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Abstract: For the guide vane adjusting mechanism, precision represents the primary design
requirement. Meanwhile, due to the presence of aerodynamic loads under actual operating
conditions, stagnation forces emerge that affect the mechanism motion characteristics,
including the response speed and precision. This paper establishes kinematic and static
analysis models of the guide vane adjusting mechanism through analytical modeling
methods, investigates analytical approaches for mechanism adjustment precision and
stagnation force, and conducts error and sensitivity analyses of the mechanism parameters
based on these analytical models. Building upon this foundation, an optimization design
method integrating adjustment precision and force transmission performance is proposed
using a multi-objective genetic algorithm. Optimizing the critical design parameters, such
as the mechanism dimensions and positions, can enhance both the adjustment precision
and force transmission performance. Through case studies, significant reductions in motion
precision errors and the peak stagnation force and maximum differences in stagnation force
were achieved, validating the feasibility of this optimization design approach.

Keywords: guide vane adjusting mechanism; global optimization design; force transmission
performance

1. Introduction

The guide vane adjusting mechanism is a device used to regulate airflow or liquid
flow rates, primarily functioning by adjusting the guide vane angles to control the fluid
flow direction or velocity, thereby optimizing equipment’s operational efficiency. In aero-
engines, the advent of variable geometry mechanisms has effectively addressed the issue of
low efficiency under partial loads through adjusting the angles of adjustable guide vanes
to alter turbine gas flow passage areas. Due to the large number of blades, dedicated drive
linkage mechanisms are required to manipulate multiple blades simultaneously [1]. The
core function of this adjusting mechanism lies in optimizing the airflow distribution within
channels, thereby modifying the airflow matching relationship between the rotor and stator
blades to improve the overall engine performance [2,3].

A critical aspect of variable cycle-adjusting mechanism design involves achieving high-
precision regulation [4]. Only by attaining the required adjustment angles can the desired
gas flow rates be achieved to enhance engine performance. Yang Yifeng et al. [5] conducted
precision reliability calculations and error analyses for such mechanisms. The Variable
Stator Vane (VSV) mechanism represents one of the indispensable components in aero-
engines [6], particularly given the complex and harsh operating environment of variable
geometry turbines, necessitating stable adjustment performance. While ensuring the
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adjustment accuracy, the mechanism must exhibit stable force transmission characteristics,
which reflect the mapping relationship between the input torque and output torque at the
mechanism’s end effector—manifesting as stagnation force at the drive position. Stagnation
force originates from two primary sources: (1) Friction, wear, and clearance errors in
kinematic pairs. Liu et al. [7] performed tolerance design based on rotational joint clearances
in planar mechanisms, rationally selecting clearance tolerance combinations according
to uncertain dynamic performance. Zhang et al. [8-10] considered the influence of joint
characteristics and conducted dynamic analysis on the mechanism, while other studies
addressed mechanism friction and wear [11-15]. (2) Aerodynamic torque equivalent to
aerodynamic resistance. Zhang Zhe et al. [16] studied the effects of aerodynamic forces
and resistance on stagnation force and adjustment precision through experimental and
simulation comparisons. Better force transmission characteristics reduce the likelihood
of jamming under extreme conditions. Yang Wei et al. [17] verified mechanism jamming
during adjustment using engineering software such as ADAMS. Zhang Baozhen et al. [18]
solved the local sensitivity of stagnation force and angle adjustment precision to partial
parameters for adjustable stator vane mechanisms using the finite difference method,
proposing compensation measures to improve the mechanism performance, validated
through dynamic simulations. Existing research indicates that aerodynamic forces represent
the primary cause of mechanism jamming and stagnation force formation.

Scholars across disciplines have conducted extensive research on the guide vane
adjusting mechanism. In terms of modeling, kinematic modeling methods [19,20], in-
cluding geometric modeling and D-H modeling [21], describe mechanisms’ motion states,
while dynamic modeling approaches [22-24] characterize mechanical properties for perfor-
mance prediction and optimization. Stiffness modeling and component flexibility analy-
ses [16,18,25] provide detailed descriptions of components” dynamic characteristics. Based
on the established model, error and sensitivity analyses can be conducted on the mech-
anism [26,27] to obtain parameters that significantly affect the accuracy. In the realm
of mechanism optimization design, current approaches include parametric design using
engineering software such as ADAMS [28], though this method is noted for its low compu-
tational efficiency and design precision. Multidisciplinary design optimization can also be
conducted through the method of developing mathematical models for optimization [29].
For instance, He Fei et al. [30,31] derived kinematic equations for the stator vane adjusting
mechanism and optimized designs using mathematical models. Tang et al. [32] achieved
the global optimization of the stator vane adjusting mechanism through combined forward-
inverse kinematics, yielding higher precision and reduced overall design errors. Xu Feng
et al. [33] optimized mechanism precision based on sensitivity analyses. However, limited
research exists globally on the effects of stagnation force and aerodynamic loads on the
guide vane adjusting mechanism, with correspondingly few optimization designs incorpo-
rating both factors. Addressing this gap, this paper establishes kinematic and static models
of the guide vane adjusting mechanism and conducts a multi-objective optimization design
study considering the force transmission performance.

2. Kinematic Model of Adjusting Mechanism

The guide vane adjusting mechanism can adopt single-stage or multi-stage transmis-
sion structures according to the requirements. This paper focuses on a single-stage guide
vane adjusting mechanism, whose simplified model is presented in Figure 1, where the
component structures are all simplified schematic diagrams. The upper and lower sections
of this mechanism exhibit complete symmetry. The adjusting mechanism is represented in
a spatial coordinate system using a simplified graphical form, based on which an analytical
kinematic model of the adjusting mechanism is established. Using this model, the mathe-
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matical relationship between the actuator cylinder extension and blade rotation angle can
be derived.

Figure 1. Guide vane adjusting mechanism.

Based on the mechanism model shown in Figure 1, the simplified diagram of the
mechanism in the spatial coordinate system is obtained, as shown in Figure 2. The points in
the figure correspond to the marked points in Figure 1. Since the upper and lower correcting
elements are completely symmetrical, only one part of the mechanism needs to be analyzed.
In the figure, points A-H represent the complete motion chain of the mechanism from input
to output. Here, AB is the actuator cylinder, connected to the engine casing via a revolute
pair (R-pair) at point A. BCD can be regarded as a single entity, moving with a revolute
pair at point C, connected to the actuator cylinder through a revolute pair at point B, and
linked to the connecting rod DE through a spherical pair (S-pair) at point D. Point G is the
origin of the linkage ring. The linkage ring, centered on the engine axis, rotates around
the axis at a certain angle and also translates along the axis direction, denoted as L. It is
connected to the connecting rod DE through a spherical pair at point E, and is connected to
the blade FH through a cylindrical pair (C-pair) and a spherical pair at point F. The blade
moves with a revolute pair at point H, thus completing the motion cycle. Therefore, the
configuration of this guide vane correcting element is RPRRSSL-SCR.

The mechanism exhibits a single degree of freedom. When the number of actuators
equals the degree of freedom, the adjusting mechanism is capable of achieving determinis-
tic motion.

The simplified diagram of the adjusting mechanism is shown in Figure 2. At this
time, AB is perpendicular to BC and parallel to the y-axis, and BC is perpendicular to CD.
This state represents the middle position. Point E is on the y-axis. The detailed parameter
definitions are shown in Table 1.

Based on the above-defined parameters and the spatial relationships obtained from
the schematic diagram of the mechanism, the position coordinates of each point in the
schematic diagram of the mechanism can be obtained.
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Figure 2. Schematic diagram of adjusting mechanism.

Table 1. Definitions of kinematic parameters of the adjusting mechanism.

Parameter Symbol Definition Rules (In the Current Position)
0 rotation angle when the outer rocker arm (BC) rotates to the maximum position
01 tangent value of the actuator cylinder (AB) and the outer rocker arm (BC) (ZACB)
6> rotation angle of the linkage ring when the outer rocker arm (BC) rotates to the maximum position
03 blade rotation angle when the outer rocker arm (BC) rotates to the maximum position.
X actuator cylinder elongation
1 initial length of the actuator cylinder (AB)
I length of the outer rocker arm (BC)
I length of the inner rocker arm (CD)
I3 length of the tie rod (DE)
Iy radius of the linkage ring (EG)
I5 length of the blade rocker arm (FH)
le radius of the joint between the blade rocker arm and the linkage ring (FG)
m the abscissa of point C (x.)
n the ordinate of point C (y.)
h the vertical coordinate of point C (z.)
r the ordinate of point E

The coordinates of each point in the initial position are A(m — Iy, n — 1, h), B(m — 11, n,
h)/ C(m/ n, h)/ D(m/ n—+ 12/ h)/ E(Ol r, 0)/ F(O/ r, l6 - 14)/ G(O/ r, _14)/ and H(O/ r+ 15/ l6 - l4)
The coordinates of point D’ when reaching the end position are as follows:

Xpr = m+ Il sin 6y
Ypr =n+1Ipcosbq (1)
Zpr = I’l

The coordinates of point E’ are as follows:
Xpr = Ilysinf,

Yp =t +15 —I5c0s03 2)
zpr = lgcos by — Iy
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The coordinates of point F’ are as follows:

Xp = lgsin 6,
Yp =t +15 —I5cos03 ©)
zpr = lgcosty — Iy

If the mechanism is analyzed as a whole, considering the complexity of the path and
parameters, it is decided to split the mechanism into a driving part, a transmission part,
and an execution part to more clearly identify the interrelated parameters. Ultimately, by
integrating the equations of each part, the overall kinematic model of the mechanism is
obtained. First, when studying the driving part of the mechanism, that is, the transmission
process from point A to point C, the following relationships can be derived:

24212 — (1 +x)*
2-1 - /IP+ 12

Next, we study the transmission part of the mechanism, that is, from point C to point

cos(6+61) =

(4)

G, according to the length of the rod:

2

B=(xp—xg)+p—ve)’+(Ep -2k ®)

B=r—2)"+ e —ve) + (Z5—25) (6)

Finally, we study the execution part of the mechanism, which is from point E to point
H. Denote the length of line segment EE’ as Ax, and the length of line segment FF' as Ax;.
Then, the following relationships can be obtained:

212 — Ax?
cosbp = 4T2x (7)
4
212 — Ax?
costh = 6T2x1 8
6
212 — Ax?
cosfhy =2 1 P ad )
5
Obtain the following:
212 — 212 4 212 cos @
cos bty = 6 5 1 2l5 costs (10)

212

By integrating the above-mentioned equations, we finally obtain the kinematic equa-
tion of the mechanism that includes the input and output:

Ucosbti + Vcoshy +Wsinby + Psinfy, + Q =0 (11)

Among them are the following:

U =2nl, —2rl, (12)
V = —2hly — 213/ a2 + b2 (13)
W= 2711[2 — 212[4 sin 92 (14)

P = —2ml, (15)
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Q=m?+n?+r*+13+205 +h? 4 2hly —2nr — 13 (16)

In the above-mentioned equations, given the other dimensional and positional param-
eters, the relationship between the input and output of the mechanism can be calculated,
thus obtaining the kinematic analytical model of the guide vane adjusting mechanism.

3. Static Model of Adjusting Mechanism

During the operation of the mechanism, it is subjected to a variety of external and
internal forces. By establishing a static model, the force conditions of each part of the
mechanism can be analyzed in detail. This is of great significance for evaluating the
stability of the mechanism under different working conditions, ensuring that it will not
deform or fail when subjected to excessive or uneven forces. During the operation of
the engine, the blades of the mechanism are subject to a certain amount of aerodynamic
drag. This aerodynamic drag can be decomposed into the aerodynamic moment acting
on the blades and the aerodynamic force exerted on the blades. The latter is ultimately
converted into the frictional force between the blades and the bushings. Overall, these
forces can be equivalent to the torque acting on the blades, and this torque is the main
source of the resistance force of the mechanism. Therefore, reducing the resistance force of
the mechanism and optimizing its force transfer performance have become issues worthy
of in-depth research and discussion.

This chapter aims to establish a static model of the mechanism to reveal the mechanical
transmission relationships during the movement of the mechanism, providing theoretical
support for subsequent optimization research. Assume that a definite torque is applied to
the blade, and that it reaches an equilibrium state under the action of the driving force. The
parameter definitions are shown in Table 2. For the parameters that are the same as those
in Table 1, no repeated definitions will be given in this paper.

Table 2. Definitions of static parameters of the adjusting mechanism.

Parameter Symbol

Definition Rules (In the Current Position)

Fg

magnitude of the driving force
magnitude of the torque on the blade
magnitude of the torque at point C
the force exerted by the resultant torque on the linkage ring at point E

the force exerted on the linkage ring by each blade rocker arm in the plane of the linkage ring

the force exerted at point F by the blade torque through the blade rocker arm
the force along the direction of the pull rod
the force exerted at point D by the torque at point C through the inner rocker arm
the angle between the actuator and the outer rocker arm

Also, based on the kinematic sketch of the mechanism in Figure 2, the driving part of
the mechanism is analyzed first, and the following relationships are obtained:

Mc=1-Fg- cos(g — oc) (17)
B (I+x)*—12 8
X = arccos W ( )

Next, the transmission part of the mechanism is analyzed. Since the mechanism is a
relatively complex spatial motion system, there will be force losses during the movement,
which means that not all the forces will be completely transmitted to the next-level con-
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necting rod. Therefore, the transformation of forces becomes a key issue. To facilitate the
analysis, the method of spatial vectors is adopted for mechanical analysis.

In the above-mentioned kinematic analysis, to simplify the calculation, the motion
of the linkage ring was assumed to be parallel to the XOZ plane, ignoring the angular
influence brought about by the movement of the blade rocker arm. However, in the static
analysis, the rotation of the blade rocker arm has a non-negligible impact on the mechanics.
From the previous kinematic analysis, it is known that the rotation angle of the linkage ring
is extremely small. Therefore, it can be assumed that the linkage ring moves in a straight
line. Let the motion trajectory of point E be point E', and its coordinates are as follows:

Xpn = l4 sin 92
yE// =71 (19)
Zpnm = 0

The tie rod can be regarded as a two-force member. The magnitudes of the constraint

forces Fj, at both ends are equal, and the directions are opposite. The direction of the force
—

is collinear with the rod. The vector along the direction of the tie rod is D’E”, which can be
expressed according to the coordinates of points D’ and E” as follows:

(m+Ipsin®; — lysinby, n+Ipcosby —r,h) (20)

Unitize it and then multiply by the magnitude. Represented by the vector a, it is
ply by g P y
as follows:
(m+12 Sin91714 sin92)-FL
\/(m+lz $in 6] —ly sin 0y )+ (n+15 cos 0; —r)>+h2 !
(n+1p cos 01 —r)-F
\/(m+lz sin 6] —ly sin 6 )+ (n+15 cos 6; —r)>+h2 ’
hFp
\/(m+lz sin 6y —ly sin 6, )24 (n-+1, cos 64 —r) 2 +h2

(21)

— —
Denote the vector EE” as b, which is expressed as (Fp, 0, 0), and denote the vector

2
along the direction of the force Fyy as ?, which is expressed as (Fyy cos 61, —Fy sinfq, 0).
After vector transformation, the magnitudes of F; and Fp can be obtained as follows:

F = ’?‘ E.E; _ Fycosty - (m+1psin@) —lysinby) — Fysinfy - (n+ 1 cosby —r) )
‘C ’ ' ’a‘ \/(m+lzsin91 —Iysin6)? + (1 + Iy cos 6 — )% + 2
- 7 . .
Fp— ‘Z‘ a-b (m+1psinB; —lysinb,) - F. 23)

’Z‘ . ‘Z‘ \/(m—i-lzsinel —l4sin92)2+ (n +Ip cos 61 —r)z—i-h2

Finally, the actuating part of the mechanism, that is, the part from the linkage ring to
the blade, is studied. As shown in Figure 3, the following relationships can be obtained:

n .
Fp-ly=1g- Y Fj (24)
i=1
My =1I5-Fy (25)
Fd = Fy Ccos 93 (26)

Finally, connect the drive and transmission parts of the mechanism as follows:

Mc=Fp I (27)
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Obtain the following:
FL~lz—ll-FQ-cos<g—oc):O (28)

After the above-mentioned analysis, a complete static analytical model of the mecha-
nism can be established. By providing the elongation of the actuator and the aerodynamic
torque of the blade, the magnitude of the corresponding blocking force can be calculated.

F ) Blade
D{_(“;k \O E rocker arm

Simplification Initial

of force Fy S
analysis \ %

position
\\

Figure 3. Static analysis of the actuating part.

4. Error and Sensitivity Analyses of Adjusting Mechanism’s Parameters
4.1. Error Analysis

Based on the analytical model of the mechanism, an error analysis model was derived
by considering the effect of a single parameter’s variation while assuming zero error for all
the other parameters. For quantitative analysis, a uniform positive error value of 1 mm
was artificially assigned to each primary parameter.

For the kinematic model of the mechanism, define F(x) as the kinematic function of the
mechanism. The mathematical model for the relationship between the actuator extension
and the guide vane angle is as follows:

P(l/ ll/ l2/ 13/ l4r 15/ l6r m,n, h/ 7’) =0 (29)
Taking the total differentiation of the above model yields the following:

S -dl+ Sf-dh+ S -dl+ o -dly + S -dly+ §F - dis+

(30)
STI:.d[6+g%.dm+g—5~dn+g—ﬁ-dh+aaff-dr+g72'd93:0

The following presents the error analysis model for the motion accuracy of the mechanism:

JoF JF JF JoF JF JoF
Wa- dl + I atjll + L, -ailz + %8513 + @anl‘L + a5 -dls
F
6y = - (31)
20;
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For the static model of the mechanism, define G(x) as the static function of the mecha-
nism. The mathematical model for the relationship between the actuator extension and the
resistant force is as follows:

G(l/ ll/ ZZ/ 13/ l4/ 15/ 16/ m,n, h/ 7’) =0 (32)
Taking the total differentiation of the above model yields the following:

8 -dl+ S -dh + 52 -dly+ 5F -dly + §F - dly + §2 - dis+
G

(33)
S -dls + 5% -dm + 5% -dn + §F -dh + 97 - dr + §¢ - dFy =0

The error analysis model for the retarding force of the mechanism is presented below:

oG G G G dG oG
Wa(-;leraTléélll+E'azlz+%5g13+%aédl4+%'dl5

el (34)
oFy

dFy =

Based on the above analytical error analysis model, the patterns of error influence of
each parameter on the mechanism’s motion accuracy and resistant force are finally obtained,
as shown in Figures 4 and 5. Only the range from the mid-position to the maximum motion
position of the actuator is studied, as the results for motion in the opposite direction should
be approximately symmetric.

From the variation in motion accuracy error, it can be seen that I3 and m have the
greatest influence on the mechanism’s motion accuracy, followed by Iy, I, and I5, with the
remaining parameters having a smaller influence. From the variation in resistant force
error, l1, I, and I5 exhibit the most significant impact on the mechanism’s resistant force,
while Iy, Ig, n, and r have a relatively large influence, and other parameters have minimal
effects. Notably, the parameters / and & have negligible effects on both motion the accuracy
and resistant force error, regardless of the error type.

0.8
o o o o o - o o - - o ° == d/=Imm
0.7 —o— d/;=lmm
0.6 —A— d/,=lmm
. 0.5 —v— di=lmm
5 0.4 ~— di=1mm
E 0.3 d/=1mm
o = di=1mm
%D 0.2 —&— dm=1mm
2 0.1 —*—= dn=lmm
=] ~#— dh=lmm
= 0.0
§ —— dr=Imm
2 -0.1
L
E -0.2
o 0.3
=]
5 -0.4
en
-0.5
-0.6
Vv vy v v v v v v v v v v
-0.8

o

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
actuator cylinder extension/mm

Figure 4. Motion accuracy error analysis results of the mechanism.
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120 —&— d/=1mm

100 b | —&— d/,=1lmm
—A— dl,=1mm

80 - —v— d/;=Ilmm

»— d/,=lmm

60 I d/s=1mm
—»— d/=1lmm

40 - —8— dm=lmm
—#— dn=I1mm

20 —®— dh=1mm

—0— dr=1mm
0 — O —
—o—& *—o0—0—0—4¢ 33—

retarding force error/N

—60 |

—80

~100 1 1 1 1 1 1 1 1 1 1
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

actuator cylinder extension/mm
Figure 5. Retarding force error analysis results of the mechanism.

4.2. Sensitivity Analysis

The sensitivity analysis of the mechanism parameters is essentially a quantitative
tool that bridges “parameter design” and “performance realization” From early-stage con-
ceptual design to late-stage debugging and optimization, its core value lies in enabling
engineers to identify key contradictions amid uncertainties through the systematic evalua-
tion of parameters” impacts, achieve the precise regulation of mechanism performance, and
ultimately enhance the reliability, economy, and adaptability of the design.

The Monte Carlo method is a numerical computation technique that solves complex
problems by simulating numerous random events through random sampling and probabil-
ity statistics. Its core lies in using randomness to approximate solutions for deterministic
problems in mathematics, physics, or engineering. In this context, the Monte Carlo method
is employed to sample mechanism parameters and generate perturbed samples for each
parameter—specifically, samples following a normal distribution with a mean equal to the
initial parameter value and a standard deviation of 1% of the initial parameter value.

The standardized regression coefficient (B;) is used to evaluate the sensitivity of the
mechanism parameters. In multiple regression analysis, standardized regression coeffi-
cients are obtained by converting both independent and dependent variables into standard
scores (z-scores) before performing regression. This process eliminates the influence of
variable dimensions, allowing for direct comparison of the effects of independent variables
with different units on the dependent variable and reflecting the relative impact of each
independent variable on the dependent variable.

The specific calculation method is as follows:

wn

X

Bj="b;j- 57] (35)
where bj is the raw regression coefficient, S %] is the sample standard deviation of the inde-
pendent variable x;, and Sy is the sample standard deviation of the dependent variable y.

Using this method, the parameter sensitivities for the kinematic and static models of
the mechanism are calculated, and the plots of the mechanism parameter sensitivities are
obtained, as shown in Figures 6 and 7.
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Sensitivity of standardized regression coefficients
T T T T T T T T T

0.8 T

Regression coefficient

70 8 1 1 L 1 1 1 L 1 1 1 1
Mechanism parameters

Figure 6. Sensitivity image of mechanism’s motion accuracy.

05 Sensitivity of standardized regression coefficients
. T T T T T T T T T

Regression coefficient

Mechanism parameters

Figure 7. Sensitivity image of mechanism’s resistant force.

Based on the sensitivity of the mechanism’s motion accuracy, the sensitivity values
of I3 and m are the largest, while those of I, n, h, and r are relatively small, all less than
0.01. From the sensitivity of resistant force, the sensitivity values of I, I, l4, I5, and I
are relatively high, whereas those of I, I3, m, and h are small, all below 0.01. Notably, the
parameters [ and & exhibit low sensitivity to both motion accuracy and resistant force,
regardless of the performance metric.

In summary, since the parameters / and / have minimal error effects and low sensitivity
values for both motion accuracy and resistant force, subsequent analysis will focus on
optimizing the key parameters identified via sensitivity analysis. This approach not only
reduces the complexity of the optimization problem, but also enhances efficiency and
improves model performance.
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5. Multi-Objective Optimization Method Considering Force
Transmission Performance

5.1. Multi-Objective Optimization Strategy

The guide vane adjusting mechanism studied in this paper is a single-stage mechanism
with a relatively simplified design process. The key lies in determining the required
blade rotation angle and establishing a correspondence between actuation and blade
rotation, enabling the blade to rotate according to predefined adjustment rules under the
mechanism’s actuation to achieve the design objectives. To ensure stability under complex
conditions, motion accuracy must be prioritized during the design.

The force transmission performance of the guide vane adjusting mechanism directly
impacts its operational efficiency, reliability, and response speed. Retarding forces in
the mechanism not only reduce the force transmission efficiency, but also may cause
a series of issues, including accuracy degradation, overload damage, wear fatigue, and
response delays. To mitigate these negative effects, effective design and maintenance measures
are essential. In practical applications, the mechanism must adapt to complex external
environments while maintaining high precision and reliability for long-term stable operation.

Unlike traditional multi-objective optimization, the objectives in this study do not
have a parallel relationship and cannot be directly optimized through mutual coordination.
The optimization requires first ensuring accuracy control before further optimizing other
objectives. Therefore, developing an effective optimization strategy is critical. Common
multi-objective optimization strategies include the goal weighting method and hierarchical
optimization. The goal weighting method combines multiple objective functions into a
single weighted objective, indirectly optimizing other objectives by solving this composite
target. This approach is computationally straightforward and intuitive, but requires careful
weight adjustment and may struggle to handle complex conflicts between objectives,
potentially missing the optimal solution. Hierarchical optimization prioritizes objectives by
importance and optimizes them sequentially: first optimizing the most critical objective
to derive solutions meeting its constraints, then optimizing secondary objectives. This
method ensures primary objective optimization while balancing other targets. Moreover,
the goal weighting method makes it difficult to control the weights between the precision
optimization objective and the force transmission performance optimization objective,
which tends to result in suboptimal optimization outcomes and may require substantial
time for debugging. In contrast, the hierarchical optimization method avoids this issue.

Through comparative analysis, hierarchical optimization is selected as the multi-
objective optimization strategy for this study. As shown in Figure 8, all grids represent
the combinations of parameter variables that can form the mechanism under the current
constraints. The process first filters the parameter combinations that satisfy the accuracy
requirements from all possible candidates, then optimizes the force transmission objectives
within this subset to ultimately obtain the optimal solution meeting all objectives.

solutions meeting accuracy requirements

Extraction ‘
g

optimize force transmission performance

Figure 8. Multi-objective optimization strategy for the adjusting mechanism.
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5.2. Multi-Objective Optimization Model

A multi-objective optimization problem refers to a situation where, based on multiple
design objectives, there are multiple parameters that can be optimized around these objec-
tives. By adjusting the combinations of these parameters, the most reasonable values of the
objective functions are sought. A multi-objective optimization problem typically consists of
three parts: parameters to be optimized, objective functions, and constraint conditions.

During the design and optimization of a mechanism, after constructing the kinematic
and static models, in-depth analysis of the mechanism can be carried out through the
forward and inverse kinematic solutions. The forward and inverse kinematic solutions
have significant application value in aspects such as the motion control, trajectory planning,
and kinematic optimization of the mechanism. The forward kinematic solution means
that, given the types of each joint, the dimensions between adjacent joints, and the relative
motion amounts between adjacent joints, the position and orientation of the end-effector of
the mechanism in a fixed coordinate system are solved. The inverse kinematic solution, on
the other hand, is to deduce the positions of each joint given the position and orientation of
the end of the mechanism. The inverse kinematic solution is particularly important because
it enables the mechanism to accurately adjust the positions of each joint according to the
given target’s position and orientation, thus enabling the mechanism to complete tasks
more accurately and flexibly.

In the precision optimization analysis of the guide vane correcting element, the rela-
tionship between the input and output can be calculated through the positions of each joint
and the lengths of each component. This is the forward kinematic solution, denoted as
6 = g(a;, x), where 0 is the output angle, that is, the blade rotation angle, a; represents the
position information of each joint and the length information of each component, and x is
the input, namely the elongation of the actuating cylinder. In the subsequent optimization
process, the inverse kinematic solution model will be adopted to optimize the motion
precision, denoted as x = h(w;, 0). The static model will be used to optimize the force
transmission performance, with the end output as the optimization target, to optimize the
joint positions and the lengths of each component.

First, identify the optimization parameters «; of the multi-objective optimization
model, which serve as the independent variables in the optimization problem. These pa-
rameters primarily include joint positions and link lengths. By incorporating the sensitivity
analysis results from the previous sections, they can be represented as follows:

w; = [I1,1p,13,1a, 15,16, m, 7] " (36)

Next, construct the objective function of the multi-parameter optimization model.
It is necessary to determine the design objectives of the mechanism. According to the
optimization strategy introduced above, first construct the objective function for precision
control. Based on the motion law of the current guide vane adjusting mechanism, it is
known that the input and output are approximately linearly related. Suppose that the
mechanism has n design points, denoted as p1, p2...01, pn, as the maximum opening
angle. Due to the approximate linear relationship between the input and output, as long as
the linear relationship between the two is strong enough, under the premise of precision
control, the blade rotation angle can be accurately controlled to reach the design point by
controlling the elongation of the actuating cylinder. The optimal value can be set as making
the linear relationship between the mechanism’s input and output the strongest. Here, the
calculation is based on the inverse kinematic solution model, that is x = h(«;, 8). It can be
seen that the actual values calculated in this way will be scattered points. Therefore, the
evaluation index is defined as the Root Mean Square Error (RMSE). The reference-predicted
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value is the ideal linear straight line. It is known that the smaller the value of the RMSE, the
better the degree of linear fitting, and the more ideal the precision control. The objective
function can be expressed as follows:

(37)

where B represents the value of the Root Mean Square Error. The coordinate values of
the actual elongation of the actuating cylinder and the blade rotation angle are defined as
(04, xa), and the coordinate values of the predicted elongation of the actuating cylinder and
the blade rotation angle are defined as (6, xp). n is the number of coordinate points to be
calculated, which can be selected independently.

Then, construct the objective function for the force transmission performance. To
improve the force transmission performance of the mechanism, the average value of the
driving force can be reduced through optimization, and at the same time, the amplitude of
the driving force change can be decreased. Therefore, it can be expressed as follows:

i

Fo= (38)

R= FQmax - FQmin (39)

Finally, construct the constraint conditions of the multi-parameter optimization model.
The constraint conditions are the restrictions and constraints on the parameters to be
optimized in the optimization problem. In the multi-parameter optimization model of
the guide vane adjusting mechanism, the mechanism interference, spatial position, and
structural dimensions, etc., are the key to establishing the constraint equations. Different
structural parameters lead to different constraint conditions, and the final optimization
results also vary greatly. The constraint equations can be expressed as follows:

Ximin < X < Ximax (40)

The establishment of constraints will be elaborated in the subsequent case analysis.
Based on the above-mentioned analysis process, the entire optimization process can be
refined, and the optimal parameter combination can be obtained.

5.3. Global Optimization Design Solution

Based on the solution strategy for the multi-objective optimization design of the
adjusting mechanism, a multi-objective optimization design method for the mechanism
considering the force transmission performance can be proposed. The optimal solutions of
the multi-objective optimization model can be solved using global optimization algorithms.
This paper employs a multi-objective genetic optimization algorithm as the calculation
method to solve the optimization model. Its fundamental idea is to simulate genetic
operations (selection, crossover, and mutation) to search for a set of “Pareto optimal
solutions” in the objective space, forming a Pareto front that reflects the optimal trade-
offs between objectives and providing an efficient solution set search tool for complex
systems. The core lies in balancing the convergence (approximating the true Pareto front)
and diversity (uniform distribution of solutions), and through mechanisms such as non-
dominated sorting and crowding distance calculation, it identifies optimal compromise
solutions among multiple conflicting objectives. It can solve any kind of practical problem
and has a broad application value. The solution process in this paper is shown in Figure 9.
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Figure 9. Flowchart of the solution for mechanism optimization design.

Based on the mechanism’s inverse kinematic equations, a precision optimization
model was established. Genetic algorithms were employed to rapidly compute and solve
for the neighborhood of optimal mechanism parameters. Given that the kinematic model
of the guide vane adjusting mechanism is analytical, the kinematic optimization model
demonstrates a fast computation speed and high optimization design efficiency. Subse-
quently, a force transmission performance optimization model was developed using the
mechanism’s static model. Taking the data obtained from precision optimization as the
initial values, a multi-objective genetic optimization algorithm was applied to search for
the optimal force transmission performance while ensuring mechanism precision.

6. Case Analysis

Take the simplified model shown in Figure 1 as an example of optimization design.
Based on the multi-objective genetic algorithm, the global optimal mechanism parameters
are solved. Under the current mechanism model, the original parameters of each mecha-
nism are shown in Table 3. It is required that in the current intermediate position, the blade
rotation angle is +-10°and the actuator elongation is 14 mm.

Table 3. Original parameter table of the mechanism.

Parameter

11 lz 13 14 15 16 m n h r

dimension/mm

320

70 70 74 460 75 432 74 0 0 70

6.1. Parameter Optimization Objectives

At present, the mechanism is at the mid-position of its motion, and the guide vane
angle of the mechanism is also at the mid-position. In the kinematic and static models of
the mechanism established previously, optimization is carried out with this position as
the initial position. The mechanism needs to move from this position to the maximum
blade rotation angle position of 10° and the minimum blade rotation angle position of -10°.
During the kinematic process, these two processes are approximately symmetric. Therefore,
in kinematic optimization, for the convenience and speed of calculation, only the process
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of moving from this position to the state where the actuator extends to 14 mm is selected.
So, for the optimization of mechanism accuracy, the optimization goal is that the curves of
the actuator elongation and the blade rotation angle obtained from the motion should be
fitted to a straight line to the greatest extent.

taking the Root Mean Square Error  between the two as the objective function for accuracy
optimization. After considering the force transmission performance of the mechanism,
assume that the mechanism is driven by a single actuator, and that the sum of the My
forces on each blade is 500 N-m. Using F, and R as the objective functions for optimization,
analyze the above-mentioned optimization objectives.

6.2. The Establishment of Parameter Constraints

According to the optimization objectives, the input and output parameters of the
regulating mechanism are predefined fixed parameters, while the remaining parameters
are subject to optimization. Through comprehensive consideration of the mechanism
installation space and potential component interferences, and combined with the results of
sensitivity analysis, the upper and lower bounds for the mechanism design parameters are
provided in Table 4.

Table 4. Upper and lower limits of mechanism design parameters.

Mechanism Parameters =~ Lower Limit of Parameters/mm Upper Limit of Parameters/mm

I 60 80
Ir 60 80
I3 70 80
Iy 450 470
I5 70 80
lg 420 440
m 70 80
n -2 2

r 70 80

After obtaining the upper and lower limit constraints of the mechanism parameters,
the next step is to determine the constraint relationships among the mechanism parameters.
As mentioned above, the kinematic inverse solution model is used for the optimization
analysis of the mechanism. Therefore, the constraint relationships among the mechanism
design parameters mainly come from the correlation relationships in the kinematic inverse
solution model. By analyzing the analytical expressions of the kinematic inverse solution
model, the interrelationships and constraint conditions among various parameters can
be obtained. Based on these constraint relationships, further optimization analysis of the
mechanism can be carried out to ensure that the design parameters meet the performance
requirements and achieve the goals.

6.3. Parameter Optimization Solving

By leveraging the above objective function and constraint relationships, the complex
mechanism parameter optimization problem is transformed into a mathematical model
problem. Following the optimization of the mechanism’s force transmission performance,
optimization calculations were performed using a multi-objective genetic algorithm. Dur-
ing accuracy optimization, the iteration number is set to 5000 to find more solutions meeting
the accuracy requirements. Subsequently, force transmission performance optimization is
carried out by evaluating all eligible solutions obtained from the above process, thereby
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determining the mechanism parameter values under the optimal force transmission per-
formance. Based on the described solution process, three groups of optimized data were
obtained, as presented in Table 5.

Table 5. Mechanism parameter table after accuracy-only optimization.

Parameter L I, I3 Iy I le m n r
group 1/mm 68.40 62.08 77.59 453.07 67.99 420.13 77.49 0.73 66.91
group 2/mm 75.67 72.52 78.24 464.39 70.71 425.34 78.23 —1.68 72.94
group 3/mm 70.71 73.54 74.86 461.31 79.52 437.40 74.83 1.72 77.75

6.4. Result Analysis

By combining the results obtained before and after optimization, based on the analyti-
cal kinematic model, the deviation values between each curve and the theoretical curve are
calculated, and the deviation curves are obtained, as shown in Figure 10.

0.07

i+ Pre-optimization data

0.06 | |—®— Force + Accuracy optimization group 1
Force + Accuracy optimization group 2

|—&— Force + Accuracy optimization group 3

0.05

0.04

0.03 |-

0.02 |

0.01 |

Blade rotation angle deviation/°

0.00

=0.01 |

-0.02 1 1 1 1 I 1
0 2 4 6 8 10 12 14

Actuator cylinder extension/mm

Figure 10. Accuracy deviation curve of the analytical model.

The precision deviations of the three sets of optimized results exhibit certain differ-
ences, but the deviation values (both peak and average) relative to the theoretical curve are
significantly lower than those of the case data, indicating a substantial improvement in the
blade rotation angle accuracy. Subsequently, based on the static model, the relationship
curve between the actuator cylinder extension and blocking force was derived, as presented
in Figure 11, with the key data listed in Table 6.

Following optimization considering the force transmission performance, all data
points on the blocking force curve have been improved. Notably, the difference between
the maximum and minimum values has been significantly reduced, effectively minimizing
blocking force fluctuations and further validating the effectiveness of optimizing the force
transmission performance.

To verify the correctness of the analytical model and the validity of the optimized de-
sign, the pre- and post-optimization mechanisms were modeled and imported into ADAMS
for simulation analysis. A sinusoidal displacement drive of 14 x sin(180° x TIME) was ap-
plied, which allows for the observation of the mechanism’s complete motion over one cycle
and the verification of whether the blade achieves the designed rotation angle. By using a
full rigid-body model with specified kinematic pairs (neglecting motion pair characteristics’
impacts on blocking force), relevant results were obtained.
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Figure 11. Analytical model blocking force curve.

Table 6. Key data of the analytical model blocking force.

Pre-Optimization Data Group 1 Data Group 2 Data Group 3 Data
maximum value/N 6563.33 6399.8 6387.24 6403.39
minimum value/N 6260.87 6201.84 6210.22 6205.46
difference value/N 302.46 197.96 177.02 197.93
mean value/N 6354.48 6260.06 6265.56 6266.67

Deviations between pre- and post-optimization data and the theoretical blade rotation
angle curve (14 x sin(180° x TIME) based on the drive curve) were calculated, with the
deviation curves shown in Figure 12.

0.15
—— Pre-Optimization Data
—®— Force + Accuracy optimization group 1
0.10 Force + Accuracy optimization group 2
—A— Force + Accuracy optimization group 3

=
(=1
&
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Blade rotation angle deviation/°
<]
[=3
=}

-0.10

-0.15 i i i
0.0 0.5 1.0 1.5 2.0

time/s

Figure 12. Accuracy deviation curve of the simulation model.

At 0.5 s and 1.5 s, the actuator reaches its maximum and minimum stroke positions,
where all four datasets exhibit the largest deviation values. Post-optimization Groups 2 and
3 demonstrate improved accuracy, while Group 1’s deviation values remain comparable to
the pre-optimization data, indicating minimal optimization effects.
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Subsequently, the optimization results of blocking force are analyzed, as shown in
Figure 13, with the key data presented in Table 7.
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Figure 13. Blocking force curve of the simulation model.

Table 7. Key data of the simulation model blocking force.

Pre-Optimization Data Group 1 Data Group 2 Data Group 3 Data
maximum value/N 6369.00 6286.40 6309.74 6301.62
minimum value/N 6249.77 6181.87 6198.9 6189.45
difference value/N 119.23 104.53 110.84 112.17
mean value/N 6314.16 6239.68 6258.22 6252.22

The simulation model results align generally with the analytical model results, both
confirming the necessity and effectiveness of the optimization design considering the
force transmission performance. However, minor numerical discrepancies exist. Analysis
attributes these differences to two factors: (1) simplifications in the analytical model at the
linkage ring, which inherently involves complex spatial motion; (2) the analytical model’s
inability to account for the physical properties of links and inertial forces during motion,
both of which influence the results in ADAMS multi-body dynamics simulations.

The three optimized datasets exhibit distinct characteristics. The final optimization
results can be selected based on weighted priorities between accuracy and blocking force,
or through iterative optimization comparisons. According to the three optimized results
presented here, the Group 2 data are recommended as the final choice.

Opverall, the multi-objective optimization of the guide vane adjusting mechanism pro-
posed in this paper achieves superior design for both the accuracy and force transmission
performance. Compared to the pre-optimization data, the motion accuracy improves by
38.4% at maximum actuator extension and 14.3% at minimum actuator extension. Addi-
tionally, the maximum blocking force difference decreases by 7.0%, with reductions in both
the peak and average values, demonstrating strong practical utility.

7. Conclusions

This paper presents an optimization design method for the inlet guide vane adjusting
mechanism, which establishes a multi-objective optimization strategy prioritizing accu-
racy optimization and considering force transmission performance. Using the established
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kinematic and static models of the mechanism as the optimization framework, the optimiza-
tion parameters are determined based on the sensitivity analysis results of both models,
along with the constraint conditions. The global multi-objective optimization design of the
mechanism is then conducted using a multi-objective genetic algorithm. By comparing the
case data with the optimization results considering force transmission performance, it is
shown that the motion accuracy is improved by 38.4% at the maximum actuator extension
and 14.3% at the minimum actuator extension compared to the pre-optimization data.
The maximum difference in the blocking force is reduced by 7.0%, with both the peak
and average values also decreasing. These results demonstrate that the optimized design
enhances both the motion accuracy and blocking force stability, verifying the effectiveness
and practicality of the proposed models.

The method effectively achieves global optimization design considering both mecha-
nism precision and stagnation force, minimizing the jamming risks caused by excessive
stagnation force due to design factors. This study provides a novel approach for the global
optimization design of the guide vane adjusting mechanism.
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