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Abstract
Hydraulic engine mounts (hydro mounts) are passive devices used to isolate automobile engine vibration from the chassis at different
automobile operating conditions. In this paper we introduce a semi-active hydro mount, using Magneto Rheologic (MR) fluids. A semi-
active hydro mount can be used to optimize the mount performance for a wider range of vehicle operating conditions. The MR fluid mount
developed and mathematically modeled in this work can change its yield shear stress once under a magnetic field, and hence, it may be
tuned by applying electromagnetic field. The tuning ability allows us to vary the natural frequency of the mount and to increase the
damping of the mount. To verify the numerical results an experimental test bed has been developed. Preliminary results show that the
experimental and numerical results correlate well.

Keywords: Hydraulic engine mounts; Semi-active hydro mounts, Magneto RIhelogic (MR) fluid

1. Introduction idea of the hydro mount is to add damping only at the resonant
frequency and leave the damping almost unchanged at other

With the clear thrust of the US Partnership for the New frequenci [1-31.

Generation Vehicle (PNGV) effort being mass reduction, the Since a m nedc

resltig vhices illsufer rominceasd vbraionlevls ue Since a hydro mount can only be tuned for a specific
resulting vehicles will suffer from increased vibration levels due frequency for an optimal performance, it is still a compromise. To

to higher engine to frame weight ratios, increased engine lorce further improve the performance of an engine mount to meet the

density, and the use of lighter and more flexible vehicle frames. requirements and overcome the limitations, an actively controlled
These increased vibration levels will reduce driver comfort and system is required.

component longevity; the PNGV Sweet 16 does not address this The need of an active system has long been recognized and

aspect. The engine to frame weight ratio and the engine force different approaches have been taken to accomplish this [4,5,81.
denusities is increasing in the quest to come-up with lighter and Similar to the application of Electro-rheological (ER) fluids one

efficient automobiles. Furthermore, lighter and more flexible can use magneto rheological (MR) fluids to achieve a controllable
vehicle frames have led to the increased frame vibration levels. hydro mount.

Consequently, recent research and development efforts have been In this work we have proposed a semi-active mount system

focused on further improvement of engine mounting technology to based on MR fluids: non-colloidal suspensions of micron-sized,

achieve better vibration isolation, smooth vehicle ride and noise magnetisable particles in a fluid medium. These fluids have the

reduction. ability to change from a free-flowing liquid to a semisolid in
Passive hydro-mechanical mounts have been designed to meet milliseconds when exposed to a magnetic field, and instantly back

the requirements of such a system. A typical hydro mount is to a liquid when the field is removed. They provide simple, quiet,

designed to have high stiffness and damnped response for low rapid-response, miniaturized, and continuously variable interfaces

frequency large amplitude vibrations (in most cars this is greater for electro-mechanical systems. By controlling the applied
than 0.3 mmn at 1-50 Hz). Conversely at high frequency small magnetic field, the fluid's yield stress can be precisely determined,

amplitude vibrations, a hydro mount is designed for low stiffiness enabling the design of active isolators with minimtm weight and

and damping characteristics (amplitudes less than 0.3 mm at 50- maximum control force to eliminate road- and engine-induced

300 Hz). vibration.
These mounts allow passive adjustment by a variety of The objective of this paper is to provide the basic ideas behind

hydraulic design options (decoupler, inertia track, rubber shape an active hydro mount using MR fluid and to design a tunable

and stiffness) based on the application and its optimal dynamic mount using experimental analysis. The experimental data are

properties, engine performance requirements or operating used to evaluate the effectiveness of MR fluids on semi-active

conditions. All these design options allow tailoring the mount mounts, This work is intended to provide a basis for future work

characteristics for the specific automotive application. The basic
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Military Aircraft, Land Vehicles and Sea Vehicles, Braunschweig, gerniany, 8-11 May, 2000.
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in semi-active mounts using MR fluids. The experimental data can Different approaches have been taken to model a hydro mount

also be used to arrive at an empirical mathematical model. [1-3]. Reference [2] describes a linear dynamic model with

lumped mechanical and fluid elements. Another study with a non-
2. Theoretical considerations linear model is by Golnaraghi and Nakhaie [3]. Such models are

2.1 Hydro mounts put up to achieve a dynamic stiffness spectra prediction. The

The ideas of conventional rubber mounts [1] are used in hydro desired characteristic of the hydro mount is the so-called cross

mounts. As in the rubber mounts, the liquid filled mount or hydro point dynamic stiffness, defined as:

mount, offers the possibility of vibration isolation in three =F, (1)

orthogonal directions. However, in the primary direction (up X

down) the mount is very non-linear with frequency due to the fluid where Fr is the transmitted force to the base (chassis) and x is the

resistance and the decoupler action (Figure 1). The non-linearity excitation amplitude (engine). A typical frequency response curve

arrives from the fact that the communicating orifice, connecting and also the phase shift curve of a hydro mount with and without

two liquid filled chambers, acts as a hydraulic damper, which implementing a bell are shown in Figure 2 [9].

influences the system due to its resistance to the motion of the There are a few design options, which allow for passive

fluid. In addition, the decoupler plate has very complicated tailoring of the mount characteristics for each specific application.

characteristics, including impact of decoupler plate with the These options include variation in the geometry and physical

surrounding cage, possibility of turbulent flow, and flow leakage properties of the inertia track, the decoupler, and the mount rubber

once the decoupler plate has bottomed out [3]. housing. A detailed description of the above-mentioned options is

The cross section of a passive, liquid filled hydro mount with included in [9].

inertia track, decoupler, and bell in the upper chamber is shown in

Figure 1. The primary rubber element has two functions. It has to

carry the static and dynam ic load on the m ount and it has to act as o_. . .......................

a piston to pump the liquid through the orifice into the bottom h --- 45th beibl -,-

chamber. The ability of the secondary rubber element to bulge will " - .-,,- , - - -.

compensate the fluid increase in the lower chamber. Since the / ,

secondary rubber compliance acts as an accumulator for liquid __-

passing back and forth through the orifice, it can take the form of a 5....o....- H

highly flexible diaphragm. When pumping the liquid through the -b

orifice, the primary rubber element will also bulge slightly such 40 -1 withou•A bll ,

that not all the liquid displaced by the piston action is forced / /\
through the orifice, The bulging effect of the top and bottom ° "o- - • - . . . . ....

rubber elements is expressed as the change in the chamber _ _--_--_ __....

volume, AV, over the pressure change, Ap, also referred to as the

compliance of the top and bottom chambers. The unit of the Figure 2. Dynamir Stiffness Curves

compliance is [am3 !Pa]=[mi 5 N].
In this paper we introduce an idea to be able to actively shift

the resonance peaks of the dynamic stiffness curve by external
Bell Primary tuning of the mount. In addition to the basic components of aBeell

Beat Rubber hydro mount MR fluid will be introduced to the system as the

active component.Upper • " u•-/•Decoupler

2.2 MR fluids
Lower
Chamber Inertia

Track
Secondary Magneto rheological fluids have been initially discovered by
Rubber Jacop Rabinow in the 1940's. MR fluids belong to the controllable

fluids and are the trse magnetic analogues of electro rheological

(ER) fluids. They are of interest because of their ability to provide

Figure 1. A Model of a Hydro mount simple, quiet, rapid-response (below 30 msec), miniaturised, and

continuously variable interfaces between electronic controls and
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mechanical systems. MR fluids are composed of non-colloidal One of the three basic modes of operation is the fixed pole or

suspensions of micron-sized, magnetisable iron or steel particles pressure driven flow mode. The fixed pole mode is also referred to

in a fluid medium. Water, oil, or silicon based MR fluids are as the valve mode, Figure 4 illustrates how the valves can be

available depending upon the application. In a MR fluid mount, accomplished with no moving parts.

the control action is due to the change in rheological behaviour to

an applied external magnetic field, The key to these fluids is their

ability to change from a free-flowing liquid to a semisolid in appted tuld
milliseconds when exposed to a magnetic field, and instantly back

to a liquid when the field is removed. By applying an external

magnetic field the fluid develops a precisely controllable yield

stress. A yield stress versus magnetic induction curve for a

commercial used fluid (MRF-240BS) is shown in Figure 3.pre

Figure 4. Fixed Pole Operating Mode [6]

r- T° The pressure drop developed across the device shown in Figure 4

is divided into a:
•40 -

•° 12 rlL
o - Viscous component: AP, 12g3 W (2)

0 0.0 00 0 0 .0 1 1. .0

Field dependent component: AP L (3)

Figure 3. Magnetic Induction Curve (MRF-240BS) [7] g

The formation of particle chains (microstructure) when where i1 is the plastic viscosity, Q the volumetric flow rate, L the

applying a magnetic field restricts the movement of the fluid and length, g the gab, w the width, T.y the yield stress developed in

thereby increases the viscosity of the suspension. The behaviour of response to an applied external magnetic field H, and c is a

such a controllable fluid is often represented as a Bingham plastic parameter which ranges from a minimum value of 2 (for APT / AP,

having variable yield strength [6]. less than 1) to a maximum value of 3 (for AP, / AP, greater than

MR fluids routinely exhibit dynamic yield strengths of 50-100 100) [6].

kPa for applied magnetic fields of 150 - 250 kA / m (for magnetic The total pressure drop in the device is approximately equal to

induction of 1.3-2.0 Tesla, for commercial used MR fluids). The the sum of AP, and AP,. When algebraically manipulate Eq. (2)

strength of the fluid is limited by magnetic saturation (see Figure and Eq. (3) a different derived design equation can be provided

3). The fluids can be used in a broad temperature range from about

-40 1C to 150 'C a nd the yield strength varies only slightly over this - -12 -Y (4V = /•,. AP•(4)

range. MR fluid exhibits low thermal conductivity (between 0.20- C2

3.80 W / in /'C) and have low coefficients of thermal expansion

(between 0.2xl0 -3 and 0,7x 10-3 in the temperature range from 0 to where Th'TY
2 are fluid material properties, AP, / AP, is the control

150 'C). Temperature range, thermal conductivity, and thernmal ratio (or dynamic range), and QAPT is the mechanical power level,

expansion generally depend upon the carrier fluid [7]. MR fluids V is the minimum active fluid volume (V = Lwg). The minimum

have a high resistance to settling. At common flow conditions no active fluid volume V is the volume which is necessary in order to

separation between the particles and carrier fluid is observed, achieve the desired control ratio at a given flow rate with a

Concentration and density of particles, particle size and shape specified controlled pressure drop APR .

distribution, properties of the carrier fluid, additional additives, The dynamic range k = AP, / AP, involves the viscous

applied field, and temperature are what the theological properties properties of the MR fluid (i.e., ri and t). In reality, the dynamic

of controllable fluids depend on. The interdependency of these range of a device may also be significantly a function of other

factors is very complex and has not yet been completely device properties such as seal and bearing friction.

discovered. Therefore, it is important to optimnise the performance

of the MR fluids for particular applications.
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3. Performance criteria is desirable to have the possibility to easily change the overall

stiffness. The general approach is to design a model that has the
The fluid resistance due to the orifice and valve element flexibility to be used in different tests for various modifications of

influences the overall damping of the system (magnitude of the the hydro mount. These modifications are different number of

peak in the dynamic stiffness curve). Eq. (3) states that a change in chambers, different compliances, and different orifices. This
pressure drop results in a change in shear stress of the fluid. The flexibility is achieved through a modular design. The fundamental

pressure drop across the valve is related to the fluid resistance concepts of a lumped parameter fluid system model are used as a
(pressure drop-flow relation) as: base for the design process. Since the emphasis of research is the

dynamic effects of an active valve, the well-known linear Voigt
(-P 2, o =-R• Q (5) model representing the primary rubber element (stiffness and

damping) is not included in the design. This could later be

where Q is the volumetric flow and Rf is the fluid flow resistance implemented in a mathematical model to see the actual

which is influenced by changing the shear stress. The emphasis of performance of the semi-active hydro mount. The model consists

the experiments is to find whether the variable shear stress of the of an actuator, two chambers connected through a valve element,

fluid within the valve element is also able to shift the resonance two devices representing the primary and secondary rubber

peaks. element compliance, a magnetic circuit to activate the valve, and

As discussed earlier, the MR fluid behaves like a Bingham the incompressible MR fluid,

fluid, in which, before reaching the yield shear stress, the core To model the pumping action of the primary rubber element a

flows like a solid (similar to toothpaste flow). The size of the solid hydratlic cylinder is used as an ordinary piston pump. The piston

core is increased or decreased according to the magnitude of shear pump accomplishes two main functions. Besides the pumping

stress. An increase in the size of solid core will increase the cross action, it also represents the upper chamber volume. The bore size

sectional area of the flowing fluid and also the mass of moving of the cylinder is selected to be 3.81cm (1.5 inches).

fluid. Since the area is proportional to the mass, the inertia of the The importance of the compliance elements arises from the

fluid within the valve element will decrease as according to fact that the overall stiffuess of the system mainly depends upon

them. To model the compliance, two basic ideas are investigated,

I -p _ () the use of spring-loaded piston pumps or the use of accumulators.

A A' The advantage of using spring-loaded piston pumps is the

flexibility of achieving different compliance values by using
where p is the density of the fluid, I is the length of the valve, A is different springs or pistons. The compliance can be evaluated as

the cross-sectional area, and m is the mass of fluid in the valve. A2

C =-- (7)
The controllable shear stress could be thought of as a controllable k

orifice size. Changing the orifice size will result in changing the where A is the cross sectional area of the piston and k is the

system inertia, Eq. (6), or system natural frequency. Shifting the stiffness of the spring. Another advantage of this configuration is

natural frequency was observed before in [3] using same concept. having a constant stiffness over the full operation of the piston.

When applying a magnetic field to the fluid in the valve The disadvantages of this configuration are the seals of the piston

element, the pressure in the upper chamber has to exceed a and the piston rod. The seals experience Coulomb friction and

threshold pressure set by the yield shear stress of the fluid in order would therefore negatively effect the dynamics of the overall

to allow for the fluid to pass through the mount valve into the system.

lower chamber. This threshold pressure is set by the strength of To avoid the negative effects, commercially available

the magnetic field. Unless the threshold pressure is reached, the diaphragm accumulators have been selected for the actual model

valve would block the flow. In this case, the overall stiffness of of the semi-active hydro mount. The accumulators work in the

the system would mainly be determined by the upper chamber following manner. They have a reservoir, which is filled with a

compliance, the lower chamber compliance would not have any compressible gas such as nitrogen or air. If the pressure in the

effect. Notice that in this case the mount will act similar to a system outside the reservoir exceeds the pressure of the gas, the

regular rubber mount, gas will be compressed; the pressure change will be compensated

to a certain degree. The enclosed gas in the reservoir has a

4. Designing the mount model stiffness value depending on the volume and the pressure. Since
the stiffness can be converted into a compliance value, an

In this section the design of aproposed model of a semi-active accumulator can be used to model a compliance element. To

hydro mount using MR fluid is discussed. For the mount model it
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determine the compliance of the accumulators, the simplified where p is the pre-charged pressure of the accumulator and V is

model shown in Figure 5 is used. the nominal volume of the gas in the reservoir.Using Eq. (7) gives

an expression for the compliance:

Piston G Po V C=VO (16)

Area A Gas Position 2 PO

Position 1 where V0 and po are the volume and the pressure of the

accumulator at the operating point, respectively. The stiffness of

Fluid the gas is not constant, and therefore, a non-linear relationshipFdPoperating between compliance and pressure is expected. When exciting the

system at different operating pressures, different compliance

Figure 5. Simplified Model of an Accumulator values will be seen. Nevertheless, the compliance values of the

accumulators are assumed to be constant once the pressure of the
Position I is referred to as the pre-charged position and Position 2 system is brought to the operating point. Only small pressure
represents the operating point. A few assumptions are made before changes arc expected when exciting the system.

stating the relationship for the compliance. The change of states of Two different accumulators are used in this work. One has a

the ideal gas is assumed to be isothermal and the pressure in the 75m1 reservoir handling operating pressures up to 250 bar and the

accumulator and the one in the system is assumed to be in other one has a 160m1 reservoir handling the same pressure.

equilibrium. The size of the valve element determines the active fluid

The isothermal change of the states can be represented as volume specified in (4). The volumetric flow rate and therefore,

follows: the required controllable mechanical power level are not known,

and have to be found experimentally. Therefore, the equation for
p, 1  -V, = const. (8) the minimum active fluid volume cannot be used for designing

Therefore, purposes in this particular case. The valve is designed to add as

p. V= (p + A). (V - AV) (9) less inertia to the system as possible. Therefore the valve has a

large cross sectional area and a short length (6). The Ampere-
p. V = p- V + Ap, V - p- AV - Ap- AV (10) turns, generating the magnetic field, strongly depends upon the

size of the valve, since the valve with the fluid inside will be partThe term ApAV was neglected since only small changes are

considered. Eq. (10) is arranged to of the magnetic circuit. The valve has to be shaped in such a way
that the magnetic core of the magnetic circuit can easily be

interfaced. Quadratic shaped pole pieces are chosen with which a
quadratic cross-section of 17 x 5 mm of the valve element is

Knowing that formed. Material considerations are very important since the flow

AV = A- Ax (12) channel is directly part of the magnetic circuit. If high permeable

where Ax is the displacement of the diaphragm and A is the cross carbon sheet steel is used, the magnetic flux lines will go directly

sectional area which remains the same. For the steady state the through the material without affecting the fluid (Figure 6b). For

stiffness of the gas can be represented as spring stiffness, The this reason very low permeable stainless steel sheet is used. In the

spring tension can be stated as: magnetic circuit the core material, the stainless steel sheet of the

AF = k. Ax (13) valve element, and the fluid are in series as shown in Figure 6a.

where the spring tension is in equilibriumn with the force due to the

pressure Valve Element Magnetic Core

AF = Ap A (14) Magnetic

Substituting Eq. (12)-(14) into Eq. (11) gives a statement for the

stiffness of the accumulator.

k A' (15)

V a.) Stainless Steel b.) Carbon Steel

Figure 6. The Magnetic Circuit Including the Valve Element
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In the last mentioned configuration, using stainless steel, implemented into the system yet, the first model of the hydro

which has a low permeability value of 1.3, the thickness of the mount using MR fluid is really considered to be an external

sheet will almost act as an air gap and therefore high Ampere- tunable mount. A semi-active control unit is later on implemented,

turns are needed in order to achieve the required magnetic field to actively tune the mount in response to the vibrations it is

within the fluid, exposed to.

A more effective design was considered in this work. Figure 7

shows the cross section of the valve. As shown, carbon sheet C i Compianc

metal was used at the long sides, which will be in direct contact Element CJ Element C2

with the magnetic core material, and stainless steel sheet metal

was used on the short sides. Therefore, there will be no air gap Lower

effect and also no magnetic flux short. The magnetic flux can now Upper

be assumed to go straight through the fluid, of course with some Chamber Valve Element Electro Magnet

leakage on the edges. Both sheet materials are 1.2 mm thick and

were welded along their edges to form the quadratic shaped cross Figure 8. Overall Model of the Mount

section. The length of the valve part was chosen to be 10 mm.

5 i'l" 5. Description of Experiments

staintess
5 Steel A hydraulic operating dynamic testing machine was used in

1Zrbo the experiments. Due to the frequency limitations of the test
Carbon

17ia m Steel machine, the excitation amplitude dropped rapidly at higher

frequencies. IHence, we could not test the mount performance in a

more realistic frequency range of 200 to 250 Hz. However, the

Figure 7. Valve Element-Cross-Section tests within the frequency range of 0 to 20 Hz, show great merit.

Excitation amplitudes up to 10.44 mm were achievable for the
Two main considerations can be pointed out when choosing

the MR fluid. Firstly, the fluid had to be chemically compatible frequencies tip to 20 Hz.
To monitor and select the pressures during the experiments,

with all the other parts of the system, including seal materials as
two pressure transducers were used. The pressure was measured in

well as the diaphragm material of the accumulators. Secondly, the
each chamber, on both sides of the valve element, in addition to

right carrier fluid had to be chosen accounting for lubrication
aspects. The MRF-132LD fluid with a density of 3040 kgim3 was the displacement of the actuator, The signal from the displacement

sensor anld the signal fr'om the two pressure transducers were fed
chosen because of its good dynamic viscosity and density values.

into a data conditioner card. The signal was low pass filtered at 70The fluid can build up yield shear stresses up to 54 kPa at
Hz and then amplified in order to get an appropriate resolution

magetic f denties ofrcuit repr s . e T a be iwhen reading the data into the data acquisition card. The amplified
The magnetic circuit represents the variable interface between

and filtered data were fed into a 486 PC processing.
electronic control and mechanical system and provides the

required magnetic field to the fluid needed to change its state. The Tests were conducted initially to verify the mount model, and

field must be applied perpendicular to the direction of fluid flow. to confirm if it were designed properly to perform as intended, like

The parts of the magnetic circuit are: the iron core, the coil, which a hydro mount. In addition experimental data were collected to

supplies the magnetomotiv force, the valve element, and the MR achieve insight into the feasibility of this system for use as a semi-

fluid. The magnetic circuit was capable to achieve the required active mount in the future. Hence, the first experiments were made

magnetic field strength around the fluid. The circuit was designed to form the basis of future experiments.

in such way that the required field strength was reached at 2.6 A In the initial studies, different pre-charge pressures for the

and 14.6 V. A variable power supply was used to tune the valve as accumulators were tried out as well as different operating pressure

needed, points, which are directly dependent upon the zero point of the

A schematic of the overall model can be seen in Figure 8. A excitation piston. It could be seen that when pre-charging the

not so large reservoir was considered as the lower chamber of the accumulators to very low levels, it was hard to distinguish the

system. The connector between valve, accumulator, and the peak to peak values of the pressures, since the accumulators were

pressure transducer was representing it. The system holds more capable to compensate for the pumped fluid. According to

approximately 80 ml of the MR fluid. Since no feedback systems the tests made, it is recommended to keep the pre-charge pressure
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in either of the accumulators above 0.8 bar (11.5 psi), The main where Ii is the inertia of the valve element and C1 and C2 are the

experiments can be subdivided into three parts. compliance values. The pre-charged pressure of the accumulators

(Pol and P02 ) as well as the net volume of them, 75 ml and 160 ml,
5.1 Fluid performance were used to determine the volume of the air within the

Several tests were conducted to check the performance of the accumulators (V001 and V0 0 2) at the operating pressure point (8).

MR fluid. The accumulators were pre-charged to no particular The found volume and the operating pressure (Pop) were plugged

values (P0 1=19psi, P02 -45psi), and the system was excited with a into (16) to achieve the compliance of the accumulators at

harmonic input with a frequency of 10 Hz and displacement operating pressure. The inertia of the valve is determined with (6).

amplitude of 1.7 mm (peak to peak). The system was working The compliance values and the inertia of the valve clement could

around an operating pressure of approximately 48 psi. The current then be used to estimate the natural frequency of the system (17).

going through the coil, producing the magneto-motive force was Several iterations have been performed to get the natural

stepped through 0 to 2.61 A, and different shear stresses of the frequency ofthe system within the 20 Hz. Another three tests have

fluid were observed. A typical data set printout is shown in Figure been performed. The values can be seen in Table 1.

9. In this case, the pressure P2 (lower chamber pressure) response

has reached steady state above a current of around 1 A. It could be Table 1. Values to Determine Resonance Frequency

further recognized that the peak to peak value of the pressure P1 PC1  [psi] 20 37 20 12

(upper chamber pressure) also did not change anymore in the same P5 2  [psi] 45 35 19 9

region of current. Pop, [psi] 48 41 24 13

V0~~~~1~ _m]10_l 7~o T~iVopt [W3 I6.-768x10-' M6.25x104 6.923x104

Vop [m] i.366x0- 1267x10- 1.108xlO-4

Cl [mi/N] 2.39x10'0 3.77x101'0 7.72x10 10

C2 [m5 /N] 4.83x10I1  7.65xl01° 1,23x10
Eo. Ii [kg/m4 ] 357647.06 357647.06 357647.06 357647.06

0 ... . 0... ... ... ... .. 00. 000 fN [Hz] 29.8 21.04 16.74 12.21

.. ............... 5.3 Resonance frequency shift
.... ... ........ . ....... . .... .... .. ....... .: . ....... ........ .. ....... ....... .. 5 3 R e o a c fr q n y sh t

_ _ _ __ IThe last part, which required the most number of tests, was
2 . o .. intended to find out whether changing the magnetic field strength

48 could shift the frequency response curves. In this part of the

5 . experiments, the accumulators were both pre-charged to 34 psi

000and the operating point was brought up to 41 psi. This almost
T-• V- matches the settings of a previous test, which was giving the most

Figure 9. Typical Time Response Curves (0 A, Ct-19psi, C2-45psi) reasonable results. For various frequencies in between 0 and 20
Hz, data was collected for different applied magnetic fields.

5.2 Frequency sweep Therefore, the current was stepped through 0 to 0.5 A. The
In this part of the tests, the excitation frequency was varied frequency was kept constant and the data was collected for each

trough 0 to 20 Hz in 11 equally distributed steps. These tests were current step before switching to the next frequency. That could be

performed to see how the system behaves at a frequency sweep. done, since the MR fluid does not show considerable hysteresis

There was no magnetic field applied to the valve part. The loops. The values for the compliance of the upper and lower

accumulators were set to 20 psi and 45 psi for Pa1 and P02, chamber were 2.264x10- 1 m5/N and 4.692x10- 5° m5/N,

respectively. The system was then brought to an operating respectively.

pressure of approximately 48 psi, The excitation amplitude was

kept the same throughout the frequency sweep. The value was the 6. Results and discussion

pre-determined maximum amplitude for 20 Hz, 0.88 mam. The test The following data was extracted from the time response
was then repeated, But before the next tests were performed, a curves to perform the evaluation of the results:
rough magnitude calculation was done to predict the natural * the mean value of the piston road position
frequency of the system. The natural frequency was estimated as[1] the average of the maximum displacement of the piston road

* the frequency of the input signal

ON=2.r f-= =l 1 +-1 (17) * the average of the peak to peak values of pressure P1
Ii, C1 C2 ) , the mean value for the pressure P1
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* the average of the peak to peak values of pressure P2 That clearly indicates that the pressure built up in the upper

• the mean value of pressure P2 chamber was not sufficient enough any more to work against the

In the presented graphs in this section, the peak to peak values shear stress of the fluid and therefore can not pump the fluid

of the pressures P1 and P2 have been used to plot over the through the orifice. As a reminder, the maxinmum achievable yield

frequency or the current. Usually the maximum pressures are used shear stress of the fluid

for evaluation purposes of hydro mounts. Since it could not be

ensured that the piston road of the exciting machine moves exactly 3,1 -

around the same point for each data collection, the peak to peak 3 -,

values have been used. The position of excitation varies only a2,9
IL

slightly, But already small variation in position would make it P 2,8 ""--'--

hard to evaluate the data. The input was a sinusoidal displacement, n 2,7_

and therefore the peak to peak value of the pressure indicates the 2,6-

same behavior as the maximumn values. Consider the excitation a al 0t2 0,3 0,4 t,5 0,6
Current [A]

around a fixed point, when the maximum pressure increases, the

peak to peak value increases as well, the increase would be twice 1,2_

as high as the increase of the maximum value. a o,8

_, 0,6 -
6.1 Fluid performance f 0,4_

The results of two tests are shown in Figures 10a and b. The 0,2_

current was stepped through 0 to 1.2 A for the first one and 0
0 0.1 0,2 0,3 0.4 0,5 0,6

through 0 to 0.5 A for the second one. All the other tests of this current [Al

section indicated the same behavior and gave the same results.

Delta P1 represents the pressure change in the upper chamber and Figure t0bW Delta P vs. Current (0 - 0.5 A)

delta P2 in the lower chamber. The pre-charge pressures and the
operating pressure arc sown in Table 1. is theoretically reached around 2.6 A, but the leveling starts

already way before that point. That confinrs the just stated

3,3 prediction. It can be assumed the valve is blocked. The applied

3,2 -. __" _ current range of 0 to 0.5 A (Figure 10b) was not sufficient high

a3,1 enough to see the leveling. At both delta P1 curves a minitmun

3 - could be observed around 0.2 A, which may not be explained yet
n29 2

at this stage.
2,8 ____
2,7 The contrary change of delta P2 compared to the upper

0 0,2 0.4 0.6 0.8 1 1,2 1,4 chamber can be recognized in both plots. That makes sense, since

Current [At less fluid is pumped through the valve element, and therefore the

1,2 pressure built up in the lower chamber will be less. The delta P2S 1
- ,8 1 _curves seem to plateau before delta P1. This fact could not be

•- 0.6 ___explained yet, at this state of the experiments. Furthermore, the

Zn 0.4 - decrease in delta P2 was slightly higher than the increase of delta
o2 -P1. This results in the different compliance values of the two

0 0,2 0. 0.6 0,8 1 1.2 1. chambers; the value of C2 was twenty times as large as the value

Current [A] of Cl. Nothing could be seen in contrast to the nminitnum of the

delta P1 curve around 0.2 Ampere.

Figure 10a. Delta P vs. Current (0 -~ 1.2 A) To be complete, the pre-charge pressures of 19 psi, for the

upper chamber representing compliance element, and 45 psi, for
the lower chamber representing compliance element as well as the

The exact frequency for these tests was found to be 10.42 Hz. oeaigpesr f4 s eut ncmlac auso
Figre 0a lealy ndcats tat he resur difernce(deta I) operating pressure of 48 psi results in compliance values of

Figure 10a clearly indicates that the pressure difference (delta P1) 8.97x10q' tn/N for the upper atnd 4.53x10q° tn 5!N for the lower

increases as the current increases. It can also be seen that the curve
compliance element.

plateaus after a certain increase in current. The leveling was even

better indicated for the test stepping up to 2.6 A with the current.
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6.2 Frequency sweep

In Figure 11 the results of the tests with the theoretical 4
3-

calculated resonance frequency at 21.04 Hz and 12.21 Hz are 2
presented. The delta-P vs. Frequency curves indicate a non-linear 0 1 -- ----

0-
relationship between those variables. It can be seen that the delta 0 5 10 15 20 25

PI values as well as the delta P2 values of both cases are heading Frequency [Hzl

towards a maximum point, which will occur at resonance 2,5

frequency (natural frequency of the system), Even knowing that 2 -
the theoretically determined resonance frequency of the second 1,5 .
case (Figure 1 lb) suppose to be at 12.21 Hz, no peak in the curves 7 o5 -*---""*"

could be observed for delta P1 neither for P2. However, it can be 0

seen that the slope of the curves, for the second case, at higher 0 5 10 15 20 25

frequencies decreased in comparison to the previous case (Figure Frequency [Hz1

1la) and also that the maximum value of delta P1 and P2 at

approximately 24 Hz increased slightly. This indicates that the Figure 1 lb. Delta P vs. Frequency (Po 1-12 psi, P,•9 psi)

maximum was shifted towards lower frequencies and therefore the

natural frequency was shifted. It could also be observed for both

delta P2 curves that there was a slight minimum between 5 and 10

Hz which then delays the increase of delta P2 in comparison to

delta P1. This phenomena still needs to be explained. The peak to peak values of the pressure P1 and pressure P2 vs.

Nevertheless, the typical behavior of a hydro mount with a Frequency curves are shown in Figure 12 for different currents

simple orifice, since no magnetic field was applied, could producing the magnetic field. With this test the results of the

beshown with this part of the tests. In the first set of experiments, previous tests could be confirmed, especially when looking at the

it was not possible to get the natural frequency within the curves for zero Ampere. The delta P2 increases with a slight delay

frequency range of 0 to 22 Hz. That indicates that the assumptions and the minimum between 5 and 10 Hz could be seen again.

made to estimate the natural frequency of the system have to be 5
4.5 _......

thought over and than be implemented into an estimation formula 4

for the natural frequency again. The assumptions include things 3.5

such as neglecting the effects of the diaphragms of the 3 _s

a2.5 _____

accumulators. -2

5a

-3 0 5 10 15 20 25
B 2 Frequency [Hzt

1 ---- -- -4--0Amp -l--0.25 Amp --4-0.38Arnp -0.44Amnp 0.50 Amp

0 0.71 Amp 0.76 Amp 0.100 Amp 1.98 Amp
0 5 10 15 20 25

Frequency [Hz] Figure 12a. Delta PI vs. Frequency for different Currents

2 When looking at the delta P1 vs. frequency curve in Figure

12a, one basically recognizes that the curves are shifted towards

higher values. Taking a closer look, one sees that the curves
h . -. forming a minimum below 10 Hz. The minimum is getting more

0 5 10 15 20 25 distinguishable as the current goes up. The minimum seems to be

Frequency[H4 formned around 8 Hz. A shift of the curve, and hence, a shift of the
resonance frequency, is hard to see since the resonance frequency

was not reached within the 22 Hz. But one could assume a shift of

Figure 1 Ia. Delta P vs. Frequency (Pt=37 psi, P5 =35 psi) the resonance peak, since the distance between the graphs change

along the frequency, particularly for curves representing current
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values of 0.71 A and higher. It was realized to late during the test, the pressure peak, in both chambers, when changing the applied

that the current could have been increase even further before magnetic field. This suggests the proposed system may be used as

seeing the blocking effect of the valve. Therefore only fractions of an active system.

the curves from 0.71 to 1.98 A are shown. In future studies, feedback will be added to study the

2.5 performance of the system as an active mount.
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