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2.0 Project Description 

2.1 Project Purpose 

2.1.1 Problem Statement 

Develop an active vibration cancellation mount system that will identify, and mitigate low frequency vibrations 

that causes image smearing on a digital imaging system. This cancellation will occur where the imaging 

subsystem is mounted to the satellite. 

2.1.2 Problem Details 

Satellites in orbit frequently encounter unforeseen vibrations from internal subsystem processes. These 

vibrations, called Exported Force and Torque (EFT) signals, have a negative effect on the functioning 

capabilities of certain satellite subsystems. Satellites with video and photography capabilities exposed to EFT 

signals experience a detrimental effect called image smearing, or the blurring of image quality due to pixel 

movement. Image smearing has become a major issue in satellites with the mission of capturing high resolution 

images from space. In order for these satellites to fulfill their mission requirements, it is desired to minimize 

image smearing by applying an active inversion system to mitigate unforeseen and undesired EFT signals, 

specifically low frequencies between 40 and 60 Hz that cause a rotational deflection at the payload.  

2.2 Project Objectives 

This project will involve the design, model, and test of a mount system that will cancel vibrations between a 

surface and a payload. Active inversion will occur in a TBD number of struts between the payload and vibrating 

surface. Each strut will include an accelerometer to identify the longitudinal vibration and an actuator to apply 

the inverted vibration. The accelerometer will send data to a microcontroller, mounted under the payload 

platform, which will analyze the data based on the predetermined control laws to define an output vibration for 

the actuator. A gyroscopic micro electro-mechanical system (MEMS) will be installed on the sub-system 

platform to measure the initial and residual vibrations that are experienced by the payload. The design focus 

will include reducing angular displacement of the payload in two degrees of freedom defined as tip and tilt. 

1. The first level of success will be achieved by reducing the payload residual tip and tilt angular vibrations to 

60% of its original value. The original signal is defined as being periodic with a constant set of frequencies 

between 40 and 60 Hertz at a set TBD amplitude. Accomplishing this task will include the design and 

manufacturing of the mounting system which includes the installation of electronics equipment. The 

microcontroller will also be programmed to handle the data that is provided by the accelerometers and use 

control theory laws to compute an inverted vibration which is applied to the mount system through the 

actuators.  

2. The second level of success is defined by achieving the same 60% reduction except that now the input 

vibration is allowed to change by 1 Hertz per second. 

3. The third level of success will be accomplished when the original signal is reduced by 80%. 

4. Weight, size, power, and all structural requirements for space applications will be met for the fourth level 

of success. The system will weigh less than 10 lbs., run on less than 10 W, and the dimensions will be less 

than 20 cm by 20 cm by 10 cm. 

2.3 Functional Requirements 

The SAVI system will consist of three main components: sensors, actuators, and an active controller.  The 

system of actuators will be in the form of struts, which support a platform upon which the camera system is 

mounted.  Sensors (i.e. accelerometers on the struts and a gyroscopic sensor on the camera subsystem to sense 

residual angular vibrations) will be integrated and monitored providing the input to the controller for vibration 

cancellation.  An active controller will process sensor signals to determine the required displacement within 

each actuator to cancel the sensed motion within each individual strut. As the disturbances within each strut are 

expected to be periodic in nature, SAVI will use Fourier analysis on each strut’s disturbance data to characterize 



Conceptual Design Document 2013 

3 
 

the disturbance wave within each strut, and create a time dependent prediction of the disturbance for the 

controller to use in its calculations and the known dynamics of the struts and actuators. The individual leg 

displacements will be sent to each actuator leg, causing a cancelling vibration within each strut. The residual 

vibration left over after will be measured and transmitted back to the control system to determine necessary 

optimizations to the directly determined actuator displacements from the strut displacements. To be able to 

perform this calculation, a kinematic model of the SAVI mount system will be required to be able to understand 

how tip and tilt angular displacements relate to displacements within individual struts.  If this kinematics model 

is unable to provide adequate predictions (perhaps due to the response time of the real world system) a dynamic 

model would have to be developed which would be able to characterize how the system responds over time, 

using the equations of motion. 

 

Figure 1. Functional Block Diagram for SAVI system. 

 

Senses longitudinal 
motion within each 
strut. 
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Figure 2. Concept of Operations for Space Operations. 

Figure 2 shows the concept of operations for the SAVI system during actual space operations. As seen, during 

satellite construction the SAVI system will be used to mount the satellite’s image capture system to the satellite. 

As sometimes happens, following launch into Earth orbit, an unexpected EFT vibration is detected that was 

unaccounted for during design which is degrading the sensor’s performance.  SAVI is then able to be used to 

restore sensor performance on orbit with little to no input from the ground. SAVI senses the EFT which is 

degrading performance, and determines the necessary actuator displacements needed to reduce the vibration 

amplitude by 80%.  
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Figure 3. SAVI Test Concept of Operation Using Supplied Shaker Table. 

In Figure 3, what is contained in the dotted line box is the SAVI system. This figure is in no way representative 

of the sizing and proportions of the final product. For testing this system, a flat surface shake table provided by 

Ball Aerospace, which is the vibration source in Figure 4, will apply three-dimensional vibrations to the system 

causing a rotation and angular deflection in the camera. The SAVI system’s actuators, located in the struts will 

reduce the vibration amplitude by 80%. The gyroscope will be used to measure the residual vibrations at the 

payload. The mathematical vibration cancellation model will then be compared to the actual performance of the 

system. 
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3.0 Design Requirements 

Tables 1 and 2 below describe the functional requirements (FR) and top level design requirements (TLDR), 

respectively. The functional requirements have come directly from the customer or from predefined class 

requirements. 

 

Table 1. Functional requirements as defined by the customer and senior project synthesis class. 

Requirement Description Parent Requirement Method Verification 

FR-1 
SAVI system will identify EFT 

vibrations. 
Customer 

Test – Measure one dimensional 

vibrations within mounting 

hardware.  The whole system will 

be shown to correctly measure 

payload vibrations.  

(in frequency range, no 

cancellation present) 

FR-2 
SAVI system will cancel vibrations 

by inversion. 
Customer 

Test – 1D cancellation will be 

shown to be function for mount 

hardware. Whole system will be 

shown to cancel 80% of the input 

disturbance wave. 

FR-3 
Mount will structurally support 

payload in 0g (test in 1g). 
Customer 

Test, Inspection – The mounting 

system will be shown to support 

the payload for continued 

operation of 2 hours, with no 

degradation from vibration loads. 

FR-4 

SAVI will be able to be mounted 

on a large-satellite subsystem for 

use in space. 

Customer 

Model, Inspection – Entire system 

will be of appropriate size for 

installation on typical large 

satellite. 

FR-5 
Capable of measuring the residual 

signal. 
Customer 

Test – During operation of 

cancellation system, residual 

vibrations will be shown to be 

accurately measured. Function of 

residual sensing must be 

unaffected by SAVI cancellation 

operation. 

FR-6 
Entire project will cost less than 

$5000 
Class Requirement Bill of Materials 

FR-7 
System will be capable of space 

operations. 
Customer 

Inspection – SAVI system 

components will not require 

atmosphere to operate.  

(possibly rules out pneumatics) 
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Table 2 below identifies the top level design requirements that flow down from the more general functional 

requirements.  

 

Table 2. Top level design requirements flow down from functional requirements. 

Requirement Description 
Parent 

Requirement 
Method Verification 

TLDR-1 
SAVI will identify EFT signals 

between 40 and 60 Hz 
FR-1 

Test – For this frequency range, 

SAVI will pass tests of FR-1. 

TLDR-2 

Passive damping will act as a low 

pass filter to avoid the negative 

effects of aliasing 

FR-1 

Test – Before testing of SAVI 

operation for frequency range in 

TLDR-1, passive damping will be 

shown to remove high frequency 

vibrations 

TLDR-3 
Vibration cancellation will be 

applied by an actuator system 
FR-2 

Model, Test – Vibration cancellation 

will occur within an actuator system 

which is part of the mount.  

Actuators will individually pass FR-

2 verification 

TLDR-4 
Must adapt to changing frequencies 

no faster than 1 Hz/s 
FR-2 

Model, Test – All SAVI systems 

will be validated for variable 

frequencies in addition to static 

frequencies. 

TLDR-5 
Materials must not have modes 

between 30 and 70 Hz 

FR-3 

Model, Inspection – There shall be 

no vibration modes predicted within 

this range from 3D modelling and 

the system will be tested through this 

range to confirm no resonant 

frequencies exist. 

TLDR-6 

Platform and base material must be 

stiff enough to be modeled 

approximately as a rigid body 

FR-3 

Model, Inspection – 3D model will 

show that for the forces and 

moments present for these vibrations 

the base and platform the rigid body 

approximation is within 5%. 

TLDR-7 
SAVI will be 20cm x 20cm x 10cm FR-4 

Inspection – The system will be no 

larger than defined here. 

TLDR.8 
SAVI will weigh less than 10 lbs FR-4 

Inspection – The system will weigh 

no more than defined here. 

TLDR-9 SAVI will require less than 10 W 

of power to operate FR-4 

Test – SAVI will be shown to draw 

no more than 10W of power for 

continuous operation. 

TLDR-10 
SAVI will operate in zero-g 

environment FR-4 

Model – SAVI will not be dependent 

upon 1g Earth conditions. 

TLDR-11 
Original signal amplitude must be 

reduced by 80% 
FR-5 

Model, Test – For continuous 

operations, SAVI will be capable of 

reducing payload residual by 80% of 

original.  This will be shown in a test 

for static and varying frequencies in 

accordance with TLDR-1 and 

TLDR-4 
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4.0 Key Design Options Considered 

The goal of the SAVI Project is to design a mounting system that can cancel EFT vibrations. The key design 

options look at different approaches to structural foundations, including mechanical bases and electromagnetic. 

The three options that will be compared are a tripod, hexapod and an electromagnetic cage. 

 

Tripod 

The tripod design consists of 3 struts
4
 that together hold up the platform, which will support the payload. This 

allows for tip, tilt and piston vibrations to be diminished. The remaining degrees of freedom will cause force 

coupling. A system of accelerometers and actuators will provide the necessary resources to identify and cancel 

the longitudinal vibration that each strut experiences. A dynamic model
4
 will be created to analyze the 

vibrations within each strut, which inverts the signal from the accelerometer and then sends it to the actuator.  

 
Figure 4: Tripod Mounting System Example

15 

 

Table 3. Pros and Cons of Tripod Design 

Pros Cons 

Minimal material and weight Low level of precision 

Low power required Force coupling caused by only mitigating three 

degrees of freedom 

Easiest to manufacture
4 

Low level of stability 

Mechanical support Stiffness constraint (struts, actuators, and platform) 

 

Hexapod 

The hexapod design is similar to the tripod except that it has six struts that act in pairs. This configuration 

allows for all six degrees of freedom
1
 to be analyzed. Due to six degrees of freedom being mitigated by active 

controls, force coupling will not occur. Each strut will have an accelerometer and actuator to model and invert 

incoming vibrations for the struts.  The hexapod design can be used to emulate a tripod design, with each strut 

pair providing equal displacements within the two struts to create a total displacement similar to the 3DOF 

tripod yet with the added benefits of the hexapod.  This could allow for additional development of software 

beyond SAVI to potentially mitigate more DOF than is necessary for SAVI. 
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Figure 5: Hexapod Mounting System Example

9 

 

Table 4. Pros and Cons of Hexapod Design 

Pros Cons 

Six degrees of freedom (no force coupling) Complicated analysis (more processing power and 

modeling) 

Supports larger mass (more sound structure) with 

same struts. 

More moving parts 

Mechanical support Increased power usage 

Allows for less stiffness of the actuators at the same 

level of stability of the tripod 

Stiffness constraint (struts, actuators, and platform) 

 Increased cost due to more required materials 

 

Electromagnetic Cage
10 

The electromagnetic cage consists of a configuration of magnets that impose a magnetic field on the system. 

This causes the platform to float in zero g, which will diminish down to four degrees of freedom. The gap 

between the payload and the satellite will diminish low frequency, high amplitude vibrations due the gap being 

on the magnitude of centimeters. The accelerometers on the payload will record the displacement data of the 

payload and then the magnets will be powered to create the necessary magnetic field to mitigate the vibrations 

as well as active control systems on the payload. This design will not require a physical structure, which 

removes the need of stiffness of the structure except for the plate the payload is mounted on. 
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Figure 6: Electromagnetic Cage Example

16 

 

Table 5. Pros and Cons of Electromagnetic Cage Design 

Pros Cons 

Passively removes high energy vibrations through gap 

between structure and payload reducing the need for 

stiff actuators and active inversion (low frequency, 

high amplitude) 

High power usage (requires constant power for 

suspension) 

No mechanical structure (only stiffness in plate the 

payload rests on is necessary) 

Requires launch locks 

No constraint of stiffness unless additional passive 

filtration is needed 

Testing apparatus difficult to emulate flight conditions 

 Only works in zero-g  

 Most difficult to model the active aspects of the 

system. Definitely requires dynamic modeling. 

 Heavily sensitive to magnet configuration (difficult to 

optimize magnet placement) 

 Requires magnetic shielding from electromagnetic 

pulses in space 

5.0 Trade Study Process and Results 

In order to choose a baseline design, trade studies were designed and conducted. The three discrete design 

options that were deemed feasible and capable of solving the defined design problem were compared using a 

trade study. The three specific design options found in section 4 were compared based on several significant 

design factors.  The trade study below is formatted such that a weight percentage is applied to each factor, 

totaling to 100%. A norm value between 1 and 10 was determined for each design option; a norm value of 1 is 

least desirable and a norm value of 10 is the most desirable. The product of the norm value and the weighting 

percentage for each design factor results in a weighted value. The sum of all weighted values for each design 

option results in a total score. The design option with the greatest total is used to compare and rate the design 

options. 
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Table 6. Top Level Design Trade Study. 

  Tripod Hexapod Electromagnetic Cage 

Design Factor Weight 

Factor 

[%] 

Norm 

Value 

Total Norm 

Value 

Total Norm 

Value 

Total 

Power 2 8 0.16 6 0.12 2 0.04 

Complexity of 

Model 

14 8 1.12 7 0.98 5 0.7 

Complexity of 

Software 

14 8 1.12 7 0.98 7 0.98 

Complexity of 

Manufacturing 

10 9 0.9 7 0.7 3 0.3 

Cost 7 9 0.63 7 0.49 5 0.35 

Feasibility 14 8 1.12 7 0.98 4 0.56 

Testability 10 8 0.8 8 0.8 2 0.2 

Stability 13 6 0.78 9 1.17 5 0.65 

Efficiency 6 7 0.42 9 0.54 5 0.3 

Degrees of 

Freedom 

10 6 0.6 10 1 8 0.8 

TOTAL 100 77 7.65 77 7.76 46 4.88 

 

1. Power: 

The maximum desired power of the SAVI system was defined to be 10 watts by the customer as a 

design requirement. Due to this requirement the power consumed by each design is a key aspect for the 

design solution.  To meet the 10 W defined by the customer lower power consumption options are 

clearly preferable. However, in the definition of our tiers of success, meeting the customer’s power 

requirement ultimately was a tier 4 success level, with the ultimate functionality of the system being 

encompassed within the first three levels of success.  Therefore, the power requirement was set to a 

weight of 2%, as it is necessary to achieve proper function before we can address the tier 4 success 

level. 

a. Tripod: The tripod design option was given a norm value of 8 out of 10.  This was chosen for 

the tripod design because it will require relatively less processing power than the other two 

options.  This option also requires less peripheral electronics due to incorporating less 

actuators and sensors to provide the mitigation. 

b. Hexapod: The hexapod design option was given a norm value of 6 out of 10.  This was due to 

requiring extra processing power to process the extra sensor data and compute the necessary 

control outputs for the 6 strut actuators.  These extra actuators require additional peripheral 

electronics to operate. 

c. Electromagnetic Cage
10

: The electromagnetic cage option was given a norm value of 2 out of 

10.  This was due to the large power requirements of creating a continuous magnetic field 

within the support magnets, on top of the power required to run the active inversion of the 

disturbance and control system. 

2. Complexity of Model: 

The complexity of the model is a metric used to describe the difficulty of modeling the kinematics and 

dynamics of the system as well as modelling the material aspects of the structure. This was given a 

relatively high weight of 14% because it is necessary to be able to develop the model to create a 
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system capable of reducing the payload vibrations. 

a. Tripod: The tripod was given a norm value of 8 out of 10.  This was determined due to the 

relative ease of creating a kinematic and dynamic model for only 3DOF
4
, however was 

slightly reduced from the maximum value due to accounting for force coupling from lateral 

vibration modes of the structure. 

b. Hexapod: The hexapod was given a norm value of 7 out of 10.  The hexapod requires a more 

complicated kinematic and dynamic model as it must account for 6DOF
1
 motion, however the 

removal of the possibility of force coupling complicating the model (as in the tripod) makes 

the hexapod remain highly ranked. 

c. Electromagnetic Cage
10

: The electromagnetic cage was given a norm value of 2 out of 10.  As 

there is no physical attachment with this floating system, the model requires strictly dynamics 

modelling of the motion of the structure and cancellation of the vibrations using only the 

forces supplied by the electromagnets.  

3. Complexity of Software: 

The complexity of the software is a metric used to describe the difficulty of creating software to 

implement the models from above as well as modelling the periodic disturbance wave and determining 

the proper cancellation based on the kinematic and dynamic model. 

a. Tripod: The tripod was given a norm value of 8 out of 10.  This is due to the software only 

having to consider longitudinal vibrations within the struts to cancel the motion in the two 

degrees of freedom (tip and tilt). 

b. Hexapod: The hexapod was given a norm value of 7 out of 10.  This is lower than the tripod 

because there are double the inputs and outputs.  Each strut is still cancelled individually and 

so with repeatable software this only slightly increases the complexity of software. 

c. Electromagnetic Cage: The electromagnetic cage was given a norm value of 7 out of 10.  

Although the modelling was determined to be difficult
10

, implementation of the model in 

software was not determined to be more difficult than the other two designs and requires the 

same basic elements, sensing and actuation. 

4. Complexity of Manufacturing: 

The complexity of manufacturing is a metric used to describe the difficulty of creating the 3D model of 

the system, manufacturing the system, and repairing the system if it breaks.  This also encompasses the 

sensitivity of the functionality of the system to imperfections in construction. This was given a weight 

factor of 14% because the ease of manufacturing is essential 

a. Tripod: The tripod was given a norm value of 9 out of 10.  This was determined to be our 

simplest system to manufacture due to the limited number of parts, which will allow for easier 

integration of electronics into the structure with more space available.   

b. Hexapod: The hexapod was given a norm value of 7 out of 10.  Due to the increased number 

of strut actuators, there is added complexity in the installation of these struts as well as 

reduced available space for electronics integration. 

c. Electromagnetic Cage: The electromagnetic cage was given a norm value of 3 out of 10.  This 

system requires the design and build of the cage system with electro-magnets integrated 

within the cage.  This could prove difficult
10

 with the size limitations to achieve the necessary 

magnetic fields.  Furthermore, the greater structure of the system must be constructed out of 

non-magnetic materials so as not to affect the function of the system.  As mentioned in the 

cons of this system, a lock system is also required for launch into orbit. 

5. Cost: The cost of the system is a key design consideration, as the system must be designed on a limited 

budget set by the class of $5000. The cost was given a weight percentage of 7% because although there 

is a limited budget, preliminary research suggests that the components of the structure (sensors, 

actuators, microcontrollers) will be relatively inexpensive with a final cost less than the budget limit. 



Conceptual Design Document 2013 

13 
 

a. Tripod: The tripod was given a norm value of 9 out of 10, as it was determined to be the 

cheapest option to implement.  It has the least amount of materials, hardware, and sensors, 

and requires less processing power which results in cheaper electronics.   

b. Hexapod: The hexapod was given a norm value of 7 out of 10.  It has all the same basic 

components as the tripod yet in higher numbers, thus resulting in a higher overall cost.  

Processing the data for 6 legs instead of 3 will require more processing power
1
 and thus more 

expensive micro-controller(s). 

c. Electromagnetic Cage: The electromagnetic cage was given a norm value of 5.  The magnets 

and electromagnets required for this design carry approximately the same cost as actuators, 

and thus incur no additional cost over the hexapod.  On the other hand the inclusion of launch 

locks plus the need for non-magnetic materials increase the cost of the overall system. 

6. Feasibility is the design factor with the highest weighting because it determines the overall capability 

of solving the design problem. 

a. The tripod is the simplest design option to model and test
4
. This system would be the most 

likely to be developed within the time constraints of the class and every level of success 

would be achieved with the knowledge and skills possessed by this group. 

b. The hexapod was ranked as slightly less feasible than the tripod design because the modeling 

and testing would require more advanced knowledge of vibrational modes in six degrees of 

freedom. 

c. The electromagnetic cage is the least feasible option based on the inability to test the system 

in a zero-g environment. Also, the lack of knowledge and skills in this area would pose to be a 

concern given a one year time constraint. 

7. Testability relates to the quality of testing that is available and accurate based on prior research.  The 

validation and verification of the tests will increase the testability value of a design option. 

a. The tripod design was given a maximum score of 10 because it is the simplest system and the 

resources needed to test it would be provided by the customer. 

b. The testability of the hexapod system
1
 would be similar to that of the tripod, but the hexapod 

is a more complex system which will lead to a higher chance of errors in the results. 

c. The electromagnetic cage, which is the least testable at the norm value of 5, would require 

extra testing to verify its operability in a zero-g environment. 

8. Stability had a high weighting percentage of 13% because a stable structure will be able to more 

effectively cancel vibrations without adding to or creating new vibrations. 

a. The tripod system, which was given a norm value of 6, would be capable of reducing tip-tilt 

and piston vibrations but would not have the lateral stability needed to cancel vibrations in 

more than three degrees of freedom. 

b. The hexapod was determined to have a norm value of 9. It is similar to the tripod system, yet 

it can handle vibration modes in all six degrees of freedom
1
.  

c. The electromagnetic cage is the least stable system because its lack of a solid structural 

support system makes it more susceptible to wobble. 

9. The efficiency design factor relates to the response time of the system to cancel vibrations. Efficiency 

was only weighted 6% because the time taken for vibration inversion was not a high level requirement 

by the customer. 

a. The tripod was given an efficiency value of 7 because of its low mass and degrees of 

freedom
4
. It can process the tip and tilt causing vibrations more quickly with only three 

actuators because there will be less data flow to the microcontroller. 
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b. The hexapod will not weigh much greater than the tripod design, thus, to apply the same 

force, the actuators will not require as much force. Meanwhile, the processing power can be 

doubled to increase the reaction speed. 

c. The efficiency of the electromagnetic cage was deemed lowest because its lack of a 

mechanical structure facilitates wobbling and less avenues for applying force to the platform. 

10. The degrees of freedom design factor is a measure of the importance of the number of degrees of 

freedom which each option can handle. The ten percent weight was determined on the basis that a 

system with more degrees of freedom has more utility for real world applications. 

a. The tripod design option was scored a norm value of 6 due to its ability to handle three 

degrees of freedom. 

b. The Hexapod was determined to have a maximum norm value of 10 because it can handle all 

six degrees of freedom that can occur in three-dimensional space. 

c. The electromagnetic cage was scored a norm value of 8 because it can cancel vibrations in 

four degrees of freedom. 

Based on the preliminary analysis of the initial high level trade study on system architecture, due to the overall 

low performance of the electromagnetic cage design option it was determined that the electromagnetic cage was 

impractical for this project.  Due to the severe testing limitations it was determined that this option would not be 

able to meet our validation requirements for the top level design requirements.  The remaining two options, the 

tripod and hexapod, require physical actuators to be incorporated within the design.  Due to this, a second trade 

study was conducted for a variety of actuators to determine which options would fit the top level design 

requirements. This is shown in Table 7. 

 

Table 8. Actuator Trade Study 

  Electro-mechanical Piezoelectric Hydraulic Pneumatic 

 Weight 

Factor [%] 

Norm 

Value 

Total Norm 

Value 

Total Norm 

Value 

Total Norm 

Value 

Total 

Cost 13 9 1.17 5 0.65 3 0.39 2 0.26 

Accuracy 16 7 1.12 9 1.44 8 1.28 2 0.32 

Precision 11 7 0.77 9 0.99 8 0.88 7 0.77 

Reliability 11 5 0.55 7 0.77 4 0.44 5 0.55 

Weight 5 6 0.3 8 0.4 5 0.25 6 0.3 

Power 10 7 0.7 7 0.7 6 0.6 6 0.6 

Force 8 7 0.56 6 0.48 9 0.72 7 0.56 

Speed 15 5 0.75 6 0.9 6 0.9 8 1.2 

Simplicity 11 9 0.99 7 0.77 4 0.44 4 0.44 

TOTAL 100  6.91  7.10  5.90  5.00 

  

The trade study process for the actuator trade study is described below. 
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1. Cost: The cost was deemed to have a weight factor of 13%.  This was chosen based on research
5
, and 

taking into consideration that there is potential for the requirement for higher precision sensors than are 

easily available at cheap prices. 

a. Electro-mechanical: This encompasses an electric motor with a ball screw system.  This is 

essentially a simple mechanical system and so there are many options available at relatively 

low cost, and so was given a norm value of 9. 

b. Piezoelectric: Piezoelectric actuators are high precision, however they often require additional 

amplification structures to provide the desirable stroke, resulting in higher cost than electro-

mechanical options. These were given a norm value of 5. 

c. Hydraulic: Hydraulic systems require peripheral electronics and fluid tubes which drive up 

the cost of these actuators. They were given a norm value of 3. 

d. Pneumatic: Similar to hydraulic systems, these actuators require supplementary hardware and 

electronics. Furthermore due to compressed gas required for this system, to make it applicable 

to space requires high cost hardware. This was given a norm value of 2. 

2. Accuracy: Accuracy is defined as how close the actuator force or displacement is to the desired value.  

This received a weight factor of 16% because it is critical for operation that the actuators be capable to 

mimic the desired cancellation signal. 

a. Electro-mechanical: Research
5
 has indicated that these actuators can offer high accuracy. 

They were given a norm value of 7. 

b. Piezoelectric: These actuators offer very high accuracy yet offer limited stroke.  There are 

options for amplified piezoelectric stacks which give longer stroke while retaining accuracy, 

with only slight non-linear response. These were given a norm value of 9. 

c. Hydraulic: These actuators provide excellent accuracy in a variety of ranges.  These are 

affected by temperature and possible leaking of fluid which reduce accuracy, and were given 

a norm value of 8. 

d. Pneumatic: These actuators were not viable for use in frequency ranges above 5Hz, and are 

more susceptible to leaking than hydraulics due to the gas.  This was given a norm value of 2. 

3. Precision: Precision is the degree of accuracy that the actuator can attain per impulse, defined as either 

a force or distance.  Due to the low amplitudes that are desired to be cancelled it is critical for the 

actuators to have high precision in movements and so it was given a weight factor of 11%. 

a. Electro-mechanical: These were given a precision of 7. Due to the mechanical nature of the 

construction the slop in the mechanical linkages limits the precision. 

b. Piezoelectric: These actuators have no moving parts and offer high precision. It was given a 

norm value of 9. 

c. Hydraulic: These actuators use liquid which are highly incompressible which allow for high 

precision based on construction of the piston. It was given an 8. 

d. Pneumatic: These are very similar to hydraulic, except that it is a compressible gas instead of 

a liquid.  They offer similar levels of precision to hydraulics and were given a value of 7. 

4. Reliability: Reliability is defined as the consistency coupled with repeatability of the actuator.  In space 

there will be no possibility for replacement or repair so the actuators must have a high reliability.  

Reliability was given a weight factor of 11%. 
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a. Electro-mechanical: Due to wear and tear of mechanical parts this was given a norm value of 

5. 

b. Piezoelectric: There are no moving parts in these actuators and simply rely on non-changing 

material properties of piezoelectrics. These were given a 7. 

c. Hydraulic: These were given a 4 because introducing liquid into the system provides the 

possibility for leaking which would remove functionality of the actuator. 

d. Pneumatic: These were given a 5 because in research
5
 of terrestrial implementations the gas 

proved to leak less than liquid.   

5. Weight: Based on customer requirements for weight, lower actuator weights are desired.   While 

weight is important, the functionality of the actuator is ultimately a more critical factor, and so this was 

given a weight factor of 5%. 

a. Electro-mechanical: These were given a 6 due to the inherent weight associated with the 

mechanical systems. 

b. Piezoelectric: These were given an 8 as they offer the highest energy density of all the options 

considered.  They do however require amplifiers to achieve large strokes which increases the 

overall weight of the actuator. 

c. Hydraulic: Due to the associated weight of the supplementary hardware and electronics as 

well as the liquid required to run the actuators this was given a 5. 

d. Pneumatic: Pneumatics require much of the same supplementary hardware as hydraulics 

however the gas as opposed to liquid reduces the weight slightly, so these were given a 6. 

6. Power: Based on customer requirements for power, this was given a weight factor of 10%.  Due to the 

critical nature of power within the other components of the system, minimizing power within the 

actuators will allow more room for variability in other areas. 

a. Electro-mechanical: These were given a 7 because they require only a small motor to operate. 

b. Piezoelectric: These were given a 7 because small voltage and amps are required for 

operations.  

c. Hydraulic: These were given a 6 due to the necessity to run the hydraulic pump which 

requires relatively large power compared to piezos and electro-mechanical actuators. 

d. Pneumatic: These were given a 6 due to being similar to hydraulics. 

7. Force and Speed: The force and speed are the defining factors in how quickly the system will respond 

to a given input. Based on the nature of the payload (weight, inertia) the force capable of being applied 

as well as the maximum speed will be needed to be high enough to provide fast settling times.  This 

was given a weight factor of 8% and 15%. 

a. Electro-mechanical: These were given a 7 and 5 for force and speed respectively.  This was 

due to the high amounts of force able to be delivered with different gear ratios of the motor.  

These gear ratios also limit the amount of speed available. 

b. Piezoelectric: These were given a 6 for both force and speed. These are low force and low 

stroke systems which therefore offer only moderate speeds.   
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c. Hydraulic: These were given 9 and 6.  This is because the liquid system has high available 

force yet due to having to physically move fluids around in the system it limits the speed of 

this type of actuator. 

d. Pneumatic: These were given a 7 and 8 for force and speed.  Pneumatics offer large amounts 

of force with high pressures, and gasses can be compressed more readily than hydraulics. 

8. Simplicity: Simplicity is a metric for the ease of the actuator use. This was given a weight factor of 

11%. 

a. Electro-mechanical: These are very simple to use because they have low amounts of 

supplementary integration to achieve functionality.  They received a 9. 

b. Piezoelectric: These are simple to implement and there are no moving parts however the 

amplifier causes non-linearity that might have to be accounted for in the control law. These 

received a 7. 

c. Hydraulic: Hydraulics require integration of fluid storage, fluid transport on top of the piston 

arrangement, causing reduced simplicity. These received a 4. 

d. Pneumatic: These have many of the same components as hydraulics.  These received a 4. 

  Piezoelectric 

Accelerometer
11 

Integral 

electronics 

piezoelectric 

(IEPE) 

accelerometer 

Piezoresistive 

accelerometer 

Variable 

capacitance 

accelerometer
12 

 Weight 

Factor 

[%] 

Norm 

Value 

Total Norm 

Value 

Total Norm 

Value 

Total Norm 

Value 

Total 

Cost 10 6 0.6 2 0.2 5 0.5 5 0.5 

Resolution 35 9
 

3.15 9 3.15 7 2.45 7 2.45 

Reliability 20 7 1.4 10 2 2 0.4 8 1.6 

Size/Weight 8 7 0.56 6 0.48 10 0.8 7 0.56 

Power 12 6 0.72 5 0.6 5 0.6 8 0.96 

Amplitude 

Range 

15 10 1.5 10 1.5 4 0.6 4 0.6 

TOTAL 100  7.93  7.93  5.35  6.67 

The process for the vibration sensor trade study is described below. 

1. Cost: The cost was deemed to have a weight factor of 10%.  Availability of accelerometers in industry 

and simplicity of the technology have made the cost extremely low relative to the other components of 

the design. 

2. Resolution: The resolution of the accelerometers is the most important factor considered in this trade 

study and was given a weight factor of 35%. The problem revolves around the ability to quickly and 

efficiently collect the correct data. The high resolution sensors
14

 were given norm values based on their 

accuracy and sensitivity. 

3. Reliability: The reliability of the accelerometers, weighted at 20%, was based mainly on the shock 

limit that can be handled, the temperature range in which the accelerometer can operate, and its ability 

to work within the 40-60Hz low frequency range. 
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4. Size/Weight: This category was given a weight factor of 8% because the size and weight of 

accelerometers are extremely small. The most important factor for size and weight of these 

accelerometers is their ability to fit on the struts of the mounting system. Piezoresistive technology in 

has the advantage of being more compact than piezoelectric and variable capacitance technology. The 

IEPE accelerometer was given the lowest size and weight norm value because they contain signal 

conditioning and amplifying electronics. 

5. Power was given a weight factor of 12%. A higher norm value in this category means the 

accelerometer requires less power to operate. The customer power budget requirement is a fourth tier 

requirement and accelerometers that were researched have typically low power input requirements.  

6. Amplitude Range: The amplitude of vibrations with which the accelerometers can accurately sense is 

important due to requirements of sensing low frequency, high amplitude vibrations. Therefore the 

reason why the piezoelectric accelerometers were ranked so high compared to the other accelerometers 

is because of their wide range of change in motion pickup. 

6.0 Selection of Baseline Design 

Based on the results of the discreet design option trade study, the hexapod mount was chosen 

to be the baseline SAVI design. According to the totals, the hexapod and tripod options were clearly 

the better choices. The electromagnetic cage option was deemed a less effective design and overall a 

less feasible option. From prior research, it was found that an electromagnetic system would require 

cooling capabilities if it were to adhere to the low power budget design requirement. It has been 

assumed temperature is not of the customer’s concern, as they have stated the system will likely be in 

an environment between 15° C and 40° C. This means, to keep an energy efficient system, a cooling 

system must also be installed for the magnets, which would definitely fail size, weight, and power 

requirements. Furthermore, the electromagnetic suspension would be difficult to implement because its 

lack of mechanical structure invites wobble into the plate the payload is mounted on, where the 

tripod’s and hexapod’s stiff struts would prevent wobble from occurring by having internal tensile and 

compressive forces. To combat wobble, a series of magnets would be required around the floating 

payload that alternate on and off to cancel external forces and torques, which would add to an already 

difficult control system. Also, magnetic interference would be an additional design focus with the 

electromagnetic suspension system, wherein the magnetic fields would have to be strong enough to 

suspend the payload, but at the same time not interfere with the sensors or the payload’s mission.  

After eliminating the electromagnetic design, it was difficult to choose between the tripod and 

hexapod design options solely based on the trade study. The extremely close total values for the tripod 

and hexapod made it necessary to reexamine the design factors and put more thought into the benefits 

of each option that were not included in the trade study. Beneficial factors of the two design options 

that could not be properly represented in the trade study include the amount and quality of background 

information that was available for the hexapod versus the tripod designs. The research of products that 

have similar attributes to what the SAVI system will need to accomplish the problem, lead to the 

selection of the hexapod mount as the baseline design. The major advantage in using the hexapod lies 

in its more stable structure and its capability of cancelling vibrations in six degrees of freedom. The 

degrees of freedom directly relate to the structure’s ability to remain stable in the lateral direction. The 

tripod design, with three degrees of freedom lacks the lateral stability that will be necessary for 

preventing force coupling caused by the vibrations not mitigated by the active control system in the 

struts. The disadvantage of the hexapod with respect to the tripod is having more complex models, 

software, and manufacturing requirements, making it increasingly difficult to meet size, weight, and 

power requirements. However, as can be seen in the trade study, there is not a great difference in the 

norm values that were chosen for those factors due to the fact that mathematically the hexapod is very 

similar to the tripod wherein it still has one dimensional vibrations in each strut, but it just has more 

legs. It was determined that the higher stability and functionality of the hexapod structure is worth the 

risk of going over size and weight requirements, because moments created from left over forces would 

be difficult to cancel without the assistance of the active inversion techniques. Furthermore, any 
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vibrational disturbances allowed to interact with the plate the payload is physically mounted on, may 

combine into modal combinations the system is not designed to work with.  

Once the main design focus was chosen as the hexapod mounting system, secondary trade 

studies were conducted for the actuators and sensors. All of the sensors were of comparable size and 

power usage, with resolutions dependent on input voltage, so an assumed input voltage of 5V was used 

in conducting initial sensor research. Due to wide ranges in readable accelerations and different 

resolutions to choose from, some variation of a piezoelectric MEMS accelerometer will likely be used. 

A standard piezoelectric accelerometer will need some kind of signal conditioning circuit in addition to 

analogue to digital conversion before the signal is sent to a DAQ. Integrated electronic piezoelectric 

accelerometers include this signal conditioning circuit and a voltage amplifier to make the measured 

signals more accurate than a standard piezoelectric accelerometer, but take up more space and weight. 

The decision for actuators came down to a piezoelectric and electro-mechanical variety for several 

reasons. Due to the low mass of the payload and mounting plate, a high force will likely not be 

necessary from each individual actuator, ruling out the hydraulic and pneumatic actuators due to their 

low reliability, weight, and higher cost. The piezoelectric actuator is extremely precise, and low weight 

while the electro-mechanical actuator is a tried and true design avenue that is reliable and simplistic to 

integrate into the system. Either of these design options will be capable of producing waveforms of 

amplitude and frequency necessary to mimic those in the project requirements if properly utilized.  
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