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Abstract: Micro satellites must survive severe mechanical conditions during their launch phase.
Therefore, structural design requirements are imposed on the micro satellites. These requirements
are the strength requirement and the stiffness requirement. Usually, the structural design of a micro
satellite is performed using the internal stress analysis and the natural frequency analysis, which
are based on a Finite Element Method (FEM). The validity of this structural design is evaluated
through vibration tests. In an early stage of development, which has a FEM model of a satellite in
the process of creation, presumption of the natural frequency of a satellite may be difficult. In this
study, a simple method for determining the longitudinal and lateral minimum natural frequencies
of the micro satellites during the ascent phase was clarified. The structure of the micro satellites
used in this research is made of aluminum alloy, and they have a monocoque structure. The Young's
modulus and moment of inertia of area used to calculate the minimum natural frequencies were
determined using the area ratio of the monocoque structure to the entire satellite. When this method
is used, the estimated minimum natural frequencies of the longitudinal direction and the lateral
direction are in agreement with the measured values acquired by the vibration tests. In order to
shorten the process of micro satellites development, this paper describes a practical estimation
method of the minimum natural frequency for micro satellites.

Keywords: micro satellite; natural frequency; stiffness requirement; structure designing; structure
development

1. Introduction

Small satellites which are 100 kg or less, 10 kg or less, and 1 kg or less are called micro satellites,
nanosatellites, and picosatellites, respectively. In this paper, these three satellites are treated as a
micro satellite. When a micro satellite is launched with a rocket, it is exposed to severe mechanical
conditions. These mechanical environments mainly consist of static accelerations, dynamic vibrations,
and impact shocks. Static acceleration is due to steady thrust and reaches its maximum at the end of
combustion. Dynamic acceleration occurs due to transient thrust fluctuations at the start and end of
combustion, so these two loads are comprehensively combined and called quasi-static acceleration.
On the other hand, acoustic vibrations mainly caused by jets of combustion gases act directly on a
satellite through rocket separation parts as random vibrations. Furthermore, random vibrations are
caused by pressure fluctuations as a rocket fly through the atmosphere at transonic speeds, which act
on a satellite through a fairing. It acts directly on a satellite through a rocket separation section. A
large impact shock load is generated when solid rocket boosters, fairings, and satellites are jettisoned
due to the explosion of processed products. Although the time during which this load occurs is very
short, its magnitude reaches several thousand G. The impact the load has on a satellite structure is
small, but the impact of shocks on solar cells and electronic equipment cannot be ignored. Generally,
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random vibration imposes the largest load on a micro satellite structure, and the satellite must be able
to withstand this load.

The design requirements for micro satellites are generally the strength requirement and the
stiffness requirement. Significant stresses are generated on a micro satellite structure according to the
static loads and the dynamic loads during the ascent phase. These stresses must not deviate from the
allowable yield strength or the ultimate strength of the structure materials. The margin of safety (MS)
is defined as the ratio between the allowable yield strength, or the ultimate strength, and the actual
stresses multiplied by a safety factor minus one. This means that the value of the MS must be greater
than or equal to zero. Furthermore, we have to satisfy a requirement of the natural frequencies for a
satellite. When using an H-IIA rocket which is a Japanese key rocket, the natural frequencies in the
longitudinal direction and in the lateral direction must be greater than 100Hz and 50Hz respectively
[1].

Usually, the structural design of a micro satellite is developed using the internal stress analysis
and the natural frequency analysis, which are based on a FEM. The validity of this structural design
is evaluated through vibration tests. In an early stage of development, which has a FEM model of a
satellite in the process of creation, presumption of the natural frequency of a satellite may be difficult.
In order to shorten the process of micro satellite development, this paper describes a practical
estimation method of the natural frequency for cube form micro satellites.

2. A Simple Method for Identifying the Minimum Natural Frequency for Micro Satellites

A satellite with which the fitting is carried out in a rocket is expressed in Figure 1 [2]. This is
called a single-degree-of-freedom system (SDOF system). A mass of this SDOF system is suspended
by a linear spring with a spring stiffness k and a damper with a damping constant c.

The natural angular frequency of this SDOF system, the natural angular frequency of a damping
system and the damping ratio are w», ws and C respectively. Thus w», ws and C are expressed as [3-6]:

wnzvk/m, wa=v1—fzww (:C/Zm (1)

Since the natural angular frequency w can be indicated as w=27f using the natural frequency f, fx
and fi are expressed as:

1 |k 1
= — |— e 72 2
fn 27 Im’ fd 21_[\/1 Z n ()
In the development of micro satellites, the value of C being used is 0.05 or below its value [3-6].
Therefore, the damping natural frequency fiis almost the same as the non-damping natural frequency
fr. There are some approximate solutions of a non-damping vibration of a one-dimensional
distribution mass system.
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Figure 1. Micro satellites in an H-IIA rocket and a Single-Degree-Of-Freedom system.
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Figure 2 shows the outfitting of a small satellite with a rocket. This is a cantilever rod; the upper
end of the rod is free to deflect but the lower end is rigidly clamped. When a tensile stress o applies
at the free end of this rod in the ascent direction to launch (longitudinal direction), the rod has a cross-
section Auwteral and a length Liongitusina. The elongation length of the rod, due to the applied tensile force
P, is denoted with A. The stiffness of the rod k is defined with:

k="P/ =94/, =EA/L 3)

The minimum natural frequency of the longitudinal direction of the launching phase fuiongitudinat
can be estimated with:

f 1 |k 1 |[EA 1 EAiateral @
nlongitudinal — 27 Im - 21 |mL - 2T msLlongitudinal

Where ms is the actual mass of the micro satellite. A micro satellite is composed of structural parts,
bus equipment, mission equipment and so on. Therefore, when calculating the minimum natural
frequency, it is necessary to estimate the Young's modulus of the satellite system, Es, instead of the
Young's modulus Ex of the main structure. When the volume of the entire satellite is V, and the
volume and Young's modulus of each component are Vi, Vs, ... Vi, E1, Ez, ... En, the Young's modulus
Es of the entire satellite is:

E = EVi+EV,+ -+ Ep Vi + ExW _ 2is EiV; _ 21 BV 5)
s V1+V2++Vn lnzll/i V

However, the Young's modulus of other subsystems being very small compared with the elastic
Young's modulus of structure material Ew, the elastic modulus of an actual satellite Es is indicated by
Eq. 6 in place of Eq.5 in this paper.

(6)

E =E, [%] —E, [ AsLlogitudinal ] _E, [ A ]

AlateralLlongitudinal Alateral

Here, Vs and V are the volumes of the satellite’s main structure and the entire satellite,
respectively. In addition, Awera and As are the lateral surface areas of the satellite and the lateral
surface areas of the monocoque structure, respectively. Autra is the value obtained by multiplying the
width b and the depth h. The thickness ¢ is the value when the satellite structure forms only four sides
(@, @, @ and @), and As is calculated from b, h and this thickness t.
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(longitudinal direction), only by shells,
Figure 2. Satellite structure that looks like a rigidly clamped cantilever rod.

When a load acts at the free end of the rod in Figure 2 with a concentrated lateral forth P in the
orthogonal direction to launch (lateral direction): The longitudinal direction is the x direction, and
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the lateral direction is the y direction; the maximum deflection y(x) occurs at the free end (x=L) as
follows:

Ymax = (y)x:L = PL3/3EI (7)
The stiffness k is defined with Eq. 8:

kzp/ymax=3E1/L3 (8)

Therefore, the minimum natural frequency in lateral direction can be calculated with:

B 1 |k _ 1 |3EI _ 1 3E¢lgteral 9
fn,lateral T or lm 27 |lmi3 27 o 13 .. ©)
2r\m 2m mL 2n msLlongitudinal

However, if a bending moment and a uniformly distributed load are applied to the free end of
this rod, 3 in Eq. 9 becomes 2 and 8, respectively. If the type of load acting on the free end is different,
the number in the numerator will be different, so Eq. 9 is expressed as Eq. 10:

f =i £=i 3E1=i NEslateral (10)
miater 2w m 2m JmL? 2n mSL?ongitudinal

Where, 1 is a coefficient depending on the type of load. Similarly, when both a concentrated load
acts on the free end and a uniformly distributed load acts on the entire beam, the n value is 11.

3. Experimental Verification of the Validity of a Simple Identification Method for the Minimum
Natural Frequency

The Japan Aerospace Exploration Agency (JAXA) has been developing the new international
space station (ISS) transfer vehicle "HTV-X" which will be launched by a new flagship rocket H3 [7].
This HTV-X is the successor to the HTV, and is intended for in-orbit demonstrations in addition to
resupplying supplies to the ISS [7]. In the first HTV-X with the cube satellite (cubesat) release mission
[7], the first cubesat to be released from this HTV-X is Ten-Koh 2 (TK2) which the Okuyama
Laboratory at Nihon University has been developing [8]. TK2 is a cubesat with a size of wide-6U (366
mm x 226 mm x 100 mm) and a mass of approximately 6.8 kg. Both Figures 3 and 4 show the
appearances of TK2 which separated from HTV-X.

Figure 3. Appearance of Ten-Koh 2 spacecraft.

Figure 4. A 6U satellite separated from HTV-X (©JAXA).
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TK2 is the successor to Shin-en 2 (SE2) and Ten-Koh (TK1). SE2 was launched on December 3rd,
2014, by the H2A #26 as a Hayabusa2-sub-payload. It became the first small probe in the world to go
beyond the lunar orbit and successfully conduct deep space exploration (measurement of high-
energy charged particles) [9-11]. TK1 was launched on October 29th, 2018, by the H2A #40 as a
piggyback satellite of Ibuki 2 (GOSAT 2). TK1 was placed in a sun-synchronous quasi-return orbit at
an altitude of 610 km. Overviews of SE2 and TK1 are shown in Figures 5 and 6, respectively.

Usually, micro satellite design is performed through a procedure which designs and
manufactures a Bread Board Model (BBM), an Engineering Model (EM) and a Flight Model (FM). A
BBM, an EM, and a FM are developed in the preliminary design, the basic design and the critical
design phases, and a FEM is used to thoroughly confirm whether the strength and stiffness
requirements are satisfied in each phase. However, since a reliable FEM cannot be obtained at the
initial stage of designing a BBM, it is important to establish a simple method to identify the natural
frequency. In order to improve this simple identification method, we conducted tests using three
micro satellite models. One is the FM of TK2, and another is the EM of Ten-Koh D (TKD). TKD is the
successor to TK2 and is scheduled to be launched in 2026. The last one is a dummy satellite made of
100% aluminum alloy and was designed and developed by JAXA.

Figure 6. Appearance of Ten-Koh spacecraft.

Table 1 shows the specifications of these three satellites, and overviews of aluminum alloy
dummy satellites and the TKD’s EM are shown in Figures 7 and 8, respectively. These three satellite
models are equipped with rails that allow them to be jettisoned into space from a Small Satellite
Orbital Deployer (S§50D) mechanism. Table 1 also lists the sizes without this rail.
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Table 1. Specifications of aluminum alloy dummy satellites, Ten-Koh 2’s FM and Ten-Koh D’s EM.

. Length with rail x| Length without Cross-sectional area
Aluminum alloy 3 . 3 Mass [kg] 5 o
Speci 10”°[m rail x10~[m] Shell x107*[m’]
pecimen .
name Young's Density Whole | Structural thickness
3
modulus [ke/m’] L h b L h b satellite | subsystem X107m] .4 lateral A §
[GPa]
D“my 72 2750 | 366 | 226 | 100 | 355 | 215 [ 100 | 14.1 14.1 22.9 22.6 14.4
satellite
TK2'FM 72 2750 | 366 | 226 | 100 | 355 | 215 | 100 | 6.83 2.25 3.65 22.6 2.30
TKD'EM 72 2750 | 366 | 226 | 100 | 355 | 215 | 100 | 7.89 2.25 3.65 22.6 2.30

Figure 8. Appearance of Ten-Koh D’s EM.

Furthermore, overviews of the primary structure of TK2 and TKD, which are made of aluminum
alloy, are shown in Figures 9 and 10, respectively. TK2 and TKD have large internal capacities and
have been hollowed out to reduce weight. This type of shape is called a monocoque structure.
Monocoque structures have excellent vibration resistance and are often used in the architectural field
because they ensure strength. In the field of spacecraft development, this structural style is suitable
for satellites because it not only maximizes the capacity of the satellite but also provides a surface for
mounting components. The primary structure of TK2 consists of two frames and nine stiffeners. The
primary structure of TKD consists of frames on all six sides.

The dummy satellite is also W6U type, and its size is the same as TK2 and TKD. The dummy
satellite has six hollow holes with diameters of 73 mm, but it is made only of aluminum alloy.

] Frame

Suffencr

Figure 9. Primary structure of Ten-Koh 2's FM.
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Frame

Figure 10. Primary structure of Ten-Koh D’s EM.

In order to acquire the minimum natural frequencies of micro satellites, vibration tests were
carried out. These vibration tests were mainly done in the advanced technology center for
environmental testing of IMV Corporation. i260/SA7M/HT10 (HT6) shown in Figure 11 was used for
the vibration tests [11]. For this model, the maximum exciting force in a sine wave is 25,000N, the
frequency range is up to 2,300Hz, the maximum random acceleration 700m/s? rms and the maximum
payload mass is 138kg. The vibration tests were carried out based on the standard ISO 17025.

m—

Figure 7. Appearance of i260/SA7M/HT10 (HT6) located IMV Corporation.

4. Vibration Test Results and Discussions
4.1. Natural Frequencies of Micro Satellites in Longitudinal Direction

Vibration tests of the dummy satellite were conducted, and the test results of the natural
frequencies obtained are shown in Table 2. Generally, the aluminum alloys used for the main
structure of spacecraft include A5052, A2024 (super duralumin), and A7075 (extra super duralumin),
but the density and the Young's modulus of these three materials are 2680kg/m?3, 2770kg/m? and
2800kg/m? and 70.6GPa, 73.5GPa, and 71.6GPa, respectively. Since there is no significant difference
in the density and the Young's modulus of these materials, the average values of 2,750 kg/m? and 72.0
GPa were used in this paper. Table 3 also shows the calculation results of the natural frequency for a
model without six holes with diameters of 73 mm. It shows the calculated values of the natural
frequencies obtained using Eq. 4. Calculation results of the moment of inertia of area in the
longitudinal and lateral directions for TK2 and TKD are shown in Table 2 along with the measured
values obtained in the vibration tests. Table 2 also shows the calculation results of the natural
frequency without the six holes with diameters of 73 mm.

The minimum natural frequencies of the dummy satellite calculated using Eq. 4 agreed relatively
well with the measured values obtained in the vibration tests. In the case of the dummy satellite made
of 100% aluminum alloy, we understand that the estimation method of Eq. 4 is valid.
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Table 2 shows the vibration test results for TK2's FM and TKD's EM. The masses of TK2's FM
and TKD's EM are 6.8 kg and 7.9 kg, respectively, and the mass of the aluminum alloy primary
structure is 2.2 kg, which is the same value. When this primary structure forms only four sides as a
monocoque structure, the thickness will be 3.6 mm, and the area calculated from this will be 2.3 x 10-
3m?2. In addition, the longitudinal length is uniform at 346 mm. The Young's modulus was determined
using Eq. 6, and these values are listed in Table 4. The longitudinal natural frequencies of TK2's FM
and TKD's EM calculated from these are 433Hz and 403Hz, respectively, which agree well with the
measured values of 440Hz and 409Hz. It can be confirmed from Table 2 that the measured natural
frequencies of TK2's FM and TKD's EM agree well with the values calculated using Eq. 4.

Table 2. Minimum natural frequency in the launch direction (longitudinal direction).

. . Shell . . Lo
Length without rail . Cross-sectional area | Young's modulus | Minimum longitudinal
x107[m] Mass kel thickness x107[m?] [GPa] natural frequency [Hz]
Specimen *107 [m]
name
Whole | Structural Calculated | Measured
L longitudinal h b satellite | subsystem t A tateral 4, E, value value
Dummy 355 | 215|100 | 141 14.1 2.9 26 | 144 48 1880 1927
satellite
TK2'FM 355 215 | 100 6.83 2.25 3.65 22.6 2.35 7.7 430 440
TKD'EM 355 215 | 100 7.89 2.25 3.65 22.6 2.35 7.7 400 409
CubeSat1 500 500 | 500 45.7 17.2 6.25 25.0 12.5 3.6 223 209
CubeSat2 550 500 | 500 57.6 18.9 6.25 25.0 12.5 3.6 190 186
CubeSat3 700 500 | 500 64.8 24.1 6.25 25.0 12.5 3.6 158 144
CubeSat4 500 500 | 490 43.9 16.8 6.19 24.5 12.3 3.6 226 207
CubeSat5 520 520 | 500 60.0 18.6 6.37 26.0 13.0 3.6 195 170

Okuyama et al. has conducted vibration tests to determine the natural frequencies using five
various cube-shaped micro satellites; the masses range approximately 50 kg. These forms were cubes
mostly and the lengths of one side ranged from approximately 50 cm. The specifications of the micro
satellites used for this testing are shown in Table 2 [2]. Each micro satellite was vibrated in the Launch
direction (longitudinal direction), and the minimum natural frequencies for each were measured.
Okuyama et al. conducted vibration tests on the five cube-shaped micro satellites shown in Table 2
and obtained the minimum natural frequencies in the longitudinal. The measurement results and the
calculation results which are computed using Eq. 4 are shown in Table 2. The measured values and
the calculated values of both domains are in good agreement.

4.2. Natural Frequencies of Micro Satellites in Lateral Direction

The minimum lateral natural frequency of the dummy satellite made of aluminum alloy with
six holes with diameters of 73 mm was calculated using Eq. 10. The Young's modulus is the same
value used for the longitudinal calculation. The moment of inertia of area was calculated assuming
that the aluminum alloy primary structure forms all four sides of the monocoque structure, and these
are listed in Table 3. When 11 is entered as the n value in Eq. 10, the minimum natural frequency in
the lateral direction of this dummy satellite is 1141Hz, which roughly matches the measured value of
1195Hz. However, when using 2, 3 and 8 for the n value, the calculated values are 487Hz, 596Hz and
973Hz, respectively, which are not the same values. When calculating the deflection of the free end
of a fixedly supported cantilever beam when a uniformly distributed load is applied to the entire
lateral direction, the n value is 8.

Similarly, the minimum lateral natural frequencies of TK2's FM and TKD's EM using Eq. 10 are
the same as 245Hz, which agrees well with the measured values of 240Hz and 229Hz. The n value
used in this calculation is 2. This is the n value used to calculate the deflection when a bending
moment load is applied to the free end of a fixedly supported cantilever beam.
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Table 3. Minimum natural frequency in the launch orthogonal direction (lateral direction).

Length Moment of inertia Mini 1 |
without rail Mass [kg] of area imimum latera
3 6. 4 natural frequency [Hz]
Specimen x107[m] x107 [m’] n
name value
I Whole | Structural I Calculated | Measured
longitudinal | gatellite | subsystem lateral value value
Dummy
. 355 14.1 14.1 60.9 11 1141 1195
satellite
TK2'FM 355 6.83 2.25 13.6 2 230 240
TKD'EM 355 7.89 2.25 13.6 2 230 220
CubeSat1 500 45.7 17.2 501 3 56.5 55
CubeSat2 550 57.6 18.9 501 3 46.7 47
CubeSat3 700 64.8 24.1 501 8 47.1 43
CubeSat4 500 439 16.8 489 3 56.4 63
CubeSat5 520 60.0 18.6 559 3 54.1 53

Okuyama et al. obtained the minimum natural frequencies in the lateral direction of five cube-
shaped micro satellites through vibration tests as well as in the longitudinal direction [2]. Table 3
shows the calculated values of the minimum natural frequency obtained by inputting 3 as the n value
in Eq. 10. These values are in good agreement with the measured values. However, for a satellite with
arelatively long longitudinal length of 70 cm, the calculated and measured values are not at the same
level, 28 Hz and 43 Hz, respectively. From this, the calculated value of the minimum natural
frequency obtained by inputting 8 to the n value in Eq. 10 is 47Hz, which is roughly the same as the
measured value. When calculating the minimum natural frequency using Eq. 10, care should be taken
in selecting the n value.

5. Conclusions and discussion

Usually, the structural design of a micro satellite is developed using the internal stress analysis
and the natural frequency analysis, which are based on a FEM. In an early stage of development,
which has a FEM model of a satellite in the process of creation, presumption of the natural frequency
of a satellite may be difficult. In this study, a simple method for determining the longitudinal and
lateral minimum natural frequencies of the micro satellites during the ascent phase was clarified.

The minimum lateral natural frequency of the dummy satellite made of aluminum alloy with
six holes with diameters of 73 mm was calculated using Eq. 4. This calculated value agreed relatively
well with the measured values obtained in the vibration tests. The longitudinal natural frequencies
of TK2's FM and TKD's EM calculated from these are 433Hz and 403Hz, respectively, which agree
well with the measured values of 440Hz and 409Hz. The measured natural frequencies of TK2's FM
and TKD's EM agree well with the values calculated using Eq. 4. Okuyama et al. has conducted
vibration tests to determine the natural frequencies using five various cube-shaped micro satellites;
the masses range approximately 50 kg. These forms were cubes mostly and the lengths of one side
ranged from approximately 50 cm. The calculated results which are computed used Eq. 4 and the
measured values are in good agreement.

When 11 is entered as the n value in Eq. 10, the minimum natural frequency in the lateral
direction of the dummy satellite is 1052Hz, which roughly matches the measured value of 1141Hz.
Similarly, the minimum lateral natural frequencies of TK2's FM and TKD's EM using Eq. 10 are the
same as 245Hz, which agrees well with the measured values of 240Hz and 229Hz. The n value used
in this calculation is 2. The measured minimum natural frequencies in the lateral direction of five
various cube-shaped micro satellites weighing approximately 50 kg are in good agreement with the
calculated values by inputting 3 as the n value in Eq. 10. However, for the satellite with a relatively
long longitudinal length of 70 cm, the calculated and measured values are not at the same level, 28
Hz and 43 Hz, respectively. From this, the calculated value of the minimum natural frequency
obtained by inputting 8 to the n value in Eq. 10 is 47Hz, which is roughly the same as the measured
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value. When calculating the minimum natural frequency using Eq. 10, care should be taken in
selecting the # value.

In this study, we used the dummy satellite made of 100% aluminum alloy, a W6U type small
satellite scheduled to be actually launched on an H3 rocket, and 50 kg class satellites to develop a
simple identification method for the minimum natural frequency in the longitudinal and lateral
directions during ascent phase. Since the values identified using this simple method generally agreed
with the measured values, this identification method is considered to be generally valid.
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