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Abstract. The purpose of this research is to prove the eventuality of using a novel adaptive
surrogate model for optimization problems. The adaptive surrogate model is based on iteration
sampling and extended radial basis function (ERBF). This method improves the precision by a
means that new sample points is placed in the blank area and all the sample points is uniformly
distributed in the design region. The precision of the surrogate model is checked using standard
error measure to determine whether updating the surrogate model or not. Since the prediction of
modal frequencies require structure modal simulations. In order to decrease the number of
computer simulations, a Multi-Island GA approach is combined with the adaptive surrogate model
to find the optimum modal frequencies of a strapdown inertial navigation system for electric
helicopters. The strapdown inertial navigation system is comprised of damping material,
counterweight material and inertial navigation sensor. This is a multi-objective functions
optimization problem since the modal frequencies are considered from mode 1 to mode 6 in this
paper. Several weights of multi-objective functions are utilized to research the modal frequencies.
The whole number of 15 sampling points is picked to build the primary surrogate model using
Latin hypercube sampling (LHS). The results of adaptive surrogate model show that two new
sampling points are needed to reform the precision of the surrogate model under the condition of
2 % confidence bounds. The structure modal optimization results show that the choice of the
weights for the multi-objective functions has a major effect on the final optimum modal
frequencies. Time- and frequency-domain analysis indicated that the optimum modal frequencies
are far away from the excitation frequencies to avoid strapdown inertial navigation system
resonance as far as possible.

Keywords: modal analysis, extended radial basis function, adaptive surrogate model,
optimization.

1. Introduction

Vibration is an important issue in helicopters. Rotors operate in a highly complex unsteady
aerodynamic environment caused by cyclic variation of aerodynamic loads on the blade.
Significant structural vibration due to unsteady aerodynamics caused by free stream, returning
wake and elastic blades is a notable and undesirable characteristic of helicopter flight [1]. The
most important sources that contribute to the vibration in a helicopter airframe are the rotor hub
reactions induced by the inertial and aerodynamic loads acting on the blades. Most of the
aerodynamic vibratory loads produced by the rotor system are cancelled at the hub, except for
their PN * rev and (PN =+ 1) * rev harmonics, where rev is the blade speed, P is an arbitrary
integer and N is the number of blades [2]. Due to the inherent coupling between the rotor system
and the airframe, vibratory hub loads are transferred throughout the helicopter structure. So, the
strapdown inertial navigation system is affected easily. Since strapdown inertial navigation system
is directly installed on the helicopter, they are sensitive to vehicle vibration [3]. Special supports
[4] or dampers [5] for strapdown inertial navigation system are used to reduce the vibration.
However, structure modal optimization of strapdown inertial navigation system has not been
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proposed and studied for an electric helicopter with a fixed blade speed. Since a structure model
of strapdown inertial navigation system is built for the helicopter in this paper. Damping material
and counterweight material (copper alloy) as two kinds of material attributes parameters are used
to analyze the modal frequencies. The strapdown inertial navigation system is installed in the
flight control box. The flight control box is installed on the helicopter. Since PN * rev and
(PN £ 1) * rev harmonics of the blade are transferred throughout the strapdown inertial
navigation system.

In the modal optimization process of the strapdown inertial navigation system, the surrogate
model is used to solve the expensive finite element analysis (FEA) computations problem. Among
the available surrogate model techniques, the Response Surface Methodology (RSM) approach
was introduced by GEP Box and KB Wilson in 1951. This approach was used to optimize fire
performance of ultra-low density fiberboards polynomial by Wu [6] in 2017. Kriging approach
was named by French mathematician Matheron in 1963, after the South African mining engineer
Krige, as it is still known in spatial statistics today. The Kriging approach is used to optimize the
structure of water axial piston pump and cavitation of plunger cavity in 2017 [7]. Radial basis
function (RBF) methods are effective multidimensional approximation approaches. The
performances of RBF methods are independent of the dimensionality to an extent [8]. A novel
approach of extended radial basis function (ERBF) is proposed by Mullur and Messac [9] in 2005.
The ERBF approaches are more flexible compare with RSM, Kriging and RBF. Since the ERBF
approach is used to build the surrogate model in this research. However, these surrogate model
approaches are all have no adaptive capability to the sampling points chosen. In the field of
adaptive sampling techniques, Chen [10] used a local adaptive sampling to enhance the efficiency
of constructing Kriging models for reliability-based design optimization problems in 2014. But
this approach is not applicable if sampling points are close to the limit state boundaries. An
adaptive importance sampling technique based on stochastic Newton recursions was used to
accurately predict the power penalty induced [11]. Li and Chuang [12] apply Stein’s Unbiased
Risk Estimator (SURE) to adaptive sampling and reconstruction to reduce noise in Monte Carlo
rendering. Aerodynamic shape of high speed train nose is optimized using adaptive surrogate
model [13]. A novel approach for constructing adaptive surrogate models with application in
production optimization problem is proposed [14]. However, these approaches are not applicable,
considering that increases new sampling points in the blank region after initial training points is
selected using LHS. In this paper, an adaptive surrogate model that based on iteration sampling
and extended radial basis function is proposed to address this adaptive sampling problem. And
this approach is used to optimize the modal frequencies of strapdown inertial navigation system
of an electric helicopter for demonstration. Time- and frequency-domain analysis of strapdown
inertial navigation system structure is used to prove the correctness of the optimization results.

The remainder of the paper is organized as follows. In Section 2, the introduction to methods
of the RBF and ERBF techniques is provided, and an adaptive surrogate model is proposed using
iteration sampling and ERBF. In Section 3, the adaptive surrogate model is employed in structure
modal optimization of strapdown inertial navigation system for electric helicopter, serving as the
case study. In Section 4, time- and frequency-domain analysis of strapdown inertial navigation
system structure is researched. Finally, in Section 5, our contributions are summarized.

2. Research method

The structure modal optimization process presented in this paper is divided into two steps. The
first step is the building of an adaptive surrogate model. The second step is to combine the adaptive
surrogate model with selected optimization algorithm to determine the optimum modal
frequencies of the strapdown inertial navigation system.
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2.1. Optimization methods

There are several meaningful optimization methods in the optimized research field but one of
the most used algorithms in engineering is the Genetic Algorithm (GA). Genetic algorithms are
classical stochastic optimization algorithms inspired by evolutionary analogy. Because of their
robustness and ease of application, genetic algorithms are used for machine learning, automatic
control, and so on. Instead of traditional genetic algorithm, Multi-Island GA is employed for the
optimization. In Multi-Island GA, the population is divided into several subpopulations staying
on isolated “islands”, whereas traditional genetic algorithm operations are performed on each
subpopulation separately. A certain number of individuals between the islands migrate after a
certain number of generations. Thus, Multi-Island GA can prevent the problem of “premature” by
maintaining the diversity of the population [15]. In addition, the calculation speed of Multi-Island
GA can be greater than that of traditional genetic algorithms.

2.2. Extended radial basis function models

The computer simulations to study and analyze designs are very expensive sometimes. In order
to achieve the result, large computational resources and the time are needed. Since the problem of
simulation cost becomes more severe. ERBF surrogate model based design optimization helps in
reducing the number of real computer simulations necessary to solve this problem.

ERBF approaches are the extension of RBF. RBF is expressed according to the Euclidean
distance (r = ||x —xt ||) of a generic point x from a given point data x! which can be
mathematically defined as:

o) =12+ c?, (D

where c is a prescribed parameter. The radial basis function is a linear combination equation, as
described by:

Mp

flxk) = Zquo(”xk =xi), k=1,...n, )

=1

where o; are unknown factor to be solved and n, represents the number of sampling points, the
preceding equations is expressed in matrix form as follow:

Axo=F, 3

where A, o, F are written as:

AikZQD(”xk—xi”), i=1..,n, k=1,...n, 4)
6=[01 02 - On,lT, )
F=[/G) fG?) o fa)], ©

where Ay is calculated by the Euclidean distance of point x* and point x. The vector o are
defined by solving the Eq. (3). The Euclidean distances that unknown point x in the design domain
relative to all date points (x1, x2, ..., x™) into:

e=[pllx—x') @Ulx—x*I) .. o(lx—x"IDI. O]

The interpolation result of RBF for the generic point x is expressed as:
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f(x) =exo. ®)

The typical RBF approaches provide only an interpolative solving method to the surrogate
model problem, but they do not provide patterns for the designer to deliver desirable performance
for the meta-models. Mullur A. A. proposed a surrogate model of extended radial basis function

[9], they define a coordinate vector as §; = x; — x}, which is the coordinate of any point x in the

design domain relative to the sampling point x* along the jth dimension, and define non-radial
basis function as:

¢1;(¢}) = afid" (&) + afjd" (&) + B¢P (¢))- ©)
The functions ¢pX@R and ¢P are described in Table 1.

Table 1. The description of non-radial basis functions

& ¢t P* o
<y | (my" D& +y"(L—n) 0 &
-y <& <0 hr 0 &
0<éi<y 0 " &
Eizy 0 (y"HE +yra-n) | &

In Table 1, y and n are prescribed parameters, extended radial basis function method is a
surrogate model approach that combine radial with non-radial basis functions. It can be
expressed as:

np np
£ =Y st = xi) + ) ik - x0. (10)
i=1 i=1
And also:
np " m
Py =Y ot =) + . el (€]) + afo(€]) + B4 (€D) an
i=1 i=1 j=1
Define:
ok = {afl al, .. ab, .. a(an)(m)}(Tmnp)(l), (12)
af ={afy afy, .. afn . afnp)(m)}:mnp)(l), (13)
B= {311 Bz - Bim - ﬁ(np)(m)}(Tmnp)(l). (14)
So, f(x*) is expressed as:
AXo+Bx{(a)" («aF)T BT}’ =, (15)
where the kth row of B is expressed as:
B* = {BLk BRk BA*}(1)x3mny)» (16)

where BX¥ is expressed as:
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BUC = {phoel —xD) @G —ad) o MO —xh) e LG 0D iy (D)
Define:

A=[A B] (18)

a=[c" (@) (7 BT (19)

So, Eq. (15) is expressed as:
Axa=F. (20)

The vector a is defined by solving the Eq. (20). The Euclidean distances and non-radial basis
values that sampling point x relative to all data points (x!,x?2, ..., x"?) into:

[Bm+1)*np]x1

[eUlx =2t @(lx —x2D) ... @(lx—x])

__ |9t i —xd) e @rGn ) e 9 G —x) an
¢ —x) PRz —x3) o PR (tm —xp) ¢R(xm - x::zp)
LpF Gy —xd) P —xd) o @F Ctm — 1) o 0P (2 — 2,7
The interpolation result of ERBF for the generic point x can be expressed as:
f(x) =€x0. (22)

The ERBF approaches provide the designer with significant flexibility and freedom compared
with conventional RBFs in the surrogate model construction process, and their research results
show that the ERBF approaches are more accurate in some research field [9].

To measure the surrogate model accuracy of the results, the standard error measure is used:
Normalized root-mean-squared error (NRMSE). The error measure is defined as follows:

K_IF (%) = F)pral )

Il§=1[f(xk)EFA]2

The descriptive error measure represents the error level of the adaptive surrogate model. A
tiny value of NRMSE indicates a good fit, whereas a high value of NRMSE indicates a poor fit.
This standard error measure as convergence criteria to judge whether the iteration is converged
or not.

NRMSE = x 100. (23)

2.3. Structure modal optimization algorithm of an adaptive surrogate model

The Multi-Island GA method is combined with an adaptive surrogate modeling approach to
achieve an excellent structure modal optimization process. The flow chart of the structure modal
optimization approach is shown in Fig. 1. The original sampling points for the ERBF surrogate
model building is picked using the LHS technique. The original sampling points is used for modal
simulations, and the result of modal simulations is used to fit the surrogate model of ERBF.
Standard error measure as convergence criteria to judge whether the iteration is converged or not,
fit black box of surrogate model if the convergence condition is satisfied. Otherwise, new points
are searched using adaptive sampling technique and added to the modal simulations. The black
box of surrogate model is used to find the response in the structure modal optimization. For the
multi-objective optimization problem, linear weighted sum method is employed as follows:
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Maximum: F(X) = 272, w; f;(X). (24)
Subject to: e(X) =; (e1(X), e5(X), ..., e (X)) < 0. (25)

Go to finished if the iteration is converged, otherwise, update the Multi-Island GA population.

Adaptive Surrogate Model Optimization
A 4

l Pick LHS points l

YES

l Modal simulations l

Add simulation points

|
I
|
I
I
|
I
I
A 4 |
I
|
|
!
!
I
I
I

F(X) 4
| v | Update Multi-Island
Search for suitable sample points l lFiT surrogate model of ERBF l l Linear weighted sum method l GA population
f f |
¥

F01, f0Da... fX
|

NO YES |
NRMSE= error: Black box of surrogate model
I

Fig. 1. Flow chart showing the structure modal optimization process

Uniform distribution of sampling points is a requirement in order to increase the precision of
surrogate model [16]. The approach of adding new sample suitable points is proposed in this
research. This approach is illustrated by a sampling case of two design variables. Points from 1 to
8 are the initial sampling points, and the new points 9, 10 and 11 are ready to add to the modal
simulations in Fig. 2. Before adding to the modal simulation, the Euclidean distance is evaluated
between new points and selected sampling points. The values of ry, r, and r; are the smallest
Euclidean distances between point 9, 10 and 11 to all selected points, respectively. Point 11 is
chosen because the value of r; is maximum compare with r; and r,. Graph traversal search
algorithm is used in the selection of new sampling points. With this adaptive sampling approach,
the most appropriate sample points are chosen to improve the precision of the surrogate model.
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Fig. 2. Add new sampling points
3. Structure modal optimization of strapdown inertial navigation system

In order to avoid strapdown inertial navigation system resonance, and make the helicopter flies
safely. Structure modal optimization of strapdown inertial navigation system is very important. In
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this section, modal analysis of the strapdown inertial navigation system is performed using FEA,
and structure modal optimization of strapdown inertial navigation system for an electric helicopter
is studied using the adaptive surrogate model and Multi-Island GA algorithm.
3.1. Structure of strapdown inertial navigation system

The strapdown inertial navigation system is composed of damping material, copper metal and

inertial navigation sensor. Impression drawing of the strapdown inertial navigation system is
shown in Fig. 3.

Damping material

Copper metal

Inertial navigation sensor

Fig. 3. Impression drawing of the strapdown inertial navigation system

There is a fixed connection between damping material and copper metal as same as the
connection between copper metal and inertial navigation sensor. Material properties of the three
parts are shown in Table 2. The modal frequencies of the strapdown inertial navigation system are
discussed only in this paper, so the damping factor is not listed in Table 2.

Table 2. Material properties of strapdown inertial navigation system

Material Density Yong’s modulus (Pa) | Poisson’s ratio
Vibration damping material 16 kg/m? 9.9E+4 0.45
Copper metal material 8300 kg/m 1.1E+11 0.34
Inertial navigation sensor | 2770 kg/m- 7.1E+10 0.33

Geometrical parameters of the strapdown inertial navigation system are shown in Fig. 4. The
parameters of x; and x, are design variables. The shape of damping material and copper metal is
both square from top view, and the copper metal is symmetrical about the horizontal center
section.

-

10mm

X2

10mm [¢—¥| I—l

10mm

e

Fig. 4. Geometrical parameters of the strapdown inertial navigation system

3.2. Problem setup

The strapdown inertial navigation system is installed in the flight control box. The flight
control box is installed on the helicopter. Flexible modes are considered only. The translation and
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rotation of rigid modes are not considered. In this paper, modal frequencies from mode 1 to mode
6 are considered only. There are six objective functions (f;(X), f2(X), f5(X), fo(X), fz(X),
f6(X)) in this structure modal optimization problem. According to the characteristic of the six
response values, the structure modal optimization problems in this paper have more than one
optimum solution. For this multi-objective structure modal optimization problem, linear weighted
sum method is employed as follows:

w1 f1(X) + wo (X)) + wsfs(X) + wa fu(X) + wsfs(X) + wefe(X)

F(X) = (26)
wy +w, +wy +w, + ws + wg

where the sub-objective function defined as:

fi(X) = min[|Fn; — rev|,|Fn; — 2 X rev|, ..., |[Fn; — P X rev|]. 27)

The design variable X = [xq, x,], Fn; is the value of mode i, P is an arbitrary integer. In this
study, the helicopter is a coaxial twin rotor helicopter. The rotor is driven directly by the electric
motor and not through the gearbox. In order to make the helicopter control decoupling easy,
electronic speed regulator is used to control the electric motor at fixed rotation speed. Other
researchers in our group find that the efficiency of the rotor is most high at 480 rpm. So, the value
of rev equal to 8 Hz. The multi-objective functions are to maximize the difference between the
natural frequencies and the excitation frequency:

Max.F(X). (28)
Subjected to the geometry constraints:

5 <=x, <= 20, 29)
3 <=1x, <= 13. (30)

The measurements of the inertial navigation sensor are 15 mm for length and width, and 3 mm
for height. In order to ensure every damping material is separate. The minimum value of x; is
equal to 5. And the length and width of damping material cannot be too small to support the
counterweight steady, the maximum value of x; is equal to 5. The space in the flight control box
is limited. In order to maximize the variation range of the counterweight weight. The value of x,
is between 3 and 13.

3.3. Results

The initial sampling points are required to build the ERBF surrogate model is selected using
LHS approach. The whole number of 15 training points are picked to build the original surrogate
model. The adaptive algorithm is able to check the accuracy of the surrogate model by comparing
the value of NRMSE, and request for additional sampling points whenever necessary. At 2 %
confidence bounds the adaptive algorithm requested a supernumerary two sampling points to
improve the accuracy of the ERBF surrogate model. The confidence bound of 2 % is satisfied
using total sampling points of 17. The responses of the adaptive surrogate model from mode 1 to
mode 6 are shown in Fig. 5. The points on the response surfaces are the numerical solution of
FEA. The values of numerical solution and the values of response of the adaptive surrogate model
are equal basically as showed in Fig. 5.

The selection of the weights for the multi-objective functions will have a greater effect on the
final optimum modal frequencies since the weights will decide where location the optimum modal
frequencies falls on [17]. Structure modal optimization is studied using different weights. Three
groups of weights are chosen to optimize the modal of the strapdown inertial navigation system
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in this paper. The structure modal optimization history for the multi-objective function with a
degressive weights (w; = 6, w, =5, w3 =4, w, =3, ws =2, wg = 1) is illustrated in Fig. 6.

Value of mode T
Valuwe of mode 2

HoncaZ3RERERLIRE
w

HEREHEEHERE
Value of mode 4

Valuve of mode 3

5.
o
5
0

Valwe of moda §
Value of mode &

Fig. 5. The responses of the adaptive surrogate model

The structure modal optimization history shows the increase of F(X). The number of islands
is equal to 3 in Multi-Islands GA algorithm, since there is three locally optimal solution. But the
globally optimal solution only has one, the value equal to 3.45, and the structure size parameters
and modal values is shown in Table 3. The structure modal optimization history for the
multi-objective function with an equal weights (w;, = w, = w3 = w, = ws = wg = 1) is shown
in Fig. 7. The structure modal optimization history shows the globally optimal solution far away
from the other two locally optimal solution compare with multi-objective function with degressive
weights. The value of globally optimal solution equal to 3.28, and structure size parameters and
modal values are shown in Table 4. The structure modal optimization history with the
multi-objective function with an incremental weights (w; = 1, w, =2, w3 =3, w, =4, wg =5,
We = 6) is shown in Fig. 8. The structure modal optimization history shows the globally optimal
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solution is more small compare with multi-objective function with degressive weights and equal
weights. The value of globally optimal solution equal to 3.16, and structure size parameters and
modal values are shown in Table 5.

12 o, [ Y g
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° o/ 8o
0 ° @ ) ]
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Fig. 6. Structure modal optimization history, w; = 6, w, =5, w3 =4,
w, =3, ws =2, ws = 1,2 % NRMSE
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Fig. 7. Structure modal optimization history, w; = 1, w, = 1, ws =1,
Wy = 1,W5 = 1,W6 = I,Z%NRMSE

Table 3. Structure parameter and modal value, w; = 6, w, =5, w3 =4,
wy =3, we =2, wg =1, 2% NRMSE
x, (mm) | x, (mm) | Fny (Hz) | Fn, (Hz) | Fng (Hz) | Fny (Hz) | Fng (Hz) | Fng (Hz) | F(X)
17.93 7.64 44.02 44.12 4441 91.97 95.40 105.6 3.45

Table 4. Structure parameter and modal value, w; = 1,w, =1, w3 =1,
w, =1, ws=1,wg = 1,2 % NRMSE
x, (mm) | x, (mm) | Fny (Hz) | Fn, (Hz) | Fng (Hz) | Fny (Hz) | Fng (Hz) | Fng (Hz) | F(X)
9.46 10.19 19.99 19.99 25.68 43.75 53.27 60.46 3.28

The modal analysis of the strapdown inertial navigation system is studied by FEA method.
ANSYS software is used in this research. The finite element mesh is hexahedral. The vibration
shape and frequency of the strapdown inertial navigation system are studied only in this research,
so the type of modal analysis is simplified as no damping. Non-linear analysis is not to be
considered in this paper. The modal analysis type of the strapdown inertial navigation system is
linear. The subspace solver allows the user to take advantage of a distributed architecture to
perform faster computations. So, the subspace is selected as the analysis type. The tolerance type
is slider, and the tolerance value equal to 1.6e-4 meter. The damping material does not contribute
to the vibration shape and frequency, but it is an important role that the energy of the vibration is
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weakened. The upper and under boundary of vibration damping material is fixed in this research.
Results of modal with primary structure parameter for the strapdown inertial navigation system is
shown in Fig. 9. Inertial navigation sensor is moved back and forth in x-axis for mode 1, and
y-axis for mode 2, and z-axis for mode 4. Inertial navigation sensor is rotated around z-axis for
mode 3, and y-axis for mode 5, and x-axis for mode 6.
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Fig. 8. Structure modal optimization history, w; = 1, w, =2, w3 =3,
wy =4, ws =5,ws = 6,2 %NRMSE

The values of natural frequency from mode 1 to mode 6 are 24.37 Hz, 24.37 Hz, 31.31 Hz,
53.00 Hz, 65.34 Hz, 70.53 Hz, respectively. Since the value of F(X) is obtained from Eq. (26),
and the results are shown in Table 6. The value of object function of structure modal optimization
is big than the primary, it means the natural frequency of structure modal optimization is more far
away from the excitation frequency compare with the primary.

Table 5. Structure parameter and modal value, w; = 1, w, =2, w3 =3,
wy =4, ws =5, wg =6,2 %NRMSE

x4 (mm)

X, (mm)

Fny (Hz) | Fn, (Hz)

Fn; (Hz)

Fny (Hz)

Fns (HZ)

Fng (Hz)

F(X)

18.64

12.08

42.10 42.51

42.85

90.09

92.28

100.04

3.16

Table 6. Structure modal optimization results compare with primary results

F(X) Primary | Optimization
Degressive 0.95 3.45

Equal 1.21 3.28
Incremental 1.46 3.16

4. Time- and frequency-domain analysis of strapdown inertial navigation system structure

The harmonic vibration of the helicopter can be predicted under the condition of fixed rotor
speed compare to the uncertainty of the vibration due to mechanical imbalance. The apparent
periodicity is the characteristic of the harmonic vibration of helicopter. The vibration environment
of the helicopter includes harmonic vibration and random vibration [18]. The excitation spectrum
of helicopter is shown in Fig. 10.

From the Chapter 4 of Helicopter Aerodynamics Manual [18], the P; and P, is equal to 0.01
and 0.001, respectively. The peak acceleration of resonant frequency of f;, f,, f3, f, are shown in
Table 7.

In this research, the optimization strapdown inertial navigation system structure of the equal
weights and the primary strapdown inertial navigation system structure is used to research the
time- and frequency-domain analysis. The 1th to 9th order resonant frequencies are considered
because the maximum modal frequency is less than 72 Hz

5320

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. NOV 2017, VOL. 19, ISSUE 7. ISSN 1392-8716



2674. STRUCTURE MODAL OPTIMIZATION OF A STRAPDOWN INERTIAL NAVIGATION SYSTEM FOR AN ELECTRIC HELICOPTER USING AN ADAPTIVE
SURROGATE MODEL. SHUZHEN GUO, XIANGMING ZHENG, HAISONG ANG

A: Modlal A: Modal
Total Deformation
Type: Total Deformation
Frequency: 24.366 Hz

Unit: m

Total Deformation 2
Type: Total Deformation
Frequency: 24.366 Hz
Unitzm

36201 Max

3.6201 Max
3.3615 3.2581
2.8444 27568
2.5858 2.5062
23272 2.2556
2.0686 2.005
1.81 17543
15515 1.5037
1.2929 1.2531
077573 075186
031716 0.50124
0.25858 0.25062
0 Min 0 Min
a) b)
A: Modal A:Modal
Total Deformation 3 Total Deformation 4
Type: Total Deformation Type: Total Deformation
Frequency: 31.307 Hz Frequency: 53.004 Hz
Unit: m Unit: rv
60567 Max 3.6137 Max
54132 3.3556
49968 3.0974
45804 2.8393
4164 25812
37476 23231
33312 2.065
29148 1.8068
24084 1.5487
1.6656 1.0325
1.2492 077436
0.8328 0.51624
04164 0.25812
O Min 0 Min
A: Modal A: Modal

Totel Deformation 5
Type: Total Deformation
Frequency: 65.337 Hz
Unitz m
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Frequency: 70.528 Hz

Unit:m
57634 Max 622 Max
5.3517 555
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45284 42
41167 382
3705 244
3.293 205
28817 2467
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1.6467 153
1.235 115
082334 0764
041167 0382

o Min aMin

e) f)

Fig. 9. Modal analysis of strapdown inertial navigation system

4 psp(gH7)
Wi
W,
Wi
Wa
Py
P, Frequency

10 fi fo f5 S 100 300 500
Fig. 10. Power spectral density of the helicopter

4.1. Time-domain analysis of strapdown inertial navigation system structure

The harmonic vibration as sine waves and random vibration as excitations are used to research
the time-domain characteristic. Since the number of helicopter blades is equal to 2, the 2th order
harmonic phase is half a cycle longer than the 1th order harmonic [18, 19]. The nth order resonant
excitation is defined as follows:

__ _ peak

1
a, =a, Xsin{flanZEX t—(n—l)Xz—fl}. 3D
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The value of a?*** are shown in Table 7, the value of f; is equal to 8 Hz. The helicopter
excitation is defined as:

9

Atotal = Z A + Arandom- (32)

n=1

The total excitation is show in Fig. 11. The random excitation is small compare to resonant
excitation, so the total excitation is displayed as cyclical.

Table 7. The peak acceleration of every resonant frequency

Resonant frequency (Hz) | Peak acceleration a*** (m/s?)
3-10 0.70/(10.70-£,)
10-25 0.10xf,
25-40 2.50
40-50 6.50-0.10%,
50-500 1.50

Acceleration (m/s2)
=)
T
I

8L

R . . . . . . L . .
100 005 0.1 015 02 025 03 035 04 045 05
Time (s)

Fig. 11. The total excitation of the helicopter

The time-domain analysis of the strapdown inertial navigation system structure is studied by
FEA method. ANSYS software is used in this research. The finite element mesh is hexahedral.
The damping ratio of the damping material is equal to 0.05. The time step is equal to 0.001 s. The
step end time is equal to 0.5 s. In this research, the x direction response and y direction response
is same basically. So, x direction response and z direction response is considered only. The
comparison between primary and optimized structure with acceleration response and velocity
response is shown in Fig. 12. It shows that the optimized convergence area of velocity response
and the acceleration response is smaller than the primary.

Acceleration (m/S2)
<o
L
Acceleration (m/S2)
N =3

. L L L L
-ﬁ.6025 -0 IOZ -0.615 -0.01 -0005 O UOIOﬁ 0.‘01 0015 0.02 0.025 708025 -002 -0015 -001 -0005 O 0.005 001 0015 002 0.025
Velocity (m/s) Velocity (m/s)
a) b)

Fig. 12. Comparison of acceleration response and velocity response
between a) primary and b) optimized structure, z direction
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In the z direction, the comparison between primary and optimized structure with displacement
response and velocity response is shown in Fig. 13. It shows that the optimized convergence area
of velocity response and the displacement response is smaller than the primary.

In the x direction, the comparison between primary and optimized structure with acceleration
response and velocity response is shown in Fig. 14. It shows that the optimized convergence area
of velocity response and the acceleration response is smaller than the primary.

In the x direction, the comparison between primary and optimized structure with displacement
response and velocity response is shown in Fig. 15. It shows that the optimized convergence area
of velocity response and the displacement response is smaller than the primary.
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Fig. 13. Comparison of displacement response and velocity response
between a) primary and b) optimized structure, z direction
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Fig. 14. Comparison of acceleration response and velocity response
between a) primary and b) optimized structure, x direction
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Fig. 15. Comparison of displacement response and velocity response
between a) primary and b) optimized structure, x direction
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4.2. Frequency-domain analysis of strapdown inertial navigation system structure

The frequency-domain analysis of the strapdown inertial navigation system structure is studied
by FEA method. ANSYS software is used in this research. The finite element mesh is hexahedral.
The damping ratio of the damping material is equal to 0.05. In this research, the x direction
response and y direction response is same basically. So, x direction response and z direction
response is considered only. From the power spectral density of the helicopter in Fig. 10,
acceleration power spectral density is defined as Fig. 16.

PSD (g2/Hz)

10°

\,

\

10

0

10'

Frecuency (Hz)

2

10°

Fig. 16. Acceleration power spectral density

In z direction, the response PSD of primary and optimized is shown in Fig. 17. The red lines
are the 4th order modal frequency. It shows that the 4th order natural frequency of structure modal
optimization is more far away from the excitation frequency compare with the primary. The value
of response RMS of primary is big than optimized.
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Fig. 17. Results of frequency-domain analysis, primary a) RMS = 2.9087 m/s?,
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Fig. 18. Results of frequency-domain analysis, primary a) RMS = 2.1217 m/s?,
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In x direction, the response PSD of primary and optimized is shown in Fig. 18. The red lines
are the 1th order modal frequency. It shows that the 1th order natural frequency of structure modal
optimization is more far away from the excitation frequency compare with the primary. The value
of response RMS of primary is big than optimized.

Results of time-domain analysis indicated that the optimized convergence area of velocity
response and the acceleration response, and velocity response and the displacement response are
smaller than the primary. Results of frequency-domain analysis indicated that 1th and 4th order
natural frequency of structure modal optimization is more far away from the excitation frequency
compare with the primary.

5. Conclusions

An adaptive surrogate model that new sampling points is located in blank area as the purpose
is proposed using iteration sampling and ERBF in this paper. Multi objective structure modal
optimization of strapdown inertial navigation system by considering six objectives.

Maximizing the difference between the natural frequency and excitation frequency was
performed using Multi-Island GA algorithm. The executable of optimizing using the adaptive
surrogate model in combination with Multi-Island GA optimization approach is demonstrated
successfully.

It was observed that total of 15 LHS sampling points are picked to calculate the original ERBF
surrogate model. The structure modal optimization presented in this paper required two sampling
points for 2 % confidence bound.

The effect of the selection of different weights on the optimum modal frequencies is
researched. For degressive weights, the value of object function is equal to 3.45, and 3.28, 3.16 is
for Equal weights and Incremental weights. The structure modal optimization of the strapdown
inertial navigation system is a useful method to avoid strapdown inertial navigation system
resonance. Meanwhile, the adaptive surrogate model can be used to other engineering
optimization problems, such as, aerodynamic optimization, stealth optimization.

Results of time- and frequency-domain analysis indicated that the optimized strapdown inertial
navigation system structure has better vibration characteristics to the primary.

In the process of searching suitable sample points, the efficiency of graph traversal search
algorithm is undesirable. In future works, some highly efficient algorithm will be used to solve
this problem.
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