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1. Introduction

The gentle stopping of elements moving with high velocities on a production line is a serious problem in many
industrial applications. The stopping process is usually performed by passive hydraulic shock absorbers, which protect the
moving elements and other production line devices against high dynamic forces. The industrial absorbers produced today
are able to ensure the gentle stopping of elements with kinetic energy in the range from 0.1] to even 30 000], on braking
distances from 5 mm to 400 mm. The most commonly used absorbers dissipate energy from 10] to 80] on distances from
20mm to 100 mm. Leading companies producing industrial shock absorbers are ACE, Festo and ITT Enidine Inc.

Theoretically the optimal breaking process occurs when the breaking force is constant on the whole stroke of the
absorber [1]. The passive shock absorbers which are in use now do not guarantee this. The braking force of these absorbers
is not constant, and, as a result, the stopping process is not optimal. Therefore there is a need for improvement. Recently,
semi-active devices, also called “intelligent” devices, have been proposed for the damping of vibrations and oscillations.
The parameters of these devices, like the movement opposite force, can be continuously changed with minimal energy
requirements. They utilise electrorheological (ER) or magnetorheological (MR) fluids. Such fluids can be quite attractive for
industrial applications in the stopping of moving elements on production lines. Compared to conventional electro-
rheological solutions, MR devices are stronger and can be operated directly from low-voltage power supplies [2]—this is
why MR fluids are much more often used.

MR fluids belong to the general class of smart materials whose rheological properties can be modified by applying a
changing electric or magnetic field. These fluids have been known since the late 1940s when Winslow [3] suggested their
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first potential engineering application. Nowadays, MR fluids are commercially offered, especially by Lord Corp. and
BASF Corp.

The experimental and theoretical studies reported in the present paper are focused on the application of MR fluid
devices to the control of braking forces generated by industrial shock absorbers subjected to impact loading. The
experimental results are compared with the predictions of a theoretical and simulation model.

2. Passive industrial shock absorbers

Typical shock absorbers are based on a hydraulic cylinder with a spring [1,4]. Fig. 1 shows two typical solutions. In the
first solution the cylinder chambers are connected by a valve with orifices (Fig. 1a). In the second case there is a gap
between the cylinder and the piston (Fig. 1b). When a load hits the shock absorber piston rod, the movement of the piston
forces the hydraulic fluid to flow through orifices or gaps. These absorbers are quite well recognised and described in
literature.

The paper [5] presents the state of the art in passive and active devices used in structural control systems. The first
group encompasses a range of devices for enhancing structural damping, stiffness and strength. The second group includes
active, hybrid and semi-active systems with controllable fluids. These systems use sensors, controllers and real-time
information processing for control of damping forces. The cited paper includes an assessment of the state of the art and
state of the practice of this exciting, and still evolving, technology.

Awrejcewicz et al. presented, in several publications, different aspects of theoretical, computational and experimental
analysis of control of nonlinear dynamical systems with impacts. The overview of the most recent developments of such
systems is presented in volume [6], which contains the invited papers presented at the Ninth International Conference
“Dynamical Systems—Theory and Applications”, held in 2007. One of those papers [7] investigates the dynamics of a
material point moving in a gravitational field and colliding with a moving limiter. The authors sketched the overall picture
of dynamic behaviour of the system, based on their analytical research and results of computations. They considered some
very characteristic features of impacting systems, such as border-collisions and grazing impacts, which often lead to
complex chaotic one-dimensional motion. Another paper [8] describes the transient in a nonlinear two-degrees-of-
freedom system. It consists of a linear oscillator with a relatively big mass, which is an approximation of some continuous
elastic system, and an essentially nonlinear absorber. Results of the simulation and analytical investigations of such
system are presented. The impact dynamics control is also studied using delay feedback in [9,10]. A control of one- and
two-degrees-of-freedom vibro-impact system with a delay is analysed there. The analytical approach to estimate the delay
control coefficient is proposed and used for stabilisation of the system, composing and illustrating an effective control
mechanism.

Real dynamic systems are always nonlinear. Therefore, there is a problem of how to measure existing forces and how to
predict future impact forces that act in a nonlinear system. This problem is important in the control of damping of impact
forces. E.g., a novel procedure to identify an impact load that acts on a nonlinear system is described in [11]. The problem
of force prediction is solved by applying a stabilisation technique. In [12] a hydraulic damper is developed to generate a
shock wave. The working principle of the damper is explained and the corresponding mathematical model is established.
Paper [13] discusses the model identification of a continuously variable, electrohydraulic semi-active damper for a
passenger car. A neural network is used to model the dynamic damper behaviour. The damper excitation signals are
optimised. A validation of the proposed procedure shows that models identified from the data measured using the
optimised excitations are considerably more accurate than those identified from data obtained using conventional random
phase excitations. The article [14] discusses a new principle of active vibration control of flexible structural components
with a controlled piezo-damper. Efficacy of the damper is demonstrated in mitigating vibration of a single-degree-of-
freedom primary system. Effects of various parameters are studied to reveal the existence of optimum control parameters
in controlling free vibration.

The braking force of a typical passive hydraulic shock absorber depends on the piston cross-section area, A, and the
pressure difference in piston chambers, Ap
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Fig. 1. Examples of typical hydraulic shock absorbers: (a) with a by-pass valve and (b) with an orifice between the piston and cylinder.
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Fig. 2. Examples of hydraulic shock absorbers with orifices cross section area changing during movement.

From Bernoulli’s equation we can obtain the following equation for fluid flow Q, through a gap in a valve (also between
cylinder chambers):

2
Qa:Apvp:ocA”/;Ap 2)

where v,—absorber piston speed during the stopping process, o—orifice discharge coefficient (0.3-0.6 for hydraulic oil),
Ap—gap cross-section area, and p—fluid density.
Combining Eqgs. (1) and (2) we obtain the braking force
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This equation shows that the braking force is not constant and decreases proportionally to the square of piston velocity.
At the beginning it is much higher than at the end, which means that the moving element is temporarily exposed to high
deceleration. It is usually required that the moving element stops just before reaching the end of the absorber stroke.
Therefore, when the velocity of the element changes; the braking force should be adjusted accordingly. To fulfil this
requirement, the throttle orifice cross section area Ar should be changed according to the piston velocity or at least to the
piston position.

In Fig. 2, examples of such adjustable absorbers are shown. The most commonly used type has several orifices along the
cylinder (Fig. 2b). The orifices are closed one after the other when the piston moves. In this type of shock absorber, the
braking force decreases proportionally to the square of piston velocity, but simultaneously increases stepwise, when
consecutive orifices are closed. A model permitting the calculation of parameters of this shock absorber is given in [15].
Orifice areas and their positions are calculated using the equation of motion for an inertial load.

3. Industrial shock absorber with magnetorheological fluid
3.1. State of the art

Magnetorheological fluids were discovered and developed in the late 1940s. In the last 20 years many attempts have
been made to apply MR fluids in dampers, brakes, clutches and other energy dissipating devices. An MR damper is one of
the more promising devices used for oscillation reduction in structures. Such a damper is a semi-active control device
which can generate a force according to applied electric current. The electrical energy required by such a damper is
minuscule (a few Watts) while the dissipated energy can reach hundreds of Watts. The speed of its response is in the range
of milliseconds. The results of research on the theory and application of MR fluids has been published in many papers
[16-19]. For example, Wereley and Pang developed nonlinear quasi-steady ER and MR damper models using an idealised
Bingham plastic shear flow mechanism [20]. The models are based on parallel plate or rectangular duct geometry, and are
compared to 1D axisymmetric models.

Magnetorheological fluid is a suspension of ferromagnetic particles in a carrier liquid, usually mineral oil, synthetic oil,
water or glycol. Ferromagnetic particles are soft iron particles, e.g. carbonyl iron (sometimes cobalt or nickel) with a
diameter of 3-10 pm. The percentage of ferromagnetic particles in the liquid is usually in the range of 20-50% (max. 85%).
Proprietary additives similar to those applied in commercial lubricants are commonly added to discourage gravitational
settling and promote particle suspension, enhance lubricity, modify viscosity, and inhibit wear. Normally, MR fluids are
free flowing liquids with a consistency similar to motor oil. However, in the presence of an applied magnetic field, the iron
particles acquire a dipole moment aligned with the magnetic field, which causes particles to form linear chains parallel to
the field. The fluid greatly increases its apparent viscosity, to the point of becoming a viscoelastic solid.

In the last few years, a number of MR fluid-based devices have been researched all over the world. One of the most
popular applications is a semi-active suspension system [4,21,22] used in the automobile industry. Such systems are mass
produced by Delphi Corp. (Delphi’s MagneRide™). Examples of devices with the MR fluid include not only linear but also
rotary dampers [18,23,24] and brakes [25]. Other potential applications include the absorption of shocks of off-road
motorcycle systems [26] and seismic response reduction in buildings and bridges [16,18,23,27]. MR damper designs
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typically place the coil in the piston head. In the design developed in the study [28] the coil is moved off the piston to
either end of the damper. The active areas are stacked on both sides of the damper inner cylinder. The piston rides in this
cylinder and forces fluid flow from one chamber through two bifold MR valves to the second chamber. Thus, four active
volumes are created using only two coils. Two design goals are achieved: high force and compactness. The tests
demonstrate that this novel MR damper was able to provide a high damping force at a high frequency (up to 12 Hz). Study
[29] provides an experimental analysis of magnetorheological dampers subjected to impact and shock loading. A drop-
tower is developed to apply impulse loads to the dampers. The results show that at large impact velocities, the peak force
does not depend on the current supplied to the damper, as is commonly the case at low velocities. This phenomenon is
hypothesised to be the result of the fluid inertia preventing the fluid from accelerating fast enough to accommodate the
rapid piston displacement. Thus, the peak force is primarily attributed to compression of the MR fluid. The performance of
ER and MR fluids under impulsively applied loads is also investigated in [2,30].

3.2. Approach discussed in detail

In order to have the possibility of controlling the braking force during the stopping process we propose an application
of MR fluid in an industrial shock absorber (Fig. 3). The absorber proposed by us is based on a double rod hydraulic
cylinder, in which chambers are connected by a by-pass cylindrical MR valve placed outside the cylinder. When the piston
moves, the MR fluid flows from one chamber to the other through the MR valve. The effective fluid orifice is the entire
annular space between the coil outside diameter and inside diameter of the valve housing. The design with a double-ended
piston rod has an advantage: no rod volume compensator needs to be incorporated into the device.

A properly adjusted shock absorber should safely dissipate energy, reducing damaging shock loads and noise levels. At
the beginning of the braking process, as shown in Fig. 4, the breaking force increases rapidly, due to the impact of the
moving mass on the absorber piston rod, which is not moving [1]. The braking force then reduces gradually. As Fig. 4
illustrates, if the classical, passive shock absorber is used (curves 1, 2, 3), the force drops as the piston speed decreases. If
the kinetic energy of the moving mass is too high, the mass is stopped by hard impact and bounces at the absorber bottom
(curve 1). If this energy is too small, the mass is stopped before reaching the end position (curve 2). The proper matching of
the braking force and the kinetic energy of the mass is shown by curve 3. For the case of using the MR fluid in the absorber,
the force can be maintained at a more or less constant level, until the mass is stopped at the end position (curve 4). The
value of the braking force is established by the electronic controller, which enables the adaptation of the braking force to
the element kinetic energy. Summarising, we can hypothesise that the best stopping process can be obtained when using a
shock absorber with MR fluid, proposed in this article.

MR valve | coil

U (o

MR fluid

Fig. 3. Design of MR shock absorber.
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Fig. 4. Different braking characteristics (numbers explained in the text).
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Fig. 5. Diagram of shock absorber with MR fluid (a) and its by-pass valve; and (b) 1—cylinder, 2—connection plate, 3—valve, 4—coil, and 5—valve gap.
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The MR fluid shock absorber investigated in this paper is shown in Fig. 5. A by-pass valve (3) with a cylindrical gap is
mounted on the interface plate (2). The complete shock absorber is 310 mm long and contains approximately 0.05 dm> of
MR fluid. The electromagnetic coils are wired in three sections in the valve. This creates four areas of magnetic field across
the valve gap where the fluid flows. We assumed that the piston moves at a constant velocity and MR fluid flow is fully
developed. In the quasi-static analysis used in the initial design phase of the shock absorber, we used a simple Bingham
plasticity model to describe the MR fluid behaviour. This model is effective in describing the essential field-dependent fluid
characteristic. Phillips [31] derived a quintic equation, which can govern the pressure gradient in the flow of a Bingham
fluid. Gavin et al. [32] extended the idea, based on the simple parallel-plate model, for describing the force-velocity
behaviour of cylinder dampers. Based on the parallel-plate model further developed by Spencer et al. [33], the total
damper pressure drop may be decomposed into an uncontrollable pressure drop and a controllable pressure drop due to
controllable yield stress. Thus the valve pressure drop is the sum of the viscous component and the magnetic field
dependent component. It can be defined using the following equation [1,18,19,33]:

12uApl cl
h3wp Vp+ #TMR “4)

Ap=Ap,+Ap, =

where pu—dynamic viscosity (Pas), A,—piston cross section area (m?), v,—piston velocity, l—gap length, [.—gap where
magnetic field exists, h—gap height, w—gap width, c—an empirical factor, which is a function of fluid velocity
(c=2.07+3.07) (—), vp—absorber piston speed, and tyz—yield stress developed in response to the applied magnetic field.

In the quasi-static analysis the total braking force generated by the MR shock absorber is a sum of three forces (without
spring)

Fb :FT—I—FH—FFf:ApTAP—}—Ap”Ap—‘rFf (5)

where Fp—braking force, F,—viscous force, F—MR fluid flow force, and Fp—friction force.

To maximise the effectiveness of the MR shock absorber, the controllable force should be as large as possible. To obtain
it, a small gap size is required. On the other hand, a small gap size decreases the controllable range, because the viscous
force increases much faster (1/h®) with the gap magnitude increase than the MR controllable force (1/h). Therefore a
compromise is necessary. We decided to use a typical hydraulic cylinder with a stroke (braking distance) of 70 mm, piston
diameter of 25 mm and piston rod diameter of 18 mm. In our research we assumed that the dissipated kinetic energy may
be in the range of 10-125]. So, when assuming that during the stopping process the braking force is constant, the absorber
should be able to generate forces in the range of 143-1786 N. The parameters of the shock absorber were as follows:
Ap=0.24 x 1073m?, 1=0.036m, [,=0.012 m, w=0.094 m, v=0-1.0m/s, tTpr=50 000 Pa, u=0.4 Pas. During the investiga-
tions two gap heights h were used: 0.0005m and 0.00025 m. The maximum force caused by the MR fluid for the first
height ranges from 576 N (c=2) to 864 N (c=3) and for the second from 1152 N (c=2) to 1728 N (c=3). For the absolute
viscosity of MR fluid equal to 0.4Pas the plastic viscous force can reach 864N for h=0.0005m and 6924 N for
h=0.00025m and v,=1m/s.

4. Simulation of shock absorber with magnetorheological fluid

Based on Egs. (4) and (5) and assuming that the shear stress-voltage characteristic is linear, the MR fluid dependent
force can be defined as
_ Apcl,

F. = A TMr(U) = kyUsgn(vp) (6)

where ky—absorber gain coefficient (1/m), U—coil supply voltage, and sgn—*"signum” function.
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After incorporating the dynamic properties of forces and taking the Laplace transform, Eq. (6) can be rewritten as
follows [4]:

kye—sTa
(Tes+1)(Tis+1)
where T,—MR particles formulation delay time (2-5ms), T,,—MR fluid time constant (1-2 ms), and T.=L/R—electrical
time constant.

It should be noticed that the value of the kj coefficient is not constant for all operating conditions because of saturation
and hysteresis. The viscous force can be modelled according to the following equation:

2
12uA;l
h*w
The friction force F consists of a static friction force Fer and a dynamic friction force F4. The first one depends on the

type of absorber piston rod seals, and the second one changes proportionally to the piston velocity. The total friction force
can be described by a Stribeck curve as follows:

Fi(s)= U(s)sgn[vp(s)] )

Fu(s)= Up(S) = kuvp(S) ®)

Fy = Fap +Fg = kpvp + sgn[vp]Fme 17! 9)

where ks—dynamic friction gain coefficient between piston-cylinder and piston rod-damper housing surfaces, F,—static
force for v, ~ 0, and f—coefficient.

After substituting Egs. (7)-(9) into Eq. (5), we obtained a theoretical model of the MR shock absorber with nonlinear
friction characteristics (Stribeck). A complete simulation model, built in the Matlab-Simulink software environment, is
presented in Fig. 6 [34]. The input signals are velocity v, and coil control voltage U. The output signal is the damping force
Fp. The input voltage signal is transmitted to the block “Coil”, which models the dynamic properties of the coil electric
circuit (first order system). The nonlinear characteristic tyr=f(i) is modelled by the saturation function. This characteristic
is taken from the MR fluid catalogue [35] and put into the Matlab model as a “Look-up-Table” block. In this block, an “abs”
function is also added, which makes sure that the output force is always positive, even when the voltage signal U is
negative. The “sgn” function guarantees that the braking force F;, is equal to zero when the piston velocity is equal to zero.

Fig. 7 presents the MR fluid shock absorber step responses obtained by simulation. Applying a magnetic field to MR
fluid causes ferromagnetic particles to align into chains. Formulation of these chains takes a few milliseconds which results
in reaction time delay. The delay visible in Fig. 7 is most probably caused by the abovementioned phenomenon. The
simulation investigations were focused on the reduction of the MR shock absorber reaction time. We tested models of
different electronic supply units and the best results were obtained when the current source was used. In order to simulate
the braking process of a moving mass, the mass dynamics model must be also included in the MR shock absorber model
described above. The scheme of the whole system is shown in Fig. 8. It consists of two masses m; (moving mass) and m;
(mass of the absorber piston and piston rod) connected to each other with a spring, characterised by coefficient k;. This
spring models the stiffness of the absorber piston rod. The spring characterised by coefficient k, represents the stiffness of
the absorber’s body and is active when the piston reaches the absorber’s end position.

When the moving mass m; hits the static mass m, and then both masses move together, their movement is braked by
the MR fluid flow resistance in the absorber, which produces the force F;, controlled by supply voltage U. The whole system
is described by the following equations:

miXy = —ky(X1 —X2)—bmX1 —br|X1 —X2|+F (10)

MaXy = Fp(U,X2)+ k1 (X1 —x2)—k2 - f(x2) an
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Fig. 6. Simulation model of the MR shock absorber.
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Fig. 7. Step responses of the shock absorber with the gap height equal to 0.5 mm (piston velocity 0.2 m/s).
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Fig. 8. Scheme diagram used for braking process dynamics modelling.

where m;—moving mass, m,—mass of piston and its rod, x;, x,—displacements of masses, k;—piston rod stiffness,
k,—absorber body stiffness, F—gravity force acting on the mass on the inclined plane, b,,—viscous-friction coefficient, and
b,—equivalent of restitution coefficient.

We assumed that the collision of masses is only partially elastic, thus during the impact some of the energy is
dissipated. In Eq. (10) the dissipating phenomenon is represented by an additional force which is proportional to the
difference of both mass velocities. Thus, the dissipating process takes place only during the crash (v, #v,).

The simulation model is presented in Fig. 9. It was prepared in Matlab-Simulink software. The MR shock absorber
model shown in Fig. 6 was included in the model shown in Fig. 9. The Switch switches on the spring characterized by
coefficient k, when the absorber piston reached the end position, modelling f(k,). In the simulation model presented here,
a P-type position feedback controller was applied.

We assumed that the simulation begins when the collision begins; mass m; moves with velocity vy while mass m, is
not yet moving. Before the start of every simulation the value of velocity vy was introduced into the integrative element
called “v1” as the initial parameter. In order to model the impact of masses on the absorber edge, we assumed that the
value of absorber body stiffness constant k; is equal to 0 when x, < 70 mm and increases stepwise up to 100 000 N/mm for
X, > 70 mm. These changes in the value of coefficient k, were modelled by an “S-function” block in Matlab system.

Fig. 10 presents one example of simulation. Note that when the control is switched on (full-fine line), the braking force
is almost constant and the bumps and bounces of masses against the absorber edge do not occur. On the contrary, when
the process is not controlled, a strong bump occurs at the end of the movement.

5. Investigations of shock absorber with magnetorheological fluid

The MR fluid shock absorber described in this paper is shown in Fig. 11. A bypass valve (3) with a cylindrical gap was
mounted on the interface plate (2). The complete shock absorber is approximately 310mm long and contains
approximately 0.05dm?> of the MR fluid.

Fig. 12 shows the block scheme of the experimental setup used for measuring the basic parameters of the MR shock
absorber. An electrohydraulic servo drive was applied to control the velocity of the piston. The MR shock absorber and the
drive were attached to a plate that was mounted on a strong floor. A Linear Variable Differential Transducer (LVDT) was
used to measure the displacement (linearity 0.5%) and an HBM 5 kN transducer was used to measure the braking force. The
measured signals (force and displacement) were transformed into a digital form by a 16-bit analogue/digital (ADCO and
ADC1) converter placed in an input/output card, and then sent to the computer and recorded in its memory. The
displacement signal was differentiated in order to obtain the piston velocity. The same computer was used to control the
electrohydraulic servo system velocity (DAC1) and the MR shock absorber coils current (DACO). For the control, a 12-bit
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Fig. 10. Simulation results for h=0.5 mm, E, ~ 40], initial velocity 0.35 m/s.

digital/analogue (d/a) converter was used. Digital outputs DOO and DO1 were used to establish the coils current direction
(the opposite direction was used for demagnetisation of the absorber magnetic circuit).

In this laboratory setup we investigated the braking force generated by the MR shock absorber for different coil
currents and for different velocities of the MR absorber piston. The coils were supplied with current in the range of 0-1.2 A
and the shock absorber piston velocity was increased linearly from 20 to 80 mmy/s. The results are shown in Fig. 13a and b.
The minimum force, caused only by flow resistance (viscous force at coil current of 0 A) and friction, for the gap height of
0.5 mm was approx. 200N, and for the gap height of 0.25 mm approx. 400 N. One can note that the increase of force with
velocity increase is much more significant when the gap height is 0.25 mm. For the valve gap height of 0.5 mm, the
maximal force, generated by the absorber at coil current 1.0 A, was equal to approx. 900 N (Fig. 13a). When the gap height
was equal to 0.25mm, the maximal force was approximately two times bigger (2000 N) for similar coil current. The
investigations have shown that for gap height 0.5 mm the influence of velocity is almost not visible. This is most probably
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Fig. 11. Photo of MR shock absorber built during investigations.
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Fig. 13. Static characteristics of a built shock absorber with the gap height equal to: (a) 0.5 mm and (b) 0.25 mm.

because the viscous force is inversely proportional to the cubic of gap height, as shown in Eq. (3) and the increase of

velocity has negligible influence on the total

force.

The experimental setup was also used to record the MR shock absorber step responses for different coil currents, as
shown in Fig. 14. In this investigation the shock absorber piston was moving, driven by an electrohydraulic servo system,
with constant velocity of 0.09 m/s. During this movement the MR absorber coils were switched on stepwise. A specially
designed electronic current source was used to supply the coils. The recorded curves show that the MR shock absorber is
characterised by the delay equal to 4 ms for the gap height of 0.5 mm and equal to 3 ms for the gap height of 0.25 mm. The
settling time (0.9Fax) Was approx. equal to 5ms and to 7 ms, respectively, so the whole reaction time was about 10 ms.
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Fig. 14. Step responses of a built shock absorber with the gap height equal to: (a) 0.5 mm and (b) 0.25 mm (0.09 m/s).
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Fig. 15. Block diagram of piston position control.

Comparing the step responses obtained experimentally (Fig. 14a) with results obtained in simulation (Fig. 7) one can note
that the reaction delay time of a real absorber is a bit longer than assumed in simulation model. The same issue concerns
the not-controlled force which is about 250N in the real absorber, while the in simulation model it is in the region of
200 N. Additionally, in real absorber, some nonlinear behaviour can be noted.

6. Control of shock absorber with magnetorheological fluid

As shown in Fig. 4, the most efficient way of stopping the elements moving on production lines is reached when the
braking force is constant on the whole stopping distance. This, however, is not the case when we have to stop a bus or
another vehicle with human beings onboard. Here, it seems that the braking force should be gently reduced before the
final stop. In industrial applications there is an expectation that the element should be stopped just before the end point of
the shock absorber. In order to obtain this, the braking force must be adapted to the element’s initial kinetic energy
(Fp=Eg/xmax)- This adaptation, for simple cases, can be done by a human operator just before stopping, after initial
calculation confirmed by a few experiments.

In order to perform fully automated control of the MR shock absorber, its control system needs to calculate the moving
mass kinetic energy. To this end we considered the application of piston displacement, its velocity, acceleration and
braking force (pressure difference) as feedback signals for control. In practice, piston displacement is quite easy to
measure, by applying a Linear Variable Differential Transducer, and this is why we focused on it during our investigations.
However, the measurement of displacement is not sufficient to calculate the kinetic energy, and the control method
proposed here does not provide full automation.

In a classical hydraulic shock absorber, during the stopping process the braking force decreases, which is caused by the
decrease of the piston velocity. So, in the investigations presented here we applied only a control algorithm, which
increases the MR shock absorber coil current linearly with the displacement changes of the piston, thus eliminating the
decrease in force generated by the MR absorber.

The block scheme diagram of the system used for this control method is shown in Fig. 15. The heart of the system is a
computer with A/D and D/A converters. The control program was implemented in C++ language. The control algorithm
generated the coil control signal proportionally to the measured displacement. In this case, a P-type classical controller
was used. In initial investigations its gain coefficient K, was calculated by a human operator off-line and entered into the
control program every time the mass energy was changed. Based on Eqs. (4) and (5), the simplified equation for the shock
absorber braking force F;, calculation can be written as follows:

Fy = Fis+kpvp + kvp + kyUsgnuy ~ Fps 4k, vp + ke v/isgnuy, (12)
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where Fy—static friction force, k0—friction coefficient, k,—viscosity coefficient, k,—MR fluid coefficient, and k=
k,.+k—movement resistance coefficient.

In this equation the MR fluid force is a function of the square root of coil current, which simplifies (approximates) the
saturation of the magnetic field and the MR fluid (see MR fluid characteristic T=f(H) in [35]). We estimated the parameters
in Eq. (12) taking into account the investigation results presented in Figs. 13 and 14. The parameters of friction force (see
Fig. 13) were estimated as follows: Fz=250N and k,;=830Ns/m (force increase of approx. 50N caused by velocity
increase of 0.06 m/s) for gap height 0.5 mm; and F5=400N and k,=7500 N s/m (force increase of approx. 450 N caused by
velocity increase of 0.06 m/s) for gap height 0.25. Based on Eq. (8), the viscosity coefficient k, was calculated as approx.
850N s/m for a gap height of 0.5 mm and as 6590 N s/m for a gap height of 0.25 mm. These values are almost the same as
estimated above for coefficient k,; which means that the value of friction coefficient is almost equal to ONs/m. We
substituted the values of current and force taken from curves presented in Fig. 14 into equation F = k.+/i and approximated
the MR fluid coefficient k. as 500N /+/A for gap height 0.5mm and as 1000 N/+/A for gap height 0.25 mm. As mentioned
above, we decided to use a control algorithm in which the absorber controller increased the coil current in the function of
the measured piston displacement x=x,. So, the value of the coil current was calculated by the controller according to the
equation i=K,, ... x. Taking into account that the moving mass kinetic energy E, should be dissipated on the shock absorber
displacement distance (xnhax=0.07 m) and that the braking force is constant, the appropriate control equation for proper
stopping process is

Ey = FpXmax = (Ffs + kap + kuUp +k; pr)xmax (13)

The equation used for calculation of controller gain coefficient K, was established based on Eq. (13), in which x was
taken as xmax and v, as an average value of velocity (v,=vs/2).

_ (Ek—(Ffs+kf1/p+ku1/p)xmax)2 (14)

2
kr X?nax

K,

In our investigations the value of gain coefficient K, was in a range from 2 A/m to 15A/m, according to moving mass
kinetic energy and absorber valve gap height.

Fig. 16 shows the scheme of the second experimental setup we used in the investigations. It was arranged on an
inclined plane with an angle that could be changed in the range of 0-20°. This stand was used to test the efficacy of the MR
shock absorber and its control methods. The MR shock absorber piston displacement and forces generated during the
braking process were measured and recorded by a computer with an input/output card.

Before each test, the mass (wagon) of 88 kg or 134 kg was lifted to a height in the range of 13 mm to 60 mm, and the
mass velocity v, at the point in which the stopping process began ranged from 0.5 m/s to almost 1.0 m/s. After releasing
the wagon, it was accelerated by gravity force and hit the MR shock absorber piston rod at the end of inclined plane. The
kinetic energy of the moving mass was in the range of 11] to about 125].

The results of experimental investigations obtained when using the controller described above are shown in Fig. 17 for
gap heights of 0.5 mm and 0.25 mm. The curves presented in Fig. 17 show that the time of the stopping process was about
0.15s when there was no control and about 0.22s when the controller was switched on. One can note that when the
stopping process was not controlled, the forces decrease during the stopping process, and at the end of the movement the
piston bounces on the cylinder bottom. This is evident from Fig. 17, where several impacts and bounces can be observed.

ADCO DACO;1  DIg1 A?n
Mass - | Amplifer Current source LVDT Amplifer
wagon HBM
& MVD2555 +/-2A

ADC3

By-pass
valve coil

acceleration
transducter Shock
ADXL105 absorber

Fig. 16. Block schemes of experimental setup (DACO; DAC1, ADCO; ADC1; ADC3—analogue outputs and inputs, respectively, DOO; DO1—digital outputs).
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However, even if the controller is switched on, the braking force still decreases during the stopping process. This is why we
decided to change the control algorithm into a nonlinear one in which the current was calculated according to the
equation i=Kp; ... x2. The results of experimental investigations obtained when using this controller are shown in Fig. 18.
When the controller is switched on, the force curves are almost flat, and thus the braking process is close to ideal.

The accuracy of the simulation model was validated in two-step investigations: first, in simulations, and then in a
laboratory environment as well. Examples of the results are shown in Fig. 19. One can note that with exception of the
bumping phase, the results obtained by the simulations are very close to the results obtained in the laboratory

investigations.
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7. Conclusions

In the paper the theoretical and simulation model of an MR shock absorber, as well as the complete stopping model, is
presented. The design and investigation results of a real MR absorber and its controller are shown. The comparison of
results obtained by simulation and laboratory investigations has confirmed that the simulation model corresponds well
with the real MR absorber. The investigations have proved that the use of MR fluid in industrial shock absorbers enables an
electronic control circuit to match the braking characteristic to the stoppable mass kinetic energy. The MR shock absorbers
can be built in the control loop of modern fully automated production lines, in which different elements are moved with
different energy in the same time. The investigations have confirmed the positive influence of control methods on the
braking process. Empirical tests demonstrated that when the adjustment of stopping control process parameter (gain
coefficient) is set correctly, the braking process is similar to uniformly retarded. The investigations have shown that the
use of a simple P-type controller was sufficient to perform the task described in this paper.

The main disadvantage of the presented control method is the necessity to establish a proper value of gain coefficient,
which must be calculated according to Eq. (7) and introduced manually before the braking process. If the controller
parameters were calculated and introduced properly, the moving element was stopped just before reaching the absorber
bottom and impact did not occur.

In our further investigations we are going to apply other sensors and control methods, which will enable the automatic
calculation or estimation of the moving mass kinetic energy at the beginning of the braking process. This will enable
on-line calculation of the value of the braking force F,. In order to solve this problem, an additional algorithm should be
worked out and implemented. We are also considering the usage of a cheap acceleration transducer to improve the
calculations.

The main advantage of using MR fluids in industrial shock absorbers is the possibility to set and control their braking
parameters. The mechanical simplicity, high dynamic range, low power requirements, large force capacity and robustness
of magnetorheological fluid industrial shock absorbers match well with application demands and constraints, offering an
attractive means of protecting automated lines against sudden impact of movable elements.
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