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 Developing high-speed rail in the world

 ecological, economical
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 Developing high-speed rail in the world

 higher speeds

maintain safety, stability

 passenger comfort

reduce carbody vibration

 increased demands on the suspension

MOTIVATION

Unstable ride youtube.com/DFJP
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 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

MOTIVATION
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𝝉

MAGNETORHEOLOGICAL DAMPER

MR damper dynamic behaviour

Force response time Dynamic force range
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ISSUES TO SOLVE

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?

Motivation: improve running behaviour using semi-active dampers
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Shin et al.

 simple real model

 67% comfort
improve (natural 
frequency)

Hudha et al.

 simulations

 39% comfort
improve

Spelta et al.

 simple real model

 34% comfort
improve

Sumary:

 lateral dampers

 Skyhook

 comfort improve

approx. 40 %

 not verified on real

vehicle

 response time neglected 

or unstated 

 unknown influence     

of damper dynamic

behaviour

2011 2012 2014

SEMI-ACTIVE DAMPING

1973

Karnopp et al.

 design of
control strategy
Shyhook

What dynamic

parameters damper

must have?

What to do in the 

case of a power 

failure?

How to achieve 

acceptable damper

behaviour?
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MAGNETORHEOLOGICAL DAMPER
What dynamic

parameters damper

must have?

How to achieve 

acceptable damper

behaviour?

2014 2015

Strecker et al.

 exp. trolley

 𝜏 = 9 ms

 dr = 9

Guo et al.

 railway damper

 𝜏 = 300 ms

 dr = 6

What to do in the 

case of a power 

failure?

Strecker, 2018 (modificated)
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MAGNETORHEOLOGICAL DAMPER
What dynamic

parameters damper

must have?

How to achieve 

acceptable damper

behaviour?

2014 2015

Strecker et al.

 exp. trolley

 𝜏 = 9 ms

 dr = 9

Guo et al.

 railway damper

 𝜏 = 300 ms

 dr = 6

What to do in the 

case of a power 

failure?

Strecker, 2018 (modificated) Machacek, 2017 (modificated)

Skyhook 𝝉 = 0 ms

Skyhook 𝝉 = 4 ms

 unknown acceptable values for railway suspension
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Eddy current

sciencefacts.net

MAGNETORHEOLOGICAL DAMPER
What dynamic

parameters damper

must have?

How to achieve 

acceptable damper

behaviour?

What to do in the 

case of a power 

failure?
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Material approach X Shape approach

MAGNETORHEOLOGICAL DAMPER
What dynamic

parameters damper

must have?

How to achieve 

acceptable damper

behaviour?

What to do in the 

case of a power 

failure?

magneticsmag.com
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Kubík et al.

 external MR valve

 feritte (iron oxid)

 𝜏 = 4 ms, dr = 8

Choi et al.

 grooved

 𝜏 = 2 ms

 dr = 2.5

2017 2019

MAGNETORHEOLOGICAL DAMPER

2014 2015

Strecker et al.

 exp. trolley

 𝜏 = 9 ms

 dr = 9

Guo et al.

 railway damper

 𝜏 = 300 ms

 dr = 6

What dynamic

parameters damper

must have?

How to achieve 

acceptable damper

behaviour?

Sumary:

 unknown influence      

of different materials

and shapes of magnetic

circuit on damper

dynamic behaviour

What to do in the 

case of a power 

failure?
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FAIL-SAFE MR DAMPER
What dynamic

parameters damper

must have?

How to achieve 

acceptable damper

behaviour?

Power failure low damping        dangerous situation (derailment)

Fail-safe mode is required

What to do in the 

case of a power 

failure?
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FAIL-SAFE MR DAMPER

Power failure low damping        dangerous situation (derailment)

Fail-safe mode is required

What dynamic

parameters damper

must have?

How to achieve 

acceptable damper

behaviour?

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

2007

Sumary:

 permanent magnet                   

in piston core

 fail-safe force –

1/3 of max. force

 unknown damper

dynamic behaviour

2010 2011

What to do in the 

case of a power 

failure?
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LACK OF KNOWLEDGE

Influence of damper dynamic behaviour

on S/A control efficiency

Influence of different materials and 

shapes of magnetic circuit on damper

dynamic behaviour

Dynamic behaviour of MR damper

with permanent magnet

?

?

?
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Q3: Will the permanent 

magnet in the MR damper

affect the response time?

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 questions:

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?
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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.

QUESTION 1
What dynamic

parameters damper

must have?

How to achieve 

acceptable damper

behaviour?

What to do in the 

case of a power 

failure?

Skyhook 𝝉 = 0 ms

Skyhook 𝝉 = 4 ms
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MATERIALS AND METHODS

Vehicle model

 lateral movement of railway vehicle suspension

 2 degrees of freedom

 1 wheelset, ½ of bogie frame, ¼ of vehicle carbody

 kinematic excitation 𝑦0, straight track, 160 km/h

 1:5 scale

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

vehicle

carbody 

bogie

frame

wheelset

Parameter Symbol Original 1:5 scale

½ bogie frame weight m1 5000 kg 1000 kg

¼ 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 kN/mm 0.2 kN/mm

wheelset-bogie frame bond damping c1 10 kNs/m 2 kNs/m

S/A damper

What dynamic

parameters damper

must have?

How to achieve 

acceptable damper

behaviour?

What to do in the 

case of a power 

failure?
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Hardware-in-the-loop simulation

 real damper on pulsator

 virtual model on dSpace

MATERIALS AND METHODS

What dynamic

parameters damper

must have?

How to achieve 

acceptable damper

behaviour?

What to do in the 

case of a power 

failure?

Q1: What damper force response time and dynamic range are acceptable for S/A control?
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MATERIALS AND METHODS

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

What dynamic

parameters damper

must have?

How to achieve 

acceptable damper

behaviour?

What to do in the 

case of a power 

failure?

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

 ideal force response time about

𝝉 = 8 ms

 suitable to increase

dynamic range above 7.6

 H1: verified

RESULTS AND DISCUSIONS
What dynamic

parameters damper

must have?

How to achieve 

acceptable damper

behaviour?

What to do in the 

case of a power 

failure?

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

 ideal force response time about

𝝉 = 8 ms

 suitable to increase

dynamic range above 7.6

 H1: verified

RESULTS AND DISCUSIONS
What dynamic

parameters damper

must have?

How to achieve 

acceptable damper

behaviour?

What to do in the 

case of a power 

failure?

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

the shortest response time.

The highest magnetic saturation    

the highest dynamic range

Shape approach

5 times shorter response time

QUESTION 2
What dynamic

parameters damper

must have?

How to achieve 

acceptable damper

behaviour?

What to do in the 

case of a power 

failure?
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Material approach

MATERIALS AND METHODS

Material Electrical
resistivity
(10-6 Ω·m)

Magnetic
saturation (T)

11SMn30 – cutting steel 0.17 1.9

N87 ferrite – iron oxide 10,000,000 0.5

Sintex SMC – soft 
magnetic composites

2800 1.45

AISI 420A – stainless steel 0.5 1.6

Pure iron – SLM 0.13 1.7

Vacoflux 50 – CoFe alloy 0.42 2.35

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

Shape approach

 for materials with low electrical resistivity

 grooved core and cylinder of damper piston

 grooves intersect the flow of eddy curents

 final variant was selected using FEM analysis

What dynamic

parameters damper

must have?

How to achieve 

acceptable damper

behaviour?

What to do in the 

case of a power 

failure?
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Material approach
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Measuring MR damper dynamic behaviour 

 Dynamic range and force response time

 pistons MR damper

MATERIALS AND METHODS

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

What dynamic

parameters damper

must have?

How to achieve 

acceptable damper

behaviour?

What to do in the 

case of a power 

failure?

load gauge

MR damper

hydraulic

pulsator
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Damper force response time

and dynamic range

 Ferrite and SMC: the shortest

force response time

 the highest electric resistivity

 bad mechanical properities

 Vacoflux: the highest dynamic range

 the highest magnetic saturation

 11SMn30 – 6 times shorter

force response time by grooves

Conclusion

 H2: verified

 Best option: SMC, grooved cutting

steel (11SMn30)

RESULTS AND DISCUSIONS

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

What dynamic

parameters damper

must have?

How to achieve 

acceptable damper

behaviour?

What to do in the 

case of a power 

failure?
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Damper force response time

and dynamic range

 Ferrite and SMC: the shortest

force response time

 the highest electric resistivity

 bad mechanical properities
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Q2: What is the effect of the material and the shape approach?
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Kubík, 2011

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.

What dynamic

parameters damper

must have?

How to achieve 

acceptable damper

behaviour?

What to do in the 

case of a power 

failure?

τ63 = 7.8 ms

τ36 = 4.5 ms
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MATERIALS AND METHODS

 two neodymum magnets

in the magnetic circuit

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

𝐵𝑓𝑎𝑖𝑙 = 𝐵𝑚𝑎𝑔

𝐵𝑚𝑎𝑥 = 𝐵𝑚𝑎𝑔 + 𝐵𝑐𝑜𝑖𝑙

𝐵𝑚𝑖𝑛 = 𝐵𝑚𝑎𝑔 − 𝐵𝑐𝑜𝑖𝑙

What dynamic

parameters damper

must have?

How to achieve 

acceptable damper

behaviour?

What to do in the 

case of a power 

failure?
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MATERIALS AND METHODS

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

What dynamic

parameters damper

must have?

How to achieve 

acceptable damper

behaviour?

What to do in the 

case of a power 

failure?

Measuring MR damper dynamic behaviour 

 Dynamic range and force response time

 pistons MR damper

load gauge

MR damper

hydraulic

pulsator
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Damper dynamic behaviour

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

 dynamic range of 8.5

RESULTS AND DISCUSIONS

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

What dynamic

parameters damper

must have?

How to achieve 

acceptable damper

behaviour?

What to do in the 

case of a power 

failure?
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Damper dynamic behaviour

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

 dynamic range of 8.5

 acceptable response time

 force rise is faster than force drop

H3: falsified

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

RESULTS AND DISCUSIONS
What dynamic

parameters damper

must have?

How to achieve 

acceptable damper

behaviour?

off ↗ fail fail ↘ off fail ↗ on         on ↘ fail off ↗on            on ↘ off

with magnet w/o magnet

What to do in the 

case of a power 

failure?
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Damper dynamic behaviour

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

 dynamic range of 8.5

 acceptable response time

 force rise is faster than force drop

H3: falsified

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

RESULTS AND DISCUSIONS
What dynamic

parameters damper

must have?

How to achieve 

acceptable damper

behaviour?

with magnet w/o magnet

off ↗ fail fail ↘ off fail ↗ on         on ↘ fail off ↗on            on ↘ off

What to do in the 

case of a power 

failure?

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.
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Damper dynamic behaviour

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

 dynamic range of 8.5

 acceptable response time

 force rise is faster than force drop

H3: falsified

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

RESULTS AND DISCUSIONS
What dynamic

parameters damper

must have?

How to achieve 

acceptable damper

behaviour?

with magnet w/o magnet

off ↗ fail fail ↘ off fail ↗ on         on ↘ fail off ↗on            on ↘ off

What to do in the 

case of a power 

failure?
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 Ideal response time 𝜏 = 8 ms               

dynamic range above 7.6

 Best option of magnetic circuit:           

grooved cutting steel, SMC

 Fail-safe damper is applicable

for S/A control

It is possible to design an MR damper 

for efficient control of the railway bogie

CONCLUSION
What dynamic

parameters damper

must have?

How to achieve 

acceptable damper

behaviour?

What to do in the 

case of a power 

failure?
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12 papers in conference proceedings

What dynamic

parameters damper

must have?

How to achieve 

acceptable damper

behaviour?

What to do in the 

case of a power 

failure?
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MR damper for raiway vehicle

 grooved cutting steel 11SMn30

 dynamic range of 25 – 8.5

 response time 𝜏 = 7.8 ms

(Guo 2015, 300 ms)

 suitable for use on a railway vehicle!

FOLLOW UP RESEARCH
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MR lateral and vertical

damping system

 real vehicle

 modified Shykook linear

 comfort increased up to 34% 

(EN 12299)

FOLLOW UP RESEARCH
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