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1. Introduction

A linear variable differential transformer (LVDT) is 

a displacement measurement sensor comprising coils 

and a core and has widespread and diverse 

applications owing to its wide measurement range, 

excellent linearity, and high sensitivity and 

precision[1-4]. LVDTs can be produced in various 

forms because of their simple structure and the lack 
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ABSTRACT

  Linear variable differential transformer (LVDT) is a displacement sensor and is commonly used owing to 

its wide measurement range, excellent linearity, high sensitivity, and precision. To improve the output 

characteristics of LVDT, a few studies have been conducted to analyze the output using a theoretical method 

or a finite element method. However, the material properties of the core and the electromagnetic force acting 

on the core were not considered in the previous studies. In this study, a finite element analysis model was 

proposed considering the characteristics of the LVDT composed of coils, core, magnetic shell and electric 

circuit, and the core displacement. Using the proposed model, changes in sensitivity and linear region of 

LVDT according to changes in process and material parameters were analyzed. The outputs of the LVDT 

model were compared with those of the theoretical analysis, and then, the proposed analysis model was 

validated. When the electrical conductivity of the core was high and the relative magnetic permeability was 

low, the decrease in sensitivity was large. Additionally, an increase in the frequency of the power led to 

further decrease in sensitivity. The electromagnetic force applied on the core increased as the voltage 

increased, the frequency decreased, and the core displacement increased.
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of standardized specifications[5], and some studies 

have used theoretical methods to analyze the output 

voltage according to the displacement of the core. 

In these studies, the design parameters were adjusted 

by manipulating the relationships between the 

parameters and the output to expand the sensitivity 

and linear region; the magnetic conductance was 

defined while considering the geometric shape in 

order to apply the method of calculating the mutual 

inductance; or a method was used wherein the 

voltage induced in the secondary coils was derived 

by inducing a magnetic flux density generated from 

the core and evaluating the time change of the 

magnetic flux[4,6-8]. These analyses cannot be applied 

when the displacement of the core increases and 

deviates from the secondary coils. Furthermore, if 

the end of the core is close to the edge of the 

secondary coil, the accuracy level of the analysis 

becomes low[3]. In contrast, a finite element method 

can be used to analyze the magnetic flux and 

voltage between the coils according to the design 

parameters of the LVDT. The finite element analysis 

can be used to easily identify the effects of 

environmental conditions, which is difficult to 

realize theoretically or experimentally, and the 

results thus obtained are highly consistent with the 

output characteristics of the fabricated product[2-4]. 

Nevertheless, existing studies have not taken into 

consideration the characteristics of the material, such 

as the core’s electrical conductivity, and did not 

comprise an analysis of the effect of the power 

supply, although the generation of electromagnetic 

force was expected.

Ferrite is mainly used for the fabrication of cores, 

but owing to its significant drawbacks, such as high 

brittleness and low strength when a change in the 

geometric form is required, studies have been 

conducted to investigate alternative materials[9]. If a 

different core material is used, it is necessary to 

investigate the effects of an eddy current by its 

electrical conductivity[10]. Furthermore, if the core is 

moved, an electromagnetic force is generated, which 

may adversely affect the measurement of LVDT[10]. 

This study presents a finite element analysis model 

that takes into consideration the output 

characteristics of an LVDT, and the model is 

validated by supplementing the theoretical solutions 

suggested in existing studies. Using the proposed 

model, we analyzed the changes in the sensitivity 

and the linear region according to changes in the 

process and material parameters and analyzed the 

electromagnetic force of the core according to the 

process parameters.

2. LVDT Modeling and Analysis

2.1 Theoretical Model

  As shown in Fig. 1(a), an LVDT consists of a 

primary coil, two secondary coils (secondary coils 1 

and 2, respectively) on the left and right sides, a 

core that moves along the axis from the core 

center, and a magnetic shell that wraps over the 

coils. In terms of the geometric parameters, the core 

(a) Sectional drawing

(b) Equivalent electrical circuit 

Fig. 1 Schematic model of LVDT
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radius is denoted by , length by , outer radius 

of the coil by , inner radius by  , primary coil 

width by , secondary coil width by  , gap 

between the coils by , length of the magnetic shell 

by , and inner and outer radii by  and , 

respectively.

  The LVDT can be simplified into an electrical 

model consisting of a power source, resistance, and 

coils, as shown in Fig. 1(b). Here,  represents a 

power supply that has a frequency  with a root 

mean square (rms) of ,  is the resistance of the 

primary coil,  is the self-inductance of the 

primary coil and core system (primary coil system), 

 is the current of the primary coil,  is the 

mutual inductance of the primary coil and secondary 

coil 1, and  is the mutual inductance of the 

primary coil and secondary coil 2.  is the overall 

inductance of the secondary coils,  is the overall 

resistance of the secondary coils, and  is the 

output voltage. 

  In Fig. 1(b), while assuming that the value of 

is negligible as compared to the load resistance of 

the output side, the output voltage can be expressed 

as follows[5]: 

  

 
 (1)

  If the mutual inductance of the primary coil and 

each secondary coil and the self-inductance of the 

primary coil system are induced, the output voltage 

can be calculated using Eq. (1). The mutual 

inductance can be obtained by determining the 

distribution of the magnetic flux leakage on the core 

surface across  and  and the total magnetic 

flux that passes through the secondary coil[7,8]. The 

self-inductance of the primary coil system can be 

determined using the relationship between the 

magnetic flux and inductance. In this method, the 

voltage induced in secondary coil 1 is obtained as 

follows.


 

 
 




ln

 


∙








(2)

where,  and  are the number of windings of 

the primary and secondary coils, respectively;  is 

the permeability of air; and  is the superimposed 

length of the core and secondary coil 1.  is the 

basic induced voltage, which can be calculated 

based on the value of   , and  is the 

mutual inductance of the primary coil with a core 

and the air-cored secondary coil without a core. The 

voltage induced in secondary coil 2 can also be 

calculated using the aforementioned method.

2.2 Finite Element Model and Analysis

  A finite element analysis model for simulating the 

characteristics of an LVDT is proposed with the use 

of the software FLUX[11] and is used to analyze the 

output voltage characteristics according to the 

process and material parameters.

  Fig. 3(a) presents the finite element division of 

the core and magnetic shell region. Based on the 

symmetry of the analyzed object, we set the 

analyzed region as one-fourth of the model. Fig. 

3(b) presents a finite element model that comprises 

non-meshed coils. Around the LVDT, we set an 

infinite cylinder having a diameter of 120 mm and 

length of 240 mm, which was the range determined 

to be unaffected by the magnetic flux and set the 

internal empty space as an air region. In the 

analysis region, we divided the core and the 

magnetic shell into 0.7-mm elements in the length 

direction from the edge, 0.4-mm elements in 

thecircumferential direction, and 0.25-mm elements
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(a) Core and magnetic shell     (b) With coils

Fig. 2 Solution domain of finite element model for 

LVDT analysis 

in the radial direction from the edge; the infinite 

cylinder was divided into 10-mm elements in the 

length direction from the edge and 10-mm elements 

in the circumferential direction, which resulted in 

approximately 70,000 tetrahedral elements. Table 1 

lists the default values and variable values of the 

process and the material parameters applied to the 

analysis of the LVDT characteristics. The analysis 

was performed by setting the design parameters 

consistently as shown in Table 2.

  To simulate the characteristics based on the core 

displacement, we analyzed the voltage value of each 

secondary coil while moving the core position from 

40mm to 40 mm at 1-mm intervals when the −

position of the center is 0.

Table 1 Process and material parameters for LVDT 

analysis

Parameter Value Variation 

Supply voltage(rms), V 5 4 ~ 12

Supply frequency, Hz 2,000 60 ~ 5,000

Relative permeability of core 5,000 1,000 ~ 20,000

Conductivity of core, S/m 8.33 8.33 ~ 6.67E6

Relative permeability of shell 5,000 5,000

Conductivity of shell, S/m 8.33 8.33

Table 2 Design parameters for LVDT analysis

Parameter Value

Coil width, mm 32

Inner radius of coil, mm 10.5

Outer radius of coil, mm 29.5

No. of coil turns 1,000

Radius of core, mm 10

Length of core, mm 70

Distance between coils, mm 2

Inner radius of shell, mm 30

Thickness of shell, mm 2

Length of shell, mm 100

3. Results and Discussion

  Fig. 3 presents the results of the theoretical 

analysis and the finite element analysis for the case 

wherein the power supply has a voltage of 5 V and 

frequency of 2,000 Hz, and the core’s relative 

permeability is 5,000 with non-conductivity. It 

shows the voltage and the differential voltage at 

secondary coils 1 and 2 at the same time according 

to the displacement of the core. The theoretical 

analysis was performed for up to a displacement of 

±19 mm, which was the maximum displacement that 

could be analyzed, and the finite element analysis

Fig. 3 Output voltages with changes of core 

displacement

- 14 -



의 출력 특성에 미치는 공정  재료 변수의 향에 한 유한요소해석 LVDT 한국기계가공학회지 제 권 제 호: 20 , 9

����������������������������������������������������������������������������������������������������������������

Fig. 4 Self-inductance of primary coil and core 

system and its increment with changes of 

core displacement 

was performed for up to ±40 mm. In the region 

wherein the displacement is small, the differential 

voltages appear linear, and the results of the finite 

element analysis and theoretical analysis are very 

similar.

  Fig. 4 presents the self-inductance of the primary 

coil system. It decreases as the displacement of the 

core increases, and its slope increase linearly in the 

negative direction. As shown in Eq. (2), the voltage 

induced in a secondary coil is caused by the 

increase in the mutual inductance and the decrease 

in the self-inductance, both of which are 

proportional to the square of the core displacement.

The output characteristics of the LVDT can be 

expressed using the relationship between the core 

displacement and output voltage. For this, we define 

the sensitivity and linear region. In the linear region

(±5 mm), we defined the output per unit distance 

as sensitivity. 

   

  
  (3)

  The linear region is defined as twice the core 

displacement, wherein the error rate between the 

output voltage and the linear slope line (percentage

(a) Conductivity

(b) Permeability

Fig. 5 Sensitivity and linear region with changes of 

material parameter

of the different between the output and linear value 

in the total output) is less than or equal to 1%.

 

∙

∙
×

Linear region, mm

 = 2×core displacement of 1% error rate          (4)

Here, the maximum core displacement = .

  Fig. 5(a) presents the sensitivity and the linear 

region of the LVDT according to the electrical 

conductivity of the core. When the conductivity 
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becomes greater than 10,000 S/m, the sensitivity 

decreases. At a conductivity of 6.67E+6 S/m, the 

sensitivity decreases by 2.3% when the supply 

frequency is 60 Hz and approximately 6% when the 

supply frequency is 2,000 Hz. The linear region 

exhibits slight changes, but no distinct trend is 

apparent.

  Fig. 5(b) presents the sensitivity and the linear 

region of the LVDT according to the relative 

permeability of the core. If the permeability 

decreases, the sensitivity decreases. In particular, this 

decrease is large when either the conductivity or 

supply frequency is high. When the permeability is 

1,000, if the conductivity is 6.67E+6 S/m and the 

supply frequency is 2,000 Hz, then the sensitivity 

decreases by 23% as compared to the peak. When 

the supply frequency is 60 Hz, the sensitivity 

decreases by 4.8%. When the sensitivity decreases, 

the linear region tends to change or expand slightly.

Fig. 6(a) presents the changes in the sensitivity and 

the linear region according to the frequency change 

of the power supply. When the electrical 

conductivity is small (8.33 S/m), the sensitivity 

exhibits almost no change. When the electrical 

conductivity is 6.67E+6 S/m, if the frequency 

increases to 1,000 Hz, the sensitivity decreases by 

up to 3.7%; above 1,000 Hz, the sensitivity does 

not change further. This implies that the decrease in 

the sensitivity owing to eddy currents reaches a 

limit at a high frequency. In the case of high 

conductivity, if the frequency decreases, then the 

linear region decreases slightly.

 Fig. 6(b) shows that, as the voltage increases, the 

sensitivity increases proportionally, but the size of 

the linear region remains constant. When the core’s 

conductivity is large, the sensitivity decreases 

slightly, and as the voltage increases, the sensitivity 

further decreases slightly. As the conductivity 

increases, the linear region increases slightly, but it 

shows no change when the voltage increases.

  Fig. 7 presents the Joule losses inside the core

(a) Frequency

(b) Voltage

Fig. 6 Sensitivity and linear region with changes of 

process parameter

according to the frequency and permeability changes. 

The lower the frequency and permeability, the larger 

the loss is. This indicates that the eddy current 

flowing in the core is large.

  Fig. 8(a) presents the current flowing in the 

primary coil when the supply voltage is 5 V, the 

core’s electrical conductivity is 6.67E+6 S/m, and 

the core’s relative permeability changes from 1,000 

to 20,000. As the permeability increases, the current 

flowing in the primary coil decreases. When the 

supply frequency is 2,000 Hz, it decreases from 4.7 

mA to 3.3 mA, which comprises a 29.5% reduction.
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Fig. 7 Joule losses with changes of core permeability 

and supply frequency

When the supply frequency is 60 Hz, it decreases 

by 6.4% from 117.2 mA to 109.7 mA. When the 

frequency is large, the current flowing in the 

primary coil is small, and it decreases further 

according to the increase in the permeability.

Fig. 8(b) presents the changes in the current of 

the primary coil according to the electrical 

conductivity when the supply voltage is 5 V and 

the core permeability is 5,000. As the electrical 

conductivity increases, the current flowing in the 

primary coil also increases. This is determined to be 

a result of reducing the self-inductance of the 

primary coil owing to the periodic changes in the 

eddy current. It decreases by approximately 9.6% 

from 3.58 mA to 3.23 mA in the case of 2,000 Hz 

when the conductivity decreases from 6.67E+6 S/m 

to 8.33 S/m, and it decreases by approximately 

3.9% from 112.1 mA to 107.7 mA in the case of 

60 Hz. When the frequency is high, the decrease in 

the current caused by the decrease in the 

conductivity is greater. This is owing to the high 

frequency of the eddy current, and it is the reason 

the decline in the sensitivity is greater.

  Fig. 9(a) presents the electromagnetic force 

according to the core displacement and the change 

in the voltage for a frequency of 2,000 Hz. It can

(a) Permeability

(b) Conductivity

Fig. 8 Current in primary coil with changes of 

material parameter

be observed that, as the voltage increases and the 

core displacement increases, the electromagnetic 

force acting in the opposite direction of the 

displacement increases. The increase in the 

electromagnetic force is greater than that in the 

voltage. When the displacement of the core is 0, 

the electromagnetic force is 0, but as the core 

displacement increases, the latter increases gradually, 

and as its behavior is similar to the increase rate of 

the self-inductance, it is proportional to the 

inductance increase rate.

  Fig. 9(b) presents the change in the electromagnetic
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(a) Voltage

(b) Frequency

Fig. 9 Electromagnetic force with changes of core 

displacement for process parameter

force of the core according to the frequency change 

and core displacement. When the frequency is low, 

the electromagnetic force is large. This is because, 

the lower the frequency is, the greater is the current 

flowing in the primary coil. As the frequency 

increases, the electromagnetic force decreases 

sharply. The analysis results obtained on considering 

the core’s permeability change and resistance change 

are similar to the results presented in Fig. 9. It is 

determined that the current change of the primary 

coil occurs owing to the change in the material 

used; however, the inductance characteristics also 

change, which offsets the effect on the 

electromagnetic force.

4. Conclusion

We proposed a finite element analysis model for 

analyzing the output characteristics of an LVDT 

according to the process and material parameters. 

Based on the analysis thus performed, we derived 

the following conclusions.

1. When the core’s electrical conductivity is not 

taken into consideration, the finite element 

analysis results are similar to the theoretical 

analysis results, which verifies the validity of the 

proposed analysis model.

2. The voltage induced in a secondary coil is 

determined by the increase in the mutual 

inductance and the decrease in the 

self-inductance, both of which are proportional to 

the square of the core displacement.

3. When the core’s electrical conductivity is greater 

than or equal to 10,000 S/m or the relative 

permeability is less than or equal to 10,000, the 

sensitivity decreases. Furthermore, when the 

electrical conductivity increases further or the 

permeability decreases further, the decrease in the 

sensitivity is greater. Here, if the frequency 

increases, the decrease in the sensitivity is even 

greater.

4. As the supply voltage increases, the sensitivity 

increases, and when the electrical conductivity is 

high, the rate of increase in sensitivity is 

reduced.

5. When the supply frequency increases, the core’s 

eddy current has a relatively greater impact on 

the current of the primary coil.

6. The electromagnetic force applied to the core 

increases parabolically as the voltage increases, 

the frequency decreases, and core displacement 

increases.
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