
Vol. 41 No. 4Transactions of Nanjing University of Aeronautics and AstronauticsAug. 2024

Research on Automatic Test System of Engine Blade Natural 
Frequency

LU Yonghua1*， LIU Jingjing1， YANG Haibo2， HUANG Chuan1， MA Zhicheng1

1. College of Mechanical and Electrical Engineering， Nanjing University of Aeronautics and Astronautics， Nanjing 210016， 
P. R. China；2. College of Mechanical Engineering， Nanjing Institute of Industry Technology， Nanjing 210016， P. R. China

（Received 8 April 2024； revised 16 August 2024； accepted 19 August 2024）

Abstract: Blades are one of the important components on aircraft engines. If they break due to vibration failure， the 
normal operation of the entire engine will be offected. Therefore， it is necessary to measure their natural frequency 
before installing them on the engine to avoid resonance. At present， most blade vibration testing systems require 
manual operation by operators， which has high requirements for operators and the testing process is also very 
cumbersome. Therefore， the testing efficiency is low and cannot meet the needs of efficient testing. To solve the 
current problems of low testing efficiency and high operational requirements， a high-precision and high-efficiency 
automatic test system is designed. The testing accuracy of this system can reach ±1%， and the testing efficiency is 
improved by 37% compared to manual testing. Firstly， the influence of compression force and vibration exciter 
position on natural frequency test is analyzed by amplitude-frequency curve， so as to calibrate servo cylinder and four-

dimensional motion platform. Secondly， the sine wave signal is used as the excitation to sweep the blade linearly， and 
the natural frequency is determined by the amplitude peak in the frequency domain. Finally， the accuracy experiment 
and efficiency experiment are carried out on the developed test system ，whose results verify its high efficiency and 
high precision.
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0 Introduction 

Blades are one of the important components in 
aircraft engines. Their working environment is ex‑
tremely harsh. In addition to bearing centrifugal 
loads during operation， they are also constantly sub‑
jected to alternating loads caused by airflow excita‑
tion， high temperatures， and atmospheric tempera‑
ture differences. However， the most important fac‑
tors affecting the service life of blades are vibration 
and fatigue［1-2］. These loads generate complex peri‑
odic forces on rotating blades. When the frequency 
of the excitation force is equal to an integer multiple 
of the blade’s natural frequency， the blade reso‑
nates and is prone to fatigue fracture， which can af‑
fect the normal operation of the engine. According 

to statistics， vibration faults in aviation engines ac‑
count for more than 60% of total engine failures， 
and blade vibration faults account for more than 
70% of total vibration faults［3］， indicating that the 
fault problems caused by blade vibration are very se‑
rious. To avoid resonance phenomena， it is neces‑
sary to conduct vibration testing on blades before in‑
stalling them on the engine， and select blades with 
natural frequencies within the qualified range to re‑
duce the occurrence of engine failures. The natural 
frequencies of the compressor rotor blades and tur‑
bine rotor blades of a certain type of aircraft engine 
are currently measured through manual testing sys‑
tems， which have low testing efficiency and high re‑
quirements for operators， making it difficult to meet 
existing production needs.
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The commonly used engine blade vibration 
testing systems can be mainly divided into two cate‑
gories based on testing principles： Sweep frequency 
method and hammer impact method［4］. The ham‑
mering method［5］ generally involves hitting the blade 
with a force hammer to generate a free vibration sig‑
nal. The vibration sensor is used to collect this sig‑
nal and perform modal analysis to calculate the 
multi order natural frequencies and vibration modes 
of the blade. According to different principles of nat‑
ural frequency calculation， it can be divided into 
transmission function spectrum analysis method and 
self spectrum analysis method. The transfer function 
method is to identify the modal parameters of the ex‑
citation signal and vibration signal， obtain the trans‑
fer function of the system， and then obtain informa‑
tion such as the multi order natural frequencies and 
vibration modes of the blades. The self spectral anal‑
ysis method［6］ directly performs self spectral analy‑
sis on the vibration response signal， without the 
need to collect the excitation signal. However， its 
disadvantage is that it can only measure the natural 
frequency of the blade and cannot obtain information 
such as vibration mode. The sweep frequency rule is 
to use a sine wave frequency conversion signal that 
varies according to a certain pattern to excite the 
blade， and the blade will generate a forced vibration 
response［7］. When the excitation frequency is close 
to the natural frequency of the blade， the maximum 
vibration amplitude will be generated at the blade 
tip， and this response signal can be collected 
through contact or non-contact sensors. After noise 
reduction， Fourier transform， and other operations， 
the maximum amplitude during the forced vibration 
process of the blade can be obtained， and the fre‑
quency corresponding to the maximum amplitude 
can be considered as the natural frequency of the 
tested blade.

Donato et al.［8］ first proposed the research of a 
non-contact dynamic frequency testing system， and 
successfully developed an online dynamic frequency 
testing system using eddy current sensors as pickups 
in the 1 990 s. The Liberty Technology Center has 
developed a STARS blade dynamic frequency test‑
ing system with sound sensors as the core［9］， which 

can obtain real-time blade dynamic frequency infor‑
mation and detect the normal operation of engine 
blades online. MTU Corporation has successfully 
developed a complete blade vibration testing sys‑
tem［10］ using the TP400 engine as the research ob‑
ject， and completed the testing work during flight. 
Japan， the United States and other countries have 
also developed corresponding blade dynamic fre‑
quency testing systems［11-12］.

Wang et al.［13］ proposed automatic tracking of 
the natural frequency in the time‑frequency domain. 
Additionally， the mathematical principle of the in‑
herent characteristic of multiple signal classification
（MUSIC） to filter out synchronous frequency com ‑
ponents was first mentioned and explored herein. 
Furthermore， simulations and experiments under 
variable rotating frequencies were conducted to 
show that the proposed method can track the natural 
frequency under variable operating conditions. Li et 
al.［14］ proposed a structural monitoring method 
based on a fiber Bragg grating （FBG） sensing net‑
work. The results indicate that the strain-vibration 
testing method based on FBG can effectively moni‑
tor the blades response to wind pressure and vibra‑
tion frequency， with an error range within 0.04 Hz， 
thus meeting the requirements for practical engineer‑
ing applications.

The hammering method is a common solution 
to the measurement on natural frequency of solid 
components［15］. Due to the difficulty to directly mea‑
sure the natural frequency of a rotating runner in the 
water， numerical simulation is widely applied to pre‑
dict the runner behaviours. To verify how the influ‑
ence coefficient of natural frequency differs in the 
water than that in air， specific measurements are 
taken on a model runner both in the water and air 
and a prototype runner by hammering method.

As summarized above， the current research on 
blade static frequency testing systems is not perfect， 
such as the inability to achieve automatic frequency 
scanning and cumbersome operation. The excitation 
and pickup modules have low efficiency and do not 
meet the requirements of batch testing. Usually only 
one type of blade can be tested， and its universality 
is poor. Therefore， this paper designs a high-preci‑
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sion and high-efficiency automatic blade vibration 
testing system for the compressor rotor blades and 
turbine rotor blades of a certain type of aircraft en‑
gine. It can accurately measure the first-order natu‑
ral frequency of different types of blades， and screen 
out the blades whose frequency is not within the 
qualified range， which solves the problems of low 
test efficiency， cumbersome operation and single 
test object in the current vibration test system.

1 Overall Design of Automatic Test 
System for Engine Blade Natural 
Frequency 

1. 1 Analysis of natural frequency test principle　

Due to the detachable nature of blades for indi‑
vidual testing， this article uses the frequency sweep 
method to test them. Considering factors such as the 
range of vibration testing and site limitations， the 
exciter is selected as the eddy current exciter from 
non-contact excitation equipment， and the vibration 
pickup sensor is selected as a piezoelectric acceler‑
ometer. The frequency sweep method is based on 
the principle of resonance for testing. When the exci‑
tation frequency is close to the natural frequency of 
the tested blade， the blade will produce the maxi‑
mum vibration displacement or amplitude. The test‑
ing principle diagram is shown in Fig.1.

The blade natural frequency testing process is 
as follows：

（1） The blades are fixed on the base through 
fixtures， with fixed support at the blade tenon and 
free vibration at the blade tip， forming an ideal canti‑
lever beam structure.

（2） Sweep the frequency within the testing 

range of the blade to be tested， and the lower com ‑
puter generates a sine wave signal of the correspond‑
ing frequency according to a certain pattern from 
small to large. The power amplifier of the exciter 
amplifies the sine wave to generate the excitation 
force of the current corresponding frequency at the 
blade tip.

（3） The vibration pickup sensor is pasted on 
the fixture to pick up the vibration signal of the 
blade under the current excitation force， and the 
time-domain signal is sent to the computer through 
data acquisition （DAQ） card. Due to the characteris‑
tics of blade resonance， the signal collected by the 
vibration sensor will peak at the natural frequency of 
the blade， and the computer can obtain the first-or‑
der natural frequency value of the blade through sig‑
nal processing.

1. 2 Overall system design　

Starting from the requirements of large-scale 
and automated testing， an automatic testing system 
for blade natural frequency is proposed. The hard‑
ware part of the testing system is divided into a turn‑
table module， a manipulator grasping module， and 
a testing module. The testing system software is di‑
vided into upper computer software and lower com ‑
puter software. The former is responsible for human-

computer interaction， system debugging and other 
functions and the latter is responsible for manipula‑
tor control. By analyzing the size and quantity infor‑
mation of blades， the size of the fixture used to 
place the blades can be determined， and thus the 
size of the turntable can be determined. The size of 
the turntable can be used to select servo motors， 
drivers， and the manipulator. By calibrating the po‑
sition between the manipulator and the turntable， 
the positioning of blades is achieved， so that the ma‑
nipulator can move the blades on the turntable to the 
testing area for testing through pneumatic grippers. 
The testing module uses a servo electric cylinder to 
compress blades and fix them on the base. An eddy 
current exciter is used to output an excitation force 
with a certain energy and adjustable frequency， 
which causes forced vibration of blades. A DAQ  
card and is used to collect signals from the acceler‑

Fig.1　Principle diagram of blade natural frequency testing
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ometer. After filtering， noise reduction， peak ex‑
traction， and other processing， the first-order natu‑
ral frequency of blades can be obtained.

The hardware platform is built as shown in 
Fig.2， where the turntable module is mainly respon‑
sible for precise positioning of large quantities of 
blades. The manipulator［16］ grabbing module is main‑
ly responsible for the rapid loading of blades， that 
is， transporting blades from the turntable to the test‑
ing area. The testing module is responsible for vibra‑
tion testing of blades. The hardware platform of the 
testing area is shown in Fig.3.

The test process of the test system includes： 
（1） The host computer plans the test process ac‑
cording to the input parameters， and sends rotation 
commands to the turntable module according to the 
area where the blade to be tested is currently locat‑
ed； （2） after the turntable is rotated to the specified 
area， the host computer finds the calibration data of 
the blade to be measured in the database and sends 
it to the robot arm； （3） after receiving the coordi‑

nate data of the blade to be measured， the robot arm 
will pick up the blade and transport it to the test ar‑
ea， and send the test signal to the upper computer； 
（4） after receiving the test signal， the upper ma‑
chine controls the servo electric cylinder to press the 
blade tightly； （5） after the completion of the test， 
the servo electric cylinder will lift and reset， and 
send the test completion signal to the robot arm； 
（6） after the manipulator receives the signal of com ‑
pletion of the test， the blade is placed on the turnta‑
ble， and a single test is completed. The complete 
control process is shown in Fig.4.

2 Calibration of Test System 

There are two types of motion mechanisms in 
the testing area： Servo electric cylinder and four-di‑
mensional motion platform. Through experiments， 
it can be concluded that these two types of motion 
mechanisms have a significant impact on the accura‑
cy of test results. Therefore， it is necessary to cali‑
brate these two types of motion mechanisms.

Fig.2　3D design of hardware platform for blade natural 
frequency test

Fig.3　3D design of the test area Fig.4　Motion control flow of blade natural frequency test
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2. 1 Servo electric cylinder calibration　

Fig.5 shows the schematic diagram of the mo‑
tion of servo electric cylinder. In position mode， the 
electric cylinder quickly moves from the initial posi‑
tion to position A above the fixture. At this time， 
the electric cylinder switches to torque mode， slow‑
ly presses down and uses clamping force. The 
clamping force has a significant impact on the accu‑
racy of the blade natural frequency test and is also 
an important factor affecting the numerical stability 
of the measured blade natural frequency. In the ex‑
periment， the clamping state at the root of the blade 
should be consistent with the working state， usually 
close to the absolute clamping state， and the clamp‑
ing state is influenced by the magnitude of the com ‑
pressive force.

As shown in Fig.6， keeping all conditions of 
the entire experiment unchanged and only changing 
the magnitude of the clamping force， the natural fre‑
quency value of the blade slowly increases with the 
clamping force. When the clamping force increases 

to a certain value， the natural frequency of the blade 
basically remains unchanged. This state is the fixed 
state at the root of the blade， where M0 is the criti‑
cal clamping force and f0 the true natural frequency 
of the blade. The calibration of the servo electric cyl‑
inder is the calibration of the critical clamping force.

Taking the compressor rotor blades of stage Ⅱ 
as the test object， the eddy current exciter is adjust‑
ed in an appropriate position through a four-dimen‑
sional motion platform during the experiment， as 
shown in Fig.7.

Based on a clamping force of 1 kN， the test is 
conducted with an additional 1 kN per test， and the 
test results are shown in Fig.8. In the first seven 
tests， the measured natural frequency gradually in‑
creases with the clamping force. When the clamping 
force reaches 8 kN， the measured natural frequency 
tends to stabilize. Therefore， it can be concluded 
that the critical clamping force of the compressor ro‑
tor blades of stage Ⅱ is 8 kN， and the natural fre‑
quency is 928 Hz. The partial amplitude frequency 
curves during the experiment are shown in Fig.9， 

Fig.6　Relation between clamping force and frequency
Fig.8　 Relation between the clamping force and natural 

frequency of the compressor rotor blades of stage Ⅱ

Fig.5　Motion diagram of servo electric cylinder

Fig.7　Test of compressor rotor blades of stage Ⅱ
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and the remaining ten types of blades are also cali‑
brated for the servo electric cylinder according to the 
above experimental method.

2. 2 Calibration of four⁃dimensional motion 
platform　

Through experiments， it is found that the posi‑
tion of the four-dimensional motion platform， i. e. 
the position of the exciter， has almost no effect on 
the position of the resonance peak， i. e. the magni‑
tude of the resonance frequency. However， it has a 
significant impact on the height and amplitude of the 
resonance peak. In actual testing， the amplitude 
should be as large as possible to increase the algo‑
rithm’s recognition probability of the resonance 
peak， which is also the basis for calibrating the four-

dimensional motion platform. Fig.10 shows a sche‑
matic diagram of a four-dimensional motion plat‑
form equipped with an exciter， which has three de‑
grees of freedom of movement in the x， y， and z di‑
rections， as well as rotational degrees of freedom 
around the x-axis.

During the calibration， each axis is individually 
calibrated. Taking the z-axis calibration as an exam ‑

ple， the other three axes are adjusted to appropriate 
positions， gradually adjusting the z-axis position 
and ensuring that the clamping force output by the 
servo electric cylinder is constant. The amplitude is 
determined based on the amplitude frequency curve. 
During the test， certain positions on the z-axis and 
the corresponding amplitude frequency curve are 
shown in Fig.11. According to the test results， it 
can be concluded that as the distance between the 
exciter and the blade decreases， the measured natu‑
ral frequency value remains unchanged but the am ‑
plitude increases. Therefore， in actual testing， the 
distance between the blade and exciter in the z-axis 
direction should be kept small， and the calibration 
method for the other three axes should be the same 
as the z-axis.

3 Vibration Measurement Based on 
Resonance Method 

3. 1 Implementation of sweep signal　

The sweep frequency signal used in this system 
is a frequency converted sine wave signal， which 
means that within a certain frequency band， a con‑
stant amplitude sine wave signal is input to the excit‑
er， and the exciter outputs a frequency changing 
sine wave excitation signal， causing the measured 
blade to vibrate. The commonly used frequency 
sweep methods currently include linear sweep and 

Fig.9　Amplitude-frequency curves during the test

Fig.10　Four-dimensional motion platform equipped with 
exciter

Fig.11　Process of z-axis calibration
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logarithmic sweep.
When using linear sweep， increasing frequency 

in a certain proportion （forward sweep） or decreas‑
ing frequency over time （backward sweep）， the re‑
lationship between frequency and time is

df
dt

= β ( constant ) （1）

When using logarithmic sweep， there will be a 
proportional increase in the logarithmic frequency 
over time， which is

d( ln f )
dt

= β ( constant ) （2）

In this system， linear sweep is used as the 
sweep strategy， and the sine sweep signal output by 
the upper computer is as follows

x ( t ) = A m sin
é

ë

ê
êê
ê
ê
ê2πt ( fs0 + ( )t

∆T s
∆fs) ùûúúúú （3）

where A m is the amplitude of the signal； ∆fs the 
sweep interval frequency； fs0 the initial sweep fre‑
quency； and ∆T s the steady-state sweep time for 
each frequency. This system performs rounding op‑
erations on frequency. Due to accuracy require‑
ments， the testing frequency does not need to be 
precise to one decimal place. It can only be tested 
within the integer range to achieve the goal， while 
also improving the reliability and efficiency of test‑
ing.

3. 2 Implementation of sweep vibration test　

Based on the principle of structural dynamics， 
the differential equation of motion for a damped sin‑
gle degree of freedom system under harmonic loads 
can be obtained as

ÿ ( t ) + 2ξωẏ ( t ) + ω2 y ( t ) = p0 sin ( )θt
m

（4）

where y ( t ) is the displacement equation of the sys‑
tem； ẏ ( t ) the system velocity equation； ÿ ( t ) the 
system acceleration equation； ω the system frequen‑
cy； and ξ the damping ratio. The full solution is
y ( t ) = ȳ ( t ) + y *( t ) =

e-ξωt( )C 1 cos ( ωd t )+ C 2 sin ( ωd t ) + Asin ( )θt - φ

(5)
where C 1 and C 2 need to be calculated according to 
the initial conditions. The system assumes that at 
time t = 0， the system displacement is y0 and the 

velocity is ẏ0. The following characteristics can be 
obtained by analyzing the results.

（1） The frequency of system vibration is equal 
to the frequency of external load excitation.

（2） The amplitude of forced vibration is inde‑
pendent of the initial conditions and does not change 
over time. The amplitude of vibration A is

A = y st β = p0

k ( )1 - γ2 2
+ ( )2ξβ

2
(6)

where y st is the static displacement of the system un‑
der load p0； β the dynamic coefficient （dynamic am ‑
plification coefficient）； k the system stiffness； and γ 
the frequency ratio. According to Eqs.（3—6）， the 
amplitude frequency response curve of the system is 
obtained as shown in Fig.12. When ξ ≠ 0， the extre‑

mum point can be obtained as γ = 1 - 2ξ 2 ， and 
the system will generate the maximum vibration am ‑
plitude. The blades to be tested in this system be‑
long to a small damping system， i. e. the value of ξ 
is small. Approximately， when frequency ratio γ =
1， the system generates the maximum vibration am ‑
plitude， which is the resonance phenomenon.

There are two commonly used methods to de‑
termine whether the current tested blade is in reso‑
nance state：

Fig.12　System frequency response curves
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Method 1 Real time collection of blade vibra‑
tion signals， and obtaining the corresponding vibra‑
tion amplitude of the current frequency through 
methods such as discrete Fourier transform. When 
the amplitude is at its maximum， the current fre‑
quency can be recognized as the natural frequency.

Method 2 Making Lissajou figure by real-
time collected blade vibration signals and upper com ‑
puter sweep frequency signals. When the figure is el‑
liptical， the corresponding frequency is the natural 
frequency of the blade.

This system uses Method 1 as the evaluation 
standard， and Method 2 assists operators in verifica‑
tion. Firstly， the upper computer uses the lower 
computer to collect the vibration signal of the tested 
blade， performs discrete Fourier transform on it， 
and extracts the peak value of its frequency domain 
graph to obtain the vibration amplitude correspond‑
ing to the current frequency. By repeating the above 
steps and using amplitude as the Y-axis and frequen‑
cy as the X-axis， the amplitude frequency graph of 
the tested blade within the entire frequency range 
can be obtained. The position of the resonance peak 
in the graph can be determined using the extremum 
method， and the corresponding frequency of the res‑
onance peak is the natural frequency of the tested 
blade. Fig.13 shows the amplitude frequency re‑
sponse curve obtained from a certain set of tests.

4 Experiment and Analysis of Nat⁃
ural Frequency Automatic Test 
System 

4. 1 Efficiency experiment　

The engine blades tested in this system are di‑

vided into 11 types， totaling 806 pieces. To verify 
the testing efficiency of the system， the engine 
blades are used for testing in actual production envi‑
ronments.

The testing process of blades can be divided in‑
to two parts， namely motion control and vibration 
testing. The motion control mainly includes turnta‑
ble control， manipulator control， and clamping 
module control. During the entire testing process， 
the turntable only needs to complete one rotation， 
which is relatively short and can be ignored. The 
manipulator and clamping module have complete 
forward and backward movements during each blade 
test， which takes relatively more time. In a single 
test， the average round-trip time of the manipulator 
is T r = 30 s， and the average round-trip time of the 
clamping module T y = 15 s.

The average testing time varies greatly for dif‑
ferent types of blades， and the specific testing time 
is shown in Table 1.

Based on the above data， it can be calculated 
that the time required for single engine test T is

T = ∑
i = 1

11

[ ]( )T r + T y + Ti N i = 15.2 (7)

where Ti is the testing time for the ith type of blade； 
N i the number of the ith type of leaves. At present， 
it takes at least 24 h to manually complete a single 
engine blade test. The testing time of this system 
meets production needs， which is much lower than 
the time required for manual testing， and has great‑

Fig.13　Amplitude frequency curve

Table 1　Blade test schedule

Blade type

Compressor rotor blades of stage Ⅰ
Compressor rotor blades of stage Ⅱ
Compressor rotor blades of stage Ⅲ
Compressor rotor blades of stage Ⅳ
Compressor rotor blades of stage Ⅴ
Compressor rotor blades of stage Ⅷ
Compressor rotor blades of stage Ⅻ

Turbine rotor blades of stage Ⅰ
Turbine rotor blades of stage Ⅱ
Turbine rotor blades of stage Ⅲ
Turbine rotor blades of stage Ⅳ

Number

37
43
59
67
73
89
89

133
101
64
51

Single blade 
testing time/s

19.83
20.05
20.05
21.19
22.59
27.08
21.25
23.33
24.09
23.05
25.21
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ly improved efficiency.

4. 2 Accuracy experiment　

To verify the accuracy of the blade natural fre‑
quency testing system designed in this article， the 
testing system is used to test engine blades in actual 
production environments. The blades used for test‑
ing are standard blades with known natural frequen‑
cies. By analyzing the differences between the test 
results and the standard values， the accuracy of the 
system testing is verified.

The vibration testing is conducted on eleven 

standard blades， with only one standard blade 
placed in each blade box and the rest of the test be‑
ing the same as normal testing. The formula for cal‑
culating the relative error in the experiment is as fol‑
lows

P∆i = ∆ui

ti
× 100% (8)

where ∆ui is the absolute error of the ith group； ti 
the true value； and P∆i the relative error of the ith 
group. The final test results are shown in Table 2， 
and Fig.14 shows the amplitude frequency response 
curves of some tests.

Table 2　Accuracy experiment results of blade natural frequency test system

Blade type
Compressor rotor blades of stage Ⅰ
Compressor rotor blades of stage Ⅱ
Compressor rotor blades of stage Ⅲ
Compressor rotor blades of stage Ⅳ
Compressor rotor blades of stage Ⅴ
Compressor rotor blades of stage Ⅷ
Compressor rotor blades of stage Ⅻ

Turbine rotor blades of stage Ⅰ
Turbine rotor blades of stage Ⅱ
Turbine rotor blades of stage Ⅲ
Turbine rotor blades of stage Ⅳ

Standard value/Hz
727
928
936

1 090
1 568
2 543
4 833
1 294
877
538
299

Test value/Hz
726
928
935

1 084
1 578
2 538
4 870
1 295
881
535
287

Relative error/%
-0.14

0.00
-0.11
-0.55
-0.64
-0.20

0.77
0.08
0.46

-0.56
-2.97

Fig.14　Partial amplitude-frequency response curves of accuracy experiment
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The accuracy experiment shows that except for 
the turbine rotor blades of stage Ⅳ， the test values 
of other blades are within the range of standard val‑
ues ±1%， which meets the requirements of system 
accuracy.

4. 3 Measurement error analysis　

Due to the significant relative error measured 
during vibration testing of the turbine rotor blades of 
stage Ⅳ， the error analysis is conducted on this type 
of blade. Fig.14（d） shows the amplitude frequency 
response curve of the standard turbine rotor blades 
of stage Ⅳ. The resonance peak of this amplitude 
frequency curve is obvious， so the first consider‑
ation is whether there is an error in the testing sys‑
tem. Due to the fact that the standard values of the 
standard blades used in the test are measured by the 
original manual testing system， the differences be‑
tween the two testing systems are analyzed.

The manual testing system shown in Fig.15 
has passed the relevant frequency performance veri‑
fication.

The eddy current exciters used in the two test‑
ing systems are consistent， and the position of the 
exciters has almost no effect on the natural frequen‑
cy values. Therefore， the difference in the applica‑
tion of clamping force between the two testing sys‑
tems is analyzed. The automatic testing system ap‑
plies a clamping force through a servo electric cylin‑
der， with the direction of the force perpendicular to 
the tenon plane， as shown in Fig.16（a）. The manu‑
al testing system applies a tightening force through a 
torque wrench， with the direction of the force paral‑
lel to the tenon plane， as shown in Fig.16（b）.

Through the previous calibration experiment， 
it can be concluded that the clamping force has a sig‑
nificant impact on the natural frequency value， and 

there is a significant difference in the way the clamp‑
ing force is used between the two testing systems. 
Therefore， it is considered that there is a systemat‑
ic error in the two testing systems. Five hundred 
turbine rotor blades of stage Ⅳ are taken as the test 
objects， and the natural frequency is measured 
through two sets of testing systems to ensure that 
the position of the exciter is consistent during test‑
ing. The final test results are shown in Fig.17. The 
difference in natural frequencies measured by the 
two testing systems follows a normal distribution， 
with 95% of the blade natural frequency difference 
in the range of 7—12 Hz. Therefore， it can be con‑
sidered that there is a systematic error in the two 
testing systems.

Fig.15　Manual test system

Fig.16　Difference of clamping force application modes 
between two test systems

Fig.17　Statistics of natural frequency difference of two test 
systems
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Add 10 Hz to the test results of the automatic 
testing system for error compensation， and the com‑
pensated data statistics are shown in Table 3. Final‑
ly， more than 95% of the blade natural frequency 
test results are within ±1%.

5 Conclusions 

The research object of this article is all types of 
blades of a certain aircraft engine， with the aim of 
automatically testing the first-order natural frequen‑
cy of the blades and screening abnormal blades that 
do not meet the requirements based on the test re‑
sults. This article selects the sweep frequency meth‑
od as the testing method based on the shape and vi‑
bration characteristics of the blades， designs and 
builds a hardware platform for the natural frequency 
testing system of the blades， and develops corre‑
sponding testing software.

The automatic test system has the following in‑
novations： Firstly， the blade is positioned by the 
linkage mode of multiple motion modules such as 
mechanical arm， servo motor and electric cylinder， 
which can achieve the automatic positioning， load‑
ing and fixing of large quantities of blades， replacing 
the current manual operation， and solving the prob‑
lems of cumbersome disassembly and disassembly 
of blade batches， low test efficiency， low test con‑
sistency and high human resource consumption. Sec‑
ondly， the electric cylinder is used with the corre‑
sponding compression module to achieve rapid com ‑
pression of a fixed torque， and the corresponding 
compression torque is set for different types of 
blades to ensure the accuracy of blade testing. Final‑
ly， the eddy current exciter is used to quickly and 
automatically sweep the blade frequency， and the 
test process does not require manual participation， 
achieving complete automation. Compared to manu‑
al testing， there is a significant improvement in effi‑

ciency， with a testing error within ±1%， meeting 
the requirements of natural frequency testing.

References
［1］ WENG H T， DUAN F L， JI Z L. Electrical insula‑

tion improvements of ceramic coating for high tempera‑
ture sensors embedded on aeroengine turbine blade［J］. 
Ceramics International， 2020， 46（3）： 3600-3605.

［2］ HE W F， LI C Z， NIE X F， et al. Recognition and 
detection of aero-engine blade damage based on im ‑
proved cascade mask R-CNN［J］. Applied Optics， 
2021， 60（17）： 5124-5133.

［3］ XU Hailong. Research on key techniques of non-con‑
tact on-line detection of blade end cracks with timing in 
rotating blades［D］. Changsha： National University of 
Defense Technology， 2018. （in Chinese）

［4］ WANG Jiao. Research on the analysis method of blade 
natural characteristics and vibration response［D］. 
Shenyang： Northeast University， 2010. （in Chinese）

［5］ CHU Zhigang， WU Yangjun， XIONG Min. Develop‑
ment of on-line detection system of natural frequency 
by hammering method［J］. Journal of Electronic Mea‑
surement and Instrumentation， 2015， 29（1）： 31-37. 
（in Chinese）

［6］ ZHOU Wei， FENG Zhongren， WANG Xiongjiang. 
Operational modal analysis based on improved empiri‑
cal Fourier decomposition［J］. Journal of Vibration and 
Shock， 2021， 40（9）： 48-54. （in Chinese）

［7］ YANG Zhidong， CONG Dacheng， HAN Junwei. Sig‑
nal synthesis and signal analysis in sinusoidal sweep vi‑
bration control［J］. Journal of Vibration Engineering， 
2008， 21（3）： 309-313. （in Chinese）

［8］ DONATO V， BANNISTER R L， DEMARTINI J 
F. Measuring blade vibration of large low pressure 
steam turbines［J］. Power Engineering， 1981， 85（3）：

68-71.
［9］ LEON R L， TRAINOR K. Monitoring systems for 

steam turbine blade faults［J］. Sound and Vibration， 
1990， 24（2）： 12-15.

［10］ LOFTUS P. Determination of blade vibration frequen‑
cies and/or amplitude： US7509862［P］， 2010-07-15.

［11］ KADOYA Y， MASE M， KANEKO Y. Noncontact 
vibrational measurement technology of steam turbine 
blade［J］. International Journal： Series C， 1995， 38
（3）： 486-493.

［12］ MURTHY V R. Dynamic characteristics of rotor 
blades［J］. Journal of Sound and Vibration， 1976， 49
（4）： 483-500.

［13］ WANG Z K，YANG Z B， LI H Q， et al. Automatic 
tracking of natural frequency in the time‑frequency do‑

Table 3　Relative error statistics after error compensa⁃
tion

Relative error

Number

Within 1%

473

Between 
1%—1.5%

18

Over 1.5%

9

486



No. 4 LU Yonghua, et al. Research on Automatic Test System of Engine Blade Natural Frequency

main for blade tip timing［J］. Journal of Sound and Vi‑
bration，2022，516： 116522

［14］ LI Minghui， HUANG Pengyu， CHEN Shi， at al . 
Strain and vibration monitoring technology of fan blade 
based on Fiber Bragg grating［J］. Journal of Nanjing 
University of Aeronautics and Astronautics， 2023，55
（5）： 898-904. （in Chinese）

［15］ CAO D F， DING J R， ZHOU Y， et al. Measurement 
and analysis on natural frequency of runner blade of hy‑
draulic turbine by hammering method［J］. IOP Confer‑
ence Series： Earth and Environmental Science，2022，
1079（1）： 012061.

［16］ WEN Zunwang， WANG Yaoyao， FU Hao， et al. 
Non-singular terminal sliding mode compliance control 
of aerial manipulator based on disturbance observ‑
er［J］. Transactions of Nanjing University of Aeronau‑
tics & Astronautics，2023， 40（S2）： 69-76.

Acknowledgements This work was supported by the Na‑
tional Natural Science Foundation of China （No.51975293）， 
Aeronautical Science Foundation of China （No.2019ZD0520-

10） and Postgraduate Research & Practice Innovation Pro‑
gram of NUAA （No.xcxjh20230502）.

Author Prof. LU Yonghua received his Ph.D. degree from 
Nanjing University of Aeronautics and Astronautics in 2005. 
He is currently a professor at Nanjing University of Aeronau‑
tics and Astronautics. His main research interests include in‑
telligent measurement and control， measurement system and 
robotics.

Author contributions Prof. LU Yonghua proposed the 
project plan， designed the three dimensional model and built 
the hardware system. Mr. LIU Jingjing conducted the analy‑
sis， interpreted the results and wrote the manuscript. Mr.
YANG Haibo， Mr. HUANG Chuan and Mr. MA Zhicheng 

contributed to the discussion and background of the study. 
All authors commented on the manuscript draft and approved 
the submission.

Competition interests All authors declare no competition 
interests.

（Production Editor： WANG Jing）

发动机叶片固有频率自动化测试系统研究

陆永华 1， 刘京京 1， 杨海波 2， 黄 川 1， 马志成 1

（1.南京航空航天大学机电学院，南京 210016, 中国； 2.南京工业职业技术大学机械工程学院，

南京 210016，中国）

摘要：叶片是航空发动机上的重要零部件之一，若因振动失效而断裂会影响整个发动机的正常工作，因此需在将

叶片安装到发动机上之前检测其固有频率，避免共振现象发生。目前大多数叶片振动测试系统均需操作人员手

动操作，对操作人员要求较高，测试过程也十分繁琐，因此测试效率较低，无法满足高效测试的需求。为解决目

前存在的测试效率低、操作要求高等问题，设计了一套高精度、高效率的自动化测试系统。该系统的测试精度可

达±1%，相比于人工测试效率提升 37%。首先，通过幅频曲线分析压紧力、激振器位姿对固有频率测试的影响，

从而对伺服电缸、四维运动平台进行标定；其次，选用正弦波信号作为激励对叶片进行线性扫频，通过频域内的

振幅峰值确定固有频率；最后，研制的测试系统进行了准确性实验和效率实验，验证了系统的高效率、高精度。

关键词：叶片；振动失效；固有频率；自动化测试系统
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