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MOTIVATION

1000
900
800
700

= Developing high-speed rail in the world

= ecological, economical

600

500
400
300 -
200
100

passenger-km (billions)

0 -

dopravadnes.cz

2010 2011 2012 2013 2014 2015 2016 2017 2018
year

3/42

® China (China State Railway Group
Company)

m Japan (IR group)

m Korea (Korail)

®m China - Taiwan (Taiwan High Speed Rail
Corp.)

m France (SNCF)

w Germany (DB AG)

m Spain (Renfe Operadora)

o Italy (Trenitalia) 2017

o Italy (NTV) 2017

= Other Companies

globalrailwayreview.com

INSTITUTE OF MACHINE
AND INDUSTRIAL DESIGN



MOTIVATION

= Developing high-speed rail in the world

= higher speeds
—> maintain safety, stability

= passenger comfort
—> reduce carbody vibration

* increased demands on the suspension

Unstable ride youtube.com/DFJP
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MOTIVATION

= Developing high-speed rail in the world

= higher speeds
—> maintain safety, stability

= passenger comfort
—> reduce carbody vibration

* increased demands on the suspension

—> semi-active dampers
can solve these problem
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MAGNETORHEOLOGICAL DAMPER
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MR damper dynamic behaviour

Force response time
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ISSUES TO SOLVE

Motivation: improve running behaviour using semi-active dampers

How to control the MR
damper and what dynamic
parameters it must have?

How to achieve
acceptable damper
dynamic behaviour?

What to do in the case
of a power failure?

INSTITUTE OF MACHINE
8/42 k AND INDUSTRIAL DESIGN



Karnopp et al. Hudha et al.
= design of = simulations
control strate
Shyhook & = 39% comfort
improve
2 , ¥,
m S (Eﬁ—@ ﬁ{_+
@“ﬂ‘d}ﬁ pﬁl@il ‘v .

m1

SEMI-ACTIVE DAMPING

Spelta et al.
= simple real model

= 34% comfort
improve

ACCELEROMETER ~
CARBODY SIDE o~

. CARBODY
(CHASSIS) MASS
ACCELEROMETER [
BOGIE SIDE a .
e k =
e A SENSOR -

What dynamic
parameters damper
must have?

Shin et al.
= simple real model

= 67% comfort
improve (natural
frequency)

Sumary:

lateral dampers
Skyhook

comfort improve
approx. 40 %

not verified on real
vehicle

response time neglected
or unstated

unknown influence
of damper dynamic
behaviour
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What dynamic
parameters damper
must have?

MAGNETORHEOLOGICAL DAMPER

Strecker et al. Guo et al.
= exp. trolley = railway damper
= 7=9ms = 7=300ms il
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What dynamic
parameters damper

MAGNETORHEOLOGICAL DAMPER

Strecker et al.

Guo et al.
= railway damper
7 =300 ms

= exp. trolley

T=9ms

Skyhook T =0ms

Skyhook T =4 ms
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= unknown acceptable values for railway suspension
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Eddy current

Coil’'s magnetic field
El

MAGNETORHEOLOGICAL DAMPER
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sciencefacts.net

Magnetic fiéld
due to eddy current

Conductor

How to achieve
acceptable damper

behaviour?
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Material approach

Eddy Currents
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MAGNETORHEOLOGICAL DAMPER

X

How to achieve
acceptable damper
behaviour?

Shape approach

Eddy Currents

Glagnetic Flux

Laminated Steel
(0.1+-0.5mm)
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Strecker et al.

= exp. trolley

T=9ms

v transqucer

il

Guo et al.

railway damper
7 =300 ms
dr=6

Kubik et al.

= external MR valve
= feritte (iron oxid)

= 7=4ms,dr=28

MR fiuid MR fluid
P

input

MAGNETORHEOLOGICAL DAMPER

Choi et al.

grooved

T=2ms
dr=2.5

How to achieve
acceptable damper
behaviour?

Sumary:

unknown influence

of different materials
and shapes of magnetic
circuit on damper
dynamic behaviour
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Power failure —> low damping —> dangerous situation (derailment)

FAIL-SAFE MR DAMPER

—> Fail-safe mode is required

2500
2000
1500
1000

500

g o

Damping force [N]

:

-1500
-2000
-2500

Piston velocity [m/s]

.—M
-
R
_ *0A *25A
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

—— -
- — -

15/42 k

What to do in the
case of a power
failure?
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FAIL-SAFE MR DAMPER

What to do in the
case of a power
failure?

Power failure —> low damping —> dangerous situation (derailment)

—> Fail-safe mode is required

Zhang et al. Boese et al.

I piston M permanent magnet coil
i cylinder M shielding sleeve i yoke sleeve

Damping force (kN)

Wei-ming et al. Sumary:

= permanent magnet

In piston core

= fail-safe force —

—2A dynamic behaviour

j 1/3 of max. force
J{ = unknown damper
7

2

Displacement (mm
P ( ) INSTITUTE OF MACHINE
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LACK OF KNOWLEDGE

Influence of damper dynamic behaviour
Karnopp et al. Hudha et al. Spelta et al. Shin et al. L.
| | on S/A control efficiency
m
Influence of different materials and
Spencer et al. Strecker et al. Guo et al. Kubik et al. Choi et al. Shapes Of magne‘“c Circuit on damper
B Lt dynamic behaviour
g
-2007 -2010 -2011 . .
Dynamic behaviour of MR damper

Zhang et al. Boese et al. Wei-ming et al.

with permanent magnet

[ piston W permanent magnet coil
e cylinder mMshiclding slecve W yoke sleeve
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AIM OF THE THESIS

Investigate the effect of damper dynamic behaviour on the performance of the semi-actively controlled suspension
of railway vehicle.

Investigate the possibilities of improving the MR damper dynamic behaviour.

Scientific guestions:

Q1: What is an acceptable
damper force response time and
dynamic range for effective S/A
control of railway lateral MR
dampers?

Q2: How does the material and
shape of the MR damper magnetic
circuit affect damper behaviour?

Q3: Will the permanent
magnet in the MR damper
affect the response time?

INSTITUTE OF MACHINE
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QUESTION 1

Q1: How does the damper behaviour affect the S/A control efficiency
in the case of railway vehicle lateral secondary MR dampers?

What are the acceptable values of damper force response time

and dynamic range for this control?

H1: An acceptable force dynamic range is assumed to be about 10.
An acceptable force response time is assumed to be about 10 ms,
due to the low vibration frequency of railway vehicle carbody.

ay/ag()
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What dynamic
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What dynamic
parameters damper
must have?

MATERIALS AND METHODS

Vehicle model

= Jateral movement of railway vehicle suspension _ m,
= 2 degrees of freedom g’:rg'gge Y2
= 1 wheelset, 72 of bogie frame, V4 of vehicle carbody d \\
= kinematic excitation y,, straight track, 160 km/h SIA damper
= 1:5scale \ﬁ - -
bogie ;
Parameter Symbol Original 1:5 scale frame \ m; é
Y2 bogie frame weight m1l 5000 kg 1000 kg
Ya carbody weight m2 13,750 kg 2750 kg
wheelset-bogie frame bond stiffness k1 10 kN/mm 2 kN/mm
bogie frame-carbody bond stiffness k2 1 kKN/mm 0.2 KN/mm
wheelset-bogie frame bond damping cl 10 kNs/m 2 kKNs/m wheelset

INSTITUTE OF MACHINE
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What dynamic
parameters damper
must have?

MATERIALS AND METHODS

Load gauge
Hardware-in-the-loop simulation
= real damper on pulsator
= virtual model on dSpace MR damper
dSpace
damper system
excitation - deflection -
—_— ‘ (_iSpace ‘ Inova ‘
~ vehicle model | - MR damper |
damping force Pulsator
Current
controler
+ power
suply
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MR damper

= magnetic circuit from SMC

= dynamic range of 7.6 (0.1 m/s)
= tested:2-7.6

= response time
= rise: 1.8 ms, drop: 1.1 ms
= tested: 1.8 ms — 56 ms

Semi-active control
= Shyhook: 2-states, linear

MATERIALS AND METHODS

What dynamic
parameters damper
must have?
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Q1: What damper force response time and dynamic range are acceptable for S/A control?
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What dynamic
parameters damper
must have?

RESULTS AND DISCUSIONS
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What dynamic
parameters damper
must have?

RESULTS AND DISCUSIONS

actuators ﬁu\n\py

Article
Effect of the Magnetorheological Damper Dynamic Behaviour
on the Rail Vehicle Comfort: Hardware-in-the-Loop Simulation

Filip Jeni$ '*(), Michal Kubik ', Toma$ Michalek >, Zbynék Strecker !, Jiii Zatek '© and Ivan Maztirek '

Institute of Machine and Industrial Design, Faculty of Mechanical Engineering, Brno University

of Technology, Technicka 2, 616 69 Brno, Czech Republic

Department of Transport Means and Diagnostics, Faculty of Transport Engineering, University of Pardubice,
Studentska 95, 532 10 Pardubice, Czech Republic

*  Correspondence: filip.jenis@vutbr.cz; Tel.: +420-541-143-216

Abstract: Many publications show that the ride comfort of a railway vehicle can be significantly
improved using a semi-active damping control of the lateral secondary dampers. However, the control
efficiency depends on the selection of the control algorithm and the damper dynamic behaviour,
i.e., its force rise response time, force drop response time and force dynamic range. This paper
examines the influence of these parameters of a magnetorheological (MR) damper on the efficiency
of 5/ A control for several control algorithms. One new algorithm has been designed. Hardware-in-
the-loop simulation with a real magnetorheological damper has been used to get close to reality. A
key finding of this paper is that the highest efficiency of algorithms is not achieved with a minimal
damper response time. Furthermore, the force drop response time has been more important than the
force rise response time. The Acceleration Driven Damper Linear (ADD-L) algorithm achieves the
highest efficiency. A reduction in vibration of 34% was achieved.

Keywords: hardware-in-the-loop; Acceleration Driven Damper; response time; dynamic range;
check for

updates semi-active; magnetorheological; damper; railway vehicle; lateral vibration

Q1: What damper force response time and dynamic range are acceptable for S/A control?
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QUESTION 2

Q2: How does the material and geometry of the MR damper magnetic circuit
affect force response time and dynamic range?

H2:
The highest electrical resistivity fs[::] pesired 1eree '[j‘]
— the shortest response time. i [ : y
The highest magnetic saturation 83.2% g 2
—> the highest dynamic range e o8
Shape approach o b Response | :'4
—> 5 times shorter response time Initial forczeS: | | |
5 0o 5 10 15 20 25 T[ms]

How to achieve
acceptable damper
behaviour?
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MATERIALS AND METHODS

| AN
gap -
coil L \/ s
piston rod  Immmmmmm—e |«
‘ RIS S TITTTTI T S|s
bobbin n %
va il
outer TRRSSSS SN
cylinder _— 37
416

Q2: What is the effect of the material and the shape approach?

How to achieve
acceptable damper
behaviour?

26/42 k
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How to achieve
acceptable damper
behaviour?

MATERIALS AND METHODS

Material approach Shape approach

for materials with low electrical resistivity

Material Electrical Magnetic

grooved core and cylinder of damper piston
grooves intersect the flow of eddy curents

resistivity saturation (T)
(10¢ Q-m)

11SMn30 — cutting steel 0.17 1.9 = final variant was selected using FEM analysis
N87 ferrite — iron oxide 10,000,000 0.5
Sintex SMC — soft 2800 1.45
magnetic composites
AlSI 420A — stainless steel 0.5 1.6
Pure iron — SLM 0.13 1.7
Vacoflux 50 — CoFe alloy 0.42 2.35
Eddy currents Eddy currents
il AN H
gp 5
co‘il S I % ||
pistonrod S—o——————————— e R Slal
bobbin \PL/ °1°
. - outer SN SN 27/42 INSTITUTE OF MACHINE
Q2: What is the effect of the material and the shape approach? cylinder 2L AND INDUSTRIAL DESIGN




How to achieve

MATERIALS AND METHODS T

Material approach Shape approach

for materials with low electrical resistivity

e BRG] Magnetic = grooved core and cylinder of damper piston
resistivity saturation (T) _

(10 Q-m) = grooves intersect the flow of eddy curents
11SMn30 — cutting steel 0.17 1.9 = final variant was selected using FEM analysis
N87 ferrite — iron oxide 10,000,000 0.5

Sintex SMC — soft 2800 1.45
magnetic composites
AISI 420A — stainless steel 0.5 1.6
Pure iron — SLM 0.13 1.7
Vacoflux 50 — CoFe alloy 0.42 2.35

INSTITUTE OF MACHINE
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How to achieve
acceptable damper
behaviour?

MATERIALS AND METHODS

Measuring MR damper dynamic behaviour
load gauge

= Dynamic range and force response time

= pistons => MR damper MR damper ~_

hydraulic
pulsator

— /| —
i = — T
I I v RS IS 9
-.'. H /
. : \

MR valve MR fluid " Floating piston \

Accumulator

L\
29/42 k INSTITUTE OF MACHINE
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How to achieve
acceptable damper
behaviour?

RESULTS AND DISCUSIONS

Damper force response time

and dynamic range 13
. 12 6
= Ferrite and SMC: the shortest -
force response time 0 c
= the highest electric resistivity z 9 -
= bad mechanical properities E - g
= Vacoflux: the highest dynamic range 2 & 3 g
: : . 2 5 =
= the highest magnetic saturation ¢ ) , 8
= 11SMn30 — 6 times shorter 3
force response time by grooves 2 1
1
0 0
. 11SMn30 11SMn30 Vacoflux 50 AlSI420A Pureiron Ferrite N87 Sintex (SMC)
COﬂC|USIOn (solid) (grooved) (solid) (solid) (grooved) (11SMn30 (solid)
= H2: verified Material cylynder)

= Best option: SMC, grooved cutting
steel (11SMn30)

INSTITUTE OF MACHINE
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How to achieve
acceptable damper
behaviour?

RESULTS AND DISCUSIONS

ﬁ’ﬁ materials m\o\py

Article
Novel Approaches to the Design of an Ultra-Fast
Magnetorheological Valve for Semi-Active Control

Zbynék Strecker *, Filip Jenis '(%, Michal Kubik !, Ondfej Machaéek ! and Seung-Bok Choi 2+

Institute of Machine and Industrial Design, Faculty of Mechanical Engineering,

Brno University of Technology, Technicka 2, 616 69 Brno, Czech Republic; Filip.Jenis@vutbr.cz (E].);
Michal Kubik@vutbr.cz (M.K.); Ondrej.Machacek@vutbr.cz (O.M.)

Department of Mechanical Engineering, The State University of New York at Korea (SUNY Korea),
Incheon 21985, Korea

Correspondence: Zbynek.Strecker@vutbr.cz (Z.5.); seungbok.choi@sunykorea.ac.kr (S.-B.C.);

Tel.: +420-541-143-216 (£.5.); +82-10-3109-7329 (5-B.C.)

Abstract: This article presents a list of suitable techniques and materials leading to the design of an
ultra-fast magnetorheological (MR) valve. Two approaches for achieving the short response time are
proposed: (a) by means of material, and (b) by means of the shape. Within the shape approach, the
revolutionary technique of 3D metal printing using a selective laser melting (SLM) method was tested.
The suitability of the materials and techniques is addressed based on the length of the response
time, which is determined by the FEM. The simulation results determine the response time of the
magnetic flux density on the step signal of the current. Subsequently, the response time is verified
by the measurement of the simple magnetorheological valve. The following materials were tested:
check for martensitic stainless steel AISI 420A (X20Cr13), cutting steel 11SMn30, pure iron for SLM, Sintex SMC
updates STX prototyping material, ferrite N87, and Vacoflux 50. A special technique involving grooves was

Citation: Strecker, Z.; Jeni, E; used for preventing eddy currents on materials with a high electrical conductivity. The simulation

Kubik, M.; Machagek, O; Choi, S.-B. and experimental results indicate that a response time shorter than 2.5 ms can be achieved using
Novel Approaches to the Design of materials such as Sintex SMC prototyping, ferrite N87, and grooved variants of metal pistons.

an Ultra-Fast Magnetorheological

Valve for Semi-A ctive Control. Keywords: magnetorheological valve; response time; eddy currents; magnetic simulations;
Materials 2021, 14, 2500. https:/ / SMC material

doi.org/10.3390/ma14102500
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QUESTION 3

Q3: Will the permanent magnet in the MR valve affect the response
time of the MR damper? Will the response time of the force rise and
force drop be different?

H3: Permanent magnet don‘t affect generation of the magnetic field
in the magnetic circuit. Response time of the force rise will be
slower than the response time of the force drop.

16000
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12000 |

10000

8000

Force [N]
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What to do in the
case of a power
failure?

Fao .
Tgp = 22.8 ms

Tgz = 7.8 MS
.. boee ! P PP )
-5 0 5 10 15 20 25 30 35 40
Time [ms]
.
Ty =4.5MS

Typ=11.9 ms

Time [ms]

Kubik, 2011
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MATERIALS AND METHODS

= two neodymum magnets B B
mag  fai

in the magnetic circuit

]

Core Cylinder

Bfail = Bmag
Bax = Bmag + Beoir

Bmin = Bmag — Beoir

Magneft Coil

Q3: What is the effect of the permanent magnet in the fail-safe MR damper?

B coil

What to do in the
case of a power
failure?

Bnluy Bmax

/

33/42 k
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What to do in the

MATERIALS AND METHODS e

Measuring MR damper dynamic behaviour
load gauge

= Dynamic range and force response time

= pistons => MR damper MR damper ~_

hydraulic
pulsator

— /| .
i = — T
I I v RS IS 9
-.'. H /
. : \

MR valve MR fluid " Floating piston \

Accumulator
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What to do in the
case of a power
failure?

RESULTS AND DISCUSIONS

Damper dynamic behaviour

= fail-safe force is 1/3 of on-state force 2500 -

= dynamic range of 8.5 2000 On-state: 2A
1500 ¥
1000 %
500 1

Fail-safe state: OA

!

F(N)
o
l

500 F
-1000
-1500

Off-state: -2A

-2000  Fie
_2500:||||=||||=||||=||||=||||=||||=||||=||||
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What to do in the
case of a power
failure?

RESULTS AND DISCUSIONS

Damper dynamic behaviour

= fail-safe force is 1/3 of on-state force

12
= dynamic range of 8.5 11
: @ 10 :
= acceptable response time E g with magnet w/o0 magnet
b]
= forcerise is faster than forcedrop £ g
4b]
—> H3: falsified § 6
a b5
72]
o 4
2500 § Q3
2000 } =
1500 uc_} 2
1000 + [Fail-safe state: DA 1 - -
500 - 0
? _502 s 5 off 7 fail fail ™ off fail /1 on on N fail off Zion on N off
1000 1
-1500 -
-2000
—2500:""i""i""i""i""i""i""i""
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RESULTS AND DISCUSIONS

H3.2: Cutting steel without grooves was used, which causes
excessive eddy current development and a longer response
time. And in combination with the permanent magnet effect
it probably causes this behaviour.

The response time could behave as hypothesis H3 — the force
drop could be faster than the force rise if the cutting steel
was grooved or if the magnetic circuit was made of a material
more resistant to eddy currents, such as SMC.

Q3: What is the effect of the permanent magnet in the fail-safe MR damper?
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Abstract

The significant problem of magnetorheological (MR) dampers is their poor fail-safe ability. In
the case of power supply failure, the damper remains in a low damping state which is dangerous
for several technical applications. This can be solved by accommodating a permanent magnet to
the magnetic circuit of the damper. Currently, the MR dampers are used in progressive
semiactive (S/A) control of suspension systems. The dynamics (force response time) of the
damper is an important parameter that affects the performance of S/A control. The main goal of
this paper is to introduce the dynamic behavior of MR damper with a permanent magnet. The
damper design with the permanent magnet in the magnetic circuit, transient magnetic simulation
including magnetic hysteresis and eddy currents, and experiments are presented. The magnetic
field response time and MR damper force response time are measured and also determined from
magnetic simulation. The permanent magnet significantly influences the MR damper dynamics.
The decrease of the damping force from a fail-safe state—medium damping to off-state—low
damping is significantly faster (2 ms, —1 A) than the increase to on-state—high damping (12 ms,
1 A). The exact value is depending on the electric current magnitude and piston velocity. The
damper achieved fail-safe damping force approximately 1/3 of the maximum damping force.
The exact value of the fail-safe force is magnetization history-dependent. The maximum
dynamic force range is 8.5 which is comparable with the common design of MR damper.

Keywords: magnetorheological valve, MR damper, response time, permanent magnet, fail-safe,
transient response, damper dynamics
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CONCLUSION
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= Fail-safe damper is applicable
for S/A control

Coil

It is possible to design an MR damper

for efficient control of the railway bogie
INSTITUTE OF MACHINE
39/42 k AND INDUSTRIAL DESIGN



How to achieve
acceptable damper

What dynamic
parameters damper

What to do in the
case of a power

LIST OF PUBLICATIONS

must have? behaviour? failure?
Papers published in journals with impact factor
= JENIS, Filip; KUBIK, Michal; MICHALEK, Tomas$; STRECKER, Zbyné&k; ZACEK, Jifi; MAZUREK, Ivan. Effect of the magnetorheological E actuators
damper dynamic behaviour on the rail vehicle comfort: hardware-in-the-loop simulation. Actuators, 2023, 12(47), 1-14. (IF 2.6)
- Vs 7w ./ Ld
= STRECKER, Zbynék; JENIS, Filip; KUBIK, Michal; MACHACEK, Ondrej; CHOI, Seung Bok. Novel Approaches to the Design of an Ultra- .’:'..i- materials

Fast Magnetorheological Valve for Semi-Active Control. Materials, 2021, 14(10), 1-20. (IF 3.4)

= JENIS, Filip; KUBIK, Michal; MACHACEK, Ondfej; SEBESTA, Karel; STRECKER, Zbynék. Insight into the response time of fail-safe
magnetorheological damper. Smart Materials and Structures, 2020, 30(1), 1-13. (IF 4.1) and Structures

a
I

= JENIS, Filip; MICHALEK, Tomas; KUBIK, Michal; HABA, Ale$; STRECKER, Zbynék; ZACEK, Jifi; MAZUREK, Ivan. Semi-active yaw
dampers in locomotive running gear: New control algorithms and verification of their stabilising effect. Journal of Vibration and Control, 2024.
(IF 2.6)

= JENIS, Filip; MICHALEK, Tomas; KUBIK, Michal; STRECKER, Zbynék; SLAPAK, Jifi; MAZUREK, Ivan. The Influence of Semi-actively T
Controlled Magnetorheological Bogie Yaw Dampers on Guiding Behaviour of a Railway Vehicle in an S-Curve: Simulation and On-track test.
Proceedings of the Institution of Mechanical Engineers, Part F: Journal of Rail and Rapid Transit. 2024 (IF 2.2)

Journal of Vibration and Cantrol

= ZACEK, Jifi; SEBESTA, Karel; MOHAMMAD, Housam; JENIS, Filip; STRECKER, Zbynék; KUBIK, Michal. Experimental Evaluation of E actuators
Modified Groundhook Car Suspension with Fast Magnetorheological Damper. Actuators, 2022, 11(12), 1-14. (IF 2.6)

= KUBIK, Michal; VALEK, Josef; ZACEK, Jifi; JENIS, Filip; BORIN, Dmitry; STRECKER, Zbyn&k; MAZUREK, Ivan. Transient response of

}mart Materials |

magnetorheological fluid on rapid change of magnetic field in shear mode. Scientific Reports, 2022, 12(1), 1-10. (IF 4.6) and Structures
= KUBIK, Michal; SEBESTA, Karel; STRECKER, Zbynék; JENIS, Filip; GOLDASZ, Janusz; MAZUREK, Ivan. Hydrodynamic response time SCIENTIFIC
of magnetorheological fluid in valve mode: model and experimental verification. Smart Materials and Structures, 2021, 30(12), 1-13. (IF 4.1) REPORTS
- , P natureresearch
= ROUPEC, Jakub; JENIS, Filip; STRECKER, Zbynék; KUBIK, Michal; MACHACEK, Ondfej. Stribeck Curve of Magnetorheological Fluid _L/ .
within Pin-on-Disc Configuration: An Experimental Investigation. Materials, 2020, 13(20), 1-11. (IF 3.4) /g",'-,,i materials
e

12 papers in conference proceedings

INSTITUTE OF MACHINE
40/42 k AND INDUSTRIAL DESIGN



FOLLOW UP RESEARCH

MR damper for raiway vehicle
= grooved cutting steel 11SMn30

= dynamic range of 25 - 8.5
= response time t=7.8 ms
(Guo 2015, 300 ms)

= suitable for use on a railway vehicle!
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MR lateral and vertical
damping system

= real vehicle

= modified Shykook linear

= comfort increased up to 34%
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