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Abstract: Vibration and shock control systems are of vital importance to modern vehicles when
incorporating crashworthiness goals and enhancing occupant safety to protect avionics or electronics
during survivable crash events. The study proposes a method denoted as the optimal generalized
Bingham number (GBN) control to improve the soft-landing control accuracy of a drop-induced
shock mitigation system employing a magnetorheological shock absorber (MREA). Based on the
theoretical and experimental analysis of the damping force characteristics of the MREA, the dynamics
of a single-degree-of-freedom shock mitigation system are established, and the GBN is defined with
consideration of quadratic damping. The optimal GBN control strategy for a magnetorheological
shock mitigation system is proposed to achieve a soft landing. The deceleration, velocity, and dis-
placement formulas of the payload are derived, and the dynamic response of the magnetorheological
shock mitigation system, under different GBNs, is analyzed. In terms of soft-landing control accuracy,
it is shown that the optimal GBN control strategy performs better for a linear stroke MREA when the
control algorithm is based on quadratic damping rather than linear damping.

Keywords: magnetorheological (MR) fluids; magnetorheological energy absorber (MREA); shock
mitigation; quadratic damping; generalized Bingham number (GBN)

1. Introduction

The design of modern vehicles, such as aircraft, helicopters, and ground vehicles,
incorporates crashworthiness goals to enhance occupant safety and to protect avionics
or electronics during survivable crash events [1,2]. A common method to increase crash-
worthiness is to utilize energy absorbers (EAs) that can dissipate and absorb the impact
energy [3]. Most commercial EAs employ stroking elements, such as plastic deformation [4]
or collapsible materials [5,6] in crumple zones with a suitable stroking load to dissipate
kinetic energy through material deformation. Passive or deformable EAs are typically
designed based on a worst-case or a specified crash scenario so that they have a single
and fixed load-stroke profile [7]. They cannot be used in various crash conditions because
the crashworthiness performance cannot be adaptively adjusted for a wide range of crash
events [8]. To cope with this, in this study, a drop-induced shock mitigation system based
on a magnetorheological energy absorber (MREA) is investigated because its load-stroke
profile can be adjusted in a rapid, electronic, and continuous way [9,10].

Semi-active MREAs have been investigated widely for shock mitigation. A magne-
torheological grease buffer was designed, modeled, and tested [11]. A hybrid model based
on the support vector regression and adaptive differential evolution algorithm for MREA
was proposed. It has the optimal values for all the performance indices and the largest
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overall desirability of 0.6274 [12]. The controllability of an MREA using a four-stage elec-
tromagnetic coil for gun recoil mitigation was presented [13]. An optimal controller was
also developed to find a trade-off between the firing rate and recoil load [14]. The dynamic
response of a rotorcraft skid landing gear system equipped with an MREA was designed
and evaluated experimentally [15], and a nonlinear analysis and control algorithm were
developed to ensure a soft landing [16]. Subsequently, the MREA landing performance was
analyzed by considering the rotor lift factor [17]. A new magneto-rheological aircraft main
landing gear (MRAMLG) system was proposed, and the landing efficiency was evaluated
by a drop test.

An MREA applicable to the landing gear system of airplanes was proposed and
simulated [18]. A hybrid controller was developed for an MR landing gear system to
enhance the landing efficiency by using a fail-safe function [19]. The adaptive aircraft
landing gear equipped with an MREA was designed and simulated. The MR landing gear
had better performance when compared to a conventional passive landing gear in different
landing scenarios [20]. A neural network controller with supervised learning was proposed
for the MREA model in an MR landing gear and accounted for aircraft mass [21,22].
A lunar lander equipped with an MREA was designed, modeled, and simulated [23]. The
results showed that the MR lunar lander can effectively decrease the largest acceleration in
complex and unexplored areas [24]. A hybrid controller was proposed and designed for a
seat suspension system to reduce both vibration and shock payload that transmit to the
occupants [25].

The objective of MR shock mitigation system is to achieve a soft landing, that is, for
the payload to fully utilize its stroke without any end stop impact, thus maximizing energy
absorption with no end stop impact and thus minimizing injury to occupants or damage to
equipment. In our prior studies, a soft landing was defined as the condition when the pay-
load comes to a rest after fully utilizing the available stroke, and this was achieved using an
optimal Bingham number (BN) control algorithm, which achieved such a soft landing [26].
In prior work, the effects of the MREA time lag as well as the payload maximum allowable
threshold were considered, and a BN control algorithm incorporating a time lag [27] as
well as minimum duration deceleration exposure (MDDE) control [28] were developed.
These control strategies were conducted under the assumption that the post-yield damping
characteristics of the MREA were linear or post-yield damping proportional to velocity.
However, research has shown that when the MREA operates at high-impact speeds, the
MREA fluid flow in the orifice can transition from laminar to turbulent flow, and as a
result, the post-yield damping is more accurately represented by quadratic damping, that
is, post-yield damping proportional to the square of velocity [29–31]. Thus, we developed
a generalized Bingham number (GBN) control for an MR shock mitigation system that was
developed considering such quadratic damping [32], and these results showed that the
GBN control can achieve a soft landing.

The theoretical underpinnings of the GBN control algorithm in the context of a linear
stroke MREA exhibiting quadratic damping was presented [32]. In this study, the original
contribution focuses on an experimental validation of this control algorithm. Thus, in
this study, we seek to verify and validate that the impact mitigation performance of the
quadratic GBN control can outperform the linear BN control when a linear stroke MREA
is used at high-impact speeds when quadratic damping can be substantial. A flow-mode
(linear stroke) MREA is designed, analyzed, fabricated, and tested so that the MREA damp-
ing force under shock load can be characterized in detail. Then, the governing equation
of a single-degree-of-freedom MR shock mitigation system with quadratic damping is
analyzed, and the GBN control is developed, with the control objective being a soft landing.
The deceleration, velocity, and displacement formulas of the payload are analyzed using
the GBN control. The dynamic response of the MR shock mitigation system under different
GBNs is analyzed. Finally, the shock mitigation performance of the GBN control (using
quadratic damping) to BN control (using linear damping) is conducted via both simulation
and an experiment.
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2. Damping Force Characteristics of MREA under Impact Load
2.1. Design and Manufacture an MREA

A linear stroke MREA with a two-stage electromagnetic coil is designed and manu-
factured as shown in Figure 1. The schematic of the MREA is shown in Figure 1a, and
the photo of the MREA is shown in Figure 1b. The MREA consists of two piston rods
(same diameter) (1 and 7), a piston (8), a hydraulic cylinder (5), and MR fluid (6) filling the
reservoir of the MREA. The piston contains a piston core (2), two coils (3), and a piston
cylinder (4). There are two winding grooves on the piston core, where the coil can be wound.
There is an annular gap between the piston core and piston cylinder, through which the
MR fluid flows and is magnetized. The MR fluid flows through this annular gap as a result
of piston motion when shock or vibratory loads are applied to either piston rod. Two
electromagnetic coils are inserted inside the annular gap. When a current passes through
the coils, magnetic flux is generated radially across the annular gap. The magnetic particles
form chains in the direction of the magnetic field (i.e., radially) and are perpendicular to the
direction of flow. Thus, the chains in the fluid must be sheared before fluid can flow in the
gap. Upon the initiation of fluid flow, a pressure drop develops between the two chambers
separated by the piston. Therefore, as the pressure drop on the piston surface increases, the
damping force of the MREA also increases. The design parameters are shown in Table 1.
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Figure 1. The double-ended MR damper configuration with two electromagnetic coils. 1—Upper
piston rod, 2—piston core, 3—electromagnetic coil, 4—piston cylinder, 5—hydraulic cylinder, 6—MR
fluid, 7—underneath piston rod, 8—piston, 9—seal ring, and 10—hydraulic cylinder seal cap.
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Table 1. The design parameters of the MREA.

Parameter Symbol Value

Diameter of the cylinder (m) Dp 63 × 10−3

Diameter of piston (m) Din 49 × 10−3

Diameter of piston rod (m) Dr 30 × 10−3

Length of magnetic core (m) La 30 × 10−3

Length of coil (m) Lc 30 × 10−3

Thickness of gap (m) d 2.5 × 10−3

Turns of coil winding (Turns) N 400

2.2. Magnetic Field Simulation of the MREA

The MRF-132DG from Lord Corp is used in this paper. Magnetic components of the
damper are fabricated from 45 # steel. The magnetization characteristic data of 45 # steel
and MRF-132DG are shown in Tables 2 and 3. A finite element method is used to calculate
flux density at each MR fluid gap. The total number of nodes is 326,400. Figure 2 shows the
results of magnetic field simulation under a 2 A applied current. As shown in Figure 2a, the
gap is exposed to the magnetic field. The magnetic flux lines have crossed perpendicularly
through the gap, as shown in Figure 2b. The MR fluid yield shear stress in the gap could
be rheologically affected by the magnetic flux when the MR fluid flows though the gap.
Figure 3 shows that the arrangement of magnetic flux density results at different applied
current. The value of magnetic flux increases with the increasing applied current. However,
the value of magnetic flux at an applied 4 A current is only slightly higher than that at an
applied 3 A current. The applied current of 4 A can be considered the saturation current,
and the saturation flux density is 0.8 Tesla at this applied current.

Table 2. Magnetization characteristic data of 45” steel.

Magnetic Field Intensity, H (A/m) Magnetic Flux Density, B (T)

164 0.2
245 0.4
365 0.6
545 0.8
813 1
1213 1.2
1809 1.4
2996 1.6

Table 3. Magnetization characteristic data of MRF-132DG.

Magnetic Field Intensity, H (kA/m) Magnetic Flux Density, B (T)

10 0.088
30 0.221
50 0.35
70 0.437
90 0.527

110 0.59
130 0.653
150 0.7
170 0.75
200 0.829
240 0.91
280 1.103
320 1.108
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2.3. Damping Force Model of the MREA

Compared with the effective cross-sectional area of the piston, the annular gap is
quite small so that the MR fluid flow velocity in the annular gap is amplified relative to
piston velocity. When the piston velocity becomes large, the MR fluid flow inside the gap is
complex. Singh et al. [33] established a Bingham–Plastic–Minor (BPM) model to describe
the damping force characteristic of the MREA under an impact load. This model uses the
Reynolds number of MR fluid in an annular gap to analyze the motion state of MR fluid.
The damping force can be described as

F =
(
∆Pη + ∆Pml

)
Ap +

(
∆Pτ Ap + Ff

)
sign(v) (1)

where ∆Pη , ∆Pml, and ∆Pτ are the pressure drops due to viscous flow, minor losses, and
the MR effect, respectively. Ap denotes the effective area of the piston. Ff is the friction force
of the MREA, which can be measured by experiment. v is the piston velocity. The pressure
drop due to the MR effect depends on the magnetic field in the annular gap. However, the
fluid viscous pressure drop and minor loss pressure drop are a consequence of fluid flow.
Ignoring friction force, the field-off pressure drop can be expressed as

∆Pf ield−o f f = ∆Pη + ∆Pml (2)

When the current is applied in the MREA, the pressure drop of the MREA can be
expressed as

∆Pf ield−on = ∆Pf ield−o f f + ∆Pτ (3)

The pressure drop caused by viscous flow in the MREA is

∆Pη =
ρ

2
V2

g
f L
2d

(4)

where f is the Darcy friction coefficient relating to the fluid flow state in the annular gap.
Here, ρ is the density of the MR fluid, L is the total length of the annular gap, d is the width
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of the annular gap, and Vg is the mean fluid velocity. Note that Vg = ApVp/Ag, where Vp
is the piston absolute velocity, Vp =|v|. Ag is the cross-sectional area of the annular gap,
given by

Ag =
π

4

[
(Din + d)2 − D2

in

]
(5)

The Reynolds number of the MR fluid in annular gap can be expressed as

Re =
2ρVgd

η
(6)

where η is the viscosity of the MR fluid.
The MR fluid flow state in the annular gap is related to the Reynolds number. The

Reynolds number is proportional to the velocity of the piston. When the piston velocity of
the MREA is sufficiently low so that the Reynolds number is Re ≤ 2000, the MR fluid is in
laminar flow state. The Darcy friction coefficient can be expressed as

f =
96
Re

(7)

When the Reynolds number is 2000 ≤ Re ≤ 4000, the MR fluid in an annular gap is in
a transitional flow state. The Darcy friction coefficient can be expressed as

f = (1 − α)
96

2000
+

α{
1.8 log10

[(
ε

3.7Dh

)1.11
+

6.9
4000

]}2 (8)

where α is a constant and α = (Re − 2000)/(4000 − 2000). Here, ε is the average pipe wall
roughness and was chosen to be 0.016 mm based on the wall roughness for drawn tubing
given by Mao et al. [30]. Dh is the hydraulic diameter, and Dh = 2d.

When the velocity of a piston rod is so large that the Reynolds number is Re ≥ 4000,
the MR fluid in an annular gap is in a turbulent flow state. The Darcy friction coefficient
can be expressed as

1

f
1
2
≈ −1.8 log10

[(
ε

3.7Dh

)1.11
+

6.9
Re

]
(9)

The pressure drop due to minor losses contains four components as in Figure 1:

(1) Entrance effect for flow from region A1 to A2;
(2) Exit effect for flow from region A2 to A3.

The total pressure drop due to a minor loss can be expressed as

∆Pml = ∆Pml12 + ∆Pml23 (10)

where each pressure drop is given by{
∆Pml12 = ρ

2 KENV2
g

∆Pml67 = ρ
2 KEXV2

g
(11)

where KEN, KSE, KSC, and KEX represent the coefficients of the entrance effect, sudden
expansion, sudden contraction, and exit effect, respectively, and can be written as{

KEN = 0.42
(
1 − Ag/Ap

)
KEX =

(
1 − Ag/Ap

)2 (12)
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2.4. Experimental Setup for Damping Force

The test setup of the MREA yield force is shown in Figure 4. The test setup was based
on an electro-servo-hydraulic fatigue testing machine. One side of the MREA was attached
to a linear variable differential transformer (LVDT). The opposite side was attached to
a load cell to measure the damper force. The electromagnetic coils in the MREA were
activated by a power supply.
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Figure 4. Experimental setup for the yield force of MREA.

As shown in Equation (1), in addition to the viscous damping force Fv and yield force
FMR, the output force of the MREA also includes the friction force Ff produced by the
MREA seal on the piston rod. That is to say, F = Fv + FMR + Ff. The viscous damping force
Fv is related to the piston velocity, while the yield force FMR and the friction force Ff are
independent to the piston velocity. In order to measure the yield force under different
applied currents, the piston should work at a quite low velocity for a long time. The MREA
is excited using a low frequency triangular wave displacement. In this case, the viscous
damping force Fv can be approximate considered as 0. The friction force Ff can be measured
at 0 A applied current.

Figure 5 shows the tested damping force response of the MREA under triangular wave
displacement excitation. The excitation frequency and amplitude are 0.05 Hz and 20 mm,
respectively. The velocity of piston rod is v = 4fz = 0.004 m/s. The damping force of the
MREA can be approximated as frictional force Ff at zero applied current condition. The
friction force of the MREA developed in this study is Ff= 0.16 kN (I = 0 A in Figure 5). When
the applied current is I = 1 A, the damping force is 1.6 kN. With the increase in applied
current, the damping force of the MREA also increases monotonically. The damping force
of the MREA is 3.96 kN at the maximum applied current of 4 A.
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Figure 5. The MREA yield force characteristic under triangular excitation.
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The yield force can be expressed as the difference between the total damping force
and the friction force, that is,

FMR = F − Ff (13)

Therefore, the relationship between yield force and applied current can be depicted in
Figure 6. The mathematical relationship between yield force and current can be fitted to
a polynomial, as shown in Equation (14). In Figure 6, the R-squared value is R2 = 0.9974,
which shows the curve fits well.

FMR = 0.052I4 − 0.4016I3 + 0.7781I2 + 1.0299I (14)
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Figure 6. Yield force vs. applied current.

The highspeed impact test was implemented on CEAST 9350 Drop Tower Impact Setup
produced by INSTRON company, Boston, USA as shown in Figure 7. The impact setup
contained a weight system and a data acquisition system. The weight system consisted
of hammer, house separator, and combinable mass. The total mass of the weight system
was the drop mass. The data acquisition system included data acquisition, velocity sensor,
and load cell, which was used to measure hammer velocity and impact load. The damping
force and piston velocity of the MREA can be directly read on the computer.

Figure 8 shows the damping force characteristic of the MREA under different piston
velocities. The experimental observations are compared with BPM model. It can be seen the
damping force predicted by BPM model agreed well with the experimental data. The BPM
model can describe the damping force behavior accurately under high-speed impact. The
damping force of the MREA at the applied current of 4 A was much larger than that at zero
current. The damping force measured when the piston velocity was 5.0 m/s at the applied
current of 4 A was 6.99 kN, which was about 2 times greater than that with no current
supplied (3.49 kN). The damping force increased quadratically with piston velocity, as
shown in Figure 8. A quadratic polynomial between damping force and piston velocity at
0 A applied current is shown in Equation (15), which, from Figure 8, accurately represents
the measured data.

F(I = 0 A) = 90.33V2
p + 103.24Vp + 176.3 (15)

where Vp is the piston absolute velocity, Vp = |v|.
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3. The Algorithm Design of Optimal Generalized Bingham Number Control

The drop-induced shock mitigation is presented in Figure 9 with an application of an
MREA. The payload mass, m, is subjected to an initial drop velocity, v0. Here, the available
stroke of the MREA is represented as Savailable. The governing equation of the drop system is

m
..
z(t) = −F(t) + mg (16)

and the initial conditions are
z(0) = 0;

.
z(0) = v0 (17)

where g is acceleration due to gravity (9.8 m/s2). Here, F(t) is the total damping force of
the MREA:

F(t) = c1v2(t) + c2v(t) + FMR(t) (18)
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The control objective is to obtain a soft landing by selecting an MR force or controllable
damping force: the payload mass should come to rest after fully utilizing the available
stroke. The non-dimensional generalized Bingham number (GBN) is defined as

Bi =
FMR

c1v2
0 + c2v0

(19)

Here, we define a soft-landing control strategy with consideration of the MREA
quadratic damping force with

.
v(t) = − c1

m
v2(t)− c2

m
v(t)− FMR

m
+ g = − 1

τv
(v − v1)(v − v2) (20)

where τv = m/c1. Here, v1,2 are the variables of the stroking load equation in Equation (20)
and are related to

v1,2 =
−c2 ±

√
c2

2 − 4c1(FMR − mg)

2c1
=

−c2 ±
√

∆
2c1

(21)

In the application of the initial condition of v(t = 0) = v0 in Equation (20), the payload
velocity is derived as

v(t) = v1 +
(v0 − v1)(v1 − v2)e

− (v1−v2)t
τv

(v0 − v2)− (v0 − v1)e
− (v1−v2)t

τv

(22)

In the application of the condition of z(t = 0) = 0 in Equation (22), the displacement of
the payload can be obtained as

z(t) = v1t + τv ln
[
(v0 − v2)− (v0 − v1)e

− (v1−v2)t
τv

]
− τv ln(v1 − v2) (23)
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The GBN control algorithm consists of ensuring a soft landing as follows. For a soft
landing to occur, the payload must come to a rest after fully utilizing the available MREA
stroke. Assuming t1 as the total stroking time, at t = t1, the velocity and displacement of the
pay-load should be v(t = t1) = 0 and z(t = t1) = Savailable. Submitting to Equations (22) and (23)
yields

v(t = t1) = v1 +
(v0 − v1)(v1 − v2)e

− (v1−v2)t1
τv

(v0 − v2)− (v0 − v1)e
− (v1−v2)t1

τv

= 0, (24)

z(t = t1) = v1t1 + τv ln
[
(v0 − v2)− (v0 − v1)e

− (v1−v2)t1
τv

]
− τv ln(v1 − v2) = Savailable (25)

With Equations (24) and (25), the optimal zeroes vo
1,2 and stroking time t1 can be

calculated numerically. With a combination of Equation (21), the required yield force Fmr
can be obtained as well as the GBN. A passive damping ce and spring ke are utilized for
end-stop impact. The governing equation of the system is

m
..
z(t) + ce

.
z(t) + kez(t) = −FMR (26)

with initial conditions of z(t = t1) = Savailable and
.
z(t1) = v(t = t1). The motion state can

be assumed as a spring–damping–mass system as

z(t) =
vn

ωd
e−ζωn(t−t1) sin[ωd(t − t1)] + Savailable (27)

v(t) = e−ζωn(t−t1)

{
−ζωnvn

ωd
sin[ωd(t − t1)] + vn cos[ωd(t − t1)]

}
(28)

a(t) = e−ζωn(t−t1)

{(
ζ2ω2

nvn

ωd
− vnωd

)
sin[ωd(t − t1)]− 2ζωnvn cos[ωd(t − t1)]

}
(29)

where z(t), v(t), and a(t) are the displacement, velocity, and acceleration. Here, vn is the
non-zero payload velocity at the end of the available stroke. Also, we use the typical
definitions of natural frequency, damping ratio, and damped natural frequency as below:

ωn =

√
ke

m
; ζ =

ce

2mωn
; ωd = ωn

√
1 − ζ2 (30)

In the present simulation, the parameters are ke = 800 kN/m and ζ = 0.3.

4. Comparison of Control Effect between BN Control and GBN Control
4.1. Simulation Results

An optimal Bingham number (BN) control method was proposed assuming post-
yield linear damping [26]. However, we assumed that post-yield quadratic damping
more accurately predicts field-off damping force, as shown in Section 2. In highspeed
impacts, the relationship between impact velocity and field-off damping force becomes
nonlinear because the flow in the gap transitions from the laminar to the turbulent state.
In order to compare the controllability between the linear BN control method and nonlinear
GBN control method, Figure 10 compares these two field-off damping force models. The
quadratic damping parameters are given in Equation (15), and the two linear damping
parameters are cl1 = 712.1 Ns/m and cl2 = 306.2 Ns/m, respectively. The field-off damping
force predicted by linear damping model 1 is higher than the actual one, while the one
predicted by linear damping model 2 is lower than the actual one. For simplification, we
named these two BN control strategies based on linear damping models as BN1 and BN2.
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Figure 10. Comparison of linear and nonlinear field-off damping force characteristics of MREA.

Figure 11 shows the dynamic response of shock mitigation system under the BN
control and GBN control. The initial drop velocity is 4.3 m/s. Under the GBN control,
payload comes to a rest after it utilizes the total available stroke, i.e., a soft landing can
be achieved.
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Under the BN1 control, the controllable yield force is suboptimal (Figure 11d), i.e., the
shock mitigation system underestimates the damping force, which implies that the payload
cannot come to a rest after using the available stroke, leading to an end-stop impact. The
payload reaches its available stroke with a remaining velocity of 1.67 m/s. The maximum
end-stop deceleration reaches 22.7 g, which may result in payload damage. In the BN2
control, the controllable yield force is super optimal, i.e., the shock mitigation system
overestimates damping force. The payload deceleration under the BN2 control is higher
than that under the GBN control, which may increase the probability of payload damage.
The payload comes to a rest at the stroke of 0.09 m, i.e., a soft landing cannot be achieved
under the BN2 control using the entire available stroke.

The GBN control can achieve a soft landing with an optimal load-stroke profile. The
controllable yield force of the linear BN control would cause either an end-stop impact or
incomplete exploitation of the available stroke due to damping model inaccuracies.

4.2. Experimental Results

In this section, we build a prototype of semi-active drop hammer shock mitigation
for rapid control to verify the soft-landing effect of the GBN control strategy. The drop
hammer shock mitigation system setup is shown in Figure 12. As it can be seen from the
diagram of experiment setup (Figure 12a), the experiment setup also contains two parts:
the mechanical part and the semi-active control part. The mechanical part of the platform is
CEAST 9350 drop tower, including an MREA. The MREA was attached firmly to the bottom
of the drop tower. An aluminum honeycomb was attached on the top of the MREA piston
rod to eliminate the ringing in the load cells due to metal-to-metal impact. The initial drop
velocity is controlled by a drop hammer control computer. The drop height of the hammer
can be set in the software and moved by air pressure servo. The semi-active control part
includes sensors, control computer, Xpc real-time control system, test system, and a power
amplifier, which supplies power to the MREA. The Xpc real-time control system is the
core of the semi-active control system, including the A/D board, D/A board, Xpc target
computer, and control computer.
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The drop velocity and damping force can be measured by force and velocity sensors,
respectively, and then, it transferred to an Xpc real-time control system through the test
system. Note that the signal is an analog signal now, which can be converted to be a digital
signal by the A/D board. The control program, as shown in Section 3, is completed on the
control computer, compiled to generate the executable control code, and downloaded to
the Xpc target computer. The control current can be calculated by a control program and
converted to be an analog signal by the D/A board. Finally, the signal is amplified by a
power amplifier and applied to the MREA.

In the test, the GBN or the BN1 or BN2 control algorithms are used to calculate the
required yield force. The applied current is then calculated using Equation (14). Note that
the friction force of the MREA is not considered in Section 3, so for practical purposes, the
optimal yield force is given by

FMR_r = FMR_t − Ff (31)

where FMR_r is the optimal yield force in practical control and FMR_t is the yield force
calculated in Section 3. Here, Ff is the friction force of the MREA, and Ff = 0.16 kN. Table 4
shows the optimal yield force and control current for an initial one drop velocity of 4.3 m/s.
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Table 4. The optimal yield force and control current in a real case.

Control Method Yield Force (kN) Control Current (A)

GBN 1.994 1.366
BN1 1.334 0.937
BN2 2.33 2.33

Figure 13 shows the experimental semi-active control performance of a shock miti-
gation system under the GBN control and BN control. For the GBN control, the hammer
comes to a rest at the stroke of 10.26 cm, which is slightly over the available stroke of 10 cm,
i.e., the soft landing can be achieved.

For the BN1 controller, the control current is so small, as shown in Table 4, that the
damping force generated by the MREA is also lower than its optimal value (Figure 13a).
In this case, the hammer has a non-zero velocity when it arrives at the available stroke of
10 cm and comes to a rest at the stroke of 13.2 cm at the end. The soft landing cannot be
achieved under the BN1 control.

For the BN2 controller, the damping force generated by the MREA is higher than the
optimal one under a higher control current. The hammer comes to a rest at the stroke
of 8.37 cm, i.e., 83.7% of the available stroke. In this case, the payload is exposed to a
higher deceleration due to the higher damping force, which increases the potential for
payload damage.
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5. Conclusions

This study proposed an optimal generalized Bingham number (GBN) control method
to improve the soft-landing control accuracy of the drop-induced shock mitigation system
using an MREA. The primary innovation was to recognize that post-yield damping for a
high-impact speed linear stroke MREA is most likely quadratically proportional to piston
velocity due to turbulent transition and minor loss effects. Our prior efforts assumed that
post-yield damping was linearly proportional to piston velocity. An MREA was designed,
modeled, fabricated, and tested to investigate the MREA damping force characteristic under
a shock load. The dynamic equation of the single-degree-of-freedom shock mitigation
system considering quadratic damping was established. A corresponding optimal GBN
control strategy to achieve the soft-landing control objective was proposed, that is, to
come to a rest after fully utilizing the available stroke with minimal or no end stop impact.
The optimality of the GBN control algorithm was demonstrated via both simulation and
experiments. The key conclusions are as follows:

1. The GBN control can achieve a soft landing accurately.
2. The damping force of an MREA is proportional to the square of piston velocity at high

sink rate.
3. The quadratic GBN control strategy is superior to the linear BN control strategy in

terms of soft-landing control accuracy. Limited by the accuracy of the damping force
model, the BN control caused either an end-stop impact or incomplete exploitation of
the available stroke.
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