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ABSTRACT 
 

The paper proposes a new type of linear electrostatic motor operated on a principle of the 

electric field effect on dielectric material. The proposed motor has a simple structure that simplifies 

the production process. Furthermore, the proposed motor has advanced motion control options that 

allow precise control of velocity and position profiles. Extensive simulation results of the proposed 

motor at different operation modes are presented and analyzed. The simulation results demonstrate 

proposed control methods and show the practicability of the motor. 
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I. INTRODUCTION 
 

Today, most of the electrical machines operate on the principle of magnetic field effect at 

which the electric energy is converted into mechanical energy and vice versa. The magnetic field is 

produced by the current flowing in the stator and rotor coils.  

On the other hand, it is also possible to construct electrical machines that operate on the 

electric field principle, where the electrical energy is stored in an electric field [1-2]. It is known that 

the electric and the magnetic fields are always linked to each other and it is impossible to separate 

them. However, the electric field in the electromagnetic machines is much weaker than the magnetic 

field, and, practically, is negligible. 

The electric machines operated on the electric field principle would have mechanical 

structure based on capacitors, while the mechanical structure of the electromagnetic machines is 

based on the inductors. Today, the development of the electromagnetic machines has reached the 

most advanced state, while the electric field machines (capacitor machines) remained somehow 

ignored. The reason is low electric permittivity- ε of most dielectric materials. However, recently, 

new dielectric materials have been developed. These materials are based on compressed ceramic 

powder and possess relatively high electric permittivity of up to εr =1.7*10
4
. The dielectric materials 

with such a high electric permittivity can increase motor's torque. 
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There are a lot of electrostatic motors topologies [3-6]. The most common configurations are 

film motors [7-10], micro-motors [11-13], linear inchworm motors [14-15], comb motors [16-18] 

and wobble motors   [19-20]. These topologies are well known in the literature and their 

disadvantage is rather complex structure and sophisticated control. The proposed motor overcomes 

these disadvantages. 

Section 2 presents the proposed motor. Section 3 presents different control methods of the 

motor. The control methods are simulated, analyzed. The conclusions are presented in section 4. 

 

II. THE PROPOSED DIFFERENTIAL ELECTROSTATIC MOTOR 
 

The proposed motor is based on the principle of dielectric slab insertion between capacitor 

plates. The voltage application to the capacitor plates will generate force that will drag the dielectric 

slab into the capacitor until the plates will be completely filled by the slab (see Fig. 1). 

The depth of slab insertion into the plates is defined as 'x'. Therefore, the total capacitor can 

be seen as two capacitors connected in parallel: the first capacitor with air as the dielectric material 

(electric permittivity of ε�) and the second capacitor with the slab as dielectric material (relative 

electric permittivity of εr =1.7*10
4
). Therefore, the total capacitance can be calculated by eq. (1). 

 

�� � �� � ��= ε	
����
��  + ε	
ε�
�
��  = ε	
�� �� � � � � 
 ε��             (1) 

 

The energy stored in this capacitor would be: 
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Fig. 1. Force generation that pushes dielectric slab into the capacitor until the plates are completely 

filled by the slab. 'd' is the distance between the plates, 'l' is the length of the dielectric slab and 'x' is 

the depth of the slab insertion between the plates.  

 

This generated force can be calculated by: 

 

      � � ����� � �
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�
��

�
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For the high values of εr, the eq. (3) can be simplified to eq. (4): 

 

                 � � ε	
ε�
�
��

�
�                          (4) 

 

It can be clearly seen from eq. (5) that the generated force does not depend on the depth of 

the slab insertion 'x'. Even a small distance 'x' will be enough to generate the force that will drag the 
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slab into the capacitor plates. The proposed motor uses this principle in order to achieve bi-

directional linear motion (see Fig. 2). 

 

 
 

Fig. 2. The proposed differential motor 

 

The stator of the proposed motor is constructed from two pairs of plates. The distance 

between the plates is defined as 'z'. The dielectric slab with welded rod at the center acts as a rotor. 

The rod of the rotor can enter into the upper plates through the slots. The purpose of the slots is to 

allow rotor's bidirectional movement. Furthermore, the slots' edges also act as mechanical stoppers 

for the rotor.  

The slab is designed to have the same length at the length of the plates- 'l'. In order to ensure 

the motor's ability to generate force in both directions, the rotor's movement amplitude has to be 

limited in such a way that at any position of the rotor, some part of the slab will be always present in 

both capacitors. The rotor's movement amplitude is limited by the slots' edges and as result, at any 

rotor position, the depth of slab's insertion would be at least 1mm (x>=1mm). This design ensures 

the ability of force generation in right or left direction by application of V1 or V2 voltages. 

When the voltage V1 is applied to the left capacitor, the generated force 1 will drag the rotor 

to the left until it will be stopped by the slots' left edge (see Fig. 3). In this case, a small part of the 

slab with the length of 1mm will be also present between the right pair of plates. Therefore, the 

application of voltage V2 to the right pair of plates will generate the force 2 that will drag the rotor to 

the right capacitor.   

 

 
Fig. 3. The voltage V1 was applied to the left capacitor and the generated force 1 has dragged the 

rotor to the left. 

 
The proposed motor is constructed with the parameters shown in Table 1. The slab is built 

from compressed ceramic powder with electric permittivity of εr =1.7*10
4
.  

The 400V DC voltage application to one of the capacitors (left or right), would generate force 

of 0.32Nm. 
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The force calculation shows that the differential motor with even relatively small size (see 

Table 1) can generate force of 0.32 Nm. By using the motion equations, the generated force on the 

slab could be also defined as: 

                                 � � 3 
 4                                (5) 

 

where 'M' is the mass and 'a' is the acceleration of the slab.  

The velocity can be calculated by: 
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The distance of the slab's movement 'X' is calculated by: 
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The amplitude of the rotor's move is calculated by: 

 

              9;4< � % 
 = >
% � ? � *@ � ?                 (10) 

 

The movement amplitude of the motor with parameters from Table 1 can by calculated by 

using eq. (10):  9;4< � %';;. 
The rotor's position is defined as zero when its rod is positioned exactly at the center of the 

motor i.e. at even distances z/2 from the plates (see Fig. 2). The rotor's movement to the left direction 

is defined as positive distance at positive velocity. The rotor's movement to the right direction is 

defined as negative distance at negative velocity.  

 

Table 1. Differential motor parameters 

 

 

 

 

 

 

 

 

 

III. THE PROPOSED CONTROL METHODS FOR DIFFERENTIAL ELECTROSTATIC 

MOTOR 
 

In this section, the motor's operation will be analyzed for different rotor moves and voltages 

types. 

Eq. (5) shows that the generated force is proportional to the square of applied voltage. If the 

applied voltage is DC voltage, the generated force will be constant. If the applied voltage varies with 

time e.g. sine, triangle, or saw tooth waveforms etc., the magnitude of the generated force will also 

vary. Therefore, the rotor's velocity and position can be easily controlled by varying the amplitude 

and shape of the applied voltages V1 and V2. Moreover, closed loop control can be easily applied to 

the motor. As a result, precise motion control of the motor can be achieved. The proposed control 

methods for the motor are presented below 
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3 80 0.05 40 10 400 
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3.1 First method: The V1 and V2 are DC voltages   
The rotor has several basic moves. The first move to be analyzed is from zero position to the 

X=14mm position i.e. to the left edge and backwards to the zero position (half amplitude move, see 

Fig. 2 and 3).  

This movement is performed by application of pulsed DC voltage to the capacitors: firstly, 

the voltage V1 is applied to the left capacitor and afterwards, voltage V2 is applied to the right 

capacitor until the rotor reaches the zero position (X=0). The simulated DC voltages versus the 

generated forces, rotor's velocity and position are shown in Fig. 4. When the voltage V1=400V is 

applied to the left capacitor, the generated 'force 1' of 0.32N drags the rotor to the left (from zero to 

+14mm position). The rotor performs this move in 0.066sec, at average velocity of 0.21m/sec. In 

order to return the rotor to its initial zero position, the voltage V2=400V is applied for additional 

0.066sec. When the rotor's position becomes zero, the motor control unit sets the voltage V2 to zero 

(see Fig. 4).  

Simulation results show that in the case of DC voltages control, the rotor can achieve 

relatively high velocity due to constantly rising acceleration. Therefore, when fast acceleration and 

high speed is required, the application of DC voltages is preferable. Furthermore, the initial force is 

relatively high and the rotor can start to move with mechanical load. The disadvantage is that the 

mechanical jerk is high and immediate stopping of the rotor has a potential to cause mechanical 

damage to the motor.  

 

 
 

Fig. 4. The applied voltages V1 and V2, the generated forces, the rotor's velocity and position. The 

rotor moves from zero to +14mm (left direction) and backwards to zero position (right direction) 

 
3.2 Second method: V1 and V2 are sinusoidal voltages 

When the sine voltages V1 or V2 are applied to the motor, the generated force (force 1 or 

force 2) will have squared sine waveform (see eq. (5)). As a result, the obtained velocity profile will 

have acceleration and deceleration sections. 

The operation principle is shown for the case when the V1 and V2 are sinusoidal voltages 

with amplitude of 400V. The rotor's initial position is zero and it moves to the X=4.2mm position 

(left direction) and backwards to the zero position (right direction). The simulated V1 and V2 

voltages versus the generated forces, rotor's velocity and position profiles are shown in Fig. 5.  It can 

be seen that application of sinusoidal voltages smoothes the velocity profile: its shape is sinusoidal 

and has acceleration and deceleration sections. When the voltage is applied to the motor, it gradually 

accelerates and when it approaches to its destination position (X=4.2mm for the left move and X=0 
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for the right move), it gradually slows down until full stopping. Fig. 6 shows simulated V1 and V2 

sinusoidal voltages versus the generated forces, rotor's velocity and position for the case when the 

rotor's initial position is zero and it moves to the X=4.2mm position (left direction), stops for 0.01sec 

(delay) and returns backwards to the zero position (right direction). 

Application of sinusoidal voltages reduces mechanical jerk and mechanical stresses on the motor. 

However, in comparison to the cases of DC voltages application, the rotor's velocity and acceleration 

are limited. Another disadvantage is that initial generated force is zero. Therefore, this method 

should not be used for starting relatively heavy loads. 

 

 
 

Fig. 5. The applied sinusoidal voltages V1 and V2, the generated forces, the rotor's velocity and 

position. The rotor moves from zero to +4.2mm (left direction) and backwards to zero position (right 

direction)   

 

 
 

Fig. 6. The applied sinusoidal voltages V1 and V2, the generated forces, the rotor's velocity and 

position. The rotor moves from zero to +4.2mm (left direction) and backwards to zero position (right 

direction)  

 

3.3 Third method: V1 and V2 are saw-tooth voltages 

The saw-tooth voltages V1 and V2 with amplitude of 400V voltages are applied to the motor. 

The rotor's initial position is zero and it moves to the X=2.8mm position (left direction) and 

backwards to the zero position (right direction). The simulated V1 and V2 voltages versus the 
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generated forces, rotor's velocity and position are shown in Fig. 7. It can be seen that application of 

saw-tooth voltages generates relatively high starting force. Therefore, this method can be used for 

starting the motor with relatively high loads. However, the force decays while the rotor approaches 

its destination position.  

Similar to the case of sinusoidal voltages, the velocity profile has acceleration and 

deceleration sections. When the rotor approaches its destination position, X=2.8mm for the left move 

and zero for the right move, it gradually slows down until full stopping. As a result, the mechanical 

stresses on the motor are reduced. 

As it was shown, different voltage waveforms can be applied to the motor and each has its 

advantages and disadvantages.  

The voltage waveforms can be easily combined together in order to obtain desired force, velocity and 

position profiles.  
 

 
 

Fig. 7. The applied saw-tooth voltages V1 and V2, the generated forces, the rotor's velocity and 

position. The rotor moves from zero to +2.8mm (left direction) and backwards to zero position (right 

direction)  

 

IV. CONCLUSIONS 
 

The new type of linear electrostatic motor was presented. The proposed motor is operated on 

a principle of the electric field effect. The motor can generate relatively high force on the rotor due to 

implementation of new dielectric materials with relatively high electric permittivity of εr =1.7*10
4
.  

The first significant advantage of the proposed motor is a simple structure that simplifies the 

production process and reduces motor's price.  

Furthermore, the proposed motor has advanced motion control options that allow precise 

control of velocity and position profiles. Extensive simulation results of the proposed motor for 

different control modes were presented and analyzed.  

In the first control method DC voltages V1 and V2 are applied to the motor. This control 

method is preferable in the cases when fast acceleration and high speed are required. Additional 

advantage is relatively high starting force of the motor. The disadvantage is that immediate stopping 

of the rotor can cause mechanical damage to the motor. 

In the second control method sine voltages V1 and V2 are applied to the motor. The 

advantages of this method are relatively small mechanical jerk and mechanical stresses on the motor. 

The disadvantages are limited rotor velocity and acceleration. Another disadvantage is that initial 

generated force is zero. This method is not preferable for starting relatively heavy loads. 
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In the third control method saw-tooth voltages V1 and V2 are applied to the motor. The 

application of saw-tooth voltages generates relatively high starting force. Therefore, this method can 

be used for starting the motor with relatively high loads. Additional advantages of this method are 

relatively small mechanical jerk and mechanical stresses on the motor. 

The voltage waveforms can be easily combined together in order to obtain desired force, velocity and 

position profiles. Moreover, closed loop control can be easily applied to the motor. By using the 

proposed methods, the motor can be used in optics, mechatronics and robotic systems, where precise 

motion control is required. 
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