Chapter 2

Background

The purpose of this chapter is to give the reader the necessary background information to
understand the research presented in this paper. The first part of this chapter will introduce some
of the fundamental ideas involved in the design and development of a vehicle suspension. It will
also include the current knowledge relating to semiactive suspensions, both in terms of the
necessary hardware and the method of control. The second part of the chapter gives information
on both the function and makeup of a damper. The third part of the chapter will introduce the
reader to the current knowledge relating to magnetorheological fluids and devices.

2.1  Vehicle Primary Suspensions

Primary suspension is the term used to designate those suspension components connecting the
axle and wheel assemblies of a vehicle to the frame of the vehicle. Thisisin contrast to the
suspension components connecting the frame and body of the vehicle, or those components
located directly at the vehicle's seat, commonly called the secondary suspension. There are two
basic types of elements in conventional suspension systems. These elements are springs and
dampers. The role of the spring in a vehicle's suspension system is to support the static weight
of the vehicle. The role of the damper is to dissipate vibrational energy and control the input
from the road that is transmitted to the vehicle. The basic function and form of a suspension is
the same regardless of the type of vehicle or suspension. Primary suspensions will be divided
into passive, active adjustable and semiactive systems, as will be discussed next, within the
context of this study.



2.1.1 Passive Suspensions

A passive suspension system is one in which the characteristics of the components (springs and
dampers) are fixed. These characteristics are determined by the designer of the suspension,
according to the design goas and the intended application. Passive suspension design is a

compromise between vehicle handling and ride comfort, as shown in Figure 2.1.
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Figure 2.1. Damping Compromise for Passive Dampers

A heavily damped suspension will yield good vehicle handling, but aso transfers much of the
road input to the vehicle body. When the vehicle is traveling at low speed on arough road or at
high speed in a straight line, this will be percelved as a harsh ride. The vehicle operators may
find the harsh ride objectionable, or it may damage cargo. A lightly damped suspension will
yield a more comfortable ride, but can significantly reduce the stability of the vehicle in turns,
lane change maneuvers, or in negotiating an exit ramp. Good design of a passive suspension can

to some extent optimize ride and stability, but cannot eliminate this compromise.



2.1.2 Active Suspensions
In an active suspension, the passive damper or both the passive damper and spring are replaced

with aforce actuator, asillustrated in Figure 2.2.
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Figure 2.2. Passive and Active Suspensions

The force actuator is able to both add and dissipate energy from the system, unlike a passive
damper, which can only dissipate energy.  With an active suspension, the force actuator can
apply force independent of the relative displacement or velocity across the suspension. Given
the correct control strategy, this results in a better compromise between ride comfort and vehicle

stability as compared to a passive system, as shown in Figure 2.3 for a quarter-car model.
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Figure 2.3. Passive and Active Suspension Comparison (adapted from reference [1], p.201)

6



A quarter-car model, shown in Figure 2.4, is a two-degree-of-freedom model that emulates the

vehicle body and axle dynamics with a single time (i.e., one-quarter of a car).
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Figure 2.4. A Quarter-Car Model.

In a study by Chalasani [1], a quarter car model was used to investigate the performance gains
possible with an active suspension system. In this study, the road input was modeled as a white-
noise velocity input. The study found that within practica design limitations, an active
suspension can reduce the RMS (root mean square) acceleration of the sprung mass by 20%.
This suspension configuration exhibited approximately the same level of suspension travel and
wheel-hop damping ratio as a lightly damped, soft passive suspension. In a further study [2],
similar simulations and analysis were performed for half car model. This study estimated that
active suspensions could reduce the RM S value of the sprung mass acceleration by 15%.

Active suspension systems have the added advantage of controlling the attitude of a
vehicle. They can reduce the effects of braking, which causes a vehicle to nose-dive, or
acceleration, which causes a vehicle to squat. They aso reduce the vehicle roll during cornering
maneuvers.

Active suspension systems, though shown to be capable of improving both ride and
stability, do have disadvantages. The force actuators necessary in an active suspension system
typically have large power requirements (typicaly 4-5 hp). The power requirements decrease



the overall performance of the vehicle, and are therefor often unacceptable. Another detraction
to active suspension systems is that they can have unacceptable failure modes. In the case of
actuator failure the vehicle would be left undamped, and possibly unsprung. Thisis a potentially
dangerous situation for both the vehicle and operator.

2.1.3 Adjustable Suspensions

An adjustable suspension system combines the passive spring element found in a passive
suspension, with a damper element whose characteristics can be adjusted by the operator. As
shown in Figure 2.5, the vehicle operator can use a selector device to set the desired level of
damping based on their subjective fedl.
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Figure 2.5. Adjustable Suspension (adapted from reference [3], p. 107)

This system has the advantage of alowing to operator to occasionally adjust the dampers
according to the road characteristics. It is however, unrealistic to expect the operator to adjust
the suspension system to respond to time inputs such as potholes, turns, or other common road

inputs.

2.1.4 Semiactive Suspensions
Semiactive suspension systems were first proposed in the early 1970's. In this type of system,
the conventional spring element is retained, but the damper is replaced with a controllable

damper as shown in Figure 2.6.
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Figure 2.6. Passive and Semiactive Suspensions

Whereas an active suspension system requires an external energy source to power an actuator
that controls the vehicle, a semiactive system uses external power only to adjust the damping
levels, and operate an embedded controller and a set of sensors. The controller determines the
level of damping based on a control strategy, and automatically adjusts the damper to achieve
that damping.

One of the most common semiactive control policy is skyhook control which adjusts the

damping level to emulate the effect of a damper connected from the vehicle to a stationary
ground, as shown in Figure 2.7.
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Figure 2.7. Quarter Car Model with Skyhook Damper



Mathematically, skyhook control is described as:

X * (X~ X,)3 0 C =high damping
(2.1)

X * (X~ X,)<0 C =low damping

In this equation X, isthe velocity of the upper massand X, is the velocity of the lower mass.

This type of skyhook control is called on-off, or bang-bang control since the damper switches
back and forth between two possible damping states. When the upper mass is moving up, and
the two masses are getting closer, the damping constant should ideally be zero. Due to the
physical limitations of a practical damper, a damping constant of zero is not practical and a low
damping constant is used. When the upper mass is moving down and the two masses are getting
closer, the skyhook control policy idedly calls for an infinite damping constant. An infinite
damping constant is not physically attainable, so in practice, the adjustable damping constant is
set to amaximum. The effect of the skyhook control scheme is to minimize the absolute velocity

of the upper mass. Thisis shown in figure 2.8.
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Figure 2.8. Skyhook Control Policy [4]

It has been shown that a continuously variable semiactive suspension system is able to achieve

performance comparable to that of a fully active system [5]. It is adso possible to develop a
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control policy in which the damper is not just switched between a high and low state, but has an
infinite number of positions in-between. This type of system is called a continuoudly variable
semiactive system. The ranges of damping values used in these two systems are illustrated in

Figure 2.9.
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Figure 2.9. Range of Damping Vaues

Further research indicated that performance of an on-off semiactive suspension system would be
very close to the performance of a continuously variable semiactive system [6].

In the case that the controllable damper necessary in a semiactive suspension fails, it will
simply revert to a conventional damper. Semiactive systems not only have a less dangerous
failure mode, but are also less complex, less prone to mechanical failure, and have much lower

power requirements compared to active systems.

2.2 Damper Background

A damper is a device that dissipates energy in the form of heat. Energy is changed to heat by
forcing a viscous fluid through an orifice. In a vehicle, energy from the road, rather than being
transmitted to the vehicle, is changed into a temperature rise of the fluid inside of the damper.
Two types of dampers are commonly used in vehicular applications, twin-tube and monotube
dampers. Both twin-tube and monotube dampers typically have bilinear damping characteristics.
This means that the slope of the damper force vs. relative velocity is greater at low velocities

than it is at high velocities, as shown in figure 2.10.
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Figure 2.10. Bilinear Force vs. Velocity Curve for a Conventional Damper

Twin and monotube dampers have the same outward appearance and the same general structure,

as shown in Figure 2.11.
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Figure 2.11. Twin-Tube and Monotube Dampers
In both cases, the shock absorber has a piston that traverses back and forth inside acylinder. Ina
monotube damper, the piston travels in a single cylinder that contains a fluid chamber and
pressurized air chamber. A floating piston is used to separate the fluid and air chambers. The air
chamber is used to accommodate the change in the fluid chamber volume, due to the volume of
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the piston rod. As the piston rod pushesin, it reduces the fluid chamber volume, which is gained
back by the floating piston moving down against the compressible air chamber. Conversely,
when the rod is pushed out, the fluid chamber volume increases and the floating piston moves up
to fill the excess volume, in order to avoid the creation of a vacuum in the fluid chamber. If a
vacuum is created in the fluid chamber, then the fluid will cavitate as it passes through the
damper piston and the damping effect will be significantly diminished. In the twin-tube
configuration, there is air in part of the outer tube. The compressible air isin direct contact with
the incompressible fluid. As the piston rod enters the damper, the air compresses to compensate
for the change in volume available to the fluid. Likewise, when the piston rod is withdrawn from
the damper, the air expands in order to avoid the creation of a vacuum. In the twin-tube damper
configuration, it is necessary for the air to remain at the top of the outer cylinder. If the air did
not remain at the top of the damper and were to pass through the damper valving, the damping
effect will be significantly diminished, as in the case where the fluid cavitates. Since there is not
a barrier at the fluid-air interface, the air will only remain at the top of the outer cylinder if the
damper is operated in its upright position.

In either style of damper, the damping force is the result of viscous friction arising from
the passage of the working fluid through an orifice. The level of the damping force that resultsis
afunction of properties of both the orifice and the fluid. The size and shape of the orifice as well
as the viscosity of the fluid determine how easy it is for the fluid to pass through the orifice. A
semiactive suspension system uses a damper in which the level of damping force can be
adjusted. Dampers in which the damping force can be externally adjusted are called controllable
dampers

A controllable damper has a range over which the level of damping can be varied. Thisis
shown in Figure 2.12.
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Figure 2.12. Damping Range of a Controllable Damper

The most immediately apparent way to achieve this variable damping is to include a mechanism
that is capable of varying either the size and shape of the damper’s internal orifices, or the
number of active orifices. Either of these methods leads to the inclusion of more moving parts
inside of the damper, which could potentially lead to decreased reliability and a shortened
lifetime. In order to make a controllable damper without mechanically changing the character of
the internal orifices, it is necessary to vary the properties of the working fluid. The fluid itself
must be able to change from a low viscosity, free flowing fluid to a high viscosity, semi solid in
a short time span. The class of fluids whose characteristics can be externaly varied in this
manner are called controllable fluids.

2.3  Controllable Fluids and Devices
This section gives background information on both controllable fluids and the devices which
make use of their unique properties.

2.3.1 Controllable Fluids

A controllable fluid is a fluid whose rheological behavior can be externally controlled, typically
by the application of either an electric or a magnetic field. Fluids in which the yield strength,
and hence effective viscosity, can be changed by the application of an electrical field are called
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electrorheological (ER) fluids. Fluids that can be controlled by the application of a magnetic
field are called Bingham magnetic fluids or magnetorheological (MR) fluids. Of these two types
of controllable fluids, it is the MR fluids that are currently deemed to be best suited to most
variable damper applications.

Both ER and MR fluids were initially developed independently in the 1940's. ER fluids
were developed by Winsow [7] and MR fluids were developed by Rabinow [8]. Initidly it was
ER fluids that received the most attention, but were eventually found to be not as well suited to
most applications as the MR fluids. In their non-activated or “off” state, both MR and ER fluids
typically have similar viscosity, but MR fluids exhibit a much greater increase in yield strength,
and therefor viscosity, than their electrical counterparts, as shown in Table 2.1.

Table 2.1. Summary of MR and ER Properties (adapted from reference [10], p.3)

Property ER Fluid MR Fluid
Yield Strength (Field) 2-5kPa (3-5 kv/mm) 50-100 kPa (150-250 kA/m)
field limited by breakdown field limited by saturation
Viscosity (no field) 0.2-0.3 Pa-s @ 25 ?C 0.2-0.3 Pa-s @ 25 ?C
Operating Temperature +10 to +90 ?C (ionic, DC) -40 to +150 ?C
-25 to +125 ?C (non-ionic, AC) (limited by carrier fluid)
Current Density 2-15 mA/cm2 (4 kvV/mm, 25?C) | can energize with permanent
(x10 —x100 @ ?C) magnets
Specific Gravity 1-2.5 3-4
Ancillary Materials Any (conductive surfaces) Iron/Steel
Color Any, Opaque or Transparent | Brown, Black, Gray/Opaque

A device based on an ER fluid will have roughly the same overall power requirement as similar
device based on an MR fluid, though the ER device will require high voltage, low current power,
while the MR device will require low voltage, high current power [10]. The extremely high
voltage requirements for ER fluids make them impractical for most commercia applications.

Additional advantages of MR fluids over ER fluids are that ER fluids are sensitive to
contaminants whereas MR fluids are not. Also, MR fluids have a much broader useful
temperature range than ER fluids [10].

2.3.2 Magnetorheological Fluid Based Devices

Magnetorheological fluids have application in many types of devices. Lord Corporation
manufactures MR devices under the Rheonetic™ brand name. One such device, shown in
Figure 2.13, isavibration damper that can be used in a controllable mount.
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Figure 2.13. MR Vibration Absorber for Use in a Controllable Mount [11]

Another such device, shown in Figure 2.14, is a large scale damper used for seismic vibration

control.

Figure 2.14. MR Damper for Seismic Vibration Control (adapted from reference [12], p. 5)

Another such device, shown in Figure 2.15, is arotary brake that is being used in programmable

exercise equipment.

Figure 2.15. MR Rotary Brake [4]

The most important part of any MR fluid device is an MR throttle valve [10]. The MR throttle
valve is aresistance to fluid flow that is externally controllable. When afield is applied normal
to the flow direction, it becomes more difficult for the fluid to pass through the valve, increasing
the pressure drop across the valve. In thisway the overall damping of the device is modul ated.
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