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Abstract


The well installed status of raft vibration isolation is undoubtedly of great significance in marine engineering, especially for submarines. To achieve this, the accurate measurement of the installation space of the vibration isolation is necessary. The traditional measuring technique has many drawbacks. Therefore, simultaneously measuring the multi-point spacing with high precision between two metal surfaces is the focus of this work. Based on eddy current sensing principle, a multi-point spacing measuring system with a simple structure and good measurement accuracy has been developed and reported. The system includes a sensor array component, an integrated controlling component, and a calibration platform. The measured data from multiple points are obtained at the same time through the sensor array and are uploaded to the host computer and a corresponding LabVIEW program was exploited to display, process, and store the spacing results. Furthermore, the least square algorithm has been employed to calculate the flatness of the measured metal surfaces, and the GUM (guide to the expression of uncertainty in measurement) method has been applied to evaluate the flatness error uncertainty. The experimental tests show that each measuring duration only lasts for seconds to get results and the error uncertainty of the measured surface flatness could reduce to less than 1.0  μ m. The developed measuring system has better efficiency and higher precision compared to traditionally manual operations. The measuring and analysis method could also be applied to other related situations.
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1. Introduction


In marine engineering, floating raft systems are widely used in kinds of ships, warships, submarines and other related structures, equipment, and facilities [1]. Usually, vibration isolators are installed to collect the raft system and base. On the one hand, they could protect the machines and devices installed on the rafts from sudden external shocks under certain circumstances. On the other hand, and more importantly, the floating raft is a key technique for vibration and noise control.



The vibration and noise control are vital for submarines. Normally, a submarine has a circle hull and a relatively long body and the raft system is installed inside compactly. Figure 1 gives a schematic diagram of a floating raft system installed in a submarine [1]. Many vibration isolators are needed between the floating raft structures and supporting base in all directions, along with the hull circle. There are kinds of vibration isolator types, like airbags, also known as gasbags, which are commonly employed due to their large bearing capacity and good vibration isolation performance [2]. As technology advances, especially at present when anti-submarine technology keeps improving, the underwater quieting performance of submarines has been unprecedentedly challenging [3]. Therefore, any aspects negatively affecting the concealment ability should be considered and avoided.



Many factors show a great impact on the vibration and noise control performance, such as the isolator type and its installed station. The good installation status of floating raft isolation systems is very important in reducing vibrations and noises which would affect, both directly and prominently, the overall performance. Figure 2 gives an installation schematic diagram of a vibration isolator in the horizontal direction. In the installation area, two metal plates, i.e., the upper backing plate and the lower backing plate in the schematic, are fine machined. This helps get a relatively correct distance between the two plates. For the installing process of big vibration isolators, ideally, it is best to make the vibration isolator height exactly equal to the distance between the base and the surface to be supported. However, the isolators usually could not match the spacing between the base and the distance. When there is a difference between the isolator height and the distance, it is necessary to install adjusting shims [4], which means the sizes of the shims need be obtained. The common way to ascertain the thickness of the shim for the isolator is to manually measure the spacing between the mounting surfaces and then subtract the isolator height. Since the isolator height is usually known, the mounting space needs to be measured.



The traditional technique of measuring the installation space is to use tools like micrometers and vernier calipers, which have many drawbacks. When measuring, operators usually use a vernier caliper, setting it vertical to the mounting plates and ensuring the two measuring jaws are in contact with the two surfaces. The displacement could then be read and recorded. And the basic dimensions of the shims could be obtained. Afterwards, an initial shim would be manufactured for preinstallation. And the shim will be adjusted several times until a satisfying shim shape is reached. Many problems may show up in the manual measuring processes. Firstly, the measurement accuracy cannot be guaranteed, so that the adjustment shims may be made with large errors, which affects the installation of the rafts and equipment. Secondly, since there are only a few sampling points available during the measurement for adjustment shims, the reconstruction of shim mounting surface is only usually determined by three measured points. In this case, the mounting surfaces of the shims and the rafts may not be in contact effectively. As a result, vibrations and noises could occur and the wear of the shim surfaces may speed up. On the other hand, due to limited operation and installation room, the labor intensity of workers is high and the working efficiency is low. Practice shows it may take minutes for just one single measured point. Furthermore, human mistakes would happen easily. In summary, many problems exist in the present traditional measuring and installing technique. In order to improve the quality and efficiency of vibration isolation installation, the research and development of a fast and accurate measurement system is extremely urgent and of great importance.



As an important indicator for evaluating the planeness quality of the parts [5,6], surface flatness is also significant, in this work, in the vibration isolation performance. In practice, it is necessary to judge whether the manufactured quality of the backing plates is satisfied (see Figure 2). Through multi-point displacement measurements, it is feasible, in some way, to characterize the flatness of a surface. Up until now, the main planeness measuring instruments have included autocollimators [7,8], white light interferometers [9] and the clearance method [10]. CMMs (coordinate measuring machines) are often used to measure large movable planes [11]. Another flatness measuring method is to use a CCD (charge coupled device) camera as a data acquisition instrument and to process the acquired image data to obtain the flatness. The data processing process is relatively complex [12]. Furthermore, an instrument developed based on the laser ranging method [13] is also an option. It generates three-dimensional coordinate information by acquiring a large number of point cloud data [14], and then the error value could be obtained according to a reasonable flatness calculation algorithm [15]. The accuracy of this method is high and the measured data are reliable, whereas the cost is high [16]. These existing measuring instruments and techniques are mainly employed to measure the planeness of a single surface at one time.



Based on the backgrounds mentioned above, in this work, a measuring system was developed for a certain isolator on the basis of high-precision eddy current displacement sensors in order to efficiently obtain the distances at multiple points simultaneously between two metal plates. A matched LABVIEW (Laboratory Virtual Instrumentation Engineering Workbench, National Instruments, NI) program was also exploited for data processing, showing, and analysis. The measured spacing results could be used for calculating the flatness of the metal plates through related data processing. And the system is proven to be valid and it could work efficiently.



The rest of this paper is structured as follows. Section 2 gives the related theories including the measurement principle. Section 3 reports the developed system. The measured results are obtained through experimental tests and discussed in Section 4, followed by the conclusions in Section 5.




2. Theories and Methods


2.1. Sensor Type and Measurement Principle


Displacement measuring methods could be categorized into contact and non-contact types based on whether the measuring probe is in touch with the object to be measured or not. The non-contact type has a wide range of applications due to its many advantages. For example, there is no disturbing or destruction of the object nor the measuring instruments.



There are several types of non-contact displacement sensors and Table 1 lists those that are commonly applied. Each type of sensor has its own advantages and disadvantages. For example, the laser displacement sensor has high measurement accuracy and range, while it demands certainenvironmental conditions. Through comprehensive comparisons, the eddy current displacement sensor is employed in this work with regard to the actual operation conditions.



Figure 3 gives a measurement schematic of an eddy current sensor. Based on the electric eddy current effect [23], the sensor could accurately detect the distance between the measured body, namely the target in the schematic, which must be a metallic conductor, and the coil in a probe through the change in electrical signal in the circuits. This method has the advantages of high sensitivity, strong anti-interference ability, non-contact measurement, fast response speed, and being free from oil and water and other factors [18,24,25].



One sensor could measure the displacement to a metal surface on one side. The measuring range is limited. In order to measure the spacing between two surfaces, two opposite sensors could be used. Figure 4 gives the measuring principle for the displacement between two sides, i.e., H. For probe 1, the distance to the surface at side 1, namely   h 1  , as shown in the diagram, could be acquired. And, in a similar way, the   h 2   could also be measured. As long as the distance between the two oppositely installed probes, i.e.,   h 3  , is known, the final spacing H could be given by   H =  h 1  +  h 2  +  h 3   .



It is worth noting that, in order to gain the H, a standard platform with a similar structure and known accurate spacing must be prepared. This is the calibration station that is discussed later. What is more, the measured result is highly relevant to the metal material. A fixed distance to different metals will be measured to vary greatly. Therefore, the eddy current sensor itself must be calibrated. If the metals are different, the calibration process of the corresponding sensors should be based on the specified material.



The measuring range of this method is double the single-side measuring and it is applied in this work due to the range requirements and other considerations.



For measured a big area, several groups of sensors would be arranged. One group refers to two oppositely installed sensors. The distance between every two groups should be paid attention to. It cannot be too small so as to avoid the eddy interactions of two adjacent eddy current sensors.




2.2. Planeness Error Evaluation Model


It is possible to calculate the flatness of a metal surface if the multi-point spacing to a certain ideal plane is obtained. The planeness error refers to the variation of the measured actual surface relative to the ideal plane. The key to error evaluation is to find the ideal plane with the minimum condition [26,27]. Let the ideal plane equation be as follows:


  z = a x + b y + c  



(1)







The least square method is used in this work to evaluate the planeness of the measured surface, and the error function is constructed from the set ideal plane equation:


  S = ∑   a  x i  + b  y i  + c − z  2   



(2)







In order to minimize the value of S, which is the distance from each point to the plane, it should be satisfied that    ∂ S   ∂ a   ,    ∂ S   ∂ b   , and    ∂ S   ∂ c    are all 0. Then, we can obtain the following:


      ∑ 2  a  x i  + b  y i  + c −  z i    x i  = 0       ∑ 2  a  x i  + b  y i  + c −  z i    y i  = 0       ∑ 2  a  x i  + b  y i  + c −  z i   = 0      



(3)







In the equations, i means the serial number of the measuring point. Arrange these equations, then obtain the following:


      a ∑  x  i 2   + b ∑   x i   y i   + c ∑  x i  = ∑   z i   x i         a ∑   x i   y i   + b ∑  y i 2  + c ∑  y i  = ∑   z i   y i         a ∑  x i  + b ∑  y i  + c n = ∑  z i       



(4)







Change the equation into the matrix form:


       ∑  x  i  2      ∑  x i   y i      ∑  x i        ∑  x i   y i      ∑  y  i  2      ∑  y i        ∑  x i      ∑  y i     n     *     a     b     c     =      ∑  z i   x i        ∑  z i   y i        ∑  z i        



(5)







Bring the x, y, and z values of each measuring point into the matrix equation and then the equation coefficients, a, b, and c, could be obtained as well as the plane equation. The distance from each measuring point to the fitting plane, i.e.,   d i  , is given by


   d i  =   z − a  x i  − b  y i  − c     a 2  +  b 2  + 1     



(6)







Set the point    P  m a x    (  x M  ,  y M  ,  z M  )    as the maximum deviation from each measuring point to the least square plane, and the    P  m i n    (  x L  ,  y L  ,  z L  )    minimum deviation from each measuring point to the least square plane. Then, the planeness could be calculated by


  f =   (  d i  )   m a x   −   (  d i  )   m i n   =    (  z M  −  z L  )  − a  (  x M  −  x L  )  − b  (  y M  −  y L  )      a 2  +  b 2  + 1     



(7)







The above equations calculating the surface planeness are commonly used in many previous works, like in reference [27].




2.3. Analysis of Planeness Measurement Uncertainty Based on GUM


For the sake of judging the flatness results objectively and reasonably, the most widely used uncertainty evaluation method at present [28,29], namely the GUM (guide to the expression of uncertainty in measurement) is adopted to analyze the measurement uncertainty. Firstly, the measurement method and measurement device parameters need to be defined. Then, a mathematical model would be established and the uncertainty components will be introduced separately, calculated, and synthesized together. And, finally, the uncertainty results could be acquired [30]. According to the planeness calculated using the equation described above, the transfer coefficients of each parameter are listed as follows:


        ∂ f   ∂  x M    =   − a     a 2  +  b 2  + 1            ∂ f   ∂  x L    =  a    a 2  +  b 2  + 1         



(8)






        ∂ f   ∂  y M    =   − b     a 2  +  b 2  + 1            ∂ f   ∂  y L    =  b    a 2  +  b 2  + 1         



(9)






        ∂ f   ∂  z M    =  1    a 2  +  b 2  + 1            ∂ f   ∂  z L    =   − 1     a 2  +  b 2  + 1         



(10)






        ∂ f   ∂ a   =     x L  −  x M      a 2  +  b 2  + 1    −   a [  z M  −  z L  − a  (  x M  −  x L  )  − b  (  y M  −  y L  )  ]    (  a 2  +  b 2  + 1 )   3 2             ∂ f   ∂ b   =     y L  −  y M      a 2  +  b 2  + 1    −   b [  z M  −  z L  − a  (  x M  −  x L  )  − b  (  y M  −  y L  )  ]    (  a 2  +  b 2  + 1 )   3 2          



(11)







Analyze the uncertainty of each parameter. Assume that the uncertainty of a single measuring point is   u 0  , and the measured plane is parallel to the   x o y   plane. Therefore, the uncertainty of z is the main uncertainty factor of a single measuring point, and the uncertainty is as follows:


  μ  (  Z M  )  = μ  (  Z L  )  =  μ 0   



(12)







The uncertainty of coefficients a and b are calculated as follows:


  S =     n    ∑  x i      ∑  x i        ∑  x i      ∑  x i 2      ∑   x i   y i         ∑  y i      ∑   x i   y i       ∑  y i 2        



(13)







To simplify the equation representation, make the setups   p = ∑  x i  , q = ∑  y i  , μ = ∑  x i 2  ,    v = ∑  y i 2  , w = ∑   x i   y i    . Then, S is expressed as follows:   S = n μ v + 2 p q w −  q 2  μ −  p 2  v − n  w 2   . The expressions of a and b are given, respectively, by


  a =    ( w q − p v )  ∑  z i   S  +    ( n v −  q 2  )  ∑   x i   z i   −  ( p q − n w )  ∑   y i   z i    S   



(14)






  b =    ( p w − q u )  ∑  z i   S  +    ( p q − n w )  ∑   x i   z i   −  ( n u −  p 2  )  ∑   y i   z i    S   



(15)







Then, the measurement uncertainties of a and b are, respectively, followed by


  u  ( a )  =    u 0   ∑  i = 1  n    (   ∂ a   ∂  z i    )  2    =    ( w q − p v )  +  ( n u −  q 2  )  p +  ( p q − n w )  q  S  ·  u 0   



(16)






  u  ( b )  =    u 0   ∑  i = 1  n    (   ∂ b   ∂  z i    )  2    =    ( p w − q u )  +  ( p q − n w )  p +  ( n u −  p 2  )  q  S  ·  u 0   



(17)







Finally, the synthetic measurement uncertainty of the flatness could be described by


   u f  =     [   ∂ f   ∂  Z M    u  (  Z M  )  ]  2  +   [   ∂ f   ∂  Z L    u  (  Z L  )  ]  2  +   [   ∂ f   ∂ a   u  ( a )  ]  2  +   [   ∂ f   ∂ b   u  ( b )  ]  2     



(18)









3. Design and Development of the Measuring System


Measuring the spacing between metal surfaces is the main function of the sensing system introduced in the present work. The system includes hardware and the matched software. The overall framework of the system is shown in Figure 5. The eddy current displacement sensor device transmits the collected displacement data to the upper computer software for processing, showing, and preservation. The software interface would display the distance between the sensors and the metal surface, the spacing between the two metal surfaces at each measuring point, and the flatness of the metal surface to be measured.



3.1. Hardware Design of the System


According to the measuring principle, the size of vibration isolators, and the practical application demand, we designed and developed the measuring system, including a sensor array component and an integrated controlling component. The sensor array component mainly contains multiple sensors and a mounting frame. And the controlling component is composed of other related parts.



For the sensor array component, the ML33-25-00-02 eddy current displacement sensor, produced by China MIRAN Technology (Shenzhen Miran Technology Co., Ltd., Shenzhen, China), has been chosen. This type has a measurement range of 20 mm, a resolution of 1.0  μ m, and a signal output using the RS485 communication mode (see Table 2). Figure 6 gives a photograph of the eddy current sensor. The probe is for detecting displacement. The preprocessor is the signal processing center of the whole sensor system. On the one hand, the preprocessor would provide a high-frequency AC excitation current to the probe coil and make the probe work. On the other hand, through a special circuit, the preprocessor could sense the gap between the probe and the metal conductor to be measured. After processing, the electric output signal will be outputted, which changes linearly with the gap.



Since the installation size of the vibration isolators is about 600 × 600 × 300 mm, 11 groups of sensors in total are set with a staggered layout, and the distance between each of them is at least 100 mm, which could avoid the cross interference on electromagnetism from the adjacent probe. Furthermore, based on the considerations of installation space and the probe size, the main dimensions of the frame are designed as 550 × 450 × 215 mm. The supporting frame for the sensors should have reliable stiffness and stability to guarantee the measured results. Moreover, it should be lightweight; only in this way can it be handled easily and conveniently. Consequently, unlike a traditional assembly, one-piece 3D printing technology was employed to make the mounting bracket by using non-metallic polymeric materials. To be specific, nylon plastic is applied. Figure 7a gives the structure model of the component in which a mounting frame accounts for the main part.



Advanced computer aided technology has been applied in developing the mounting frame. In order to make sure the light-weighted frame structure has good rigidity and little deformation, finite element analysis has been employed to explore the deformation situation under different loaded conditions. The simulations have been carried out using commercial software package ANSYS 2022 Release 1.0. Following the normal analysis work flow, the geometry model is designed first and then imported into the computing platform. Since the frame is small and the structure is not complex, there is no need for great computing power and the free meshing method is employed. Control the maximum element size, then the model is meshed, as shown in Figure 7b, which was experienced through a grid independence check. The boundary conditions are loaded including all the probe weights and the frame gravity for simplification. The four corners near the bolt holes are set with fixed condition, since they would be locked by bolts in the real installed status. Figure 7c,d display the frame at horizontal and vertical positions, respectively. It could be found that the deformations are as expected. The maximum is acceptable (less than 0.01 mm), indicating that the designed frame, which is lower than 5 kg, could be used. Furthermore, in the latter formal measuring process, with the help of a standard calibration platform, the error resulting from the deformation could be rectified.



As a consequence, the frame has advantages in mechanical performance, like a good rigidity and light weight, fulfilling the demands for application.



The integrated controlling component stays in protective housing and is composed of the upper computer, the RS485/RS232 converter, the proximitors for each eddy current probe, and the power supply and display module. The upper computer adopts the RS232 communication mode. Through the RS232 to 485/422 passive bidirectional converter UTEK UT-217E (China UTEK technology, UOTEK), data transmission is realized between the sensor and the upper computer. The sensing and controlling components, which are shown, respectively, in Figure 8a,b, are collected and communicated with armoring wires.




3.2. System Calibration Platform


A calibration platform has been designed and manufactured to obtain the distance between the two sensors of each group. The platform shown in Figure 9 is made up of two standard metal plates. They are connected by long bolts. The spacing and parallelism between the fixed panels could be adjusted by the nuts and finally fixed. The plates are thick enough and have high structural stiffness. Accurate abrasive machining has been used to grind the working surfaces of the plates, resulting in a flatness of no more than 5  μ m. As with the measuring principle, for each group, the distance between two sensors is the difference value between the spacing of two plates and the measured displacements of the two sensors.



It should be noted that the probe itself must have been calibrated on the same material of the measured surface.




3.3. Software Design and Data Algorithm


3.3.1. Measuring System Software


The upper computer software is programmed using LabVIEW R2015. The program has the functions of data acquisition, data processing, visual display, and storage. It includes four modules, i.e., self-check, calibration, measurement, and data analysis. Their main functions are briefly introduced as follows:



(1) Self-inspection module: to check whether the connection between each sensor and the upper computer is successfully established.



(2) Calibration module: to obtain the distance between each group of sensor probes.



(3) Measurement module: to get the distance from each sensor probe to the measured surfaces, and calculate the distance between the two surfaces at each measuring point.



(4) Data analysis module: to display the distribution coordinates of each measuring point, process the obtained data, and calculate the flatness of the tested surface.



The measurement processing workflow diagram is shown in Figure 10.




3.3.2. Self-Inspection and Calibration Module


The serial port control is configured using VISA (Virtual Instrument Software Architecture) in LabVIEW to read the address information of each sensor, so that its proximitor can successfully establish a connection with the computer, and the upper computer can read and analyze the measured data. After beginning, display the self-inspection progress bar via a control. If there is a sensor connection failure, display its number and report. Then, fix it until the self-inspection can complete normally and successfully. The purpose of the calibration module is to obtain the distance between each group of sensor probes. When the sensor array device is placed in the calibration platform, the measured displacement from the sensor probe to the calibrating metal plate will be transmitted to the program for analysis. Following the measuring principle, the known distance   H ′   between the calibration plates is read, and the measured values of each sensor could be gained. Set the distance from the sensor probe 1 to the calibration metal panel 1 as     h 1   ′  , and the distance from the other sensor probe to the metal panel 2 as     h 2   ′  . Then, the displacement h for a group of probes would be obtained, namely   h =  H 1  −    h 1   ′  −    h 2   ′   . After calibration, all the displacements at each group will be stored and saved.




3.3.3. Data Collection and Storage Module


The calibrated system could be used to measure the spacing between two parallel metal surfaces at multi-points. The metal surface must have the same material as the calibration platform and must also meet other requirements like surface roughness, area, and measuring range. A similar platform has been manufactured for experimental tests, which is shown in Figure 11. In the measuring process, the eddy current sensor array gets the displacements, and RS485 communication is employed. The upper computer analyzes the collected data according to the standard Modbus protocol. The distance h between each group of sensor probes is known based on the calibration process. Measure the distance from the sensor probe to the metal plate on one side as   h 1  , and the distance from the other sensor probe to the surface on the other side as   h 2  . Finally, the distance between the plates at the measured point can be obtained as   H = h +  h 1  +  h 2   .




3.3.4. Data Analysis Module


With respect to the foregoing introduction of the well-manufactured calibration platform with high precision, it is assumed that the platform is standard and has two parallel and base planes in this work. As a consequence, data analysis could be carried out. Firstly, the displacement data obtained using the sensors are from multiple points, therefore these data need to be unified into a coordinate system during processing. After measurement, the distances between the sensors and the measured metal surfaces could be acquired. And the distance between the sensors and the standard plates of the platform have been obtained during the calibration process.



Set a coordinate system to obtain the three-dimensional coordinates of the measuring points of each sensor group. For example, set the lower surface of the calibration platform as the z-axis origin, and the no. 6 sensor group (at the center of the plate) as the x-axis and y-axis origin. Then, calculate the flatness of the measured surfaces. Quite a few theories are suitable, in which the least square method [31,32] is commonly used. Based on the three-dimensional coordinates of each measuring point, firstly solve the linear equation using the matrix method and get an ideal plane equation; and, finally, calculate the distance between each measuring point and the ideal plane. The maximum distance would be defined as the flatness of the measured surface.






4. Results and Discussions


4.1. Data Acquisition


Before starting the measurement, checking the sensor array is strongly recommended, which usually includes the connection between the probes and the mounting frame, the measuring range, and the installed attitude of the sensors. Following the flow diagram of the measuring process (see Figure 10), put the sensor array at the calibration platform to obtain the distances between sensors at each group. All data would then be stored. Secondly, move the measuring device to the test platform carefully, avoiding bumps, because any change, especially on the sensors, will possibly alter the measurement results during calibration. Finally, start the formal measuring until all the results are acquired and saved. Several tests are carried out and the data are averaged, which helps in reducing unnecessary errors.



The platform, which can be seen in Figure 11, is also designed and assembled with a gap of 260 mm. The calibration and measuring results of the sensor groups are settled and given in Table 3. It took about 5 s to get each measured result during the measuring process, showing increased speed compared to the traditional manual measuring technique.



Since the two opposite sensors are set as a group, take the z-axis as the vertical direction for both the upper and lower surfaces, then the direction of the x-axis and y-axis coordinates of the measuring points are the same. The z-axis coordinate values of each measuring point are calculated. The three-dimensional coordinate values are shown in Table 4. Substitute the data into the equations introduced before, and the flatness of the upper and lower metal surfaces could be calculated as 0.1621 mm and 0.155 mm, respectively, in which the process has been omitted since it was just calculated.




4.2. Measurement Error Analysis


Any measuring system will have its own error. In a measuring process, some measurement errors come from multiple aspects, including operations, external environment, the measuring device itself, and other factors [33,34], thus finally affecting the measurement accuracy. Therefore, it is significant to examine the measurement error helping in determining the confidence level. In this work, the designed surface spacing and flatness measurement scheme would have certain errors from the data acquisition device, mechanical processing and assembly, data processing scheme, and error evaluation algorithm.



The main errors are listed in Table 5. The eddy current displacement sensor used has a range of 20 mm, a resolution of 1.0  μ m, and a linear error of ±1% FS (see Table 2). The standard metal plates of the calibration platform are finely manufactured using abrasive machining with a flatness of ±0.005 mm. During installation, the two plates of the calibration platform are connected by long bolts, fixed by gaskets and nuts, and the spacing can be manually adjusted. The assembly error is also evaluated.



Based on the GUM method for flatness uncertainty analysis, the uncertainty of a single point measurement is   u 0  , and its uncertainty is mainly composed of the following aspects:



(1)   u  e v    from the environment.



During the experiment, the laboratory is kept dry and at a constant temperature, so the uncertainty caused by the humidity and temperature of the environment is negligible. The value    u  e v   = 0   is considered in further calculations.



(2)   u  r e s    due to the sensor resolution.



Based on the performance of the eddy current displacement sensors employed in this work, a resolution of 1.0  μ m could be obtained, resulting in an uncertainty of   u  r e v    = 0.29  μ m through the calculation.



(3)   u  r e p    resulted from the repeatability measurement.



Under the same conditions, the Class A uncertainty evaluation method [35] could be adopted for the uncertainty of repeated measurements at the same measuring point. The uncertainty caused by repetitive measurement is prominently caused by the data in the z-axis. We could randomly choose several measuring points for repeated measurement, and then the repeatability error could be calculated according to the Bessel formula [36]. For the sake of conservation, the maximum error value is selected as the uncertainty caused by repetitive measurement and set to   u 0  . The uncertainty derived from the Bessel formulais given by


   u i  =     ∑  j = 1  n    (  Z j  −  Z ¯  )  2    n ( n − 1 )     



(19)




where   u i   is the uncertainty of the five repeated measurements at the point i, n is the number of repeated measurements, and z is the averaged value of the five measurement results.



In this work, measuring points 3, 5, and 9 are selected for five repeated measurements. The measured data are shown in Table 6.



Taking the data in the table into Equation (19), we can obtain    u 3  = 0.5099     μ  m,    u 5  = 0.5831     μ  m, and    u 9  = 0.3742     μ  m. Then, summing up, the    u  r e p   = 0.5831     μ  m is obtained. As a consequence, the uncertainty of a single point measurement could be received as


   u 0  =   (    u  e v    2  +    u  r e s    2  +    u  r e p    2  )   = 0.6512   μ m .  











Finally, bring the coordinate values of the measuring points in Table 4 into the equations from Equations (8)–(18), and the measured data can be obtained from the planeness measuring device. The planeness can be calculated using the least square method, and the uncertainty evaluated using GUM could be obtained as    u f  = 0.9209    μ m, which could meet the expected requirements.





5. Conclusions


The traditional way of measuring the installation space of the vibration isolation for raft structures has many problems, like low accuracy, large measurement error, and tedious multi-point measurement steps. This work tries to achieve the fast and accurate measurement of the installation space. The spacing measurement between two parallel metal surfaces was concentrated. A measuring system composed of multi eddy current sensors, a controlling component, as well as a calibration platform has been designed and developed. The experimental tests show the developed system works well and can obtain the digital spacing results once in several seconds and with relatively high precision, which has many more advantages than the traditional ways. The surface flatness of the measured metal plates could also be evaluated. The measuring system could be employed in other related applications. And the corresponding scheme and method could be employed as a guide or inspiration under other probable circumstances. Specifically, several conclusions can be drawn as follows.



(1) A scheme that can simultaneously measure the multi-point distance between two metal surfaces has been developed, in which the surface flatness could also been analyzed through modeling.



(2) The hardware designs, based on an eddy current displacement sensor, were introduced as well as the software program based on LabVIEW. The purpose of the measurement scheme, mechanical design, software development, algorithm implementation, and test measurement results and analysis were detailed and elaborated.



(3) The experimental tests demonstrated that the proposed scheme can realize fast displacement measurement and flatness analysis. The tests show that each measurement only takes several seconds to obtain results. And the uncertainty of the measurement error could reach less than   1.0   μ m, which meets the requirements of automatic high-precision measurement.
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Figure 1. The schematic diagram of vibration isolators for floating rafts in submarines. 
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Figure 2. The installation of a vibration isolator between rafts and supporting base. 
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Figure 3. Schematic diagram of an eddy current sensor. 
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Figure 4. Schematic diagram of clearance measurement. 
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Figure 5. General framework of the system. 
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Figure 6. A photograph of an eddy current sensor applied in this work. 
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Figure 7. The designed supporting frame. (a) Model of the sensor array component; (b) The meshed geometry being analyzed; (c) The deformation status under horizontal and vertical positions (d). 
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Figure 8. Photographs of the sensor array component (a) and the integrated controlling component (b). 
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Figure 9. The calibration platform of the measuring system. 
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Figure 10. The measurement processing workflow. 
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Figure 11. The formal measurement in the test platform. 
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Table 1. Commonly used non-contact displacement sensors with ordinary parameters.
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	No.
	Type
	Measurement Range
	Resolution
	Linearity/Error Value
	Characteristics





	1
	Capacitive sensor [17]
	0.05–20 mm
	0.0007–0.03%
	0.2–0.5%FS
	Low cost, low power consumption, small positioning space, susceptible to environmental interference [18]



	2
	Laser displacement sensor [19]
	0–18 mm
	0.1  μ m
	0.02%FS
	High measurement accuracy, wide range, noise interference can easily lead to data distortion



	3
	Fiber optic displacement sensor [20]
	0–200 mm
	0.06 mm
	0.16 mm (error)
	Wide measuring range, immune to electromagnetic interference



	4
	Grating displacement sensor [21]
	0–90 mm
	2.9  μ m
	-
	Rapid response, corrosion resistance, high precision, susceptible to temperature influence



	5
	Eddy current displacement sensor [22]
	2–50 mm
	0.3  μ m
	0.2%FS
	Small size, high measurement accuracy [18]










 





Table 2. Related specifications of the sensor used.
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	No.
	Item
	Value





	1
	Sensor range
	20 mm



	2
	Probe diameter
	40 mm



	3
	Liner error
	≤±1%FS



	4
	Resolution
	1.0  μ m



	5
	Probe weight
	0.20 kg



	6
	Preprocessor weight
	0.35 kg










 





Table 3. Statistics of the experimental test data.
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	Sensor Group No.
	Distance to Calibration Standard Surface (Top) /mm
	Distance to Calibration Standard Surface (Down) /mm
	Distance to Test Platform Upper Plate /mm
	Distance to Test Platform Upper Plate (Down) /mm
	Calibrated Result between Two Sensors /mm
	Spacing in Test Platform /mm





	1
	9.533
	6.189
	9.527
	6.186
	244.278
	259.991



	2
	10.896
	6.249
	10.992
	6.158
	242.855
	260.005



	3
	10.328
	6.171
	10.331
	6.181
	243.500
	260.012



	4
	9.633
	7.244
	9.529
	7.351
	243.123
	260.003



	5
	10.200
	7.173
	10.204
	7.181
	242.627
	260.012



	6
	11.018
	6.396
	11.006
	6.429
	242.586
	260.021



	7
	10.969
	6.786
	10.961
	6.789
	242.245
	259.995



	8
	10.892
	5.103
	10.899
	5.104
	244.004
	260.007



	9
	9.990
	4.976
	9.982
	4.997
	245.034
	260.013



	10
	10.668
	5.478
	10.671
	5.48
	243.854
	260.005



	11
	10.599
	5.388
	10.623
	5.357
	244.013
	259.993










 





Table 4. The coordinates for measuring points.
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	No.
	x Coordinate/mm
	y Coordinate/mm
	z Coordinate (Top)/mm
	z Coordinate (Down)/ mm





	1
	0
	245
	259.994
	0.003



	2
	−240
	90
	260.096
	0.091



	3
	−80
	120
	260.003
	−0.01



	4
	80
	120
	259.896
	−0.107



	5
	240
	90
	260.004
	−0.008



	6
	0
	0
	259.988
	−0.033



	7
	−240
	−90
	259.992
	−0.003



	8
	−80
	−120
	260.007
	−0.001



	9
	80
	−120
	259.992
	−0.021



	10
	240
	−90
	260.003
	−0.002



	11
	0
	−245
	260.024
	0.031










 





Table 5. Statistical table of error sources.
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	No.
	Error Source
	Error Value





	1
	Eddy current displacement sensor
	±1%FS



	2
	Calibration board
	±0.005 mm



	3
	Parts processing and assembly error
	±0.02 mm










 





Table 6. Repeated measurement results at the measuring point.
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	No.
	No.3 Point/mm
	No.5 Point/mm
	No.9 Point/mm





	1
	10.329
	10.201
	9.990



	2
	10.331
	10.202
	9.991



	3
	10.330
	10.202
	9.992



	4
	10.328
	10.200
	9.990



	5
	10.330
	10.199
	9.991



	Averaged value
	10.330
	10.201
	9.991
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