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Abstract: The planetary flywheel can significantly reduce the weight of the flywheel, allowing the
inerter to be lightweight. When a planetary flywheel ball screw inerter-based active actuator is used
in a vehicle suspension system, the nonlinear features of the actuator affect vehicle performance. The
planetary flywheel inerter actuator’s nonlinear dynamic model is constructed in this study based
on the dynamic features of the planetary flywheel ball screw inerter and the electromagnetic torque
generating mechanism of the permanent magnet synchronous motor. The impact of ball screw–nut
friction, transmission clearance, planetary gear friction, and gear backlash on the performance of an
active tuned inerter damper suspension is then investigated. As a result, the impact and sensitivity
of numerous nonlinear parameters on suspension performance are shown, providing a theoretical
foundation for the design of planetary flywheel inerter actuator and active inerter suspension.
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1. Introduction

Suspension refers to the components intended to decrease vibration between the
wheels and the vehicle’s body, which is critical to the vehicle’s comfort and safety. Active
suspension can control the actuator’s output force based on the suspension motion to meet
the changing parameter requirements of the suspension system in different road conditions,
greatly improving suspension performance [1].

In recent years, the use of inerters in suspension has emerged as a new study area. The
inerter is a novel mechanical device with two terminals whose output force is proportional
to their relative acceleration [2]. The inerter is a kind of inertial component that performs
dynamically, comparable to the mass body in the mechanical network, and may generate
inertial force more than a hundred times its own mass. As a result, the mechanical network
design is expanded from two fundamental components of elasticity and damping to
three elements of inertia, elasticity, and damping. This considerably improves mechanical
network implementation [3]. As a result of their outstanding mechanical qualities, inerters
have been extensively employed in the area of vibration reduction, such as buildings [4–6],
cables [7,8], robot joints [9,10], automobiles [11–14], aircrafts [15,16], etc. Inerters come in a
variety of configurations, including fluid [17], ball screw [18–20], rack and pinion [21], and
others. Among them, the friction of the ball screw type inerter is lower, which may lessen
the impact of clearance by employing the nut pre-tightening force, and the inertance of the
same mass is higher, resulting in superior overall performance [22]. On the basis of the ball
screw inerter, substituting a single flywheel with a planetary flywheel may boost inertance
and achieve the inerter’s lightweight design [23].

A tuned mass damper (TMD) is an additional device that can reduce the vibration
of the main structure [24]. Inerters and TMDs have recently been combined to provide
a variety of innovative shock absorption technologies [25–27]. In-depth research has
been conducted on how the inerter’s placement in the tuned damper affects the damping
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performance [28]. The tuned inerter damper (TID) is a novel invention that directly replaces
the mass in the TMD with an inerter, making it more appropriate for applications where
the shock absorption system must be lightweight [5]. Active tuned inerter suspension
is a novel kind of active suspension that may shift the actuator’s inertial mass from a
negative to a positive factor in suspension performance [29]. By incorporating the planetary
flywheel inerter actuator into the active tuned inerter suspension, the suspension system
can be made lighter. However, in practice, the mechanical mechanism used to realize the
inerter has nonlinear mechanical properties [30–35]. Nonlinear features such as inerter
friction have been found in previous research to have a negative impact on suspension
performance [36–39]. The planetary flywheel inerter actuator has a more sophisticated
construction with more nonlinear variables. At the moment, the nonlinear effect of the
actuator on active suspension has not been thoroughly investigated.

A nonlinear model of the planetary flywheel type ball screw inerter actuator, which
includes many nonlinear factors existing in the ball screw–nut pair and the planetary gear,
is established in order to better understand the influence of the nonlinear factors existing in
the planetary flywheel inerter actuator on the performance of active suspension. The mode
and sensitivity of different nonlinear factors influences active suspension performance are
investigated. It serves as a theoretical foundation for the development of planetary flywheel
ball screw type inerter and active tuned inerter damping suspension. This article is orga-
nized as follows: The structure of the planetary flywheel inerter actuator is developed in
Section 2, and the actuator’s nonlinear dynamic model is constructed. Section 3 introduces
the theory of active tuned inerter suspension and the suspension performance measures.
Section 4 compares the performance of the suspension with linear inerter actuator models
to the performance of the suspension with nonlinear inerter actuator models. Sections 5
and 6 examine the impact of nonlinear features in ball screw and planetary flywheel on sus-
pension performance, respectively, and explore the essential aspects of actuator structure
design. This article concludes in Section 7.

2. Structure of a Planetary Flywheel Inerter Actuator and Its Nonlinear
Dynamic Model
2.1. Structural Design and Fundamental Mechanical Model of Planetary Flywheel Inerter Actuator

Reference [23] created a planetary flywheel-equipped ball screw type inerter that may
achieve a higher inertance for a given flywheel weight, due to the compound motion of the
flywheel’s revolution and rotation. To produce the planetary flywheel type active inerter
actuator, the shell of a permanent magnet synchronous motor (PMSM) is attached to the
outer gear ring, and the output shaft of the motor is coupled with the planetary flywheel
carrier, as illustrated in Figure 1.
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Figure 1. Planetary flywheel active inerter actuator. 1—piston rod; 2—linear bearing; 3—mounting 
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synchronous motor. 
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Figure 2. Dynamic model of planetary flywheel inerter. 

In the model, ks is the screw–nut pair’s axial stiffness, cs is the screw–nut pair’s axial 
damping coefficient, ε is the axial clearance between the nut and the screw, and x3 is the 
screw’s axial displacement. Fa is the screw’s force applied to the flywheel. The axial driv-
ing force going from the nut to the screw is denoted by Fd, and its equation is provided in 
Equation (1). 
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The total friction of the screw–nut pair and the bearing, denoted by Ff, can be calcu-
lated from the total friction torque Tf. The friction torque Tf is mainly composed of static 
and viscous friction torques, as illustrated in Equation (2). 
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friction torque coefficient of the screw–nut pair, and θ is the angle of the screw. The plan-
etary flywheel’s nonlinear dynamic model is shown in Figure 2 by the doĴed line. Figure 
3 shows an additional depiction of the planetary flywheel model. In the model, θs repre-
sents the planetary flywheel carrier’s rotation angle, xs represents the displacement of the 
planetary flywheel carrier along the action line, θp represents the planetary flywheel’s 

Figure 1. Planetary flywheel active inerter actuator. 1—piston rod; 2—linear bearing; 3—mounting
flange; 4—housing; 5—linear guide rail; 6—nut; 7—ball screw; 8—lead screw bearing; 9—planetary
flywheel carrier; 10—pin shaft; 11—external gear ring; 12—planetary gear; 13—permanent magnet
synchronous motor.
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2.2. Mechanical Model of Passive Planetary Flywheel Inerter

Figure 2 depicts a dynamic model suggested by reference [23] that includes the nonlin-
ear factors of ball screw and planetary flywheel. The experimental results demonstrate that
the model accurately represents the dynamic properties of the planetary flywheel inerter.
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Figure 2. Dynamic model of planetary flywheel inerter.

In the model, ks is the screw–nut pair’s axial stiffness, cs is the screw–nut pair’s axial
damping coefficient, ε is the axial clearance between the nut and the screw, and x3 is the
screw’s axial displacement. Fa is the screw’s force applied to the flywheel. The axial driving
force going from the nut to the screw is denoted by Fd, and its equation is provided in
Equation (1).

Fd =


ks(x1 − x3 − ε) + cs(

.
x1 −

.
x3) ks(x1 − x3) + cs(

.
x1 −

.
x3) ≥ ksε

0
ks(x1 − x3 + ε) + cs(

.
x1 −

.
x3)

∣∣ks(x1 − x3) + cs(
.
x1 −

.
x3)
∣∣ < ksε

ks(x1 − x3)s + cs(
.
x1 −

.
x3) ≥ −ksε

(1)

The total friction of the screw–nut pair and the bearing, denoted by Ff, can be calculated
from the total friction torque Tf. The friction torque Tf is mainly composed of static and
viscous friction torques, as illustrated in Equation (2).

Tf = Tcsgn(
.
θ) + Tv

.
θ (2)

where Tc is the static friction torque coefficient of the screw–nut pair, Tv is the viscous
friction torque coefficient of the screw–nut pair, and θ is the angle of the screw. The
planetary flywheel’s nonlinear dynamic model is shown in Figure 2 by the dotted line.
Figure 3 shows an additional depiction of the planetary flywheel model. In the model, θs
represents the planetary flywheel carrier’s rotation angle, xs represents the displacement of
the planetary flywheel carrier along the action line, θp represents the planetary flywheel’s
rotation angle, xp represents the displacement of the planetary flywheel along the action
line, N represents the number of planetary gears, mpe represents the equivalent mass of the
planetary gear rotation, mre represents the equivalent mass of the planetary gear revolution,
and mse represents the equivalent mass of planetary flywheel carrier rotation. kri denotes
the meshing stiffness of the meshing gear pair along the action line, cri the gear pair’s
meshing damping coefficient, and gri the gear backlash. The meshing force between the
planetary gear and the outer ring gear is represented by Fpi, and its equation is illustrated
in Equation (3).

Fpi =


kri(xs − xpi − gri) + cri(

.
xs −

.
xpi) kri(xs − xpi) + cri(

.
xs −

.
xpi) ≥ krigri

0
kri(xs − xpi + gri) + cri(

.
xs −

.
xpi)

∣∣∣kri(xs − xpi)i + cri(
.
xs −

.
xpi)

∣∣∣ < krigri

kri(xs − xpi) + cri(
.
xs −

.
xpi) ≤ −krigri

(3)

Tfpi is the equivalent friction torque on the planetary gear’s rotation axis, and its
expression is presented in Equation (4).

Tfpi = Tfpmsgn(
.
θpi) + Tfpv

.
θpi (4)
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Tfpm is static friction torque coefficient of the gear, while Tfpv denotes the gear viscous
friction torque coefficient.
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2.3. Dynamic Model of Planetary Flywheel Inerter Actuator

As shown in Equation (5), the electromagnetic torque Te of a permanent magnet
synchronous motor is proportional to the motor current iq.

Te = Pnψfiq = ktiq (5)

where Pn represents the number of pole pairs in the motor stator winding, ψf represents
the motor rotor flux, and iq represents the motor current. Pn is defined by the motor
stator design, while ψf is created by the permanent magnet mounted on the rotor, which is
dictated by the rotor design. The combination of these two coefficients yields a constant
that describes the proportionality coefficient of electromagnetic torque to motor current,
known as the torque constant kt.

The dynamics model of the active inerter actuator can be comparable to an active
power module linked in parallel to the planetary flywheel inerter dynamics model. Figure 4
depicts the dynamic model of the active inerter actuator.
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The inerter actuator’s two terminals are the piston rod and the mounting flange. The
inertia of the planetary flywheel generates a passive force Fd at both terminals of the
actuator when the piston rod and the mounting flange move relative to each other. When
the motor actively applies torque, the active inerter actuator may output the active force FA
as Equation (6) when the transmission principle of the ball screw–nut pair is used.

FA =
2π
P

Te (6)

As shown in Equation (7), the inerter actuator’s output force F is the sum of the passive
force Fd and active force FA.

F = Fd + FA (7)
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The simulation model is constructed using the dynamic model of the planetary fly-
wheel inerter actuator shown in Figure 5.
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3. Structure and Performance Measure of Active Inerter Suspension

Figure 6 depicts the construction of the active tuned inerter damping (ATID) sus-
pension system, which is constructed by replacing the passive inerter in the passive TID
suspension with an active inerter actuator. In the diagram, ms represents the sprung mass,
mu represents the unsprung mass, K represents the main spring stiffness, Kt represents the
tire stiffness, b represents the inerter inertance, k represents the tuned spring stiffness, and c
represents the tuned damping coefficient. As part of TID, the inherent inertia of the active
actuator has been transformed from a negative to a positive factor that may be exploited to
significantly increase the damping performance of the active suspension.
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Since the inerter is a two-terminal device, vibration excitation from the unsprung
mass is introduced. The active actuator should generate a compensation force proportional
to the acceleration of the sprung mass to reduce the influence of unsprung vibration as
Equation (8), where r is the compensation coefficient.

FA = −r
..
xs (8)

Sprung acceleration and tire load are the two most important measures for evaluating
vehicle suspension. The former is more important for ride comfort, while the latter is more
important for vehicle handling safety. When the vehicle is driven at a constant speed on a
random road, the numerical integration technique is used to compute the root-mean-square
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(RMS) value of the vibration response of the suspension measure, as shown in Equation (9).
The lower the RMS value, the better the suspension’s performance.

E[y2(t)] =
∫ ∞

0
|H( f )|2G .

q( f )d f (9)

where G .
q( f ) is the time-frequency power spectral density of the road surface speed rough-

ness, as defined in Equation (10)

G .
q( f ) = 4π2Gq(n0)n2

0u (10)

where n0 is the reference spatial frequency, Gq(n0)is the value of the road surface power
spectral density at n0, and µ is the vehicle speed.

4. Comparison of Suspension Performance with Linear/Nonlinear Actuator Models

To comprehend the impact of nonlinear inerter actuator variables on suspension
performance, the linear inerter actuator model, the nonlinear model of a typical single
flywheel, and the nonlinear model of a planetary flywheel are all put in the suspension
model shown in Figure 6. Except for the inerter actuator, the linear model is utilized
for the remaining suspension parts, and the fundamental values are provided in Table 1.
Reference [23] developed a nonlinear model of an inerter that took into account the friction
and clearance of a planetary flywheel and a ball screw, and tested the nonlinear parameters
to identify them. According to the test findings, the model can accurately represent the
dynamic properties of a ball screw inerter with a planetary flywheel. The study in this
article is based on the nonlinear parameters acquired from the reference [23], as given
in Table 2.

When the compensation coefficient r is zero, the suspension degenerates into the
passive TID suspension, according to reference [29]. The damping effect is greater when r
is higher, but the actuator must have a higher output power. The active TID suspension’s
compensation coefficient in this study is set at r = 300 kg. When the vehicle travels on
a Class B road at a speed of 72 km/h, which is within a tolerable range, the actuator’s
highest output power is 57.1 W, and the root mean square value of the output power is
10.5 W. When the linear model of the inerter, the nonlinear model with the typical single
flywheel (SF), and the nonlinear model with the planetary flywheel (PF) are employed,
the amplitude–frequency characteristics of each measure for the passive TID and ATID
suspension are obtained, as shown in Figure 7.

Actuators 2023, 12, x FOR PEER REVIEW 8 of 17 
 

 

amplitude–frequency characteristics of each measure for the TID and ATID suspension 
are obtained, as shown in Figure 7. 

  
(a) (b) 

Figure 7. ATID suspension amplitude–frequency characteristics with different inertia-container 
models: (a) sprung acceleration, (b) tire load. 

Figure 7 shows that the nonlinear features in the inerter only impact the suspension’s 
characteristics in the low frequency range. When compared to the amplitude–frequency 
characteristics of the suspension using the linear model, the low frequency resonance peak 
of the nonlinear suspension has a greater degree of uplift, which is harmful for suspension 
performance. The nonlinearity of the ball screw is mostly responsible for this negative 
impact. When a nonlinear actuator model is utilized, the amplitude–frequency character-
istics of vehicle sprung acceleration and tire load improve when the compensation coeffi-
cient is raised, but not as much as when a linear inerter is used. 

When the compensation coefficient r is zero, the amplitude–frequency characteristics 
of the suspension with a typical single flywheel and a planetary flywheel are almost iden-
tical. When the compensation coefficient increases, the nonlinearity of the planetary fly-
wheel has a negative impact on suspension performance, but it is less severe than that of 
the ball screw. As a result, the nonlinear features of the planetary flywheel and the ball 
screw have negative impacts on the suspension, with the nonlinearity from the ball screw 
being the most significant. 

5. The Effect of Ball Screw Nonlinear Factors on the Performance of Active Inerter 
Suspension 

The most significant nonlinear components in the dynamic model of a ball screw in-
erter are static friction, viscous friction, and screw–nut pair clearance. The nonlinear pa-
rameters of the ball screw are enlarged within a reasonable range, and a relationship is 
drawn between the main measures of suspension and the nonlinear parameters. 

5.1. The Effect of Ball Screw Static Friction 
The static friction torque coefficient of the screw–nut pair Tc is the quantity that de-

fines the static friction of the screw–nut pair. We set the compensation coefficient r = 300 
kg and raised Tc from 0 to 2 N‧m. Figure 8 depicts the relationship between sprung accel-
eration, tire load measure, and screw–nut static friction, where the ordinate shows the 
ratio of the nonlinear suspension measure value to the same measure value of the linear 
suspension. Figure 9 depicts the amplitude–frequency characteristics of vehicle sprung 
acceleration and tire load when Tc is 0.05 N‧m, 0.1 N‧m, and 0.2 N‧m. 

Figure 7. ATID suspension amplitude–frequency characteristics with different inerter actuator
models: (a) sprung acceleration, (b) tire load.

Figure 7 shows that the nonlinear features in the inerter actuator only impact the
suspension’s characteristics in the low frequency range. When compared to the amplitude–
frequency characteristics of the suspension using the linear model, the low frequency
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resonance peak of the nonlinear suspension has a greater degree of uplift, which is harmful
for suspension performance. The nonlinearity of the ball screw is mostly responsible for
this negative impact. When a nonlinear actuator model is utilized, the amplitude–frequency
characteristics of vehicle sprung acceleration and tire load improve when the compensation
coefficient is raised, but not as much as when a linear inerter is used.

Table 1. Basic parameters of active tuned inerter damping suspension.

Parameter Parameter Value

Sprung mass ms/kg 229
Unsprung mass mu/kg 31

Main spring stiffness K/(N·m−1) 20,213
Tire stiffness Kt/(N·m−1) 127,976

Tuned spring stiffness k/(N·m−1) 3304
Tuned damping coefficient c/(N·s·m−1) 747

Inerter inertance b/kg 385
Compensation coefficient r/kg 300

Table 2. Basic parameters of planetary flywheel inerter actuator.

Parameter Parameter Value

Motor model ECMA-C10604
Rated power/W 400

Rated torque/(N·m) 1.27
Rated speed/(r·min−1) 3000
Rotor inertia/(kg·m2) 2.77 × 10−5

Lead of screw P/mm 10
Rotation inertia of screw Js1/(kg·m2) 2.80 × 10−5

Gear module 2
Gear pressure angle 20◦

Tooth number of external gear ring Z2 50
Number of planetary gears N 4

Tooth number of planetary gear Z1 17
Equivalent mass of planetary gear rotation mpe/kg 7.52 × 10−3

Equivalent mass of planetary gear revolution mre/kg 7.22 × 10−2

Equivalent mass of planetary flywheel carrier rotation mse/kg 2.05 × 10−1

Static friction torque coefficient of the screw–nut pair Tc/(N·m) 2.231 × 10−1

Viscous friction torque coefficient of the screw–nut pair
Tv/(N·m·s·rad−1) 2.703 × 10−3

Total clearance between screw–nut pair and bearing ε/m 1.006 × 10−7

Gear backlash gr/m 1.838 × 10−6

Static friction torque coefficient of the gear Tfpm/(N·m) 8.067 × 10−4

Viscous friction coefficient of the gear Tfpv/(N·m·s·rad−1) 1.366 × 10−4

When the compensation coefficient r is zero, the amplitude–frequency characteristics of
the suspension with a typical single flywheel and a planetary flywheel are almost identical.
When the compensation coefficient increases, the nonlinearity of the planetary flywheel
has a negative impact on suspension performance, but it is less severe than that of the ball
screw. As a result, the nonlinear features of the planetary flywheel and the ball screw have
negative impacts on the suspension, with the nonlinearity from the ball screw being the
most significant.

5. The Effect of Ball Screw Nonlinear Factors on the Performance of Active
Inerter Suspension

The most significant nonlinear factors in the dynamic model of a ball screw inerter are
static friction, viscous friction, and screw–nut pair clearance. The nonlinear parameters of
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the ball screw are enlarged within a reasonable range, and relationships are drawn between
the main measures of suspension and the nonlinear parameters.

5.1. The Effect of Ball Screw Static Friction

The static friction torque coefficient of the screw–nut pair Tc is the quantity that defines
the static friction of the screw–nut pair. We set the compensation coefficient r = 300 kg and
raised Tc from 0 to 2 N·m. Figure 8 depicts the relationship between sprung acceleration,
tire load measure, and screw–nut static friction, where the ordinate shows the ratio of the
nonlinear suspension measure value to the same measure value of the linear suspension.
Figure 9 depicts the amplitude–frequency characteristics of vehicle sprung acceleration and
tire load when Tc is 0.05 N·m, 0.1 N·m, and 0.2 N·m.
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The performance of the nonlinear suspension with static friction torque of the screw–
nut pair is shown in Figure 8 to be poorer than that of the ideal linear suspension. The
performance of the suspension degrades as the static friction torque increases. The sus-
pension performance stays steady when the static friction value grows to a certain level.
Figure 9 illustrates that the less the static friction torque of the screw–nut pair, the smaller
the amplitude in the low-frequency region of the suspension, and the closer its amplitude–
frequency characteristics are to the suspension using the linear model.
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5.2. The Effect of Ball Screw Viscous Friction

The viscous friction torque coefficient of the screw–nut pair Tv is the key parameter
that defines the viscous friction of the screw–nut pair. We set the compensation coefficient
r = 300 kg and increased Tv from 0 to 0.03 N·m. Figure 10 depicts the relationship between
the sprung acceleration, the tire load measure, and the ball screw viscous friction. Figure 11
shows the amplitude–frequency characteristics of sprung acceleration and tire load when
Tv is 6.8 × 10−4 N·m·s·rad−1, 1.4 × 10−3 N·m·s·rad−1, and 2.7 × 10−3 N·m·s·rad−1.
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The impact of viscosity and static friction on the ride comfort measure is similar, as
shown in Figure 10. When the friction of the screw–nut pair is minimized, the RMS value
of each measure of the nonlinear actuator model suspension is close to that of the linear
actuator model suspension. Figure 11 shows that the lower the friction of the screw–nut
pair, the smaller the amplitude of the suspension’s low-frequency resonance peak, and
the closer its amplitude–frequency characteristics are to the suspension employing the
linear model.

5.3. The Effect of the Screw–Nut Pair Clearance

We set the compensation coefficient r = 300 kg and increased the screw–nut pair clear-
ance from 0 to 1 mm. Figure 12 depicts the relationship between the sprung acceleration, tire
load measure and the screw–nut pair clearance. Figure 13 shows the amplitude–frequency
characteristics of suspension and its partial amplification diagram at around 1.5 Hz when ε
is 10−5 m, 10−6 m and 10−7 m.

As seen in Figures 12 and 13, increasing the clearance causes the suspension measures
to worsen, although only slightly.
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To summarize, the friction and clearance of the screw–nut pair will degrade suspension
performance, with static friction being the most critical influence. Because the clearance
has little effect on suspension performance within a certain range, properly relaxing the
clearance can reduce the screw–nut pair’s pre-tightening force and friction. However, when
the clearance is too large, it will cause a number of negative effects, including increased
impact between the screw and nut and a decrease in life. The reduced viscous friction
coefficient is also beneficial for suspension performance, but it is not the deciding factor.
Furthermore, according to Ff = (2π/P)·Tf, increasing the screw lead can reduce the ratio
of the screw–nut pair’s friction torque to the equivalent axial friction force of the inerter,
which is also an effective way to overcome the adverse effects of friction.
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Figure 13. ATID suspension amplitude–frequency characteristics with different screw–nut pair
clearances: (a) sprung acceleration, (b) partial amplification of sprung acceleration, (c) tire load, and
(d) partial amplification of tire load.

6. The Effect of Planetary Flywheel Nonlinear Factors on the Performance of Active
Inerter Suspension

The primary nonlinear factors in the dynamic model of the planetary flywheel are
static friction torque, viscous friction torque, and gear backlash. The planetary flywheel’s
nonlinear parameters are extended in an acceptable range, and the relationships between
the main suspension measures and the nonlinear parameters are drawn.

6.1. The Effect of Planetary Flywheel Static Friction

The static friction torque coefficient of the planetary gear to the axis of rotation Tfpm
is the fundamental parameter determining the static friction of planetary gear. We set
r = 300 kg as the compensation coefficient and increased Tfpm from 0 to 8 × 10−3 N·m.
Figure 14 depicts the relationship between the gear static friction torque coefficient and the
value of each suspension measure, where the ordinate indicating the ratio of the measure
of suspension with planetary flywheel to the suspension with typical single flywheel.
Figure 15 depicts the amplitude–frequency characteristics of suspension and its partial
amplification diagram at around 1.5 Hz when Tfpm is 8 × 10−4 N·m, 4 × 10−4 N·m and 8
× 10−5 N·m.
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Figure 14. The relationship between the suspension measure with planetary flywheel to suspension
measure with typical single flywheel ratio and the coefficient Tfpm.
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Figure 15. ATID suspension amplitude–frequency characteristics with different planetary gears static
friction torque coefficients: (a) sprung acceleration, (b) partial amplification of sprung acceleration,
(c) tire load, and (d) partial amplification of tire load.

Figure 14 shows that reducing the static friction of the gear improves suspension
performance, although the change range is quite small. Figure 15 illustrates that the lower
the gear static friction, the lower the low frequency resonance peak of the suspension. In
general, the effect of gear static friction on suspension performance is negligible and may
be disregarded.

6.2. The Effect of Planetary Flywheel Viscous Friction

The viscous friction torque coefficient of the planetary gear on the axis of rotation
Tfpv is the fundamental parameter that defines the viscous friction of the planetary gear.
Figure 16 depicts the relationship between the gear viscous friction coefficient and the
value of each suspension measure when the compensation coefficient r = 300 kg and
Tfpv is raised from 0 to 1.4 × 10−3 N·m. Figure 17 depicts the amplitude–frequency



Actuators 2023, 12, 252 13 of 17

characteristics of suspension and its partial amplification diagram at around 1.5 Hz when
Tfpv is 1.4 × 10−4 N·m, 6.8 × 10−5 N·m and 1.4 × 10−5 N·m.
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Figure 16. The relationship between the suspension measure with planetary flywheel to suspension
measure with typical single flywheel ratio and the coefficient Tfpv.
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Figure 16 shows that when the viscous friction of the gear is lowered, all of the measure
values decrease, and the suspension performance improves. Figure 17 shows that the less
the gear viscous friction, the smaller the amplitude of the suspension’s low frequency
resonance peak.

In general, gear viscous friction has a greater impact on suspension performance than
static friction, which is the primary cause for the difference in dynamic characteristics between
planetary flywheel and typical single flywheel, as well as the worsening of suspension perfor-
mance.
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6.3. The Effect of Gear Backlash

We increased the gear backlash gr from 0 to 2 mm and set the compensation coefficient
r = 300 kg. Figure 18 depicts the relationship between gear backlash and the value of
each suspension measure. Figure 19 depicts the amplitude–frequency characteristics of
suspension and its partial amplification diagram at around 1.5 Hz when gr is 1.8 × 10−6 m,
1.8 × 10−5 m and 1.8 × 10−4 m.
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Figure 18. The relationship between the suspension measure with planetary flywheel to suspension
measure with typical single flywheel ratio and the coefficient gr.
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Figure 19. ATID suspension amplitude–frequency characteristics with different gear backlashes:
(a) sprung acceleration, (b) partial amplification of sprung acceleration, (c) tire load, (d) partial
amplification of tire load.

Figure 18 indicates that a small increase in gear backlash improves suspension per-
formance, although only marginally. Figure 19 shows that the characteristic curves of the
planetary flywheel suspensions are practically coincident, showing that the actual influence
of the gear backlash on suspension performance is quite modest and may be ignored.

To summarize, planetary gear friction will have a detrimental influence on suspension
performance, with viscous friction being the most vital contribution. Reducing the viscous
friction coefficient helps to overcome the negative impacts of planetary gear friction, so that
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the planetary flywheel and the typical single flywheel have similar dynamic characteristics,
enhancing suspension performance.

7. Conclusions

For the ATID suspension, the nonlinear factors in the ball screw and planetary flywheel
have little effect on the high-frequency characteristics of the suspension but will increase the
amplitude of the suspension’s low-frequency resonance peak, which will have a negative
impact on suspension performance, with the ball screw being the main source of adverse
effects.

The static friction in the ball screw–nut pair is the main source of its unfavorable
suspension performance nonlinear factors, and viscous friction will also have a slight
impact on the suspension performance, while too small or too large clearance will have a
very minor effect on the suspension performance. The pre-tightening force in the screw–nut
pair could be lessened in the design of the actuator, and the screw–nut clearance can be
properly loosened to minimize friction, allowing the performance of the nonlinear ATID
suspension to approach that of the ideal linear suspension.

The nonlinear features in the planetary flywheel have a detrimental influence on sus-
pension performance, although the total impact is minimal in comparison to the nonlinear
factors in the screw–nut pair. Viscous friction on the planetary gear is the major source
of its nonlinear characteristics that are detrimental to suspension performance, but static
friction and gear backlash have minimal influence. Planetary flywheels may be constructed
to decrease viscous friction, yielding essentially the same dynamic characteristics as a
suspension with a planetary flywheel inerter actuator and a typical single flywheel inerter
actuator.
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