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Abstract: This study investigates the automotive magnetorheological (MR) shock absorber behaviour in conditions of changing tempera-
ture. Its temperature-dependent behaviour was quantified between ambient and maximal operating temperatures of the device. Aspects
addressed include the temperature dependence of the control coil resistance in the absorber, the influence of operating current level
on control coil temperature and the temperature dependence of the absorber force response and energy dissipation in the system. The re-
sults of experiments enabled us to evaluate the mechanical performance of the absorber at varied temperatures.
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1. INTRODUCTION

Magnetorheological (MR) shock absorbers are used in suspen-
sions of passenger cars and sports vehicles to improve the ride
comfort by controlling undesired vibrations. Studies of MR shock
absorber behaviour have identified several major determinants of
the output force (response), such as mechanical and magnetic
hysteresis, control circuit dynamics, driver dynamics, temperature,
flow losses, friction and nonlinear relationship between the mate-
rial's yield stress and the induced flux (Bajkowski and Skalski,
2012; Strecker et al., 2015; Gotdasz et al., 2018; Gotdasz and
Sapinski, 2019; Kubik and Gotdasz, 2019). These factors need to
be taken into account when designing control systems for the
device (Choi et al., 2005; Sims, 2006; McKee et al., 2018). Specif-
ically, there are three key effects of rising temperature on the MR
shock absorber force output (Batterbee and Sims, 2009). The first
effect involves the reduction of the yield force corresponding to a
reduction in the MR fluid’s yield stress. The second one is de-
crease in the slope of the post-yield force—velocity response
associated with reduction in the MR fluid’s viscosity. The third
effect involves the reduction of the force—velocity hysteresis loop
size, associated with a change in the absorber’s stiffness caused
by the ring accumulator pressure.

The present study aims to investigate the temperature factor
in the Magnetic Ride absorber in cars of series Audi TT Quatro.
This factor is of great importance when the MR device experienc-
es large temperature variations (Gordaninejad and Breese, 1999).
The objective of this work is to evaluate the absorber's behaviour
under the condition of varied temperature through experiments. The
resulting behaviour of the Magnetic Ride absorber will be taken into
account by the authors when designing temperature-sensitive con-
troller.

This study is organised as follows. In Section 2, we provide
the characteristics of the Magnetic Ride absorber and test facili-
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ties. In Section 3, the experimental procedure is summarised for
the experiments conducted in the constant climate cabinet with no
piston displacement, and then when the absorber is subjected to a
particular excitation via piston displacements and constant current
inputs. Section 4 covers the experimental results and discussion
of the temperature effects on the absorber behaviour. Conclusions
are given in the Section 5.

2. STRUCTURE AND FORCE RESPONSES
OF THE ABSORBER

The structural design of the absorber is shown in Fig. 1, which
reveals a typical mono-tube flow-mode damper configuration with
an annular gap. Geometrical parameters of the device are: piston
stroke 178 mm, outer diameter of the cylinder 50 mm, the length
with the piston in compression position 381 mm and the length
with the piston in rebound position 559 mm. The cylinder is filled
with 277 cm? of MR fluid. The absorber comprises an accumulator
65 cm? in volume, filled with nitrogen. The maximal current in the
control coil should not exceed 5 A. The device ought to be operat-
ed in the temperatures ranging from —30 °C to 100 °C.

Accumulator

MR fluid

Piston head

Control coil Piston rod

Fig. 1. Schematic diagram

Fig. 2 shows typical plots of force response F vs piston position x
(Jastrzebski and Sapinski, 2017). These plots were obtained under
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the applied input in the form of triangular piston displacement of
amplitude 75 mm and frequency 0.5 Hz, corresponding to the
constant velocity of the piston 150 mm/s, both in the rebound
phase and in the compression phase. The absorber’s force output
in the stroke centre position is found to be 335 N at current | = 0
A, whilst under the maximal current | = 5 A in the control coil, the
force response is increased 14-fold in relation to that registered
under the conditions of no power supply.
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Fig. 2. Force vs piston position
3. TEST FACILITIES AND EXPERIMENTS

In the first stage, the experiments were performed to explore
temperature dependence of the control coil resistance in the
shock absorber. The experimental setup shown in Fig. 3 compris-
es an SB11/160/80 constant climate chamber manufactured by
Weiss Technik (WEISS TECHNIK, 2019) and a Fluke8846A pre-
cision resistance multimeter (FLUKE, 2019). The constant climate
chamber allows the temperature to be controlled and maintained
at a constant level in the range 20 °C-100 °C.

/'/ )1 h Precision resistance
/’ - 3 ¥ multimeter

Constant climate
chamber

Absorber

Fig. 3. Test facility with the constant climate chamber

The second cycle of experiments were conducted to deter-
mine the relationship between the cylinder temperature in the
shock absorber and the temperature of the control coil under the
current inputs 1, 2, 3, 4 and 5 A. The case was analysed in which
the piston remained immobile at its maximal position in the re-
bound phase and when it moved at the fixed rate 150 m/s in the
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compression phase and the rebound phase. The applied triangu-
lar input inducing the piston motion around its mid-position had an
amplitude A = 75 mm and frequency f = 0.5 Hz. When the applied
current levels were 1, 2, 3 and 4 A, the experiment lasted 180 s;
with the applied current level at 5 A, the experiment took 480 s
(the time required by the cylinder in the shock absorber to reach
the temperature of 100 °C). The cylinder temperature was deter-
mined with the use of a thermovision camera, whilst the tempera-
ture of the control coil was calculated based on changes in the coil
winding’s resistance. All experiments were conducted in the test
facility shown schematically in Fig. 4 and incorporating an MTS
810 testing system (MTS, 2019) and a current controller (Sapinski
et al., 2012), complete with the power supply and the measure-
ment data acquisition system. The current controller is fitted with
integrated circuits used for voltage and current measurement in
the control coil of the shock absorber and an in-built PID control-
ler. The controller enables the coil to be supplied with currents up
to 7 A. Piston displacements and the damping force delivered by
the shock absorber were measured with the sensors in the MTS
810 tester machine. The data acquisition system comprises an
RT-DAC PCI card (INTECO, 2019) and a PC operated under
Windows 7 in the MATLAB/Simulink environment. The tempera-
ture of the cylinder in the shock absorber was measured using the
Flir E40 thermovision camera (FLIR, 2019).
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4. RESULTS AND DISCUSSION

Experimental results summarised in three sub-sections clearly
demonstrate how temperature influences the resistance of control
coils and how the current level in the coil impacts on the changes
in the coil and cylinder temperatures under the condition when the
piston should remain immobile, thus revealing the temperature
dependence of the mechanical performance of the device.

4.1. Influence of temperature on control coil resistance

The constant climate chamber in which the temperature was
maintained constant throughout the experimental procedure is
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shown in Fig. 3. Temperature could be varied in the range from 20
°C to 100 °C, at 5 °C intervals. In order to uniformly heat the entire
volume of the shock absorber to reach the preset temperature, the
absorber was maintained inside the chamber for 1 hour. After-
wards, measurements were taken of the control coil resistance
and the temperature inside the chamber was raised at the prede-
termined rate. The resistance of the cable connecting the absorb-
er with the power drive was duly accounted for in the measure-
ment procedure.
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Fig. 5. Coil resistance vs temperature

Experimental data are plotted in Fig. 5. It appears that control
coil resistance R is linearly related to the absorber’s temperature
T. At 20 °C, the coil resistance becomes 1.276 Q, and at 100 °C, it
is found to be 1.643 Q. Based on the data obtained (indicated in
green markers in Fig. 5) and recalling the least square method,
the following coefficients were derived accordingly: a = 0.00459
Q/°C and b = 1.184 Q of the linear function (see black continuous
line), as shown in Equation (1).

R=a'T+bh (1
For electric conductors, resistance can be expressed as:
R =Ry(1+ a-AT) (2)

where Ry is the conductor resistance at the reference temper-
ature To, a is the temperature coefficient of resistance and AT is
the temperature change from To to T.

Recalling Equations (1) and (2), the temperature coefficient of
resistance was derived accordingly: a = a/b = 3.88 x 1073 1/°C. Its
value is nearing that listed in physical tables for copper wire from
which the control coil is made: acu = 3.9-x 1073 1/°C. At To =0 °C,
the calculated coil resistance is: Ro = b = 1.184 Q. Temperature T
of the coil can be derived recalling Equation (3) and resistance
readouts R.

_1(R (3)
r= a (RO 1)

Temperature of the control coil derived from Equation (3) is
closer to that of the MR fluid in the gap in the shock absorber than
to the temperature on the cylinder surface. An increase in the
temperature of MR fluid can be attributed to thermal energy aris-
ing due to friction during the fluid flow in the gap and to thermal
energy associated with current flow in the control coil.
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4.2. Influence of current level on the control coil temperature

Experiments were conducted using the test facility shown in
Fig. 4. Throughout the experimental procedure, the piston rod in
the shock absorber stayed in the rebound position and remained
immobile. Resistance of the control coil R was derived based on
the voltage u and current i readouts.

The obtained results are plotted in Figs 6-10. Fig. 6 shows the
time histories of the control coil resistance R during heating asso-
ciated with DC current |. Fig. 7 plots the time history of control coil
temperature T, derived from Equation (3).
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Fig. 6. Time patterns of coil resistance at various current levels
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Fig. 7. Time patterns of coil temperature at various current levels

Apparently, after time t = 480 s (current level 1 A), resistance
and temperature of the control coil increase by about 1%, whilst at
2 A, there is a 3% increase. It is reasonable to suppose, therefore,
that at current levels | < 2A, the released thermal energy will not
cause any temperature change of the coil (MR fluid). At current
levels 3, 4 and 5 A, resistance and temperature of the control coil
increase by 5%, 12% and 20%, respectively. Plots in Figs 6 and 7
clearly indicate that the process of coil heating involves two dis-
tinct stages. In the first stage, when t < 50 s, the temperature
goes up rapidly; in the second phase, when t > 50 s, the tempera-
ture increase is found to be less significant.

To better highlight this effect, plots of coil temperature and
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temperature on the cylinder surface vs time are compared for the
current level | = 5 A (Fig. 8a). Time histories of the cylinder tem-
perature were derived from the distribution of temperature
readouts from the thermovision camera registered in 5-s time
intervals. Figs 9 and 10 plot selected temperature distribution
patterns registered at the time instants: 0, 50, 240, 480, 540, 600,
720 and 960 s.

Obviously, within the time t < 50 s, the difference between the
temperature of the control coil and that of the cylinder tends to
grow rapidly. After that time, the temperature difference becomes
35 °C and remains at that level until the end of the heating phase
(t = 480 s). Fig. 8b shows the change in the coil and cylinder
temperature from the moment heating of the shock absorber
should cease (i.e. from the time instant t = 480 s until t = 960 s). In
order that the resistance of the control coil can be derived so as to
determine its temperature through voltage u and current i meas-
urements (Fig. 4), the current driver value must be | = 0.5 A. Such
current levels should not cause any increase in the control coil
temperature (Fig. 7). Apparently (see Fig. 8b), the difference
between the temperature of the control coil and that of the cylinder
tends to decrease from t = 480 s to t = 530 s. In the subsequent
time instants, the temperatures of the control coil and of the cylin-
ders are nearly identical.
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Fig. 9. Temperature distribution on the cylinder surface when heating

Fig. 8. Time pattern of the coil and cylinder temperature
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d) {=960s
Fig. 10. Temperature distribution on the cylinder surface when cooling

Fig. 9 shows the temperature distribution on the cylinder sur-
face whilst the control coil is heated by the flowing current | = 5 A.
The range of camera-registered temperature was set to fall in the
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interval from 20 °C to 50 °C, which affords us the means to high-
light the temperature readouts collected at points 1, 2 and 3 A on
the surface of the cylinder. Point 2 is located in the middle section
of the cylinder surface, which coincides with the mid-point of the
piston. Points 1 and 3 lie along the line coinciding with the shock
absorber axis, beyond the area in which the piston is located. The
temperature of the shock absorber when the piston begins to be
heated is 21.6 °C (Fig. 9a, point 2). Temperature distribution on
the surface of the cylinder is uniform, and the temperature differ-
ence between points 2 and 3 should not exceed 0.6 °C. After time
t = 50 s, a high-temperature region is revealed on the cylinder
surface, its temperature approaching 24.2 °C (Fig. 9b, point 2).
The difference in temperature between points 2 and 3 goes up
to 2.4 °C. After the elapse of 240 s, the temperature at point
2 reaches the level 35.8 °C (Fig. 9c), and after 480 s, it becomes
45.7 °C (Fig. 9d). After these time instants, the respective temper-
ature difference between points 2 and 3 would be 6.8 °C
and 9.6 °C.

Cooling of the control coil is illustrated in Fig. 10. Actually, the
temperature at point 2 is 44.2 °C after time t = 540 s, 41.8 °C after
t=600s, 39.1 °C after t = 720 s and 36 °C after t = 960 s.

4.3. Influence of temperature on the absorber performance

Like the previous case, the experiments were conducted
in the setup shown in Fig. 4. Throughout the experimental proce-
dure, the rate of piston motion in the shock absorber was 150
mm/s, both during the compression and the rebound phases. The
main purpose of the experiments was to find out how the tempera-
ture of the control coil impacts on the shock absorber efficiency
and performance in terms of the output force range, response
force of the accumulator, dissipated power and energy. Another
issue addressed was the temperature dependence of electric
power required to supply the control coil with preset DC current.
Shock absorber efficiency is derived based on the coil tempera-
ture because its value is closer to the temperature of MR fluid
than to that of the cylinder surface.

Fig. 11 plots the time histories of the control coil temperature
in the course of its heating due to the current flow and friction
associated with MR current flow in the gap. After the time instant t
= 180 s, temperature of the control coil for the current levels
1,2, 3,4,5 A went up by 27%, 66%, 108%, 153% and 200%,
respectively. Time histories of the control temperatures registered
for the current level 5 A are compared in Fig. 12, having relevance
to the case when the piston was in motion (black line)
and remained immobile (red line). Apparently, after the elapse
of t = 480s, the control coil temperature became higher by nearly
60 °C whilst the piston was in motion than when it remained
immobile. In both cases, the rate of temperature change was
enhanced whent<50s.

The temperature dependence of the force output of the shock
absorber was investigated by varying the control temperature from
30 °C do 143 °C (this temperature corresponds to the maximal
temperature of the cylinder given in the manufacturer’s specifica-
tion as 100 °C). In order to ensure such range of temperature
control, the experiments were conducted with the maximal velocity
of the piston motion achievable in the MTS testing system and for
the maximal rod displacements both in the compression and the
rebound phases (150 mm), under the maximal current level in the
control coil 5 A. In those conditions, the cylinder reached a tem-
perature of 100 °C after time t = 480 s.



§ sciendo

DOI 10.2478/ama-2020-0004

110

100 -
90 -
80
70 F

T[°C]

60 -
50 -
40,
30r’
20 .
0 20 40 60 80 100 120 140 160 180

t[s]
Fig. 11. Time pattern of coil temperature at various current levels;
piston excitation A =75 mm, f=0.5 Hz
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Fig. 13 shows the force—position loops of the absorber for the
respective coil temperatures: 30 °C, 110 °C, 140 °C. An increase
in temperature causes reduction of the range of output force,
expressing the difference between the force responses when the
piston is in the position x = 0 mm in the compression and rebound
cycle. At temperatures 30 °C, 110 °C and 140 °C, the respective
output force ranges become 3720, 3195 and 2985 N. Tempera-
ture dependence of the averaged absorber force response Fm is
shown in Fig. 14. Apparently, the magnitude of force response Fm
changes by 50% when the control coil temperature goes up from
30 °C to 140 °C, which is attributable to the increase of gas tem-
perature in the accumulator.

Fig. 15 plots the time history of dissipated energy E within a
full cycle of the piston motion (the piston returning to its initial
position), derived from Equation (4).

E(t) =fF(x)dx=f

t

t+t

F(b) d—’t‘ dt 4

where 1= 1/f.

Apparently, the amount of energy dissipated varies in time,
which is associated with temperature increase in the system. The
dissipated energy tends to decrease at a faster rate within time t <
50 s than at the remaining time of the experiment. The coil tem-
perature dependence of dissipated energy is plotted in Fig. 16.
This relationship can be well approximated by a linear function. In
this case, the coefficient of determination r2 is equal to 0.985.

acta mechanica et automatica, vol.14 no.1 (2020)

When the temperature of the control coil increases by 110 °C, the
amount of dissipated energy will decrease by about 20%.
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Fig. 13. Force vs piston position at various coil temperatures;
piston excitation A = 75 mm, f= 0.5 Hz, current /=5 A
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Fig. 15. Time pattern of dissipated energy; piston excitation
A=75mm, f=0.5Hz, current/=5A

Fig. 17 gives the plots of average dissipated power and in-
stantaneous electric power supplied to the control coail, in the
function of time. Like the dissipated energy (Fig. 15), the average
dissipated power Pn tends to decrease, which is attributable to
increase in the MR fluid temperature. In order to maintain a con-
stant current level in the control coil whilst its resistance R in-
creases with time, it is required that the power Pe supplied from
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the current driver should be increased. In the course of the exper-
iment, the temperature of the control coil rose by 110 °C, which
caused a 20% reduction of the averaged dissipated power Pm and
a 38% increase of electric power Pe supplied to the control coil.
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SUMMARY

The study investigates the temperature dependence of the

Magnetic Ride absorber behaviour, focusing on the following
aspects: temperature dependence of control coil resistance in the
device, the influence of operating current on control coil tempera-
ture and temperature dependence of force response and energy
dissipated in the system.

28

The experimental results led us to the following conclusions:
Resistance of the control coil is found to be linearly related to
temperature, hence the coil temperature can be established
through direct measurements of voltage and current levels.
When no excitations are applied, thermal energy released by
the flow of current less than 2 A will not significantly affect the
coil temperature, whilst for the current level 5 A, after 50 s, the
difference between the coil temperature and that of the
cylinder would approach 35 °C.

At currents in excess of 2 A, the rate of coil temperature
increase is significantly reduced after 50 s, no matter whether
the piston was in motion or remained immobile.

At a current level 5 A and piston motion velocity 150 mm/s,
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13.

14.

15.

16.

17.

thermal energy released within the time period of 180 s
caused the coil temperature to increase threefold.

When the coil temperature went up from 30 °C to 140 °C, the
absolute value of the average absorber force response
increased by 50%, which was attributable to an increase in the
temperature of gas in the accumulator.

Under the same conditions, a nearly 20% decrease of
dissipated energy and power was registered, whilst the
electric power demand increased by 38%.
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