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Abstract-The theoretical analogy that “mass-spring-damper” in mechanical networks is 

corresponded to “capacitor-inductor-resistor” in electrical networks. Similarly, a device called 
inerter corresponds to the capacitor because it conquers the nature restriction of mass, also it 
significantly improve the ratio of the inerter’s inheritance to its mass for mechanical networks 
synthesis. In this paper we designed an inerter with ball screw, a DC motor and a control circuit 
series in the armature, adjusting magnitude and direction of current in armature by PID controller 
such that inertance get raised.Finally, the feasibility of the mechatronic inerter’s design will get 
verified by simulation and analysis. 

INTRODUCTION-Based on electromechanical analogy of force-current and velocity-

voltage. Similarly we could obtain that the “mass-spring-damper” is corresponded to the 
“capacitor-inductor-resistor” respectively. Since, there is no mass-spring-damper in electrical 
networkswith free capacitor. Thus the concept of inerter proposed by Malcolm C. Smith[1]in 
2002 solved that problem. Inerter is a mechanical device which has two free and independent 
terminals, the force put on the two terminals have a direct ratio to their relative acceleration, and 
the ratio is called inertance. Inertance is the virtual mass that the inerter achieves.The ratio of 
inertance to mass is called inertance ratio. Inerter can be corresponded to capacitor completely, 
which makes element in mechanical networks correspond to element in electrical networks[2]. 
Inerter can achieve a big virtual mass with a small reality mass i.e.inertance ratio is greater than 
1. Due to this inerter have large applications in the field of aerospace, suspension vehicles[3], 
submarine floating raft, Satellite Adapter damping and vibration isolating device.This paper 
improved an idea that external circuit design can be replaced by active control, we can use 
mature and stable control method to turn the inertance of the inerter significantly increased. 

OPERATING PRINCIPLE OF THE MECHATRONIC INERTER- The mechatronic 

inerter is consisted of the ball screw, the DC motor and the external control circuit series in 
armature.The screw couples with the rotor of DC motor, the applied forces F acting on the ball 
screw nut converted into rotary torque TL of screw by nut, and the linear motion of the nut will 
convert into rotational motion of the screw, which drives the motor to rotate.The external control 
circuit can regulate the magnitude and direction of the current I in the armature and the armature 
will produce a electromagnetic torque Te whose magnitude size and direction are variable.By 
adjusting the Te, we can make the linear motion which relatives to the DC motor stator of the nut 
and the applied force which acts on nut to meet the relation on (1) as follows, 
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Where F is the applied force, v1 is the velocity of the nut, v2 is the velocity of the DC motor 
stator, and b is the inertance.Thus, the inerter effect is demonstrated, and b is adjustable. 
Therefore, the increase of the inertance and the design of 

THE MATHEMATICAL MODEL AND CONTROL CIRCUIT DESIGN OF THE 
MECHATRONIC INERTER

A. Model of Ball Screw- Ball 
and vice versa. The dynamic equations 

Differentiate (2) then obtains

where ω and v are the relative angular velocity and linear velocity between the screw and 
the nut, whereas α and a are
between the screw and the nut, while F and T
torque on the screw, and p is the pitch of the ball screw.

B. Model of DC Motor- DC
mechanical energy. In mechatronic its relation is given by
n 

     

Where,Te is the electromagnetic torque, I is the armature current, U
voltage, ke and kt are the inductive voltage constant and the inductive torque constant 
respectively.J is the sum of the inertia of rotor and screw, R and L are the resistance and 
the inductance of armature respectively, U is the armature voltage at both 
mechanical inertance for the mechatronic system is 

C. The Design of Controller
circuit. Appling the Laplace transformation to the equations (1)
between F and a; 

 

Where F is the applied force, v1 is the velocity of the nut, v2 is the velocity of the DC motor 
stator, and b is the inertance.Thus, the inerter effect is demonstrated, and b is adjustable. 
Therefore, the increase of the inertance and the design of the control circuit are directly related.

 

THE MATHEMATICAL MODEL AND CONTROL CIRCUIT DESIGN OF THE 
MECHATRONIC INERTER- 

Ball screws convert the linear motion into the rotational motion, 
and vice versa. The dynamic equations of ball screw are as follows, 

 
ifferentiate (2) then obtains 

 
the relative angular velocity and linear velocity between the screw and 

whereas α and a are the relative angular acceleration and linear acceleration 
between the screw and the nut, while F and TL are the applied force and the reaction 
torque on the screw, and p is the pitch of the ball screw. 

DC motor is a mechanical device which convert electric energy into 
. In mechatronic its relation is given by 

(5) 

Te is the electromagnetic torque, I is the armature current, Ue

are the inductive voltage constant and the inductive torque constant 
J is the sum of the inertia of rotor and screw, R and L are the resistance and 

the inductance of armature respectively, U is the armature voltage at both 
for the mechatronic system is J (2π/ p) 2. 

The Design of Controller- Armature is designed with a control circuit to
circuit. Appling the Laplace transformation to the equations (1)-(5), we get the relation 

Where F is the applied force, v1 is the velocity of the nut, v2 is the velocity of the DC motor 
stator, and b is the inertance.Thus, the inerter effect is demonstrated, and b is adjustable. 

the control circuit are directly related. 

THE MATHEMATICAL MODEL AND CONTROL CIRCUIT DESIGN OF THE 

screws convert the linear motion into the rotational motion, 

the relative angular velocity and linear velocity between the screw and 
the relative angular acceleration and linear acceleration 

are the applied force and the reaction 

ich convert electric energy into 

 is the inductive 
are the inductive voltage constant and the inductive torque constant 

J is the sum of the inertia of rotor and screw, R and L are the resistance and 
the inductance of armature respectively, U is the armature voltage at both ends. Thus the 

Armature is designed with a control circuit to avertshort 
(5), we get the relation 
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 Thus, equation (6) provide a phase frequency 

 

Due to the actual motor parameters, R = Ω 12, L=0.024H, k
When 0rad/s<w<40πrad/s
While the phase difference of F and 
mechatronic inerter without control circuit is not a real inerter but a damp.
phase difference to reach inerter desired 
series to the armature circuit of the DC motor.
magnitude and direction of the applied torque is changed.

 Change the magnitude and direction of electromagnetic torque by adjusting the armature 
circuit through the PID controller,
output of PID controller is the voltage 
PID controller andtransform function of PID controller

 From, Masson’s law the close transformation function 

 

(6) 

Thus, equation (6) provide a phase frequency characteristics for F and a. 

(7) 

 

tual motor parameters, R = Ω 12, L=0.024H, ke=kt =0.66, J=
rad/s, Thus Φ (w) is more than or approximately equal to 

While the phase difference of F and ‘a’ should be 0 due to equations
mechatronic inerter without control circuit is not a real inerter but a damp.

to reach inerter desired condition the control circuit is 
series to the armature circuit of the DC motor. Also, using the PID controller

direction of the applied torque is changed. 

Change the magnitude and direction of electromagnetic torque by adjusting the armature 
h the PID controller,Takking ΔI as the input of PID controller, and 

output of PID controller is the voltage which drives motor. The differential equation of 
transform function of PID controller can be expressed as

 

 

 

the close transformation function obtained  

 

 

=0.66, J=0.000292kgm2. 
is more than or approximately equal to −π / 2. 

equations (1) and (4), so 
mechatronic inerter without control circuit is not a real inerter but a damp.To control the 

the control circuit is connected in 
using the PID controller the 

Change the magnitude and direction of electromagnetic torque by adjusting the armature 
nput of PID controller, and Δu 

. The differential equation of 
can be expressed as 
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 Equation (11) can be simplified by

 

Thus, equation (14) shows
1/(1− k)times as the mechanical inertance

THE SIMULATION OF THE MECHATRONIC INERTER
to model mechatronic inerter using the parameter

k = 0.9, F = 3sin (10π) N, p = 
mechatronic inerter is J (2π/p) 2 and it equals 28.8kg.

1. Taking Kp=Ki=Kd=0; Giving PID controller no mechatro
armature circuit to short circuit.
mechatronic inerter is a damp.

2. Adjusting the PID, taking Kp=
magnitude of armature current is about 10
controller input is less than 10
amplitude of F and ‘a’ 
mechatronic inerter is about 10 times as mechanical inertance itself
288.7kg. 

3. When k=0.99, thus simulation result of phase increases by 100 times i.e. 2854.4kg.

 

simplified by 

 

Thus, equation (14) shows the inertance of the mechatronic inerter with control circuit is 
the mechanical inertance. 

OF THE MECHATRONIC INERTER- Simulink of Matlab used 

model mechatronic inerter using the parameter 

p = 0.02m,J = 0.000292kgm2,The mechanical inertance of the 
and it equals 28.8kg. 

Giving PID controller no mechatronic inerter, which result 
armature circuit to short circuit. Which give phase angle of F about / 2 π , 
mechatronic inerter is a damp. 
Adjusting the PID, taking Kp=150, Ki=1500000, Kd =0.02.the maximum order of 
magnitude of armature current is about 10-2, while the maximum order of magnitude of 
controller input is less than 10-5, the control precision of PID controller is required

’ are respectively 3N and 0.01039m/s2 , then the inertance of 
mechatronic inerter is about 10 times as mechanical inertance itselfi.e. 

k=0.99, thus simulation result of phase increases by 100 times i.e. 2854.4kg.

with control circuit is 

Simulink of Matlab used 

The mechanical inertance of the 

nic inerter, which result 
phase angle of F about / 2 π , Thus resulting 

maximum order of 
, while the maximum order of magnitude of 

, the control precision of PID controller is requiredThe 
en the inertance of 
i.e. control circuit is 

k=0.99, thus simulation result of phase increases by 100 times i.e. 2854.4kg. 
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CONCLUSION- Electromagnetic torque produced by the armature current used to prevent the 

motion of the nut which increases the inertance of mechatronic inerter.While armature current 
produced by the inductive voltage is limited.Then the inertance of mechatronic inerter increasing 
is restricted.Thus this paper produces a mechatronic inerter which increase armature current by 
limiting the inductive voltage using stable control method while increasing the inertance of 
mechatronic inerter producing feasible result. 
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