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BLDC ROV thruster design
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The goal of this project is to design and 
simulate the electromagnetic circuit of a 
brushless dc motor meant to be used in a 
remote operated underwater vehicle. The 
final product is a drawing, see appendix A 
& B, of the design and the most relevant 
parameters are: R = 0.94 ohm and L = 
1.18mH per phase; at 250rpm the motor 
produces 478.8W of power and 18.3Nm of 
torque at a line voltage of 78.8V rms and 
a current of 4A. The losses are estimated 
to 55W, but will likely be higher. Further 
study is needed before it can be used in 
an underwater environment.
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Populärvetenskaplig sammanfattning av projektet 
I och med att haven utforskas mer och mer behövs det sätt att utföra undersökningar under vattnet. 

Dykare är bra men kan bara jobba kortare perioder, behöver mycket utrustning och är ganska dyra i 

drift. Med framfarten av billigare och bättre elektronik och kamerautrustning är 

undervattensrobotar ett bra alternativ till dykare vid installation och underhåll av forsknings- eller 

produktionsutrustning under vattnet. Avdelningen för elektricitetslära vid Uppsala Universitet 

överväger att bygga sin egen undervattensrobot och som ett första steg i det syftar det här projektet 

till att undersöka möjligheterna för drift av roboten. Mer precist går projektet ut på att designa och 

simulera en elmotors elektriska och magnetiska egenskaper. 

En elmotor av det slag som undersöks i detta projekt innehåller permanentmagneter och 

elektromagneter som styrs av en styrkrets. I elmotorn i det här projektet sitter 

permanentmagneterna på en ring i mitten av motor. Runt dessa sitter elektromagneterna, med en 

glidande yta mellan de två. Två magnetiska poler med olika magnetisering  attraherar varandra och 

de med lika repulserar varanda. Genom att variera elektromagneternas magnetisering fram och 

tillbaka kan man få den inre ringen med permanentmagneterna att snurra. Propellerblad fastsatta 

på den inre ringen ger sedan drivkraften. 

Det svåra i det här projektet är att få motorn att fungera effektivt. För få motorn att vara så effektiv 

som möjligt simuleras den i ett fysiksimuleringsprogram. I detta program kan förluster och och andra 

fysiska engeskaper simuleras och beräknas. De förluster som beräknas studeras i det här projektet är 

värmeförluster i kopparkablarna och hysteresisförluster. Hysteresförluster uppkommmer för att det 

går åt energi när stålet elektromagneterna växlar riktning på sitt magnetfält. Slutligen undersöks en 

rad intressanta parametrar. Dessa parametrar är motorn induktans, resistans, uteffekt, vridmoment, 

vilken ström och spänning som krävs för att driva motorn samt hur stora förlusterna är. 

Den slutgiltiga designen kan ses i appendix A & B. Den behöver dock utvecklas mer innan den kan 

användas på en undervattensrobot. 
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1 Introduction 

1.1 Background 
Remote operated underwater vehicles (ROVs) are used in various operations. They are increasingly 

useful with the emergence of offshore renewable power installations which have parts under water 

that need installing and maintenance. At Uppsala University there are also projects in marine 

ecology, for which an ROV would be useful for installation and inspection of research equipment. 

Compared to a diver, a ROV can stay underwater for a very long period of time, making it cheaper. 

For this reason the Uppsala University’s Division for Electricity want to build their own ROV. One part 

of making a ROV is creating the propulsion system that enables it to move.  

1.2 Description of goal 
The goal of this thesis is to design and model a thruster, which can then be manufactured and used 

in conjunction with a control system to propel the ROV. This goal has to be accomplished with a size 

constraint on the thruster in mind. Since the ROV is required to be a certain size, the thrusters 

cannot be too large to fit on the body or too small to provide enough thrust. The thruster has to be 

around 250mm in diameter. The rotational speed of the motor should be 250rpm. 

To describe the final design, a drawing should be made and important parameters should be 

presented. 

2 Theory 

2.1 The brushless DC motor 

2.1.1 Explanation of name 

The brushless DC motor (BLDC) is, regardless of the name, not driven with a DC current. The DC part 

of the name comes from the fact that the control system often is supplied a DC current from a 

battery. This DC current it then converts and makes an alternating current to drive the motor. This 

current is not necessarily sinusoidal; it can for example also be square or triangular, as long as it is 

alternating. 

The reason it is called brushless is that it does not use a brush to transmit the current. In some 

electric motor designs, unlike the BLDC, the coils are in the rotor instead of the stator or in both 

stator and rotor. In such a case a current needs to be supplied to the rotor and that is done with a 

brush.  

2.1.2 Advantages 

The BLDC being brushless increases efficiency. The reason for this is that a brush in contact with a 

rotating object is not the ideal situation for transmitting a current. It also decreases the maintenance 

needed since a brush would need to be replaced after a while and sparks and friction further 

decrease efficiency. Since the rotor has permanent magnets rather than electromagnets no energy is 

lost there either. The motor is a so-called rim driven motor where the inner part is the rotating one. 

This is good for a ROV since the propeller blades are protected. In an underwater environment close 

to other equipment there is otherwise a risk of damaging the propeller blades.  A third advantage is 

that not having anything in the middle of the motor gives the water a better flow through the motor. 
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2.1.3 Parts 

Figure 1 is a picture of the unsealed BLCD motor. The stator is the stationary part of the motor. It is 

made up of electrically insulated steel plates. The plates are stacked together and held in place by 

aligning the cut-outs while the glue dries. The stator slots are the holes where the wires for the coils 

go. The stator teeth are the parts which the wires are wound around and make the electromagnets. 

The stator spine is the part of the stator outside the slots and the teeth. The plain bearing is placed 

where the contact surface between the rotor and the stator is. It is a smooth cylinder with minimal 

friction. The spacers are plastic bits made only to separate the magnets. The rotor spine is a steel 

ring which the magnetic field will go through since it has low reluctance and which the propeller 

blades will be fastened to. Together, the plain bearing, the plastic spacers, the magnet and the rotor 

spine make up the rotating part of the motor, i.e. the rotor. 

 

Figure 1, parts of the motor 

2.1.4 Winding  

A stator can be wound in several different ways that calculation-wise give the same results. For 

easier calculation the stator in this project is assumed to have only one coil per slot as can be seen in 

figure 2 rather than two going in opposite directions. The reason that makes it easier is that it is 

simpler to define a whole slot as an area to integrate over rather than split it in two when doing the 

simulations. This also means that since there are 3 slots per magnet and 3 phases (red, green and 

blue wire in figure 2), there will be one coil per phase and per two magnets. It being 18 magnets 

then gives a total of nine coils per phase. 

The number of turns per coil is decided by how many wires that fit into the slots. One way of 

estimating how many wires will fit is with a filling factor. The filling factor is the ratio between the 

area of the copper wires in the slot and the area of the slot itself. This is an empirical parameter 

calculated by studying similar motors in real life. 



7 
 

 

Figure 2, illustration of how the wires are wound 

2.2 Induced voltage 
Lenz’s law states that when the magnetic field inside a coil is changed, a current will be induced in 

the coil producing its own magnetic field opposing the initial change. When the rotor is rotating the 

magnets in the rotor will induce a current, and a difference in electric potential, in the coils. The 

induced electromotive force (emf) in each coil is calculated analytically with the formula 

        
  

  
 

where N is the number of turns per coil and   [Wb] is the magnetic flux inside the coil. The induced 

voltage can also be calculated in another way. If the total strength of the electric field in 2D cut-out 

of a slot is known, the electric potential between the top and the bottom of a slot in the stator can 

be calculated with the formula 

   
        
 

   

where Vd [V] is the potential difference, Ez,total [Vm] is the total electric field strength in the z-

direction (the axial direction of the motor) in the slot, A [m2] the area of the slot and Lm [m] the 

length of the motor. The induced voltage in a wire going through the slot will then be the same as 

the potential difference, and the induced voltage in a coil will be 

             

The reason for the 2 is that the earlier formulas are for one slot but the wire will go down a slot with 

the opposite potential as well since it is a loop. To get the total voltage induced in the motor, ε is 

multiplied by the number of coils per phase and number of phases. Given that Ez,total is measured at 

its peak value, the induced voltage calculated will be the peak value as well. The voltage for an 

alternating current is usually not reported by peak voltage but rather the root mean square (rms) 
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voltage, which is the peak value divided by   . When there is more than one phase the voltage can 

also be reported as the phase voltage, which is the voltage from the phase to neutral, or the line 

voltage which is the voltage between two phases and     times higher than the phase voltage. 

2.3 Power, supplied voltage, power angle 
The power output of the motor, the supply voltage and the power angle (which is the angle between 

ε and V) are calculated from the following formulas: 

            ( ) 

     (       )  {
       ( )    ( (       ))

      ( )    ( (       ))
 

where Pm [W] is the mechanical power that the motor puts out, I  [A] is the current in the wires and 

ε [V] is the induced voltage in one phase.   [rad] is the angle between the supplied voltage and the 

current, and δ [rad] is the power angle (see figure 4). cos(θ) is the power factor, which is the ratio 

between the power output and the apparent power in the system, and chosen by the control 

system. V  [V] is the supplied voltage, R [Ω] is the resistance in the wire for one phase, ω [rad/s] is 

the angular velocity and L [H] is the inductance in the wire for one phase.  

 

Figure 3, phase diagram    Figure 4, equivalent circuit for one phase in the motor 

Kirchhoff’s second law states that the sum of the electric potential differences in a loop is zero. The 

voltage source provides a voltage that turns into heat in the resistor and mechanical power output, 

see figure 5 (inductors do not dissipate power). The induced voltage is directly opposing the supplied 

voltage. This gives that the voltage over resistor and inductor will be the difference between the 

supplied and the induced voltage. Together with Ohm’s law (     ) this gives the second 

equation. The first equation is derived from the fact that the voltage that will turn into mechanical 

power is known (ε), the current is known, there are 3 phases and I*cos(θ) is the real part of the 

current. 
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2.4 Inductance 
When connecting a motor to a control system one of the parameters that has to be knows is the 

inductance in the wires. The inductance in one coil can be calculated with the formula1 

     

 
   

(∫          ∫         )

 
 
   

   
  ∫         

                       

Where Lapp [H] is the inductance in a coil, N is the number of turns per coil, SCu [m2] is the surface 

area covered by wires, Lm [m] is the length of the motor. Az  [Vs/m] is the magnetic vector potential 

in the “z direction”, that is upwards through the slots, and i [A] is the current in each wire, and L [H] 

is the inductance in one phase. 

2.5 Losses 

2.5.1 Copper wire loss 

There will be a loss of power in the copper wire. These are resistive losses; a current going through a 

conductor that has resistance will create heat. These losses are calculated with the formula       

    where Ploss  [W] is the loss, R [Ω] is the resistance and I [A] is the current. 

2.5.2 Friction loss 

There will also be a loss from friction. Friction losses are difficult to calculate and will not be taken 

into account in this project, but they will be present if the motor is physically made. 

2.5.3 Eddy current loss 

Furthermore there will be an eddy current loss. When a conductive material is affected by a 

changing magnetic field, currents will be induced in the metal according to Lenz’s law. These 

currents are called eddy currents and also give rise to resistive losses. To combat these losses, 

stators in motors and generators are made by stacking thin metal plates coated with a non-

conducting material instead of solid steel. The currents then cannot move as easily in the stator and 

the loss is lower. 

2.5.4 Leakage loss 

A loss will also occur due to leaking magnetic fields. Ideally all of the field should go through the 

stator teeth and thus through the coils. However, since there is a gap between the magnet and the 

stator, there will be some magnetic field going in the air straight from one magnet to another. This 

will also happen at the ends of the motor. This leakage is typically small and will not be taken into 

account in this project. 

2.5.5 The BH-curve, hysteresis loss, and saturation 

To understand why the parts of the motor cannot be made as thin as the strength of the steel allows 

and thus as cheap as possible, there is a need to understand the BH-curve. The H-field is the strength 

of a magnetic field and the B-field is the magnetic flux density in a material. The flux density depends 

on the alignment of the small magnetic domains that exist in a material. An applied H-field will make 

them point in the same direction as the field. When more of them point in the same direction the 

                                                           
1
 Bianchi N. Electrical Machine Analysis Using Finite Elements. : CRC Press; 2005. p.86. 
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flux density increases. When all of them point in the same direction, the material is said to be 

saturated (point 2 in figure 3) and the flux density cannot increase any more regardless of an 

increased H-field. When the H-field is removed the flux density does not go to zero as we can see in 

figure 3, point 3. This is because the material has a “memory”. The small magnetic areas are not 

completely reset by removing the H-field. They’re biased towards their earlier direction. This leads to 

the non-linearity we can see in figure 3. This is called hysteresis and integrating the area inside the 

BH-curve gives the hysteresis loss, also known as iron loss or core loss. The lower the flux density, 

the smaller the area inside the graph, and the hysteresis loss, will be. That is why a non-saturated 

material is preferable in generators and motor. As a rule of thumb 1.6T in the rotor spine and 1.8T in 

the stator spine are good values. The loss is difficult to calculate analytically but can be estimated 

based on the maximum flux density and type of stator plate used. A second reason for why the 

material should not be saturated is because low saturation leads to a higher B-field. 

 

 

Figure 5, hysteresis curve that shows how magnetic flux density relates to applied magnetic field strength 

3 Method 
The thruster was designed with 3D-modelling and simulations, and the design was re-evaluated 

based on the results of the simulations. The model was made in Solidworks and then imported to 

COMSOL in which the electromagnetic circuit was simulated.  

3.1 Solidworks 
The 3D modelling software used was Solidworks. COMSOL can also be used to do models but for 3D, 

Solidworks is better. The design was then exported from Solidworks to COMSOL. The simulations led 

to changes in the design. The design was altered in Solidworks and then the model in COMSOL was 

easily updated. The final drawings were also created in Solidworks. 
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3.2 COMSOL 
COMSOL multiphysics® is a finite element analysis program by COMSOL Inc. made for advanced 

simulations. In the program the physical properties of parts in a 2D or 3D model can be defined and 

the effects of their interaction simulated. 

3.2.1 Import to COMSOL and definitions 

The first step was to import the model from Solidworks into COMSOL and define a work plane in the 

middle of the model, see figure 6. 

 

Figure 6, 3D model imported to COMSOL   Figure 7, 2D model from work plane 

From the 3D model a 2D model was extracted along the workspace giving the model in figure 7. The 

empty areas were filled, see figure 8, and defined as air and made up the area in which COMSOL 

solved the electromagnetic equations. The spacers, the plain bearing and the protective shell were 

also defined as air (since they are not ferromagnetic) and thus the boundaries were ignored in the 

calculations. The magnets were defined as air for another reason; the magnets have the same 

relative permeability as air, which is the only material property that was used since the 

magnetization was defined through physics setting as it is not a material property. In figure 9, the 

areas defined as soft iron without losses can be seen. The reason they were defined as soft iron 

rather than steel, is that soft iron without losses has the same permeability as steel, which was the 

parameter used for the calculations. Soft iron without losses does however have zero conductivity, 

which steel does not, so no eddy currents will be simulated. Since the stator plates are insulated no 

eddy currents will flow between. There will be some eddy currents in the individual plates but since 

they are thin the currents will be small and modelling the stator with zero conductivity will give a 

similar result. 
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Figure 8, areas defined as air                    Figure 9, areas defined as soft iron 

A cylindrical coordinate system was created with the centre of the motor as the origin and the 

magnets defined to have a remanent flux density of 1.2T in the outward (figure 10) and inward 

(remaining magnets) directions. The outer edge of the air domain (seen in figure 11) was defined as 

magnetically insulated to help the solver converge. 

 

       

Figure 10, areas defined outwards magnetic magnets Figure 11, outer edge defined as magnetically insulated 

A line in the middle of the plain bearing was defined as a continuity line, see figure 12. This had to be 

done to help the solver understand that when the inner parts, defined as rotating (see figure 13), are 

rotating, the magnetic fields on both sides of the continuity line need to match. 
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Figure 12, continuity line defined    Figure 13, rotating part defined 

3.2.2 Meshing 

The meshing (see figure 14) used was the predefined “finer” meshing. It was made sure that the 

rotating and the stationary parts were defined as their separate objects before forming an assembly 

of the parts so the meshing was not overlapping. 

 

 

Figure 14, illustration of meshing 

3.2.3 Stationary simulation 

A simulation of the stationary problem was performed with the standard solving parameters.  

3.2.4 Time-dependent simulation 

A time-dependent simulation was performed to calculate the induced voltage in the circuit, and find 

the magnetic saturation based on the position of the rotor. Given that the motor was defined to be 

spinning at 250 rpm and having 9 coils the simulation was done during the first 0.03 seconds. This 
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was enough considering the motor is symmetric and 0.03 seconds give the rotor time to move one 

ninth of a revolution, which corresponds to one electric period. 

3.2.5 Induced voltage 

The induced voltage was simulated in COMSOL by integrating the electric field over two stator slots, 

in which the wires of a coil would go, when doing the time-dependent simulation. Multiplying the 

electric field with the length of the motor and dividing by the area gave the voltage induced from the 

top to the bottom of the slot according to the formula in chapter 2.3. This was the voltage that was 

induced in every wire in the coil and thus multiplying by the number of coils gave the total induced 

voltage per phase. Dividing by    gave the rms value. 

3.2.6 Inductance 

When calculating the inductance an external current density was defined with opposing polarity in 

two slots. It was assumed that the whole slot was filled with wires and that the current density was  

                
                                                     

                
 

This approximates current running through a coil of wires. Then the magnetic vector potential in the 

upwards direction (see figure 15), was integrated over the area of the slots. This was then used in 

the calculation of the inductance according to the formula in chapter 2.4. 

 

Figure 15, magnetic vector potential in the z-direction in two slots 

3.2.7 Hysteresis loss  

Calculating the hysteresis loss is difficult, especially a precise calculation, considering the stator is 

not actually a solid piece of steel but stacked plates. It is, however, possible to get a rough 

approximation. The first step in this approximation was done by measuring the maximum flux 

density at each point in the areas in figure 16. These were the areas that had the highest flux density 

when the rotor was in this particular position. Since the stator is symmetric, the total maximum flux 

density is the flux density in these areas extrapolated to the whole area of the stator. From the 
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maximum flux density, and a table 2  made by the producer of the stator plates, another 

approximation of the losses in W/kg could be calculated. That approximation depends on the 

frequency of which the magnetic field changes direction and the magnitude of the flux density. An 

interpolation of this table gave a function that could be applied to the flux density in COMSOL. 

Integration of that function over the stator and multiplication by length and weight then gave the 

approximate loss.  

 

Figure 16, areas of the motor the flux density is integrated over 

3.3 Analytic calculations 
MATLAB was used for the analytic calculations using the formulas from chapter 2.3: 

            ( ) 

     (       )  {
       ( )    ( (       ))

      ( )    ( (       ))
 

The current is known since the equation is solved for the maximum power which will be provided at 

maximum current. Cos(θ) is a parameter of the control system and can thus be chosen. The emf, ε, is 

calculated in chapter 5.6 and thus is known, R and L are also calculated in chapter 5.1 and 5.2 

respectively and ω is the operating angular velocity which is chosen to be 250rpm. This leaves V, δ 

and Pm (input voltage, power angle, and mechanical power output) as unknowns and 3 equations. 

MATLAB’s Solve() function was used to solve the system of equations. 

 

 

 

 

                                                           
2
Surahammars Bruks AB. SURA NO12. 

http://www.sura.se/Sura/hp_products.nsf/vOpendocument/03A8B2433FAE16C4C1256AA8002280E6/$FILE/N
O12.pdf (accessed 19 June 2014). 

http://www.sura.se/Sura/hp_products.nsf/vOpendocument/03A8B2433FAE16C4C1256AA8002280E6/$FILE/NO12.pdf
http://www.sura.se/Sura/hp_products.nsf/vOpendocument/03A8B2433FAE16C4C1256AA8002280E6/$FILE/NO12.pdf
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4 Materials and components 

4.1 Wire 
The wire used in the calculations was an enamelled copper wire with a diameter of 1mm. The choice 

was a compromise between high current and high voltage. Ideally both would be high to give high 

power. A thick wire can take high current but if the wire is thick, fewer wires will fit into the slot, 

thus decreasing voltage. Taken into consideration was also that a thinner wire is easier to handle 

during the wiring process. 

4.2 Magnets 
Magnets can be ordered to size and magnetic strength and thus the magnets in this project were not 

modelled after already existing ones. The magnets used in the simulations were assumed to have a 

remanent flux density of 1.2T which is reasonable for neodymium magnets. 

 

4.3 Plain bearing 
An important part of the project was finding out if there was a plain bearing on the market that met 

the requirements since making it from scratch would be difficult. A plain bearing is like a ball bearing 

without balls. Two companies where found that could produce the plain bearing needed; Orkot and 

Duwel. 

5 Results 

5.1 Turns per coil of wire, resistance and maximum current 
The number of turns of copper wire per coil was estimated by looking at a finished hand-wound 

stator of a similar size with the same size wire (Ø 1mm). That stator had two coils in each slot and 24 

turns per coil, giving 48 wires per slot. The area of the slot was 110mm^2. The filling factor is then 

         

   
       

which gives an estimation for the motor in this project of 

        

      
          

Since the wire used was mostly pure copper with a thin insulation the resistance in the cable was 

calculated with the formula 

  
     

  
 

Where R [Ω] is the resistance is the wires of one phase, ρ [Ωm] is the resistivity, l [m]is the length of 

the cable and Ac [m
2] is the area of the cable.   was calculated from figure 17 to be 

    (                         )                                   
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and the area of the cable, given that the diameter is 1mm, is 

                           

which gives a resistance of 

  
              

         
       

 

 

Figure 17, length of the wire 

The maximum current was estimated to be 4A. This estimation was based on existing wires3 and the 

fact that since the motor will be under water the cooling will be good and thus more heat will be 

dissipated and a higher current can be used. 

5.2 Inductance 
Assuming 4A per wire, 30 wires covering a whole slot,           gives an external current density 

of  

     

         
               

Using this value in the COMSOL simulations gives the value of the apparent inductance to be 

           in one slot. Multiplying by 2 slots per coil and 9 coils per phase gives an inductance of 

1.18mH per phase. 

              
  [ ]             

                                                           
3
 Svebry Electronics AB. 1,0mm emaljerad koppartråd. http://www.svebry.se/10mm-emaljerad-koppartrad-ca-

100g-ca-14meter/2398-0 (accessed 19 June 2014). 

http://www.svebry.se/10mm-emaljerad-koppartrad-ca-100g-ca-14meter/2398-0
http://www.svebry.se/10mm-emaljerad-koppartrad-ca-100g-ca-14meter/2398-0
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5.3 Saturation 
The magnetic flux density of the final design of the motor can be seen in figure 18. We can see that 

some parts have a flux density that is higher than others. 

 

 

Figure 18, magnetic flux density norm (T) 

In table 1 we can see that after redesigning the rotor spine the maximum magnetic flux density was 

measured to be 1.64T. 

Table 1, maximum magnetic flux density in rotor spine 

Design version Thickness rotor spine [mm] Max magnetic flux density [T] 

Iteration 1  5 2.09 

Iteration 2 10 1.44 

Iteration 3 7.5 1.79 

Iteration 4 8.5 1.64 

For the stator not just the thickness of the spine was varied but also the placement of the cut-outs 

meant to hold the stator plates together. This meant that while the maximum magnetic flux density, 

as can be seen in table 2, is higher in iteration 4, but that is in a small area and the overall flux 

density has decreased. 

Table 2, maximum magnetic flux density in stator spine  

Design version Max magnetic flux density [T] 

Iteration 1  2.18 

Iteration 2 1.73 
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Iteration 3 1.77 

Iteration 4 1.88 

 

5.4 Hysteresis loss approximation 
To get the approximation, Sura® NO12 steel plates made by Surahammars Bruk AB are assumed to 

be used. The density is 7650kg/m3. The total maximum flux density in the stator was calculated to be 

             . Using the interpolated function created from the table4  gave a value of 

                 of loss at 50Hz. Multiplying by the length of the motor and density gave 

                                      at 50Hz. Given that the table values are 

roughly linear the loss at 250rpm (= 75Hz) is             . 

5.5 Resistance loss 
The resistance loss is calculated with the formula  

                          
                     

where R [Ω] is the resistance in the wire for one phase and I [A] is the current in the wires. 

5.6 Induced voltage 
The graph in figure 19 and shows that the induced peak voltage in one turn of a coil is 0.22V which 

gives a total induced voltage of 

     
 

  
                                                                            

 ( )
 

  
                  

This is the induced voltage per phase. The line voltage, that is the voltage between two phases, is  

                                     

 

                                                           
4
Surahammars Bruks AB. SURA NO12. 

http://www.sura.se/Sura/hp_products.nsf/vOpendocument/03A8B2433FAE16C4C1256AA8002280E6/$FILE/N
O12.pdf (accessed 19 June 2014). 

http://www.sura.se/Sura/hp_products.nsf/vOpendocument/03A8B2433FAE16C4C1256AA8002280E6/$FILE/NO12.pdf
http://www.sura.se/Sura/hp_products.nsf/vOpendocument/03A8B2433FAE16C4C1256AA8002280E6/$FILE/NO12.pdf
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Figure 19, induced voltage in one turn of one coil 

5.7 Power, voltage and power angle 
Using the commands  

Syms de V eff 

S = solve(3*4*42*0.95==eff, V-42*cos(de)==4*0.95*0.94-4*0.31*1.18*10^-3*26.18, -

28*sin(de)==4*0.31*0.94+4*0.95*1.18*10^-3*26.18) 

that we get from the equations in chapter 2.3, in MATLAB where  

 Angular velocity = 250rpm=75Hz=26.18 rad/s 

 Cos(θ)=0.95 

gives: 

 Power = 478.8W 

 Vrms = 45.5V AC per phase → line voltage is                 

 δ = -2.63° 

5.8 Final design 
See appendix A & B for drawings. 

6 Discussion 
Doing calculations on physical constructions with many parts, some moving, is difficult. The errors 

introduced by the practical building are many times larger than the errors introduced by 
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approximations in the calculations. This makes very accurate calculations inefficient since they will 

not correspond exactly to reality no matter how precise they are. A rough estimation often is a lot 

quicker and gives almost as good an idea of how the motor will perform in real life. 

6.1 Improvements 

6.1.1 Further study 

There is still room for optimization on this motor. The stator has been optimized for low hysteresis 

loss. But the effects of optimizing the size of the stator and length of the teeth to fit in more wires 

could be studied as well. The effect of a flange introduced on the stator to keep the wires from 

falling out when doing the winding could be studied. Something that should be investigated is if the 

rotor will stay in place when in operation. In this project it has been assumed that the rotor will be 

held in place by the magnets clinging to the stator. If the motor is built and used with a propeller the 

propeller will exert a force on the water and according to Newton’s third law the propeller (and 

rotor) will also experience a force. The question is if this force is large enough to force the rotor out 

of the motor. In that case another mechanical solution should investigated, maybe ceramic ball 

bearings instead of a plain bearing. 

6.1.2 Existing stator plates 

In this project the stator is not modelled after an existing stator plate. It is assumed that the stator 

plates will be custom made. There might be existing stator plates in a similar size that could be used 

instead. This could be investigated to decrease cost. 

6.1.3 Propeller design 

How well the motor actually will perform will depend a lot on the design of the propellers. Holes 

were left for fastening propellers to the motor but the design of the propellers is left outside the 

scope of this project. 

6.1.4 Sealing compound 

A sealing compound needs to be chosen to both keep the wires in place and seal the motor from the 

corrosive properties of salt water. 

6.2 Sources of error 
Friction is big source of error. The difficulty in estimating it makes it unwise to try to calculate it 

when the project has a deadline. It will have to be taken into account that the efficiency will be 

lower than calculated. There are edge effects that are not considered in this project. On the ends of 

the motor there will be some magnetic field going outside of the motor and the coils rather than 

through them decreasing the efficiency of the motor. The calculation of hysteresis loss is not 

accurate in part due to the areas where the flux density is measured is not perfectly defined. Also, 

the table the calculations are based on are measured for a slightly different frequency. The biggest 

source of error for the inductance is that the inductance is calculated without magnets present. The 

maximum current flowing through the wires depends on how much heat the motor will be able to 

dissipate. This is difficult to estimate and a source of uncertainty. Uncertain is also the filling factor 

approach to how many wires that will fit into the slots. A couple wires more or less would affect 

most of the calculations and the uncertainty can only be eliminated by building a model and trying 

to see how many wires will fit. 
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7 Conclusions 
The final design can be seen in figures 20 & 21 and the drawings in appendix A & B. The motor 

should work based on the drawing and calculations but as explained in the discussion, further study 

is needed before the motor can be used underwater. The most relevant parameters are: R = 0.94Ω, 

L= 1.18mH per phase; at 250rpm the motor produces 478.8W of power and 18.3Nm of torque at a 

supplied line voltage of 78.8V rms and a current of 4A. The losses are estimated to 55W, but will 

likely be higher. 

 

Figure 20, final design without propeller blades 

 

Figure 21, final design with propeller blades attached 
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