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Abstract: Inerter has shown advantages in improving vibration control performance, while
most studies focus on passive systems. In this paper, a new controllable inerter is proposed
based on two magnetorheological (MR) dampers. The proposed inerter includes a new
controllable mechanical motion rectifier (CMMR) and a flywheel. The inerter can switch the
vibration energy paths by tuning the control currents of MR dampers, and it can convert
reciprocating vibration into the rotation of the flywheel. The flywheel can release stored
energy to generate controllable force for vibration reduction. The driving energy of the device
comes from the mechanical energy in vibration, and the control of reciprocating vibration by
CMMR only requires a small amount of electrical energy, which is different from traditional
semi-active control. In addition, the frequency domain characteristics of the controllable
inerter are analyzed, which shows the inertance of the device can be controlled in a limited
frequency band. Based on the system states and ideal force output, a force-tracking algorithm
for the device is proposed. Simulation results show that the device can output positive and
negative power and effectively achieve better force-tracking performance than traditional
variable damping device. This result indicates the feasibility of its application in semi-active
vibration control, and it has great potential for practical application.
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1 INTRODUCTION

In 2002, Professor Smith proposed the concept of inerter [1], which is defined as a
device with two independent endpoints. The device can produce a reverse force proportional
to the relative acceleration of the two ends. According to the analogy of electromechanical
systems, the electrical characteristics of resistors, inductors, and capacitors correspond to the
mechanical characteristics of damper, spring, and inerter. This concept has promoted the
further development of mechanical vibration isolation networks. In recent years, the
application of inerter to vibration control has become a popular research topic. Relevant
experts and scholars have applied it to various vibration isolation fields: such as motorcycle
bogies [2] and aircraft landing gears [3]. Based on its development history, it can be seen that
inerter has unique potential for vibration suppression. However, a problem has gradually been
discovered: passive inerter can only ensure vibration isolation characteristics within a specific
frequency range. Therefore, it is necessary to study variable inerter with continuously
adjustable inertance.

Since the discovery of magnetorheological (MR) fluid, researchers have paid attention to
its new structure, characteristics, and influence factors [4], [5]. MR can continuously and
rapidly change the viscosity of liquid by changing the applied magnetic field intensity. Under
the action of the magnetic field, MR can change from a free-flowing liquid to a semi-solid in
a few milliseconds, and this change is reversible. This characteristic allows MR dampers to
change their damping characteristics in real time [6], [7]. Therefore, MR dampers are widely
used in the field of semi-active control [8], [9]. By connecting the variable damping (VD)
device and the inerter in series, a variable inerter with continuously adjustable inertance can
be obtained, as proposed by Ning [10] through the controllable mechanical motion rectifier
(MMR).

Based on the above research, this paper proposes a novel MR dampers-based
controllable inerter (MRDCI) by changing the roller clutch in the inerter into MR dampers.
By changing the current in the MR dampers, the device can quickly switch the torque and
motion transmission direction between the system and the flywheel. MRDCI can store the
vibration energy in the flywheel and release the energy through appropriate control strategies.
In the process of energy release, the flywheel acts similar to a "motor", thus producing the
effect of active control. Since the driving energy comes from the vibration itself, the device
only requires a small amount of electrical energy to achieve vibration control of reciprocating
motion. Compared with active control, it has great practical application potential. The main
contributions of this paper are as follows:

1). MRDCl is proposed and simulated to verify its controllability.

2). Controller is designed to achieve better force tracking performance.

The rest of this paper is organized as follows: Section 2 presents the structure of the
controllable inerter and analyses its mechanical characteristics; Section 3 introduces the
design of semi-active controller; Section 4 presents the force tracking performance of
MRDCT; Finally, the conclusion of this research is given in section 5.
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2 DEVICE MODEL

2.1 Description of MRDCI

In the field of vibration control, although active control can theoretically achieve
outstanding damping performance, it often results in higher production costs and greater
energy consumption. As a result, researchers have focused on developing semi-active control
systems that can achieve performance similar to active control systems. With the further
development of inerter technology, this idea has become increasingly feasible.

This paper proposes a new design for a semi-active inerter, which is shown in Figure 1.
The MRDCI consists of two pairs of rack and pinion (RP) structures connected to the
flywheel using two magnetorheological (MR) dampers. The two racks are located on either
side of the gear, so the forces they transmit to the top plate are opposite. This means that when
the flywheel rotates clockwise or counterclockwise, it can output force in two directions.

rac‘kl\ /T;ICkz flywheel
_ M s

L LJ I

¥ kY \
MR, MR,
gearbox
yap . —
(a). 3D model (b). Simplified model

Figure 1. Controllable inerter design

The function of MRDCI can be explained in more detail in Figure 2. When the flywheel
rotates counterclockwise, the left MR damper generates small damping while the other
generates large damping. At this point, the flywheel is almost disconnected from rackl, and
the torque of the flywheel is mainly transmitted from rack2 to the top plate. As a result, the
top plate receives an upward force. When the states of the two MR dampers are switched, the
stress direction of the top plate becomes opposite to the previous situation. This means that
MRDCI proposed in this paper can control the direction of the flywheel output force.

(a). Rack up movement (b). Rack down movement
Figure 2. Controllable inerter working diagram
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2.2 System analysis

To better analyse the variable inertance capacity of the system, the torques generated by
the MR dampers are simplified, and the dynamic model of the device is established. Let c;
and , be the damping constants of the MR dampers, 6; be the rotation angle of the flywheel,
0,1 and 0,,,-, be the angles of the two gears, i be the transmission ratio of the decelerator, j;
be the rotational inertia of the flywheel, r be the radius of both gears, and z be the vertical
displacement of the top plate

The torques generated by the two dampers are:

T = 1(911:1r1 - 91) (1
Tz = 2(0me — 041)

where 0,1 = z/7, Oy = —Z/T.
The output force of the device is:
Fout = Fpr1 = Finrz = (Tt — Tinr2) /7 = (61 + 2)Z2/1 — (¢4 — 2)91 2)

The dynamic model of the flywheel is:
11191 =Tmr1 + Tz = (1 — 2)Z2/7— (1 + 2)6; 3)
Through Laplace transformation, we have:

Four (c;+ 2) _ (c; = 2)°
Zs r? r?2(c, + 5 +ij;is)

4)

where s = jw. According to the above dynamic equation, the admittance of the device can be

obtained as follows:

y = (et 2) _ (1= 2%+ 2) (CEPR »
e RN N S R (RSN Lo

)

where real(Y) represents the equivalent damping, and imag(Y) is the equivalent inertance.
The following data are used to simulate the admittance of the system: i = 7, j; = 30 X
107*kgm?, cppin = 0.01 Nms/rad, ¢;pq, = 0.08 Nms/rad, and r = 0.035mm.
First, when both MR dampers are controlled with the same damping, it can be deduced
from equation (6) that the equivalent inertance of the device will always be zero. From Figure
3, it can be seen that the device is equivalent to a VD device.
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Figure 3. The variable damping capacity

When the c; is set to its minimum value, and  is varied within its controllable range, as
shown in Figure 4, the equivalent inertance of the device can be controlled by c,.
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Figure 4. The variable inertance capacity
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The admittance analysis indicates that the inertance and damping of the device can be
controlled by changing the magnitude of the damping.

3 CONTROLLER DESIGN

3.1 MR damper model

In the previous section, we analyzed the system using linear damping. However, the
dynamic characteristics of MR damper are influenced by many factors and exhibit strong
nonlinearity. Therefore, it is necessary to establish an accurate MR damper model to describe
its characteristics. To facilitate the design of the controller, we select a hyperbolic tangent
model [11] to describe the MR damper.

In practical applications, the controller needs to calculate the output torque of the MR
dampers by adjusting the output current. The torque output of the two MR dampers is:

Tmri = i(gn.lrl - 91) + ki(emri - 91) + a;Z; + fl (6)
zi = tanh (Bi(Bmr, — 61) + 6;5ign(Bpur; — 61))
ap = Qg + apU; i = a T opil

where c; is the viscosity coefficient, k; is the stiffness coefficient, @; is the scale factor of the
hysteresis, z is the hysteresis variable given by the hyperbolic tangent function, f; is the offset
of the torque, and u; is the current of the damper. ag;» api» Coi» Cpi» B, O; are
parameters that determine the lag model.

Table 1: Parameters of MR dampers

MR damper 1 MR damper 2

Ha1 0.4 (297 0.4
Ap1 10 apo 10
B 20 B 20
61 0.1 o) 0.1

al 0.008 a2 0.008

b1 0.1 b2 0.1
fi 0 f 0
kq 0.02 k 0.02

3.2 Force tracking control

A reasonable control strategy is essential for the whole design. The focus of force
tracking control is how to use MRDCI to collect vibration energy and release it at the
appropriate time. To achieve this characteristic, the desired force F;.¢ is divided into two
dampers according to the system state.

Step 1: identify the primary damper for control

Firstly, the force range that can be produced by the two dampers should be defined.
When one damper is set to its maximum current (U,,,,) and the other damper is set to its
minimum current (0A), the uncontrolled output force and the two limiting values of the output
force can be calculated as follows:
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Frroa = Fnr1(0A4) + Frppp (04) (7
Fmrllim = I'mr (umax) + Fmr2 (OA)
Fmrzlim = Fmrl (OA) + Fmr2 (umax)
Therefore, the output force range of the two dampers is between [Fi-04 Finri1im] and

[Fnroa Fmraiiml, respectively.

'} Fooritim A Fouritim
Fm!':.!l'm
Fies l Fies
—— - - Fmrl:l.-t ——— - - Frnrl:ul
Fdes
Fmr:!im
(a) Case one (b) Case two

Figure 5. Force output prediction.

In Figure 5(a), Fpr11im and Foppo1im are located on opposite sides of Fy,,04. Therefore,
the primary damper for control is determined by the direction of the force limit. However, in
Figure 5(b), the limits of the two dampers are on the same side of F,;,,04. In this case, to
ensure that the flywheel rotates with lower impedance, the damper that makes the rotor and
shell rotate in the same direction is chosen as the main damper for control. When F,; is on
the other side of the limit force, both dampers are set to 0 A current. The realization of the
first step is shown in Figure 6, where i represents the main damper for control, j represents
another damper, and the three criteria are:

Cny = (Fmrllim - FerA) ' (Fmrzlim - FerA) (8)
Cny = (Fortiim — Fmoa) * (Faes — Finroa)
Cng =0, " Oy
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Figure 6. The first step of the control strategy
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Step 2: Calculate the force required for each damper
If the device can track the desired force:

Frnrides = Faes — Fmrj (04) )
If the ultimate force of the primary damper for control is not sufficient to reach the
desired force, then another damper is required to assist, as shown below:
Fmrjdes = Faes — Frides (10)

On the contrary, when the primary damper for control is sufficient to reach the desired
force, there are:

Fmrjdes = mrj(OA) (11)

If the device cannot track the desired force, and both dampers cannot reach the desired
force, we have:

Frrides = Finr1(04) (12)
For des = Finr (04)
Step 3: Calculate the current required by the damper according to the force
According to the hyperbolic tangent model, the relationship between some parameters
and current is treated as a linear relationship. The flowchart for solving the current can be
obtained based on the Formula 6:

mri

IJJH' o Cm (6.11‘})'! il 6.] ) - kr' (gmn‘ . g] ) [ aur':f i j;)
u = " r
' cb{(ﬂ -6,)+a,":!

mri

|ul =0 or u=u,

Figure 7. Control current solving process

4 FORCE TRACKING PERFORMANCE OF THE SYSTEM

A sinusoidal excitation z = 0.01-sin(4x¢) is applied to the device. The desired force F .
is set as a constant. As can be seen from Figure 8§, MRDCI has better force tracking
performance than a semi-active VD device.
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Let t; be the time of a sinusoidal excitation period, t, be the matching time of MRDCI
in one period, and t; be the matching time of the semi-active VD device in one period.
According to (13), MRDCI has a matching rate that is 13.80% higher than the VD device.

t
— = 56.88% (13)
21
ts
— =49.98%
4
100 ‘ t ‘ ===--=F_des
<> |———MRDCI
3 , i VD
80 <>
e

40 r

Force (N)

o0 L) L
4 42 44 4.6 4.8 5
time (s)

Figure 8. Force tracking performance

When the desired force F,,s is a random dynamic force, as shown in Figure 9, the
working area of MRDCI is divided into four quadrants based on the relationship between the
top plate force and displacement. I[f MRDCI works in the first and third quadrants, it indicates
that the flywheel will experience "negative power" and can obtain vibration energy. On the
other hand, when MRDCI works in the second and fourth quadrants, it indicates that the
flywheel is outputting active force to match the target force. This means that MRDCI can not
only consume energy but also store energy in the flywheel for vibration isolation.
Consequently, this device exhibits better force tracking performance compared to the VD
device.
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Figure 9. Energy flow of the MRDCI and VD

Since the VD device can only control the magnitude of the damping force output, it can
only output controllable forces that are opposite to the velocity. As a result, the force direction
of the VD device matches the expected direction for only half of the sinusoidal cycle time.
Therefore, the matching rate of the VD device under given conditions cannot exceed 50%. By
changing different frequencies and amplitudes, Table 1 shows that the proposed controllable
inerter device can break through this technical bottleneck.

Table 2: Matching rate under different sinusoidal excitation

sinusoidal excitation target
MRDCI VD
frequency (Hz) | amplitude (m) desired force Fj,s (V)
5 0.01 60 56.88% 49.98%
0.02 60 56.08% 49.98%
A 0.01 60 56.12% 49.98%
0.02 60 54.58% 49.98%
5 0.01 400-sin(4xt) 70.06% 47.88%
0.02 400-sin(4rt) 61.60% 47.88%
A 0.01 400-sin(8xt) 58.88% 47.84%
0.02 400-sin(8xt) 56.64% 47.60%

5 CONCLUSIONS

This paper proposes a controllable inerter based on magnetorheological dampers, which
exbibits variable inertance characteristics that are verified through frequency domain analysis.
The mechanism of flywheel energy storage and release is also revealed. A force tracking
algorithm is designed based on the system state and ideal force output and is compared with
the VD device. The simulation results show that, under a given sinusoidal excitation test, the
force tracking matching rate of MRDCI is 13.80% higher than that of the VD device. Because
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the VD device can only control the magnitude of the damping force output, its force direction
is opposite to the speed direction. This is the main reason for the performance gap between
active and semi-active control in the field of vibration control. By employing a certain control
strategy, the flywheel can act as a "motor" to a certain extent, breaking through the technical
bottleneck of traditional VD device and allowing the force tracking matching rate to exceed
50%. In future work, we will focus on improving control methods by considering energy
collection and vibration control and explore the application of this device prototype in other
engineering scenarios.
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