows of piston rod (Figure 76).

Figure 76 The design of MR damper
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Attachment 2

ATTACHMENT 2 - EXPERIMENTAL MEASUREMENT OF

THE B-H CURVE OF SELECTED LOW CARBON STEEL

A small difference in the chemical composition or machining influences the slope of
B-H curve (relative permeability) and magnetic saturation. Each melt material of low
carbon steel has a different B-H curve due to a different chemical composition. The
available low carbon steels usable for the magnetic circuit of MR damper were
tested. Low carbon steel 11 SMn30, S235JR+C and prure iron (Behanit) were tested.
A tested bar sample had a diameter of 10 mm and length of 100 mm. Five
different samples were prepared (Tab. 3). Bar samples were tested in JHO (Figure
77). Magnetic flux intensity was measured with a tangencial Hall probe on the
surface of tested sample. The experiment was carried out by ing. Zden¢k Roubal,

Ph.D. at the Faculty of Electrical Engineering and Communication.
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Figure 77 Methodology of measurement of B-H curve

The samples were tested up to the magnetic flux intensity of 4500 A/m. The
measurement period was 40 seconds. A chemical composition and description of

tested samples are listened in Tab. 3.

Tab. 3 Samples

Sample Material %C
number

1 11SMn30+C 0.1
2 11SMn30+C 0.1
3 S235JR+C 0.09
4 S235JR+C 0.13
5 Behanit 0.01

A comparison of the B-H curves of tested samples is given in Figure 78. The highest
relative permeability was achieved with pure iron (sample 5 Behanit). The lowest
relative permeability was achieved by the sample 4 S235JR+C. The sample 4 had

the highest content of carbon.

%Mn

1.21
1.18
0.41
0.52
0.2

%S1

0.04
0.03
0.084
0.099
0.01

%P

0.056
0.035
0.01

0.007
0.006

%S

0.283
0.297
0.03

0.012
0.001

Machining

Yes
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Figure 78 Experimentally measured the B-H curve of samples of low carbon steel

The influence of content of carbon in low carbon steel was tested (Figure 79). The
higher the content of the carbon, the lower the relative permeability. However, the
magnetic saturation is slightly different.
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Figure 79 Influence of the content of carbon to the magnetic properties of low carbon steel

The influence of the machining on the magnetic properties was tested; machining has
no influence on the initial relative permeability. However, with machining (heat
treatment), the maximum relative permeability and the magnetic saturation are
decreasing.
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Figure 80 Influence of the machining of the magnetic properties of low carbon steel

These experiments provide the basic information on the changes of magnetic
properties due to the chemical composition and machining. These data are not
adequately described for the low carbon steel in the available literature.
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