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Eddy current (EC) sensor works based on the electromagnetic induction principle and has been widely applied

in the industrial testing and evaluation due to its robustness and environmental adaptability. Meanwhile, tilt

angle measurement is mainly based on the laser or visual method, which is strict with the measurement

environment and not suitable for the industrial applications. In this paper, a novel tilt angle measurement

method based on arrayed EC sensors is proposed. Both the simulation and experiments indicate that the

measured error is approximately linear with tilt angle and the accuracy after compensation is 0.25o. In

conclusion, this research cannot only broaden the scope of EC application, but also overcome the shortcomings

of existing angle measurement methods.
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1. Introduction

Eddy current (EC) sensor is working based on the

electromagnetic induction principle and now has been

widely applied in the field of displacement measurement

[1-3], defect detection [4-6], electric conductivity mea-

surement and many other fields [7-9], owing to its non-

contact, no pollution, high sensitivity and robustness. 

Although the EC sensors have many applications, the

related research associated with tilt angle is still few. So

the tilt angle measurement based on arrayed EC sensors

may be very meaningful. At present, the tilt angle mea-

surement is mostly through the visual and laser methods

[10, 11], which are very strict with the measurement

environment, which means these methods are not suitable

for the industrial environment. However, the EC sensor is

very suitable for industrial measurement, owning to its

strong environmental adaptability. Hence, the combination

of tilt angle measurement and EC testing may be interest-

ing, which not only makes up for the shortcomings of the

existing methods, but also broadens the scope of the EC

applications.

In this paper, a novel application based on the EC

method is proposed. In order to testify its feasibility, the

simulation and experiments are carried out. According to

the results, there is an approximately linear relationship

between average measured error and tilt angle of the

tested plate. After compensation, the largest error is 0.25o.

2. Theoretical Analysis Model

Three eddy current (EC) sensors were chosen to mea-

sure the tilt angle of inclined plate, the reason is that at

least three points are needed to determine a plane. But,

the magnetic coupling interference among the arrayed EC

sensors must be taken into account when multiple EC

sensors were working together.

It is obvious that the spacing between sensors has impact

on the coupling interference and affects the measured

result. When the spacing is equal to or larger than the

coil’s diameter, each sensor’s output characteristics would

not be affected [12]. So the spacing between sensors is set

as the coil’s diameter, by this means, the magnetic

coupling interference could be neglected. The theoretical

analysis model is shown as Fig. 1. 

Where the point A, B, C represents the EC sensor and

the point A’, B’, C’ stands for the measured point on the

tested plate. The two planes (ABC and A’B’C’) represent

the reference plane and tested surface, respectively. And

the vector z’ and n stands for the normal vector of the two

planes, respectively. Thus, the tilt angle of inclined plate

will be equal to the angle between the two vectors, which
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could be obtained by the vector operations and inverse

trigonometric function calculations.

3. Simulation Analysis

All the finite element method (FEM) simulation analyses

are carried out through the ANSYS Maxwell, which is an

electromagnetic simulation software. The material of coil

and tested plate is set as copper and aluminum, respec-

tively. The inner, outer diameter and thickness of coil is

15, 20 and 3 mm. The tested plate is a flat sample with

diameter 120 mm and thickness 10 mm. Distribution of

the three coils is an equilateral triangle and the side length

is equal to outer diameter 20 mm. Excitation frequency is

set as 10 kHz and the solution region is 300 %. Moreover,

the mesh operation for the three coils and measured plate

is set as inside subdivision and skin depth subdivision,

respectively. Besides, the whole solution type should be

selected for Eddy Current. The simulation model is

shown as Fig. 2.

Due to the impact of tilt angle on EC displacement

measurement [13], the measured error cannot be ignored.

So, there must be a corresponding relationship between

the final measured value and the tilt angle of inclined

plate. In the simulation, the tilt angle of inclined plate is

set from 0.5° to 10° and the interval is 0.5°. In order to

make this research more sense, the operations were re-

peated three times under each condition. And the differ-

ence of measured values is very small. So, the average

value of different measured error under certain tilt angle

will be taken as the final measured error. The relationship

between tilt angle and average measured error is shown as

Fig. 3.

It can be discovered that the average measured error is

approximately linear with the tilt angle of inclined plate,

Fig. 1. The theoretical analysis model.

Fig. 2. (Color online) The established simulation model.

Fig. 3. (Color online) The relation between tilt angle and aver-

age error by simulation.

Fig. 4. (Color online) The measured error before and after

compensation by simulation.
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which means the measured error could be compensated

well by the linear compensation. In Fig. 3, the fitting

linear function is as follows:

f (x) = 0.3556*x + 0.01555  (1)

Where, the independent variable x represents the tilt angle

of inclined plate and the dependent variable f (x) stands

for the average measured error. The sum of squares due to

error (SSE) is 0.0712 and the coefficient of determination

(R2) is 0.9966. 

Through the simulation, the measured error before and

after compensation is shown in Fig. 4. It is shown that the

largest error after compensation is 0.12°, which means the

linear compensation could provide a good compensation

accuracy.

4. Experimental Analysis

The above simulation analysis has revealed the linear

relationship between the average measured error and tilt

angle. In order to testify its correctness, multiple groups

of experiments have been performed. The Japan KEYENCE

EC sensor is selected, 6061 aluminium alloy plate is

selected as the tested plate and the tiny displacement plat-

form with dial indicator is selected as the experimental

platform. Moreover, the platform has a rotation axis to

rotate the tested plate. And the targeted tilt angle is

obtained though a digital protractor, whose resolution is

0.1°. The experimental setup is shown as Fig. 5.

Same as the theoretical analysis model, the arrayed EC

sensors are arranged as Fig. 6. The rotation axis of the

platform is shown in Fig. 7. Based on the digital pro-

tractor, any fixed tilt angle can be set by rotating the

rotation axis of the platform. And the operation process is

as follows: set the bench surface as reference (0°),

measure tilt angle of tested plate, modify and tightly lock

the plate, which is shown in Fig. 8.

Similar to the simulation, the tilt angle of inclined plate

varies from 1° to 9° and the interval is 1°. In order to test

the repeatability, five different groups of experiments are

carried out under each condition. The average measured

Fig. 5. (Color online) The whole experimental setup.

Fig. 6. (Color online) The arrayed EC sensors.

Fig. 7. (Color online) The rotation axis.
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error of five groups is regarded as the final measured

error. Furthermore, the relationship between average

measurement error and tilt angle of inclined plate is

shown as Fig. 9.

It is found that the average measurement error is indeed

linear with tilt angle, which verifies the correctness of

simulation analysis. The fitting function is as follows:

f (x) = 0.3709*x − 0.2981 (2)

Where, the variable x represents tilt angle of inclined plate

and the variable f (x) stands for the average measurement

error. The sum of squares due to error (SSE) is 0.1351

and the coefficient of determination (R2) is 0.9839. 

The measurement error before and after linear compen-

sation is shown in Fig. 10. By the experiment, it is shown

that the largest measured error after compensation is

0.25°. So, the simulation and experiment analyses are

consistent and confirmed by each other.

5. Results and Discussion

In this paper, the tilt angle measurement based on

arrayed EC sensors has been analyzed. Supported by the

careful experimental evidences, it can be found that the

proposed method to measure tilt angle is feasible and

repeatable. Based on several groups of experiments, the

average measured error is approximately linear with the

tilt angle, shown as the Fig. 9. Moreover, the largest

measured error is 0.25° after compensation, shown as the

Fig. 10.

This research combines the tilt angle measurement with

EC testing, which can not only broaden the scope of EC

applications, but also overcomes the problem of existing

methods (not suitable for the industrial environment).

However, much work should be done to further

optimize the proposed application. In this paper, to avoid

the magnetic coupling interference, the spacing between

sensors is set as the coil’s outer diameter. This way will

lead to a slightly larger size of the measuring device.

Thus, our future work will be focused on the miniaturi-

zation.
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