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Abstract 

Abstract  
 

Brushless DC (BLDC) motors are often used in industrial applications because of their robust-

ness and their low maintenance. On the other hand reluctance actuators are also used in a 

wide range of industry starting with simple binary actuators up to high precision applica-

tions. For this reason it is important to teach students about the design, calculation and con-

trol of these devices. 

In this thesis, a modular brushless DC motor with a reluctance based magnetically levitated 

rotor is developed, as a teaching tool for universities. Because of its simple design, it is pos-

sible to build this system using standard manufacturing techniques available in most work-

shops. The low costs approach of the setup features the National Instrument myRIO board. 

The modular concept allows the use of the system in different levels of teaching. In its basic 

configuration, the commutation of BLDC motors as well as the design of position controllers 

by using model based design can be demonstrated. The next step focuses on the teaching of 

the magnetically levitation of a disc, in this step forces of reluctance actuators , couplings 

between different axes and the control of nonlinear system can be explained. In the final 

step, the motor can be run magnetically levitated and in six degrees of freedom controlled. 

In this thesis all the necessary files and algorithms are presented, which are to needed build 

and run the system. 
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Kurzfassung 

Kurzfassung  
 

Bürstenlose Gleichstrommotoren erfreuen sich aufgrund ihrer Robustheit sowie ihres war-

tungsarmen Betriebes zunehmender Beliebtheit in industriellen Anwendungen. Ein weiteres 

weit verbreitetes Aktuator Prinzip sind Reluktanzaktuatoren, welche binär angesteuerten für 

einfache Schaltanwendungen bis hin zum Hochpräzisenbereich Anwendung finden. Aus die-

sem Grund ist es wichtig, Fachleute in der Auslegung, Berechnung sowie der Regelung dieser 

Geräte auszubilden. 

Im Rahmen dieser Arbeit wird ein modular aufgebauter mit Reluktanzaktuatoren magnetisch 

gelagerter bürstenloser Gleichstrommotor (BLDC) entwickelt, welcher in der Lehre an Uni-

versitäten und Hochschulen eingesetzt werden kann. Durch einen einfachen Aufbau ist es 

möglich, das System mit standartmäßigen Herstellungsverfahren und geringen Kosten zu 

fertigen. Als Echtzeit System wird das von National Instruments vertriebene System NI-

myRIO verwendet. 

Durch den modularen Aufbau ist es möglich, das System in verschiedenen Ausbildungsstufen 

einzusetzen. In der Grundstufe kann die Kommutierung von BLDC Motoren, sowie das Erstel-

len von Positionsregelungen auf Basis der modellbasierten Funktionsentwicklung gelehrt 

werden. In der nächsten Stufe wird eine Stahlscheibe magnetisch gelagert. Hierbei können 

die Kräfte und das Verhalten von Reluktanzaktuatoren erklärt werden, des Weiteren kann 

die Entkopplung und Regelung von nichtlinearen Systemen vermittelt werden. In der finalen 

Stufe wird der Motor in sechs Freiheitsgraden magnetisch gelagert betrieben.  

Diese Arbeit umfasst alle benötigten Dokumente und Algorithmen die für den Bau und Be-

trieb des Systems benötigt werden. 

  



 

7 

Contents 

Contents 

 

Certification of Thesis ................................................................................................................. 3 

Acknowledgments ...................................................................................................................... 4 

Abstract ...................................................................................................................................... 5 

Kurzfassung ................................................................................................................................. 6 

Contents ..................................................................................................................................... 7 

List of Figures ............................................................................................................................ 11 

List of Tables ............................................................................................................................. 15 

1 Introduction ...................................................................................................................... 16 

2 Conceptual design ............................................................................................................ 18 

2.1 Overview brushless DC motors .................................................................................. 18 

2.1.1 Basics of DC motors ............................................................................................ 18 

2.1.2 Commutation ...................................................................................................... 18 

2.1.3 Types of brushless DC motors ............................................................................ 20 

2.2 Overview magnetic bearings ..................................................................................... 21 

2.2.1 Reluctance actuators in magnetic levitation ...................................................... 21 

2.2.2 Magnetic bearings .............................................................................................. 22 

2.3 Actuation concept ...................................................................................................... 23 

2.3.1 Vertical actuation ............................................................................................... 23 

2.3.2 Horizontal actuation ........................................................................................... 24 

2.4 Sensor concept ........................................................................................................... 26 

2.4.1 Sensing of the motor angle ................................................................................ 26 

2.4.2 Position sensing for magnetic bearings .............................................................. 27 

2.5 Rotor concept ............................................................................................................ 28 

2.6 Concept for a Maglev BLDC motor ............................................................................ 29 

2.6.1 BLDC motor ......................................................................................................... 29 

2.6.2 Magnetic levitation ............................................................................................. 30 

2.6.3 Magnetically levitated BLDC motor .................................................................... 31 

3 Axial field brushless DC motor.......................................................................................... 32 

3.1 Coil design .................................................................................................................. 32 



 

8 

Contents 

3.1.1 Winding structure ............................................................................................... 32 

3.1.2 Coil Design .......................................................................................................... 36 

3.2 Rotor design ............................................................................................................... 38 

3.2.1 Magnetic material .............................................................................................. 38 

3.2.2 Flexible magnet rotor ......................................................................................... 39 

3.2.3 NeFdB magnet rotor ........................................................................................... 42 

3.2.4 Comparison of the rotor configurations............................................................. 43 

3.3 Position sensor ........................................................................................................... 44 

3.4 Parameter calculation ................................................................................................ 46 

3.4.1 Torque constant ................................................................................................. 46 

3.4.2 Back EMF ............................................................................................................ 48 

3.4.3 Coil Resistance .................................................................................................... 49 

3.4.4 Coil current calculation ....................................................................................... 50 

3.4.5 Coil Inductance ................................................................................................... 50 

3.4.6 Moment of inertia .............................................................................................. 51 

3.4.7 Summary of the motor Parameters ................................................................... 51 

3.5 Motor design .............................................................................................................. 51 

3.5.1 Bearing design .................................................................................................... 51 

3.5.2 Electronics design ............................................................................................... 52 

3.5.3 LabVIEW implementation ................................................................................... 54 

3.5.4 Design summary ................................................................................................. 54 

3.6 Motor parameter measurement ............................................................................... 56 

3.6.1 Sine/cosine encoder reading test ....................................................................... 56 

3.6.2 Coil characterization ........................................................................................... 60 

3.6.3 Back EMF measurement ..................................................................................... 62 

3.6.4 Damping estimation ........................................................................................... 64 

3.7 Modelling and control of a brushless DC motor ........................................................ 67 

3.7.1 Commutation ...................................................................................................... 67 

3.7.2 Motor characteristics ......................................................................................... 68 

3.7.3 Linearized model ................................................................................................ 70 

3.7.4 Controller design ................................................................................................ 71 

3.7.5 Trajectory based positioning .............................................................................. 72 



 

9 

Contents 

3.8 Model and control verification .................................................................................. 76 

3.8.1 Open loop speed step ......................................................................................... 76 

3.8.2 System frequency response measurement ........................................................ 76 

3.8.3 Return ratio measurement ................................................................................. 77 

3.8.4 Step response closed loop .................................................................................. 79 

3.8.5 Trajectory based step response closed loop ...................................................... 79 

4 Three axis magnetic bearing............................................................................................. 81 

4.1 Magnetic bearing design ............................................................................................ 81 

4.2 Position sensing ......................................................................................................... 82 

4.2.1 Sensor selection .................................................................................................. 82 

4.2.2 Sensor electronics ............................................................................................... 83 

4.2.3 Sensor calibration ............................................................................................... 84 

4.3 Actuators .................................................................................................................... 85 

4.3.1 Actuator design .................................................................................................. 85 

4.3.2 Actuator test ....................................................................................................... 89 

4.3.3 Electronics design ............................................................................................... 90 

4.4 Modelling and control................................................................................................ 95 

4.4.1 System model ..................................................................................................... 95 

4.4.2 Controller design ................................................................................................ 98 

4.4.3 Controller tuning .............................................................................................. 107 

4.4.4 Measurement of the system behavior for different axes ................................ 111 

4.5 LabVIEW implementation ........................................................................................ 113 

5 Magnetic bearing for two additional axes ..................................................................... 114 

5.1 Detailed design horizontal axes bearing .................................................................. 114 

5.2 Detailed rotor design for magnetic bearing ............................................................ 115 

5.3 Actuators .................................................................................................................. 117 

5.3.1 Actuator design ................................................................................................ 117 

5.3.2 Actuator test ..................................................................................................... 119 

5.3.3 Electronics design ............................................................................................. 120 

5.4 Modelling and control.............................................................................................. 121 

5.4.1 System model ................................................................................................... 121 

5.4.2 Controller design .............................................................................................. 125 



 

10 

Contents 

5.4.3 Controller tuning .............................................................................................. 129 

5.4.4 Measurement of the system behavior for different axes ................................ 130 

6 BLDC motor with magnetic bearing ............................................................................... 132 

6.1 System response of the magnetic bearing .............................................................. 132 

6.2 Motor frequency response ...................................................................................... 134 

6.3 Motor speed ............................................................................................................ 134 

7 Conclusion and further work .......................................................................................... 136 

8 Bibliography .................................................................................................................... 139 

9 Appendix Motor.............................................................................................................. 144 

9.1 Comparison of permanent magnet materials ......................................................... 144 

9.2 Mechanical design ................................................................................................... 145 

9.3 Test specifications .................................................................................................... 148 

9.4 Matlab ...................................................................................................................... 157 

9.4.1 Script for PCB coil printing ................................................................................ 157 

9.4.2 Motormodell parameter script......................................................................... 164 

10 Appendix magnetic bearing ............................................................................................ 165 

10.1 Mechanical design ................................................................................................... 165 

10.2 Test specifications .................................................................................................... 172 

10.3 DSA Tool Test ........................................................................................................... 175 

10.4 Simulink model ........................................................................................................ 176 

 

  



 

11 

List of Figures 

List of Figures  
 

Figure 1 Schematic drawing of brushless and brushed DC motors .......................................... 18 

Figure 2 brushed DC motor commutation taken from [3, p. 80] ............................................. 19 

Figure 3 Bock commutation and Sine commutation ................................................................ 19 

Figure 4 Radial field and axial field motors .............................................................................. 20 

Figure 5 Disassembled floppy disc axial field motor ................................................................ 20 

Figure 6 Schematic view of a reluctance actuator based magnetic levitation system ............ 21 

Figure 7 Motor with magnetic bearings picture taken from [12, p. 3] .................................... 22 

Figure 8 Actuator concept for Z, Pitch and Roll ........................................................................ 23 

Figure 9 Actuation concept for the X and Y axis ....................................................................... 24 

Figure 10 Optical quadrature encoder, picture taken from [13] ............................................. 26 

Figure 11 Encoder signals of quadrature and sine/cosine encoders ....................................... 27 

Figure 12 Sensor concept of the magnetic bearing.................................................................. 28 

Figure 13 Rotor concept ........................................................................................................... 29 

Figure 14 Motor with and without back iron ........................................................................... 29 

Figure 15 Schematic drawing of the motor concept ................................................................ 30 

Figure 16 Concept of the magnetic levitated brushless DC motor .......................................... 31 

Figure 17 Overlapping winding structure ................................................................................. 33 

Figure 18 Layers per Coil .......................................................................................................... 34 

Figure 19 Through hole and not through hole connection ...................................................... 34 

Figure 20 Schematic view of non-overlapping windings .......................................................... 35 

Figure 21 Lorentz forces in a coil .............................................................................................. 36 

Figure 22 Rhomboidal coil, coil with parallel active sections, picture taken from [17, p. 2] ... 36 

Figure 23 Coil structure for different layers, picture taken from [17, p. 2] ............................. 37 

Figure 24 Coils with straight lines and arc structure ................................................................ 38 

Figure 25 magnetic circuit of a motor with back iron .............................................................. 39 

Figure 26 CAD Magnetizing tool ............................................................................................... 40 

Figure 27 magnetizing a flexible magnet rotor ........................................................................ 41 

Figure 28 Self magnetized flexible magnet rotor ..................................................................... 41 

Figure 29 CAD drawing of a NeFdB magnet ............................................................................. 42 

Figure 30 Expected magnetic field in the coils ......................................................................... 42 

Figure 31 2D Magnetic field simulation of the motor without back iron ................................ 43 

Figure 32 NdFeB magnet placement tool and NdFeB rotor ..................................................... 43 

Figure 33 Sine/cosine encoder reading .................................................................................... 44 

Figure 34 Simulated min/max flux densities in the Hall sensors ............................................. 45 

Figure 35 Description of the air gap flux density, picture taken from [19, p. 2] ..................... 47 

Figure 36 Coil and area which is in magnetic field ................................................................... 48 

Figure 37 Bearing bore ............................................................................................................. 52 

Figure 38 Power electronics of the Motor ............................................................................... 53 



 

12 

List of Figures 

Figure 39 Sensor reading electronics ....................................................................................... 53 

Figure 40 Designed BLDC motor with electronics and real time target ................................... 54 

Figure 41 PCB Setup.................................................................................................................. 55 

Figure 42 Designed PCB board ................................................................................................. 55 

Figure 43 Comparison between measured and desired Hall sensor signal ............................. 56 

Figure 44 Error between measured and simulated angle ........................................................ 57 

Figure 45 Error curve of the measured angle and FFT analysis of the error signal ................. 57 

Figure 46 Results of the fitted error fitting .............................................................................. 58 

Figure 47 Measurement of the Angle error for different speed .............................................. 59 

Figure 48 Measured and expected step response of the coil .................................................. 60 

Figure 49 Measured and fitted step response of the coil ........................................................ 61 

Figure 50 Back EMF signal ........................................................................................................ 62 

Figure 51 Comparison of motor speed and back EMF, (A) speed signal and back EMF signal, 

(B) speed signal vs back EMF .................................................................................................... 63 

Figure 52 Back EMF shape ........................................................................................................ 64 

Figure 53 Measured and simulated friction for decreasing speed .......................................... 65 

Figure 54 Simulation for friction simulation ............................................................................. 65 

Figure 55 estimated Friction function ...................................................................................... 66 

Figure 56 Top level of the BLDC motor model ......................................................................... 67 

Figure 57 Simulink based BLDC commutation.......................................................................... 68 

Figure 58 Simulink implementation of the voltage to torque behavoir of one coil ................ 69 

Figure 59 Simulink implementation of the motor torque to speed/angle .............................. 70 

Figure 60 Simulated frequency response of the motor ........................................................... 71 

Figure 61 Controller structure .................................................................................................. 72 

Figure 62 Simulated loop return ratio and controller bode plot ............................................. 72 

Figure 63 Acceleration reduced path planning ........................................................................ 73 

Figure 64 State machine for trajectory generation .................................................................. 73 

Figure 65 Comparison of measured on modeled open loop speed steps ............................... 76 

Figure 66 Comparison between measured and simulated frequency response of the motor 77 

Figure 67 Measured return ratio .............................................................................................. 78 

Figure 68 Closed loop step response ........................................................................................ 79 

Figure 69 Trajectory based positioning for 1 mrad and 1 rad .................................................. 79 

Figure 70 Trajectory based positioning for one rotation and 10 rotations.............................. 80 

Figure 71 Magnetic bearing for Z, Pitch and Roll axis .............................................................. 81 

Figure 72 QTR-1A picture taken from [29] ............................................................................... 82 

Figure 73 Sensing circuit ........................................................................................................... 83 

Figure 74 Sensor calibration ..................................................................................................... 84 

Figure 75 Schematic of a reluctance actuator .......................................................................... 85 

Figure 76 Measured and fitted inductance of a coil ................................................................ 88 

Figure 77 Actuator test, using electrical current vs. distance .................................................. 89 

Figure 78 Current control schematic ........................................................................................ 90 



 

13 

List of Figures 

Figure 79 Bode plot U --> I coil ................................................................................................. 92 

Figure 80 Bode plot current controller ..................................................................................... 93 

Figure 81 Bode plot return ratio current control ..................................................................... 93 

Figure 82 Measured and modeled step response of the current control ................................ 94 

Figure 83 Model of the vertical axes ........................................................................................ 95 

Figure 84 Placement of the reluctance actuators and sensors in the system ......................... 95 

Figure 85 Distance caused by angle calculation ....................................................................... 97 

Figure 86 System representation for linearization of the Z-axis .............................................. 99 

Figure 88 Linearized system including current control .......................................................... 100 

Figure 89 Linearized bode plot of the Z-axis .......................................................................... 101 

Figure 90 System representation for linearization of the Pitch axis ...................................... 102 

Figure 91 System representation for linearization of the Roll axis ........................................ 102 

Figure 92 Linearized bode plot for rotary axis ....................................................................... 103 

Figure 93 DSA system response measurement ...................................................................... 104 

Figure 94 Z-Axis measured and calculated frequency response ............................................ 105 

Figure 95 Pitch-Axis measured and calculated frequency response ...................................... 105 

Figure 96 Roll-Axis measured and calculated frequency response ........................................ 106 

Figure 97 Return Ratio Z-axis .................................................................................................. 107 

Figure 98 DSA return ratio measurement .............................................................................. 108 

Figure 99 Measured frequency response of the Z-axis .......................................................... 108 

Figure 100 Return Ratio rotary axis ........................................................................................ 109 

Figure 101 Measured frequency response of the Pitch axis .................................................. 110 

Figure 102 Measured frequency response of the Roll axis .................................................... 110 

Figure 103 Frequency response measurement for decoupling verification .......................... 111 

Figure 104 Control efforts for changes in the Z axis .............................................................. 112 

Figure 105 Control efforts for changes in the Pitch axis ........................................................ 112 

Figure 106 Control efforts for changes in the Roll axis .......................................................... 113 

Figure 107 Actuators and forces of a 5 DOF bearing ............................................................. 114 

Figure 108 Detailed rotor design concepts ............................................................................ 115 

Figure 109 Rotor design for low coupling .............................................................................. 115 

Figure 110 Rotor with 3D printed ring for a constant surface ............................................... 116 

Figure 111 Final motor and bearing design ............................................................................ 116 

Figure 112 Figure of the final motor setup ............................................................................ 117 

Figure 113 X, Y axis actuator .................................................................................................. 118 

Figure 114 Actuator test setup ............................................................................................... 119 

Figure 115 X,Y actuator design verification ............................................................................ 119 

Figure 116 Sensor and power electronics .............................................................................. 120 

Figure 117 Modeled of the horizontal axes ........................................................................... 121 

Figure 118 Forces in X and Y axis ............................................................................................ 121 

Figure 119 Sensor positions of the horizontal axes ............................................................... 122 

Figure 120 Coupling between X, Y and Z, Roll, Pitch axis ....................................................... 124 



 

14 

List of Figures 

Figure 121 decoupling and trigonometric functions of the X axis ......................................... 126 

Figure 122 Linearized bode plot of the X-axis ........................................................................ 127 

Figure 123 X Axis measured and calculated frequency response .......................................... 128 

Figure 124 Y Axis measured and calculated frequency response .......................................... 128 

Figure 125 Measurement return ratio X axis ......................................................................... 129 

Figure 126 Measurement return ratio Y axis ......................................................................... 130 

Figure 127 Control effort of the X axis ................................................................................... 131 

Figure 128 Control effort of the Y axis ................................................................................... 131 

Figure 129 Five axes magnetic bearing measurement in time domain (without rotation) ... 132 

Figure 130 Five axes magnetic bearing measurement in time domain (2000 rpm) .............. 133 

Figure 131 Frequency response measurement of the motor with magnetic bearing ........... 134 

Figure 132 Open loop speed step of the maglev BLDC motor ............................................... 135 

Figure 133 CAD drawing motor / bore ................................................................................... 145 

Figure 134 CAD drawing motor / rotor iron ........................................................................... 146 

Figure 135 CAD drawing motor / rotor shaft ......................................................................... 147 

Figure 136 Schematic of the inductance measurement circuit ............................................. 149 

Figure 137 CAD drawing bearing / reluctance actuator Z core .............................................. 165 

Figure 138  CAD drawing bearing / reluctance actuator X-Y core .......................................... 166 

Figure 139 CAD drawing bearing / X-Y part for actuator ....................................................... 167 

Figure 140  CAD drawing bearing / XY part for actuator 2 ..................................................... 168 

Figure 141  CAD drawing bearing / middle iron ..................................................................... 169 

Figure 142 CAD drawing bearing /  return iron ...................................................................... 170 

Figure 143  CAD drawing bearing / rotor iron ........................................................................ 171 

Figure 144 Implementation DSA tool test .............................................................................. 175 

Figure 145 DSA tool test ......................................................................................................... 175 

Figure 146 Simulink model top view ...................................................................................... 176 

Figure 147 Simulink model  Z, Pitch and Roll axis .................................................................. 177 

Figure 148 Simlink model of the X and Y axis ......................................................................... 178 

Figure 149 Simulink model current control ............................................................................ 179 

  



 

15 

List of Tables 

List of Tables 
 

Table 1 Parameter setup for overlapping windings ................................................................. 33 

Table 2 Parameter setup for overlapping windings ................................................................. 35 

Table 3 Summary of the calculated motor behavior ................................................................ 51 

Table 4 Components current control ....................................................................................... 94 

Table 5 Comparison of magnetic materials ............................................................................ 144 

Table 6 Sine/cosine encoder test specification of the motor ................................................ 148 

Table 7 Coil characterization of the motor............................................................................. 149 

Table 8 Back EMF measurement of the motor ...................................................................... 150 

Table 9 friction estimation of the motor ................................................................................ 151 

Table 10 Open loop speed step of the motor ........................................................................ 152 

Table 11 System frequency response of the motor ............................................................... 153 

Table 12 Return ratio measurement of the motor ................................................................ 154 

Table 13 Step response closed loop of the motor ................................................................. 155 

Table 14 Trajectory based positioning of the motor .............................................................. 156 

Table 15 System frequency response magnetic bearing........................................................ 172 

Table 16 Decoupling verification magnetic bearing ............................................................... 173 

Table 17 Return ratio measurement magnetic bearing ......................................................... 174 

 

 

  



 

16 

Introduction 

1 Introduction  
Brushless DC (BLDC) motors are widely used in many industrial applications due to their ro-

bustness and low maintenance compared to conventional (brushed) DC motors. In addition 

their efficiency is very high, which makes these motors interesting in times where a respon-

sible use of resources becomes more and more important. Due to their stiff and compact 

design, very high control bandwidths can be achieved. Hence, this motor is often used in 

positioning applications.  

A second group of actuators which is widely used in industry are reluctance actuators. These 

actuators are often used as ǎƛƳǇƭŜ άōƛƴŀǊȅέ ŀŎǘǳŀǘƻǊǎ ƭƛƪŜ ǎƻƭŜƴƻƛŘΦ IƻǿŜǾŜǊ they offer line-

ar movement, high force densities and high control bandwidth. As these actuators do not 

require a connection between stator and moving part, they are a perfect candidate for high 

precision positioning application. 

It is important to incorporate both BLDC motors based on the Lorentz principle as well as 

reluctance actuators in universities. Students should understand the fundamentals of the 

design, building and adjustment of these devices. Brushless DC motors and reluctance actua-

tors are good examples for mechatronic systems due to their close interaction of mechanics, 

electronics and control. Using these systems the model based design of mechatronic applica-

tion can be taught. This includes the following details: 

¶ Design of BLDC motors including their pole and winding structure 

¶ Commutation of BLDC motors including different commutation techniques 

¶ Design of reluctance actuators by analyzing the magnetic circuit, as well as calculat-

ing the flux densities and forces in the air gap 

¶ System and parameter identification as well as model validation  

¶ Loop shaping design of PID controllers 

Systems where brushless DC motors and reluctance actuators work in combination are elec-

tro motors with magnetic bearings. Unfortunately, there are no existing solutions of a mag-

netically levitated BLDC motor which can be used for teaching, as commercial systems do 

not have access to all the required signals and algorithms. In addition industrial systems are 

very price intensive which makes it hard to equip a full lab with such setups. 

The goal of this thesis is to develop a modular low cost brushless DC motor with a magneti-

cally levitated rotor. This system should provide access to all the signals, which are needed 

to drive, identify and control the motor and the levitation system. The system shall be used 

in different levels of teaching, so the various parts need to run separately. 

In the design of this system, it is very important to keep the costs low, that universities can 

afford this system. The motor has to be produced with standard manufacturing techniques 

and low effort like 3D printing. The real-time target NI myRIO will be used as it is cost and 

power efficient and can be easily programmed via LabVIEW. 
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Standard industrial motors uses pulse with modulation (PWM) because their high power 

efficiency. The downside of this method for teaching is that it is hard to measure and under-

stand the signals in the motor. For the understanding of brushless DC motors, students have 

to be able to measure the signals of the motor by using an oscilloscope, so analog circuits 

and signals have to be used. As the focus of this project is set on teaching, the lower power 

efficiency of analog amplifiers is less important.  

To teach students about BLDC motors, the motor has to have access to all the signals and 

algorithms. Block commutation of BLDC motor has to be necessarily possible. In addition the 

use of more advanced commutation techniques like sine commutation is desired. 

The whole system will be used to teach students about model based design of mechatronic 

systems and controllers. Therefore a low design complexity is desired, that it is possible for 

students to model the system accurately. In addition there should be a good comparability 

between the model prediction and the actual measurement.  

One goal of this thesis is to teach students about controller design. The different parameters 

of a PID controller can be felt if the torque created by the motor is high enough. A torque of 

> 5 mNm should be achieved as a minimum. The speed of the motor is less important, but 

should reach a value which is similar to commercial motors which is well above 1000 rpm. 

The system has to be designed modular, that it can be used in different levels of studying. 

This results in a system which starts with the basics of BLDC motors as the first step, up to 

the control of nonlinear MIMO systems in magnetic levitation for graduate level teaching. 

The thesis is structure in the following pattern. 

In chapter 2, the concept of the brushless DC motor including its magnetic levitation system 

is developed. Different concepts of actuation and sensing for the BLDC motor as well as for 

magnetic levitation are evaluated. Chapter 3 focuses on the development of an axial field 

brushless DC motor. The design of a winding and pole structure is explained and the relevant 

motor parameters are calculated. A dynamic model of the motor is created, which is verified 

in a number of different tests. 

In chapter 4, a three axis magnetic bearing for controlling the Z, Pitch and Roll axis is devel-

oped. Different sensing principles are described. Actuators and power electronics are de-

signed. A dynamic model of the magnetic bearing including position control is created. This 

model is verified on the setup by measuring the system behavior. 

Chapter 5 describes the design of a magnetic bearing for the two remaining horizontal axes. 

A model of the magnetic bearing including all controlled axes is built. Based on the model, 

different controllers are tuned. In different tests, the model is verified. In Chapter 6the func-

tionality of the full system is validated. Different tests to show the functionality of the spin-

ning rotor with magnetic levitation are performed. Chapter 7 summarizes the work which is 

done in this thesis and gives suggestions for follow-up projects. 
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Conceptual design 

2 Conceptual design  
In this chapter, the concept of a BLDC motor with a magnetically levitated rotor is devel-

oped. The defined features from chapter 1 are compared to existing solutions in the field of 

brushless DC motors (section 2.1) and magnetic bearings (section 2.2). Section 2.3 compares 

different actuator concepts with respect to their applicability and modularity. In section 2.4, 

solutions for sensing the rotor position are presented. Section 2.6 presents the overall con-

cept of the motor, to be developed and tested in this thesis. 

2.1 Overview brushless DC motors  

2.1.1 Basics of DC motors  

In conventional (brushed) DC motors permanent magnets are mounted at the stator and 

coils are attached to the rotor. This requires a transmission of electric current from the sta-

tionary part of the motor to the rotor which is usually done by brushes. The limited lifetime 

of the brushes is the major drawback of conventional DC motors. 

In brushless DC motors the permanent magnet and coil configuration is mirrored. A sche-

matic drawing of both types of motor is shown in Figure 1. The electric terminals are con-

nected to the windings on the stator, so there are no mechanical connections to transmit 

electrical power to the rotor required. This increases the lifetime of this motors significantly 

compared to brushed DC motors. The torque in this motor is created by the Lorentz force [1] 

[2]. 

 

Figure 1 Schematic drawing of brushless and brushed DC motors 

 

2.1.2 Commutation  

Commutation i.e. changing the direction of the electric current is necessary in order to 

achieve a continuous unidirectional torque. This is done by changing the direction of current 

in the coils, according to the magnetic field of the rotor. In brushed DC motors this is realized 

with the commutator, which changes the direction of the electrical current in the coils me-

chanically as shown in the following figure. 
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Figure 2 brushed DC motor commutation taken from [3, p. 80] 

Using brushless DC motors, the commutation has to be done by motor electronics. The cur-

rent in the stator coils has to be aligned to the magnetic field of the rotor. If this is done cor-

rectly, the electric field rotates in the same speed than the magnetic field of the rotor. To 

align the electric current in the coils to the rotor angle, a measurement of the rotor angle is 

required [4, p. 4]. This is usually done by Hall sensors, which measure the magnetic field of 

the rotor. 

Different commutation methods can be chosen to run a BLDC motor. The simplest commu-

tation mode is block commutation. The rotor angle is measured by Hall sensors which gen-

erate binary signals for the motor controller. The controller switches the current through the 

motor coils on and off based on these signals (Figure 3 A). Advantage of this method are that 

there are low costs for sensing the magnetic angle and the motor software is not complex. 

 

   (A)      (B) 

Figure 3 Bock commutation and Sine commutation 

The switching of the current generates torque ripples in the motor. These torque ripples can 

be reduced by the use of sine commutation. When sine commutation is used, the rotor angle 

has to be measured accurately. The current through the coils is adjusted precisely to the 

magnetic field of the rotor to create torque with little torque ripple (Figure 3 B). 
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2.1.3 Types of brushless DC motors  

Brushless DC motors can be separated in different subgroups. The most common types of 

motors are radial field motors. A schematic drawing of a radial field motor is shown in Figure 

2. It can be seen that the magnetic field lines leave the rotor in radial direction.  

 

Figure 4 Radial field and axial field motors 

The second main group of BLDC motors is axial field motors. In these motors the magnetic 

field is created in axial direction by a permanent magnet with different poles. The coils are 

placed in the stationary part of the motor. The advantage of this motor configuration is that 

the motor can be bǳƛƭŘ Ŧƭŀǘ ŎƻƳǇŀǊŜŘ ǘƻ ǊŀŘƛŀƭ ŦƛŜƭŘ ƳƻǘƻǊǎΦ ¢ƘŀǘΩǎ ǿƘȅ ǘƘŜȅ ŀǊŜ ƻŦǘŜƴ ǳǎŜŘ 

in floppy disc drives or hard disc drives. The following pictures shows a disassembled floppy 

disc axial field brushless DC motor. 

 

Figure 5 Disassembled floppy disc axial field motor 

The design of the rotor can be achieved without big manufacturing effort. Problematic is the 

winding of the coils of these motors, as this requires special machines to wind the coils in 

the desired shape. [5], [6] suggest printing coils on a PCB board, because of the high flexibil-

ity for the design of the coils. The board can be bought from different vendors after design-

ing it in PCB design software. Using PCB boards for the windings of the motor is well suited 

for the use in a teaching motor, as the effort and costs to buy such a board are rather low. 

Power and sensing electronics can be integrated with the coils on the PCB board. 
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2.2 Overview m agnetic bearings  

2.2.1 Reluctance actuators  in magnetic levitation  

Magnetically levitated systems based on reluctance actuators are often used in universities 

as a mechatronic example of magnetic actuators and controller design for nonlinear sys-

tems. The aim of these teaching projects is to levitate a ball in a constant distance to an ac-

tuator. Teaching applications of magnetic levitation using this physical principle of applying 

forces against gravity are [7], [8], [9] or [10]. A schematic example is shown in the following 

figure. 

 

Figure 6 Schematic view of a reluctance actuator based magnetic levitation system 

By applying a current I through a coil which is wound around iron core a magnetic flux ɮ in 

the actuator is created. This result in a flux density B and a force Ὂ  in the air gap between 

actuator and mover (steel ball). The current through the actuator is controlled based on the 

measured position of the steel ball. The position is often measured by optical sensors. 

The force characteristic of this actuator can be described with the following equation, where 

x represents the distance between actuator and steel ball and k a geometry specific con-

stant. 

Ὂ ËϽ
Ὅ

ὼ
 

 

Equation 2-1 

By the use of one reluctance actuator, only attraction forces between stator and mover 

(steel ball) can be applied. In the above configuration the negative forces are generated due 

to gravity. Using this concept the steel ball can be actively controlled in one degree of free-

dom. If more DOF have to be controlled, as it is the case in this thesis, more reluctance actu-

ators can be used. The University Saarland [11] developed a magnetically levitated plate, 
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where four reluctance actuators are placed at the edges of the plate. Using these actuators 

the Z, Pitch and Roll axis can be controlled and the gravity is compensated. This approach 

seems interesting for the levitation of the horizontal axes of the rotor. 

2.2.2 Magnetic bearings  

Electric motors with magnetic bearings can be separated in two main groups. The first group 

comprises motors with magnetic bearings. The magnetic bearing is independent from the 

motor windings itself. A second group is called bearingless motors in which the generation of 

torque and radial forces is combined [12]. Bearingless motors will not be considered in this 

thesis as they do not allow a modular design concept of the system. 

Figure 7 shows a typical structure of a motor system with conventional magnetic bearings. 

The motor itself is placed between two radial magnetic bearings. The force created by each 

radial bearing is perpendicular to the shaft position. This way the rotor can be centered in 

the middle. The position of the Z axis is regulated by a thrust magnetic bearing. 

  

Figure 7 Motor with magnetic bearings picture taken from [12, p. 3] 

Typically each radial magnetic bearing has four coils around the stator, two in the X axis and 

two in the Y axis working in an antagonistic arrangement. So it is possible to create forces in 

the positive and negative direction of each axis to keep the rotor in its position. This is espe-

cially positive when there is no gravity force to readjust the system in negative direction. The 

motor itself can be used and controlled as a conventional electric motor without any mag-

netic bearings.  

The antagonistic arrangement of the actuators is reasonable for axis, where there are no 

readjusting gravity force is in the system. For the case of an axial field motor, this configura-

tion has to be preferred for horizontal axis. 
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2.3 Actuation concept  

With the defined features and considerations about brushless DC motors and magnetic bear-

ings, different concepts of BLDC motors with magnetic bearings are developed in order to 

achieve a good overall design.  

An axial field brushless DC motor on a PCB board as suggested in [5] is chosen because the 

windings are the critical part in building the motor. This can cleverly be solved by printing 

them on a PCB board in combination with the rest of the electronics. 

Reluctance actuators above the rotor as advised in [11] will be used to control the vertical 

axis of the rotor, working against gravity. For the horizontal axis, where no gravity force can 

be used, an antagonistic arrangement as suggested in [12] is developed. 

2.3.1 Vertical actuation  

The actuation of the Z, Pitch and Roll axis can be done similar to the levitation of a plate in 

2.2.1 by mounting reluctance actuators above the rotor. Because of the gravity force of the 

rotor, only one direction of actuation is required. For the control of the three axes, only 

three actuators are needed which fits to the limited D/A channels of the myRIO. Also the 

amount of power electronics can be reduced with this configuration. 

Actuator designs which can control these three axes of the rotor are described in Figure 8. 

All concepts use three reluctance actuators which are mounted above the rotor in an angle 

of 120°. The magnetic flux created by these actuators is indicated with green lines. 

 

Figure 8 Actuator concept for Z, Pitch and Roll 

In (A) three reluctance actuators are mounted above the rotor which are connected via a 

return path above the other actuators. This results in a simple design. Negative in this actua-

tor configuration is, that there are strong couplings between the actuators. When the cur-
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rent in one actuator is increased, the magnetic flux and force increases in all three actuators. 

This makes this configuration hard to control.  

(B) shows a concept where the three reluctance actuators are separated from each other. 

Couplings in the magnetic flux between the actuators are avoided. The disadvantage in this 

concept is that each actuator has two points where a force is created at the outer radius 

which is not wanted. When the rotor tips or tilts, the force generated by one actuator moves 

between the two stator coils of the actuator, as the resistances changes unequally. This re-

sults in an additional nonlinear behavior. 

In configuration (C) a feedback path (R34) in the middle of the rotor is added. During a nor-

mal operation, the magnetic flux created by each actuator is over the feedback path in the 

middle. So the actuators can be driven mostly independent form each other.  

By comparing these three actuator principles it can be seen, that concept (C) offers the most 

advantages for controlling the Z, Pitch and Roll axis, as the couplings between the actuators 

are low. In addition the points of force generation are constant. 

2.3.2 Horizontal actuation  

For the control of the X and Y axis additional actuators have to be added. As there is no grav-

ity force in the X-Y plane, an antagonistic actuator principle has to be chosen as it is pro-

posed in 2.2.2 to be able to apply positive and negative forces to the rotor. [12] suggests 

using two reluctance actuators in each axis to achieve an antagonistic actuation, which re-

sults in four actuators for the X-Y plane. Problematic for the use of four actuators is the limi-

tation of D/A channels on the myRIO. So actuator principles using three actuators for the X-Y 

plane actuation are developed. 

 

Figure 9 Actuation concept for the X and Y axis 
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To achieve forces which are distributed equally in the X-Y plane the three additional reluc-

tance actuators are also mounted in an angle of 120° around the rotor. Figure 9 shows three 

different concepts for controlling the X and Y axis.  

The first concept (A) adds a reluctance actuator in the X-Y plane next to each Z axis actuator. 

By changing the current through this actuator Ah1 the rotor can be controlled in X and Y. As 

the magnetic circuit of the horizontal axis actuator is designed to be over the feedback path 

(RV2) in the middle of the rotor, also a force in the Z axis is created, which needs to be com-

pensated. In addition there is a coupling between the horizontal axis actuators and the verti-

cal axis actuators in the magnetic flux. 

Concept (B) shows a more integrated version for the control of the X-Y plane. Two actuators 

are mounted in an angle of 45° above the rotor where a triangular shaped ring is added. 

With changing the current in these actuators antagonistically positive and negative forces in 

the X and Y axis can be applied. By changing the current through both actuators in parallel, a 

force in the Z axis as well as a torque at the rotor is applied. This can be used to control the 

Z, Pitch and Roll axis. Negative in this concept is, that the magnetic flux created by the actua-

tors can be shortened. When the rotor turns out of its middle position and the resistance R2 

becomes lower than R3 which results in a force mainly in Z direction. Then a creation of 

forces in the X and Y axis by changing the current antagonistically is not possible and more 

complex algorithms have to be used. 

In concept (C) three reluctance actuators are mounted around the rotor. By applying a cur-

rent through one actuator (Ah1 ς Ah3), a force in its direction is created. Because of the angle 

of 120° between the actuators, positive and negative forces in X and Y can be generated. To 

keep the point of actuation for each actuator centered, the distance between both force 

creating parts of one actuator is set to be small. Positive in using this concept is that the X 

and Y actuators can be used separately from the vertical actuators, which results in a higher 

possibility of modularization as well as in easier control algorithms. In this concept two 

points of forces are created by each actuator. The distance between these two points is set 

to be low, to reduce the effect of the varying center of force per actuator. 

For the purpose of this thesis concept (C) offers the most advantages because the couplings 

between the vertical and horizontal axis are low as it would be the case in concept (A). Also 

there is no possibility to shorten the magnetic flux as it would be the case in concept (B). 
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2.4 Sensor concept 

2.4.1 Sensing of the motor angle  

In the basic configuration of the motor, commutation as well as position control has to be 

possible. Because of the modular design of the motor, a contactless measurement of the 

rotor position needs to be done. 

The position sensing of the rotor in BLDC motors is often done by using quadrature encod-

ers. An example of an optical based encoder is shown in Figure 10. On the rotor a disc with 

different slots is mounted. Via a LED and light receiving elements, quadrature signals are 

generated when the rotor is rotating. 

 

 

Figure 10 Optical quadrature encoder, picture taken from [13] 

The resolution of the encoder is based on the amount of slots on the encoder disc. To in-

crease the resolution of the encoder, analog sine/cosine encoders can be used where the 

position between each slot is interpolated. The signals of both types of encoder are shown in 

Figure 11. 

For the design of position controllers with a sufficiently high control bandwidth as well as for 

system identification it is required to measure small angle changes of the rotor (< 1°). When 

a quadrature encoder is used, this results in more than 90 segments of the encoder disc. This 

high amount of slots in a disc is hard to produce with standard manufacturing techniques. 

When a sine/cosine encoder is used, which interpolates the values between each segment, 

the number of segments to achieve a high resolution encoder can be reduced significantly 

and the encoder disc becomes much easier to manufacture. 
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Figure 11 Encoder signals of quadrature and sine/cosine encoders 

As the encoder is also used for commutation of the BLDC motor a reference signal of the 

magnetic angle of the rotor has to be measured and both signals have to be aligned in order 

to get a good commutation. In industrial application the measurement of the magnetic angle 

is usually don be three Halls sensors which measures the magnetic field for each phase and 

generate binary values for the real-time target. 

[14] suggests to use permanent magnets and Hall sensors to build an incremental encoder 

for measuring the rotor position. When the magnetic field of the motor magnets is used to 

create a sine/cosine encoder, the measurement of the magnetic angle and the rotor position 

can be combined. Also no additional cost for creating an encoder disc is required. Using this 

combination a cheap and accurate sensor for both cases of application can be built. 

2.4.2 Posit ion sensing for magnetic bearings  

The magnetic ōŜŀǊƛƴƎ ǿƻǊƪǎ ǿƛǘƘ ŎƭƻǎŜŘ ƭƻƻǇ ŎƻƴǘǊƻƭΣ ǘƘŀǘΩǎ ǿƘȅ ŀƴ ŀŎŎǳǊŀǘŜ ƳŜŀǎǳǊŜƳŜƴǘ 

of each axis needs to be done. Because of the different stages of modularization, two set of 

sensors should be used to measure the vertical and horizontal axes independently. Sensors 

which are not sensitive to magnetic fields should be used to avoid disturbances caused by 

the magnetic fields of rotor and the reluctance actuators.  

The sensors of the Z, Pitch and Roll axis are placed above the rotor close to the actuators as 

it is shown in Figure 12. Using this configuration the height of the rotor is measured at three 

points. This makes it possible to control each actuator individually with the measured dis-

tance between actuator and sensor. A second option is to transform the measured distances 

in Cartesian coordinates and to control the different axis. 
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Figure 12 Sensor concept of the magnetic bearing 

For the placement of the sensors of measuring the position in X and Y the same approach is 

chosen. The sensors S4 ς S6 are placed next to the actuators and measures the distance be-

tween actuator and rotor. So a control of each actuator independently via the measured 

distance between actuator and rotor is possible. In addition the sensors value can be trans-

formed in Cartesian (X, Y) coordinate. When this is done three the sensors offers a higher 

accuracy because only two sensors are required to measure these axes. The third sensor acts 

redundant. 

2.5 Rotor concept  

The rotor of the BLDC motor has to be designed, that permanent magnets can be glued onto 

the bottom. Therefore a smooth surface between rotor iron an magnets is required in order 

to reduce the magnetic flux in these points. To achieve high dynamics with the motor, as 

well as to reduce the bias current to levitate the rotor, a mass of the rotor has to be low. 

For levitating the rotor in its desired position, the ferromagnetic surface of the rotor, which 

interacts with the reluctance actuators, has to be big enough, that no additional resistance 

between in the magnetic circuits appear. In addition a material with a high permeability has 

to be chosen. 
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As the vertical and horizontal axes have to be used independently, the couplings between 

these axis has to be low. This can be achieved, when the horizontal axis actuators are acting 

in the center of gravity.  

The reluctance actuator of the horizontal axes has to be placed close the permanent mag-

nets of the rotor. Nevertheless the rotor has to be designed, that the cogging torque be-

tween rotor magnets and actuators is low. In the following figure, the requirements in the 

rotor design are shown. 

 

Figure 13 Rotor concept 

 

2.6 Concept for a Maglev BLDC motor 

2.6.1 BLDC motor 

An axial field motor is designed with all the electronics and windings placed on a PCB board. 

The rotor consists of a round steel disc with glued on permanent magnets. To measure the 

rotor position accurately for control and commutation a Hall sensor based sine/cosine en-

coder is implemented on the board. 

In this step of modularization different commutation techniques of BLDC motors can be 

shown. Also the processing of sensor signals can be explained. The motor characteristic pa-

rameters can be measured and compared to calculated values which have been used the 

model based design approach. Finally a position control of the rotor axis can be designed 

and tested. 

 

 

Figure 14 Motor with and without back iron 
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Because of the modular design it is required to replace the rotor with conventional bearing 

to the rotor with magnetic bearings. This has to be done without a big effort, which results in 

a motor without back iron which is described in Figure 14 . The attraction forces between 

rotor and back iron would make it had to replace the rotor and would increase the force to 

levitate the rotor significantly. On the other hand the torque generated by the motor is low-

er because of the high leakage flux and the bigger magnetic resistance. The following figure 

shows the desired design of the BLDC motor on a PCB board and an easy connection to the 

myRIO real-time target. 

 

Figure 15 Schematic drawing of the motor concept 

2.6.2 Magnetic levitation  

The second goal of this project is to make the rotor disc levitating using reluctance actuators. 

In this configuration it is possible to levitate the rotor in up to five degrees of freedom (X, Y, 

Z, Pitch and Roll). Different control algorithms and interactions between different axes can 

be observed and algorithms to prevent these effects can be explained. 

This is realized by adding three actuators above the rotor in an angle of 120°. These actua-

tors take off the gravity and control the Z, Pitch and Roll axis as it is described in 2.3. A con-

cept for sensing the rotor position is developed in 2.4.2. The placement in the setup is shown 

in Figure 16. 

To stabilize the X and Y axis, three more actuators and sensors are added around the rotor as 

it can be seen in Figure 16. In this configuration the position in the X and Y plane can be ad-

justed and imbalances of the spinning rotor can be compensated. With this configuration it 

is possible to control the rotor disc in five DOF using the magnetic bearing. 
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2.6.3 Magnetically levitated BLDC motor  

In the final step the BLDC motor with magnetic bearing can be used. So the motor can be 

driven magnetically levitated and in six axes controlled. Different effects, like sensor noise 

because of the rotating rotor and gyroscopic effects can be seen. 

 

Figure 16 Concept of the magnetic levitated brushless DC motor  
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3 Axial field brushless DC motor  
This chapter describes the design, modeling and testing of an axial field brushless DC motor. 

Section 3.1 focuses on the coil design of axial field brushless DC motors. Different winding 

structures are compared and rated regarding their usability in PCB motors. In section 3.2 the 

rotor of the BLDC motor is developed. Different types of permanent magnets and their use 

in axial field motors is compared. 

The accurate sensing of the rotor position using Hall sensors is explained in section 3.3. For a 

model based design approach, the motor characteristic parameters are calculated in 3.4 in 

order to predict the relevant motor behavior. 

In section 3.5 the motor is designed including electronics and LabVIEW implementation. 

With the designed motor, the estimated motor parameters are verified in section 3.6. 

For the design of position controllers a dynamic model of the BLDC motor is developed and 

linearized in section 3.7. A position controller is designed and the implementation of a tra-

jectory based positioning developed. In section 3.8 the model and controller is validated. 

 

3.1 Coil design 

The following section compares different winding structures of brushless DC motors. These 

structures are compared regarding their use in PCB motors. For the chosen winding struc-

ture, coils are designed which offer a high torque capability. 

3.1.1 Winding structure  

The winding structures of BLDC motors can be separated in two groups, overlapping and 

non-overlapping windings. The two different structures are described and compared for the 

use in PCB motors. 

3.1.1.1 Overlapping winding  

The overlapping winding is the most common winding structure in standard synchronous 

motors, as the magnetic field in the air gap of the motor is nearly sinusoidal [15, p. 2]. In this 

type of winding the coils of the different phases are overlapping. So the coils of the different 

phases have to be separated to different layers on the PCB board. An example of an over-

lapping winding with four coils per layer is given in the following figure. 
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Figure 17 Overlapping winding structure 

In the overlapping winding structure the number of coils per phase ὔ  is equal to 

the number of poles at the rotor ὔ  as displayed in Equation 3-1. The total amount of 

coils of the motor is calculated by number of coils per phase multiplied with the number of 

phases. 

ὔ ὔ  

 

 Equation 3-1 

The difference between electrical speed ‫  and mechanical speed of the motor ‫  is 

represented in the following equation. 

‫
‫ Ͻς

ὴ
 

 

Equation 3-2 

The variable p is the number of poles at the rotor. The following table shows the number of 

poles, the resulting coils and the ratio between mechanical and electrical speed for a three 

phase motor. 

Table 1 Parameter setup for overlapping windings 

Poles Coils Ratio ⱷ▄■Ⱦⱷ□▄╬▐ 

2 6 1 

4 12 0.5 

6 18 0.33 

8 24 0.25 

10 30 0.2 
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For the design of brushless DC motors on PCB boards it has to be taken into account, that 

every coil must have an even number of layers, to have a connection through the lead cables 

from the outside of the coil. Otherwise an extra connecting layer is needed. This is shown in 

the figure below. This results in a minimum of six layers of the PCB board for a three phase 

motor. 

 

Figure 18 Layers per Coil 

As the coils of the different phases are overlapping, the connection between the different 

layers is difficult. It can either be done by using άƴƻǘ ǘƘǊƻǳƎƘ ƘƻƭŜ ŎƻƴƴŜŎǘƛƻƴǎέΣ ǿƘƛŎƘ are 

expensive to manufacture, or by leaving enough space in the other coils to use standard 

άǘƘǊƻǳƎƘ ƘƻƭŜ ŎƻƴƴŜŎǘƛƻƴǎέ ǿƘƛŎƘ ƭƻǿŜǊǎ ǘƘŜ ŀƳƻǳƴǘ ƻŦ ǘǳǊƴǎ ƻŦ ŀ ǿƛƴŘƛƴƎΦ Differences be-

tween both connection types are shown in the figure below. 

 

Figure 19 Through hole and not through hole connection 

3.1.1.2 Non Overlapping winding  

In comparison to the overlapping winding structure the coils are separate in the non-

overlapping winding structure. This winding structure is a common structure in linear motors 

and for the building of low speed torque motors [16]. The following figure shows a schemat-

ic view of a non-overlapping winding. It can be seen, that every coil is independent from the 

other coils. 
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Figure 20 Schematic view of non-overlapping windings 

The relation between the electrical and the mechanical speed in Equation 3-2 still holds. 

Common coil and pole arrangements for non-overlapping windings structures are three coils 

to four poles or three coils to five poles configurations and their multiples. The following 

table gives an example of common distributions and their ratio between electrical and me-

chanical speed.  

Table 2 Parameter setup for overlapping windings 

Poles Coils Ratio ⱷ▄■Ⱦⱷ□▄╬▐ 

4 3 0.5 

8 6 0.25 

10 6 0.2 

 

The advantage of a non-overlapping winding structure in the design of an axial field PCB mo-

tor is the high design flexibility in designing the coils. For the amount of layers on the PCB 

board only an even value has to be chosen because of the lead cables. So the torque con-

stant of the motor can be adjusted better by adding or removing two layers on the board. 

¢ƘŜ ŎƻƴƴŜŎǘƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ ŘƛŦŦŜǊŜƴǘ ƭŀȅŜǊǎ ƻƴ ǘƘŜ ōƻŀǊŘ Ŏŀƴ ōŜ ŘƻƴŜ ōȅ άǘƘǊƻǳƎƘ ƘƻƭŜ 

ŎƻƴƴŜŎǘƛƻƴǎέ ǿƘƛŎƘ ƳŀƪŜǎ ǘƘŜ ōƻŀǊŘ ƭŜǎǎ ŜȄǇŜƴǎƛǾŜΦ 

3.1.1.3 Winding compa rison  

By the use of a non-overlapping winding structure there is more flexibility in designing coils. 

This way the layers of the board can be adjusted freely and the number of turns can be ad-

justed to the maximum allowable resistance of the coil. In addition the costs for producing 

ǘƘŜ ōƻŀǊŘǎ ŀǊŜ ƭƻǿŜǊ ōŜŎŀǳǎŜ ƻŦ ǘƘŜ ǇƻǎǎƛōƭŜ άǘƘǊƻǳƎƘ ƘƻƭŜ ŎƻƴƴŜŎǘƛƻƴέΦ For this reasons a 

non-overlapping winding structure has been chosen for the design of the motor.  
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3.1.2 Coil Design 

To achieve a high torque capability in the motor using little mechanical space, it is important 

to design coil which are effective in respect of their shape. To maximize the torque crated by 

each coil, the length l of wires in radial direction to the rotating axis has to be maximized. 

These wires create the motor torque via the Lorentz force F when a magnetic field B is ap-

plied. The following figure shows a simplified coil structure and the forces due to current and 

magnetic field. 

 

Figure 21 Lorentz forces in a coil 

One approach in the design of coils with high torque is the use of rhomboidal turns (Figure 

22 A) in the coils. This way the length of wire in the magnetic field can be maximized. On the 

other hand the ὙϽὍ losses in the coils are very high, as there is only half of the coil in the 

magnetic field [5, p. 40]. Also this coil structure needs a lot of space on the PCB board, which 

makes it inefficient in respect of space. 

 

Figure 22 Rhomboidal coil, coil with parallel active sections, picture taken from [17, p. 2] 

A second approach is the use of coils with parallel active sections (Figure 22 B). In compari-

son of the maximum achievable torque under a magnetic field, the torque created by the 

Lorentz force is lower. But on the other hand a higher torque constant in relation to the used 

space on the PCB board and to the resistance of the coil can be achieved, which makes this 

shape attractive. 

For the design of the PCB motor the coils with parallel active sections are chosen, as this coil 

arrangement is more efficient in relation of space and copper losses. 
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An important design parameter of the coil is the number of turns which can fit on one coil. 

This parameter is estimated by using the following equation [17, p. 4]: 

ὔ
Ὑ Ὑ  

ςϽύ ὧ
 

 Equation 3-3 

   
The variables Ὑ  and Ὑ represents the outer and inner radius of the coil. N is the total 

amount of turns at one layer. With a track width of 5 mil and a clearance of 6 mil on the PCB 

board, an outer diameter of 75 mm and an inner diameter of 20 mm of the coils, each layer 

of the coil is estimated to have 49 turns. 

To achieve a higher torque more layers of coils have to be used and the coils of the different 

layers have to be connected in series. In order to have the electrical current in the same di-

rection in each coil, the coils of the different layers have to be designed as the following fig-

ure indicates. 

 

Figure 23 Coil structure for different layers, picture taken from [17, p. 2] 

With the first approximation of the coil parameters and the consideration about connecting 

different layers, a more detailed coil version has been created. A Matlab script for the design 

of coils is written which is attached at the appendix. This script is interfaced to the PCB de-

sign software Altium where the needed Gerber files and the rest of the electronics are de-

signed. 

It turned out, that a maximum amount of 35 turns can be placed on one coil and one layer. 

By using a four layer PCB board 140 turns can be achieved on one coil. The torque constant 

of each coil can be calculated using Equation 3-18.  

To achieve the maximum torque constant in relation to the needed space, different varia-

tions of coils with parallel active sections have been calculated. It turned out, that the maxi-

mum torque of the motor can be increased by 17 % using coils with an arc structure at the 

outer radius compared to coils with only straight lines at the outer radius. This is because the 

maximum length of the tracks parallel to the rotating axis can be enlarged using the arc 

structure. This can be seen in Figure 24.  

¢ƘŀǘΩǎ ǿƘȅ Ŏoils with parallel active sections and an arc structure at the outer radius have 

been chosen in the coil design of the motor. 

 

a) b) 
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Figure 24 Coils with straight lines and arc structure 

 

3.2 Rotor design  

After designing the coil structure of the motor a rotor is designed to get a motor with a high 

torque capability and easy manufacturing. Therefore different magnetic materials are com-

pared and tested. The most promising design is chosen. 

3.2.1 Magnetic material  

To achieve a motor with adequate torque, different magnetic materials are compared. The 

main requirements for the design of the rotor are that the magnets can be either bought as 

a standard magnet, or that the permanent magnet material can be magnetized and ma-

chined with adequate effort. Also the magnetic field created by the magnets has to be suffi-

ciently high. Table 5 in the appendix shows different magnetic materials and their main 

properties.  

It can be seen, that NdFeB magnets offer the highest energy product, but on the other hand 

they are hard to machine and remagnetize. This means, that this type of magnetic material 

can only be used if the suitable shape of NdFeB magnets is available of the shelf. Fortunately 

there is a wide range of different shapes of NdFeB magnets, which can be bought from dif-

ferent vendors. 

Ferrite magnets would be a good solution for the use in rotors for axial field machines, as 

they can be remagnetized rather easy, and still offer a high magnetic field. Unfortunately no 

ferrite ring magnet with the right dimensions could be found. 

Arc shaped 
Straight lines 
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NdFeB flexible magnets and NdFeB bonded magnets are also not the best choice for the de-

sign of a prototype of an axial field rotor, as even if they can be machined it is hard to mag-

netize the rotor in the desired pattern. On the other hand, if a larger amount of motors is 

planned to be built, bonded NeFeB magnets could be a good choice, as they can be bought 

machined and magnetized from different vendors. For large amounts of motors this kind of 

magnet offers high energy product as well as customized shapes. 

A flexible ferrite magnet offers the lowest energy product, but they can be machined and 

magnetized very easy for prototyping of different shapes and magnetic patterns. Because of 

this features, this material becomes interesting for the use in prototypes of an axial field 

brushless DC motor. 

It can be seen, that NdFeB magnets and ferrite flexible magnets offers the most advantages 

for a first prototype of an axial field brushless DC motor. Rotor configurations of these two 

rotor systems will be discussed in the next steps. 

3.2.2 Flexible magnet rotor  

For building a flexible magnet rotor a sheet of flexible magnetic material has been ordered. 

With a magnetic material listed in Table 5 and a given thickness the magnetic flux density in 

the PCB board of the motor can be calculated. The magnetic circuit of the motor with a back 

iron behind the rotor can be represented as the schematic shown in Figure 25.  

  

Figure 25 magnetic circuit of a motor with back iron 

The magnetomotive force ɡ created by the permanent magnets can be calculated using the 

following equation. 

ɡ Ὄ Ͻὰ  

 

Equation 3-4 
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The variable Ὄ represents the magnetic flux intensity of the permanent magnet and l the 

length of the magnet. The magnetic resistance Ὑ  of the different elements in the magnetic 

circuit can be expressed as: 

Ὑ
ὰ

‘Ͻ‘Ͻὃ
 

 

Equation 3-5 

Where µ0 is the magnetic permeability on vacuum, µr is the magnetic permeability of the 

material and A the cross section. With the sum of the resistances and the magnetomotive 

force, the magnetic flux ɮ can be calculated. 

ɮ
ɡ

Ὑ
 

 

Equation 3-6 

The flux density " in the PCB board can be determined as: 

"
ɮ

ὃ
 

 

Equation 3-7 

The variable A represents the cross section in the PCB board in the magnetic field. According 

to these calculations a flux density of 0.08 T can be achieved using a flexible magnet disc 

with a length of 3 mm. 

In order to magnetize the rotor in the desired magnetic pattern a magnetization tool using 

NdFeB permanent magnets has been developed which is shown in the figure below. 

 

Figure 26 CAD Magnetizing tool 

Using this tool a pole structure of eight poles can be placed on the sheet of flexible perma-

nent magnets. To magnetize the flexible magnets, the rotor will be clamped in a lathe. On 

the ram of the lathe the magnetizing tool is clamped. To magnetize the rotor the following 

steps have to be performed: 

Return Iron 

Retor back iron 

flexible magnet 

Lathe 

Magnetizing magnet 

Return iron 

Ram 
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¶ Lowering the distance between the flexible magnet and the magnetizing tool, until 

both sides almost touch 

¶ Turning the spindle of the lathe at least 45° by hand (the spindle has to be turned 

clockwise) 

¶ Increasing the distance between the two sides till the magnetic field between the 

two parts is negligible 

¶ Removing the rotor from the lathe 

The magnetization process is shown in the following figures. 

  

Figure 27 magnetizing a flexible magnet rotor 

To calculate the needed magnets in the magnetization tool Equation 3-4 to Equation 3-7 

have been used. According to these calculations a NeFdB magnet with a length of at least 12 

mm has to be used to generate a magnetic field higher than 1.0 T which is desired to achieve 

full remagnetization in the flexible magnet. 

To validate the magnetic patterns on the rotor a magnetic foil has been used, which shows 

the different magnetic field lines. In Figure 28 it can be clearly seen, that the rotor has the 

desired pole distribution of 8 poles. 

    

Figure 28 Self magnetized flexible magnet rotor 
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3.2.3 NeFdB magnet rotor  

The second design approach for a low cost rotor with off the shelf material is done by using 

NeFdB disc magnets which are glued on a ferromagnetic steel disc. NeFdB magnets have 

been chosen for this purpose as they can be bought from many vendors. 

Different disc magnet configurations have been calculated to achieve the maximum amount 

of magnets on a rotor disc with a diameter of 75 mm. It turned out, that a magnet configura-

tion of round magnets with a diameter of моκмсΩΩ gives the highest density of permanent 

magnets, without using too many magnets. The following figure shows the CAD drawing of 

the designed magnet. 

 

Figure 29 CAD drawing of a NeFdB magnet 

Round magnets have the additional advantage, that the magnetic field of a rotation rotor is 

expected to be more sinusoidal, than by the use of rectangular magnets. This is indicated in 

the following figure where the magnetic field for one turn of the windings is estimated. 

 

Figure 30 Expected magnetic field in the coils 

As the magnetic field of this rotor is strong enough to be used as a motor with and without 

back iron, the magnetic flux density for both cases has been calculated. According to Equa-

tion 3-4 to Equation 3-7 the magnetic field in the PCB board is 0.6 T using a back iron and 

NeFdB magnets with a length of 3 mm. 

{ƛƴŜ ōŜƘŀǾƛƻǊ 
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