
 

 

 

  

Abstract—This paper proposes the design of a novel 

mechatronic suspension strut, and investigates the performance 

benefits of vehicle suspension systems employing it. The 

proposed mechatronic suspension strut consists of a ball-screw 

inerter and permanent magnet electric machinery (PMEM), 

such that the system impedance can be realized through the 

combination of mechanical and electrical networks. 

Furthermore, we apply the mechatronic strut to vehicle 

suspension control, and discuss performance improvement. 

From the results, the proposed mechatronic suspension is 

deemed effective. 

I. INTRODUCTION 

he analogy between mechanical and electrical systems is 

well known [1]. For example, in the “force-current 

analogy”, the physical characteristics of mass, damping and 

spring correspond to the electrical characteristics of 

capacitance, resistance and inductance, respectively. 

However, the mass element fails to be a genuine two-terminal 

network element in that one terminal of the mass is always 

connected to the ground. Therefore, in order to compare a 

conventional mass element with an electrical element, the 

corresponding electrical element must have one terminal 

connected to the ground. Nevertheless, this requirement 

limits the freedom or flexibility in designing mechanical 

systems, since not all passive impedances can be 

mechanically realized by masses, dampers and springs. To 

solve the problem, the inerter was proposed as an ideal 

mechanical two-port element to substitute for the mass 

element in the mechanical/electrical analogy, with the 

following defining equation:  

−
=

2 1( )d v v
F b

dt
,                               (1) 

in which F is the applied force and b represents the inertance 

of the system, while 1v  and 2v  are the velocities of the two 

terminals [1]. Consequently, all passive mechanical networks, 

which can be realized by springs, dampers and inerters, are 

able to be used to improve system performance.  

The inerter was applied to vehicle suspension systems in 

[2], where suspension layouts with inerters were optimized 

for some performance measures. The results showed that 
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system performance can be significantly improved by 

inerters. In [3], the optimization was further carried out by the 

Linear Matrix Inequalities (LMI) method, and the resulting 

passive networks were synthesized by Bott-Duffin realization. 

It was illustrated that system performance can be further 

improved by allowing higher order passive impedance. 

However, the network synthesis for high-order impedance 

can be very complicated and hard to realize mechanically. 

Therefore, in this paper we propose a novel mechatronic 

suspension strut, which is composed of a ball-screw inerter 

and permanent magnet electric machinery (PMEM). It is 

shown that the system impedance can be realized through the 

combination of mechanical and electrical networks, such that 

the high-order transfer functions from LMI approaches can 

be easily realized by electrical circuits. 

Behrens et al. [4, 5] propose a broadband active/passive 

shunt technique to reduce structural vibrations effectively 

using piezoelectric and electromagnetic transducers. 

Paulitsch et al. [6] investigated the vibration reduction of a 

clamped plate using a self-sensing, electro-dynamic actuator, 

and indicated that self-sensing active/passive vibration 

damping is advantageous if external sensors cannot be 

collocated with the actuators or are too costly. This paper 

combines these ideas with the use of a ball-screw inerter, and 

presents the mechatronic suspension design using the perfect 

analogy between mechanical and electrical systems. The 

paper is arranged as follows: in Section 2, we introduce the 

mechatronic suspension design and construct a block 

diagram to represent the system structure. In Section 3, the 

proposed mechatronic strut is applied to vehicle suspension 

control for performance optimization. In Section 4, we 

discuss the performance benefits of the suspension system 

employing the mechatronic strut. In Section 5, the properties 

of the mechatronic strut are verified experimentally. Finally, 

we draw some conclusions in Section 6. 

II. THE MECHATRONIC SUSPENSION STRUCTURE 

In this section, we will introduce the mechatronic 

suspension strut, which composes of a ball-screw inerter and 

PMEM, as shown in Figure 1. The design structure of the 

strut is illustrated in Figure 2. 

 

 
Figure 1. The prototype of a mechatronic suspension strut. 
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Figure 2. The design structure. 

A. The Ball-Screw Inerter 

Inerters can be mechanically realized by various methods, 

such as the rack-and-pinion inerter [2] and the ball-screw 

inerter [7, 8], which can convert the linear movement into 

rotational movement and achieve the inerter functions. The 

dynamic equations of a ball-screw inerter are as follows: 

(2 / )P vω π= ,                                   (1) 

(2 / )F P Tπ= ,                                   (2) 

in which v  is the relative velocity of the two terminals and 

ω  is the angular velocity of the screw, while F and T are the 

applied force on the terminals and the reaction torque on the 

screw, respectively, and P is the pitch of the ball-screw. 

Furthermore, the torque T and angular velocity ω  are related 

as follows:  

( / )T J d dtω= ,                               (3) 

where J  is the mass moment of inertia of the ball-screw 

inerter. Substituting (2-3) into (1), one can obtain the 

following inerter equation: 
2(2 / ) ( / )F P J dv dt b aπ= = ⋅ ,                  (4) 

in which b is the system inertance and a is the relative 

acceleration of the two terminals. It is note that the system 

inertance b can be easily adjusted by tuning the attached 

flywheel. 

B. The Permanent Magnet Electric Machinery (PMEM) 

The ball-screw inerter is connected with a PMEM, such 

that the linear movement across two terminals can generate 

corresponding voltage and thus the designed force through 

the construction of electrical networks. The working 

principles of a PMEM are illustrated in Figure 3, in which the 

internal magnetic flux Φ  is constant and the armature of the 

PMEM is regarded as a resistor Ra in series with an inductor 

La. Furthermore, Ze presents the impedance of external 

electrical circuits, while Jm and Bm present the mass moment 

of inertia and the damping coefficient of the PMEM, 

respectively. 

Firstly, supposing the shaft rotates with angular velocity 

ω , the inductive voltage Vg of the PMEM can be represented 

as: 

g eV k ω= ⋅ ,                                      (5) 

where ek  is the inductive voltage constant. Assuming the 

armature current is aI , the corresponding inductive torque 

eT  of the PMEM is: 

e t aT k I= ⋅ ,                                       (6) 

in which tk  is the inductive torque constant. Note that 

ek and tk  are in the units of Vs/rad and Nm/A, respectively, 

and are determined by the internal magnetic flux Φ , the 

number of the armature coils and poles of the PMEM. 

 
Figure 3. The PMEM model. 

The system admittance of Figure 3 can be taken as 

follows: 

ˆ ( ) 1

ˆ ( )( )

a

a a eg

I s

R sL Z sV s
=

+ +
,                  (7) 

in which “  ̂ ” represents the Laplace transform of the 

corresponding variables. The dynamic equation of the 

mechanical part can be presented as: 

m e m

d
J T T B

dt

ω
ω= − − ,                        (8) 

where T is the external torque to the PMEM. Taking the 

Laplace transform of (8) gives: 

ˆ ˆˆ ˆ( ) ( ) ( ) ( )m e mJ s s T s T s B sω ω= − − .              (9) 

Combining the ball-screw inerter with the PMEM, (9) can be 

modified as: 

ˆ ˆˆ ˆ( ) ( ) ( ) ( ) ( )m e mJ J s s T s T s B sω ω+ = − − .       (10) 

Taking the Laplace transform of (1-2, 5-6), the equations are 

represented as: 

ˆ ˆ( ) (2 / ) ( )s P v sω π= ,                           (11) 

ˆ ˆ( ) (2 / ) ( )F s P T sπ= ,                           (12) 

ˆ ˆ( ) ( )g eV s k sω= ,                                    (13) 

ˆ ˆ( ) ( )e t aT s k I s= .                                  (14) 

By substituting (11, 12, 14) into (10), one can obtain the 

following equation: 
2 2ˆ ˆˆ ˆ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

2
m t a m

P
J J s v s F s k I s B v s

P P

π π

π
+ = − − .     (15) 

Now substituting (7, 11, 13) into (15) gives: 

2
ˆ ( ) 2

( ) ( )
ˆ( ) ( )

t e
m m

a a e

k kF s
J J s B

v s P R sL Z s

π  
= + + + 

+ + 
,   (16) 

which is the admittance of the mechatronic suspension strut, 

and can be represented by a block diagram, as shown in 

Figure 4. We now define the following parameters: 
2(2 / ) ( )m mb P J Jπ= + , 

2(2 / )m mc P Bπ= , 

2(2 / )m t eK P k kπ= , 
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in which mb , mc  and mK  are the inertance, damping rate 

and admittance gain of the mechatronic suspension, 

respectively. Therefore, (16) can be rewritten as: 

ˆ ( )

ˆ( ) ( )

m
m m

a a e

KF s
b s c

v s R sL Z s
= + +

+ +
.          (17) 

The right-hand side of (17) can be divided into two parts. The 

first part, m mb s c+ , can be considered as the mechanical 

inerter and damper of the mechatronic suspension system. 

The second part / ( ( ))m a a eK R sL Z s+ + can be regarded as 

the admittance of electronic circuits of the mechatronic 

suspension system. Using the analogy between mechanical 

and electrical networks, (17) can be represented as a 

mechanical system as shown in Figure 5. 

 
Figure 5. The ideal mechatronic suspension model. 

III. VEHICLE SUSPENSION MODELS 

In this section, we introduce a quarter-car model and six 

suspension layouts, and discuss the performance benefits of 

vehicle suspensions employing mechatronic suspension 

layouts using two proposed performance measures. 

A. The Quarter-Car Model 

A quarter-car model is illustrated in Figure 6, with 

dynamic equations as follows: 

s s sm z F u= −�� ,                              (18) 

m m r
m z u F= −�� ,                              (19) 

where ( )r t u rF k z z= −  is the tyre force, and u is the 

suspension force, which depends on the applied suspension 

layouts as in the following: 

ˆˆ ˆ ˆ( ) ( ) ( )s bu s Q s s z z= ⋅ − , 

in which ˆ ( )Q s  is the admittance of the suspension strut. 

 
Figure 6. The quarter-car model. 

B. The Suspension Layouts 

Six basic suspension layouts are considered for analysis, 

as shown in Figure 7. We note that S1 is the traditional 

suspension, while S2 is a basic parallel arrangement and S3 is 

a basic serial arrangement with inerter. For comparison, 

LMIS1 is the mechatronic suspension in parallel with a 

spring, while LMIS2 and LMIS3 use a stiff spring and a 

parallel spring/damper, respectively, in serial with the 

mechatronic suspension. Applying the suspension struts to 

the quarter-car model, the suspension forces can be 

represented in the following: 

S1: ˆ ˆ ˆ( )( )s uu k c s z z= + ⋅ −  

S2: 2ˆ ˆ ˆ( )( )s uu k c s b s z z= + ⋅ + ⋅ −  

S3: 2

ˆ ˆ ˆ( )( )s u

b c s
u k z z

b s c

⋅ ⋅
= + −

⋅ +
 

LMIS1: ˆ ˆ ˆ( )( )ms s uu k Y z z= + −  

LMIS2: 
ˆ ˆ ˆ( )( )b ms

s u
b ms

k Y
u k z z

k Y

⋅
= + −

+
 

LMIS3: ( )
ˆ ˆ ˆ( )( )b b ms

s u
b b ms

k c s Y
u k z z

k c s Y

+ ⋅ ⋅
= + −

+ ⋅ +
 

where 2( )m
ms m m

a a e

K s
Y b s c s

R s L Z
= + +

+ ⋅ +

is the admittance of 

the mechatronic suspension strut. 

tk
1

a aR sL+

m msJ B+

( )eZ s

2
P
π

ek
2
P
π

 
Figure 4. Block diagram of mechatronic suspension system. 
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Figure 7. Suspension layouts 

C. The Performance Measures 

To illustrate the performance benefits, two performance 

indexes defined as follows [2] are selected: 

1). J1 (ride comfort) 

ˆ ˆ1 ˆ ˆ 22
2 ( ) 2 ( )

r sr s
z zz z

J V T V sTπ κ π κ
→→

= =�
,       (20) 

2). J3 (dynamic tyre loads) 

ˆ ˆ ˆ3 ( )

2

1
2 ( )

r t u rz k z zJ V T
s

π κ
→ −

= ,                  (21) 

where V represents the driving velocity, while κ  is the road 

roughness parameter. And ˆ ˆ→r sz zT  is the transfer function 

from ˆrz  to ˆsz  and 
2

T  is the 2H  norm of T. The 

parameters of V = 25 m/s andκ = 5×10
-7

 m
3
cycle

-1
 are set for 

performance analyses. 

IV. PERFORMANCE BENEFITS OF THE SUSPENSION SYSTEM 

Applying the aforementioned suspension layouts, the 

performance measures J1 and J3 are optimized to illustrate the 

performance benefits. Given a fixed suspension stiffness k, 

we optimize the parameters b and c for layouts S1, S2 and S3 

[2], and optimize over all passive transfer functions using 

LMI approaches [3] for layouts LMIS1, LMIS2 and LMIS3. 

The resulting impedances Ze of LMIS1, LMIS2 and LMIS3 

can then be realized by either the Bott-Duffin or Brune 

methods [3]. The following parameters are used for 

numerical simulations: ms=250kg, mu=35kg, kt=150kN/m, 

Ra=2.3Ω, La=0.7mH, Km=7056 VNs/A/m. The static stiffness 

is set in the range 10-120kN/m. 

A. The Optimization of J1 

The results of J1 optimization are shown in Figure 8, 

where the impedance Ze of LMIS1~LMIS3 are set as 1
st
 and 

2
nd

 orders. It is noted that the LMIS1 achieves better 

performance benefits than the fixed structures for soft 

stiffness settings. On the other hand, LMIS2 achieves similar 

results to LMIS1, and hence is not illustrated in the plots. 

Finally, LMIS3 is the best among the six layouts in the 

considered stiffness range. From the previous studies [2, 7, 8], 

we note that inerter is particularly useful for stiff systems, but 

fails to improve much performance for soft systems. On the 

contrary, the proposed mechatronic suspension struts can 

significantly improve the suspension performance for both 

soft and stiff systems. 
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Figure 8. Optimization of J1. 

Table 1. Optimization of J1 with ks=50k N/m. 

(ci in units of Ns/m, bi in units of kg) 

Layout J1 
% 

impro 

b 

(bm) 

c 

(cm) 
kb cb 

S1 1.6066 - - 2179 - - 

S2 1.5259 5.023 22 1966 - - 

S3 1.4684 8.602 314 2609 - - 

LMIS1,1st 1.4335 10.774 15 0 - - 

LMIS1,2nd 1.3239 17.596 28 0 - - 

LMIS3,1st 1.4164 11.839 32 0 55 3328 

LMIS3,2nd 1.3239 17.596 28 0 2979k 11906k 

Setting the stiffness as k=50k N/m, the optimization 

results for J1 is illustrated in Table 1, with the corresponding 

electrical impedance as follows: 

(a) LMIS1 

1. 1

7

0.86 20.86

3.1 10

st
e

s
Z

s
−

+
=

+ ×

 

2. 
5 2 6 8

2

2 6

6.745 10 2.34 10 2.214 10

6.252 10 44.18

nd
e

s s
Z

s s

× + × + ×
=

+ × +

 

(b) LMIS3 

1. 
12

1

7

1.798 10 35.89

1.42 10

st
e

s
Z

s

−

−

× +
=

+ ×
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2. 
5 2 5 7

2

2 6

1.665 10 5.776 10 5.466 10

1.544 10 0.3419

nd
e

s s
Z

s s

× + × + ×
=

+ × +

  

B. The Optimization of J3 

Similarly, the results of J3 optimization are shown in 

Figure 9, where the impedance Ze of LMIS2 and LMIS3 are 

set as 1
st
 and 2

nd
 orders. Here LMIS1 is not discussed because 

it does not achieve better performance than LMIS2. From the 

results, the LMIS2 achieves better performance benefits than 

the fixed structures for soft stiffness settings, and LMIS3 is 

the best among the six layouts in the considered stiffness 

range. To conclude, the proposed mechatronic suspension 

struts can significantly improve the suspension performance 

for both soft and stiff systems.  
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(a) Optimal J3. 
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(b) % improvement of J3. 

Figure 9. Optimization of J3. 

Setting the stiffness as ks=50k N/m, the corresponding 

parameter settings for J3 optimization are illustrated in Table 

2, with the first- and second-order passive electrical 

impedances of LMIS2 and LMIS3 as follows: 

(a) LMIS2 

1. 
7

1

7

0.01529 3.797 10

4.387 10

st
e

s
Z

s

+ ×
=

+ ×

 

2. 
2 4 5

2

2 4

600.3 1.555 10 7.598 10

2.72 10 0.006011

nd

e

s s
Z

s s

+ × + ×
=

+ × +

  

(b) LMIS3 

1. 
6 6

1

6

9.468 10 1.894 10

2.188 10

st

e

s
Z

s

−
× + ×

=
+ ×

 

2. 
2 4 6

2

2 5

2726 7.06 10 3.45 10

1.235 10 0.6756

nd

e

s s
Z

s s

+ × + ×
=

+ × +

 

Table 2. Optimization of J3 with ks=50k N/m. 

(ci in units of Ns/m, bi in units of kg) 

Layout J3 
%  

improv 

b 

(bm) 

c 

(cm) 
kb cb 

S1 479.6511 - - 2392 - - 

S2 479.6511 0 0 2392 - - 

S3 458.4278 4.425 388 2618 - - 

LMIS2,1
st
 469.0712 2.208 21 0 231 - 

LMIS2,2
nd

 436.5300 8.990 26 0 187 - 

LMIS3,1
st
 469.0712 2.208 21 0 231 0 

LMIS3,2
nd

 436.5300 8.990 25 0 186 0 

V. EXPERIMENTAL RESULTS 

In this section, we construct a mechatronic suspension 

strut, and use a testing platform to verify its properties. 

Considering the system nonlinearities, such as the twisting 

effect, backlash and friction, a nonlinear model of the system 

is illustrated in Figure 10 [7], where Ks, Cs represent the 

elastic effect, while ε  and f represent the backlash and 

friction, respectively. The model is built in 

Matlab/Simulink
TM

, such that the simulation results can then 

be compared with the experimental data to determine the 

corresponding parameters. 

ε

m

a

K

L
m

a

K

R

m

e

K

Z

f

mb

mc

s
K

sC  
Figure 10. Nonlinear mechatronic suspension model. 

A motion platform is shown in Figure 11 which has one 

degree of freedom and is driven by a servo motor to control 

the displacement of the suspension strut. The force of the 

device is measured by an S-type load cell with a maximum 

load of 100 kg and the resolution of 0.02 kg, while the 

displacement is measured by a position encoder with 

accuracy of 1 µm. Both the force and displacement signals 

are transferred to a LabView
TM

 program to control the 

movement of the platform and to record the data. 

 

 
Figure 11. The motion platform. 

Using the methods introduced in [7], the following 

parameters are evaluated from the comparison of the 

Servo motor Mechatronic suspension 
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experimental and theoretical data: Ks = 110 kN/m, Cs = 1040 

Ns/m, bm =18.5 kg, cm =80 Ns/m, f = 15 N and ε = 0. It is 

noted that ε  is actually zero since the backlash of a 

ball-screw can normally be eliminated in the manufacturing 

process using preloading methods. To compare the frequency 

responses (from strut displacements to forces) of the 

experimental and theoretical models, we set some additional 

parameters, Ra=4.34Ω, La=6.76mH and Km=7011VNs/A/m, 

from the experimental results. 

The verification of the mechatronic strut was carried out 

in two steps. First, we tested the open-loop situation ( eZ = ∞ ), 

as illustrated in Figure 12.  
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Figure 12. Frequency responses when eZ = ∞ . 

Secondly, we used the following first-order and 

second-order electrical impedances:  

1

6

2

352.1992( 1079)
,   

1.445 10

583.4812( 473.9)( 6300)
.

( 6575)( 2145)

st
e

nd
e

s
Z

s

s s
Z

s s

+
=

+ ×

+ +
=

+ +

 

The results are shown in Figures 13 and 14, respectively. In 

Figures 12~14, ‘ideal’ means simulation of the mechatronic 

suspension without nonlinearities, and ‘theoretical’ means 

simulation of the mechatronic suspension with nonlinearities, 

while ‘experimental’ represents the experimental data. From 

the results, the proposed mechatronic suspension did achieve 

the designed properties. 
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Figure 13. Frequency responses when 1st

e eZ Z= . 
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Figure 14. Frequency responses when 2nd

e eZ Z= . 

VI. CONCLUSION 

In this paper, we have proposed a novel mechatronic 

suspension design and applied it to vehicle suspension 

control. The mechatronic suspension strut consists of a 

ball-screw inerter and PMEM, such that the desired system 

impedance/admittance can be easily realized by the 

combination of mechanical and electrical networks. The 

applications to vehicle suspension systems showed that the 

proposed design can significantly improve the performance, 

especially for soft systems where the traditional inerter 

structures cannot achieve much performance improvement. 

Furthermore, the designed mechatronic suspension strut was 

tested to verify its properties. From the results, the proposed 

mechatronic suspension strut is deemed effective. 
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