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Abstract This paper has presented a non-contact fiber

Bragg grating (FBG) vibration sensor with double differ-

ential temperature compensation. Two FBGs and two states

of the sensor have been employed to achieve double dif-

ferential temperature compensation. Based on magnetic

coupling and FBG sensing principle, it can be used to

realize non-contact measurement of vibration of the rotat-

ing shaft. Experimental results show that the working band

ranges are within 0–150 Hz; the sensitivity is -0.67 pm/

lm, and the linearity is 3.87 % within a range of

2–2.6 mm. The fitting equation of temperature compensa-

tion which is caused by structural inflation can be expres-

sed as: Dk10 - Dk20 = 1.51 9 T - 32.97. When used to

amend a temperature error, the sensor’s temperature error

will be reduced to 1.19 % in the range of 25–60 �C.

Keywords Double differential � Temperature

compensation � Vibration sensor � FBG

1 Introduction

Optical fiber Bragg grating (FBG) sensors have aroused

people’s attention in the sensing field these years. They are

resistant to electromagnetic interference (EMA), high

reliability, small volume, and especially suitable for using

the strong magnetic, radioactive and corrosive field. And it

is the most promising optical sensor now [1, 2]. There are

many related reports about design and application of

vibration sensors based on FBG sensing. Zhou et al. con-

sidered cantilever beam as an elastomer, and symmetrically

pasted FBGs on the upper and the bottom surface of the

beam to design vibration sensor [3]; Antunes et al. made L

shaped beam as an elastomer of vibration sensor, mixed the

mass on the end of beam which was supported by spring,

and the another end beam was connected by FBG, to

achieve dynamic monitoring of the structure vibration [4];

Weng et al. also combined diaphragm with L shaped rigid

beam to design a contact type of acceleration sensor to

monitor structure health and earthquake [5]; Liu et al. used

flat diaphragm as elastic body, added a mass block in the

center of flat diaphragm, through the inertia force of mass

caused the flat diaphragm deformation, and then obtained

the vibration acceleration of measured body [6]; literature

[7, 8] have proposed a kind of FBG based on non-contact

magnetic coupling displacement/vibration sensor, to

achieve non-contact measurement for the objects.

For the above vibration sensors, they have a common

problem which is the temperature coupling. When the

temperature cross sensitivity of vibration sensors is elimi-

nated, the measurement accuracy will be enhanced. At

present, some scholars used many kinds of methods to deal

with this issue. Such as Wang et al. made the two FBGs

difference to realize temperature compensation, which are

symmetry pasted the FBGs on the up and down surface of

beam [9]; Huang et al. used the different thermal expansion

coefficient materials to encapsulate the FBG sensors, which

greatly reduced the temperature influence; finally, the

temperature sensitivity was about 1/23 of non-temperature

compensation sensor [10]; Iwashima et al. adopted a new

encapsulation technology, using liquid crystal polymer

pipe to pack the FBGs; its temperature sensitivity could be

decreased to 0.13 nm/100 �C [11]. The above methods

indeed decreased the temperature cross sensitivity of
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sensors in a certain extent, but these methods are more

complex, the structure is not easy to process and ranges of

temperature compensation are limited. Therefore, it is

necessary to propose a simple method to eliminate tem-

perature compensation for the FBG vibration sensor.

This paper has proposed a non-contact FBG vibration

sensor with double differential temperature compensation.

We used 2 FBGs and 2 different states of the sensor to

achieve the double differential temperature compensation.

Based on magnetic coupling and FBG sensing principle, it

can be used to realize non-contact measurement of the

vibration of a rotating shaft. The working principle of the

sensor with temperature compensation has been analyzed

by theory in this article. The paper is mainly divided into

the following parts: the basic principle and model of sen-

sors, the temperature compensation principle of sensor,

sensor’s sensing characteristic, experiments analysis and

the double differential temperature compensation experi-

ment analysis.

2 Model and principle of the sensor

According to the sensing principle of FBG, when a

broadband incident light enters into the optical fiber and

meets the FBG, a specific wavelength narrow band light

will be reflected. When the FBG is stretched/compressed or

its environment temperature changes, these factors will

cause the grating period K and effective refractive index

neff of FBG changes. So the relation between strain/tem-

perature and center wavelength shifts can be described by

DkB
kB

¼ ð1� qeÞDeþ ðan þ aAÞDT ð1Þ

where DkB is the center wavelength shifts, kB is the center

wavelength of FBG, De is the strain, qe is the strain optic

coefficient of an optical fiber, and DT is the increment of

temperature.

2.1 Principle of sensor

The principle of the sensor is shown in Fig. 1. According to

the magnetic coupling of the permanent magnet on the

measured magnetic shaft, when the rotating shaft vibrates,

the distance between permanent magnets and measured

shaft will change, also it will make the diaphragm defor-

mation vary. And then the #1FBG’s center wavelength will

be changed under tension/compression force. Therefore,

through the #1FBG’s center wavelength shifts, we can

achieve the vibration of the rotating shaft.

When the sensor works in a various environmental

temperature, both FBGs are directly interfered by the

temperature. So we can use the two FBGs difference to

eliminate the direct temperature influence of the #1FBG,

then the #1FBG’s center wavelength is only interfered by

the structure thermal expansion stress and the magnetic

force at working. When the sensor is not working, we only

change the environment temperature, and then use the two

FBGs difference to eliminate the direct temperature influ-

ence of the #1FBG; their strain will not be interfered by the

magnetic force. So we can use the two states (working/not

working) differential to reduce structure thermal expansion

error. Finally, we can use the double differential method to

eliminate the temperature error.

In the working condition, we can find that there are three

factors causing the center wavelength shifts of #1 FBG,

which are magnetic force, temperature directly effect and

structure thermal expansion of sensor. De is mainly con-

sisting of diaphragm deformation Dw and structure linear

expansion DL, so we can get the relationship between the

De and Dw, DL:

De ¼ Dw
L

þ DL
L

ð2Þ

where Dw is the bending deflection of diaphragm hardcore,

DL is the length of structure linear expansion, and L is the

effective working length of the #1FBG.

Combining Eqs. (1) and (2), the center wavelength

shifts of #1FBG can be described as:

Dk1
k1

¼ ð1� qeÞ
Dw
L

þ ð1� qeÞ
DL
L

þ ðan þ aAÞDT ð3Þ

When the environment temperature of the sensor changes,

the linear expansion length of diaphragm will change less

compared with the other parts of the sensor. Because the

diaphragm’s thickness is very thin, so we can ignore the

temperature influence of diaphragm. The FBG’s center

wavelength shifts are only affected by the lateral defor-

mation of the base in the expansion processing, so we can

simplify the bases’ linear expansion model of #1 FBG and

#2FBG which is shown in Fig. 2.

According to the expansion properties of the material,

we can get the relationships between linear expansion

Rotating shaft Permanent magnet

Diaphragm with hardcore
Glue

#1 FBG
#2 FBG

Fig. 1 Equivalent structure model of sensor
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length # 1 and # 2 base and temperature are separately as

following:

DL1 ¼ a1L1DT

DL2 ¼ a2L2DT
ð4Þ

DL ¼ ða1L1 � a2L2ÞDT ð5Þ

where a1 is the linear thermal expansion coefficient of #1

base, a2 is the linear thermal expansion coefficient of #2

base, L1 is the length of #1 base, and L2 is the length of #1

base.

According to the Eqs. (3–5), the Eq. (3) can be rewritten

as:

Dk1
k1

¼ ð1� qeÞ
Dw
L

þ ð1� qeÞ
ða1L1 � a2L2ÞDT

L
þ ðan

þ aAÞDT
ð6Þ

2.2 Double FBGs difference

Due to the #2FBG is suspended in the inside of structure,

so it is only affected by temperature. The relationship

between #2FBG’s center wavelength shifts and the tem-

perature can be expressed by Eq. (8):

Dk2
k2

¼ ðan þ aAÞDT ð7Þ

According to the double FBGs’ difference principle, we

use the Eq. (6) to minus Eq. (7), it can easily eliminate

the temperature cross sensitivity which is the direct cou-

pling effect of the # 1 FBG. The equation can be sim-

plified as:

Dk1
k1

� Dk2
k2

¼ ð1� qeÞ
Dw
L

þ ð1� qeÞ
ða1L1 � a2L2ÞDT

L

ð8Þ

2.3 Working status of difference

When the sensor is not working, the # 1 FBG will be

affected by temperature and structure thermal expansion,

so the Eq. (8) can be written as:

Dk01
k1

� Dk02
k2

¼ ð1� qeÞ
ða1L1 � a2L2ÞDT

L
ð9Þ

Combining the Eqs. (8) and (9), we can get a matrix, which

can be expressed as:

Dk1
k1

� Dk2
k2

Dk01
k1

� Dk02
k2

2
664

3
775 ¼

1� qe
L

ð1� qeÞ
ða1L1 � a2L2Þ

L

0 ð1� qeÞ
ða1L1 � a2L2ÞDT

L

2
64

3
75 Dw

DT

� �

ð10Þ

We use the first row of the matrix to minus the second row;

a new equation can be given as:

Dk1 � Dk01
k1

� Dk2 � Dk02
k2

¼ ð1� qeÞ
Dw
L

ð11Þ

The relationship between the diaphragm deformation Dw
and air gap spacing Lg can be achieved from the literature

[8]. And combining the Eq. (11), we can find that
Dk1�Dk01

k1
�

Dk2�Dk02
k2

is only related to Lg, so the direct or indirect cou-

pling error of temperature will be eliminated. Although the

relationship between the center wavelength shift and the air

gap spacing Lg is nonlinearity, we can make the linear

fitting in a certain range. Finally, the vibration of the

rotating shaft can be measured by the FBGs center wave-

length shift with temperature compensation.

3 Sensing characteristics experiments

The physical map of the sensor is shown in Fig. 3. The

diaphragm’s attributes are as follows: the radius

R = 3 mm, hard heart radius r = 1.5 mm, the thickness

h = 0.05 mm; NdFeB (neodymium iron boron) cylindrical

permanent magnet is N35 (outer diameter is 10 mm, length

is 10 mm). The # 1 FBG initial center wavelength is

1285.834 nm, and # 2 FBG initial center wavelength is

1315.542 nm under the room temperature.

Fig. 2 Structure expand equivalent model of sensor

Fig. 3 Physical map of sensor
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3.1 Static characteristics experiment

Static characteristics are the sensor’s the basic perfor-

mance. We built the static experiment system (Fig. 4)

which consists mainly of the LK-G80 laser displacement

sensor (reference distance 80 mm; range ±15 mm;

repeatability 0.2 lm; linearity ±0.05 %) and three-di-

mensional track. During the experiment, firstly, we used

the PC to send the instructions to the UMAC controller,

and made the servo motor drive the three-dimensional

track, then used the LK-G80 laser displacement sensor to

ensure the distance which is between the sensor and the

experimental board, and finally we could use the FBG

interrogator to acquire the signal and save them by the

computer. So long as we repeated the above steps, and

constantly adjusted the air gap spacing Lg, the static

characteristics of the sensor can be easily achieved.

Through adjusting the three-dimensional track, the air

gap spacing can be changed within 1.8–10 mm in this

experiment. We repeated the experiment 4 times. Figure 5

shows the relation between the shifts of center wavelength

of FBG and air gap spacing, which is basically consistent

with the Eq. (11). From this figure, it is easily get that

when the Lg resides in 1.8–3 mm, the sensitivity of the

sensor is better compared with the other zones.

We chose the 2–2.6 mm as the working range of the

sensor. The first picture in Fig. 6 shows the Dk versus Lg in

the range from 2 to 2.6 mm. The experiment has been

repeated for 6 times. From this picture, the repeatability

error of sensor is 9.08 %. Figure 6b shows the average

difference value of wavelength shifts,which is obtained in

the repeated experiments. From the fitting straight line in

Fig. 6b, we can obtain the following properties of sensor:

(1) fitted equation: Dk1 - Dk2 = -671.4 9 Lg ? 3077.3,

(2) sensor’s sensitivity: -0.67 pm/lm, (3) linearity:

3.87 %, (4) linear fitting correlation coefficient: 0.9974.

3.2 Dynamic properties experiment

In order to study on dynamic properties of sensor, we set up

the dynamic experimental system (Fig. 7), which is mainly

composed of ‘‘B&K4808’’ vibration test systems,

FBG interrogator

UMAC and Servo
motor control module

Non-contact FBG vibration sensor
Experimental board

Three-dimensional track

Controller and power supply of
laser displacement sensor

LK-G80 laser
displacement
sensor

Fig. 4 Schematic diagram of the static experiment system
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Fig. 5 Center wavelength shift Dk versus air gap spacing Lg in the

range from 1.8–10 mm

Fig. 6 The relationship between center wavelength shift Dk and air

gap spacing Lg
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‘‘B&K’’4371piezoelectric accelerometer and FBG inter-

rogator, et al. We sent the orders to the controller to adjust

the frequency or amplitude of the exciter. The acceleration

amplitude was set at 2 g, and sinusoidal signal frequency

ranged from 50 to 2000 Hz. The experiment was repeated 3

times. So we can obtain the Fig. 8, which shows the

amplitude frequency characteristic curve of the sensor.

When the frequency is (1) within 0–150 Hz, the curve is

almost parallel to x axis, so the working band of the sensor

is 0–150 Hz; (2) equal to 520 Hz, the center wavelength

shifts are reaching the maximum, so the resonant frequency

of the sensor is 520 Hz.

4 Double differential temperature compensation
experiment

In the temperature compensation experiment, we used the

thermostat to control the around environment temperature

of the sensor (Fig. 9). Due to the static characteristics,

experiment of the sensor was attained at room temperature

in this paper, so we controlled the temperature start from

25 �C in this experiment. We have set the interval as 10 �C
in the range from 30 to 90 �C, and used the FBG inter-

rogator acquired and stored the signals. The experiment

was repeated 4 times.

The two FBGs’ center wavelength shifts versus tem-

perature are shown in Fig. 10. From the figure, we can find

that when the temperature is within 25 to 90 �C, the center

Controller

FBG interrogator

PC

B&K exciter

Non-contact FBG vibration sensor

4371piezoelectric
accelerometer

Fig. 7 The schematic of dynamic experiment system

Fig. 8 Amplitude–frequency curve of the sensor

PC

Non-contact FBG vibration sensor

Thermostat

FBG interrogator

Fig. 9 Temperature compensation of structure thermal expansion

experimental system

Fig. 10 The two FBGs’ center wavelength shifts versus temperature
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wavelength shifts of the #1FBG are bigger than the #2FBG.

Because the #1FBG is stretched by the thermal expansion

stress of structure besides effected by temperature. When

the temperature is (1) within 25–70 �C, the relationship

between the structure thermal expansion stress and tem-

perature curve is almost linear; (2)[70 �C, compared with

the 25–70 �C, the #1FBG’s center wavelength shifts

increase obviously, because the linear expansion coeffi-

cient of the material is not a constant in the various tem-

perature range, which is consistent with the above theory.

When we used the value of #1FBG center wavelength

shifts value to minus value of #2FBG, we could easily

eliminate temperature direct coupling effect on the #1

FBG, and the difference value is only caused by the ther-

mal expansion stress of structure which is shown in

Fig. 11. From the figure, we can obviously find that the

thermal expansion coefficient of the material can be con-

sidered as a constant in the specific scope, which is con-

sistent with its theoretical model. When the temperature

exceeds 70 �C, the slope is bigger than in the range of

25–70 �C. So we selected the range from 25 to 60 �C as

working environment temperature of sensor. Test data and

the fitting line of sensor are shown in Fig. 12. From this

figure, we could get the following data: (1) fitted equation:

Dk10 - Dk20 = 1.51 9 T - 32.97, (2) sensitivity of the

structure thermal expansion: 1.51 pm/ �C, (3) linearity:

1.19 %, (4) linear fitting correlation coefficient: 0.9995.

After using the above fitting equation to eliminate the

influence of temperature cross-sensitivity, the sensor’s

temperature error will be reduced to 1.19 % within the

range of 25–60 �C. We can also repeat sensor’s structure

thermal expansion temperature compensation experiment

many times, and combine the statistics method to get the

higher order time of fitting curve, which can be used to

achieve greater range of temperature compensation, and

weaken the temperature cross-sensitivity influence on the

sensor measurement. Therefore, it can be used to achieve

the higher precise measurement of the rotating shaft

vibration in a variable temperature environment.

5 Conclusions

This paper has presented a non-contact FBG vibration

sensor with double differential temperature compensation.

The sensing characteristic experiment results show that: (1)

the sensor range is 2–2.6 mm; (2) sensitivity -0.67 pm/

lm; (3) linearity 3.87 %; (4) linear regression correlation

coefficient of 0.9974; (5) repeatability error of 9.08 %; (6)

working band: 0–150 Hz, and (7) resonant frequency:

440/520 Hz. Also according to the double differential

temperature compensation experiment, we can find that the

sensor’s temperature error will be reduced to 1.19 % in the

range of 25–60 �C after using the fitting equation: Dk1-
- Dk20 = 1.51 9 T - 32.97 to make the temperature

compensation. So it can be used to achieve the higher

precise measurement of the rotating shaft vibration in a

variable temperature environment. According to the

requirements of monitoring rotating shaft vibration, we can

improve the non-contact FBG vibration sensor to achieve

the different requirements of vibration condition

monitoring.
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