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In this paper, a dynamic-balancing testing system is designed. 'e innovative feature of the testing system is the dynamic
balancing of the rotor system with robustness and high balance efficiency which meets the requirements of engineering ap-
plication. 'e transient characteristic-based balancing method (TCBM) interface and the influence coefficient method (ICM)
interface are designed in the testing system. 'e TCBM calculates the unbalance by the transient vibration responses while
accelerating rotor operating without trail-weight. 'e ICM calculates the unbalance by the steady-state vibration responses while
the rotor system operates with trail-weight and constant speed. 'e testing system has the functions of monitoring operations
synchronously, measuring and recording the required vibration responses, analyzing the dynamic characteristics, and identifying
the unbalance parameters. Experiments of the single disc rotor system are carried out, and the maximum deflection of the
measuring point has decreased by 73.11% after balancing by the TCBM interface.'emaximum amplitude of the measuring point
at 2914 r/min has decreased by 77.74% after balancing by ICM interface, while the maximum deflection during the whole
operation has decreased by 70.00%. 'e experiments prove the effectiveness of the testing system, while the testing system has
advantages of convenient and intuitive operation, high balance efficiency, and security.

1. Introduction

Rotating machinery is widely used in power generation,
petrochemical, metallurgy, aerospace, and other fields for
its rotating function required in special working condi-
tions. Lu et al. [1] introduced the actual applications of the
order reduction methods in solving rotor speed-varying
transient problems. Fu et al. [2] analyzed the transient
vibrations of an accelerating rotor system under both
random and uncertain-but-bounded parameters. In the
field of substructures of the rotor system, Xie and Zhu [3]
investigated the lubrication characteristics of floating ring
bearing under the circumstance of considering multi-
coupling factors. With the rapid development of high
speed and heavy power rotating machinery, detecting and
eliminating faults of the rotor system have always been a
hot issue in the field of rotating machinery design, re-
search, and development. In the past decades, the research
contents of rotor fault detection and elimination include
the identification of initial unbalance [4–6], the reso-
nance, flutter and damage monitoring of the blade [7–9],

the looseness [10–12], the rotor/stator rubbing [13–16],
crack [17–19], and misalignment effects [20–22].

In engineering, the rotor fault of the initial unbalance
caused by the process preparation error must be solved. And
the rotor system is required to be prebalanced after design
and production to reduce the extra vibration response
caused by the initial unbalance of the rotor system, which
makes the first step of detecting and eliminating faults is the
rotor dynamic balancing. 'e mature dynamic-balancing
methods of the rotor system at present are the influence
coefficient method (ICM) [23, 24] and the modal balancing
method (MBM) [25–27]. However, the ICM requires bal-
ancing with constant rotational speed. Multiple constant
rotational speeds are required to solve the contradiction
equations for balancing in a certain range of rotating speed
which will definitely reduce the efficiency of the balancing
process. 'e MBM identifies the unbalance parameters by
modes of each order and the core principle of the MBM is
mode superposition.

Both the above two methods require test runs with trail-
weight while adding trail-weight to the rotor system may
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lead to two problems. One is that the position of adding trail-
weight may be sensitive to the main structure of the rotor
and may lead to the failure of obtaining the response during
the test run with trail-weight. 'e other is that there is no
basis to determine the qualities and directions of the trail-
weight. Once the acute angle is formed by the direction of
adding trail-weight and unbalance azimuth, the vibration
response of the rotor system will increase and may cause
damage to the main structure of the rotor system.

'e mature approach of dynamic balancing without trial
weights is to optimize the ICM and the MBM. 'e pa-
rameters that the ICM or the MBM required for calculating
unbalance can be obtained through dynamic simulation of
the rotor system in this way. And the unbalance of the rotor
system can be identified by the ICM or the MBM without
trail-weight. For example, Yao et al. [28] proposed a dual-
objective optimization method and integrated the proposed
method with least-square ICM. Bin et al. [29, 30] investi-
gated the weighted influence coefficient matrix by adding
simulated exciting force to the finite element model of the
multidisc series shafting rotor system and then identified the
unbalance of the rotor system by the ICM without trail-
weight. Li et al. [31] calculated the dynamic characteristics of
the rotor by finite element analysis and identified the un-
balance of the four-disc simply supported structure rotor
and turbo-shaft engine power turbine rotor by N and N+ 2
plane MBM without trial weights, respectively. Ye et al. [32]
introduced dynamic similitude theory and dimensional
analysis method for optimizing the ICM and proposed the
balancing method without trial weights by analyzing the
similitude relationship of the influence coefficient between
similarity and prototype rotor system.

Other approaches for balancing the rotor system without
trail-weight are based on the dynamic characteristics of the
rotor system. Zou et al. [33] estimated unbalance loads of the
state space model of the rotor system by using the Kalman
filter. Zhao et al. [34] identified the unbalance of the rotor
system through transient characteristics of unbalance loads,
while the unbalance loads are estimated by vibration re-
sponse and system characteristics of the rotor system.

Although the methods mentioned above have achieved a
good balancing effect in the dynamic-balancing field, the
interface of the dynamic-balancing testing system designed
and developed in relevant filed is less than other fields such
as the interfaces of control systems designed based on ex-
cellent control algorithms [35, 36], the testing platforms of
robot operation designed based on computer vision, virtual
reality, and mechanical learning algorithms [37, 38]. 'e
most beneficial function of the dynamic-balancing testing
system is field balancing of the rotor system based on the
interface integrated by source programs of the specific dy-
namic-balancing method. Meanwhile, the functions of
displaying the measuring signal during operation, analyzing
the measuring data in the process of acquisition, are also
designed in the testing system, which will simplify the
balancing process and improve the balancing efficiency.

In this paper, we proposed a novel method for balancing
the rotor system without trail-weight which is named the
transient characteristic-based balancing method (TCBM).

'e excitation force of the accelerating unbalanced rotor
system will be calculated by the transient vibration responses
and dynamic load identification technique. And the un-
balance parameters are identified by the analysis of the
amplitudes and phases of the calculated excitation forces.
For simplifying the balancing process and improving the
balancing efficiency in experimental research and engi-
neering, the dynamic-balancing testing system is integrated
by TCBM. 'e interface of the ICM is also integrated for
demonstrating the accuracy of the unbalance identification
by the TCBM andmaking the testing systemmore universal.

'e basic theories and the balancing processes of the
TCBM and ICM are introduced in Sections 2.1 and 2.2,
respectively. 'e composition of the dynamic-balancing
testing system, the functions, and the general requirements
of the hardware and software modules are introduced, re-
spectively, in Section 3. To verify the balancing effect of the
dynamic-balancing testing system, the dynamic-balancing
experiments of a single disc rotor system are carried out in
Section 4. 'e balancing results prove that the dynamic-
balancing testing system can be effectively applied to the field
of dynamic balancing, while the testing system owns the
benefits of concise interfaces and high balancing efficiency
and security.

2. TheBasicMethods of theDynamic-Balancing
Testing System

2.1.$e Basic$eory of the TCBM. 'e TCBM calculates the
unbalance parameters of the rotor system by the transient
vibration responses and dynamic load identification tech-
nique. 'e TCBM does not require the test run with trail-
weight and the TCBM is suitable for balancing procedures
with the conditions whatever variable rotational speeds or
constant rotational speeds. 'rough the dynamic load
identification technique, there is a relationship between the
vibration response and the excitation force of the rotor
system which can be expressed as

U(ω) � H(ω)F(ω)⟶ F(ω) � HTH 
− 1
HTU(ω), (1)

where U (ω) is the Fourier transform of U (t), U (t) is the
dynamic response vector which represents the output of the
system, which is a column vector that contains L elements,
and L represents the total number of vibration measurement
points. F (ω) is the Fourier transform of F (t), F (t) is the
external force vector which represents the input of the
system, F (t) is a column vector that contains P elements, and
P represents the total number of the unbalance excitation
force while L≥P in general. H (ω) is the FRF matrix of the
system.

Considering the condition of L� P, the FRF matrix
consists of the modal FRF matrix and the modal shapes
matrix which can be described as

H(ω) � ΦHq(ω)ΦT
, (2)

whereHq (ω)� diag [H1 (ω), H2 (ω), ···, Hr (ω), ···, HN (ω)] is
the modal FRF matrix andHr (ω) is the rth modal FRF of the
system which can be expressed as
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Hr(ω) �
1

Mr ω2
r − ω2

+ 2jωωrξr 
, (r � 1, 2, . . . , N),

(3)

where Mr, ωr, and ξr are the rth modal mass, modal fre-
quency, and modal damping ratio of the system, respec-
tively. ω is time-varying frequency.

For a nonproportional damping system, the unbalance
excitation force can be expressed as

F(ω) � Φ∗ Φ∗( 
T

 
− 1
Φ∗Mr ω2

r − ω2
+ 2jωωrξr  (Φ)

TΦ 
− 1

(Φ)
TU(ω), (4)

where Mr is the diagonal matrix composed of modal mass,
Φ� {ϕ1, ϕ2, ···, ϕr, ···, ϕN}, Φ∗� {ϕ∗1, ϕ∗2, ···, ϕ∗r, ···, ϕ∗N},
(r� 1, 2, ···, N) are the complex modal matrices of the rotor
system, and ϕr, ϕ∗r are the complexmodal vectors; the above
parameters can be calculated by FEM or modal experiment.
ωr and ξr are the modal frequency and modal damping ratio,
respectively, ωr and ξr can be obtained by the Bode diagram
of the rotor system, and ω is the diagonal matrix composed
of the time-varying frequency which can be counted by
setting the Key Phase Signal (KPS) to the rotor test rig.

In the premise of the radial displacement of the rotor
system which can be expressed by the horizontal and the
vertical components, the displacement vector in equation (4)
can be divided into x and y directions corresponding to the
horizontal and the vertical components. Assuming that the
rotor system is isotropic and considering the difficulty of
obtaining higher-order modes in simulations or experiments
of the rotor system, the calculated excitation force vectors
can be rewritten by equation (4) which is based on the front
M real modal analysis of the rotor system as shown in the
following equation:

Fx(ω) � Φ∗Φ∗T 
− 1
Φ∗M∗ ω∗2 − ω2

+ 2jωω∗ξ∗  ΦTΦ 
− 1
ΦT Ux(ω) ,

Fy(ω) � Φ∗Φ∗T 
− 1
Φ∗M∗ ω∗2 − ω2

+ 2jωω∗ξ∗  ΦTΦ 
− 1
ΦT Uy(ω) ,

⎧⎪⎨

⎪⎩
(5)

where Fx (ω) and Fy (ω) represent the calculated excitation
force vector of the x and y direction, respectively,Ux (ω) and
Uy (ω) represent the displacement of the x and y direction,
respectively, Ux (ω)� [x1 (ω), x2 (ω), ···, xN (ω)]T, Uy (ω)�

[y1 (ω), y2 (ω), ···, yN (ω)]T, [Φ]N×M � [ϕ1, ϕ2, ···, ϕr, ···, ϕM],
[Φ∗]N×M � [ϕ∗1, ϕ∗2, ···, ϕ∗r, ···, ϕ∗M],M∗� diag [M1,M2, ···,
Mr, ···,MM], ω∗� diag [ω1, ω2, ···, ωr, ···, ωM], ω� diag [ω, ω,
···, ω]M×M, and ξ∗� diag [ξ1, ξ2, ···, ξr, ···, ξM].

In this way, we can calculate the unbalance excitation
forces of the rotor system by the vibration response and the
modal parameters of the rotor system.

'e excitation force vectors calculated by equation (5)
consist of the excitation force of the discs in the time domain
which can be expressed as

Fx(t) Z×1 � Fx1(t), Fx2(t), . . . , Fxi(t), . . . , FxZ(t) ,

Fy(t) 
Z×1 � Fy1(t), Fy2(t), . . . , Fyi(t), . . . , FyZ(t) ,

⎧⎨

⎩

(6)

where Z is the number of discs. 'e elements of the exci-
tation force vectors contain the unbalance parameters of the
discs which can be rewritten as

Fxi(t) � mieiA(t)cos Bx(t) + φei ,

Fyi(t) � mieiA(t)sin By(t) + φei ,

⎧⎨

⎩ (7)

where mieiA (t) is the term of amplitude and mi and ei
represent mass and eccentricity of ith disc, respectively.
A �

���������

_φ4(t) + α2


, where _φ(t) and α are the angular velocity

and acceleration of the disc. _φ(t) � _φ(t0) + αt, and _φ(t0) is
the initial angular velocity. Bx (t) and By (t) are the terms of
phases, Bx (t)�φ (t) +ψx (t) and By (t)�φ (t)+ψy (t). φ (t) is
the rotational angle of the disc,
φ(t) � φ(t0) + _φ(t)t + (1/2)αt2, and φ (t0) is the initial angle
of the disc. Generally, we assume φ (t0)� 0, and ψx (t) and ψy
(t) can be expressed as

ψx(t) � arctan −
α

_φ2
(t)

, ψx(t) ∈ −
π
2

, 0 ,

ψy(t) � arctan −
α

_φ2
(t)

, ψy(t) ∈ −
π
2

, 0 .

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(8)

On the premise of the rotor system operating with
constant rotational speed, _φ(t0) is a fixed value, α� 0,
φ(t) � _φ(t0)t, ψx (t)�ψy(t)� 0. For the rotor system
operates with variable rotational speeds, _φ(t0) varies with
time and α is approximated as a fixed value; _φ(t0) and α can
be calculated by the KPS.

To conclude, the data of the unbalance force calculated
by equation (4) are introduced to equations (7) and (8), and
the unbalance parameters (eccentricities and azimuths) of
the rotor system can be calculated by equations (7) and (8).

'e balancing process of the TCBM is shown in Figure 1.

2.2. $e Basic$eory of the ICM. 'e ICM was proposed by
T. P. Goodman in 1964 for the first time. On the premise of
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supposing the system as linear, the residual vibration of the
rotor system can be expressed as

δ � A0 + αW, (9)

where δ is the residual vibration of the rotor system,A0 is the
vector which lists the unbalance response of different
measuring points while the rotor operates with constant
rotational speed, α is the influence coefficient matrix, andW
is the counterweight.

Meanwhile, the element of influence coefficient matrix of
the rotor system is defined as

αij �
Aij − Ai0

Tj

, (i � 1, 2, . . . , M; j � 1, 2, . . . , N), (10)

where αij is the influence coefficient of the jth balancing
plane to the ith measuring point. Ai0 is the vibration re-
sponse of ith measurement points, and Aij is the vibration
response of ith measurement points under the condition of
adding the trail-weight Tj to the jth balancing surface.
M� LK is the total number of vibration measurement data, L
is the total number of vibrationmeasurement points,K is the
total number of operating rotational speeds, and N is the
total number of balancing surfaces. Generally, M�N, δ is
regarded as the vector whose elements are all zero, and the
counterweight of the rotor system can be expressed as

W � −α− 1A0. (11)

'e single plane influence coefficient method is selected
as an example in Figure 2 to illustrate the balancing process
of the ICM.

3. The Design of the Dynamic-Balancing
Testing System

3.1. $e Hardware Design of the System. 'e hardware
composition of the testing system is shown in Figure 3, and
the KPS was monitored and recorded by eddy current
displacement (ECD) sensors or photoelectric (PE) sensors.
In the meantime, the KPS needs to be transformed to square
wave signals through a signal conditioner for calculating the
transient rotational speed. 'e displacement signals can be
monitored and recorded by ECD sensors or General Dis-
placement (GD) sensors; the acceleration signals can be
monitored and recorded by acceleration sensors. It should
be noted that, in the process of signal measurement, the
displacement and acceleration signals do not require
transformation, and the rotational speed sensor is required
to transform the collected signal into a square wave signal
and output the processing square wave signal. All the above-
recorded signals are converted into computers by USB-6351
Data Acquisition (DAQ) system, and the maximum sam-
pling rate of DAQ is 100 k.

3.1.1. $e Design of the Signal Acquisition Channel. 'e
hardware of the testing system can monitor and record 15
channels synchronously during operation, including 8 dis-
placement channels, 1 rotational speed channel, and 6

acceleration channels as shown in Figure 4. It should be
noted that all the displacement channels are equipped with
two types of sensor interfaces, which can selectively monitor
and record the displacement signals by ECD sensors or GD
sensors. 'e rotational speed channel is equipped with the
ECD sensor interface and PE sensor interface. 'e accel-
eration channels are equipped with the interfaces of accel-
eration sensors. 'erefore, a total of 24 sensor interfaces are
designed for the hardware of the testing system, including 2
sensor interfaces for measuring rotational speed, 16 sensor
interfaces for measuring vibration responses, and 6 sensor
interfaces for measuring acceleration. In addition, the
switch, the power interface, and the power grounding are
also set to the hardware of the testing system as shown in
Figure 5.

3.1.2. $e Introduction of the KPS, Rotational Speed, and
Sampling Frequency. In this pattern, the KPS is introduced
to obtain the transient rotational speed. It is supposed that
the rotor system operates with constant rotational angular
acceleration. When the ECD sensor is used to measure the
rotational speed, the KPS is triggered by setting the abrupt
change of the displacement in the circumferential direction
of the shaft. For the PE sensor, the reflective tape set in the
circumferential direction of the disc is used for triggering the
KPS. In this way, the angular velocity of the rotor between
trigger points of two adjacent KPS can be expressed as

_φ(t) �
2π

tk − tk−1
, (k � 1, 2, . . . , N), (12)

where tk is the trigger time point of the kth KPS,N is the total
number of the KPS, and _φ(t) is the approximate angular
velocity of tk−1 + tk/2. And the rotational speed of tk−1 + tk/2
can be expressed as

r �
60

tk − tk−1
, (k � 1, 2, . . . , N). (13)

Equation (13) represents the total number of turns per
second. In general, the KPS of the rotor system with constant
rotational speed is a series of pulses with equal time intervals.
For the rotor system with constant rotational angular ac-
celeration, the time interval of KPS is decreasing regularly in
transient motion analysis.

Meanwhile, the KPS plays another role that it can cal-
ibrate the rotation angle of the start point of the rotor system
during the operation. It should be noted that the reference
phase should be set firstly. 'e setting of the reference phase
is very important in engineering which is equivalent to
setting a reference frame for operation. We set that the
trigger point of the KPS coincides with the positive direction
of the x-axis and anticlockwise is selected to be positive. In
this way, the reference phase is 0°.

'e angular velocity at the starting point of the recording
data can be expressed as

_φ t0(  �
2π

t2 − t1
− €φ

t1 + t2( 

2
, (14)
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where t0 is the starting time, t1 and t2 are the trigger time
points of 1st and 2nd KPS, respectively, and €φ is the rotational
angular acceleration.

'e initial phase of the starting point of the recording
data can be expressed as

φ t0(  � 2π −
2πt1

t2 − t1
+

€φt1t2

2
. (15)

For determining the sampling frequency, it is required
that the KPS must be captured at least once in each rotation
cycle for the requirements of acquisition and rotational
speed monitoring:

Δt< κ, (16)

whereΔt is the sampling time interval and κ is the time width
of the KPS.

Equation (16) shows that the sampling time interval is
required to be less than the time width of the KPS.
Meanwhile, the relationship between the time width of the
kth KPS and the width of the KPS in experiments can be
described as

κ
tk − tk−1

�
Γ
πd

�
Λ
πD

,

(17)

where Γ is the circumferential width of the abrupt dis-
placement region when the ECD sensor is used for mea-
suring the rotational speed. Λ is the circumferential width of
the reflective tape for the PE sensor. d is the diameter of the
shaft, and D is the diameter of the disc.

Establishing the rotor test rig.

Obtaining the modal parameters of the rotor system by FEM.

Selecting the measuring points.

Measuring the vibration response U (t) of the measuring points
while the rotor operating with constant accleration.

Identifying the unbalance parameters (e∠φ) of the N disc by
the unbalance force data of FxN(t) and FyN(t).

Plotting the Bode diagram by the vibration response
and obtaining the critical speed of the rotor system.

Calculating the unbalance force F (t) of the rotor system.

The counterweight: e∠(φ+180°)

No
Achieve the requirement of

balancing accuracy.

Yes

The balancing process is completed.

Reselecting

Figure 1: 'e balancing process of the TCBM.
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'e sampling frequency of the testing system needs to
achieve the following conditions while the rotor system
operates with constant rotational angular acceleration:

fs �
1
Δt
>
1
κ

�
πd

Γ tN − tN−1( 
,

fs �
1
Δt
>
1
κ

�
πD

Λ tN − tN−1( 
,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(18)

where fs is the sampling frequency of the testing system and
N is the last KPS measured by the hardware.

In the meantime, the vibration data acquisition should
meet the requirements of the sampling theorem, which is
expressed as fs> 2fmax for spectrum analysis and fmax is the
frequency corresponding to the maximum rotational speed
of the rotor system.

3.2.$eSoftwareDesign of theTesting System. 'e software is
mainly divided into three parts. One is the preparation
before measuring, including parameters set such as sensi-
tivity coefficient, sampling frequency, sampling channel
selection, and display. 'e second part is displaying the
measuring signal during operation and analyzing the
measuring data in the process of acquisition.'e second part

can actualize the functions of synchronous display of the
KPS, the Bode diagram, spectrum analysis, and the playback
of recording data. 'e last part is the unbalance identifi-
cation interface which is based on the TCBM and the ICM.
According to the unbalance parameters calculated by re-
cording data of the vibration response, the balancing process
is completed through adding the counterweights to the
balancing surfaces.

'e data acquisition interface of testing system software
is shown in Figure 6; the buttons of system operation and
system maintenance are set in the upper left corner. 'e
system operation buttons own channel setting interface and
sensor coefficient setting interface. 'e drop-down menu of
“system maintenance” has the buttons of extracting channel
and batch selecting acquisition channels which can realize
functions of interface debugging, data transmission fault
detection, and daily maintenance.

Meanwhile, a total number of 13 signal windows are
displayed in three columns in the data acquisition interface,
including 1 KPS display window, 4 measured signal display
windows, and the rotational speed-amplitude, rotational
speed-phase display windows of the Bode diagram corre-
sponding to the measured signals. 'e other channels can be
displayed by selecting the “channel options” menu at the left
end of the interface as shown in Figure 6.'e right end of the
data acquisition interface displays the amplitude and phase

Establishing the rotor test rig.

Selecting the measuring point and the balancing surface.
Reselecting

Adding the trail weights T1 to the balancing surface.

Measuring the vibration response A0 of the
measuring point at the rotor balancing speed.

Measuring the vibration response A1 of the
measuring point at the rotor balancing speed.

The influence coefficient: α= 
A1 – A0

T1

The counterweight: W=-α-1A0

Achieve the requirement
of balancing accuracy.

No

Yes

The balancing process is completed.

Figure 2: 'e balancing process of the single plane influence coefficient method.
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of the last point in the Bode diagram drawn by the measured
signals of each channel. 'e basic parameters are set below
the acquisition interface which includes rotational speed,
cycle, and frequency of the rotor test rig, basic setting of
sampling. 'e clear button and the options of adjusting the
rotational speed-phase of the Bode diagram are arranged in
the lower right corner, which can complete the functions of
clearing the plot or phase shift according to the
requirements.

3.2.1. $e System Operation of the Software. 'e system
operationmenu is set in the upper left corner of the software,
which has two options in the drop-down menu. One is the
acquisition channel setting button and the other is the sensor
coefficient setting button. 'e acquisition channel setting
interface is shown in Figure 7. 'e marks of A and B in the
Displacement Sensor part represent the data transmission
interface of the ECD sensor and GD sensor, respectively.
And a total of 16 displacement channels are set for recording

the vibration response.'emarks of A and B in the KPS part
represent the data transmission interface of the PE sensor
and ECD sensor, respectively. 'e Acceleration Sensor part
owns 6 data transmission interfaces for measuring the ac-
celeration of measuring points.

'e sensor coefficient setting interface is shown in
Figure 8, which represents the relationship of the sensors’
input and output:

xoutput � Πxinput,

xplot � Kxoutput + b,

⎧⎨

⎩ (19)

where Π is the relationship between the input signal and the
output signal of the sensor. xplot is the display signal of the
data acquisition interface. K and b are the sensor coefficient,
and xplot should be equal to xinput during operation.

3.2.2. $e Bode Diagram, the Recording Data Playback, and
Data Processing. For the rotor system, the Bode diagram is

Key Phase Signal

Response Signal

Acceleration Signal Acceleration sensor

ECD sensor

PE sensor

ECD sensor

GD sensor

Signal Conditioner

Square Wave Signal

USB-6351
DAQ system

Computer

Figure 3: 'e hardware design of the dynamic-balancing testing system.

Indicator
ø8

ø9,2

ø18,1

Dynamic-balancing Testing System

Displacement Sensor Interface
1A

1B

2A

2B

3A

3B

4A

4B

5A

5B

6A

6B

7A

7B

8A

8B

4,
2

2,6

9,
4

17

A B 1 2 3 4 5 6

Design by Northwestern Polytechnical University

17
0

400

Acceleration Sensor InterfaceKPS Sensor Interface

Figure 4: 'e front layout of the hardware panel.
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used to illustrate the relationship between the rotational
speed and the vibration response of the measuring points. In
general, the Bode diagram is plotted in pairs to display the
variation of the rotational speed-vibration amplitude and the
variation of the rotational speed-vibration phase. In a certain
speed range, the amplitude and phase of the fundamental
vibration frequency at each constant rotational speed should
be obtained for plotting the Bode diagram of the measuring
point. 'e vibration of the measuring point changes peri-
odically with each twirl of the rotor and we assumed that the
change of rotational speed in each cycle is approximately 0.
And the amplitude and phase of the fundamental vibration
frequency at each corresponding constant rotational speed

can be obtained by the Fourier transform to the vibration
response of the measuring point in each cycle. 'erefore, a
series of discrete points of rotational speed-amplitude and
rotational speed-phase can be obtained for the rotor system
operating with constant angular acceleration. And the Bode
diagram can be plotted by curve fitting these discrete points.
'e 2nd and 3rd column display windows in Figure 6 are the
rotational speed-amplitude and rotational speed-phase
curves of the Bode diagram, respectively. In addition, the
reference phase may be different for engineering in some
cases, and the functions of phase shift, phase inversion are
set at the bottom right of the data acquisition interface as
shown in Figure 6.
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Figure 5: 'e back layout of the hardware panel.

Figure 6: 'e data acquisition interface of testing system software.
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'e playback interface is shown in Figure 9, for overall
displaying the recording data. 'e playback windows of the
recording data are arranged in the first column, and the
display windows of the other column are the spectrum
analysis of the recording data. All the windows can zoom
and replot aiming to display the details of the recording data.
'e data reading progress, the basic sampling parameters,
and the basic parameters of cursors are set below the ac-
quisition interface.

3.2.3. $e Transient Characteristic-Based Balancing Method
Interface. 'e transient characteristic-based balancing
method interface is shown in Figure 10, which accords with
the balancing process of the TCBM shown in Figure 1. 'e
gray buttons in the interface can be clicked in turn based on
the reminder for extracting, analyzing, and processing the
measuring data of the experiments and calculating the
unbalanced parameters. 'e experimental data of the de-
terministic channel for analyzing and processing can be
extracted by the “File Selection” button and the “Channel
Selection” button. After clicking the “Display of the Data”
button, the vibration response and the corresponding KPS
will be displayed on the image in the interface. 'e buttons
of “KPS Processing” and “Speed-time Curve” are designed
for further analyzing, processing the measuring data, and
providing necessary parameters for unbalance identification.
Meanwhile, the rotational angular velocity-time curve and
the rotational acceleration of the selected time interval can
be displayed in the interface. Clicking the button named
“'e Bode Diagram” and the rotational speed-amplitude
and rotational speed-phase curve of the Bode Diagram can
be plotted on the image. In addition, the critical speed of the
rotor system can be obtained by the Bode Diagram. 'e last
part is the process of identifying the unbalance parameters.
We can identify the unbalance parameters of the rotor
system by clicking the buttons of “'e Unbalance Azimuth”
and “'e Eccentricity.”

3.2.4. $e Influence Coefficient Method Interface. It should
be noted that the interface of the ICM used for the situation
of one measuring point and one balancing surface is
designed in this paper. And the design concept is the same
for the ICM interface to the situation of multiple measuring
points and multiple balancing surfaces. 'e layout of the
ICM interface is similar to the TCBM interface. 'e mea-
suring data of the experiments can be extracted by clicking
the gray buttons named “File Selection” and “Channel Se-
lection” as shown in Figure 11. Different from the measuring
data under the condition of a constant acceleration extracted
for the TCBM interface, the ICM interface requires the
measuring data of constant rotational speed. 'e steady-
state response data, the corresponding KPS, and the further
processed data will be displayed on the image in the interface
after clicking the buttons of “Display of the Data,” “KPS
Processing,” and “Speed-time Curve” in turn. 'e spectrum
analysis of the selected data will be performed after clicking
the button of “Spectrum Analysis Interval,” and we can
obtain the corresponding fundamental frequency, the am-
plitude, and the phase at the fundamental frequency of the
response data of the rotor system with or without trail-
weight, respectively. 'e last step is to click the button of
“Result” and the counterweight of the rotor system can be
obtained in the interface. It can be concluded that the
process of the ICM interface used for the situation of one
measuring point and one balancing surface requires two
interface operations. One is the analysis of the vibration
response of the rotor system operating without trail-weight;
another is the analysis of the vibration response of the rotor
system operating with trail-weight.

4. The Experimental Tests of the Dynamic-
Balancing Testing System

In this section, the dynamic-balancing experiments of the
single disc flexible rotor are carried out which are totally

Figure 7: 'e acquisition channel setting interface.
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Figure 8: 'e sensor coefficient setting interface.

Figure 9: 'e playback interface of recording data.
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based on the dynamic-balancing testing system. As shown in
Figure 12, the rotor system consists of a disc, a shaft, and two
supports. 'e weight of the disc is 0.48 kg, and there are 16
threaded holes with a radial distance of 0.03m on the disc
with uniform distribution for adding or removing the
counterweights aiming to balance the rotor system. 'e
diameter and the length of the shaft are 0.01m and 0.56m,
respectively. Meanwhile, the distance between the left and
right supports to the disc are 0.2m, respectively. 'e ECD
sensors (sensors nos. 1 and 3) are used for measuring the
KPS. 'e ECD sensor (sensor no. 2) is also used for mea-
suring the vibration response of the rotor system, while the
displacement of the disc is approximately replaced by the
displacement of the shaft section near the disc. 'e sensor
interface of the dynamic-balancing testing system is con-
nected to the corresponding ECD sensor for measuring and
recording the experiment data required by the TCBM and
the ICM. 'e TCBM and the ICM interfaces of the testing
system are used subsequently for identifying the unbalance
parameters according to the recording experimental data,
respectively. 'e KPS and the transient vibration response
data of the rotor system before balancing are displayed in
Figure 13, while the rotor system operates with constant
angular acceleration.

4.1. $e Verification of the TCBM Interface in Dynamic
Balancing. 'e unbalance parameters identified by the
TCBM interface are shown in Figure 14, while the unbalance
results are calculated by the TCBM and the measuring data
of the rotor system before balancing shown in Figure 13.'e

identified result of the unbalance parameters is
7.88×10–5m∠106.52°, which suggests the counterweight of
the disc should be a mass of 1.26 g placed at 286.52° with a
radial distance of 30mm of the disc. Due to a total number of
16 threaded holes being settled on the disc with uniform
distribution, the counterweight of 1.26 g∠286.52° should be
decomposed into counterweights of 0.34 g to the threaded
hole of ∠270° and 0.94 g to the threaded hole of ∠292.5°.
Measuring the transient response data of the rotor system
with constant angular acceleration after adding the coun-
terweights, the transient vibration responses of the mea-
suring point before and after balancing by the TCBM
interface are shown in Figure 15.

As shown in Figure 15, the maximum deflections of the
disc before and after balancing are 4.50×10–4m and
1.21× 10–4m, respectively. 'e maximum deflection of the
disc has decreased by 73.11% after balancing by the TCBM
interface, which suggests the effectiveness of the TCBM
interface in balancing the single disc rotor system.

4.2. $e Verification of the ICM Interface in Dynamic
Balancing. Requiring the rotor system operates with lower
angular acceleration at first and observing the response
signals of the rotor system on the acquisition interface, we
can obtain the maximum vibration response of the rotor
system while operating near the critical speed. For the single
disc rotor system shown in Figure 12, the rotational speed
corresponding to the maximum vibration response of the
rotor system is 2914 r/min through observation. On the
premise of a constant rotational speed of 2914 r/min, the

Figure 10: 'e transient characteristic-based balancing method interface.
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response data of the measuring point in the situation of the
rotor system operating without trail-weight and with trail-
weight are measured and recorded by the ICM interface,
respectively. 'e trail-weight is a mass of 0.72 g placed at the
threaded hole of 0°. As shown in Figure 16, the “without
trail-weight” module in the ICM interface is used for ana-
lyzing the response data of the rotor system while operating
without trail-weight, and the “with trail-weight” module in
the ICM interface is used for inputting the parameters of the
trail-weight and analyzing the response data of the rotor
system while operating with trail-weight. 'e counterweight
calculated by the ICM interface is 1.32 g∠304.64°, which
should be decomposed into counterweights of 0.62 g to the
threaded hole of ∠292.5° and 0.73 g to the threaded hole of
∠315°. Operating with the constant rotational speed of 2914

r/min after adding the counterweights to the disc, the
comparison of the steady-state vibration responses before
and after balancing by the ICM interface is shown in Fig-
ure 17. Figure 18 is the comparison of the experimental
transient deflections before and after balancing by the ICM
interface.

It can be summarized from Figures 17 and 18 that the
steady-state vibration amplitudes of 2914 r/min and tran-
sient deflections are all significantly decreased after bal-
ancing by the ICM interface. 'e maximum vibration
amplitudes of the rotor system at 2914 r/min before and after
balancing by ICM interface are 4.47×10–4m and
9.95×10–5m, which have decreased by 77.74%. In Figure 18,
the maximum deflection has decreased by 70.00% while the
maximum deflections of the disc before and after balancing

Figure 11: 'e influence coefficient method interface.

Sensor 1

Sensor 3

Support 1 Sensor 2 Support 2

Disc

Figure 12: 'e test rig of the single disc rotor system.

12 Shock and Vibration



are 4.50×10–4m and 1.35×10–4m, respectively. 'ese re-
sults prove that the ICM interface has good performance for
balancing the single disc rotor system.

In conclusion, the experiments in this section show that the
dynamic-balancing testing system succeeds in balancing the

single disc rotor system by both the TCBM interface and the
ICM interface. 'e TCBM interface identifies the unbalance
parameters by the transient vibration response while the rotor
system operates with constant angular acceleration, and the
maximum deflection of the measuring points has decreased by

Figure 13: 'e measuring data of the rotor system before balancing (operating with constant angular acceleration).

Figure 14: 'e results of the unbalance parameters identified by the TCBM interface.
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Figure 15: 'e transient deflection of the measuring point before and after balancing by the TCBM interface.

Figure 16: 'e counterweight identified by the ICM interface.
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Figure 17: Steady-state vibration response of the measuring point before and after balancing by the ICM interface.
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73.11% after balancing by the TCBM interface. Other than the
TCBM interface, the ICM interface requires steady-state vi-
bration response data while the rotor system should operate
with constant rotational speed. In addition, the ICM interface
requires two operations of the rotor systemwhile onemeasures
the signal of the rotor systemwithout trail-weight and the other
measures the signal of the rotor system with trail-weight. 'e
steady-state vibration response amplitudes of 2914 r/min are
significantly decreased after balancing by the ICM interface,
and the maximum deflection of the measuring points has
decreased by 70.00% after balancing by the ICM interface. 'e
dynamic-balancing results calculated by the above two inter-
faces prove that the dynamic-balancing testing system can be
effectively applied to the field of dynamic balancing of the
flexible rotor system. And the testing system is more conve-
nient than the source program of the dynamic-balancing
methods in balancing the rotor system, simplifying the bal-
ancing steps and improving the balancing efficiency and safety.

5. Conclusion

In this paper, we designed a dynamic-balancing testing
system for the flexible rotor system, whose innovative fea-
tures are the interfaces according to the principles of TCBM
and ICM for dynamic balancing of the rotor system. 'e
functions of the testing system are monitoring the opera-
tions of the rotor synchronously, measuring and recording
the required vibration response of the rotor, analyzing the
dynamic characteristics of the rotor, and finally identifying
the unbalance parameters of the rotor. 'e experiments of
the single disc flexible rotor are carried out to detect the
functions of the testing system and verify the effectiveness of
the dynamic-balancing method. According to the experi-
ment tests, some conclusions are made:

(1) 'e experimental tests of the dynamic-balancing
testing system targeted to the single disc rotor system
show that the hardware and the software can work
well and realize their own respective functions.

(2) 'e maximum deflection of the measuring point
has decreased by 73.11% after balancing by the
TCBM interface. 'e maximum amplitude of the
measuring point at 2914 r/min has decreased by
77.74% after balancing by ICM interface, while the
maximum deflection during the whole operation
has decreased by 70.00%. 'e dynamic balancing
results demonstrate the application of the above
interfaces are both satisfactory for the field of
dynamic balancing.

(3) In addition to the above good dynamic-balancing
results, the testing system designed in this paper
improves safety in balancing due to its function of
monitoring the operations of the rotor synchro-
nously. Meanwhile, the abstract source programs
are integrated and designed in the form of buttons
on the interface of the testing system. 'e functions
of the source programs can be realized by clicking
the corresponding buttons on the interface, which
will make the balancing steps clearer. 'e functions
of analyzing the measuring signals synchronously
and processing the recording data on the interface
make the testing system more efficient in signal
processing.

In conclusion, the dynamic-balancing testing system
could be successfully used in the field balancing of rotor
system which has the advantages of simplifying the bal-
ancing process and improving the balancing efficiency.
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