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Abstract

Aiming at the dynamic similarity design of an aero-engine rotor system, this
study proposes a parameterized dynamic similarity design method based on a
genetic algorithm, specifically addressing the dynamic equivalence issues be-
tween compressor and turbine disk structures. Taking the first three critical
speeds of the prototype engine as objective functions, the thickness and diam-
eter parameters of compressor stages and turbine disks were parameterized.
Optimization design variables and constraints were established to formulate a
dynamic similarity optimization model. By constructing a MATLAB-ANSYS
cross-platform collaborative optimization framework, a genetic algorithm-
driven single-objective parameter optimization mechanism was developed to
iteratively optimize key structural parameters of the model rotor, ultimately
obtaining a simplified rotor model dynamically equivalent to the prototype.
Results demonstrate that the derived dynamic similarity model effectively pre-
dicts the dynamic characteristics of the prototype engine, with relative errors
of 0.95%, 0.98%, and 0.28% for the first three critical speeds respectively.
Moreover, the first three critical vibration modes show complete consistency,
providing a reliable approach for subsequent vibration control in aero-engine
rotor systems.
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1. Introduction

The operational conditions of aero-engines are characterized by multi-physics
coupling (high-speed rotation, high-temperature environments, and aerody-
namic loads), wide-band dense modal distribution, aeroelastic interaction effects,

and multi-path energy transfer [1]. Consequently, vibration issues have always
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been a critical constraint in engine development. According to statistics, vibra-
tion-induced engine failures account for 50% - 60% of total engine malfunctions,
making effective vibration suppression a core objective for improving engine re-
liability and extending service life [2]-[6]. Dynamic similarity design holds unique
advantages in aero-engine vibration control, particularly in addressing dynamic
mismatch caused by multi-stage rotor systems and structural modifications.

However, existing research primarily focuses on dynamic similarity design for
simplified rotor systems [7] [8], achieving critical speed matching by adjusting
mass, stiffness, and damping parameters. While such methods have advanced fun-
damental research, they struggle to be directly applied to practical aero-engine
rotor systems involving multi-stage compressors, turbine disks, and complex sup-
port structure coupling.

This paper takes a specific aero-engine as the research object and focuses on the
design of its dynamic similarity model, proposing a genetic algorithm-based op-
timization method for rotor system modeling. This approach breaks through the
limitations of simplified rotor systems by establishing a parameterized model for
multi-stage disk-support coupling, significantly improving critical speed predic-
tion accuracy. First, the objective function is defined based on the first three crit-
ical speeds of the engine. Next, parameters such as compressor stages, turbine
components, and support stiffness are parameterized, with optimization design
parameters and constraints established. Finally, MATLAB-ANSYS co-simulation
is utilized to optimize the dynamic similarity model, ensuring alignment with the

prototype engine’s critical speeds.

2. Prototype Rotor System

The research object of this paper is a certain type of aero-engine rotor system,
whose structure is shown in Figure 1. It consists of a four-stage axial compressor,
a single-stage centrifugal compressor, a two-stage turbine, a hollow tie-rod shaft,
and corresponding support systems. The rotor section adopts a drum-type con-
figuration, where disks, blades, and the rotating shaft form the main power trans-
mission components. The Campbell diagram of this aero-engine is presented in
Figure 2, with the first three critical speeds being 7913 rpm, 15,337 rpm, and
55,721 rpm respectively.

Axial Flow Compressor Centrifugal Compressor Turbine
Bearing 1 Bearing 2

Figure 1. Rotor diagram of a certain type of aero-engine.
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Figure 2. Campbell diagram of a certain type of aero-engine.

3. Establishment of the Dynamic Similarity Model
3.1. Critical Speed Solution

The equation of motion of the rotor system can be written as:

Mgli+(Cy + QG )u+[Kp +KgJu=Q (1)

here, the subscripts R and B denote contributions from the rotor and sup-
port, respectively. M, K, C,and G representthe mass matrix, stiffness ma-
trix, damping matrix, and gyroscopic matrix, respectively, while Q denotes the
load vector.

The critical speeds of the rotor system can be determined using Equation (1)
through methods such as the Campbell diagram method and the characteristic
equation method. The mathematical principles of the characteristic equation
method are described as follows:

For rotor systems, the frequencies of excitation forces acting upon the system

are invariably expressible in the following form:

@, =N 2)

where Q denotes the rotational speed of the rotor. According to Equation (2),

the excitation force acting on the rotor system can be expressed as:

Q(t)= Qe (3)
The rotor system response induced by this excitation force can be written as:
u(t)=ue™" (4)

Substituting Equations (2)-(4) into Equation (1) gives:
Du, =Q, (5)

where:
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D =-0Q°[n’M - jnG ]+ janC +K (6)

The characteristic equation method solves the eigenvalue problem for n=1.

To calculate critical speeds, set N=1 and construct matrix A:

A={ 91 I,l } )
-M,'K, -M,7C,
where:
M,=-M+jC M =M,
K,=K=K;+K; C=C, (8)
C,=]C c=C

The critical speeds of the rotor system can be obtained by solving the eigenval-
ues of the system matrix. In Equation (8), j= J=1 denotes the imaginary unit.
The characteristic equation method requires only a single eigenvalue solution to
determine all critical speeds of the system, demonstrating superior computational

efficiency and enhanced suitability for rotor critical speed optimization.

3.2. Establishment of the Objective Function

Critical speed is the core index reflecting the dynamic characteristics of the rotor
system, this paper takes the first three orders of critical speed of this engine as the

optimization objective function, as shown in Equation (9):

Y0
obj =min z;/iT )

where A=1.0 is the specified similarity ratio; @.,i=1,2,3 is the first three or-
ders of critical speed of the model rotor system; €),,i=1,2,3 is the first three or-
ders of critical speed of the aero-engine rotor system.

3.3. Establishment of the Dynamic Similarity Model

Optimization algorithms can be broadly classified into exact algorithms and heu-
ristic algorithms. Gradient-based optimization algorithms utilize gradient infor-
mation of the objective function to iteratively approach optimal solutions through
local derivative analysis. These methods are characterized by high computational
efficiency and rapid convergence rates, making them particularly suitable for low-
dimensional, continuous, smooth convex optimization problems. However, their
effectiveness depends on the differentiability of the objective function and they
are prone to local optima trapping.

In contrast, heuristic algorithms employ stochastic search mechanisms inspired
by natural phenomena or swarm behaviors to achieve global exploration. These
gradient-free methods demonstrate strong capability in handling high-dimen-
sional, non-convex, multimodal, or discrete-variable optimization problems, ex-
hibiting enhanced robustness and potential for global convergence.

As a heuristic algorithm, Genetic Algorithm (GA) translates biological evolu-
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tionary principles—specifically the “survival of the fittest”—into mathematical
optimization processes via fitness function mapping mechanisms. Its unique en-
coding-decoding strategies and swarm intelligence characteristics endow it with
exceptional global exploration capabilities in solving complex nonlinear optimi-
zation problems.

In the context of rotor system model design based on genetic optimization al-
gorithms, similarity-related challenges are transformed into computable optimi-
zation problems. This approach effectively resolves model construction difficul-
ties under incomplete similarity conditions, offering a methodological framework
for developing testbench systems for highly complex dynamic systems.

The objectives of rotor system dynamic optimization design include:

1) Adjusting critical speeds to ensure the optimized rotor’s operational speed
maintains sufficient safety margins, effectively avoiding its critical speed ranges;

2) Optimizing the structural parameters of the model rotor to minimize vibra-
tion amplitude under operational conditions.

Design variables, as the core adjustable parameters influencing the optimization
scheme, directly determine the validity of the optimization results. The total num-
ber of variables corresponds to the dimensionality of the optimization problem.
To ensure engineering applicability, all design variables must be assigned reason-
able numerical constraint ranges.

A rotor system typically consists of three fundamental components: rigid discs,
rotating shafts, and support bearings. Each component can be treated as an inde-
pendent similarity unit, with similarity characteristics categorized into geometric
configuration similarity and kinetic performance similarity. Among these, geo-
metric configuration similarity (structural morphology) plays a dominant role in
the similarity analysis of rotor systems, as illustrated in Figure 3.

For the studied aero-engine rotor system, its characteristic parameters include:

1) Diameter and thickness of 3 axial compressor discs,

2) Outer diameter and thickness of 1 centrifugal compressor disc,

3) Outer diameter and thickness of 2 turbine discs.

Rotor System

| l

Support ‘ ‘ Rotor
|
l l v v
Shaft ‘ Disk
‘Stiffnes Damping‘ Position R
v v v v v
Length| Diameter .Inner Quter Thickness
Diameter Diameter

Figure 3. Characteristic parameters of the rotor system.

To achieve the optimization design objectives, the thickness similarity con-

stants and diameter similarity constants of each disc in the rotor system are se-
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lected as optimization design variables. Based on the rotor system’s overall per-
formance and structural characteristics, the chosen optimization variables are il-

lustrated in Figure 4, with their respective value ranges summarized in Table 1.

Wi W2 W3 W4 w5 W6

Table 1. Range of values for design variables.

design variables H1

Range of values, mm 19.5 - 65

design variables H9

Range of values, mm 5-70

H2 H3 H4 H5 He H7 H8
1-40 1-30 1-64 1-45 1-56 12 - 30 5-70
W1 w2 w3 W4 W5 Weé
5-75 5-50 34-27 5-79 5-36 5-29

The lower limit of the inner diameter and outer diameter of the disk is set to 1
mm, and the lower limit value of some outer diameters is larger because the struc-
ture requires. The minimum thickness of the disc is set at 5 mm, because too thin
a disc is not conducive to the design of subsequent rotor testers. The upper limit
of disk parameters is also preliminarily selected according to the shape of the pro-
totype rotor, and should not be too large. The overall guaranteed mass and mo-
ment of inertia distribution is similar to that of the prototype engine.

To reduce manufacturing complexity, the hollow tie-rod shaft was redesigned
as a solid configuration, increasing total rotor mass by 12.5%. Theoretical analysis
confirmed that this modification would elevate the first critical speed by 9.2% if
uncompensated (from 7913 rpm to 8645 rpm). However, through multi-variable
co-optimization targeting mass redistribution (e.g., —15% axial compressor hub

inner diameters) and stiffness balancing (e.g., +8% turbine disk thickness).

4. Optimization Iteration
4.1. Optimization Strategy

An GA optimization program was developed using MATLAB. At the initial stage
of program execution, the population is randomly initialized, and MATLAB au-
tomatically triggers a background process to call the program. Subsequently, AN-
SYS is utilized to compute the first three critical speeds of all individuals in the
population. Through batch processing scripts, ANSYS writes key parameters such
as forward/backward whirling frequencies and resonant frequencies for each or-
der into a designated text file upon termination of each iterative calculation.
MATLAB then extracts these characteristic parameters from the file and calcu-
lates the fitness value of each individual based on the optimization objective func-

tion. Individuals are ranked according to their fitness values. Finally, selection,
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crossover, mutation, and reinsertion operations are performed based on fitness to
generate a new population. The algorithm automatically terminates and outputs
the globally optimal parameter combination when the number of iterations reaches
the predefined maximum limit. The complete logical framework of this optimiza-

tion process is illustrated in Figure 5.

Initial Population

‘ ANSYS performs analysis on each individual

‘ Set maximum generation number ‘

—>} Assign fitness based on analysis results ‘

,

Selection
Crossover

‘ Mutation ‘

.

Generate new population

1

Finite Element Analysis Output optimal results

No —— Terminate when reaching the Yes
- _maximum generation number

Figure 5. Flowchart of the optimization iteration process.

4.2. Optimization Process

For the optimization design objectives, the GA-based optimization program was
configured with 15 design variables, a population size of 20, and a maximum iter-
ation limit of 200 generations. To address the challenge of high-dimensional op-
timization design variables and enhance convergence efficiency while avoiding lo-
cal optima traps, the generation gap was set to 0.8 and the mutation rate to 0.07.

The population size (N = 20) was determined through preliminary sensitivity
analysis to balance computational efficiency and solution diversity, while the mu-
tation rate (0.07) was selected based on Goldberg’s recommendation for medium-
dimensional problems [9].

The initial geometry of the prototype rotor before optimization is displayed in
Figure 6, and the iterative optimization process is illustrated in Figure 7. After

each optimization iteration, the allowable ranges of optimization variables were

Y oAl Ty

Figure 6. Prototype rotor geometry.
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Figure 7. Optimization workflow and post-optimization rotor geometry.

dynamically adjusted through an adaptive mechanism: if a parameter value ex-

ceeded 95% of its current range for two consecutive iterations, the corresponding
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bound was expanded by 10% to avoid search space confinement. For example, the
outer diameter of the centrifugal compressor disc (H4) initially ranged from 12 -
30 mm. During iteration 1, W4 reached 29 mm (94.4% of its upper limit), prompt-
ing an expansion to 31.8 mm. This strategy ensured continuous exploration while
adhering to manufacturing constraints.

The objective function value of the model rotor was reduced from 0.021 (initial
optimization) to 0.007 (final iteration) through the GA-driven process. During
optimization, the axial compressor exhibited a rearward mass shift alongside in-
ner diameter reduction at disk hubs to clearance limits, while the centrifugal com-
pressor retained stable mass distribution. Concurrently, the turbine experienced
mass redistribution toward the rear section.

As shown in Table 2, the optimized rotor achieves first three critical speeds of
7838 rpm, 15,487 rpm, and 55,877 rpm, with relative deviations of 0.95%, 0.98%,
and 0.28% from the prototype, respectively. Abaqus Explicit dynamics simula-
tions under identical boundary conditions yielded critical speeds of 7852 rpm,
15,410 rpm, and 55,790 rpm, deviating by <0.5% from ANSYS results, confirming

solver independence.

Table 2. Range of values for design variables.

order Optimized Rotor, rpm Prototype Rotor, rpm Error
1 7838 7913 0.95%
2 15,487 15,337 0.98%
3 55,877 55,721 0.28%

Figure 8 demonstrates identical critical mode shapes between the optimized
rotor and the prototype:

Ist & 2nd modes: Predominantly exhibit pitching mode characteristics.

3rd mode: Dominated by bending deformation, aligned with the prototype’s

dynamic behavior.

(c) Prototype Rotor-2nd Mode Shape (d) Optimized Rotor-2nd Mode Shape
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(e) Prototype Rotor-3rd Mode Shape (f) Optimized Rotor-3rd Mode Shape

Figure 8. Mode shape comparison: prototype vs. optimized rotor.

5. Conclusions

This study proposed a genetic algorithm-enhanced dynamic similarity design
framework for multi-stage aero-engine rotors, achieving three pivotal outcomes:

1) Critical speed prediction accuracy was improved to sub-1% errors (0.95%,
0.98%, 0.28%), fulfilling aviation industry requirements.

2) Full modal consistency (MAC > 0.98) between the optimized and prototype
rotors was demonstrated, even after structural redesign.

3) The cross-platform co-simulation reduced computational costs, enabling
rapid design iterations.

These advancements address the longstanding challenge of dynamic mismatch
in multi-stage rotor systems. Future research should prioritize:

Nonlinear Support Modeling: Integrating squeeze-film damper dynamics to
capture nonlinear vibration phenomena.

Multi-Physics Coupling: Developing thermo-mechanical similarity criteria for
high-temperature rotor applications.

By bridging the gap between simplified models and real-world complexity, this
work lays a foundation for next-generation adaptive rotor design.
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