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Abstract

Vibration and impact protection have been a popular topic in research fields, which could
directly affect the passengers’ and drivers’ comfort and safety, even cause spines fracture.
Therefore, an increasing number of vehicle suspensions and aircraft landing gears are
proposed and manufactured. Magnetorheological fluids (MRFs), as a smart material, are
growly applied into the above device owing to its unique properties such as fast response,
reversible properties, and broad controllable range, which could improve the
vibration/impact mitigation performance.

MRF was utilized to achieve adaptive parameters of the vehicle suspensions by
controlling the magnetic field strength of the MRF working areas. Generally, the
magnetic field is provided by a given current, subsequently, it would consume massive
energy from a long-term perspective. Thus, a self-powered concept was applied as well.
This thesis reports a compact stiffness controllable MR damper with a self-powered
capacity. After the prototype of the MR damper, its property tests were conducted to
verify the stiffness controllability and the energy generating ability using a hydraulic
Instron test system. Then, a quarter-car test rig was built, and the semi-active MR
suspension integrated with the self-powered MR damper was installed on a test rig. Two
controllers, one based on short-time Fourier transform (STFT) and a classical skyhook
controller was developed to control the stiffness. The evaluation results demonstrate that
the proposed MR damper incorporated with STFT controller or skyhook controller could
suppress the response displacements and accelerations obviously comparing with the
conventional passive systems.

Landing gears, gun recoil systems, are generally employed to mitigate the impacts during
crash landing events or the gun recoils in wars, protecting human being from spine

fractures and devices from structural failures. Similar to the vehicle suspensions, both the



passive and active landing gears have them inherit limitations. Therefore, MR dampers
are applied in semi-active landing gears which could adapt to various impacts. For
conventional MR damper, the MRF is normally accommodated in two chambers
connected by a narrow bypass and a piston. When shocks occur, the piston will push the
MREF into another chamber to mitigate the impact. Nevertheless, this design requires
massive MRF. Besides, if the impact velocities are too large, the velocity of the MRF in
the bypass will be excessive large due to a huge pressure difference, which will trigger
an enormous damping force, being detrimental to passengers and the aircrafts. Therefore,
an MR damper with a novel structure was proposed in this thesis. The unique structure
design reduces the use of MRF, while avoiding the risk of excessive MRF speed.
Additionally, a control algorithm was proposed to be applied on the new MR damper to
obtain a stable damping force under different impact velocities and scenarios. The
experimental results illustrate that the new damper could offer a stable damping force

over the sink rate from 2m/s to 5m/s.
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Chapter 1

Introduction

1.1 Research Background and Motivation

Suspension of vehicle systems supports the whole weight of the vehicle, offers the ability
of directional control during maneuvering and also provides the ability to reduce the
vibration generated by the road disturbances. Therefore, suspension of vehicle is a key
component that has great influence on the performance of vehicle. In addition, a classical
suspension of vehicle consisted of two parts: a spring and a damper [1]. The suspension
dissipates energy by the damper and stores energy in the spring. Usually, the process of
energy dissipation may lead uncomfortable or harsh ride, although it is helpful for the
stability of vehicle. The demand to decrease the negative effect of the process has
promoted the development of many advanced suspensions. Controllable suspension
system is reckoned as a promising way of optimizing the compromise between the
handling of the vehicle and the ride comfort [2].

Particularly, active and semi-active vehicle suspensions are two typical intelligent
suspensions which are controllable to improve the ride comfort and the handling of the
vehicle. Although active suspension may reduce vibration more, the disadvantages of
possible instability, complex control algorithms, and large power consumption limit its
common use [3-6]. More interest has recently been given to the semi-active vehicle
suspension because it requires less power, uses cheaper hardware, and has sufficiently
good performance. In fact, a great deal of research on semi-active control of vehicle
suspensions has already been reported. The semi-active vehicle suspension offers both
the stability of the uncontrollable passive suspension system and the effective control

performance of the active suspension without the need of large energy consumption [7-



9].

Magnetorheological (MR) fluid, which can be reversibly changed its rheological
characteristics such as plasticity, elasticity and viscosity by the application of a
controllable magnetic field, has been widely employed in the field of vibration control
[10-13]. MR fluid is significantly fast responsive to magnetic field, with an estimated
time of the response which is less 10 ms [14, 15], and needs relatively low energy to
support. In recent years, MR fluid is used for the MR damper as a working liquid
becoming one of the most promising components for semi-active vehicle suspensions
[16-18], due to excellent dynamical features of MR fluid such as large yield stress, fast
response, low power consumption, and robust characteristics within various
environments. However, the MR damper still requires external energy supply to assure
the generation of magnetic field for the MR fluids, though the external power
consumption is relatively small and approximately several watts for one MR damper.
While considering there are at least four MR dampers in one car during their long-time
operation, the total consuming energy cannot be ignored. It will add the fuel consumption
of the vehicles. Additionally, the external power cables will also reduce the reliability of
vibration control system [19]. Hence, many researchers investigated the potential
harvesting energy if all potential power is regenerated by suspension vibration. The
simulation performed by Segel and Lu [20] demonstrated that approximately 200W of
power is dissipated by four dampers when a passenger car is running on a road.
Additionally, the self-powered MR damper has exhibited promising features and studied
by some researchers currently [13, 21-25].

Besides self-powered MR dampers mentioned above, variable stiffness MR vehicle
suspension is an innovative semi-active vibration control systems and performs better

than constant stiffness controllable system [26]. Many research have been carried out to



develop the concept of the controllability of variable MR vehicle suspension [27, 28].
Although the better performance of the variable stiffness has been proved, compact
devices capable of self-power generation and varying stiffness for practical applications
have rarely been researched and manufactured.

Based on this motivation, this work proposes a new stiffness variable MR vehicle
suspension with self-power generation capability. The performance of the self-powered
vehicle suspension on vibration attenuation has been evaluated on a quarter car test rig.
The vibration reduction evaluation of the self-powered vehicle suspension is evaluated
under two kinds of excitations, i.e. harmonic excitation and random excitation. The
experimental results indicate that the self-powered vehicle suspension outperforms the
uncontrolled suspension and the commercialized suspension, which verified its capability

for providing better ride comfort.

1.2 Research Objectives and Aims

To clarify the main aims of this research, the specific objectives are as follows:

e Design and prototype an MR vehicle suspension which could provide a variable
stiffness and self-power generation capability.

e Optimise the stiffness variable MR vehicle suspension with self-powered
generation capacity to be suitable for both on-road and off-road situation.

e Evaluate the optimized suspension on a quarter car test rig under two kinds of
excitations, i.e. harmonic excitation and random excitation.

e Design and manufacture a landing gear integrated with a novel MR damper to
achieve a less velocity dependent property.

o Evaluate the shock mitigation performance under various impact velocities of the

MR landing gear combined with a bang-bang current control algorithm.



1.3 Novelty and Significance

This thesis focuses on shock and vibration mitigation based on MR devices. Regarding
the vibration mitigation part, a unique integration of self-generated capacity and stiffness-
variable property was proposed. In addition, STFT control algorithm was employed in
the proposed MR device (MR vehicle suspension) to improve the mitigation performance
further. The entire combination of the MR devices and control methods is innovative in
vibration mitigation field. In relation to the shock suppression, an MR damper which
features a novel structure was prototyped, which provides another original alternative to

achieve stable force during variable shocks used in vehicles or aircrafts.

1.4 Outline

This thesis consists of six chapters. Chapter 1 briefly introduces the research background
and motivation, objectives, theisi scope, and the outline.

Chapter 2 presents a literature review which is generally divided into 9 parts. The first
part introduces the smart material, MR fluids, that are utilized in this thesis. The working
principle, working modes, and the proposed models to predict the mechanical properties
are introduced. The second part details the damper based on MRF, and the classification
according to different standards are listed in detail for illustration. The third part
introduces the semi-active vehicle suspensions integrated with MR dampers, which is the
focus of the Chapter 3 and 4 in this thesis. Then, the fourth part explains the principle of
the self-powered techniques employed in MR damper, this technique is also utilised in
this thesis. The work of helicopter landing gears is introduced in the fifth part from the
passive landing gear to the semi-active ones, various control algorithms are applied on
the landing gears as well. From the sixth part to eighth part, massive commonly used
control strategy is described. The last part is a summary for the literature review.

Chapter 3 focuses on the fabrication of the new MR damper with controllable stiffness.

4



First of all, the mathematical models of the MR damper were built, and the magnetic field
simulation was conducted to validate the feasibility of the self-powered concept and the
controllable stiffness. After the fabrication of the MR damper, property tests were
conducted to further prove the above desirable properties.

Chapter 4 described the investigations based on the stiffness-controllable MR damper
peoposed in Chapter 3, mainly to verify the feasibility of the MR damper in the real
scenarios. First and foremost, the new MR damper was assembled on a quarter-car test
rig. Then the transmissibility of different working modes of the suspension was measured
by giving a sweep sinusoidal signal. That helped to adjust the stiffness of the system to
avoid the resonance. In addition, a designated random vibration signal was employed to
simulate the road excitations. The road test was conducted under several cases, the passive
mode, the continuous self-powered mode, the skyhook controller (switch the on/off state
of the self-powered component) mode, and the STFT mode. By the comparison of the
experimental results under different working mode, the effectiveness of the control
algorithm is verified. Moreover, an improvement based on skyhook controller is
discussed for further study.

Chapter 5 proposed a novel linear multiple coils MR damper which could be employed
on aircraft and helicopter landing gears. After designing the structure of the MR damper,
the magnetic field simulation was built to validate that the given current could activate
the MRF. Then, by employing the MTS tension and compression system, the property
tests were conducted. In addition, for a fixed current, the relationship between peak
damping force and impact velocities was obtained, the results show that the peak damper
force increases as the impact velocities enlarge. To obtain a stable peak force under
various shock velocities. A control method based on bang-bang current control was

developed with an adjustable control gain. By multiple experiments, the control gain for



different impact velocities was attained. The new MR damper integrated with the
proposed control algorithm was validated to be effective and efficient.
Chapter 6 summarized the main findings of this thesis and discuss the future work in this

research field.



Chapter 2

Literature Review

Suspension of vehicle is a key component that has great influence on the performance of
vehicle. For conventional passive suspensions of vehicle with constant parameter values,
it is difficult to meet all the demand of different road disturbance, meanwhile for
conventional active suspensions, the disadvantages of possible instability, complex
control algorithms, and large power consumption limit their common use. With the
development of automobile industry and the enhancement of customer demand, the semi-
active technology applied on vehicle suspension is increasingly becoming wider,
especially the application of magnetorheological technology with variable stiffness.
However, the MR Suspension still requires external energy supply to assure the
generation of magnetic field. Hence, many researchers investigated the potential self-
powered MR suspensions if all potential power is regenerated by suspension vibration.
This chapter reviews the studies related to the MR semi-active vehicle suspension system
with variable stiffness and regeneration energy capacity, including MR material, device
structure, energy-regenerative technology, and corresponding control strategies.

Compared with the vertical vibration caused by uneven roads that the vehicle suspensions
experience, the vertical impacts, for example, crash landings of the helicopters, is worth
investigating and discuss as well. Various landing gears are proposed in recent years,
nevertheless, the impact mitigation capacity of the passive landing gears are limited due
to the fixed parameters once manufactured. Therefore, MR technique has been

increasingly applied into the landing gear systems.

2.1 Magnetorheological (MR) fluid materials

Magnetorheological (MR) fluid is unraveled by Jacob Rabinow in 1948 as a class of



““smart fluid”’, due to its capability of producing MR effect widely employed to control
vibration [29]. The MR effect is basically discovered as a significant change of MR fluid’s
yielding shear stress continuously controlled by the intensity of magnetic fields. MR fluid
consisted of micron magnetic particles such as iron or cobalt particles, and carrier fluid
as well such as silicone oil or hydraulic oil [30, 31]. When magnetic field is unapplied,
the magnetic particles such as iron or cobalt particles in MR fluid can move easily and
smoothly, as shown in Figure 2.1(a). However, when exposed to the application of
magnetic field, the magnetic particles could not move freely and restrictedly form a chain-
like structure along with the line of magnetic induction. Actually, in this case, the
magnetic particles are polarized and then attracted one to another along with the line of
magnetic field, as illustrated in Figure 2.1(b). Specifically, MR fluid is able to change
from a free-flowing liquid state into a semisolid state with restricted fluid movement in
significantly fast response (an estimated time of the response which is less 10 ms) when
under an application of magnetic field. Hence, comparing to conventional materials, MR
fluid can present rheological transition and viscoelastic properties within milliseconds
under the application of magnetic field with the help of its soft morphology and
controllable rheology. Additionally, the energy consumption for semi-solid state of MR
fluid is not a concern since MR fluid is able to reach high yield stress (50 kPa or more)
with a magnetic field that can easily be created by an electromagnet applied at modest

current and relative low voltage (1-2 A and 2-24 V).



(a) (b)

Figure 0.1 State variation of MR fluid (© 2005 Lord Corporation).

In free-flowing liquid state, MR fluid exhibits independent behavior of magnetic field
with the plastic viscosity determined by the viscosity of the carrier fluid and micron
magnetic particles volume fraction. In the semisolid state, MR fluid exhibits dependent
behavior of magnetic field characterized by the variable yield stress which is dependent
on the strength of applied magnetic field. Only when the shear stress exceeds the yield
shear stress, MRFs come back to free flow state with nearly unchanged plastic viscosity
[32, 33]. In addition, the temperature range of MR fluid’s operation can be pretty large
from -40°C to 150°C [34].

Moreover, based on the significant advantages of MR fluid, MR fluid is widely
employed in rotary brakes, dampers, shock absorbers, clutches, rotary brakes, grinding
devices, polishing and prosthetic devices, and so on. Concretely, all devices using MR
fluid can be categorized in four modes: squeeze, shear, magnetic gradient pinch and valve,
as illustrated in Table 2-1 [35-38]. Particularly, the valve mode is the most widely used
mode for MR fluid, while the shear mode is basically suitable for dampers providing
small forces or in compact brakes and clutches. In some MR fluid devices, two modes of
MR fluid are combined together and applied inside the MR devices at the same. To
develop MR fluid devices, MR fluid model plays a significant role as exact models can

predict the performance of these MR fluid devices. MR fluid establishes nonlinear



behavior when exposing external magnetic fields. Various nonlinear models have been
employed to characterize MR fluid, such as the Biviscous model, the Bingham plastic

model, the and Herschel-Bulkley model, as shown in Table 2-2 [34, 39-44].

Table 0-1 Different types of operation mode

Types of modes Figures References
Shear Magnetic flux Moving Nguyen and Choi (2012)
A A & & plate or wall
| 1 1 ] ?
[35]
MRF Fixed plate or wall
Squeeze

Magnetic flux

Nguyen and Choi (2012)

A
[35, 36] Plates
. . arjoud et al. (2009)
Applied force !
Valve . Magnetic flux Nguyen and Choi (2012)
[35] e

MRF Duct wall or ﬁ;:cd plate
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Pinch mode

pressure

non-magnetic \

i
S|
I[ ;

T

flow

MR-fluid

Avraam (2009) [37]

Table 0-2 Various MR non-linear models

Model name

Equation

Figure

Reference

Bingham plastic
model

[34, 39, 40]

Biviscous model

7 = 7 (Hjsgn(y) + ny.7

>7,7 = Gy, <7,

H = magnitude of applied field

¥ = fluid shear strain rate

sgn{.) = signum function

1 = plastic viscosity (at zero field;
7 = shear stress

7, = yielding shear stress

G = complex modulus of the
material

_ {TY(H) + 7y, |7|>7
Y. |7l<m2
) =n(1-2)

1, and 1) correspond to the
elastic and viscous fluid properties

[34, 39, 41, 42]

Shesrstress (0

Yield stress(r)

11

Shear Jolly et al, (1998).
Wang and Liao (2011),
and Weiss and Duclos
(1994)

slope 1.

Shcarrate(7)

Stanway et al. (1996),
Wang and Liao (2011),
! and Wilson and
siope 1 Thomas (2006)

=y



Herschel-Bulkley 7 = (7, (H) + K|#|"/™)sgn(%) Wang and
model K and m are the fluid parameters Sersusc 2> Beantusn-1)  Gordaninejad (2005),

Z~Z - Shearthinaing (m> 1)

i Choi et al. (2005), and

b Wang and Liao (2011)
[34, 39, 41-44] e [ .

The Bingham model of MR fluid demonstrates and explains the Bingham plastic behavior
of MR fluid. In Bingham model, MR fluid seems to be a rigid body under low stress and
behaves as a viscous and restricted fluid under high stress. The equations of Bingham
model are presented in Table 2-2. In addition, Bingham plastic model can be employed
to explain the post-yield. Nevertheless, Herschel-Bulkley model can be utilized to
interpret shear thinning behavior of the MR fluid [37].

Due to the significant advantages of MR fluid, the MR instrument is increasingly
becoming promising in practical application in many fields, including mechanical
engineering, civil engineering and automotive suspension system. Furthermore, many
MR fluid devices are capable of meeting the demands of real-world applications and are
currently produced in large volumes. For instance, Lord Corporation is the world’s largest
MR fluid devices manufacture, producing MR fluid damper of vehicle suspension, as
presented in Figure 2.2. Based on the development of MR fluid devices, many research
has been carried out to develop the concept of the controllability of variable MR vehicle
suspension. Although the better performance of the variable stiffness has been proved,
compact devices capable of self-power generation and varying stiffness for practical
applications have rarely been researched and manufactured. Therefore, how to design an
effective compact model, which can regenerate energy and vary stiffness to fulfil the
requirement of ride comfort and maneuverability, is an important starting point of the

research. The following are some existing structure designs and applications for MR
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Figure 0.2 MR damper (Avraam, 2009). Model no: RD-8041-1

2.2 MR Damper

Basically, there are different types of MR fluid-based devices such as MR dampers, MR
valve, and MR brake. The MR damper is commonly used in automobile and civil structure.
Based on the movement of piston, MR dampers are categorized into rotary damper and
linear damper. A rotary MR damper provides design compactness and substantial weight
reduction thus requiring compacter room than a linear MR damper for device installation.
Additional, a rotary MR damper also employs a smaller quantity of MR fluid, contributing
significantly for cost reduction. However, linear MR damper has the capability to use
relatively simple structure to change its damping stiffness by varying the magnetic field
strength inside the damper. Coupling with embedded control system, linear MR dampers
have gained popularity and proved its potential to enhance the performance of suspension
systems. Therefore, linear MR dampers for automotive suspension systems are among the
most popular MR fluid devices, as illustrated the details in the fellow part.

2.2.1 Linear MR Damper

An MR damper, which works as a vibration isolator, is a key component of semi-active
vehicle suspension and it can be controlled by applying controllable magnetic field.
Basically, a normal linear MR damper contains a piston rod, a piston head, magnetic coils,

a damper housing, MR fluid, and an air gap. Piston rod coupled with piston head, while
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magnetic coils are wrapped on piston head and then the coil-induced magnetic flux can
flow through the MR fluid, as presented in Figure 2.3 [37]. If external power is applied
to the magnetic coils during the movement of piston head, then it creates a magnetic field
in the gap through which the MR fluid moves and raises the yield stress of the MR fluid
in the circular gap. The increment of the yield stress increases the pressure drop down the
length of the piston head and changes the velocity profile of the MR fluid in the gap.
During the past two decades, the linear MR fluid damper gains significant developments
and there are many different types of linear MR fluid dampers, as shown in Table 2-3
(Figure 2.3- Figure 2.7). Several typical linear MR dampers have comparative advantages,

becoming increasingly popular.

Table 0-3 Classification of MR fluid damper

Based on design and Types Figures
configuration

Parlak et al. (2013) [45] Mono tube Figure 2.3(a)
Avinash et al. (2014) [46] Twin tube Figure 2.3(b)
Wang et al. (2014) [47] Double ended Figure 2.3(c)
Poynor (2001) [48] Hydraulic hybrid Figure 2.3(d)

Based on layout of coils Types Figures
Sohn et al. (2015) [49] Internal coil Figure 2.4(a)
Hong et al. (2015) [50] External coil Figure 2.4(b)

Based on control valve Types Figures

14



Kim et al. (2016c¢) [51] Single flow mode Flow Figure 2.5(a)
mode
Wereley et al. (2007) [52] Shear mode Figure 2.5(b)

Olabi (2012) [53]

Squeeze mode

Figure 2.5(c)

Alghamdi and Yazid et al. Mixed mode Figure 2.5(d)
(2014) [54]
Based on coil stage of the Types Figures
piston
Ali and Ramaswamy Single coil Figure 2.6(a)
(2009) [55]
Hu et al. (2016) [56] Double coil Figure 2.6(b)
Singh and Wereley (2014) Multi coil Figure 2.6(c)
[57]
Based on bypass design Types Figures

Bai et al. (2015) [58]

Inner bypass

Figure 2.7(a)

Alghamdi and Olabi

(2012) [53]

External bypass

Figure 2.7(b)
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Figure 0.3 (a) Mono tube MR damper, (b) twin-tube MR damper,

(c) double-ended MR damper, and (d) hydraulic hybrid.
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Figure 0.4 (a) Internal coil MR damper and (b) external coil MR damper.
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Figure 0.5 (a) Flow mode MR damper, (b) shear mode MR damper, (c) squeeze mode

MR damper, and (d) mixed mode MR damper.
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Figure 0.6 (a) Single coil MR damper, (b) double coil MR damper, and (c) multi coil

MR damper.
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Figure 0.7 (a) Inner bypass MR damper and (b) MR damper with external bypass.

Double-ended structure.

18



A double-ended structure is a special arrangement of elements from the mono-tube
structure, as shown in Figure 2.3 (c). The two sides of the piston rod have the same
diameter and passes through both ends of the double-ended MR damper. This
arrangement can subtract a rod-volume compensator, meanwhile the gas chamber can be
removed, and then as a result no spring effect could be created by itself. Double-ended
MR dampers have been employed for gun recoil applications, impact and shock loading,
and seismic protection [47].

Integrated MR dampers with internal coils.

Figure 2.8 demonstrates an integrated MR damper’s basic schematic structure with
internal coils. The MR control valve is arranged inside the moving piston, and the piston
rod is a hollow structure for coil wires to pass through and separate them from MR fluids.
This sort of MR dampers could conduct in three fluid modes (i.e. mixed mode, using
valve mode and direct shear mode; single flow mode; and multimode, using valve mode,
direct shear mode, and squeeze mode) because of the available relative motion of

magnetic core and outer housing.

Piston Inner Cylinder Annular Orifice
Accumulator
Shaft
Fluid Diaphragm

Seal

Figure 0.8 Schematic structure of integrated MR fluid damper.

Figure 2.9 illustrates the basic schematic structure of a single valve mode integrated MR
damper, employing a fixed annular orifice between an additional inner cylinder and the

magnetic coil bobbin rounded by a Teflon seal in the piston. Due to aluminous outer
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housing, the structure is characterized by high seal requirement but low weight and has

the flux line passing through the inner cylinder in their return path.

Annular Valve
Teflon Seal

\‘<H°llow Shaft

Inner Cylinder \

; -
Magnetic _____»
Body =

Figure 0.9 Schematic structure of valve mode MR fluid damper [59].

Figure 2.10 shows the schematic structure of a mixed-mode—integrated MR damper.
There is an annular gap between the low-carbon steel outer housing and the core bobbin.
This design has less requirements on sealing but relatively increased weight because it

utilizes low-carbon steel outer housing as a part of magnetic circuit [59].

Outer Housing >/
PSS _~
Shaft B
i
/ Y 4 I’\

Magnetic Body

Figure 0.10 Schematic structure of mixed-mode MR fluid damper [59].

Moreover, this mixed-mode—integrated MR damper can be designed and manufactured
as commercially available air cylinder or hydraulic cylinder and an assembled customized
low-carbon steel piston head sleeve coupling with slots and cushion rings [60]. Figure
2.11 presents the structure of a multi-mode MR fluid isolator. The electromagnetic coil

attached to the top elastomer through the linking screw is wrapped around the bobbin.
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During the movement of the top elastomer, the outer cylinder works as a magnetic flux
return for generating valve and shear damping. The squeeze mode damping is produced
by the axial motion of the elastomer and the bobbin that forces radial flow of the fluid in
the gap between the bottom of the bobbin and the outer cylinder. This structure can raise
damping force and reduce unwanted lockup state between small-amplitude excitations,
which often exists in a single-valve-mode MRF isolator, and the magnetic pole gap

against relatively high-frequency [61].

’ﬁTopdisc

/‘ Outer cylinder

Elastomer

Electro-magnetic

coil — Bobbin

Connecting screw MR Fluid chamber

Figure 0.11 Schematic of multimode MR isolator [61].

Basically, integrated MR dampers with internal coils are usually characterized with a
compact structure and good protection of wires. However, due to the internal coil in MR
fluids, inconvenient assemble and maintenances, and inflexible replacement of MR fluid
control valve, the disadvantages of the devices are harsh design requirement, hard heat
dissipation, increased weight of the piston head. Although, it is obvious that most MR
dampers employ the integrated design of piston/valve mono-tube structure as a result of
the efficiency in providing high on-state force and low off-state force in a compact robust
package [62] .

MR dampers with bypass valves.
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The MRF control valve is embedded into the MRF cylinder coupling with a bypass duct,
and the resistant flow is created outside the MRF cylinder as presented in Figure 2.12. In
practical design, the mono-tube or double-ended MRF cylinder is utilized in convenient
conjunction coupling with a bypass duct. It is noticed that the bypass-type MR dampers
are conducted in single-valve mode since the flow channel and outer housing are always
fixed. Additionally, there are bypass-type MR dampers with internal and with external

coils accordingly.

Piston

MR Fluid

Bypass Duct
Coil

Figure 0.12 Schematic of the bypass-type MR fluid damper [59].

Figure 2.13 illustrates single-ended damper and double-ended damper, which are two
different bypass-type MR shock dampers with internal coils for high impulsive force
systems having mostly large stroke and large excitation amplitude such as aircraft landing

gear units, gun recoils [63], and off-road vehicle suspension.
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Figure 0.13 Schematic configurations of the bypass-type MR fluid shock dampers with
internal coils: (a) double-ended MR shock damper and (b) single-ended MR shock
damper. [63].

Figure 2.14 presents a bypass-type MR damper with external coils, containing porous
media and being externally wrapped by a stationary magnetic coil in order to make a
compact energy absorber with the capability of creating large damping force and a wide
force range [64]. The main advantage of bypass-type MR dampers is their simple
structure design and assembly and convenience in maintenance [59]. It is obvious that
according to different application requirements, this facilitates realization of modular
design based on available hydraulic cylinder and not on special modification of
piston/piston rod. Additionally, modular disk— type bypass MRF valves were designed in

order to offer high force in large-scale seismic applications. In full-scale civil engineering,
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three bypass-type MR dampers with different force capacity (2, 20, and 200 kN) were
designed and manufactured [65, 66]. However, the main disadvantage of bypass-type MR
dampers could be its less compact structure and more requirements for wire protection,

compared with the integrated MR damper with internal coils and the hollow piston [60].

(a) (b)

Figure 0.14 Schematic configuration and photo of the porous bypass-type MR fluid
damper with external coils: (a) schematic structure and (b) photo [64].

Multistage piston/coil configurations.

Generally, the force of an MR damper is dependent on the area of the activation region
such as the band-shaped volumes of on-state MR fluid activated by magnetic field. In bid
to raise damping force, increasing the activation region is a way required. Although a
larger size of the activation region can be utilized for MR dampers with a single-stage
piston to increase the damping force, the available damping force cannot be significantly
raised due to strong sensitivity to the fluid gap. Therefore, multistage pistons for MR
dampers are developed, which could be less sensitive to the fluid gap due to an increase
in the area of activation regions that the additional coils create with the same cross-
sectional geometry [48].

Figure 2.15 illustrates a civil engineering applications of a 20-ton high force MR damper
with a multistage piston, in which the electromagnetic coils with a totally approximately

1.5 km of copper wire are wrapped in three sections on the piston, causing in four effective
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activation regions as the fluids flowed past the piston [67].

Magnetic Flux

/
PN\ —=\\ _

Thermal Expansion
Accumulator

Figure 0.15 The prototype MR fluid damper with three-stage piston [67].

Figure 2.16 shows a monotube MR damper (for Ford Expedition in studying roll-over
dynamics) with a two-stage piston, which has the capacity of 185-psi nitrogen
accumulator and 4.1-in total stroke [48, 68]. The multistage piston/coil MR dampers are
often favorable in enlarging damping force under a constraint volume and compensating
for larger gap size in applications [69]. Importantly, some considerations should be noted
in the design of multistage piston MR dampers. Firstly, the coils are alternately wound
such that the magnetic fields are additive and do not cancel each other [48, 70]. Secondly,
parallel connections of electromagnetic coils are preferred to achieve faster response due
to smaller reluctance generated [67]. Thirdly, the increase of achievable damping force
with respect to additional coil could reach a limitation due to magnetic saturation and

volume requirements [71].
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Figure 0.16 Expedition MR fluid damper with two-stage piston [48].

2. 3 Semi-active Vehicle Suspension System

Generally, vehicle suspension can be classified into three modes: passive, active and
semi-active suspension. Although passive system is relatively simple and cost-effective,
this configuration still has a significant limitation that is the damping force cannot be
varable to cope with uncertain disturbances.Additionally, an inevitable vibration can be
encountered and cannot be removed, when the frequencies of the vibration closely reach
the natural resonance frequencies of passive suspension system around 2 Hz [72].

When the suspension system has an external active force generation as a controllable
energy input component, for example electric motor, air pump, and hydraulic pump, it is
called active suspension. Active suspension can vary the damping force between sprung
mass and unsprung mass based on the road disturbances information collected by sensors.
Relatively better control performance can be offered by an active suspension with a wide
frequency range compared to its passive counterpart. To meet the real-time demand, the
active damper is often coupled with a passive damper. Basically, the power consumption
of the whole system can be quite high, about 5-10 kW [73]. Therefore, energy
consumption and expensive hardware cost should be considered when designing the

active suspension system. In contrast to this, the power consumption of the semi-active
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vehicle suspension is around 10-20 W at vehicle speed 25 mph [74]. In addition, semi-
active system can provide both the effective control performance of active system without
high power consumption and the reliability of passive system.

Comparing with active suspension, the semi-active suspension with lower energy
consumption can offer a similar performance of vibration control [75, 76]. Although the
concept and actual real-world application of semi-active suspension is later than active
one, it has been considered as the most widely utilized controllable suspension system
[77].

In 1973, the skyhook control and the concept of vehicle semi-active suspension firstly be
presented by Karnopp et al. [78]. In 1983, TOYOTA Corp. revealed a new car, Soarer
280GT, which coupled with the semi-active suspensions in three operating modes. In
1988, according to Supersonic suspension technology, NISSAN Corp. employed semi-
active suspensions in the car Maximas. Subsequently, in 1989, FORD Corp. used semi-
active control coupled with active control and employed this control strategy in the car
Thunderbird [79]. Nowadays, many car models utilized semi-active suspension including
Porsche 911, BMW 7 series, and Benz S-class, etc. [73].

The semi-active suspension technology is most widely applied by the following two types
[73]:

I. The Continuous Damping Control (CDC) presented by ZF Sachs Corp. was initially
employed on the car model, Phaeton, produced by Volkswagen Corp. This technology
can continuously change the hole of the damper to adjust damping force in real-time,
meanwhile the highest response frequency can reach 1000 Hz [80]. Currently, in Audi A6
all-road Quattro vehicle technique, CDC is employed to combine with air suspension
structure; at the same time, likely adaptive control strategy involving Hydractive

technology has been presented by Citroen Corporation [81].
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II. MagneRide technology was proposed by Delphi Corporation. This technique based on
MR fluid is initially utilized by GM Corp. on car model of Cadillac Seville STS in 2002.
After about a decade of development, MR dampers have become standard components
that have been widely used in mid- to high-end models of General Motors, VVolkswagen,
Ferrari, and Land Rover. Delphi [82] states that the transforming time of MR fluid from
low viscosity Newton model into high viscosity bingham model can reach millisecond
level.

In order to more accurately describe the dynamic characteristics of a suspension, many
mathematical models of vehicle suspension have been proposed in existing literature [83-
85]. The most widely used model of vehicle suspension models involves the following
two models:

(1). MacPherson suspension model

Basically, the real suspensions’ structure are almost developed on the basis of
MacPherson type suspension, therefore, a MacPherson suspension model that owned
nonlinearity should be built. The classic MacPherson suspension system consists of A-
type below transverse arm and joint, in which damper traveller also plays the role of the
kingpin as a central axis for steering knuckle turning around. The structure of typical
MacPherson suspension has been researched and built by much research [86-88],

presented in Figure 2.17 as follows:
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Figure 0.17 MacPherson type suspension model [86].

The 2 degree of freedom (DOF) of this system are the displacement of spring mass(zs),
and the below transverse arm’s angle (8). The initial position angle between X-axis and
below transverse arm is defined as 6o, meanwhile the increment angle to the initial
position during below-transverse movement in system is defined as 6. The counter
clockwise is initially defined as the forward direction. In bid to capture the system
dynamic equation, the Lagrange method [89] should be employed to build Lagrange
motion equation.

(2). Linear quarter-car model

A linear quarter-car with 2-DOF is a quite simple model to imitate the vertical motion of
a chassis and wheel without considering roll vibration modes [90, 91]. The model is

illustrated in Figure 2.18, which is widely utilized for suspension analysis.
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Figure 0.18 Linear quarter car model with 2-DOF [90].

In Figure 2.18, ms represents a quarter of the suspension mass; my is defined as the
unsprung mass; zs and zy are defined as the displacements of sprung mass and unsprung
mass, respectively; and then z- represents the road profile; k: is defined as the tyre
stiffness, while ks is defined as the stiffness of the spring between the chassis and the tyre;
cs is defined as the damping of a passive damper offering a damping force which is
proportional to the velocity zs—zu. Finally, the state-space equation of the quarter car

system can be regarded as a special application of the McPherson nonlinear model.

2.4 Energy-regenerative technology for MR damper
Although the external power consumption to assure the generation of magnetic field for

the MR fluids is relatively small and approximately several watts for one MR damper, it
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still requires external energy supply. While considering there are at least four MR
dampers in one car during their long-time operation, the total consuming energy cannot
be ignored. It will add the fuel consumption of the vehicles. Additionally, the external
power cables will also reduce the reliability of vibration control system. Hence, many
researchers investigated the potential harvesting energy if all potential power is
regenerated by suspension vibration. The simulation performed by Segel and Lu [20]
demonstrated that approximately 200W of power is dissipated by four dampers when a
passenger car is running on a road. Additionally, the self-powered MR damper has
exhibited promising features and studied by some researchers currently. Usually, in
practical applications the electromagnetic coils in MR damper systems are needed to be
activated by either a current amplifier or a power supply.

An energy-harvesting device is employed to an MR damper to realize the achievement of

self-powered effect by Choi and Wereley [23].
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Figure 0.19 Schematic structure of a self-powered MR fluid damper [23].

This device is constructed out of a permanent magnet, a stator, and a spring, which
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contributed as a dynamic vibration absorber (DVA) (Figure 2.19) in order to not only
provide power to the MR dampers without external power supply by transforming
mechanical energy into electrical power but also achieving significant reductions in
system cost, volume, weight, control complexity decrement and maintenance.
Simulation presents that this self-powered MR damper within a single-degree-of-freedom
(1DOF) engine mount system can offer good performance of vibration isolation coupling
with neither a sensor nor a control processor. Therefore, this self-powered MR damper
can be utilized at remote locations where supplying power is relatively impractical.

The self-powered MR damper can also be achieved by embedded electromagnet induction
(EMI) device into an MR damper system. The EMI device (Figure 2.20) is constructed
out of a permanent magnet and a solenoid coil, while the EMI device can function as a
velocity sensor or a power source in an MR damper system because the kinetic energy of
reciprocal relative motion is transformed into the electric energy and as a result, the

damping characteristics of the MR damper is varied by itself [92].
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Figure 0.20 (a) Schematic of EMI system and (b) prototype of large-scale EMI system.
[92].

Specifically, an adaptive passive control system constituted by an MR damper and EMI

device for reducing vibration of building structures influenced by ground accelerations

was proposed [93]. A vibration power generator based on EMI principle was built and

coupling with a linear MR damper in parallel in a system as shown in Figure 2.21 [22].
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A passive system for large-scale civil constructions involving MR damper and an EMI
system was proposed as presented in Figure 2.22, which has self-adaptability without any

sensors or controller since power output is proportional to the input load such as

— -
? Vibrating object E&
e N

earthquake [13].
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Figure 0.21 Schematic diagram of the self-powered MR damper-based vibration control
system [13].
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Figure 0.22 Schematic diagram of a smart passive system and the generator [22].

Additionally, a prototype of self-sensing, self-powered MR damper constituted of an MR
damper, a power generation device employing stator and mover, a velocity sensor
utilizing EMI, and an interaction and mounting part was developed as illustrated in Figure

2.23 [94].
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Figure 0.23 Sectional view of self-powered, self-sensing MR damper [94].

2.5 Landing gears

Landing gear systems are widely employed in aircrafts to protect the fuselage structure
and the passengers on board from injury even spine fracture during crash landing
scenarios. The development of landing gear analysis originates from 1950s [95]. Massive
simulation and experimental work have been done. Initially, the landing gears are
generally work in passive mode during landing events. Ross and Edson [96] are one of
the first group to focus on actively controlled landing gears. They indicate the advantages
of using active landing gear systems when running on uneven runways. Kushida et al.
[97] designed a robust landing gear employing an active/passive hybrid momentum
exchange impact damper and the performance is verified by both simulation and
experiments, in the meanwhile, the time response is considered. Wang[98] proposed an
active landing gear system (as shown in Figure 2.24) to improve the performance on

impact loads and vertical movement. A mathematical model is established with PID

34



control strategy, and the simulation results indicate that the proposed active landing gear

system is feasible and effective.
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Figure 0.24 The schematic diagram of the active landing gear [98].

MREF is also increasingly introduced into landing gears due to its changeable rheological
properties. Lee and his colleagues [31] applied MR dampers into the landing gears to
attenuate the excessive shock and continuous vibration during landing and taxying events.
In addition, a simplified skyhook control logic was utilized to suppress the shock and
vibration. And the simulation outcomes via hardware-in-the-loop-simulation supported
the viewpoint that the introduction of MR damper and skyhook controller is feasible and
effective.

According to energy conservation, a new control logic was proposed by Yoon and his
partners [99] for landing gear systems which integrates the MR damper. This control logic
can forecast the maximum structure stroke and obtain the optimal damper force, then by
adjusting the MR effect to retain the damper force in various landing events. In their
research, after drop simulation, this new control logic is proved to give a better
performance than that of conventional skyhook control. Specifically, the landing

efficiency increases by 16%, and the jerk impact declines by 42% during the impact. The
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configuration of the new MR damper is shown in Fig 2.25. Besides, Fig 2.26 demonstrates

the employed scenario of the new MR landing gear.
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Figure 0.25 The configuration of the new damper [99].
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Figure 0.26 Schematical diagram of MR landing gear in half-vehicle [99].

Choi and Wereley [100] put forward an ER and MR fluid-based landing gear systems,
whose main component is ER/MR shock structure. The shock struts and theoretically
landing gear diagram are shown in Figure 2.27. The ER/MR struts model was firstly
developed on the basis of experimental data, then by employing a sliding mode controller

which is robust against external excitations and parameters (sprung mass, damping and
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so on) modify, the whole landing gear system was built and validated to be effective on

Aircraft structure

shaving the acceleration and displacement.
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Floating pisten
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+22
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Figure 0.27 The shock strut and landing gear diagram [100]

Han et al. [101] presented a landing gear system based on a two-core type (Fig 2.28) of a
semi-active MR damper. The unique design of two orifices could provide asymmetry
property by a recoil valve. Besides, a hybrid control algorithm that integrates skyhook
control and force control actions, which is validated to be capable in boosting the landing

efficiency, decreasing the maximum stroke and landing force.

MR Fluid

Floating Piston Two Cores Lower Chamber

Recoil Valve

' Upper Chamber Outer Orifice
Air Chamber Inner Orifice Housing Piston

Figure 0.28 Schematic configuration of MR damper with two cores [101].
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Dong and Xiong [102] studied a landing gear system incorporated with a MR absorber.
Besides, a human simulated intelligent control (HSIC) is applied to control the MR absorb
performance. Furthermore, a genetic algorithm is developed to obtain the optimal
parameters of HSIC. Under various sink rate and sprung mass, a simulation was built, the
results demonstrate that the MR absorber could diminish the peak impact force.
Moreover, the HSIC exhibits strong robustness and wide adaptivity than the classic
skyhook control. Figure 2.29 and 2.30 show the schematic diagram of the MR absorber

and the dynamic model of the proposed landing gear.
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Figure 0.30 Dynamic model of the landing gear [102].

38



Gharapurkar et al. [103] presented a switching technique which could tune the system
from 1 degree of freedom (DOF) to 3 DOF. In this way, the sequential connecting of the
wheels of the main landing gear and nose landing gear with the ground can be reflected.
Two control algorithms, namely, linear quadratic regulator, and H-infinity were applied
to control the MR damper, the simulation results show that the robustness of H-infinity
strategy can improve the bounce response including overshoot, settling time than LQR

control no matter in general landings or in crash landings.

2.6 Classical semi-active control algorithms

e Skyhook control
Skyhook controller, as a classical control algorithm, has been attracting massive attention
after it was first proposed by Karnopp in 1973 [104]. This method investigated the
situation that the damper is placed between the sprung mass and the inertial coordinates.
Comparing with the passive suspension, the skyhook damper could manipulate the sprung
load directly. The absolute velocity is independent from the movement of the wheels,
which offers an excellent damping performance.
In skyhook control applied in semi-active suspensions, the damper effects when the
absolute velocity of the vehicle seats and the relative velocities of the vehicle wheels are
at the same direction. On the other hand, the damper will be off. The model of skyhook
control is shown in Fig. 2.31.
So far, the skyhook controller has been widely applied in automotive magnetorheological
semi-active suspensions owing to its simple principle and low implementation
requirement. Lee and Choi [105] designed a MR damper applied in vehicle suspension
system with a skyhook damping switch controller to mitigate vertical vibration.

Eventually, the simulation and road tests were conducted to verify the feasibility.
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University of Virginia, USA [106] and Chongging University intelligent structure center
adopts continuous Skyhook damping control to conduct a real vehicle road test on the

magneto-rheological semi-active suspension.
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Figure 0.31 Skyhook control model

e Groundhook control
As a counterpart of skyhook control, the damper in groundhook control is placed between
the unsprung and the inertial coordinates. So that the damper could adjust the absolute
speed of the unsprung mass without considering of the motion of the system. The model

of groundhook control is shown in Fig. 2.32.
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Figure 0.32 Groundhook control model
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As a compare with the skyhook controller, the groundhook control is not commonly
employed. Via the experiments conducted by the Virginia Institute of Technology [107],
the groundhook control is validated to be effective to suppress the non-sprung vibration
to stabilized the steering during driving. Nevertheless, it added a large additional mass to
the sprung mass, which would reduce the comfort of drivers.
e Hybrid control

As mentioned above, neither the skyhook controller nor the groundhook controller can
simultaneously reduce the vibration of the sprung and non-sprung mass. Hence,
Goncalves [108] proposed a hybrid control strategy acting on the quarter-car model and
MR damper. The experimental results show that the proposed control methodology could
shave the peak value of the displacement and acceleration under transient input.
Nonetheless, the application range is limited due to the superior difficulty of weighting

coefficient determination. The model of the hybrid controller is illustrated in Fig 2.33.
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Figure 0.33 Hybrid control model

e Short-time Fourier Transform (STFT) control
STFT control was developed based on short-time Fourier transform to analyse the
sinusoidal phase and frequency phase of a particular section of a time-varying signal [109].

The controller could analyse the resonance frequency of the system and avoid it by
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switching on/off the rectified power supply of the damping system. However, STFT can
only use one selected window function, once the function is fixed, the resolution of STFT
is unchangeable. Subsequently, the time and frequency resolution cannot be optimized at
the same time [110], causing issues in real-life scenarios. In addition, STFT is a unique
control method which can change from one dimension to multi-dimension by introducing

other variables.

2.7 linear feedback control

e Linear quadratic Gaussian (LQG) control
LQG is a kind of linear optimal control algorithm originates from LQR control, in this
theory, Kalman filter [111] is employed to estimate the system state suitably. The input
of LQG control is supposed to be white noise with Gaussian distribution, and the index
of the system is expressed as quadratic. Generally, the Riccati equation is derived
consisting of weighted values like acceleration, tire dynamic load, then a feedback
weighting matrix is obtained. By adjusting the weighting matrix, the road excitation
response could be improved.

e Robust control
To ensure the effectiveness of the suspension under diverse working situations, robust
control is also widely employed in vehicle suspension systems. Palkovics et al. [112]
proposed an active suspension with controllable vertical stiffness using robust controller.

This concept is quite conservative, especially used in semi-active suspensions.

2.8 Modern intelligent control algorithm
e Sliding mode variable structure control
Sliding mode variable structure control theory is a comprehensive method of control

system. The basic concept is that when the switching function determined by the state
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vector of the system reaches a certain value as the motion of the system changes, the
structure of the system is transformed into another structure. Yokoyama [113] designed a
sliding mode controller which used the Skyhook control quarter-car magneto-rheological
suspension model as the reference model and verified the effectiveness of this control
strategy through simulation. Choi et al. [114] established a sliding mode intersection
structure controller based on the vehicle model and carried out a hardware-in-the-loop
simulation.

Although the sliding mode control is highly robust to external disturbances, the ideal
sliding mode interface is not easy to determine. Therefore, the conditions for practical
application in suspension system control are not mature yet.

e Fuzzy control

The fuzzy control takes some state value of the system as input and blurred the input
according to a certain fuzzy rule. The obtained control value is used as the output result
to adjust the suspension damping. Fuzzy control was first proposed by Zadeh in 1965
[115] and is widely applied in vehicle suspension systems as an important intelligent
control strategy. Tusset [116] studied the fuzzy control strategy of nonlinear vehicle
suspension for MR damper and verified its effectiveness by simulation. Later, Khajavi
[117] proposed a fuzzy logic semi-active system designed for a specific vehicle.
Hashiyama et al. [118] used Genetic Algorithm (GA) to design a fuzzy controller for
vehicle suspension semi-active systems. Computer simulation results show that the fuzzy
control combined with GA is more effective than the conventional method. Nizar [119]
set the speed of the body and the speed of the suspension as the input of the controller
and used nine fuzzy rules to control the vertical vibration acceleration and the tire
deformation of the vehicle. The results showed that the fuzzy control can make the vehicle

vertical acceleration lower comparing with passive control. Further, Rashid et al. [120]
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proposed a hybrid fuzzy method component which used a PID controller to analyze
quarter-car system.
Fuzzy control design does not require knowledge of the precise mathematical model of
the controlled object. The control inference for fuzzy control uses inexact inference which
is suitable for solving nonlinear, time-varying and lags systems that are hard to be solved
using old control method. However, designing an excellent fuzzy controller requires a
certain amount of manual adjustment experience as a basis of the control strategy and a
large number of experiments to adjust the controller parameters. So it needs time for its
development in engineering applications in the direction of adaptive and self-learning.

e Adaptive control
The adaptive control method is separated into self-correction control and model reference
adaptive control [121]. The combination of on-line identification of controlled object
parameters and the controller parameter setting constitutes the former control method.
Regarding the model reference adaptive control, it achieves that the vibration output of
the controlled vehicle can still track the selected ideal reference model although the
external excitation condition and the vehicle parameters change.

e Netural network control
The neural network has been investigated in depth by suspension scholars and is
considered to be a high robustness and adaptive intelligent control methodology. Guo et
al. [122] studied the neural network semi-active control of quarter-car vehicle suspension
vibration with magneto-rheological damper, applying neural network direct adaptive and
neural network indirect adaptive control algorithms. The results show that the neural
network controlled semi-active suspension has obvious damping effect. However, neural
network control is slow in convergence, difficult to be utilized for real-time control and

easy to diverge. Therefore, this control only succeeds in theoretical simulation, and the
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wide application still needs a further exploration.

2.9 Conclusions

MR fluid is a significantly ideal material of semi-active suspension and smart landing
gears, due to excellent dynamical features such as large yield stress, fast response, low
power consumption, and robust characteristics within various environments. However,
the semi-active MR vehicle suspensions still require external energy to power the MR
damper. A self-powered MR vehicle suspension can avoid all energy consumption and
hence offer a more versatile solution to this problem. Furthermore, limited work has been
presented on including variable stiffness in these MR suspension systems, which can
drastically improve performance due to the ability to avoid system resonance. To
investigate this, this work proposes a new stiffness variable MR vehicle suspension with
self-power generation capability. In addition, for impact mitigation application, the MR
fluid could be utilized in landing gear system to offer a slow force increment as the impact
velocities boost.

Therefore, the overview on MR fluid, MR damper, semi-active vehicle suspension,
energy- regenerative technology for MR damper, landing gear system with MR damper,
and related control algorithms is presented.

For the structure design of a new stiffness variable MR vehicle suspension with self-
power generation capability and a linear landing gear system integrated with MR damper
to maintain the peak impact load, the following conclusions could be drawn from the
chapter:

1. MR fluid is a significantly ideal material of semi-active suspension. Firstly, MR fluid
is able to change from a free-flowing liquid state into a semisolid state with restricted
fluid movement in significantly fast response (an estimated time of the response which is

less 10 ms). Secondly, the energy consumption for semi-solid state of MR fluid is not a
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concern since MR fluid is able to reach high yield stress (50 kPa or more) with a magnetic
field that can easily be created by an electromagnet applied at modest current and relative
low voltage (1-2 A and 2-24 V). Thirdly, the temperature range of MR fluid’s operation
can be pretty large from -40°C to 150°C.

2. In order to develop a compact practical prototype of stiffness variable MR vehicle
suspension with self-power generation capability, the following types of MR dampers can
provide useful ideas of structure design.

(1) Double-ended structure can subtract a rod-volume compensator, meanwhile the gas
chamber can be removed, and then as a result no spring effect could be created by itself.
(2) Bypass-type MR shock dampers with internal coils for high impulsive force systems
having mostly large stroke and large excitation amplitude. However, the main
disadvantage of bypass-type MR dampers could be its less compact structure and more
requirements for wire protection.

(3) In multistage piston/coil configurations structure, due to an increase in the area of
activation regions that the additional coils create with the same cross-sectional geometry,
this damper can realize high damping force.

3. In order to achieve better impact/vibration mitigation performance, various control
algorithms are often employed such as fuzzy control and skyhook control, which has been

validated via both simulation analysis and experimental results.
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Chapter 3
Development of a Stiffness-variable MR Damper with Self-

Powered Generation Capacity

3.1 Introduction

Vehicle suspension system supports the whole weight of the vehicle, provides the
capability of directional control during maneuvering and is also responsible for reducing
the vibration generated by the road disturbances. Therefore, suspension of vehicle is a
key component and has great influence on the performance of vehicle. Currently, passive
damper has been widely utilized in suspension system for vibration reduction. The
performance of the passive damper, however, is limited because it cannot adapt its
parameters according to different requirements. Semi-active and active devices have been
considered as new methods to advance the suspension performance. Although active
suspension generally provides better ride comfort than semi-active can, its limitations of
high energy consumption, potential instability, complex component requirement and
control algorithm reduce its popularity. In contrast, the semi-active vehicle suspension
only requires low energy consumption, costs much less, and can provide comparable
performance with active suspension. Therefore, more interest has recently been given to
the semi-active suspension and it has been considered as high-end intelligent suspension
to improve the ride comfort and handling of vehicles.

Comparing with the damping controllability, the stiffness controllability can control the
natural frequency of the vehicle to avoid vibration resonance. In addition, suspension
stiffness controllable can also overcome the suspension stiffness design conflict because
soft stiffness is required to achieve a good ride comfort and the handling stability and off-

road drive of vehicles need hard suspension stiffness. As a result, the stiffness controllable
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suspension with self-powering function is a promising method to further improve the
vehicle performance.

In order to overcome the limitation of our previously reported stiffness variable MR
damper, a long stroke stiffness controllable MR damper is required. What is more, the
self-powering capability is integrated into the advanced damper and makes it energy free.
The intention is to design the new damper with the following features and innovations:
variable stiffness, self-powered generation capability, compact structure and large stroke.
The successful development, theoretical analysis and experimental testing of this new
variable stiffness self-powered MR damper make the concept of energy free stiffness

variable MR damper feasible.

3.2 Design, analysis, and prototype of the self-powered variable stiffness MR
damper

3.2.1 Structural design of the new damper

A structural schematic of the proposed MR Damper is illustrated in Fig. 3.1. There were
two main parts of the damper: variable stiffness part and self-powered generation part.
Specifically, it mainly consists of a hollow shaft generator, a ball screw bearing, two
springs with different stiffness and an inner bypass MR damping cylinder. In the variable
stiffness part, the inner bypass MR damper was installed between the upper spring with
low stiffness and the bottom spring with high stiffness. Meanwhile, the shaft of the
generator was fixed to the nut of the ball screw to constitute self-powered generation part,
which can convert mechanical vibration to electrical energy. The shaft of the ball screw
was connected with the shaft of damping unit and can move into the hollow shaft of the
generator. The most innovative structural development of the MR device is that both
variable stiffness feature and self-powered generation are integrated into this compact

device.
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Figure 0.1 Structure schematic of the new damper

In order to enlarge the stroke of the damper, the MR damper’s structure was designed as
inner bypass type with multiple coils. The wire diameter of the coil is 0.4mm. There are
135 turns on each coil with opposite winding direction, as shown in Fig. 3.2 (b).
Meanwhile, the hollow shaft generator could also contribute the compact structure of the
new damper, allowing the ball screw rod travel through the hollow shaft. The application
of the inner bypass-type MR dampers with internal coils can enlarge the stroke of the
damper comparing with traditional piston structure. Specifically, Fig. 3.2 shows a stroke
comparison between the conventional stiffness MR damper we developed previously in
[38] and the inner bypass stiffness controllable MR damper presented in this paper. The
strokes of the two dampers can be calculated by the parameters in Table 3-1. The stroke
of the inner bypass MR damper can reach 105 mm, which is much larger than the stroke

of 71 mm of the conventional damper.
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Figure 0.2 Schematic of the MR damping cylinder: (a) MR damper with a conventional

piston [123] and (b) Inner bypass MR damper cylinder used in the new damper
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Work area 4
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Table 0-1 Parameters for MR damper

Upper cover

Cylinder shaft

Inner cylinder

Onter cylinder

Bottom cover

MRF unit MRF unit

Values Values
parameters parameters
h1 Imm L1 10mm
h2 Smm L2 10mm
di 24mm Ls 10mm
dz 15mm L4 10mm
ds 32mm L 70mm
da 38mm Turns of coil 135
ds 15mm S1 52.5mm
de 30mm Sz 52.5mm
hs 1mm S3 35.5mm
h4 4mm Sy 35.5mm
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Ih 16mm I 50mm

3.2.2 Working principle

The overall working principle of the MR damper is that the power generated by the
generator will be used to control the stiffness of the MR component so as to realize an
energy free stiffness controllable suspension system.

The working principle of the variable stiffness part can be illustrated in Fig. 3.3, in which
three different modes of the prototype are shown. For the first working mode, when the
input coil current I, is zero, no magnetic field crossing MRF and the damping force will
be small and allow the relative motion between the shaft and the cylinder. In this case,
the MR damper is working in Mode 1 where the bottom spring k, and the upper spring
k, work in series. When the current | increase to a medium level, the device will work in
Mode 2. In this case, the damping force is larger and makes the sliding motion between
the damper shaft and the damping cylinder harder. The spring k2 will be compressed more
and makes the overall damper stiffness larger. Moreover, if the damping force increases
to a sufficient large level and stops the relative motion between the shaft and the cylinder,
the MR damper will be working in Mode 3, because only the bottom spring k, will be

deformed under external force compression. In conclusion, the stiffness of the new

. .. kqk .
damper can be controlled in the range of the minimum value of ﬁ and the maximum

1tk>
stiffness of the bottom spring k.. In the new MR damper, the stiffness parameters of the

two springs are k;=30220 N/m and k,=34000 N/m.
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Figure 0.3 Working principle of the stiffness variation

The working principles of the power generation part as well as the variable stiffness MR
damper are illustrated in Fig. 3.1. Firstly, the shaft of the MR damper will move up-and-
down when the upper spring k, was excited by the harmonic excitation. Secondly, due to
the rigid connection between the shaft of the MR damper and the rod of the ball screw
bearing, the up-and-down motion of the shaft could force the rod to conduct a vertical
movement without rotation. Then based on the mechanism of the ball screw bearing, the
rod’s vertical movement induces the rotation of the nut of the ball screw bearing. As the
nut is fixed to the rotor of the generator, the magnet rotor will rotate and generate energy.
3.2.3 Prototype of the new damper

Fig. 3.4 shows the prototype of the new damper, which has been manufactured and
assembled. In order to decrease the magnetic reluctance of the magnetic circuit, the
materials of the inner cylinder and the outer cylinder are both low carbon steel, which
features high magnetic conductivity. The MR fluid GH-MRF-45, produced by Beijing
Hao Hua technology limited company, was used in the prototype. Meanwhile, the 7-B

curve of the MR fluid is given in Appendix A.
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Figure 0.4 Prototype of the new damper

3.3 Modelling and theoretical analysis

3.3.1 Modelling

In order to describe the property of the suspension system, two models, i.e. the variable
stiffness dynamic model for the MR damper and the electricity generating model for the

self-powering component, were built.

3.3.1.1 Dynamic model for MR damper

The dynamic model of the MR damper is shown in Figure 3.5, which is composed of a
self-powered part and a variable stiffness part. The dynamic force generated by the self-
powered part consists of a damping coefficient c, and a friction f,, which are working in

parallel. The variable stiffness part consists of the MR damping cylinder, spring ki1 and
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spring k2 The spring ki connects in parallel with the MR damping cylinder and then the
spring k, links with them in series. The Bouc-Wen model is employed herein to describe

the dynamic performance of the MR damping cylinder.

The output force of the damper consists of three parts: the damping force from MR
damper, the spring force from springs and the force generated by the generator. The

resultant force can be calculated by:
F =ki(zs — z;) + Fq+fosgn(Zg) + c.2Z (3-3)

where c, and f, are damping and friction produced by the power generation part, z; is
unknown and should be calculated. The following equations are built to build the

relationship between z; and z;
If: Fy = kyz; + m;Z;
Zs = Z; (3-2)
If: F; < kyzi+m;z;
mZ; = Fg + ky(z5 — ;) — k2, (3-3)

where Fy represents the damping force of the MR damping cylinder. Based on the Bouc-

Wen model, the force Fy can be expressed as follow:
Fd = CO(ZS - Zl) + kO(ZS - Zi) +az (3'4)

where Co is viscous damping parameter, a is the evolutionary coefficient, ko is the stiffness

coefficient.
The parameters in Eq.3-4 can be calculated as:
z=—yl(Zs — 2)1z1z|"t — B(Zs — 2)1zI" + A(Zs — %) (3-5)

a=ag+apl (3-6)
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Co = Coa + Cobi (3'7)
ko = kOa + kobi (3'8)

where 4, y, p are the hysteresis parameters, i is the control current

MR
damping

cvlinder

Figure 0.5 Dynamic model of the variable stiffness damper

3.3.1.2 Electricity generating model of the self-powered component
According to the rectifier circuit, the total resistance of the circuit can be calculated by:
Ry = Rpr + R + R, (3-9)

where R, is the resistance of the MR damper. R, is the internal resistance of the rectifier,
which can be regarded as zero Ohms when the switch turns on. R; is the internal resistance

of the generator.

Since the two groups of coils were parallel in the circuit, the voltages e, ,e, have the same
value as the input voltage V;,. Therefore, the output voltage of the circuit working on the

MR damper can be expressed as:
Rmr Rmr
Vout = |Vin * R; | = [Vin * | (3-10)

Rmr+Rj

where Vi, is the voltage generated by the electromagnetic induction in the generator. The
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equation between the rotation speed of the rotor and the generated voltage is given by:
Vin = 4nNBLn,,r (3-11)

where B is the magnetic field intensity of the magnetic field generated by the magnet
rotor. r is the radius of the generator rotor, L and N are the total length and the number of
turns of the fixed coil windings. n, is the rotation speed of the magnet rotor which is
equal to the rotation speed ng of the screw nut installed on the ball screw rod. The rotation

speed of the screw nut is proportional to the vertical linear velocity of the ball screw rod.

The relationship between the linear motion speed of the ball screw rod and the rotation

speed of the screw nut can be expressed as:

=5 (3-12)

s — Ph
where zis the displacement of the ball screw rod, Py, is the ball screw lead.

According to the above equations, the relationship between the self-generated voltage and

the velocity of the ball screw rod can be expressed as:
Zg Rmr
Vout = |4mMNBL =< . —2r (3-13)

Pp Rmr+Rj

The circuit parameters are indicated in Table 3-2.

Table 0-2 Parameters used in modelling of self-powering component

Parameter Value Parameter Value
R, 10.2Q R, 10.2Q
Ror 6.5Q B 0.6T
L 0.09m N 235
P, 0.015m r 0.0275m
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3.3.2 Magnetic field simulation

In order to complete the damping force calculation in Egn. 3-10, the magnetic flux density
across MRF should be calculated to determine the yield stress of the MRF under different
current. The finite element method is applied in this section to analyse the magnetic field
of the inner bypass MR damper and obtain the values of the magnetic flux density in the
four activation regions under different current. Since the MR damper is a symmetrical
structure, the magnetic field intensity of these four activation regions (Work Area 1, 2, 3
& 4) are symmetrical as well, as shown in Figure 3.6. The results of the magnetic flux
density of work area 1 and Work area 4 are the same as well as the magnetic flux density

of work area 2 and work area 3.

Work Area 1

Work Area 2

Work Area 3

Work Area 4

Figure 0.6 Magnetic field simulation

Fig. 3.7 presents the average flux through the four activation regions all increase with the
0.1A increment of input current I, which was set from OA to 2A. The peak values of the
magnetic flux density in the work area 1 and work area 2 are 260.8mT and 689.6mT

respectively. In the multistage-coil structure of the MR damper, due to the additional coils

57



that create additional magnetic flux within the same cross-sectional geometry, the average
magnetic flux density in activation regions of work area 2 and work area 3 are

dramatically larger than that in activation regions work area 1 and work area 4.

800__ —=— Work Area 1 & Work Area 4
7004 _—*— Work Arca 2 & Work Area 3

600—-
500-_
400—-
3002
200—-

100 +

Mean magnetic flux through MR fliud (mT)

0 . T . T .
0.0 0.5 1.0 1.5 2.0

Current (A)

Figure 0.7 Average flux density through activation regions of the innovative MR

damper

3.4 Experimental testing and result discussion

3.4.1 Experimental setup

In this section, experimental testing was conducted using a computer-controlled
INSTRON test system (model 8033), as illustrated in Fig. 3.8, to demonstrate the dynamic
performance of the new damper. There are three parts of the test system: the hydraulic
grip, the self-powered variable stiffness MR damper and the hydraulic actuator. The
hydraulic grip can fasten the top part of the MR damper and use the embedded sensors to
collect the testing stroke and the generated force, meanwhile the hydraulic actuator can
also grab the bottom of the damper and provide the controllable harmonic excitation to
the MR damper. The tests to investigate the variable stiffness feature and the self-power
generation capacity of the MR damper were conducted separately and detailed in the

following two sub-sections.
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5 INITRON

Output:
1. Displacement
I| 2. Force
3. Voltage

1. Harmonic excitation
9§ 2.External current for
the test of variable
stiffness feature

Figure 0.8 Instron test system installed with the prototype

3.4.2 Stiffness testing

To validate the variable stiffness characteristic, a harmonic excitation with a frequency
of 0.15 Hz and different amplitudes (20 mm and 30 mm) was chosen as the excitation
signal. The self-powering component is under open-loop scenario during the test. For
each amplitude, different current levels changing from 0.0 A to 1.2 A with an interval of

0.4A was used to energize the MR damper.

During the experiment, the measured data from displacement sensor and force sensor was
delivered to the computer for recording. Force-displacement relationship of the MR
damper was used as the primary description method in the following analyses. The
measured hysteresis loops indicating the variable stiffness are shown in Figure 3.9 and
Figure 3.10. To analyse the working mechanism of the proposed MR damper, the
hysteresis loop excited by 0.4 A current and 20 mm amplitude was taken as an example.
It is seen that the force-displacement loop was hexagonal and that six letters from A to F

were placed clockwise at the inflection points on the curve shown in Figure 3.9. From
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point A to point D, the suspension is compressed while the suspension undergoes the
opposite stretching process from D to A. The segmentation from point A to B indicates
the friction and damping force of the whole system, including the friction and damping
force of the generator, the friction force of the ball screw and the force generated by the
variable stiffness component. During the segmentation from point B to point C, the top
stiff spring was compressed. In this case, MR damper performs large stiffness. With the
applied force increasing, the cylinder of the MR damper slides relatively with respect to
its piston, which results in the compression of the lower soft spring. In this scenario, the
two coil springs work in series and the MR damper demonstrates soft stiffness, as
indicated by the segmentation CD. The segments DE, EF, FA are the stretch processes of

the MR damper corresponding to segments AB, BC and CD.

1000 —

External power 0A

—— External power 0.4A
External power 0.8A
External power 1.2A

500

Force (N)

-500

-1000

-1500 T ¥ T v T v T ' T

Displacement (mm)

Figure 3.9 Force-displacement loops (20mm)
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Figure 3.10 Force-displacement loops (30mm)

Figures 3.9 and 3.10 also indicate that the force-displacement loop tends gradually to be
parallelogram rather than hexagon with the increasing current. This is because the
damping force of the inside MR damping cylinder is large enough to hold the deformation
of the top spring and thus the MR damper demonstrates large stiffness across the whole
stroke. The equivalent stiffness of the MR damper can be calculated through the slope of
various loops under 20mm and 30mm excitation amplitudes. The calculated results are

shown in Fig. 3.11.

509 |—=— 20mm, 0.15Hz
—e— 30mm, 0.15Hz

Equivalent stiffness (kN/m)

T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Current (A)

Figure 0.9 Equivalent stiffness of the damper
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So as to further verify that the self-powered energy is sufficient to control the MR damper,
the damping force generated from both of the self-powered MR damper and the passive
MR damper are compared and presented in Figure 3.12. It is seen that the damping and
stiffness of the self-powered MR damper are much larger than the passive MR damper,

which means the self-generated power is enough to control the MR damper.

1500 . . : . : . | . [
Passive damper
1000 - Self-powered damper (G, & G, in paralell) _
500 ]
z
8 07 l
o
|58
=500 l
-1000 4 )
T T T r I
20 10 0 10 20
Time (s)
(a)
2000 r ; : i : | .
Passive damper
1500 4 Self-power damper (G & G, in paralell) _
1000 1
500 1
£ 04 ;
5}
8 ] 4
£ -500 )
-1000 - 1
-1500 1
-2000 . ’ | . : | .
30 -20 10 0 10 20 30
Time (s)
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Figure 0.10 Property comparison between the passive MR damper and self-powered
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MR damper (a) 20mm amplitude (b) 30mm amplitude

In order to verify the accuracy of the model built in section 3.3, the experimental data and
the model simulation results under harmonic excitation of 20mm amplitude and 0.15Hz
frequency are compared, as shown in Fig.3.13. All the parameters of the Bouc-Wen model
can be determined through the parameter identification using the testing results of the MR
damper. The parameter identification is conducted using Matlab/Simulink and the

identified parameters are given in Table 3-3.

Table 0-3 Estimated model parameters of the MR damper

Parameters | A aa ap p y Coa Cob
Values 16 250 128 808 893 100 10
Parameters | Koa Kob kq k, m; Ce fe
Values 28.02 42.43
70 -75 3.5kg | 23 150N
N/mm | N/mm

The fitting results between the modelling result and the experimental results are given in
Figure 3.13. This figure shows that the established model can predict the dynamic

performance of the MR damper accurately.
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Figure 0.11 Comparison between the experimental results and simulation results

3.4.3 Testing of the self-powered generation capacity

In order to investigate the electricity generating capability of the self-powering
component, a series of experiments were done under the harmonic excitation with 0.15Hz
frequency and different amplitudes of 10mm, 20mm and 30mm. The generator used in
this study is modified from a step motor with four wires (two coil sets). The two coil sets,
defined as G, and G, will generate electricity under external excitations. During the test,
rectifiers are used to rectify the generated electricity. The reason to include the rectifier
in our study is illustrated as follows. The direction of the direct supplied voltage changes
too quick and will cause control issue because the self-powering circuit exists inductive
resistance. Specifically, when the controller sends a control-on signal to the suspension,
the self-powered energy will be used to control the MR damper. However, as the direct
supplied voltage changes too quick, the conductive resistance of the circuit will delay the
current increase of the damper coil and thus delays the response of the suspension system.

The voltage changing speed will be significantly reduced with the usage of the rectifier
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and the response speed of the suspension will be improved. The two rectifier circuits,
parallel scenario and series scenario, are shown in Figure 3.14. A MOSFET switch is also
built in the circuit to switch the circuit to be on and off so as to control the MR damper
during vibration isolation. However, during this characterization of the self-powering
component, the MOSFET is always on and the self-powered energy is always applied to
power the MR damper. In the following experiment, the testing case where the MOSFET
is on is defined as the closed loop for the self-powered suspension. Otherwise, it is defined

as the open loop.
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Figure 0.12 Rectifier circuits of the self-powering component (a) parallel connection (b)

series connection

The testing results are shown in Figure 3.15. Figure 3.15 (a) presents the voltage
generated by one coil G; with and without the rectifier circuit and Figure 3.15 (b) presents
the generated power with the two rectified coils connecting in series and parallel,
respectively. It should be noticed that the presented voltages in Fig.3.15 and Fig.3.16 are
the voltages acting on the MR damper coil. The resistors with 13K€Q and 1.5K€Q resistance
were chosen according to the operation manual of MOSFET. The harmonic excitation
frequency and amplitude are set as 0.15Hz and 20mm, respectively. From Figure 3.15 (b)
it can be seen that the self-generated energy of the rectifier circuits connected in parallel
is similar to that generated in series. It is decided that the rectifier circuit connecting in

parallel is used in our following study.

After the investigation of the influence of the rectifier circuit, the effect of the excitation

amplitude is further studied. The two rectifier circuits for G, and G, are connected in
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parallel and the excitation frequency is set as 0.15 Hz. The generated voltage under the
excitation amplitudes of 20mm, 20mm and 30mm is shown in Figure 3.16. It can be seen
that the generated voltage increases with the increase of the excitation amplitude. The
RMS values of the self-generated voltages are 0.92V, 2.48V and 3.34V corresponding to
10mm, 20mm and 30mm, respectively. Additionally, according to the Ohm's Law of V =
IR (R = 6.5 Q), the RMS values of the self-generated currents can be calculated as
0.014A, 0.382A and 0.514A corresponding to the excitation amplitudes of 20mm, 20mm

and 30mm, respectively.
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Figure 0.13 The effect of the rectifier circuit on the power generation. (a) Directly
generated voltage and rectified voltage of G;, (b) Rectified voltage of G; and G,

connecting in series and parallel
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Figure 0.14 Self-generating capability under different amplitude
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According to the above modelling and simulation regarding the self-powered component,
the comparison between the simulated voltage and the experimentally obtained result is
shown in Figure 3.17. According to the figure, the simulated voltages are very close to
the experimental results, which means the proposed model can predict the electricity

generating performance of the self-powering component well.

7 T T T T T T
10mm test 10mm simu

------ 20mm test
r--- 30mm test

20mm simul
30mm simul

Voltage (V)

Figure 0.15 Modelling results of the self-powering component

3.5 Conclusion

This chapter presents the successful development pf a compact energy free MR vehicle
damper with stiffness controllable capability. The stiffness variation mechanism of the
new damper was theoretically analyzed. Experimental testing was conducted to evaluate
the performance of the MR damper. The stiffness controllability testing demonstrates that
the stiffness of the MR damper can vary 70.4% when the applied current increases from
0A to 2A under the harmonic excitation of 0.15Hz frequency and 30mm amplitude. The

evaluation results of the self-powering component verify that the effective energy
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generated by the MR damper reaches to 2.595 W, which is sufficient to control its MR

component.
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Chapter 4
Experimental Evaluation of the Self-power Variable Stiffness

Damper on a Quarter-car Test Rig

4.1 Introduction

Frequent vibration is detrimental to driver’s safety and health, causing drivers’ fatigue,
which has been a dominate factor in a significant percentage of severe even fatal crashes.
Musculoskeletal disorders are very common in jobs that involve driving, especially those
required to drive over long hours and distances, and over rough environments with off-
road vehicles or machinery operation. To alleviate the adverse impact to the drivers,
suspension technology has been increasingly developed to reduce the vehicle vibrations.

Hence, a semi-active vehicle suspension is studied for a better vibration suppression.

As presented in Chapter 3, an advanced long stroke stiffness controllable MR damper
combining the self-powered capacity, which is the core component of the proposed semi-
active suspension, was developed. In the meanwhile, the features including variable
stiffness, and self-powered ability were validated via massive property tests in Chapter 3.
In this Chapter, several controllers for the new MR suspension were investigated. Besides,
the experimental under road excitations were conducted on a quart car test rig to validate
the characteristics and effectiveness of the proposed suspension and controllers. The
chapter is presented in the following order. Section 4.2 introduces the experimental setup
regarding the quarter-car test rig installed with the proposed MR damper. Section 4.3 tells
the mathematical model to describe the quarter-car test system and its specifications.
Section 4.4 developed the road excitations used in the road tests using white noise
generated by MATLAB/Simulink. Section 4.5 demonstrates the transmissibility of the

quarter-car test system under different working modes by giving a sweep frequency
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excitation. And section 4.6 evaluates the vibration attenuation performance of the MR
damper integrated with two controllers on the quarter car test rig. Section 4.7 draws the

conclusion.

4.2 Experimental evaluation of the self-powered variable stiffness damper on a

quarter-car test rig

4 )

STFT control signal ‘

MOSFET switch

Laser sensor
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Laser sensor -
Suspension controller Computer
p 2 9B Data

Laser sensor Data

Generator

Computer
‘ Excitation controller

PID control signal
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Hydraulic pressure

Hydraulic cylinder and valve Hydraulic station j

Figure 0.1 Quarter car test system for the novel suspension evaluation

A Quarter-car test system has been built in our lab to evaluate the ride comfort of vehicle
suspensions. As shown in Figure 4.1, this quarter-car test system which consists of a car
body, suspension system, controller and road excitation generation system was
established. The road excitation generation system includes a hydraulic cylinder, a
hydraulic valve, a hydraulic station, a laser sensor and a real time excitation controller
using PID control algorithm (Model: myRIO-1900, NI Corp.). Meanwhile, the
suspension control system consists of two laser sensors, MOSFET (STP60NFO06) switch

and a real time suspension controller (Model: myR10-1900, NI Corp.). Laser sensors

are used to collect the displacement of the sprung mass and the stroke of the MR damper.
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The MOSFET switch is controlled by the suspension controller and it is used to control

the working mode of the self-powering circuit.

The circuit works in the following two modes, switch-on and switch-off. When the input
PWM signal from suspension controller is +10V, the MOSFET switch is on, thereby
connecting the coil of the MR damper in series with the self-powered component. In this
case, the MR damper is energized by the self-powered energy, resulting in the increase of
the damping force as well as the stiffness of the device. On the contrary, when the
suspension controller sends a 0V signal to the MOSFET, it will be off and the circuit will

be open. In this case, the self-powered energy will not be used to power the MR damper.

4.3 The mathematic model for quarter-car test system
The mathematic model for the quarter-car test system was developed considering the road

excitation and tyre stiffness, which is shown in Fig. 4.2.

Figure 0.2 Mathematic model for quarter-car test system

The mathematic equation for this model can be expressed as:
mgZs = —Fp — c.(Zs — zy,) — k(25 — 2;) — Fy (4-1)

mz, = F; + kl(zs - Zi) —k, (Zi - Zu) (4'2)
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MyZy = F + ke(2r — 2,,) + ce(Zs — Zy) + ka(2; — z,) (4-3)
where, z,. is the displacement of the bottom, can be regarded as the input road excitations.
z; and z, are the displacements of the sprung mass and unsprung mass. z; denotes the
displacement of the mass m;. mg, m,, and m; represent the mass of sprung, unsprung,
and the damper part, respectively. k;, k,, k. indicate the stiffness coefficient of the
systems. F,; is the damoing force provided by the MR damper, and F,, is the force of the

motor. The specifications of the quarter-car test rig are listed in Table 4-1.

Table 0-1 Symbol declaration

Symbol Description Value

ms Spring mass 152.30 kg
mu Unspring mass 30.00 kg

mi Intermediate mass 3.50 kg

k1l Upper spring stiffness 28015 N/m
k2 Bottom spring stiffness 42428 N/m
kt Tyre stiffness 100000 N/m

4.4 Road excitations design

In uneven roads, the road signal is completely different from the harmonic excitations. In
order to simulate the real road conditions with random and variable amplitudes and
frequencies. To present an obvious control affect, the peak of the road signal was set at
1.75Hz. The road excitation is generated via MATLAB/Simulink, which is illustrated in

Figure 4.3.
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Figure 0.3 Road excitations generator

Where, the ‘band-limited white noise’ block could supply low frequency road excitations.

The criteria such as the amplitude, frequency spectrum of the road signal by changing the

parameters including vehicle velocity and road coefficient. Figure 4.4 shows the

amplitude-time series of the generated random signal, and Figure 4.5 illustrates the

frequency spectrum diagram, where, the peak in 1.75Hz could be observed.
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Figure 0.4 The random road signal
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Figure 0.5 The frequency spectrum of the random road signal

4.5 Evaluation under sweep excitation

The harmonic excitation with sweep frequency from 0.5Hz to 2.75Hz was used to excite
the quarter car test rig so as to obtain the transmissibility of the vehicle suspension. The
transmissibility is the ratio of the car-body displacement to the road excitation
displacement with respect to the sweep frequency, the lower the better. Four kinds of
suspensions were tested on the quarter-car system: three passive suspensions energized
by constant external currents of 0A, 1.2A and 2A, and self-powered suspension using the
self-generated energy. For comparison purpose, three vibration transmissibility of the
three passive suspensions were measured, presented together with the vibration
transmissibility of the self-powered suspension in Figure 4.6. It is observed from the three
passive transmissibility that the resonance frequency of the passive suspension increases
with the increase of the applied current, indicating the frequency shift property. This is
because the increase of the applied current leads to the increase of the damper stiffness.
Then comparing the passive transmissibility (0A) to the self-powered one, an intersection
is found with the intersecting frequency to be 2.1Hz. Then 2.1Hz is defined as the
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threshold frequency. It is seen that if the excitation frequency is within the range from
0.5Hz to 2.1Hz, the transmissibility of self-powered suspension is much lower than the

passive one; otherwise, the passive transmissibility is the lower one.
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Figure 0.6 Transmissibility comparison under different cases

4.6 Control strategy Development

There are various control algorithms which have been employed in semi-active
suspension systems, most of which are established on closed-loop feedback control to
activate the systems. In this thesis, three control methodologies were developed and
discussed, namely, Short Time Fourier Transformation (STFT) control, Skyhook control,
and an improvement control algorithm based on Skyhook controller.

4.6.1 The control algorithm preparation

The programming of the control algorithm was developed by the software LabVIEW,
which offers a graphical programming method to achieve interaction between the

software and hardware configuration. The introduction of NI MyRIO, a real-time
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embedded evaluation board, could read the program in LabVIEW, acquire the real-time
data, and store the data into connected PC. The pin configuration of MyRIO is shown in
Fig. 4.7. The input ports are generally connected to the sensors, while the output ports are
connected to the power supply or the actuator of the suspension systems.

The PC could obtain the experimental data and analyse the results under various control
strategies via the employment of LabVIEW and MyRIO. Moreover, a PID controller of
the input profile is also utilized by a MyRIO board. The two NI MyRIO-1900 applied for

data acquisition system and the PID controller is shown in Fig. 4.8.
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Figure 0.7 MyRIO pin configurations of connectors (a) A, B and (b) C

Figure 0.8 NI MyRI0O-1900 and PID controllers

The MOSFET (STP60NF06) switch is a component controlled by a 10 V PWM signal.
In this thesis, it is applied as a mode transfer switch, whose prototype and circuit diagram

is shown in Figure 4.9. The working mechanism of the circuit is when the input PWM
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signal from MyRIO board is +10V, the MOSFET switches on, which will connect the
rectifier mentioned above, switching the system into self-powered variable stiffness
mode. In this case, the damping force and stiffness of the suspension systems will change
adaptively according to the various road excitations and reduce seat vibration. By
contrast, when the output PWM signal from MyRIO is 0V state, the MOSFET will switch

off, the working mode will recover to passive mode. Therefore, the automatical mode

switch can be achieved.

~, Gat +10V
- 1kQ
13kQ
r—n
(@) (b)

Figure 0.9 (a) Prototype and (b) circuit diagram of the MOSFET

4.6.2. Skyhook control algorithm
e Theoretical introduction
Skyhook control is a typical closed-loop control strategy for semi-active MR damper and
its algorithms can improve the system performance to the level of active controls. The
mathematical expression of the controller is shown below:
Zg* Zy =0 oV
(4-4)
zg * Z, <0  +10V

where zg, z,, is the displacement of the sprung mass and unsprung mass. The derivative

of the displacements, Z; and z, are the velocitys of two sides of the damper, which are the
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parameters used to denote the motion of the spring.

From the perspective of real-life scenarios, when Z; and z,, have the same direction, the
spring vertical motion is limited in an acceptable range, which will not have severe
negative effect on the drivers. On the other hand, if the directions of the two velocities
were opposite, the spring would be compressed or stretched, causing significant vibration
of the drivers’ seats. Hence, when the product of the two velocities is negative, the
MOSFET will activate the self-powering circuit, in this work mode, the suspension will
be energized to provide a larger stiffness and damping force for the sake of vibration
mitigation. The flow diagram to demonstrate the control process is shown in Fig 4.10. It
is worth mentioning that a drawback of the skyhook controller, which is also a common
issue for many feedback controllers, is that the feedback delay is not negligible. During
vibrations caused by road excitation, the velocities modify instantaneously, so, sometimes

the controller even gives a negative effect if the velocity states change.
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Figure 0.10 Flow diagram of skyhook control
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e Programming of the skyhook control algorithm
The LabVIEW graphical program of the skyhook controller is shown in Figure 4.11. A
comparison function and a case loop is employed to achieve the control strategy. The
velocities were obtained from the derivate of the real-time displacement monitored by the

laser sensors.
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Figure 0.11 The LabVIEW program of the skyhook controller

e Experimental results
The displacement of the seat z; which could directly reflect the vibration of the drivers’
seats and the comfort of the drivers on the road. The experiments were conducted under
three cases, namely, passive mode, self-powered mode, and skyhook controlled mode.
The comparison among the above three cases are illustrated in Fig. 4.12. From the figure,
it can be seen that the skyhook controller could boost the suspension performance
dramatically rather than the all-time passive and all-time self-powered modes.
Numerically, the seat vibration shaves by 21.3% and 30.5% in skyhook controlled mode
than those of all-time self-powered and all-time passive modes, which meets our design

expectation.
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Figure 0.12 Comparison among three above cases.

4.6.3 STFT control algorithm

e Theoretical introduction
For semi-active suspension, the control strategy is also a significant part of the system.
STFT control strategy [124, 125] is a popular and effective algorithm for non-resonance
vibration control. The STFT algorithm splits the signal into small time segments and then
analyses each time segment to find their dominant vibration frequency [110]. The
multiplication of a short segment response signal z;(t) and a centred window function

h(t — t) can obtain the weighted signal. The frequency spectrum is obtained by:

zs(w) = JlT_nf e 0T z t(1)dt = JlT_nf e 19T z.(t)h(t — t)dt (4-5)

After attaining the frequency spectrum, the transmissibility T of the system on the

frequency domain can be calculated by:
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T = z5(w) /2, (w) (4-6)

where z;(w), z,(w) is the displacement function of the seat and road surface.

After obtaining the dominant frequency, it will be compared with a threshold frequency.
The threshold frequency is the frequency corresponding to the intersection point of the
transmissibility of the passive mode (OA) and self-powered mode as mentioned in section
4.3. The transmissibility plots were obtained by giving a sweep frequency road signal.
Fig 4.13 and Fig 4.14 illustrate the theoretical and measured transmissibility plots of the

above two working modes.

Off-state On-state

N l "

Passive
Self-powered

Transimisibility

J = >
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Figure 0.13 The ideal transmissibility graph of the two working modes
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Figure 0.14 The measured transmissibility graph
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From the figure, it can be seen that the intersection of the two graphs lies in 2.1Hz. Before
2.1Hz, the on-state (self-powered mode) has lower transmissibility, while when the
frequency is larger than 2.1Hz, the off-state (passive mode) will provide lower
transmissibility. Upon comparing the dominant frequency with the threshold frequency,
the controller will send a control signal to the MOSFET switch so that the stiffness of the
self-powered MR damper can be adjusted to avoid the resonance. To sum up, a mode
switch is essential at the frequency of 2.1Hz to mitigate the transmissibility for all the

time.

The judgment sentence of STFT control strategy can be written as:
f>21 oV
(4-7)
f<21 +10V

And the control flow chart of STFT control method is shown in Fig. 4.15.

Displacement
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Road excitation

, !
Response Displacement Displacement
signal Zs Zr
FFT l FFT l FFT
Real-time Displacement on Displacement on
f Frequency domain Frequency domain
requency
Zs (w) Zr (w)
Zs(w)
Transmissibility

Yes

| 0V signal | | +10V signal

Figure 0.15 The flow diagram of STFT control strategy

e Programming of the STFT control algorithm
According to the LabVIEW graphic program of the STFT control algorithm shown in Fig
4.16, a filter, a conversion and an algorithm for calculating the real-time frequencies were
utilized. The mentioned filter was set up High-pass to filter the undesired noises in the
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input road excitations. The input road signal was converted from time domain to
frequency domain by the conversion. After obtaining the real-time frequency, a
comparison and a case loop were built to switch the working modes of the MR

suspensions.

Frequency Max Value Y |44 tified Frequency

lem max index
fi:

b 123 bz
= ] .—‘@ o
L. : df
tire plate placement 0.002 p
0.004883 Y
W= -}
I> 10 B

2.1

Figure 0.16 The LabVIEW program of the STFT control algorithm
e Experimental results
The displacement and acceleration responses of the sprung mass are important indications
of the ride comfort achieved by a vehicle suspension system. These indexes are the core
evaluation criteria and will be applied to the subsequent analysis. Figure 4.17 presents the
comparison of accelerations between the passive open loop suspension (OA) and the self-
powered closed loop suspension using STFT control. It can be seen that the acceleration
of the controlled case is much lower than that of the passive suspension. Figure 4.18
indicates the control signal (voltage) and the self-powered energy during the STFT
control. The generated power changes consistently with the control signal, i.e. when the
control signal is 10V, the electric energy can be collected and used to power the MR

damper; otherwise, no energy was applied to the MR damper. Figure 4.19 (a) and Figure
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4.19 (b) present the displacement comparison between the passive suspension and self-
powered suspension in time domain and frequency domain, respectively. For both the
time domain and the frequency domain, the self-powered suspension under STFT control
performs better than the passive suspension in reducing the displacement. The RMS
values for both acceleration and displacement are calculated and listed in Table 4-2. The
quantitative analysis results demonstrate that the STFT controlled self-powered MR
damper reduces the acceleration and displacement by 16.8% and 21.4% respectively

compared to the passive suspension.

T T T T T T T M T M T

3 —— STFT control _
- - - Passive

_—— i ——
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Time (s)

Figure 0.17 Acceleration comparison between the controlled MR damper and passive

MR damper
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Figure 0.19 Displacement response comparison between passive suspension and

controlled MR suspension (a) Time domain, (b) Frequency domain

Table 0-2 RMS value

Object STFT control Passive Reduction against
passive

Acceleration RMS (m/s2) 0.938 1.128 16.8%

Displacement RMS (mm) 7.411 9.429 21.4%

4.7 Conclusion

In this chapter, the STFT controller and the skyhook controller of a semi-active vehicle
suspension which can provide variable stiffness and self-generate electric power was
successfully developed. Experimental tests have been conducted to evaluate the

performance of above two controllers. Regarding the skyhook controller, the results
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illustrate the effectiveness of vibration mitigation as well. Nevertheless, this control
principle could possibly have a counter effect due to the time delay of the feedback. Thus,
an improvement is required for further study. The evaluation results of the self-powered
MR damper on a quarter car test rig demonstrate that the self-powered suspension
controlled by the STFT controller outperforms the passive suspension, with the
acceleration reduced by 16.8% and displacement reduced by 21.4% compared with the

passive case.
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Chapter 5
Design, Modelling, and Testing of Semi-active Impact

Absorber

5.1 Introduction

It has been a popular topic to mitigate the shock or impact such as the crash landings of
aircrafts, the gun recoils in wars, and the explosions of weapons. All of which could be
harmful to human beings especially spine parts, induce structural failure of the devices
like helicopters, boats, vehicles, and gun systems. Thus, various impact absorber and
shock mitigation devices were proposed. For passive devices, once they are
manufactured, the properties are unchangeable, which will be undeniably effective for the
investigated scenarios. However, in real-life shock, the situations would change
frequently, in some cases, the passive device will work well, but in some other situation,
the passive one would be a failure or even detrimental. Regarding the active devices, the
performance facing various scenarios could be improved, but the energy consumption is
striking. In addition, the device scale and assembly requirement are too high to be widely
used in different fields. Therefore, the semi-active devices were put forward which
combine the strength of passive and active devices, specifically, low energy requirement,
flexible performance and compact structure.

Magnetorheological fluid (MRF), as a new kind of smart material which could reversibly
modify its mechanical properties by providing or removing a magnetic field, has been
investigated and utilized extensively. For conventional MR damper, the MRF is
accommodated in two chambers, the MRF in one chamber will be pressed and pushed
into another through a narrow bypass when shock/impact occurs. This design requires

much MRF, while, the MRF that works during impact only occupies a small proportion
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of all of the MRF. Besides, if the impact velocity was pretty large, at the impact moment,
the velocity of MRF would be extremely large, causing an enormous damping force,
which could put both passengers and the objective (helicopters, vehicles) in severe
danger.

Therefore, in this thesis, a semi-active damper with a creative mechanical structure is
proposed, which is an impact absorber, generally, employed in helicopters for soft
landing. The main advantages are as following: 1) less velocity dependent. In this
structure, an invariable channel is designated to accommodate the MRF instead of the
chamber in the conventional MR damper. For the conventional damper, the difference
between the chamber cross-section area and the MRF bypass cross-section area would
generate pressure difference, subsequently induce the excessive velocity, by contrast, the
proposed design avoids this drawback. 2) More MRF working areas and less MRF
consumption. Due to the employment of multiple groups of electrical coils, the MRF
working area has been enlarged dramatically. And the total amount of the MRF also
decreases largely. By multiple impact tests, the new impact absorber integrated with a
control algorithm is validated to be effective to maintain the peak damper force at around

500N over the impact velocities from 2m/s to 5m/s.

5.2 Design, analysis, and prototype of the impact absorber

5.2.1 Structure prototype of the impact absorber

The proposed new MR damper consists of an inner coil shaft, multiple electromagnetic
coils, a steel shell, an outer cylinder, and MRF. The coils are connected in series, which
are evenly distributed around the coil shaft. Besides, any adjacent coils should have
reversed winding direction to prevent the generated magnetic field from being cancelled.
There are 11 sets of coils, each set has 150 turns. The structural schematic of the new

damper is shown in Fig. 5.1 (a). From the figure, it can be seen that the MRF is
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accommodated between the steel shell and the cylinder, in which the cylinder is affixed
on the ground, the steel shell is connected with the coil shaft using multiple screws. On
the top of the shaft, there is a lid as a cover of the cylinder and MRF which is not shown
in the figure. An O-ring is placed inside the lid to avoid the leakage of the MRF so that
the gap between the cylinder and the steel shell is full of the MRF, and even the damper
is experiencing a severe shock, the MRF will not has a high velocity. When the damper
is experiencing a shock, the steel shell will move in a vertical direction, causing the MRF
work in shear mode.

Additionally, a conventional double-ended MR damper is designed as well as a control
group to validate the effectiveness of the novel MR damper. The structural comparison

between the two dampers is shown in Fig. 5.1. The top end of the damper is threaded.

!
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Piston
Coil ] [ Shaft \ /
‘ Coil f
Steel Shell ] i S::el Shell /|
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MRE ] [ ——Cylinder MRF ——
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(@) The new MR damper (b) The conventional damper

Figure 0.1 The structural comparison between the new MR damper and the

conventional one.

The impact absorber generally consists of the proposed MR damper, a spring, a load cell,
a laser sensor. The prototype of the impact absorber is shown in Fig. 5.2. The top end of

the damper is threaded, from Figure 5.2, the thread is connected with a circular plate,
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which is fixed together with a square disc by five positioning screws to have a uniform
force. For the square disc, four holes are designed to connect with four smooth rods via
ball bearings to guide the path of impact, making the impact structure a 1-DOF structure.
The advantage of the 1 DOF structure is that only vertical force should be considered,
which decrease the difficulty of experimental data analysis, and improve the accuracy of

the further experiments.

Figure 0.2 The prototype of the impact absorber

5.2.2 Magnetic field simulation

In order to understand the effect of the given current on the magnitude of the induced
magnetic field flux density, a magnetic field simulation is developed by employing the
software COMSOL Multiphysics. The modelled damper in magnetic field simulation is
shown in Fig. 5.3. The segment from point A to point G can reflects the magnetic field
strength of the MRF working area because the damper can be regarded as an axisymmetric

cylinder.
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Figure 0.3 Magnetic field simulation

Figure 5.4 illustrates the corresponding magnetic flux density along the segment from
point A to point G under different given currents. It can be clearly seen that the region of
segment BC and EF, (i.e. the part between the adjacent coils) have the strongest magnetic
field strength owing to more magnetic lines. By contrast, the magnetic flux density of the
region which is adjacent to the coils is much lower. More importantly, the induced
magnetic field intensity increases as the applied current increases, the maximum magnetic
field intensity increases from 0.35T with 0.5A current to 0.76 T with 3A current. To
illustrate, a plot of averaged magnetic flux density with different current will be shown in

Figure 5.5.
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Figure 0.5 The averaged magnetic flux density

In order to provide strong evidence that the given current can activate the MRF, a data
analysis was developed. In this thesis, the MRF applied is MRF-140CG, a kind of high

concentration MRF, whose typical properties could be found from ‘LORD TECHNICAL
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DATA’ and listed in Table 5-1. Besides, the yield stress (kPa) versus magnetic field

strength (KAmp/m or H), and B-H curve are given as well in Fig. 5.6 and 5.7.

Table 0-1 Typical properties of MRF-140CG (From Lord company)

Appearance

Dark Gray Liquid

Viscosity (Pa‘s) @ 40 °C

0.280+/-0.070

Density (g/cm?®) 3.54-3.74
Solids Content by Weight (%) 85.44

Flash Point (°C) >150
Operating Temperature (°C) -40 to +130

Yield Stress vs. Magnetic Fleld Strength

Yield Strass (kPa)

~

/

V

I:I {kAmp/m)

Figure 0.6 Yield Stress vs. Magnetic field strength
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Figure 0.7 B-H curve

Therefore, the ‘Image digitizing tool” in ORIGIN was used to obtain a discrete set of data
that fit in the above graphs. Then these attained data were utilized for polynomial fitting.
The fitted graphs were compared the original graphs shown in Figure 5.8 and figure 5.9.
From the figures, the actual figure and fitted figure have a very high fitting precision. The
fitted function can be expressed as following:

T, = —7.02363 ¥ 107® x H® — 1.15895 * 10~* * H* 4+ 0.50451 * H + 1.58401 (5-1)

H = 116.56012 * B + 65.72684 * B — 4.35269 (5-2)
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Figure 0.8 Comparison for yield stress
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Figure 0.9 Comparison for B-H curve

Subsequently, from Fig. 5.4, the magnetic flux density increases from OT to 0.75T when
the current boosts from 0A to 3A, the corresponding yield stress is 1.584kPa and
46.442kPa. It is clear that the yield stress of the MRF enlarges significantly, enough to

improve the performance of the MR damper.
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5.3 Simulation
In this section, a simulation of the shock (impact) process was proposed based on
MATLAB/Simulink. This simulation aims to obtain the required results of the shock such
as displacements and forces, and compare them with the experimental data. The block
diagram is built under the shear stress and the damping force formulas. Finally, by giving
a current, the corresponding damper force and displacement can be calculated.
5.3.1 Block diagram building

e Damping force calculation
According to the above formulas,
Ty = —7.02363 * 1076« H3 — 1.15895 * 10™* « H2 + 0.50451 * H + 1.58401 (5-3)

H =116.56012 * B% 4+ 65.72684 x B — 4.35269 (5-4)

The magnetic flux density is the input of the whole function regarding the damping force
calculation, which can be obtained from COMSOL. The ‘user defined function’ (as

shown in Figure 5.10) was applied to attain the theoretical damping force by the following

formula.

(y) = 7, + =2 (5-5)

) 116.56012*u”2+65.72684*u-4.35269 -0.00000702363*u”3-0.00011589*u"2+0.50451*u+1.58401 >

B-H H-Yield Stress

Figure 0.10 Yield stress calculation

Regarding the input, i.e., the magnetic flux density, the magnitude is various with the
different locations in the magnetic field, and the relationship is not linear. Thus an
averaged flux density is not accurate. Instead, a differential method is utilized. In the

magnetic flux density graph (Figure 5.4), the magnetic field distribution is composed by
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multiple repeating units. As shown in Figure 5.4, the part from ‘A’ to ‘G’ is a unit. The
graph was sketched by 47 groups of data, which will be imported into the Simulink
program.

After building the block diagram of the yield stress calculation, the effective area of the
MRF should be calculated, which will be divided into 46 parts. In this thesis, the contact
working area can be represented as the area of a rectangle, whose length is the
circumference of the circle, width is the height in the structure. However, the diameters
of the two sides of MRF is unequal, so the average diameter is selected. The basic

specifications are listed in the below table. The Simulink program is shown in Figure

5.11.

Table 0-2 Parameters of effective area

Inner diameter 38.4 mm

Outer diameter 40.0 mm

Averaged diameter 39.2 mm
Height for one unit 25.241 mm

Number of differentials 46
Area for one part 0.00006757 m?
Total Height 240 mm
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Figure 0.11 Yield force simulation

For the viscous part, the force will change as velocities modifies. The velocity simulation

process will be introduced later. The Simulink block diagram is shown in Fig. 5.12.

lu| p
Velocity .

Abs

Shear Rate
0.0008
0.28
d
Viscosity

"
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<

m
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Average Diameter

0.24

Effective Length1

5.3.2. The development of the control equation

Figure 0.12 Viscous part

The acceleration-velocity-displacement relationship can be represented
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‘Integrator’ block (Figure 5.13). Among these parameters, the parameter velocity has a
changeable initial value for different release heights. And the momentum conservation
theory is applied. During the calculation, there is an assumption that once the drop mass
touches the impact structure, they will move together without relative motion. The

calculation principle can be expressed by the following equations:
ml*g*h=%*m1*(v1)2 (5-6)

my * vy = (Mg +my) * v, (5-7)

Figure 0.13 The acc-velocity-displacement relationship

From the above graph, the resultant force contains five parts, namely, friction, spring
force, damping force, weight, and the support force. And the overall block diagram could
be constructed by the combination of all above parts.

5.3.3 Simulation results

By running the block diagram with different given initial velocity and current, the
simulated displacement, velocity and force graphs could be gained. The simulation was
conducted by two parts, current dependency and velocity dependency.

The displacement, velocity, and force versus time graphs are as shown in the below figure
(Fig. 5.14, 5.15, 5.16). For current dependency, the current ranges from 1A, 2A to 3A.

When the release height is 0.2m:
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Figure 0.14 Displacements under different currents with 2m/s impact velocity
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Figure 0.15 Real-time velocities under different currents with 2m/s impact velocity
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Figure 0.16 Forces under different currents with 2m/s impact velocity

As for the Displacement-Time graph, the tendency, generally, is similar to that of the drop
hammer tests: the displacement decreases as the current increases. In terms of the
Velocity-Time graph, it took shorter time period for the cases with larger applied current
to reduce the velocity to zero. The velocity reduction rate (i.e. the slope of the graph)
looks like a straight line, but actually not. The velocity reduction rate is the acceleration
of the impact structure, which is directly decided by the resultant force, as mentioned
before, the damping force will be determined by the velocity and the magnetic flux
density, and the velocity only takes a minor part of that. So, when the current is constant,
the magnetic will also be stable, so the damping force would only change slightly, thus
the acceleration modifies as well, hard to distinguish from the figure. In addition, in the
stable stage, the velocity also fluctuated frequently (Figure below) until all the energy is
dissipated. The direction of force is decided by the direction velocity, so it keeps

switching.
For the simulation, all the tendencies of displacement, velocity, force are as expected. The
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force increases sharply as the given current enlarges, and also increases slightly when the
impact velocity is getting larger. And the displacement will decrease as the current
increases, increases as the impact velocity increases. But the specific data is obviously
different from the experimental data, which may be due to several reasons:

e The initial impact velocity is not accurate.

e The friction generated by the ball bearings is not accurate.

e The actual simulated magnetic flux density might be less that the simulated one

due to the external interruption.

According to those reasons, the further improvement will be proposed in the future,

obtaining the consistent simulation results with the experiments.

5.4 Experimental tests

5.4.1 Property test of the proposed linear impact absorber

To validate the effect of the given current on the damper force, the property test was
conducted using MTS machine as shown in Fig. 5.17. And Fig 5.18 shows the damping
force tendency under different given current from 0A, 1A, 2A to the maximum value 3A.
The frequency is 0.5Hz and the amplitude is 10mm. It can be seen from the figure, when
no current is provided, the original damping force is around 100N, while there is a surge
in damping force when a current is given. For one displacement, there are two
corresponding forces, forward and backward, respectively. The mathematical expression
is shown below:

{Ft = k(xg — 10) — Fppr + mg For Forward (5.8)

F, = k(xg —10) + Fy,p + mg For Backward
It is clear that when the displacement is -10mm, the difference of the above two forces is
2Fyf, SO We can obtain that the damping force increases to approximately 300N, 415N,
510N when the currents are 1A, 2A, and 3A, respectively. Hence, a larger current truly
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leads to a larger damping force.

Force (kN)
o
o
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Figure 0.18 Force-displacement plots under different currents

5.4.2 Constant current impact tests
For this section, multiple drop hammer tests (impact tests) were conducted to simulate
the real-life impacts, and obtain the controllable damping range of the proposed MR

damper. The current varies from OA to 3A. And the impact velocity could be controlled
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and adjusted by changing the release height of the hammer, where the release height is
selected as 0.2m, 0.3125m, 0.45m, 0.6125m, 0.8m, 1.0125m, and 1.25m, reflecting the
impact velocity changing from 2m/s to 5m/s with 0.5m/s increment slot.

The experimental setup is shown in Fig 5.19, which demonstrates the process of data and
command transferring during the tests. First of all, the DC power supply provide 24V
voltage to activate the load cell. Besides, the power amplifiers are employed to give
variable currents to the coils in the damper, contributing to the controllable magnetic field.
During the tests, the laser sensor and the load cell could monitor the dynamic performance
(real-time displacement and force signals) od the proposed MR damper, then transfer the

data into NI myRIO for recording, which could be looked up and analyzed via a computer.

Plate

Spring

Amplifier

MR Damper 1

ommands
LR O
——
Signals
R R —

Computer

Force Sensor

Figure 0.19 The experimental setup for impact tests.

Figure 5.20 and 5.21 are sample experimental results for illustration. The initial impact
speed is 3m/s, and the supplied currents are 0A, 1A, 2A and 3A. It can be clearly seen
that displacement shaves sharply after giving a larger current, when the current is 3A, the
displacement is approximately 25mm, which is nearly one third of that of OA current.
Besides, large currents result in large damper forces. The force increases by over 300N

as current climbs, which proves the properties (magnetic field sensitive property) of the
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MRF.

Displacement (mm)

0 1 2 3 4 h 6
Time (s}

Figure 0.20 Displacement-time plot
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Figure 0.21 Force-time plot

In order to attain the dynamic control range of the new MR damper, the peak damper
force versus impact velocity graph is generated as shown in Fig. 5.22 (a). As mention

above, as a control group, the same graph is generated in Fig. 5.22 (b) as well. From the
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figure, it is clear that regarding the proposed new MR damper, the peak damper force
surge due to the increment of the impact velocity is much smaller than that of the
traditional MR damper. Numerically, the range of force variation is about 200N in terms
of the proposed damper. By contrast, the number of the conventional damper is 1500N.
The excessive force generated by the conventional damper will be detrimental to
passengers and mechanical structure of the target object like helicopters. Although the
proposed damper could limit the growth of the peak damper force effectively, 200N is
still considerable in many venues. Therefore, a control algorithm is put forward and

validated in next section.
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Figure 0.22 (a) The proposed MR damper; (b) The conventional damper

5.4.3 Controlled current impact tests
A bang-bang current control is integrated to a force feedback control methodology to
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obtain a stable peak damper force in various impact velocities. The objective of the
control method is to switch the on/off state of the given current by comparing the real-
time damper force with the desired damper force, as a result, the peak damper force could
almost keep stable although impact velocities change from 2m/s to 5m/s. The

mathematical expression of the control algorithm could be written as:

04 if Freal—time (t) > kFtarget

. 5-9
34 lf Freal—time (t) < kFtarget ( )

Current(t) = {

where Freal-time denotes the real time damper force recorded by the load cell, the coefficient
k represents the control gain of the control methodology, normally ranges from 0 to 1, the
error generated by the MRF and current response time can be compensated by adjusting
this parameter, and the Farget means the target damper force.

The peak damper force is supposed to retain at the target force, which means the target
force must be available under any impact velocities from 2m/s to 5m/s. Hence, according
to Fig. 5.22 (a), the target force must be larger than the peak damper force with OA current
and 5m/s impact velocity, smaller than the peak damper force when the current is 3A, and
the impact speed is 2m/s. Otherwise, the target force cannot be achieved. Therefore, the
target force was selected as 500N.

However, in real scenarios, the absolute stable force cannot be reached, some minor
deviations are acceptable. Specifically, by setting an error bound of 40N, in other word,
the peak damper force can be viewed as satisfied as long as it lies in the interval between
480N and 520N. By adjusting the parameter k, the peak damper force could be stable over
the impact velocity from 2m/s to 5m/s. The real-time control process could be illustrated
in Fig 5.23. From the figure, when impact/shock occurs, the current keeps switching the

on/off state as the real time force change.
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Figure 0.23 Real-time (a) Force (b) Current (c) Displacement of the control process with

4m/s impact velocity.

Besides, there is delay for current command response. Theoretically, given a fixed impact
velocity, the enlargement of the coefficient k increases the peak damper force. Multiple
tests have been done to confirm that under 4m/s impact velocity, the results are shown in
Fig 5.24. As expected, large gain k lead to large peak damper force. Therefore, a small
gain could be considered to compensate the time delay due to command response. To be
specific, for a high impact velocity, the force goes up faster, (i.e. the acceleration is

larger), a smaller control k could give the current command earlier to limit the peak
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damper force. And the control gain selection in various impact velocities is demonstrated
in Fig. 5.25. Finally, the peak damper force is almost a constant in various impact

velocities, which could be seen in Fig 5.26.
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5.5 Conclusion

In this chapter, a new impact absorber with a low sensitivity of velocity is proposed, in
accordance with MR dampers. Multiple tests have been conducted to prove the
effectiveness of the MR damper. Besides, a control algorithm based on bang-bang current
control to improve the capacity of the MR damper, specifically, to get a stable peak
damper force in various impact velocities, in the meanwhile, capitalize on the stroke of
the impact structure as far as possible, for example, 80% of the stroke. Also, comparing
this novel MR damper with a conventional linear damper to validate its low sensitivity to

velocity.
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Chapter 6

Conclusions and future work

6.1 Summary of the semi-active MR suspension with self-powered capacity

This thesis proposed an MR damper with self-generated ability installed in a semi-active
vehicle suspension. The mathematical model of the MR vehicle suspension was
developed and simulated to describe the dynamic properties of the MR damper. The
simulation results preliminarily demonstrate the feasibility of the concept. After the
prototype of the new MR damper, the stiffness controllability and the energy generating
ability were validated using a hydraulic Instron test system. To be specific, the stiffness
increased by over 70% when the given current increases from OA to 2A. In addition, under
a harmonic excitation with 0.15Hz frequency and 30mm displacement, the test results
show that the self-powered component could generate 2.595W effective power, which is
capable to activate the MRF of the damper. Subsequently, a quarter-car test rig was built
in our lab installed with the MR suspension, in order to avoid resonance and obtain the
lowest transmissibility, i.e. the best damping effect, two controllers, namely, skyhook
controller and STFT controller were applied to switch the on/off state of the self-powered
mode. Specially, when a moderate stiffness is required to achieve a better mitigation
performance, the self-powered circuit will be disconnected. Otherwise, the self-powered
mode will be switched on, offering a large stiffness. Regarding the skyhook controller,
the relative direction of the sprung mass velocity and the unsprung mass velocity whether
the self-powered component is working or not. Multiple tests were conducted under road
excitations, the evaluation results illustrate the skyhook controller could effectively
reduce the response displacements and accelerations comparing with the passive mode

and all-time self-powered mode. Nevertheless, the decision condition of the skyhook
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controller cannot reflect the state of the suspension system accurately, besides, the
velocity changes instantaneously under road excitations, the time delay of the feedback
could possibly have a negative effect on the mitigation performance. Thus, the STFT
controller was introduced into the suspension system, under sweep frequency excitations,
a critical frequency was obtained to control the on/off of the energy generating
component. Then, the evaluation results under road excitations show that the proposed
MR damper integrated with STFT controller can shave the displacements and

accelerations dramatically.

6.2 Summary of the semi-active MR landing gears

This thesis proposed an MR damper with a novel structure, comparing with the
conventional damper, the multiple-coils structure of the new damper offers a strong
controllability regarding the damping force. The MRF was accommodated in the narrow
gap between the outer cylinder and the inner cylinder, although the amount of the MRF
was rather less than that of the conventional dampers, the actual working amount of MRF
was more on the contrary. When the structure experiences severe shock, the both sides of
the MRF will move in reversed direction, causing the MRF work in shear mode. In
addition, a magnetic field simulation was developed to verify that the induced magnetic
field could activate the MRF. After the prototype of the MR damper, the property tests
were conducted using Instron test system, the evaluation results demonstrate that the
dramatic damping controllability. The mathematic model of the landing gear system was
built by MATLAB/Simulink to further describe the MRF property. Moreover, an impact
structure consists the proposed MR damper, supporting frame, laser sensor, and load cell
was established. Multiple impact tests were carried on to obtain the damping force
variation under varied velocities and currents. The experimental results illustrate that the

increment of damping force due to the increase of the impact velocities is smaller than
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that of conventional MR damper, which gives a relatively smooth damping growth to
protect the passengers and the aircraft structures from severe damage. In order to keep the
damping force constant under distinct impact velocity, based on bang-bang current
control, a control algorithm was proposed to introduce a parameter called control gain.
By adjusting the control gain, an almost constant damping force at diverse impact
velocities was realized. The evaluation results validate the feasibility of the proposed MR
damper with the control algorithm, the damping force could be kept at approximately

500N over the sink rate from 2m/s to 5m/s.

6.3 Future work of the semi-active MRF vehicle suspension

As presented in Chapter 4.7, the proposed skyhook controller may have a negative effect
due to feedback time delay. Thus, an improved skyhook control strategy, a new optimized
method on the basis of the skyhook strategy should be proposed. As it can be seen from
above that the skyhook control strategy uses the speed sensor to identify the relative
movement trend (same direction or different direction) of the objects at both ends of the
spring to determine whether to adjust the suspension system mode, thereby changing the
spring stiffness to adapt to the environmental conditions. Following this line of thought,
we increased the working mode of the system from the original two to a variety of types
(three in this thesis) and increase the condition of relative motion correspondingly. Doing
so can not only reduce the switching steps of each condition, which can reduce the delay
time and make the system more stable during mode switching, but also make full use of
the two sets of coil power supply characteristic of the new damper used in this thesis. To
be more specific, the two sets of coil power supply can be selected to provide half power
supply or full power supply, the idea is to find the average value of the negative velocity
product data (-0.0037m?/s?) and use full power supply mode when the product of velocity

is negatively large while transform to half power supply if the negative velocity product
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value is relatively small.

To achieve this theory, another MOSFET switch is used in the experiment so that each
switch can control one certain group of coil power supply, the prototype of the entire
circuit for the MOSFET switch is displayed in Figure 4.20. As soon as the product of
velocity meet the condition, the DAQ will provide 10V PWM signal to the MOSFET
switch so that it will be triggered on and half of the voltage produced by the self-powered

generation part will supply to the system and adjust the spring stiffness.

Figure 0.1 Prototype of the MOSFET switch circuit in improved Skyhook control

strategy

So, the judgment sentence of improved Skyhook control strategy can be expressed as:

Zo% Z, >0 ov
—0.0037 < z x Z, <0 V, = +10V (6-1)
\ 2 « 7, <—0.0037 V, = +10V,V, = +10V

where z, z,, is the displacement of the sprung mass and unsprung mass. The derivative

of the displacements are the speeds of two sides of the damper, which are the parameters
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used to record the motion of the spring. V;, V, are two 10V PWM signals to control the
working mode of the suspension system. And the operation flow diagram of the improved

Skyhook control strategy is shown in Figure 4.21.

Road excitation
Displacement
sensor
Displacement Displacement
Zs Zu
ds/dt ds/dt
velocity velocity

Vs Vu
\_) Multiplication

No

V, =+10V
| 0V signal | | vV, =+10V | V, =+10V

Figure 0.2 Operation flow diagram of the improved Skyhook control strategy
To sum up, in further investigation, the feasibility of the improved skyhook controller

will be evaluated by both simulation and experimental results.

6.4 Future work of the semi-active MRF landing gear

For the semi-active MRF landing gear, the control gain values under different impact
velocities were obtained by plenty of impact tests and manual adjustments. When this
design is applied in a real scene, the values of the control gain requires abundant
measurements and tunings using large-scale landing gears, which will consume lots of
manpower, time, and money. Therefore, the expectation of the next study is to obtain
the relationship between control gain and impact velocities through more lab-scale
experiments to achieve an automatic control gain tuning according to the impact

velocities.
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