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ABSTRACT 

Danfoss Turbocor is the only company that manufactures compressors with magnetic bearings. 

Magnetic bearings eliminate friction on the shaft inside the compressor, so it’s extremely efficient 

and requires significantly less coolant to run at high speeds in comparison to other compressors. 

Turbocor’s compressors use a process called “levitation” where the magnetized shaft literally 

levitates inside the compressor via electromagnets, and then it is ready to run. Turbocor 

approached the FSU-FAMU College of Engineering with the goal of receiving a high-speed motor 

test rig where they could test the power, efficiency, and heat management of their compressors. 

Instead of connecting a motor to the compressor, they will be connecting identical compressors 

while treating one as a motor and the other as the generator in the rig. Last year’s senior design 

team managed to get the two compressors to run, however it was at low speeds due to multiple 

issues they came in contact with. Budget constraints restricted their availability for equipment, 

which is important when dealing with compressors that shut down when the sensors detect a 

displacement larger than their accounted threshold. Another one of their main struggles was 

dealing with the levitation of the shaft, this became an issue only when an external shaft was 

introduced (which is necessary when connecting a transducer and another compressor). The 

sensors on the compressor are dealing with the microns in terms of displacement, so any small 

issue with vibration or misalignment will cause the compressor to shut down or not even achieve 

levitation to start. With our increased budget this year, team 5 plans to incorporate ideas from last 

year’s team with our own to align the compressors as best as possible with a laser alignment tool, 

eliminate the issue in axial displacement with 2 double-flex disc couplings system, as well as 

incorporate a transducer fixed to the frame to actually test the compressor as it runs. Fixing the 

transducer to the frame will hopefully prevent the compressors from fighting each other; as one 

compressor pulls one direction, it will only pull on the transducer and not on the other compressor 

which was an issue faced by last year’s design team. 
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1. Introduction 

Danfoss Turbocor is a leader in compression technology, and is interested in running tests on 

their compressors to observe how they act when the speed increases. The company designs 

compressors for heat, vacuum, and air conditioner industry. Normally Turbocor runs their 

magnetic bearing compressors with internal shafts (inside of the compressor). Turbocor achieves 

a high efficiency due to a combination of magnetic bearings, which uses magnetic fields to create 

a contact free system between the shaft and bearings allowing high speeds (up to 40,000 RPM), 

and variable-speed centrifugal compression, which allows the use of the compressor with the 

rotation for the highest quality performance. 

Danfoss Turbocor is still looking for a way to be able to test their compressor models at very 

high speeds along with maintaining the speed for longer periods of time. This year’s team is 

currently building off of what last year’s senior design team produced. 

 

Figure 1 Motor Test Rig [1] 
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The senior design team that was tasked with this project last year was able to create a design 

that ran at low speeds. Last year’s team designed an adjustable frame that was able to change the 

position of two compressors placed on it, align them, and run the compressors at low speeds. They 

designed a system with a flexible coupler, which accounted for a certain amount of misalignment, 

but that caused problems later on in their project. 

 Instead of having a laser alignment tool, team 4 ended up buying a dial alignment system 

to align the shafts with the compressors. This may have been a cause as to vibration issues occurred 

when testing the design. Although they were able to stay levitated for a short amount of time, the 

vibration was bad enough that it caused the compressors to completely shut down. Last year’s 

team improvised and added duct tape in order to dampen the vibration. This was done in order to 

be able to attempt to operate the machine. With the help of Julio Lopez, the test rig was able to run 

up to about 700 rpm before the vibrations caused the system to shut down. 

The figure below is the CAD drawing of the final design that last year’s team ended up creating. 

 

Figure 2 Last Year’s Team’s Final Design [1] 

 The overall goal for this project is to be able to have the high speed motor test rig up and 

running up to about 10,000 rpm without any issues by the end of spring 2017. In order to achieve 

this, all sub goals and objectives that are in place for Fall 2016 and Spring 2017 semesters will 

need to be met. Team 5’s objectives are somewhat straightforward due to the achievements that 

last year’s senior design team accomplished with the many constraints that were placed upon them. 

Team 5 has stated that having consistent levitation to allow the compressors to operate properly is 

the most important item. Following this would be having accuracy in regards the alignment and 

balancing in the test rig, then the desired durability and safety will be achieved as well. 
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 The safety of team 5 and those who will be operating and maintaining the system is a 

priority. In order to achieve this safe system, team 5 will be doing different analyses when 

improving on or making changes to the last year’s design. One way to do this is by producing an 

FMEA on parts that could potentially be bought to be added to the rig. An FMEA, Failure Mode 

and Effect Analysis, is a step by step approach for identifying all possible failures in a design, a 

manufacturing or assembly process, or a product or service . By doing an FMEA on every part that 

is considered for the design, then the likelihood of failures to occur will be reduced. Team 5 

members are aware of the dangers during the test rig assembling that could occur. This risks can 

occur from improper use of tools and also the weight of the compressors and other test rig 

components. When the test rig is in operation, safety shielding will be put in place to stop any 

potential projectiles that could be flung from the system. For any high-speed system, a loose part 

can cause serious injury or death. Therefore team 5 take this very seriously and will not only double 

check all of our connections, but have multiple supervisors from Turbocor present during testing. 
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2. Research/Analysis 

2.1 Magnetic Bearings 
Turbocor’s compressors excel in four different areas: magnetic bearings, variable speed, digital 

control, and centrifugal compression. Magnetic properties are used to cushion the compressor’s 

rotor shaft and impellers, providing contact-free levitation. Having one axial and two radial 

bearings, as well as nine sensors that provide real-time orbit feedback, the shafts are centered with 

very high precision. The sensors will shut down the compressor if a load of 200 lbf, roughly 270 

Nm, is placed on the shaft that the magnetic bearing is holding  The figure below represents the 

shaft beings supported by the front and rear radial bearings along with an axial bearing. The sensor 

rings are the devices that provide feedback that will control magnetic fields produced by each 

bearing. 

 

Figure 3 Schematic of Magnetic Bearings [1] 

2.2 Laser Alignment Tool 
The alignment between two of these magnetic bearing compressors is extremely important. 

Any misalignment will be amplified when running at high speeds, and this in turn can shut down 

the compressor. The previous design team used a dial alignment system to align the shafts, but that 

has a significant amount of human error. They researched and would have liked to use a laser 

alignment tool, but due to budget constraints that was impossible. This year, team 5 has used their 
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insight to select a laser alignment tool appropriate for the project. The figure below shows the SKF 

TKSA 31 Laser Alignment Tool, which is around $3,250.00. This works by using three points, 

rotated around the shaft, to create a plane and determine the offset in each direction digitally 

(shown in figure 4). 

 

Figure 4 SKF TKSA 31 Laser Alignment Tool [2] 

2.3 Jaw Couplings 
Initially, team 5 had designed our additions this year with two jaw couplings. Jaw couplings 

were a desired option because they are exceptional at dealing with axial misalignment and 

displacement. By using an elastomer spider located in the middle, shown in figure 5, the jaw 

coupling is able to rotate with a range of displacement that is much larger than other types of 

couplings. Not only does it account for misalignment, but it also has no metal on metal contact 

when it is in the threshold of the elastomer spider separating the two rigid portions of the coupling. 

One of the core issues that the previous team faced was the compressors fighting one another once 

the system started running at high speeds. By introducing the jaw couplings to the rig, it would 

replace the rigid couplings attached to the internal shafts as well as replace the flexible coupling 

located in the middle of last year’s design. By reducing the number of parts, this should increase 

the natural frequency to the required 904 Hz that the compressors are required to operate at. 
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Figure 5 Jaw Coupling [3] 

2.4 Double-Flex Couplings 
After speaking with the sponsor multiple times, team 5 came to the conclusion that the jaw 

couplings will not meet the requirements specified by the sponsor. The idea is to run the rig at 

40,000 rpm eventually, and that needs to be kept in mind at all times. The jaw couplings might 

have been a solution for the lower speeds, but they do not operate well at the higher speeds. Thus 

team 5 has selected the double-flex disc couplings provided by Zero-Max.  

 

Figure 6 Double-Flex Disc Coupling [4] 

The double-flex disc couplings are available from stock, but limited in their rpm. The 

reason team 5 has chosen these couplings is because of the potential from Zero-Max. The couplings 

consist of two torsionally stiff sections in combination with a unique patented disc that allows for 

a certain amount of misalignment and axial loads which is shown in figure 5. They assured team 
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5 that they make custom-made couplings for similar projects frequently, and they estimated that 

for the 40,000 rpm the price per coupling would be roughly $1,500-2,500. They are expensive 

because they are most likely made out of carbon fiber and balanced in order to meet the high 

requirements of rpm and torque rating. Team 5 has been designing while keeping in mind future 

teams down the road, so the design will most likely reach the goal this year but pave the road ahead 

for simpler additions to the rig. When Turbocor produces the safety measures to hopefully increase 

the rpm capabilities with these external additions, the logical choice would be to look at the same 

company’s custom couplings to crank up the speed. The double-flex disc coupling data sheet is 

located in Appendix A, showing the variations of sizes available as well as the rotational speeds 

and torque ratings. 

2.5 Torque Transducer 
 

Along with replacing the current couplings, a torque transducer will be added on this year. 

A torque transducer is used in order to gather data on the forces being applied to it from the motor 

and generator of the test rig. Team 5 has been thoroughly researching different types of torque 

transducers that could be used. The conditions that the torque transducer must be able to withstand 

are the power output of the compressor and also the high speed while the motor test rig is 

operational. The transducer should be able to withstand such conditions for a long duration of time. 

The team is in the process of speaking with a compressor specialist from Turbocor to understand 

the power output of the compressor. 

The Magtrol 308 TMHS Series is the potential choice for the torque transducer. A 

schematic of this transducer is shown in figure 7. This torque transducer can withstand a speed of 

50,000 rpm and 20Nm force. This choice, however, is subject to change, depending on the outcome 

of the meeting scheduled with the specialist in charge of Danfoss Turbocor’s compressors. 
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Figure 7 Schematic of Magtrol 308 TMHS Series Torque Transducer 

 

There are two ways to connect a transducer to a system: the first is for it to be free-floating 

but strapped down, as shown in figure 8, and the other is for it to be completely fixed or grounded, 

as shown in figure 9. The benefits of a free-floating torque transducer is that it accounts for any 

misalignment, especially axial; however, fixing the transducer is much better for high-speed 

applications. The only issue with this method is that much more precision in the alignment of the 

system is required, compared to if it were free floating.   

 

Figure 8 Free Floating Transducer (Strap Down) 

As shown in figure 9, the torque transducer that will be incorporated in the test rig will be fixed 

on an adjustable stand, to allow for adjustments during alignment. 
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Figure 9 Fixed Transducer (Mounted) 

 

Based on all the information that has been gathered, team 5 has come up with an initial 

design of what the motor test rig would look like. A torque transducer would sit on a stand in the 

middle of the frame. From there two curved jaw couplers would be attached on both sides of the 

transducer. A shaft is then attached on both ends of the couplers that are then attached to the rigid 

couplers from last year. The rigid couplers are then attached to the compressors as seen in figure 

9 above. 

 

2.6 FMEA 
When choosing what components needed to be selected, an FMEA was conducted in order 

to see what components were the best to go with. The FMEA, shown in the following four figures, 

below shows the components that were selected for the design that the team is going forward with. 
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Table 1 FMEA Analysis of Laser Alignment Tool 

 

 In the table above, the SKF TKSA 31 laser alignment tool had an FMEA done in order to 

see whether or not it would be good to purchase. Some of the potential failures that the team saw 

that could occur include; not properly installing the system correctly, the component being faulty 

upon arrival, lack of understanding when it comes to using the laser alignment tool, and the tool 

itself not fitting on the coupler. From there some causes of said error were determined followed 

by what controls can be done in order for the failure to likely never happen. The scores were added 

up from each category to make the Risk Priority Number (RPN). The highest risk that the laser 

alignment tool has out of all the failures is not installing it correctly. The team decided that the 

laser alignment system was a go based upon the results last year’s team had with a dial alignment 

system. The laser alignment system was included in each design’s FMEA. 
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Table 2 FMEA Analysis of Double Flex Disc Couplings 

 

 The next component that the FMEA covered was the double flex disc couplings that were 

to replace the both the flexible bellow coupling and rigid couplings. Some of the failures that the 

team came up with that could happen would be not having the coupler properly installed, exceeding 

the displacement of the couplings, having the coupling come in faulty, and not properly installing 

the coupling correctly. Each one of those potential failure would be catastrophic when running the 

high speed motor test rig. Reasons for why such failures would occur were written in the figure 

above with the current controls that team could do to avoid those situations. When comparing the 

double flex disk couplings to the flexible bellow coupling, the rpn was higher on more points in 

the flexible bellow coupling and rigid couplings than the double flex dick couplings. So the team 

chose the disk couplings moving forward to replace the flexible bellow coupling and rigid 

couplings. This will make the design less complex by removing a coupler needed. 
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Table 3 FMEA Analysis of Shaft and Torque Transducer 

 

 The last two components that are having an FMEA done are the shaft and the torque 

transducer. The two main failures that the team thought could likely happen are having the shaft 

at an improper length and frequency issues when connected to the compressor. If the shaft would 

have an improper length, the responsibility would fall on the design team for not accurately 

measuring the distance between the two couplings for the shaft to go through. Some solutions to 

the potential failures are listed as well. The shaft is incorporated in every design concept the team 

had, but it would only be a phase one for the current design as it would mimic the torque transducer 

while the team waits for the transducer to arrive when ordered. The two issues that popped up for 

the torque transducer is not properly installing the transducer to the couplings and not having it 

mounted. Not having it mounted properly poses a serious concern since the transducer would not 

be rigid and would allow the compressors to fight each other again when the high speed motor test 

rig would run. That would result in the compressors shutting down from the vibrations that would 

be occurring. Human error accounts for both failures occurring so the solution would be for the 

team to make sure it is properly installed and mounted with the help of workers from Turbocor.  

2.7 FEA 
 To determine if a material or design will fail, it becomes essential to analyze specific 

properties before purchasing expensive components within the system such as the custom coupling 

or a torque transducer. For the conceptual design that was chosen, the von mises stress, 
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displacement, and factor of safety were the most critical modules to produce and analyze. To 

calculate and verify results SolidWorks, Pro E, and ANSYS computer software’s were used. It was 

important to use three finite element softwares to verify that the data was accurate. The overall 

objective of this design was to test the efficiency of the compressor. The critical parts to verify 

before purchasing included a carbon steel shaft, structural steel base plate, and the couplings. A 

motor was placed onto the shaft at 2000, 5000, 10000, and 30000 RPMs. For the shaft to fail, the 

highest von Mises stress applied 220594000 N/m^2, have a displacement of more than 1 mm, or a 

factor of safety less than 1. The highest stress applied was at 30,000 rpm and was approximately 

1.5 N/m^2. The maximum displacement, also while the compressor was operated at 30,000 rpm, 

was roughly 4.7*10^-003 mm. The Figure of the data can be seen below. 
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Figure 10 Displacement, Factor of Safety, and Von Mises Stress at 30,000 rpm 

 

Although as the compressor elevated in speed, the factor of safety always stayed within 

excellent range. The lowest factor of safety received was 2.4E007. These results on the shaft prove 

that it would not fail and drop the compressors while running. A distributed load of 600 pounds 

was placed at the critical points on the stand. The maximum displacement was relatively low with 

a value of 1.034E-7 m. The highest von Mises stress received was roughly 3.45E04 Pa, which did 

not exceed the yield strength 513,613,000 Pa. Therefore, the results established that the concept of 

this high speed motor test rig would not fail during operation. 
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3. Project Management 

Throughout the process of designing and building this motor test rig, the following team 

members have been delegated to specific tasks in order to maintain a consistent work environment: 

 Alex Jurko is the team leader, assigned with communicating clearly and frequently with 
both sponsors and advisors as well as keeping the team focused on the task at hand while 
staying on schedule. 

 Jonathon De La Rosa is the lead mechanical engineer, assigned with designing CAD or 
Pro E drawings of our design as well as doing most calculation work with assistance of the 
other members. 

 Fehintoluwa Aponinuola is the lead web designer, assigned with keeping the senior design 
team’s website up to date with deliverables as well as being delegated to whatever task 
needs assistance if the website is up to date. 

 Jack Pullo is the financial advisor, assigned with managing the budget of the project while 
researching alternative options for cost-effective solutions as well as being delegated to 
whatever task needs assistance at the time. 

The following Gantt chart, Table 2, has been created to show the design team’s hopeful 

schedule for the remainder of the fall semester, winter break, and spring semester ahead. 

Table 4 Gantt chart 
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4. Conclusion 

Senior design team 5 plans to have their rig up and running around the middle of February 

2017. The tools that the team plans on using are the SKF TKSA 31 Laser Alignment Tool, which 

will improve upon the alignment process in comparison to last year’s design team which used a 

dial alignment system. The laser alignment tool eliminates the problem of “eyeballing” the dial 

readings, and reduces human error in the alignment process. Team 5 also plans to use the Magtrol 

TM 308 torque transducer that was approved to analyze the speeds (up to 50,000rpm) and the 

torque (up to 100 N*m) for the rig in order to observe how the compressors react to an external 

shaft at high speeds. In order for team 5 to overcome the obstacle of levitation, the team plans to 

use double-flex disk couplings to connect the shafts replacing the rigid and bellow flexible 

couplings. Double-Flex disk couplings were deemed the best option for this project because they 

are resistant to vibration and are able to adjust in the axial direction. This axial direction 

displacement is believed to be the issue that the previous design team faced when testing their rig, 

and prevented the system to run properly. The shaft that connect two the couplings will only be in 

for phase one of the design. The difference between phase one and the following phase is replacing 

the shaft with the torque transducer. Therefore, the shaft will mimic the torque transducer 

dimensions when connected to the couplings while the team waits on the torque transducer lead 

time. As of the last meeting with the sponsor, all the parts have been approved and the team is 

currently looking for quotes on each component with the best lead time that will be purchased for 

the design. 
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Appendix A 

Table 5 Jaw Coupling Specification Sheet
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