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The hysteresis non-linearity of a magnetorheological (MR) fluid damper is one of the
main reasons to restrict it to be widely used in shock buffering fields. This research
aims to reduce or eliminate the effect of the magnetic hysteresis of the MR damper.
A magnetic hysteresis compensation control method is proposed and verified in this
paper. Jiles-Atherton (J-A) model is employed to descript the hysteresis non-linearity
between the adjustable damping force and the actual magnetic induction intensity in
the effective damping channel of the MR fluid damper. The simulation of the magnetic
compensation control system is performed to evaluate the effectiveness of the proposed
method and the employed model. In order to obtain the actual magnetic induction
intensity, a MR fluid damper embedded in a Hall sensor is designed and manufactured.
The experimental study is carried out to verify the proposed PID control of hysteresis
compensation method. Both the simulation results and the experimental results show the
MR fluid damper employed proposed hysteresis compensation method with PID control
can almost completely eliminate the effect of hysteresis under both low frequency and
high frequency input. The experimental results indicate the hysteresis control system of
MR fluid damper is of good dynamic performance which make it suitable for the shock
buffering system. At last, a simulation model of the MR-damper-based impact buffer
system with hysteresis compensation control is established to verify the buffer effect of
the system. The output damping force of the MR impact buffer system indicates the buffer
performance has been improved by employing the magnetic hysteresis compensation
control method.

Keywords: MR fluid damper, hysteresis non-linearity, compensation control, shock buffering system, PID control

INTRODUCTION

Magnetorheological (MR) damper is a new semi-active control device with magnetorheological
fluid as working medium. It changes the shear yield stress of magnetorheological fluid by changing
the current applied to the inner coil, thus changing its output damping force (Carlson, 2002).
Magnetorheological damper has the advantages of simple structure, large damping force, wide
adjustable range, low energy consumption, fast response speed, and wide dynamic range. Extensive
research has been carried out in the field of vibration control of buildings, bridges, automobiles
and machinery, and preliminary applications have been obtained (Dyke et al., 1998; Choi et al,,
2000; Sahasrabudhe and Nagarajaiah, 2005). At present, most of the applications of MR dampers
are in the field of low-speed and low-frequency random loadings. In recent years, the application of
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MR dampers in the field of impact loadings under high-speed
conditions has also begun to attract attentions (Goncalves et al.,
2006; Wereley et al., 2011; Bai et al,, 2018; Shou et al., 2018; Li
et al,, 2019). MR shock buffers have good application prospects
in the fields of aviation, aerospace, weapons, vehicles, and ships.
However, the hysteretic non-linearity of MR damper limits its
further application and development, especially in the field of
shock buffering. In the impact buffer system, because of the short
impact time, MR dampers are required to have fast and accurate
response characteristics. The hysteresis of a MR damper will
affect the prediction and control accuracy of the damping force,
and also cause time delay to the system. Unlike the low-speed
shock absorption process, the shock buffering process usually
lasts only for a short period of time from several 100 ms to several
seconds. The hysteresis characteristics of MR dampers seriously
affect the performance of the buffer control.

Because of the soft magnetic properties of iron particles and
their fluidity in fluids, the hysteresis of magnetorheological fluids
is very small or non-existent and the magnetization curve of
MREF is almost linear (Jolly et al., 1998). The hysteretic non-
linearity of MR fluid dampers mainly comes from two aspects
(Seong et al,, 2009; Li et al., 2019). One is from the non-
linearity between damping force and velocity. It is caused by
frictional force and fluid compressibility in the damper and
the non-linear rheological properties of MR fluid such as yield
stress and shear thinning. The other one is the hysteresis non-
linearity between the adjustable damping force and the control
current of the MR damper caused by the magnetic hysteresis
characteristic. It is the hysteresis non-linearity between magnetic
induction intensity and magnetic field intensity due to the
magnetization characteristics of ferromagnetic materials in the
internal structure of MR damper. The output adjustable damping
force of the MR damper is controlled by the control current
applied on the coils. While the magnetic field intensity is directly
generated by the control current and the output adjustable
damping force is a function of the magnetic induction intensity.
Therefore, the hysteresis non-linearity between the magnetic
induction intensity and the magnetic field intensity in the MR
damper shows the hysteresis non-linearity between the adjustable
damping force and the control current.

The hysteretic non-linearity between the damping force and
velocity of MR dampers can be described and eliminated by
establishing a hysteretic dynamic model. In order to describe the
hysteretic non-linearity of MR dampers, a lot of research work
has been done on the dynamic modeling of MR dampers. On the
basis of theoretical and experimental analysis, many hysteretic
models, such as non-linear hysteretic double-viscous model,
Bouc-Wen model, phenomenal model, polynomial model, and
S-type hysteretic model etc. have been proposed (Wang and
Gordaninejad, 2007; Wang and Liao, 2011). Fuzzy theory, neural
network, and other intelligent theory are utilized to establish
hysteretic model of MR damper (Xia, 2003). Compared with
the commonly used simple models, such as Bingham model and
Herschel-Bulkley model, the above hysteretic dynamic models
have improved the fitting accuracy in varying degrees. However,
these existing hysteretic non-linear models are all aimed at the
hysteretic characteristics between damping force and velocity.

The hysteretic non-linearity between adjustable damping force
and control current are not considered in the models. Unlike
the low-speed vibration reduction process, the shock buffering
process usually lasts only for a short period of time from several
100 ms to several seconds. The hysteretic non-linearity caused
by the transient change of control current seriously affects the
performance of buffer control.

Hysteresis modeling of ferromagnetic materials has been
extensively studied. Many different models have been proposed.
All of these models can be roughly divided into two categories:
operator-based model and differential equation-based model.
Preisach model is the most general operator-based model
proposed by Preisach. It is a hysteresis model based on
magnetization mechanism (Preisach, 1935). It assumes that
hysteresis can be modeled as the sum of a weighted hysteresis
operator. However, it requires a weight function constructed
from experimental data (Joseph, 2001). A large number of
data points and repeatability of system behavior have a direct
impact on the accuracy of the model. Prandtl-Ishlinskii model
is another operator-based model, which assumes that hysteresis
can be described by the superposition of hysteresis operators
with single threshold and density functions similar to Preisach
model (Wang et al, 2010). The advantage of this model is
that the computation time is less. However, Prandtl-Ishlinskii
model presents asymmetric hysteresis loops and saturated
output. Hodgdon model assumes the mapping relationship
between magnetic induction and magnetic field intensity. It is
described by differential equations based on physical insight
into the magnetization process (Coleman and Hodgdon, 1986;
Hodgdon, 1988). Jiles-Atherton (J-A) hysteresis model is based
on domain wall theory of ferromagnetic materials. According
to the domain wall motion mechanism, the hysteresis loop
between the magnetization intensity and the external magnetic
field is obtained by deducing two differential equations of
the irreversible magnetization component and the reversible
magnetization component. J-A is a model based on first-order
differential equation (Jiles and Atherton, 1986). Because of its
stable algorithm, simple calculation, and clear physical meaning,
it has been attracted attentions.

Few studies have proposed complete solutions to both the
two kinds of hysteretic non-linearity of MR dampers. Choi et al.
used Preisach model to build magnetic hysteresis compensator
for MR dampers used in vehicle vibration reduction and tried to
eliminate the effect of hysteresis non-linearity (Seong et al., 2009).
More attentions have been paid on the hysteresis characteristics
of MR clutch or brake as follows. Mechanical models including
hysteresis characteristics have been established by theoretical
analysis method (An and Kwon, 2003). A hysteresis non-linear
model considering both hydrodynamics and magnetic hysteresis
characteristics was established (Jedryczka et al., 2009). Magnetic
hysteresis was reduced by feedback of the magnetic induction
intensity (Erol et al., 2012). The results show that these methods
for eliminating hysteresis effect of MR actuators can reduce
hysteresis non-linearity and zero input torque to a large extent.

In order to eliminate the influence of hysteresis non-linearity
on the performance of MR dampers, especially to improve
the performance of MR dampers in impact buffer system.
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This research aims at the magnetic hysteresis non-linearity
of MR dampers. A magnetic hysteresis compensation control
method is proposed. A Hall sensor is embedded in the effective
damping channel position of the MR damper. Then, the magnetic
induction intensity measured by the Hall sensor is fed back
to a PID controller. The control current is output and applied
to the electromagnetic coils of the MR damper. The hysteresis
compensation effects of hysteresis compensation control method
under both low frequency input signal and high frequency input
signal are verified by simulation and experiment, respectively. At
the end of this paper, a simulation model of the MR impact buffer
system is established to verify the effect of the proposed hysteresis
compensation method.

THEORY OF MAGNETIC HYSTERESIS
MODEL OF MR DAMPER

Because the internal structure of MR damper contains of
ferromagnetic materials, the hysteresis non-linearity between
magnetic induction intensity B and magnetic field intensity H is
caused by its magnetization characteristics. Magnetorheological
damper controls the output of adjustable damping force by
changing the input of control current I, and the magnetic
field intensity is directly generated by the control current,
so the output adjustable damping force F; is a function of
magnetic induction intensity. Therefore, the hysteresis non-
linearity between B and H is shown as the hysteresis non-linearity
between F; and I in a MR damper.

J-A hysteresis model is a typical differential equation-based
model. It is based on domain wall theory of ferromagnetic
materials. The total magnetization M consists of irreversible
magnetization component M, and reversible magnetization
component M,,, shown as:

M = Miyy + Myey (1)

Assuming that the direction of the external magnetic field H is
the same as that of magnetization M, the effective magnetic field
H, can be expressed as:

H,=H+ oM (2)

where « is the coeflicient of the molecular field. According to
Weiss’s molecular field theory, o can be expressed as o = %,
where 0 is the paramagnetic Curie temperature and C is the
Curie constant.

The differential of total magnetization to magnetic field
intensity can be expressed as:

dM

-0 (Man — M) dMan
dH

ké — a (Man — Mirr) ¢ dH

, 3)

where ¢ is a reversible magnetization coefficient. M,, is
hysteresis-free magnetization. k is the constraint parameter.
It is multiplied by vacuum permeability 1o as hysteresis loss
parameter K. K represents the change of energy loss in each
element during magnetization, which is proportional to the

number of pinning points and energy. 8 is a parameter indicating
the direction of magnetic field change. When dH/dt > 0,8 = 1.
When dH/dt < 0,8 = — 1.

The hysteresis-free magnetization M,, in Equation (3) is
described by an improved Langevin function shown as:

Man = M |:coth <§> — i] , (4)
a H,

where M is the saturation magnetization. It depends on the
material’s own characteristics and temperature. a is the shape
parameter of hysteresis-free magnetization curve.

As shown in Equation (3), the differential equation of J-
A model describes the relationship between magnetization M
and magnetic field H. In a MR damper system, the magnetic
induction intensity is measured by a Hall sensor embedded in the
MR damper. Hence, the differential equation shown as Equation
(3) can be transformed into the differential relationship of B-H.
As,

B = po(H + M), (5)

the magnetic field intensity can be obtained from the
following equation:

H=—. ©6)

Where H is the intensity of magnetic field. N is the turn number
of excitation coil. I is the excitation current. L, is the effective
length of magnetic circuit.

In order to facilitate the modeling and simulation of hysteresis
J-A model, Equation (3) is transformed into a time-dependent
differential equation. The two sides of Equation (3) are multiplied

0.10
Experimental
-----Simulation
= 0.08| -
5006t -
Z o004}
= ,
@002} 7
= .
000 - 1 1 1 1
0.0 0.5 1.0 1.5 20
Current /A
FIGURE 1 | Measured magnetic hysteresis curve and the fitting curve
generated by Jiles-Atherton model (Ms = 1.24 x 106, a = 2.68x10%, o =
1.47x1074, ¢ = 0.54, k = 5.69x 10°).
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by dH/dt simultaneously so that Equation (3) is transformed into
a differential of time, as shown in the following equation:

d
dt

dMan
dt

(Man — Mirr) dH

= (1 — -
1=-9 k8 — a (Man — Mirr) dt

@)

By using simulation software MATLAB/SIMULINK, the J-A
model represented by Equation (7) can be dynamically modeled,
simulated, and analyzed. In combination with Equations (5-7)
is transformed into a set of differential equations with current
as input and magnetic induction intensity as output. Given five
parameters M, a, o, ¢, k of J-A hysteresis model, the hysteresis
loop between excitation current and magnetic induction intensity
can be obtained, as shown in Figure S1.

During the operation of the MR damper, the direction of
current applied to coils of the MR damper usually keeps same.
Therefore, the hysteresis non-linearity of the MR damper is tested
only in the first quadrant and fitted by J-A model as shown in
Figure 1 (Li and Gong, 2019).

HYSTERESIS COMPENSATION CONTROL
METHODS

In order to reduce or eliminate the obvious hysteresis non-
linearity between the control current of the MR damper and
the magnetic flux intensity in the effective damping channel,
a control method of hysteresis compensation is proposed in
this paper. First of all a relationship of the theoretical optimal
adjustable damping force F;(t) and the desired magnetic flux
density By(t) was derived by calculation (Erol et al., 2012).
As shown in Figure 2, the error e(t) between the theoretical
magnetic flux density B;(t) and the measured magnetic flux
density By, (t) is derived. Then the error is as the input of
the PID (Proportional-Integral-Derivative) controller. The PID
controller outputs the control current to the coils of the MR
damper or J-A model.

PID control is a traditional control strategy which is easy to
realize and widely used in the industry automatic control system.

Optimal F = (t) T Bd(t) e(t) PID 1(1) MR damper
—_— - >
d controller (J-A model)
Bm(t)
FIGURE 2 | Schematic of PID control of the magnetic compensation control for a MR damper.
A
" |:|| l:]l
Bdesired
F 1) Scope Scope2
To Workspace1
N e
source f(u) 712/ | B Bmeasured
From Fcn Gain To Workspace
Workspace F—B
Jiles-Atherton model
B
—»| Bdesired
To Workspace1
Eyo) F-B P Jl>
source f(u) =\'_ 1 Gain1 R
From Fen Kp + ' 8 » Bmeasured
Workspace Ko 1 Subtractt To Workspace2
(- "] .
» 1M Integrator3 Jiles-Atherton model
Scopet Scope Memory
FIGURE 3 | Simulation block diagram of magnetic hysteresis compensation control of a MR damper. (A) Open-loop control. (B) PID control.

Frontiers in Materials | www.frontiersin.org

4 December 2019 | Volume 6 | Article 299


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Lietal

Hysteresis Compensation of a Magnetorheological Damper

In a control system, Equation (8) indicates the relationship of the
output signal u(t) and the error signal e(?):

de(t)
dt

u(t) = Kpe (t) + Kz/ e(t) +Kp (8)

Where, Kp is the proportional coefficient, K is the integral
coefficient and Kp is the derivative coeflicient. For PID
controller, u(t) is the controlled value. Defining T; as
integral time constant and Tp as derivative time constant.
The relationships of time constants and coefficients can be

expressed as follows:

Kp
K= — 9
1= %)
and
Kp = K3 Tp. (10)

The proportional element in PID controller represents the speed
of the control system. The larger the Kp the faster the response

Control interface

Acquisition

Hovics DC power supply

MR damper

‘
-

- Connecting wires of
Hall sensor

rod. (B) Picture of the MR damper.

FIGURE 5 | MR damper with embedded in Hall sensor. (A) Schematic of the MR damper (1) piston, (2) coil, (3) MR fluid, (4) fairlead hole, (5) Hall sensor, and (6) piston

wires of coils
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speed of the system is and the higher the adjustment precision
is, but it may cause overshoot and oscillation. On the contrary,
the system response is slow. The integral element represents the
accuracy of the control system. The integral term is introduced
to make up for the defect that proportional control cannot
eliminate steady-state error. When the error is integrated, the
integral effect will increase with the increase of time and the
output of the controller will be increased so that the steady-
state error will be further reduced to zero. If the integral time
constant 77 is small, it means that the integral effect is strong,
and vice versa, the weaker. However, if the integral coefficient
K7 is too large, the dynamic performance of the system will
deteriorate and the overshoot and oscillation will occur. Hence,
the stability of the system will be reduced. The differentiation of
errors reflects the rate of variation of errors, that is, the trend
of system errors. Because the phase angle of the differential
element is ahead, when the error becomes larger, the differential
of the error is greater than zero. And when the error decreases,
the differential of the error is less than zero. So the differential
control can produce the effect of early correction. When the error
increases or decreases, the differential control will change the
trend and reduce the error ahead of time so that the response
speed of the system will be accelerated and the adjustment time
will be reduced. So the differential control makes the system has
good dynamic performance. But differential control needs to be
used properly, otherwise the system will oscillate. In order to
avoid oscillation, the value of differential coefficient Kp is usually
small (Li and Wang, 2012). The proportion coefficient, integral
coefficient, and differential coefficient affect the control effect
together. Reasonable adjustment of three parameters of K, K,
and Kp is the key of the effectiveness of PID controller.

The J-A model of the magnetic hysteresis non-linearity of the
MR damper above is utilized here to establish a control model
in Simulink. The simulation model of the magnetic hysteresis
control of a MR damper is shown in Figure 3. Figure 3A is the
open-loop control system that means there is no magnetic flux
density signal feedback. Figure 3B is the PID control system that
means the magnetic flux density signal feedback and the PID
controller works. In the feedback system, the module of Memory
is employed to solve the problem of algebraic loop which will
reduce the simulation speed or even reduce the accuracy of the
simulation results or result in error results. As the constant § in
the Equation (3), the differential equation of the J-A model, is
a symbol function which is inconvenient for derivation. Hence,
the derivate module is not used in the magnetic hysteresis
compensation control system.

EXPERIMENTAL SETUP

The experimental setup of the magnetic hysteresis compensation
control for the MR damper is mainly composed of a MR damper
embedded in Hall sensor, acquisition device, current driver, DC
power supply, test interface as shown in Figure 4.

ELVIS (National Instruments Corporation) suite is adopted as
the hardware of data acquisition device. ELVIS is an educational
laboratory virtual instrumentation suite as well as a common

used high performance data acquisition card. The maximum
sampling frequency of ELVIS is 1 MS/s and the resolution of
analog input is 16 bit. The resolution of analog output is 16 bit
as well. The function of analog + output is to output the control
voltage to the current driver which is controlled by voltage of
0-5V. The current driver (Lord, RD-3003-03) output current
of 0-2 A according to the analog output of ELVIS. The control
interface software is programmed by LabVIEW as shown in
Figure S2. As the experiments with open-loop control is used
to compare with the experiments with PID control, the relative
software interfaces are designed and programmed, respectively.

The MR damper embedded in a Hall sensor is designed
specially for research of the magnetic hysteresis control as shown
in Figure5. As we can see from Figure 5A, the Hall sensor
(Allegro, A1304) is pasted in the cylinder surface of the piston.

A1304 linear Hall-effect sensor IC outputs analog signal which
is convenient for data acquisition. It provides a miniature and low
profile surface mount package as shown in Figure $3. A small
plane is filed on the cylinder surface of the piston in order to
mount the sensor. The branded face of the sensor IC is pasted
firmly on the plane of the piston utilizing adhesive. As can be
seen, the height of the IC is 1 mm so that it can be mounted on
the piston which moves within the small gap of 2mm. Hence,
the miniature and low profile of the sensor IC is in favor of its
mount. The footprints of Hall sensor and their connecting cables
are covered with sheaths to insulation. The Hall sensor and the
two coils of the MR damper are sealed by epoxy resin. The MR
damper consists of a mono-tube and a two-ended piston with two
stage coils. Because both the wire of the coils and the connecting
wire of the sensor IC are needed to lead out of the MR damper,
the double-ended piston is suitable for the MR damper embedded
Hall sensor. The two-ended piston rods are hollow. The wires of
the coils is leaded out from one end of the piston rod and the
conducting wires connected to the footprints of the Hall-sensor
IC is leaded out from the other end of the piston rod as shown
in Figure 5B.

For the MR damper in this paper is designed and
manufactured specially for verify the magnetic hysteresis
compensation control method, both the dimension and the
damping force is designed small. The structural dimensions of
the MR damper are shown in Table 1.

SIMULATION AND EXPERIMENTAL
RESULTS

Simulation Results
The adjustable damping force F; is a non-linear but single-valued
function of magnetic induction intensity B. For comparison,

TABLE 1 | Structural dimensions of the MR damper.

Inside diameter of the cylinder, D1 (mm) 39
Diameter of the piston, Do (mm) 35
Diameter of the piston rod, d (mm) 18
Gap length of the magnetic field, Lo (mm) 32
Gap length of the flow, L (mm) 80
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the desired magnetic induction intensity instead of optimal
adjustable damping force in Figure 2 is given as several typical
signals of window function, multistep function, semi-sinusoidal
function, and semi-sinusoidal functions with variable amplitude.
The maximum amplitude of every simulation signal is set as 1
Tesla so that the relative magnetic hysteresis shows obviously
in the curve. The simulation results of magnetic hysteresis
compensation control of the MR damper are shown in Figure 6.
The results in Figures 6A,C,E,G indicate that the magnetic
induction intensity output by the MR damper cannot track the
desired magnetic induction intensity after the signal start to
decline in the open-loop control system. It is the reason that J-
A magnetic hysteresis model established in the MR damper as
shown in Figure 3. The results in Figures 6B,D,F,H show that
the output signals of magnetic induction intensity can always
track the changes of the input signals in the PID control system
when Kp = 0.5 and K; = 400. That means the PID control with
appropriate coefficients can eliminate the effect of the magnetic
hysteresis. The dynamic performance of the PID control system
of MR damper is also obviously shown in Figures 6B,C. There is
no overshoot in the dynamic process that partly leads to fast track

of the output. The rising time is around 40 ms and the falling
time is around 20 ms. The rising time and falling time in the
simulation system are partly caused by the Memory module as
shown in Figure 3 which leads to delay of the output. Moreover,
the differential coefficient is zero. That means that there is
no differential element in the PID control system. However,
differential element can improve dynamic performance of the
PID control system.

As we know, the duration of the impact loading of the
buffering system is short and always <0.1s (Li and Wang,
2012). To verify whether the method of hysteresis compensation
control can work well in a buffering system, four kinds of high
frequency input signal is used for simulation. The simulation
results are shown in Figure 7. Figures 7B,D,F,H show the PID
control results of hysteresis compensation of MR damper under
four kinds of high frequency input signals. The frequency of
semi-sinusoidal signal is 200 Hz that means the time of one
period is 0.05s as shown in Figure 7F. Under the condition
of high frequency input signal, the compensation effect of the
PID control of hysteresis compensation is not different from
that under the condition of low frequency input signal. The
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values of hysteresis are close to 0. That shows that the hysteresis
compensation control method proposed in this paper is suitable
for shock buffering system with short working period, and will
be beneficial to improve the control accuracy of MR damper in
shock buffering system. Under the condition of high frequency
signal, the dynamic performance is also affected by Memory
simulation module and lack of differential element as shown in
Figure 7B. The rising response time is about 40 ms as same as
that under low frequency input signal.

Experimental Results

The experimental results of magnetic hysteresis compensation
control of the MR damper under four kinds of low frequency
and high frequency input signals are shown in Figures 8, 9,
respectively. The frequency of every kind of input signal is
as same as that in the simulation system for comparison.
In the experimental system, the input signal is the control
current generated by the current deriver as shown in Figure 4.
The experimental results shown in Figures 8, 9 indicate that
the hysteresis under the PID control is almost completely
compensated under both low frequency and high frequency
input signals. Compared with the simulation results, the dynamic
performances of the experimental results have been significantly

improved. The response time is much shorter than that in
simulation. The maximum response time is around 15ms. The
reason is that the experimental system does not include the
Memory simulation module. It also reveals that the response time
of the simulation system is mainly caused by the delay of the
simulation module.
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The LabVIEW software generates the four kinds of typical
signals as the setting values of the control system, respectively.
Then the setting values convert to the analog voltage from the
digital value by the DAQ device. Taking the analog voltage signals
as the input of the experimental hysteresis compensation control
system, the unit of the input signals is Volts and the voltage range
is 0-5V. The output signal of the experimental system is the
output voltage of the Hall sensor. The voltage range of the Hall
sensor is 0-3.3 V. Hence, the normalized amplitudes of the input
and the output are plot in Figures 8, 9 for comparison.

SIMULATION VERIFICATION OF
HYSTERESIS COMPENSATION CONTROL
IN MR IMPACT BUFFER SYSTEM

Ideal Impact Buffer

A typical MR impact buffer system can be descripted as a MR
damper and a mass as shown in Figure S4. The MR damper
outputs damping force F,,, which consists of uncontrollable part

F,, and controllable part F;. F,, is related to the velocity of the
piston of the MR damper. While F; is related to the magnetic
flux density of the effective damping channel.

According to Newton’s second law, the motion equation of the
system can be descripted as

(11)

Fpt_Fmr=m3&,

where Fy; is the impact force loaded on the mass. m is the mass of
the object subjected to the impact loading. x is the displacement
of the mass.

The ideal impact buffer effect is obtained when the damping
force equals to constant (Li and Wang, 2012) as shown

Fr_ i = Fr + c1X = constant, (12)

where Fy,, ; is the ideal damping force and ¢ is the coefficient
determined by the dimension of the MR damper.
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According to the impact loading in the gun recoil system
(Liand Wang, 2012), the impact force as shown in Figure S5 is
given to verify the effect of the hysteresis compensation control.

Combine Equations (11) and (12), the ideal displacement x(t)
and the ideal velocity x(t) can be obtained by solving the second
order differential equation. Assuming the ideal damping force
Fynr i equals to 4,000 N, the ideal controllable damping force F;
can also be obtained as shown in Figure 10. The impact buffer
motion starts when the impact force loaded in the mass and the
motion ends when the velocity of the mass changes to 0. As
we can see, the calculated ideal controllable damping force F;
changes within 0.07 s. That means the control current needs to be
changed quickly. Fast change of the current leads to the obvious
decrease in performance of the system caused by the magnetic
hysteresis. Hence, the magnetic hysteresis of the MR damper in
the impact buffer system will inevitably reduce the buffer effect.

Simulation of the MR Impact Buffer System
The model of the MR-damper-based impact buffer system is
established and the simulation block diagrams of MR impact
buffer system including magnetic hysteresis model are shown in
Figure 11. The mechanical model and the magnetic hysteresis
model of the MR damper are both included in the simulation
system. Although the ideal damping force is as a condition of the
calculation for Equation (11), the actual output damping force of
the MR damper is not constant for the existence of the magnetic

hysteresis. Figure 11A shows open-loop control and Figure 11B
shows PID control. In Figure 11B, the magnetic flux density of
the MR damper is fed back for obtaining the error of the ideal
magnetic flux density and the actual magnetic flux density as the
input of the PID controller.

RESULTS

The simulation results of the MR impact buffer system under
open-loop control and PID control are obtained as shown
in Figures 12, 13, respectively. For the impact buffer system,
the relationship of the actual damping force and time or the
relationship of the actual damping force and displacement of the
mass is used to evaluate the buffer performance. The closer the
curve is to the constant, the better the buffer performance will
be. Figures 12C,D indicates that the peak damping force is much
larger than the ideal value 4,000 N and is not keep constant in the
whole buffer process under open-loop control. Figures 13C,D
shows that a peak damping force still exists at the very beginning
buffer process under PID control. While the value of the peak
damping force under PID control is much less than that under
open-loop control.

For comparison, the curves of the damping force and the
displacement under two control methods are shown together as
shown in Figure 14. As we can see, the damping force under PID
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control is similar to constant mostly except for the part at the very
beginning of the buffer process. The damping force under open-
loop control can’t keep constant during the whole buffer process.
The results indicate the magnetic hysteresis of the MR damper
decreases the buffer performance and the PID control based on
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FIGURE 13 | Simulation results of the MR impact buffer system under PID control. (A) Displacement. (B) Velocity. (C) Damping force. (D) damping force vs.
displacement.
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experimental setup was established by integrating the MR
damper embedded in a Hall sensor and the measurement,
control device, and software interface. The experimental results
show that the measured magnetic induction intensity can track
the input signal well under any of the four kinds of setting
signals both with low frequency and high frequency by PID
control. This means that the effect of magnetic hysteresis
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was nearly completely eliminated by PID controller. At the
same time, the dynamic performance of the experimental
magnetic hysteresis system is good with no overshoot and fast
response speed. In order to verify the effect of the proposed
hysteresis compensation control method in the MR impact
buffer system, a simulation model of the MR-damper-based
impact buffer system is established. The results show that
the impact buffer system with PID control obtains the better
buffer performance than that with open-loop control. It means
the proposed hysteresis compensation method in this paper is
suitable for the shock buffering system with a MR damper to
improve the buffering performance of the system subject to
impact loadings.
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