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ABSTRACT This paper proposes a method for optimizing unbalanced force and unbalanced moment of

the multistage disk based on sequence quadratic program algorithm to solve the vibration problem of gas

turbine tie rod rotor. This method guides the assembly phase of the multistage disks. The influence of

unbalanced force and unbalanced moment on the vibration of the tie rod rotor are analyzed based on the

characteristics of rotor structure and assembly process. A dynamic model of the unbalanced force and

unbalanced moment of the tie rod rotor is established. The sequence quadratic program algorithm is used to

optimize multi-dimension of unbalanced force and moment, so the global optimal solution can be obtained.

In order to verify the effectiveness of the optimization method proposed in this paper, vibration control

experiments are carried out for traditional tie rod rotor and gas turbine tie rod rotor structure. The results

show that both unbalanced force optimization and unbalanced moment optimization can control the tie rod

rotor vibration effectively, and unbalanced moment optimization is better. Unbalanced moment optimization

is used to perform constant speed and speed-up experiment on the gas turbine tie rod rotor structure.

At 1200r/min, the maximum vibration reduction of the system is 76.68%. And the vibration has a decrease

of 43.3% at the first-order critical speed. The proposed method in this paper can be used not only for the

guidance of tie rod rotor assembly of gas turbine, but also for the vibration control during operation.

INDEX TERMS Vibration control, unbalanced force optimization, unbalanced moment optimization, tie

rod rotor, assembly.

I. INTRODUCTION

Gas turbines are known as the crown jewel in the machin-

ery manufacturing industry and are widely used in energy,

aerospace, power generation and other fields. As the tie

rod rotor is the core part of a gas turbine, the vibration

of this component directly affects the safe operation of the

gas turbine [1], [2]. Unbalanced vibration is a common and

main phenomenon in the tie rod rotor system. The main

reasons for the imbalance of the system are uneven rotor

material, wear, corrosion, and impeller fouling during opera-

tion. Imbalance causes the system generate strong vibration,

which leads to rotor fracture, bearing wear and other failures.

The associate editor coordinating the review of this manuscript and

approving it for publication was Jianyong Yao .

These problems not only reduce the life of a tie rod rotor

system but also cause major accidents and serious economic

losses. Additionally, the vibration can make loud noise, lead-

ing to pose a large health threat to people who work in this

environment [3], [4]. Therefore, the unbalanced vibration of

tie rod rotor systems should be controlled which is of great

significance.

Due to the structural characteristics of a tie rod rotor

system, the multistage disks are connected by tie rod bolts.

In addition, different disks have different imbalances, so the

initial imbalance of each disk is also different. Many scholars

have made efforts to solve the problem of the unbalanced

vibration in tie rod rotors.

Many different types of methods have been developed in

order to solve the unbalanced vibration of the tie rod rotor.
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A diagnosis monitoring system can predict the possible fail-

ures of the rotor system in advance [5]–[8]. In [6] and [7],

a monitoring system monitors the bearing condition and can

warn the problem timely, but the reliability of the diagnosis

still needs to be further improved. At the same time, there

exists inconsistencies caused by the diversified data when a

condition monitoring system is used in a gas turbine. For the

complex working environment of a gas turbine, how to ensure

the long-term successful operation of the system still requires

time to verify [5], [8]. Friction dampers have been applied

to gas turbines [9], [10]. The influence of parameters of the

contact area on energy dissipation is considered [10]. But the

dampers have a lock-up phenomenon. The model needs to

improve to adapt the different friction coefficients of blades.

The literature [9] puts forward the limitations of the model.

In practical applications, the dampers can only use in the

same structure, otherwise they should redesign. This litera-

ture also suggests to research the friction dynamics in-depth

to predict the behavior of the damper more accurately in

the future. Active magnetic bearing is a kind of controllable

bearing. It can solve the unbalanced vibration of the rotor

system [11]–[16]. GE applies AMB to gas turbines, but due

to the complexity of the control system and the component

materials in high temperature gas, the engineering application

of AMB on gas turbines needs to be verified [16]. An exper-

iment on vibration control of an eccentric rigid rotor with

an AMB shows that it has a good effect [11]. But the vibra-

tion control model of flexible rotor needs to be established.

Some researchers propose a method to find the position of

the unbalanced mass and compensate by AMB [12], [13].

However, it does not consider the non-linear factors and the

unbalanced control are difficult to guarantee in the case of

abnormal measurement data. So, an innovative structure of an

AMB combining with gas is designed [14] and an accurate

vibration model is set up [15]. For the new structure, it is

still unclear about the transient performance in the rotor

system [14]. The new model gives a direction of solving beat

phenomenon and generalized dynamic stiffness but not ver-

ify [15]. For a MIMO non-linear system, an output feedback

robust tracking controller is designed [17]. This controller

implement improves model compensation, and verifies this

controller in the disturbance-free system and disturbance

system. The development of output feedback controllers for

disturbed nonlinear systemswith unknown input delay should

be considered in the future. In [18], the author proposes

an adaptive feedback controller based on the extended state

observer. This controller compensates the nonlinear friction

of the hydraulic servo control system and it has verified

in a hydraulic system. The controller improves the difficult

nonlinear friction problem in the hydraulic system and has a

strong practical application value. The remaining nonlinear

factors and delay issues will be studied in the next step.

In terms of optimization, the nonlinear sealing force and

nonlinear oil film force in the nonlinear seal-bearing-rotor

system are studied, and use GA to optimize the stability [19].

The main optimized parameters include the seal radius, seal

gap and seal length. However, this algorithm is short of

stability in the results and poor multi-dimensional parameter.

Through its optimization experiments, there is a fluctuation

in the calculated value of the seal radius. In [20], a PSO-

OP neural network algorithm for predicting the deviation of

concentricity and perpendicularity during the rotor assembly

process is proposed, which improves the assembly accu-

racy. Because of a hybrid of global and local algorithms,

it exacerbates the possibility of falling in to local optimal

solution. At the same time, the number of nodes determines

the accuracy of fitting and the calculation results may deviate

from the true results. And in the case of hyperparameters,

the particle swarm position coordinates must remain integers.

This shortcoming is confirmed in the experiments, and the

complexity of the algorithm is self-evident. A literature pro-

poses a hybrid evolution algorithm to solve the large-scale

equipment assembly [21]. This algorithm is a combination

of the ACO and SA algorithm, which aims to reduce the

problem of getting stuck in a local optimal solution. The main

problem with this algorithm is that it greatly increases the

processing capacity of the computer and reduce some factors

during assembly process. It can be seen that the cycle time on

assembly is not considered in the experiment. In the signal

processing, [22] carries out a vibration signal optimization

strategy to increase the accuracy and authenticity of the sig-

nal. The PSO optimization scale-transformation stochastic

resonance algorithm improves the parameter selection and

avoids calculation differences of the SR algorithm. However,

the algorithm is prone to difference in the parameters after

optimization due to the difference in the noise strength of

the initial signal, and the robustness and accuracy are poor.

In actual experimental tests, there are still multiple opti-

mization combinations, which leads to the need for further

screening of the optimal combination.

In view of the current research status of vibration con-

trol, many methods are performed in the process. These

methods add some complex devices to the rotor system and

increase the structural modification. In this paper, unbalanced

force optimization and unbalanced moment optimization are

proposed to predict the assembly phase of multistage disks

for the tie rod rotor system with unbalance vibration. The

advantages of this method consist of the following aspects.

It not only can avoid the redesign and transformation of the

rotor system, but also can ensure a better match between

structural components and control the vibration effectively

before the dynamic balancing. Also, this paper applies the

SQP algorithm to optimize the rotor system. Compared with

the literatures, the superiority of this algorithm lies in the

following aspects. It is easy to deal with nonlinear constraint

problems and find the global optimal solution accurately.

This method can optimize and deal with higher dimensions

problems and can ensure the reliability of the results with

strong stability. What is more, there is no fitting problem

and no initial parameters need to be set which may cause

the result distorted. The combination of the two proposed

methods can control the vibration of rotor system effectively.
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The experimental results are utilized to fully verify the useful

of the methods.

The remaining of this paper is structured as follows.

Section II establishes the dynamic model of the tie rod

rotor system with unbalanced force and moment. The basic

principle of the SQP algorithm are presented in Section III.

In Section IV, the optimization strategy for tie rod rotor

system is set up. Experimental validation results are obtained

in Section V. Section VI gives the conclusions of this paper.

II. DYNAMIC MODEL AND FORMULATION

Fig.1. illustrates the structure of tie rod rotor. It is positioned

radially through the disk groove and disk boss between two

multistage disks. In addition, all of the disks were tightened

axially with tie rod bolts.

FIGURE 1. The structure of tie rod rotor.

Due to its structural characteristics, the rotor system has

multistage disks. There is a certain imbalance of each disk,

causing the mass center and the body center not on the same

axis. When the rotor system rotates, each disk is accompa-

nied by a certain unbalanced force and unbalanced moment.

If these factors are superimposed, the vibration of the system

can be increase quickly. Shaft bending and bearing damage

are gradually revealed.

Therefore, how to reduce unbalanced force value and

unbalanced moment value of the tie rod rotor as close to 0 as

possible is a very meaningful research. Unbalanced force is

mainly for static balancing, and unbalanced moment is aimed

at the state of dynamic balancing.

Besides, both factors have a large influence on the vibration

of the tie rod rotor system. Generally, before assembling

the tie rod rotor, multistage disks should perform dynamic

balancing, respectively. Then assemble them as an integration

to test whether the vibration value meets the standard. If the

assembly does not meet the standard, multistage disks per-

form the low-speed dynamic balancing again. The flowchart

is shown in Fig. 2.

FIGURE 2. Tie rod rotor balancing process.

FIGURE 3. The dynamic mode of tie rod rotor system.

As shown in Fig. 3, the dynamic model of a tie rod rotor

system is established. Some conditions are assumed. 1) The

shaft and disks are uniform and rigid with no deformation.

2) Tie rod bolts remain unchanged while shaft and disks

rotate a synchronously. 3) There is the rotational movement

only.

The tie rod rotor system rotates at an angular velocity ω.

The imbalances in the various disks are M1, M2, M3 . . .Mn,

where Mn includes the size and phase of the imbalances.

In addition, the distances from the disks to the left support

are z1, z2, z3 . . . zn, respectively [23]–[26].

Take the rotation axis direction as the z-direction and estab-

lish anOx−y−z rectangular coordinate system. The imbalance

of each disk can be written as

Ern = xnEi+ ynEj+ znEk = Esn + znEk (1)

where xn, yn, zn are the coordinate components of Ern. And Ei,
Ej, Ek are unit vectors in all directions; and Esn is the projection
of Ern on the x-y plane.
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The speed can be obtained from the differentiation

of (1) is

Evn = Ėrn = xn(dEi/dt) + yn(dEj/dt) + zn(dEk/dt) (2)

where dEi/dt = Eω×Ei, dEj/dt = Eω×Ej, dEk/dt = Eω×Ek , in which
Eω = ωEk, Eω × Ek = ωEk × Ek = 0.

The speed can be written as

Evn = Eω × (xnEi+ ynEj+ znEk) = Eω × Ern = Eω × Esn (3)

By differentiating (3), the acceleration can be obtained

Ean = Ėvn = Ėω × Esn + Eω × Ėsn = ω̇Ek × Esn − ω2 × Esn (4)

Due to the different unbalanced masses dmn in the various

disks, the sum of unbalanced forces can be generated

d EP = −

n
∑

n=1

Eandmn = [(−ω̇Ek×) + ω2]

n
∑

n=1

Esndmn (5)

Unbalanced force of each disk is a vector perpendicular to

the rotation axis z, so the sum of unbalanced moments of the

multistage disks to the support point O is

d EN =

n
∑

n=1

(znEk × d EPn) = [(ω̇ + (ω2Ek×)]

n
∑

n=1

(znEsndmn) (6)

By integrating (5) and (6), we can obtain unbalanced force

and unbalanced moment

P =

∫

dP = [(−ω̇Ek×) + ω2]

n
∑

n=1

∫

Esndmn (7)

N =

∫

dN = [ω̇ + (ω2Ek×)]

n
∑

n=1

∫

znEsndmn (8)

Among (7) and (8),
∫

Esndmn = (

∫

xndmn)Ei+ (

∫

yndmn)Ej = MnEen (9)

∫

znEsndmn = (

∫

znxndmn)Ei+ (

∫

znyndmn)Ej = Iznxn
Ei+ Iynzn

Ej

(10)

In (9) and (10), Een = Esn = xnEi + ynEj is the eccentricity

of each disk and Iznxn , Iynzn are the inertia products on the z-x

and y-z axis.

The unbalanced force and unbalanced moment can be

obtained

P = [(−ω̇Ek×) + ω2]

n
∑

n=1

Mnen (11)

N = [ω̇ + (ω2Ek×)]

n
∑

n=1

(Iznxn
Ei+ Iynzn

Ej) (12)

Noting that unbalanced force P = 0, that is e = 0, the state

is the static balanced state. Also, there is still an unbalanced

moment N , when the unbalanced force couple N = 0, that is,

Iznxn = 0 and Iynzn = 0. This condition can be considered no

unbalanced vibration when the dynamic load becomes 0.

III. DESIGN OF SQP OPTIMIZATION

There is a nonlinear relationship between unbalanced force

and unbalanced moment with their interfering factors. In this

paper, SQP algorithm is used to predict the assembly phase of

themultistage disks of the tie rod rotor system. This algorithm

is suitable for the multidimensional nonlinear constraint min-

imum optimization problem, and it has good convergence,

high calculation efficiency, boundary search abilities, strong

global optimization capabilities.

The basic idea of SQP algorithm is to simplify an objec-

tive nonlinear programming problem into a quadratic pro-

gramming problem at an approximate solution. Determine a

gradient descent direction and calculate iteratively to solve

the problem. The step of current iteration point is obtained

by reducing the value function. Finally, the global optimal

solution can be solved [27]–[30].

Determine the objective function as follows

Objective function:min f (X ) (13)

The constraint functions can be determined by

s.t.gu(X ) ≤ 0(u = 1, 2, · · ·, p) (14)

hv(X ) = 0(v = 1, 2, · · ·,m) (15)

The Taylor Formula can simplify the objective function

into a quadratic function at the iteration point Xk . And the

constraint functions are simplified to linear functions. Based

on the above simplification, the nonlinear problem is trans-

formed into a quadratic programming problem:

min

f (X ) =
1

2
[X − Xk ]

T∇2f (Xk )[X − Xk ] + ∇f (Xk )
T [X− Xk ]

s.t.∇gu(Xk )
T [X − Xk ] + gu(Xk ) ≤ 0(u = 1, 2, · · ·, p)

∇hv(Xk )[X − Xk ] + hv(Xk ) = 0(v = 1, 2, · · ·,m) (16)

The (16) is the approximation problem of the optimization

problem under the original constraint. When S =[X − Xk ],

we can obtain:

min f (X ) =
1

2
ST∇2f (Xk )S + ∇f (Xk )

T S

s.t.∇gu(Xk )
T S + gu(Xk ) ≤ 0(u = 1, 2, · · ·, p)

∇hv(Xk )S + hv(Xk ) = 0(v = 1, 2, · · ·,m) (17)

In (17), define the letters as follows

H = ∇2f (Xk )

C = ∇f (Xk )

Aeq = [∇h1(Xk ), · · ·, ∇hm(Xk )]
T

A = [∇g1(Xk ), · · ·, ∇gP(Xk )]
T

Beq = [h1(Xk ), · · ·, hm(Xk )]
T

B = [g1(Xk ), · · ·, gP(Xk )]
T (18)

The quadratic problem is simplified to a general form

min
1

2
STHS + CT S
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s.t.AS ≤ B

AeqS = Beq (19)

The approximate calculation of the second derivative

matrix H is calculated using the variable-scale matrix in the

quasi-Newton method

Hk+1 = Hk +
1Xk [1Xk ]

T

[1qk ]T1Xk
−
Hk1qk [1qk ]

THk

[1qk ]THk1qk
(20)

Using the Lagrange transformation on (19) can obtain

minL(S, λ) =
1

2
STHS + CT S + λT (AeqS − Beq) (21)

Set the extreme condition of (21) to ∇L(S, λ) = 0
[

H ATeq
Aeq 0

] [

S

λ

]

=

[

−C
Beq

]

(22)

The solution can be obtained as [Sk+1, λk+1]
T , if the mul-

tipliers corresponding to the original constraints are not all 0.

Then the multipliers corresponding to the active constraints

are not less than 0. And Sk+1 is the optimal solution S∗ of the

quadratic programming problem.

FIGURE 4. Flow chart of SQP algorithm.

As shown in Fig. 4, the iterative steps of SQP algorithm are

as follows:

Step 1: Determine the parameters including initial point X0
and the constraint functions.

Step 2: Perform matrix Hk transformation at point Xk
and one-dimensional search the point Xk+1 on the objective

function.

Step 3: Determine the termination criterion for the point

Xk+1. If Xk+1 meets the termination criterion, X∗ = Xk+1,

f ∗ = f (Xk+1), and output the minimum value and corre-

sponding X value of the objective function. Otherwise, enter

the block diagram again and calculate from the beginning.

Step 4: Correct Hk+1 again, set k = k + 1, and continue

iterating until the Xn meets the termination criterion.

IV. OPTIMAL STRATEGY

For the tie rod rotor studied in this paper, the multistage disks

are connected by eight tie rod bolts, so the angle between

every two bolt holes is 45◦. The optimal strategy aims to

obtain the phase of the multistage disks to meet the minimum

value of unbalanced force and unbalanced moment of the

system. Thus, the optimal strategy is shown as follows.

The optimization for unbalanced force is given in (23)

FSQP(θF )

= min{

√

√

√

√(

n
∑

i=1

MnRn cos θnω2)2 + (

n
∑

i=1

MnRn sin θnω2)2

sub.to : 0 ≤ θn ≤ 2π (23)

The optimization for unbalanced moment is given in (24)

FSQP(θN )

= min{

√

√

√

√(

n
∑

i=1

MnRn cos θnznω2)2 + (

n
∑

i=1

MnRn sin θnznω2)2

sub.to : 0 ≤ θn ≤ 2π (24)

whereMn and Rn are the unbalanced mass and counterweight

radius of each disk, respectively. θn is the optimal assembly

phase of each disk. zn represents the distance from each disk

to the support.

V. EXPERIMENT VALIDATION

A. EXPERIMENTAL SETUP

In order to verify the vibration control effect on unbalanced

force and unbalanced moment of the tie rod rotor optimized

by the SQP algorithm, the schematic diagram of the platform

is shown in Fig. 5. As can be seen, the platform consists of

FIGURE 5. A schematic view of a platform.
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a base, an acquisition processing analysis system and tie rod

rotor. The base is a schenck hard-support dynamic balancing

machine with a total length of 5m and voltage of 380V. There

are 10 movable hard supports which can be used to support

the rotor structure with a shaft diameter of 9 to 140mm.

Schenck also has two drive modes including belt drive and

gimbal drive. This paper uses a belt drive which rotates 0 to

1000rpm. And in this experiment, the transmission ratio is

1:10, that is, the speed range of rotor system is 0 to 10000rpm.

The platform has a protective cover, divided into three parts,

which can completely cover the whole rotor system to ensure

the safety of process.

The acquisition processing analysis system includes a

smartbalancer dynamic balancer, a photoelectric sensor and

two vibration speed sensors which can display imbalance vec-

tor diagrams, single-plane and dual-plane dynamic balancing

with different kinds of rotors and hammer test modules.

The analysis system has a balancing speed with 120rpm to

60000rpm and aweight accuracywith 0.1g. The photoelectric

sensor is used to measure the rotation speed of the rotor.

The measurement distance can reach 2m with a 0.5Hz to

40kHz measurement frequency range. Also, the sampling

frequency of each channel is up to 131kHz. The vibration

speed sensor can measure the Peak to Peak value of the

vibration speed up to 6000 mm/s ±1%, and the sensitivity

reaches 100mV/g. These experimental devices can meet the

experimental demands.

The initial imbalance of each disk can be measured by the

acquisition processing analysis system. The test steps are as

follows:

(1) Number all the disk. Noting that two of the disks are

connected by a transition shaft. The numbers are 1 to 11.

(2) Reflective tape on the left disk near the belt drive is used

to measure the speed. The default phase is 0◦ which is set as

a reference.

(3) Perform single-plane dynamic balancing to obtain the

imbalance of each disk. And the counterweight radius is

62mm of all the disks.

The imbalance amount is presented by mass-diameter

product W which can be calculated by (25)

W = Mn · Rn (25)

The imbalance parameters of each disk can be seen

in Table 1.We can assemble multistage disks for optimization

experiment.

B. EXPERIMENT RESULTS

In this experiment, disk marked with numbers 1, 3, 4, 5, 7,

8, and 11 are bolted together to set up an ordinary multi-

stage disk tie rod rotor. This experiment is a comparative

experiment. Compared with the random assembly of the disk

phase, at 1200 r/min, the vibration amplitude of the left and

right support is 1.426 mm/s6 189◦ and 1.668 mm/s 6 192◦.

And then perform on the seven-stage disks with unbalanced

force and unbalanced moment optimization respectively. The

TABLE 1. Imbalance of each disk.

FIGURE 6. Ordinary multistage disk tie rod rotor platform.

experimental results compared with initial vibration can be

seen in Fig. 7 and Table 2.

It can be found from Fig. 7 and Table.2 that both unbal-

anced force optimization and unbalanced moment optimiza-

tion have a good effect of vibration control on the left

and right support. As for unbalanced force optimization,

the vibration reduction of the left and right support is 49.56%

and 50.95%. On the other hand, the vibration of the left and

right support reduces 51.40% and 56.59% respectively by

using unbalanced moment optimization. In conjunction with

Fig. 7 and Table. 2 can be seen that unbalanced moment
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FIGURE 7. Two optimization methods of tie rod rotor.

TABLE 2. Vibration of each support.

optimization is better than unbalanced force optimization in

the aspect of vibration control.

As can be known, unbalanced moment optimization is a

better method for vibration control. Therefore, it is applied to

the platform of a gas turbine tie rod rotor structure as shown

in Fig. 8. The structure is more complicated than the structure

in Fig. 6. It consists of compressor end and turbine end, both

FIGURE 8. Gas turbine tie rod rotor structure platform.

FIGURE 9. Unbalanced moment optimization at constant speed.

TABLE 3. Vibration of each support.

parts are connected by the tie rod bolts. In order to verify the

effect of unbalanced moment optimization in the gas turbine

rotor, set two conditions including constant speed test and

speed-up test which passes the critical speed.

At the speed of 1200r/min with a random assembly of

disks. In Fig. 9 and Table.3, the both vibration values are

1.941 mm/s 6 103◦ and 2.011 mm/s6 106 ◦, respectively.

As shown in Fig. 9 and Table. 3, the unbalanced moment

optimization has a vibration control effectively. There are

0.766 mm/s6 117◦ and 0.469 mm/s 6 94◦ on the left and right

66584 VOLUME 8, 2020
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FIGURE 10. Amplitude-frequency characteristic curve of speed-up.

supports, respectively. Additionally, vibration reduction of

every support is 60.54% and 76.68% compared with random

assembly.

Then the speed-up experiment ranges from 500r/min to

1700r/min of the gas turbine tie rod rotor with unbalanced

moment optimization is tested. The first-order critical speed

can be passed in this experiment. As we all know, the critical

speed has the biggest vibration within the test speed range.

The amplitude-frequency characteristic curve can be obtained

through the experiment as shown in Fig. 10.

Unbalanced moment optimization has a good vibration

control before the critical speed, at the critical speed and after

the critical speed in Fig. 10. The critical speed of random

assembly is 1558r/min with a 16.76mm/s vibration value.

Besides, there is a 9.07mm/s vibration value at a 1634r/min

critical speed after unbalancedmoment optimization. The lat-

ter method reduces 43.3% compared with the former method.

The reasons for the slight difference in the critical speed of the

two assemblies maybe that the random assembly makes the

vibration relatively large which can loosen the tie rod bolts.

The stiffness of gas turbine tie rod rotor system decreases.

As a result, the critical speed is also reduced. However, with

the optimization of unbalanced moment, the vibration can be

controlled effectively that keeps the tie rod bolts tight.What is

more, the stiffness of the system increases which can enhance

the critical speed.

As can be seen in Fig. 10, there is a good vibration control

with unbalanced moment optimization. It can provide some

guidance for the actual assembly process of the gas turbine

rotor.

VI. CONCLUSION

In this paper, aiming at the problem of unbalanced vibration

of the gas turbine tie rod rotor system, a method based on

SQP algorithm to optimize unbalanced force and unbalanced

moment is proposed to predict the assembly phase of the

multistage disks, so as to control the vibration of the system.

TABLE 4. Physical meaning of each letter.

The factors in the unbalance problem of the rotor system are

analyzed. Besides, unbalanced force and unbalanced moment

of the system are mainly considered with a dynamic model.

The prediction strategy of unbalanced force optimization and

unbalancedmoment optimization of the rotor system is estab-

lishedwhich ismatchedwith SQP algorithm for optimization.

In order to verify the effectiveness of the proposed method,

the experiments are carried out using an acquisition pro-

cessing analysis system. The results show that compared

with random assembly of multistage disks, both unbalanced

force optimization and unbalanced moment optimization can

control the vibration of rotor system. Additionally, the effect

of unbalanced moment optimization is better. Furthermore,

unbalanced moment optimization method is verified in a

more complicated gas turbine tie rod rotor structure. Com-

pared with random assembly at a speed of 1200r/min, the left

and right support decreases 60.54% and 76.68%. During the

speed-up processing which passes the critical speed, unbal-

ancedmoment optimization can achieve a vibration reduction

of 43.3% at the critical speed.

On the one hand, the method obtained in this paper can

play a guiding role in the assembly process of the gas turbine

rotor system. On the other hand, it can ensure the safe and

stable when the rotor is working. In the future, the influ-

ence of thermodynamic factors on the tie rod rotor system

will be considered under a high temperature environment.

Also, the model of unbalanced force and unbalanced moment

jointly optimizing the gas turbine rotor will be taken into

account.
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APPENDIX

Physical meaning of each letter in the paper can be found

in Table. 4.
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