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1 INTRODUCTION 

1.1 PURPOSE AND SCOPE 

Purpose of this document is to share structural analysis of mechanisms on board satellite PW-Sat2. Once the 

model is finalized it is required to be analyzed by the use of a tool for Finite Element Method (FEM) under given 

loading and boundary conditions. All analyses were done using data from Sojuz Rocket, which was the only 

public published for other use. 

1.2 DOCUMENT STRUCTURE 

Chapter 1 introduces the document, shows the structure of the document, includes reference documents 

Chapter 2 presents preliminary calculations of SADS 

Chapter 3 presents preliminary calculations of SRM 

Chapter 4 presents satellites modal analysis 

Chapter 5 presents preliminary modal analysis of P-Pod  

Chapter 6 summarizes this document 

1.3 PROJECT DOCUMENTATION STRUCTURE 

See section 1.3 in [PW-Sat2-C-00-CDR-Overview]. 

1.4 REFERENCE DOCUMENTS 

Internal project documents are referred by its name according to Table 1-1 in [PW-Sat2-C-00.00-

Overview-CDR]. 

[1]  CubeSat Design Specifications rev. 13, The CubeSat Programme: Cal Poly SLO, 2014.  

[2]  Innovative Innovative Solutions In Space, „QuadPack CubeSat deployer,” [Online]. Available: 

https://www.isispace.nl/product/quadpack-cubesat-deployer/. [Data uzyskania dostępu: 2016 11 19]. 
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1.5 APPLICABLE PROJECT DOCUMENTS 

 [PW-Sat2-C-00.00-Overview-CDR] – the overview of the PW-Sat2 Phase C 

 [PW-Sat2-C-05.01-DT-CDR] – the overview of the PW-Sat2 Deployment Team  

 [PW-Sat2-C-05.02-DT-Analytical-Calculations-and-Dynamic-Models] 

 [PW-Sat2-C-10.00-CONF-CDR] – Configuration overview of PW-Sat2 

 [PW-Sat2-C-10.01-CONF-MICD] – Mechanical Interface Control Document describing DT structures 

 [PW-Sat2-C-10.02-CONF-MICD-Drawing] – Mechanical Interface Control Document Technical 

Drawing which includes a detailed view on the satellite 

 [PW-Sat2-C-10.03-CONF-Bill-of-Materials] (spreadsheet) – Bill of Materials (spreadsheet) 

 [PW-Sat2-C-11.01-Tests-Plan-Mechanical] – document describing mechanical tests of the satellite 

systems 

 [PW-Sat2-C-11.02-Tests-Plan-Thermal] – document describing thermal tests of the satellite systems 

 Assembly plans of the DT structures (see section 1.3 in [PW-Sat2-C-00.00-Overview-CDR]) 

1.6 DOCUMENT CONTRIBUTORS 

This document and any results described were prepared solely by PW-Sat2 project team members. 
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2 SADS – PRELIMINARY FEM ANALYSIS 

Author: Kamil Gajc 

2.1 OVERVIEW 

Purpose of this part is to present preliminary calculations of SADS (this subsystem is described in 

[PW-Sat2-C-05.00-DT-CDR], chapter 2.4.) using Finite Element Method. Calculations include modal analysis 

and random vibration analysis.  

2.2 MODEL DESCRIPTION 

Figure 2-1 shows model used during analysis. On the bottom of green rail (surface A) is fixed support. End-stops 

are simulated by two circles which have 2 mm in diameter (point B). Because number of end-stops and exact 

position is not specified, they might change in further analyses. All materials properties used during analyses are 

assumed as isotropic, even FR-4 solar array, what decreases accuracy. Also damping is not considered. 

Anisotropic properties and damping will be probably considered in further analyses. 

 

Figure 2-1 Geometry used to analysis 

 



 

PW-Sat2 Critical Design Review 

 

2016-11-30 
Structural Analyses 

Phase C 

 

pw-sat.pl 

10 of 41 

2.3 MODAL ANALYSIS 

Modal analysis was carried out on range between 0 and 2000 Hz. It was found 12 modes in this range and they 

are enlisted in Table 2-1. 

Table 2-1 Modes found during FEM analysis. 

Mode Frequency [Hz] 

1 215,14 

2 446,09 

3 530,89 

4 578,12 

5 729,75 

6 853,73 

7 1073 

8 1280,9 

9 1494,6 

10 1534,1 

11 1674,8 

12 1939,5 

First mode (215,14 Hz) is showed in Figure 2-2 First mode (215,14 Hz). 
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Figure 2-2 First mode (215,14 Hz) 

According to one of considered Launch Vehicles, Soyuz, first mode should be higher than 35 Hz. Calculated 

first mode is over 6 times higher than required. But FEM model has many bonded contacts, what causes that 

model is quite stiff. In addition FR-4 is not anisotropic. Taking into consideration these factors, and also that 

end-stops might be changed, further analyses may show lower first mode. Ultimately, vibration tests will give 

the most accurate results. 

2.4 RANDOM VIBRATIONS 

Power Spectral Density is assumed for Soyuz rocket and showed in Figure 2-3 Power spectral density. 
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Figure 2-3 Power spectral density  

The highest stress is in axis perpendicular to surface of solar arrays. Maximum stress is depicted in Figure 2-4 

Maximum stress during random vibrations  (155 MPa, probability 99,73%) (shaft of hinge). 

 

Figure 2-4 Maximum stress during random vibrations  (155 MPa, probability 99,73%) 
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Maximum stress is 155 MPa with probability 99,73%. It was assumed that shaft is made of stainless steel 304. In 

real satellite it would be probably another steel, with better mechanical properties. This means that in further 

analyses maximum stress will possibly decrease. 
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3 SRM PRELIMINARY FEM ANALYSIS 

author: Kamil Gajc 

3.1 OVERVIEW 

Purpose of this part is to present preliminary calculations of SRM using Finite Element Method. Calculations 

include modal analysis and random vibration analysis. 

3.2 MODEL  

Figure 3-1 and Figure 3-2 depict model used during vibration analyses of SRM. (too read more about this 

subsystem, see [3], chapter 2.2.) In the Figure 2 there is fixed support colored in blue (letter B). Red surface in 

the same surface (letter C), simulating conical spring force, equals 30 N. In Figure 3-1 there are two yellow 

circles (letter A) which have blocked displacement in perpendicular to rods axis. It simulates Dyneema® rope.  

 

Figure 3-1 Geometry used during SRM analysis. 
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Figure 3-2 Bottom view of geometry used during SRM analysis 

3.3 MODAL ANALYSIS 

Modal analysis was carried out on range between 0 and 4000 Hz. There were found 3 modes on basic range up 

to 2000 Hz and 8 modes on range 0-4000 Hz (see Table 2-1). 

Table 3-1 SRM modes found during FEM analysis. 

Mode  Frequency [Hz] 

1  1072,1  

2  1678,9  

3  1985,4  

4  2414  

5  2749,3  

6  3049,2  

7  3790,7  

8  3806,9  

First mode (1072,1 Hz) is showed in Figure 3-3 and third mode (1985,4 Hz) is showed in Figure 3-4. 
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Figure 3-3 First mode (1072,1 Hz) 

 

Figure 3-4 Third mode (1985,4 Hz) 
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According to one of considered Launch Vehicles, Soyuz, first mode should be higher than 35 Hz. Calculated 

first mode is over 30 times higher than required. But considered model is very stiff compared to real SRM. 

Firstly, Dyneema® rope is highly susceptible, what causes inaccuracies during analysis. Secondly, it would be 

many looseness in entire assembly, what is difficult or almost impossible to simulate in FEM analysis, especially 

that many are difficult to predict. Thirdly, many contacts are nonlinear, and during modal analysis there are 

allowed only linear contacts, what also decreases accuracy. Moreover, many contacts may be simulated using 

different ways, each having pros and cons. Taking into account aforementioned reasons there is high possibility 

that first mode is lower than calculated 1072,1 Hz. In order to verify theoretical models, it will be carried out 

vibration tests on physical model, what will allow to improve FEM model. 

3.4 RANDOM VIBRATIONS 

Power Spectral Density is assumed for Soyuz rocket and depicted in Figure 3-5 

 

Figure 3-5 Power Spectral Density. 

The highest stress is in axis perpendicular to surface of SRM and perpendicular to SRM rods. Maximum stress is 

showed in Figure 3-6. 
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Figure 3-6 Maximum stress during random vibrations – 11,34 MPa, probability 99,73%. 

Maximum stress is 11,34 MPa with probability 99,73%. It was assumed that shafts are made of steel. This stress 

is relatively low, so it has not big impact on overall stress performance. Changes in model might vary stress 

during random vibrations, but these variations still have small impact on entire assembly. Analysis of random 

vibrations will be also verified with physical tests. 
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4 SATELLITE MODAL ANALYSIS 

Authors: Kamil Gajc, Ewelina Ryszawa 

4.1 INTRODUCTION 

A detailed CAD model of the satellite was simplified for modal analysis: 

 Electronic components were removed from PCBs and their mass was added to the PCB's boards 

 Deorbit Sail surface was replaced by the mass distribution inside the container 

The analysis was prepared in the ANSYS software and includes first 20 resonance frequencies of the satellite 

(which is up to ~650Hz). In the nearest future a new analysis will be prepared with more detailed model and for 

the whole frequency range (5-2000Hz). 

Due to simplification of the model (simplified parts, contacts) the results are overstated. These results will be 

compared to the preliminary results from the vibration tests (on a prototype model of PW-Sat2) and then the 

FEM model will be validated. 

4.2 MODEL 

In order to carry out FEM analysis it was performed simplified mechanical model. It was depicted in Figure 4-1. 

PC-104 board were modified so that all electronical elements were removed and board were modelled as a flat 

surfaces. Material of boards was set as isotropic FR-4 (averaged properties), but density was changed in order to 

conform to board’s masses. Only accumulators board was simplified as board with additional rectangular 

simulating aforementioned accumulators (see Figure 4-2). 
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Figure 4-1 Simplified model of PW-Sat2 satellite 

 

Figure 4-2 Simplified accumulator board 

Sail was simulated as a distributed mass on the inner surface of the container. It was showed on Figure 4-3 
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Figure 4-3 Distributed mass simulating sail 

FEM modal analysis is a linear analysis. This means that all contacts have to be linear. Because of that all 

contacts in PW-Sat2 simulation were set as bonded contacts (glued). This stiffens entire model but enables easier 

convergence of analysis. 

Boundary conditions was set as fixed supports. All fixed support were applied to structure’s rails. This simulates 

structure interface with Quad-Pack. Boundary conditions were presented on Figure 4-4 

 

Figure 4-4 Boundary conditions during simulation (yellow colour) 

4.3 MODAL ANALYSIS 

Modal analysis for performed for first 20 resonance frequencies of the satellite which includes the range up to 

650Hz. In the next analysis the whole frequency range (up to 2000Hz) will be included in the calculations. 
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Analysis showed that the first resonance frequency occurred at 186Hz and was identified as the resonance 

frequency of the On-Board Computer’s PCB plate. All first 5 modes are connected to the PCB plates but also all 

have relatively low effective masses. 

The mode with the highest effective mass is the mode no. 14. It occurs at frequency 470Hz and includes the 

whole PCB Stack. On the figures below some of the modes are shown, including first resonance frequency and 

mode with the highest effective mass. On the table all information about first 20 modes are collected, including 

modes frequency and their effective masses in all directions. 

 

Figure 4-5 First mode at frequency 186Hz 

 

Figure 4-6 Mode with the highest effective mass – mode no. 14, f=470Hz 
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Figure 4-7 20th mode at frquency f=646Hz 

Table 4-1 First 20 modes and their effective masses 

  

Effective mass 

MODE FREQ. X Y Z ROT X ROT Y ROT Z 

1 186 1,708E-11 1,172E-10 4,998E-05 2,687E-03 1,411E-07 9,193E-08 

2 190 8,720E-12 4,159E-10 1,607E-04 5,729E-03 2,818E-06 9,665E-08 

3 273 3,300E-09 1,422E-11 7,930E-05 3,592E-03 3,227E-05 1,601E-06 

4 328 1,451E-08 3,360E-08 4,830E-08 2,117E-02 6,969E-05 8,058E-06 

5 329 2,669E-08 6,852E-08 3,341E-08 9,224E-02 6,654E-07 2,666E-05 

6 331 1,754E-07 1,586E-05 3,409E-08 1,324E-01 1,389E-03 6,329E-03 

7 332 1,144E-08 2,588E-08 7,747E-05 6,408E-03 3,436E-04 2,576E-05 

8 354 3,637E-07 1,720E-05 6,768E-08 1,359E-01 2,535E-03 6,135E-03 

9 365 1,773E-07 1,208E-07 2,003E-08 8,465E-04 7,824E-02 6,611E-05 

10 366 2,214E-07 4,498E-08 7,155E-11 7,594E-04 1,930E-02 4,735E-05 

11 401 2,182E-07 2,641E-07 1,719E-08 3,193E-04 4,712E-03 1,175E-04 

12 413 2,352E-07 2,481E-07 6,344E-09 3,953E-04 2,871E-04 9,840E-05 

13 461 2,879E-05 4,632E-05 7,847E-10 2,910E-02 8,024E-02 1,787E-02 

14 470 2,172E-04 3,323E-04 1,474E-08 1,174E+00 6,519E-01 1,333E-01 

15 546 8,611E-08 2,633E-06 1,978E-07 6,096E-03 6,299E-02 4,621E-04 

16 568 1,175E-07 2,139E-07 3,040E-09 5,375E-02 1,299E-04 9,853E-06 

17 589 9,013E-08 7,321E-09 4,168E-07 4,618E-05 1,433E-04 1,999E-05 
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18 615 1,936E-06 7,494E-07 2,766E-04 4,004E-03 1,514E-02 3,167E-04 

19 628 2,155E-09 3,042E-08 1,740E-05 9,720E-04 2,602E-04 6,405E-08 

20 646 1,693E-07 1,377E-07 8,551E-06 1,416E-03 2,378E-04 3,371E-05 
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5 P-POD PRELIMINARY MODAL ANALYSIS 

Author: Krzysztof Pilarski 

5.1 OVERVIEW  

The purpose of this report is to present preliminary modal analysis of P-Pod (poly picosatellite orbital dispenser) 

using Finite Element Method. Calculations were done in Workbench 16.0. 

5.2 MODEL DESCRIPTION 

Figure 5-1 shows geometry of P-Pod which was used to create cad model and computational mesh. 

 

 

Figure 5-1 Geometry of P-Pod 

 

Figure 5-2 Compressed spring in P-Pod 
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When Cube Sat is inside a P-Pod its rails are in contact only with 8 rails of the P-Pod and a sliding “table”. 

Under the “table” there is a spring which push out the Cube Sat when P-Pod is unlocked. When spring is in 

compressed position it cannot expand since it its move is limited by the “table”. The spring can vibrate, but it has 

little impact on vibration of the whole structure. In further analysis only walls of the P-Pod will be examined, 

regardless of what is happening with the spring. 

 
 

Figure 5-3 P-Pod CAD model 

 

Figure 5-4 P-Pod sketch 
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Figure 5-3 shows simplified yet sufficient model of P-Pod. Geometry was imported to Workbench and used to 

create mesh. 

5.3 MATERIAL DATA 

Structure of P-Pod is made of aluminum. Therefore, Young’s modulus and Poisson’s ratio were assumed as 

follows. 

E=69 GPa (Young’s Modulus) 

V=0,33 (Poisson’s ratio) 

5.4 CONTACT POINTS 

“Bonded” type of contact was applied to walls and upper frame (Figure 5-5.), the base and walls (Figure 5-6) to 

perpendicular walls (Figure 5-7).  

 

Figure 5-5 

 

 

 

Figure 5-6 
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Figure 5-7 

5.5 FIXED SUPPORT 

Two types of support were used: 

 Whole base is fixed. (Figure 5-8) 

 Smaller areas close to corners of base are fixed (Figure 5-9) 
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Figure 5-8 First type of support 

 

Figure 5-9 Second type of support 

The second one is more realistic because it simulates contact in smaller area as if it was screwed by four bolts.  



 

PW-Sat2 Critical Design Review 

 

2016-11-30 
Structural Analyses 

Phase C 

 

pw-sat.pl 

30 of 41 

5.6 MODEL ANALYSIS 

5.6.1 WHOLE BASE IS FIXED 

Table 5-1 shows 20 lowest frequencies. More detailed information about each mode were shown in figures 10. -

15. 

Table 5-1 20 lowest frequencies in 1. case 

Mode Frequency [Hz] Mode Frequency [Hz] 

1 913.948 11 2260.73 

2 1089.20 12 2474.21 

3 1093.04 13 2514.58 

4 1105.38 14 2779.56 

5 1452.40 15 2780.21 

6 1822.78 16 3175.07 

7 1831.02 17 3692.97 

8 2140.06 18 3782.00 

9 2155.67 19 3933.30 

10 2175.91 20 3961.74 

Figure 5-10 – Figure 5-15 shows raw ANSYS output. Notice that frequency unit is Hz. 
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Figure 5-10 

 

Figure 5-11 
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Figure 5-12 

 

Figure 5-13 
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Figure 5-14 

 

Figure 5-15 
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5.6.2 SMALLER AREAS CLOSE TO CORNERS OF BASE ARE FIXED (FIGURE 8.) 

Table 5-2 shows 20 lowest frequencies. More detailed information about each mode were shown in figures 10. -

15. 

Table 5-2 20 lowerst frequencies in 2. case 

Mode Frequency [Hz] Mode Frequency [Hz] 

1 490,30 11 1969,35 

2 491,61 12 2143,55 

3 586,99 13 2413,88 

4 899,72 14 2460,35 

5 1407,70 15 2681,01 

6 1770,06 16 2685,98 

7 1781,71 17 3098,56 

8 1782,79 18 3356,09 

9 1797,37 19 3536,04 

10 1929,52 20 3592,80 

Figures 16. – 20. shows raw ANSYS output. Notice that frequency unit is Hz. 
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Figure 5-16 

 

Figure 5-17 
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Figure 5-18 

 

Figure 5-19 
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Figure 5-20 

 

Figure 5-21 
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According to first case model mode is 914 Hz and according to second model it is 490 Hz. The difference is 

significant yet both are higher than the lowest required frequency (35 Hz for considered Launch Vehicle – 

Soyuz). Despite the fact that computational model is very simplified, it certainly gives information about modes 

and approximate magnitude of modal frequencies. 

Pictures below shows first six modes for both models. 

Model a) (whole base is fixed) – Figure 5-22 - Figure 5-25. 

 

Figure 5-22 Mode (1089,2 Hz) 

 

 

Figure 5-23 2. Mode (1093 Hz) 

 

 

Figure 5-24 3. Mode (1105,4 Hz) 

 

Figure 5-25 4. Mode (1452,4 Hz) 
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Figure 5-26 5. Mode (1822,8 Hz) 

 

 

Figure 5-27 6. Mode (1831 Hz) 

 

Model b) (base is fixed in  points) – Figure 5-28 - Figure 5-33. 

 

Figure 5-28 1. Mode (490,3 Hz) 

 

 

Figure 5-29 2. Mode (491,61 Hz) 
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Figure 5-30 3. Mode (586,99 Hz) 

 

 

Figure 5-31 4. Mode (899,72 Hz) 

 

 

Figure 5-32 5. Mode (1407,7 Hz) 

 

 

Figure 5-33 6. Mode (1770,1 Hz) 
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6 SUMMARY 

In summary, the satellite structure is modeled and analyzed to ensure that the structure sustains in the harsh 

launch loads. Thanks these analyses a detailed study is carried out for the design of the PW-Sat2 satellite 

structure focusing on the factors such as the selection of material, optimization of shape and geometry, and 

accommodation of different subsystems and payload. These analyses are very useful and clearly indicate that the 

satellite’s structure does not fail and retains its structural integrity during launch environment. 

The document about environmental requirements of the rocket Falcon 9 has been delivered and new analyses 

will be done using extortions expected on the booster rocket. The finite element analysis results will be also 

validated and compared with the theoretical predictions. Analysis of random vibrations of the hole satellite’s 

structure must done in the nearest future and then verified with  real physical tests. Of the engineering model of 

PW-Sat2. Until now the data for Soyuz rocket was taken into account as it was the easiest to acquire.  

Owing to the fact there are no requirements to do shock test on the engineering model of the whole satellite, only  

extensive shock analyses will be done. This will help to verify if the construction of PW-Sat2 will withstand g-

forces.  
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