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Abstract 

With the increase in performance and decrease in price of power electronics devices, the 

production and development of them is on the highest demand nowadays, and thus generic 

and flexible hardware and software tools are mandatory in industry. This master thesis 

presents the development of three main tools. First, a digital framework for electric machines 

control with the simulation in Matlab/Simulink of the FOC of an IPMSM and development 

of the algorithm modularly and from scratch in bare-metal C. Second, a flexible power 

controller board based on an STM32 microcontroller with isolated PWM, variable gain and 

isolated analog ports, GPIOs, motor speed sensor interfacing and communication ports such 

as SPI, RS485, CAN-FD, Ethernet and USB. Lastly, a flexible three-phase inverter is 

designed on one hand in order to fulfil the requirements of a real project and client and on 

the other hand to serve as the drive for different 3-phase machines on the workshop. The 

developed hardware has been proved to work mostly as expected, integrating the controller 

board with different power converters, including the developed one, while also integrating 

the developed software library achieving to validate most of the functions.  

 

Thesis Supervisor: Pablo García Fernández 

Title: Full Professor  



4 

 

  



5 

 

Acknowledgements 

This masters’ thesis, way more than a requirement, is a big precious symbol of three years of 

life changing experiences, a lot of knowledge acquired and very hard work. 

First of all, I want to thank Raquel. She was there during the best and the worst moments of 

this process. She would cheer me up every single day, bring me coffee during those long 

study nights and even listen to all my theories about why the controller wouldn’t work. She 

was the best support I could have ever asked for, and this goal is definitely hers too. For all 

of that, this work is dedicated to her. 

I want to thank my parents, because they have never ever stopped believing in me and 

supporting me in every step I take. Also, I want to thank to all my EECPS colleagues for all 

the mutual support, from which I want to do a special mention to Francisco; his genuineness, 

wisdom and humility taught me a lot and there is no doubt he is god.  

Last but not least, I want to thank my thesis advisors and work colleagues. To all the 

engineers and technicians of E&C which helped me out enormously, to Antonio for all his 

help and advice, and Jorge and Darío for their huge generosity and do not hesitating in giving 

me anything I would need. Also I want to thank my university advisor Pablo García for his 

invaluable advice and to whom I want to express my deepest admiration and gratitude. 



6 

 

  



7 

 

Table of Contents 
 

Abstract ................................................................................................................................... 3 

Acknowledgements ................................................................................................................ 5 

List of Figures ....................................................................................................................... 10 

List of Tables ........................................................................................................................ 13 

Chapter 1 · Introduction .................................................................................................... 15 

1.1. Background ............................................................................................................ 15 

1.2. Objectives .............................................................................................................. 16 

1.3. Thesis Structure ..................................................................................................... 18 

Chapter 2 · State of the Art ................................................................................................ 21 

2.1. Digital Control ....................................................................................................... 21 

2.2. Power controller tools ............................................................................................ 24 

2.3. Power conversions tools ........................................................................................ 25 

Chapter 3 · Field-Oriented Control of a Permanent Magnet Synchronous Machine ........ 28 

3.1. Working principle .................................................................................................. 29 

3.2. Field Oriented Control ........................................................................................... 32 

3.2.1. Continuous domain implementation and simulation .......................................... 37 

3.2.2. Discretization ..................................................................................................... 40 

3.3. Software implementation ....................................................................................... 43 

3.4. Conclusions ............................................................................................................ 49 

Chapter 4 · Control PCB Design ....................................................................................... 50 

4.1. Minimum requirements .......................................................................................... 50 

4.2. Design .................................................................................................................... 58 

4.3. Layout .................................................................................................................... 75 

4.4. Mechanical considerations ..................................................................................... 77 

4.5. Firmware integration .............................................................................................. 78 

4.7. Conclusions ............................................................................................................ 86 

Chapter 5 · Power PCB Design ......................................................................................... 88 

5.1. General features ..................................................................................................... 88 

5.2. Component selection .............................................................................................. 89 

5.3. Design .................................................................................................................... 93 



8 

 

5.4. Layout .................................................................................................................... 99 

5.5. Conclusions .......................................................................................................... 101 

Chapter 6 · Experimental Implementation ...................................................................... 103 

6.1. Control PCB validation ........................................................................................ 103 

6.2. Power PCB validation .......................................................................................... 104 

6.3. Control of three-phase machines ......................................................................... 106 

6.3.1. IM Scalar Control ............................................................................................. 106 

6.3.2. Closed loop current control .............................................................................. 108 

6.3.3. IPMSM Field-Oriented Control ....................................................................... 110 

6.4. Conclusions .......................................................................................................... 111 

Chapter 7 · Conclusions and Future Work ...................................................................... 113 

7.1. Conclusions .......................................................................................................... 113 

7.2. Future work .......................................................................................................... 114 

Appendix A · Large graphical representations ................................................................... 116 

References .......................................................................................................................... 122 

 

 



9 

 

  



10 

 

List of Figures 

Figure 1 · Different strategies of Vector Control ................................................................. 22 

Figure 2 · Sensorless methods and signals measured ........................................................... 23 

Figure 3 · Surface PMSM rotor ............................................................................................ 30 

Figure 4 · Interior PMSM rotor ............................................................................................ 30 

Figure 5 · PMSM Three-phase representation ..................................................................... 31 

Figure 6 · Independent D-Q circuits from PMSM Synch. ref. frame model [4] .................. 32 

Figure 7 · Speed FOC scheme .............................................................................................. 32 

Figure 8 · Current control and plant representation ............................................................. 33 

Figure 9 · Speed control and plant representation ................................................................ 34 

Figure 10 · IPMSM MTPA .................................................................................................. 35 

Figure 11 · SPMSM MTPA ................................................................................................. 35 

Figure 12 · IPMSM maximum capabilities .......................................................................... 35 

Figure 13 · MTPA algorithm [21] ........................................................................................ 36 

Figure 14 · Field weakening strategy [4].............................................................................. 36 

Figure 15 · Switching power system in Matlab/Simulink .................................................... 37 

Figure 16 · Average power system in Matlab/Simulink ...................................................... 38 

Figure 17 · Resulting currents from current FOC ................................................................ 39 

Figure 18 · Resulting currents, torque and speed from speed FOC ..................................... 40 

Figure 19 · Simulation with digital control effects .............................................................. 41 

Figure 20 · MTPA example of Matlab Function implementation ........................................ 42 

Figure 21 · Software project structure .................................................................................. 44 

Figure 22 · Software components from control library ........................................................ 45 

Figure 23 · Finite State Machine for IPMSM control .......................................................... 46 

Figure 24 · IMPSM control signals ...................................................................................... 50 

Figure 25 · Solar PV with energy storage and 3-phase inverter ........................................... 51 

Figure 26 · Back-to-back converter with energy storage ..................................................... 52 

Figure 27 · Main flowchart when selecting a microcontroller ............................................. 53 

Figure 28 · Signals and Systems .......................................................................................... 57 

Figure 29 · MicroSD pins ..................................................................................................... 60 

Figure 30 · STM32H743 based Nucleo board...................................................................... 62 

Figure 31 · Isolated DC/DC converter RFM 0505S ............................................................. 62 

Figure 32 · 3-phase PWM schematic ................................................................................... 63 

Figure 33 · Single-branch PWM schematic ......................................................................... 63 

Figure 34 · Internal structure of MAX9939 ......................................................................... 65 

Figure 35 · Structure of the conditioning circuit, final approach ......................................... 65 

Figure 36 · Multiple feedback filter scheme ........................................................................ 66 

Figure 37 · MAX9939 model in Matlab/Simulink ............................................................... 67 

Figure 38 · Conditioning example input signals .................................................................. 68 

Figure 39 · Conditioning models in Matlab/Simulink ......................................................... 69 



11 

 

Figure 40· Protection and ADC models on Matlab/Simulink .............................................. 69 

Figure 41 · Conditioning example output signals ................................................................ 69 

Figure 42 · Motor interfacing schematic .............................................................................. 70 

Figure 43 · MicroSD signal adaptation schematic ............................................................... 71 

Figure 44 · EtherCAT and Ethernet layer comparison ......................................................... 72 

Figure 45 · EtherCAT implementation on different microcontrollers ................................. 72 

Figure 46 · CAN adapting stage schematic .......................................................................... 73 

Figure 47 · RS485 adapting stage schematic........................................................................ 73 

Figure 48 · GPIO adapting schematic .................................................................................. 74 

Figure 49 · Supply of the control board schematic .............................................................. 74 

Figure 50 · 3.3V LDO schematic ......................................................................................... 75 

Figure 51 · Ground splitting ................................................................................................. 76 

Figure 52 · Control PCB ground layer ................................................................................. 77 

Figure 53 · Control PCB ....................................................................................................... 78 

Figure 54 · System architecture for STM32H743 [38] ........................................................ 79 

Figure 55 · RCR bit representation....................................................................................... 81 

Figure 56 · Timer 8 IRQ routine structure ........................................................................... 84 

Figure 57 · Raw vs extrapolated theta .................................................................................. 85 

Figure 58 · 15kW power converter general scheme ............................................................. 88 

Figure 59 · Selected IGBT Module [39] .............................................................................. 89 

Figure 60 · Main capacitance – Flat pack [41] ..................................................................... 90 

Figure 61 · Main capacitance  - Bulk capacitors [42] .......................................................... 91 

Figure 62 · Anti-surge capacitance ....................................................................................... 91 

Figure 63 · Snubber capacitance [43] ................................................................................... 92 

Figure 64 · LAH50P current sensors [44] ............................................................................ 92 

Figure 65 · Lately chosen current sensors LEM (left) [45] and ALLEGRO (right) [46]..... 92 

Figure 66 · IGBT driver [47] ................................................................................................ 93 

Figure 67 · DC-Link schematic ............................................................................................ 93 

Figure 68 · LAH-50NP schematic ........................................................................................ 94 

Figure 69 · LEM and ALLEGRO current sensing ............................................................... 94 

Figure 70 · NTC resistance with respect to temperature ...................................................... 95 

Figure 71 · NTC circuit ........................................................................................................ 95 

Figure 72 · Vout voltage with respect to temperature .......................................................... 95 

Figure 73 · HCPL-316J internal structure [47] .................................................................... 96 

Figure 74 · Drivers primary side schematic ......................................................................... 97 

Figure 75 · Fault behavior of HCPL-316J [47] .................................................................... 98 

Figure 76 · Driver supply stage ............................................................................................ 98 

Figure 77 · Driver’s secondary side schematic .................................................................... 99 

Figure 78 · Supply circuit of the drivers and sensors stage .................................................. 99 

Figure 79 · Final power PCB .............................................................................................. 100 

Figure 80 · Power stage of board........................................................................................ 103 

Figure 81 · Generated and acquired signal ......................................................................... 104 

Figure 82 · Complementary signals at the output of the drivers ........................................ 105 



12 

 

Figure 83 · Complementary signals at the output of the drivers with the accurate level ... 105 

Figure 84 · Noise on reference signal ................................................................................. 106 

Figure 85 · 1.5kW Squirrel Cage IM .................................................................................. 106 

Figure 86 · 7.5kW Squirrel Cage IM .................................................................................. 106 

Figure 87 · V/f Induction Machine Scalar Control............................................................. 107 

Figure 88 · Control and power set-up for scalar control of IM .......................................... 107 

Figure 89 · Resulting voltage and current from the IM ...................................................... 108 

Figure 90 · MTL-CBI0010N12IXFE converter ................................................................. 108 

Figure 91 · RL (18.2ohm, 9mH) load ................................................................................. 108 

Figure 92 · Control and power set-up for vector control of current ................................... 109 

Figure 93 · Current control with step references ................................................................ 109 

Figure 94 · Current control with sinusoidal reference ........................................................ 110 

Figure 95 · Control and power set-up for the IPMSM FOC .............................................. 111 

Figure 96 · IPMSM and encoder ........................................................................................ 111 

Figure 97 · Schematic of the conditioning circuit, final approach ..................................... 116 

Figure 98 · 3D TOP view of the inverter ........................................................................... 117 

Figure 99 · 3D BOTTOM  view of the inverter ................................................................. 117 

Figure 100 · 3D profile view of the inverter ...................................................................... 117 

Figure 101 · Top case CAD model ..................................................................................... 118 

Figure 102 · Bottom case CAD model ............................................................................... 120 

Figure 103 · Capacitors arrangement and DC- connection ................................................ 120 

Figure 104 · STM32CubeIDE Device Configuration Tool (IOC) ..................................... 121 

Figure 105 · STM32CubeIDE Clock Configuration from IOC ......................................... 121 

 

  



13 

 

List of Tables 

Table 1 · Comparison between real-time control platforms, extracted from [16] ................ 25 

Table 2 · Comparison between power platforms.................................................................. 26 

Table 3 · Electrical machines comparison [19] .................................................................... 29 

Table 4 · Electric machine parameters ................................................................................. 37 

Table 5 · Frequency parameters ........................................................................................... 39 

Table 6 · CPU cycles for sine calculation ............................................................................ 45 

Table 7 · Duration in cycles of FOC loop in different conditions ........................................ 46 

Table 8 · Microcontrollers comparison ................................................................................ 56 

Table 9 · STM32H743 timer features................................................................................... 58 

Table 10 · STM32H743 ADC features ................................................................................ 59 

Table 11 · STM32H743 ADC modules chosen ................................................................... 60 

Table 12 · MicroSD pin description ..................................................................................... 60 

Table 13 · 15kW power converter main features ................................................................. 88 

Table 14 · NTC features ....................................................................................................... 94 

 

  



14 

 

  



15 

 

Chapter 1 · Introduction 

1.1. Background 

Human kind is facing the hardest challenge in history, a deep and irreversible climate crisis. 

It has been scientifically proved that is human caused, and that it is mainly due to GHG [1], 

which are mainly emitted by energy industry, over a 60% [2]. Thus, huge efforts must be 

done and are being done in terms of enhancing the penetration of energy generation from 

renewable sources, where the more relevant ones are solar PV and wind energy.  

It is very important to note that both of the stated technologies are completely incompatible 

with a direct connection to the grid, since PV is a DC source and wind is an AC source with 

highly variable frequency. Same happens with the incompatibility in sustainable 

transportation between batteries (DC) and electric motors (variable AC). In all of the cases, 

it is completely mandatory to have an interface which is able to perform power conversion 

with variable frequency and amplitude, and that is exactly what a power converter is. 

From the second half of the 20th century power converters topologies and devices have been 

developed and deeply studied based on the fact that they can be an interface as important as 

stated, where different power sources or loads were completely inaccessible or dismissed, 

but now can be a reality [3]. 

Based on all the stated and due to the lowered market barrier in developing power electronics 

(PE) applications, more and more companies and research groups develop PE based products 

in fields such as Electric Vehicle (EV) power trains, EV chargers, Solar PV and wind energy 

management, microgrids integration, Energy Storage Systems (ESS) control and integration, 

and of course in industry generic purpose machine controlling.  

In each of the products it is typical to have a custom design in the power stage and, more 

critical yet, in the control stage. Looking for lowering cost and space, the control stage is 

designed for working with specific PWM drivers, with specific voltage and current sensors 

and a specific communication protocol. However, in a development environment it is 

required to have a versatile platform, ready to work with different equipment of different 

manufacturers, opening the possibility of repairing and maintaining existing products as well 

as developing new ideas and proofs of concept without the need of building a new PCB for 

that specific purpose. 

Thus, in Electronica y Comunicaciones Noroeste (E&C) a whole power electronics product 

family is intended to be developed in the present and near future in order to face all the 

challenges that industry presents on a daily basis. Testing three-phase machines, evaluating 

power converters for interfacing with the grid or developing new products are just some of 

the tasks faced every day.  
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Thus, a perfect scenario is presented developing this project in a company such as E&C 

because the internal development gets mixed with an external project, involving a graduate 

student in a real project with a real client, visits to their installations, tests and evaluations 

and a lot of real-life lessons to learn. 

1.2. Objectives 

This Master’s Thesis is developed over two general objectives. On one hand, a flexible power 

platform is needed, and it must be understood and focused as a generic tool. In an industrial 

environment where there is a wide scope of projects, an own power electronics platform fits 

perfectly in order to develop own products while also test existing ones. This platform must 

be generic and flexible both in hardware and software, so that the own controller can adapt 

to control different power converter topologies, the own power stage must be able to run any 

three-phase machine rated up to 15kW and the developed software must be as modular and 

reusable as possible in any power control application. 

On the other hand, there is a professional opportunity in a real project with an external client 

which is completely in line with the scope of this thesis. The odd is to develop a three-phase 

inverter for a specific application where the very final objective is to perform a sensorless 

FOC over an IPMSM. In this sense, the power tool, i.e., the three-phase inverter will be 

developed as a first approach to the client’s power converter, fulfilling the mechanical 

restrictions but without embedding any control; in this case the board must have only power 

and drivers stage. 

In order to achieve the two main objectives, some given specific objectives must be fulfilled, 

and are presented as follows: 

Implement the digital control of an interior permanent magnet synchronous machine, with 

simulations and software development 

 Perform a comprehensive study of the machine, its model on the synchronous 

reference frame and the field-oriented control strategy. 

 Tune adequately the controllers seeking for an adequate reference-following both in 

the internal and external loops. 

 Perform simulations of the control algorithm in Matlab/Simulink on the continuous-

time domain and using the Simscape multi-physics library. 

 Extract from the simulations the absolute minimum signals needed in the control of 

the said machine, in order to the further design of the power controller board. 

 Discretize the system with the most adequate approximations and evaluate the digital-

control effects in Matlab/Simulink. 

 Implement the control algorithm in Matlab Code blocks in order to perform the digital 

control while also having a graphical clarity of the execution order of the functions 

and knowing which constants will all of them need.  

 Implement the control algorithm in bare-metal C 

 Write all the control functions from scratch, creating a modular library which can be 

reused in other projects 
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 Develop a finite-state machine in order to have a higher controllability about what is 

happening when. 

Design, build and validate a generic, flexible and modular controller system 

 Identify and define the minimum requirements for the system. Represent in a diagram 

all the peripherals, signals and systems 

 The control peripherals of the board, i.e., analog sensing and PWM must be isolated 

in order to ensure electrical integrity no matter the reference to which the external 

peripherals are referred. 

 The analog sensing stage must have a variable gain, based on the fact that the nature 

of the voltage and current sensors varies enormously. This gain cannot be modified 

by hardware, either desoldering components nor changing any mechanical switch, it 

should all be controlled by software. 

 The board should be able to communicate by several protocols in order to interact 

easily with any HMI or higher level control device. It should have an industrial 

communication port such as RS485, a PC communication port such as USB, a simple 

protocol such as SPI, and a fast protocol such as CAN-FD. It should also have and a 

storage port such as MicroSD. 

 One of the main scopes of this power platform is the control of three-phase machines, 

so the device should have different position acquisition options, at least incremental 

encoder, hall-sensor and resolver. 

 It should be based on a daughter board with a 32-bit microcontroller with a high-

speed system clock and floating point unit, power control capabilities and peripherals 

for three-phase PWM generation, high-resolution ADCs, all the communication 

protocols introduced before, and the capability of code generation by a tool such as 

Matlab/Simulink. From a developing framework point of view, it is preferred to select 

a device from STMicroelectronics, if it fulfils the technical requirements. 

 Integrate the software and hardware developed by a correct configuration of the 

selected microcontrollers’ firmware, taking the most out of the tools that the 

manufacturer provides in order to save developing time 

Design, build and validate a generic three-phase inverter for three-phase machine control 

purposes 

 This PCB should also be flexible in the sense of being prepared to work as a generic 

three-phase machine drive, with devices adequate for any workshop, and also for 

working in a very specific application, part of a real project with an external client. 

 The power converter should be designed in order to be the closest approach in terms 

of drivers and power stage to the demanded requirements from the real project to the 

external client. It must fulfil specially the mechanical constraints, which are the most 

restrictive. 

 The control interface should match with the developed controller wiring in order to 

enhance the integration 
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 The DC-link should have the capability of connecting different types of capacitors; 

on one hand the expensive intended capacitors for using in the final application, and 

on the other hand the bulk cheap capacitors which can be used in the workshop or for 

any generic application. 

 The current sensors should be high-precision with current output and wide current 

margin. 

Validate experimentally the designed devices while integrating them performing the FOC 

over an IPMSM 

 Test the software in a controlled environment and without power 

 Test and validate the control board from its supply to their control peripherals and 

accuracy 

 Test and validate the power converter ensuring that the GE voltages are adequate both 

in level and dead-time between the two devices of a leg 

 Validate the integration of control and power boards with an open-loop induction-

machine scalar control. 

 Perform a power conversion application with the developed control board and 

different power converters 

 Test the control integration with a single loop over a simple RL load 

 Test the speed FOC over an IPMSM, validating the full software library 

1.3. Thesis Structure 

In order to fulfil the presented objectives and looking forward to cover each of the topics of 

the thesis, the following structure is used: 

Chapter One · Introduction 

The present chapter presents the basis of the project, as already stated, the background, state 

of the art, objectives and structure of the thesis. It describes the motivation behind the thesis 

and divide the general purpose in specific objectives. 

Chapter Two · State of the Art 

This chapter presents the existing technologies and manufacturers regarding control, power 

and both control and power platforms for three-phase machines control. It is very important 

to have clear what is the availability in the market in order to decide if it is or is not a good 

idea to acquire commercial products instead of developing own. A review of the current 

technologies is performed in order to extract the best out of them 

Chapter Three · Field-Oriented Control of an Interior Permanent Magnet Synchronous 

Machine 

In order to study a real application where the control and power platform will very likely be 

used resents the study and simulation of the FOC algorithm over an IPMSM. First of all, the 

PMSM is studied comprehensively as well as the vector control aligned with the 
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electromagnetic field. This control algorithm mainly based on [4] is simulated in 

Matlab/Simulink alongside of the power circuit based on Simscape library. Different set of 

simulations are performed, such as continuous-time domain, discrete-time domain and 

Matlab Code based. From the validated algorithm, a bare-metal C library is developed for 

control functions and finite state machine handling. It is implemented with the developing 

environment STM32CubeIDE, which presents several advantages explained also. 

Chapter Four · Control PCB Design 

This chapter presents the design of the control board. The very first step is to define the 

minimum requirements based on the objectives and the power electronics applications 

expected to be controlled. The microcontroller is the first component selection, since it will 

set the main features of the system. The main peripherals are defined. The design of each of 

the stages is performed and the component selection is briefly explained. Special attention is 

paid with the analog stage since it enhances enormously the flexibility of the system, a 

simulation of the conditioning stage is performed, including models of some ICs. The layout 

is briefly explained, paying special attention to the mixed-signal nature of the PCB. 

Chapter Five · Power PCB Design 

This chapter presents the design of the power board. It is a technological chapter with a very 

important focus on satisfying the client constraints and having a first approach to the final 

design in the project. The mechanical constraints are described, which will be the most 

restrictive parameter in terms of design. The selection of the components is performed and 

explained with special attention on the driver stage. 

Chapter Six · Experimental Implementation 

This chapter presents the independent validation of each of the hardware developments by 

specific tests. A scalar control algorithm is performed over an induction machine integrating 

both of the hardware elements, and a vector FOC is performed over an IPMSM with a 

different power converter in order to test the control modularity and connectivity with 

different converters while also testing the software developed. 

Chapter Seven · Conclusions and Outlook 

Finally, the conclusions of this work are presented, as well as the future work in the different 

lines, hardware, software and power electronics platform. 
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Chapter 2 · State of the Art 

The work performed in this Master Thesis (MTh) is an application of the acquired knowledge 

in power converters and control. In this case does not imply an innovation or the proof of a 

new concept/technique, is quite the opposite: this MTh performs the design of generic tools 

for power conversion applications and the application of conventional control techniques for 

electric machines. With that being said, this chapter presents different digital control 

techniques, as well as tools with a similar scope developed in other laboratories or companies. 

2.1. Digital Control 

Years ago, the control system would be applied over analog devices, since a PI controller as 

well as gains or signal conditioning can actually be implemented with an arrangement of 

resistors, capacitors and operational amplifiers. However, that kind of implementation 

presents a lot of disadvantages, being the most remarkable one, the lack of configuration. It 

is, once the circuit would be mounted, modifying the gains or so would imply desoldering 

and soldering components, being a tremendously inefficient way of work.  

In 1983, Texas Instruments introduced the first DSP (Digital Signal Processor), following to 

a fully digital controller at the end of the 1990s [5], it was the true game changer in power 

electronics applications, since digital control included an extremely high configurability and 

allowed much more complex operations, being able to perform control algorithms with a 

high number of loops, trigonometric operations or even predictive control based on stored 

data and a trained machine. 

Nowadays digital control applications are performed over a wide variety of devices, such as 

microcontrollers, FPGAs, PLCs, even though they are more suitable for electro-mechanical 

tasks, and industrial computers, even though its hardware may be very expensive for power 

converters applications [5]. DSPs are dominant in two-level single carrier converters, where 

code is executed sequentially using the CPU in which it is based [6], multi-carrier 

applications may demand FPGA, which presents better features for parallel processing 

besides its high speed, low cost and multiple inputs/outputs [7]. In some applications even 

DSP and FPGAs are used together in order to enhance the capabilities of both, increasing 

speed and efficiency [8]. 

All these devices have been used in order to develop control algorithms for electric machines, 

and have been done in several different ways. As stated on [9], different models of the 

machines have been explored in order to achieve different approaches to the machine control. 

The original and more usual control is based on a model which is in the synchronous 

reference frame, aligned with the rotor flux. That is a good practice because, on one hand, 

decouples the control of field and torque of the machine and, on the other hand, creates the 

possibility of controlling two DC currents, able to be controlled by PI regulators. Besides this 

focus which has become the classical one, there are models with the air-gap flux reference 
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frame and also the stator flux reference frame. There are also hybrid approaches which are 

based in the nature of the indirect-field oriented control where, having a reference frame 

different than the rotor flux, enables the direct-field oriented regulators to remove the steady 

state detuning caused by parameter changes in the machine. This hybrid model is called 

Universal-Field Oriented (UFO) controller, and it was developed by W. Novotny et al. 

Even though different approaches are done towards the reference frame, they all share the 

nature of decomposing the three-phase signals into vectors, becoming the so-called vector 

control. Different approaches exist in vector control, as presented in Figure 1, extracted from 

[10]. Here it can be more clearly how field-oriented control has two different approaches 

which depend on the generation of the angle Theta. In an induction machine, when the control 

is direct, the angle is obtained by the voltages and currents, when is indirect is obtained by 

the measurement of the rotor angle, which will give the rotor speed but not the flux speed. 

 

Figure 1 · Different strategies of Vector Control 

In the case of induction machines a very key aspect is the parameter estimation, but it is also 

an important aspect in sensorless control of any type of machine. As stated on [11], parameter 

estimation is a very relevant research topic, and different methods are applied. It is true that 

some parameters can be measured with a blocked-rotor set of experiments, but note that most 

parameters vary during operation, for which different methods have been developed looking 

for a parameter adaptation and online estimation with strategies like MRAC, negative current 

injection, CSI based vector control, and a long etcetera.  

In terms of PWM modulation, the main strategies are sinusoidal PWM (SPWM), third-

harmonic injection (THI) and Space Vector Modulation (SVPWM) [4]. SVPWM is the most 

used technique for several reasons. It has a better DC-bus profiting and easier implementation 

as well as an independence of time varying terms.  

In terms of controllers, the most extended one is the PID, even only PI. They are simple in 

implementation and provide zero steady-state error in the synchronous reference frame, 

achieving a good dynamic behavior. However, they are tuned based on the resistance and 

inductance of the machine, and those are terms which vary remarkably with time and 
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temperature. That is why other types of controllers have been developed over time and shown 

a much higher dynamic response. Controllers such as 𝐻2 or 𝐻∞ present an outstanding 

disturbance rejection, but they demand a very high computational effort. Other techniques 

such as Artificial Intelligence or Fuzzy Logic Controllers are expanding in motor drive 

applications due to their online recalculation and fine tuning of the controllers. Other type of 

controller is the Sliding Mode Controller (SMC) which is mostly used in speed control AC 

drives is an adaptive controller designed for variable control structures, being able to work 

both with linear and non-linear systems.  

SMC has been used for MTPA calculation of an IPMSM in [12]. Based in a two-loop 

adaptive fractional order approach, the strategy performs the speed control over the machine 

and performs calculations over the measurements in order to mitigate the uncertainties of the 

electrical parameters in the IPMSM, but not the mechanical parameters. Other self-learning 

methods have been proposed in the literature in order to perform this kind of control. Neural 

network based PI controllers for MTPA and FW have been proposed in [13] as other type of 

intelligent control topologies have been proposed. 

 

Figure 2 · Sensorless methods and signals measured 

A relevant matter on machine control is the reduction in sensors, since it reduces both costs 

and possibility of failure. The most applied sensor reduction is the speed and position sensor 

with the so-called sensorless algorithms. There are two main methods for rotor position 

estimation in permanent magnet synchronous machines, which are signal injection based 

methods and model based methods. The first group of methods are preferred in zero and low 
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speed, and basically overlaps a high frequency component over the fundamental frequency, 

evaluating the magnitude of the high frequency stator currents the saliency can be detected 

and thus the position also. As a drawback, undesired torque can be found and affect the 

machine operation at high speeds. The second group of methods are mainly used in medium 

and high speed applications. Here, the PMSM dynamic model is included in the software and 

an open loop calculation or closed loop calculation can be performed in order to estimate its 

position. Depending on the signals measured, one method or another could be used. Figure 2 

extracted from [4] presents all the possibilities in this sense. 

2.2. Power controller tools 

As introduced in the previous chapter, in an industrial and development environment, generic 

and versatile tools are needed in order to repair and maintain existing equipment, as well as 

develop new products, evaluate new control strategies, and a long etcetera.  

As reviewed by the University of Nottingham in [14], companies such as dSpace, 

CompactRIO or National Instruments provide very robust and configurable hardware tools, 

along with software packages for performing simulations in Matlab/Simulink, or controlling 

the hardware by instrumentation packages such as LabVIEW in the case of National 

Instruments. There are tools which go a step further and integrate the control algorithm with 

the control hardware and also the power hardware, with Hardware-In-the-Loop (HIL). 

Companies such as TyphonHIL, OpalRT or PLEXIM are big players on that matter. 

his kind of power boards can also be found based on a technology which is gaining popularity 

lately: FPGAs. The advantages of these devices are the higher integration and parallelism, 

which leads at the very end in higher switching frequencies and thus lower sampling times, 

achieving a better real-time control [6]. Companies such as National Instruments develop 

devices called System-On-Module (SOM), which provide an embedded real-time processor 

and reconfigurable FPGA, as well as several peripherals such as USB, MicroSD and Ethernet 

[15]. 

The biggest disadvantage of all the commercial existing products is their price. It is true that 

the development time that those tools can save is huge, especially in those cases where 

hardware is integrated with software by HIL, PIL or Matlab/Simulink toolboxes, but it is also 

true that the cost is tens of thousands of euros, that is why several companies and research 

groups develop their own tools. In [16] a comparison is performed between different 

manufacturers and their off-the-shell real-time control platforms. Their conclusions are 

presented on Table 1. 

One of the best examples of custom control boards is uCube control platform by the 

University of Nottingham [14]. It is based on an AVNET Microzed FPGA board, with 

different expansions boards providing 24 PWM channels based on optic fibre, 16 ADCs and 

motor interface with sin-cos resolver and incremental encoder peripherals. They also 

developed a Matlab based PC application in order to control and debug the platform. 
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Manufacturer Model/Brand Hardware 
Approximate 

price [USD] 
Software 

Opal-RT OP4510 

CPU Intel Xeon 4 

cores, FPGA 

Kintex-7 

25000 

Own licensed 

software 

Plexim RT-BOX 

Xilinx Zynq Z-7030 

(CPU 2 cores + 

FPGA) 

10000 

dSpace MicroLabBox 

PowerPC DualCore 

2GHz Kintex-7 

FPGA 

15000 

Imperix BoomBox 

SOC Zynq 

XC7Z030-

3FBG676E FPGA 

ProASIC3 

13000 

Typhoon Typhoon 
SOC Zynq 

XC7Z030 
17200 

Table 1 · Comparison between real-time control platforms, extracted from [16] 

Another example is found in the very same [16], where a control platform is developed based 

on Texas Instruments TMS320F28379D. It counts with 14 PWM channels with optic fiber 

transmitters, 16 ADC channels, and communication protocols such as USB, CAN, I2C and 

SPI. The total cost of the materials in the platform was 398€. 

Another very interesting example is a low-cost interface board developed in the DTU 

(Technical University of Denmark) back in 2013. The logic of this board was to provide 

different options regarding the microcontroller, leaving available different socket ports in 

order to connect a Texas Instruments’ ControlSTICK, Microchip’s dsPIC and 

Arduino/ChipKit Uno32. Besides the controller sockets, the board counts with PWM outputs 

at 5 or 15V, analog input interface with conditioning circuitry and 12 GPIOs. 

In all the developed boards the conclusions are very similar. In one hand, developing own 

control platforms are with huge difference economical with respect to the commercial 

options, but on the other hand there is a development time which also counts, and continuous 

debugging and prototyping is necessary until a robust product is obtained. In all cases the 

platforms are tested over a power conversion application, and results in an outstanding result 

for the research group. 

2.3. Power conversions tools 

In terms of power, there is a wide variety of commercial inverters, but in most of the cases 

they have a closed control, and they act as a 50/60Hz 230V source. There is a need of a power 

converter which has sensor, driver and power stage but which is accessible externally with 

PWM in order to test both control algorithms and also electric machines in different custom 

conditions. Table 2 presents two commercial converters which fulfil the presented profile. 

They have a power stage electromagnetically compatible, based on IGBT and with the drivers 

embedded. They also have voltage and current sensors, without conditioning stage. 
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Manufacturer Model Topology 
Rated 

voltage 

Rated 

current 
Price 

GUASCH MTL-CBI0010N12IXFE 

Three-

phase 

inverter 

400 9 1351.00 

Imperix PEH4010 

Full-

bridge 

inverter 

400 10 905 

Table 2 · Comparison between power platforms 

Note that this are raw power converters based on real IGBTs, capacitors and power 

components. This implies that a wrong modulation or energy management can break any of 

the devices permanently. This should be in consideration when an investment wants to be 

done, since acquiring a HIL system, even though will be much more expensive, usually will 

be much more modular, adaptive to different power topologies and definitely more robust.  
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Chapter 3 · Field-Oriented Control of a Permanent 

Magnet Synchronous Machine 

In the industrial environment where E&C develops its activities, working with electric 

machines is the daily basis. They are repaired, tested, coupled and used to test power stages. 

Besides that, the project with the external client implies the control over an interior permanent 

magnet machine, developing both hardware and software stages. This chapter presents the 

develop of field-oriented control over an IPMSM, including a comprehensive analysis of the 

machine model, a simulation of the power stage and control algorithm and software 

implementation. Note that, on one hand, this software is written from scratch and in a 

completely modular way in order to be able to reuse functions in future power electronics 

developments, and on the other hand, this will set some minimum requirements for the 

control and power design stages. 

Around the world electric machines are used a for a huge variety of applications, in fact, 

more than 50% of the electrical energy generated in Europe is consumed by industrial electric 

motors [17]. There is no discussion about the most used machine, which is the squirrel cage 

induction machine (IM), acquainting for around 90% of the electric machines existing 

worldwide [18], but it is also true that the top performance machines are rare-earth permanent 

magnet based synchronous machines (PMSM). Let us discuss in detail based on Table 3 

where the main topologies of electric machines are presented. IM and PMSM were 

introduced before, as DC stands for the direct-current motor and SynRM for the synchronous-

reluctance machine. 

DC machines are the simplest, with a tremendously high controllability which depends on 

the amplitude of a DC-voltage, but it presents, by far, the worst performance. In order to 

achieve the rotation, bulky components are used reducing dramatically its power density, 

while also brushes are needed, including a mechanical contact which will create losses, 

sparks and the need for maintenance, increasing cost and reducing reliability. It is a mature 

technology but for industrial applications is not used at all. 

Squirrel-cage induction-motors are, as introduced before, the standard and the workhorse of 

the industry. It can be seen at a glance that as an average it has good features, where the most 

relevant aspects are reliability and cost: perfect for industry, where harsh environments are 

the norm, and the priority is to have robust machines with the lowest possible cost. Due to 

the joule losses caused by the currents circulating in the stator and the rotor, its efficiency is 

around 0.85 and of 0.9, depending on the power rating [18]. IM has a mature technology 

framework and thus it has a huge market for machines and controllers. Note that the 

controllability of the machine is considered neutral; since IM is so expanded and stablished 

in the industry, controlling it is a well-known issue for engineers of the last century, however, 

the vast majority of the controllers are based on simple scalar control topologies, whilst the 

most complex and accurate control method, the vector control, implies very accurate 
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measurements, temperature-dependent parameter estimations and a more developed control 

algorithm. 

 DC IM SynRM PMSM 

Power density Very bad Neutral Neutral Very good 

Efficiency Bad Good Good Very good 

Costs Good Very good Good Bad 

Reliability Bad Very good Good Neutral 

Maturity Good Good Neutral Neutral 

Controllability Very good Neutral Bad Good 
Table 3 · Electrical machines comparison [19] 

The SynRM is a type of synchronous motor which uses as a working principle the creation 

of paths for the electromagnetic flux through the rotor, creating every mechanical pole a high-

reluctance and a low-reluctance path. Thus, it doesn’t need any rotor excitation, but the rotor 

by itself does not create any flux, so the power density is neutral. Since is a piece of iron, it 

can be considerably cheap, while having a good reliability if it has a laminar construction. It 

is a young technology, and its controllability is quite hard since is relatively easy to lose 

synchronism.  

When talking of permanent-magnet-based machines, it can be seen at a glance that its 

performance is the best among its counterparts; since the rotor can create an electromagnetic 

flux by itself, a smaller machine can generate higher power, while having an outstanding 

efficiency due to the absence of joule losses in the rotor. Even though it presents the need of 

field-oriented control for achieving a good performance, the field is completely aligned 

mechanically with the rotor by definition, so acquiring the rotor position will determine the 

exact field position as well, avoiding the need of real-time parameter estimation, as it happens 

with induction motors. A lot of care must be taken with PMSMs, since extreme conditions 

in current or temperature may permanently demagnetize the rotor, leaving it useless. Also, 

surface-PMSM present a mechanical risk of detaching the magnets from the rotor at very 

high rotational speeds. Last and definitely not least, it has to be remarked that the cost of this 

type of machines is a huge disadvantage. Rare-earth magnets are obtained from very few 

mines in the world, and there is an absolute monopoly from China, who varies the price at 

its geopolitical will. 

Applying the control of this type of machine has a double motivation in this work. In one 

hand, at company level this development will be a fundamental part of the power electronics 

platform under development, so a full set of simulations, calculations and software libraries 

are planned to be developed for different applications; the first one is this PMSM control. On 

the other hand, this works perfectly as a demonstration for the previously described hardware, 

developed with the very same scope of a control and power platform for power electronics 

applications.  

3.1. Working principle 

This application has a real-time control algorithm running over a 32-bits microcontroller 

written in bare-metal C. Prior to the bare metal algorithm implementation, a validation of the 
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control loops and system dynamics must be performed by simulation in Matlab/Simulink, 

but even before performing a control loop, a clear understanding of the plant must be held, 

for which a brief description of the electric machine working principle is presented on this 

section. 

3.1.1. Machine construction 

In any electric machine there are two main parts, the stator and the rotor. Both of them must 

have an electromagnetic field, whose interaction will lead to rotation and energy flow. In the 

case of the stator, is based on a configuration of three-phase coils winded over an iron core. 

This configuration is physically distributed at 120º from each other and can be wired 

concentrated or distributed where, from an operative point of view is the same, but the BEMF 

shape and the ripple will definitely be different. Usually distributed winding is preferred. It 

is to note that this kind of stator has the objective of creating a rotating electromagnetic field 

which will interact with the rotor on a given way. Thus, the very same stator can work either 

with PMSM, SynRM or IM topologies. 

The rotor, on the other hand, will set the difference between the topologies based on the 

electromagnetic field nature. The case of PM based machines is relatively simple to 

understand since it is literally a magnet creating a constant field. A relevant aspect is how the 

magnets are mechanically coupled to the rotor, and there are mainly two ways: attached on 

the surface (Surface Permanent Magnet Synchronous Machines, SPMSM) as presented in 

Figure 3, or embedded in the interior of the core (Interior Permanent Magnet Synchronous 

Machine, IPMSM) as presented i 

n Figure 4. 

 
Figure 3 · Surface PMSM rotor 

 
Figure 4 · Interior PMSM rotor 

3.1.2. Machine model  

Based on the stated, a simplified representation of a PMSM can be such as Figure 5, where 

the stator is represented as three sets of windings with resistive and inductive component, 

phase-shifted 120º, as the rotor can be represented as a magnet with a given speed and which 

position is usually relative to phase A. From the stated representation, a three-phase electrical 

model can be obtained, where the voltage at the windings will be determined by the currents 

on the stator and the BEMF by the rotor, as presented on (1), extracted from [20]. 

This is a completely valid model and an accurate mathematical representation of a PMSM. 

However, looking forward to apply a control algorithm over it, this model presents some 
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problems such as the last term which is time-dependant, and that is based on three sets of 

variables, when actually they are completely linearly dependant and thus cannot be treated 

as three independent state variables. A vector representation of the system is more suitable 

for control applications, where two currents can be controlled independently.  

 

 

Figure 5 · PMSM Three-phase representation 
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𝑣𝑎𝑠

𝑣𝑏𝑠

𝑣𝑐𝑠

] = 𝑅 · [
𝑖𝑎𝑠

𝑖𝑏𝑠

𝑖𝑐𝑠

] + [

𝐿𝑠 0 0
0 𝐿𝑠 0
0 0 𝐿𝑠

] ·
𝑑

𝑑𝑡
[
𝑖𝑎𝑠

𝑖𝑏𝑠

𝑖𝑐𝑠

] − 𝜔𝑚𝜆𝑝𝑚

[
 
 
 
 

sin(𝜃𝑚)

sin (𝜃𝑚 −
2𝜋

3
)

sin (𝜃𝑚 +
2𝜋

3
)]
 
 
 
 

 (1) 

A first approach of the vectorization of the system is to represent it in the stationary reference 

frame or the αβ complex vector. It means that the vectors are still rotating since the reference 

will be completely static. This kind of model would in principle be enough for applying a 

control algorithm, and controllers such as Proportional-Resonant would ensure zero steady-

state error and good dynamic performance. However, that kind of control is preferred when 

the frequency at which the vector rotates is almost constant, since the controllers are 

optimized for that frequency. In the case of machine control, the frequency is highly variable, 

and thus another step should be taken: obtaining a synchronous reference frame model. This 

means that the vector rotates at the exact same frequency than the reference, so the two 

independent variables will actually be seen as continuous signals, and will be able to control 

with Proportional-Integer controllers, whose base frequency is 0Hz. 

In a permanent magnet based machine, modelling the system in synchronism with the rotor 

frequency can have an extra advantage, which will be to decouple the control of the flux and 

the torque. The basis of this idea is that the rotor has a constant electromagnetic field pointing 

to a giving direction. Note that, if the base axis of the new reference frame is aligned with 

the direct or quadrature vector of that field, the term regarding the flux by the magnet will be 

only in one of the sub-circuits, so can be controlled independently. It can be graphically much 

clearer based in Figure 6 extracted from [4], where the back-EMF is represented only in the 
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Q-axis. The mathematical representation, extracted from the same source, is presented on (2) 

and (3). 

  
Figure 6 · Independent D-Q circuits from PMSM Synch. ref. frame model [4] 

 𝑣𝑑𝑠 = 𝑅𝑠𝑖𝑑𝑠 + 𝐿𝑑𝑠 

𝑑𝑖𝑑𝑠

𝑑𝑡
− 𝜔𝑚𝑖𝑞𝑠𝐿𝑞𝑠 (2) 

 𝑣𝑞𝑠 = 𝑅𝑠𝑖𝑞𝑠 + 𝐿𝑑𝑠 

𝑑𝑖𝑞𝑠

𝑑𝑡
+ 𝜔𝑚𝜆𝑝𝑚 + 𝜔𝑚𝑖𝑑𝑠𝐿𝑑𝑠 (3) 

 

When a control algorithm is going to be applied where the model extracted is aligned with 

the electromagnetic field of the rotor, the strategy is called field-oriented control (FOC). 

3.2. Field Oriented Control 

The field oriented control (FOC) algorithm applied in this work presents a classical cascaded-

control scheme with two control loops. The internal control loop controls the DQ currents 

through the stator based on the fact that they are the state variables since the motor behaves 

as a very inductive load. The outer loop and the final objective is the speed control of the 

machine. The control scheme is presented in Figure 7, where the inner and outer loops are 

clearly distinguished graphically with green and orange, respectively. 

 

Figure 7 · Speed FOC scheme 
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Let us explain the scheme from a general point of view, reaching progressively the details. 

The main aspects of the control are the current and speed control loops.  

In order to design a proper control of the stator current, the motor can be dynamically 

simplified as an RL circuit, where a given voltage is applied to the stator and thus a given 

current is obtained. In order to control the current, a PI controller is used in order to achieve 

zero steady-state error. The representation of the Laplace expression of the RL circuit as well 

as the PI in its parallel form is in Figure 8.  

 

Figure 8 · Current control and plant representation 

The expected behavior of the controller is to follow accurately the current references, for 

which a zero-pole cancellation is the best PI-tuning method [4]. Developing the mentioned 

method derives in (4) and (5) 

 𝐾𝑖 = 𝑅/𝐿 (4) 

 𝐾𝑃 = 2𝜋 ·   𝑖 · 𝐿 (5) 

 

Note that, by now, it has not been any distinction between S-PMSM and I-PMSM, and it is 

because the procedure is exactly the same in both cases, up to now. Note that two currents 

will be controlled, 𝑖  and  𝑖 , for which each of them will have its own PI controller. In the 

case of the Interior PMSM, the machine has saliency due to the mechanical integration of the 

magnets into the rotor, so inductances 𝐿 ≠ 𝐿 , and so will be the gains of the controllers. 

On the other hand, in the case of the Surface-PMSM, the electromagnetic circuit is 

symmetric, and thus 𝐿 = 𝐿 , so the controller gains will be the same for both currents. 

If the current controllers are fast enough, the outer loop can be tuned assuming that the inner 

loop has a gain of one and the commanded current will be almost equal to the real current. 

The speed of the controller can be determined for this purpose with the bandwidth, and the 

requirement on order to perform an accurate cascaded control is to have an inner bandwidth 

at least x4 times the outer bandwidth. 

The speed control is achieved with the exact same philosophy. Figure 9 represents the 

mechanical model of the rotor in Laplace domain where J and B stand for the rotor inertia 

and friction, respectively, and the PI controller is presented in its parallel form. With a given 

torque command, the rotor will experience a mechanical speed which will be compared with 

the speed reference, and the error will be the input of the regulator. The tuning of the PI 

controller is performed with zero-pole cancellation strategy in order to follow accurately the 

reference, as presented on (6) and (7). 
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Figure 9 · Speed control and plant representation 

 𝐾𝑖 =  /  (6) 

 𝐾𝑃 = 2𝜋 ·   𝜔 ·   (7) 

 

Once the torque command is obtained, it must derive the current commands somehow. The 

strategy followed will seek for a maximum profit of the total stator current in order to 

diminish losses as much as possible. This strategy is the so-called Maximum Torque Per 

Ampere (MTPA). This strategy will be different in the salient and the non-salient permanent 

magnet machines. In order to understand the difference, let us analyze the torque equation 

for a PM machine, presented on (8) 

   𝑚 =
3

2
 𝑝(𝜆𝑝𝑚𝑖 + (𝐿 − 𝐿 )𝑖 𝑖 ) (8) 

Two different terms can be clearly distinguished. On one hand 𝜆𝑝𝑚𝑖  stands for the 

electromagnetic torque created by the magnet, this torque will be present on both interior and 

surface topologies. On the other hand (𝐿 − 𝐿 )𝑖 𝑖  stands for the torque created by the 

saliency and will be completely dependent on the difference between D and Q axes 

inductances, and will be only present in the interior PM machines, since surface topologies 

presents equal D and Q axes inductances. Thus, the path that the currents must follow in 

order to achieve the maximum torque per ampere will be different in both cases, as presented 

in Figure 10 and Figure 11, extracted from the outstanding [4]. 
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Figure 10 · IPMSM MTPA  

Figure 11 · SPMSM MTPA 

 

In the presented figures, the green lines represent constant torque contours, red lines constant 

voltage contours, the blue line is the current limit which is a perfect circle since the stator 

current is the square root of the sum of both currents squared. The purple line represents the 

MTPA path. 

Note that there is a given moment in the torque path that the machine reaches its current limit, 

which is the so-called base speed. From this point on, if the speed wants to be increased, the 

back-EMF must be somehow decreased, and it can be done by injecting D-axis current and 

thus decreasing the electromagnetic torque. That process is called Field Weakening. 

Following the maximum available current, another point will be reached which is the critical 

speed. Theoretically, if  
𝜆𝑃𝑀

𝐿𝐷
< 𝑖𝐿𝐼𝑀𝐼𝑇 as in Figure 10, the machine will be able to increase its 

speed until infinity following the presented path where the current is decreased following a 

constant 𝑣 /𝑣  ratio. On the other hand, if 
𝜆𝑃𝑀

𝐿𝐷
> 𝑖𝐿𝐼𝑀𝐼𝑇, the machine cannot reach infinite 

speed even theoretically. Another representation of the description given is presented in 

Figure 12. 

 

Figure 12 · IPMSM maximum capabilities 
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In this work, the IPMSM MTPA will be implemented since it can comprise both PMSM 

topologies, where the reduction of the inductance difference will only decrease the MTPA 

angle, taking the path progressively closer to the Q axis. 

The MTPA algorithm in an IPMSM is not a straight-forward algorithm. As seen in Figure 

10, while the torque increases, the relation between 𝑖  and 𝑖  is not constant. I.e., the angle 

∅ between the MPTA trajectory and the Q-axis varies. Thus, a strategy must be followed in 

order to obtain the accurate set of currents, adapted to the exact need of the machine at that 

point. In order to do so, an online MTPA trajectory calculation is performed, based on [21] 

and presented in Figure 13 based on the electromagnetic parameters of the machine.  

 

Figure 13 · MTPA algorithm [21] 

It is based on the normalization of torque and current obtaining a given base torque and base 

current from which the exact commands will be calculated. The estimated torque   𝑠  is 

calculated by the function  (𝑖) as in (9). The base torque is calculated with (10) and the base 

current with (11). Function  (𝑖 ) only extracts 𝑖  from 𝑖  and the stator current  𝑆, as 

presented in (12). 

   𝑠 =
3

2
 𝑝(𝐿 − 𝐿 )𝑖 𝑖  (9) 

   = 
3

2
 𝑝𝑖 (𝜆𝑃𝑀 + (𝐿 − 𝐿 )𝑖 ) (10) 

 
𝑖 =

𝜆𝑃𝑀

2 (𝐿 − 𝐿 )
 

(11) 

 
𝑖  =  − √ + 𝑖 

2  
(12) 

The field weakening strategy used is presented on  Figure 14 and extracted from [4]. 

 

Figure 14 · Field weakening strategy [4] 
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3.2.1. Continuous domain implementation and simulation 

In order to validate the presented theory, a simulation of the control algorithm with the power 

circuit is performed in Matlab/Simulink with the powerful toolbox Simscape from the 

Mathworks. In order to evaluate a real system, the parameters of the motor from [22] are 

used, and are presented on Table 4. 

The power system model is presented in Figure 15, where multiphysics components 

including switching elements are used in order to emulate real world magnitudes. On one 

hand, the electrical system is based on a DC voltage source coupled to a three-phase inverter. 

Deeper work could be done modelling a chemical features of a real battery from Li-on or 

lead acid. 

The three phases are connected to the interior permanent magnet synchronous machine, 

which acts as the interface between the electrical domain and the mechanical domain, just as 

in real world is. The mechanical domain in Simscape can be widely used including gears, 

engines, brakes and even vehicle bodies, achieving the possibility of evaluate complete 

driving cycles and testing out a full cruise control. In this case, an inertia is used in order to 

model a load. 

Stator resistance [Ω] 0.014 

D-axis inductance [mH] 0.19 

Q-axis inductance [mH] 0.60 

Moment of inertia [kg·m2] 0.01 

Friction coefficient [N·m·s] 0.001 

Magnet flux [Wb] 0.1 
 

Rated power [kW] 80 

Rated torque [Nm] 280 

Rated speed [rpm] 10390 

DC-link voltage [V] 250 

Pole pairs 8 

Maximum current [A] 242 
 

Table 4 · Electric machine parameters 

 

Figure 15 · Switching power system in Matlab/Simulink 
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When evaluating a switching converter and developing a control algorithm, several 

simulations must be performed. In order to achieve a realistic behavior on the simulation, the 

sampling rate of the simulation must be at least 20 times the switching frequency, or even 

higher. When evaluating long times, a simulation of a switching model can be extremely time 

consuming and in some cases it can overflow the RAM storing so much data. Thus, an 

alternative is performing simulations with average models. A solution to this problem is using 

average models of the power converters, since they eliminate the switching elements and 

work upon the average value of every parameter on a switching period. Thus, the sampling 

time on these models can be the very same switching period, twenty times less than a 

switching model. The average model of a converter can be obtained by evaluating the 

voltages and currents on both conduction time ton and toff. In the case of the three-phase 

converter the resulting average model is presented on its model on Simulink in Figure 16 

In this set of simulations and experiments, the switching frequency used will be 10kHz. It 

shouldn’t be much lower than that since the best performance of this FOC algorithm is 

obtained with the highest real-time control, also shouldn’t be much higher since the solid-

state scope is silicon IGBTs so on one hand, is not necessary nor possible to switch much 

higher and on the other hand EMI issues would be faced.  

 

Figure 16 · Average power system in Matlab/Simulink 

In order to fine tune the controllers, a given bandwidth must be set. The rule of thumb is to 

assign the current loop bandwidth as the 5% of the switching frequency, or less. In the case 

of the speed loop, in order to achieve a proper cascaded control and ensure that the outer loop 

does see the inner loop as a gain of 1, the minimum bandwidth must be a fourth of the current 

bandwidth. Table 5  sums up the stated parameters regarding frequency, which will be 

determinant in the behavior of the control system. 

Switching frequency [Hz] 10000 

Current loop bandwidth [Hz] 500 

Speed loop bandwidth [Hz] 100 
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Table 5 · Frequency parameters 

In order to validate the model and algorithm, a two-step evaluation is performed. In the first 

place the current loop is evaluated by giving D and Q current commands and evaluating its 

dynamic response with the speed in open loop. In the second place the outer loop will be 

closed and speed commands will be given, evaluating the dynamic response of the whole 

system.  

Figure 17 presents the results of the current loop evaluation. Where on second 0.2  𝑖 
 = − 5 

and 𝑖 
 = 60, on second 0.4  𝑖 

 = − 5 and 𝑖 
 = −60. Finally on second 0.7  𝑖 

 = − 5 and 

𝑖 
 = −60. It can be seen how the reference is adequately followed with negligible overshoot 

and with a good dynamic behavior.  

Figure 18 presents the results of the speed loop evaluation. The idea is to evaluate positive 

and negative speeds, thus on second 0.1 𝜔 = 250𝑟 𝑑/ , on second 0.35 𝜔 = 400𝑟 𝑑/  

and on second 0.65 𝜔 =  50𝑟 𝑑/ . Note that the reference is not a step but a ramp, and it 

is performed that way since it is unrealistic and physically impossible to assume that a 

machine will follow an instant step command since the demanded torque would be infinite, 

so ramps are the references used. 

 

Figure 17 · Resulting currents from current FOC 

The results are completely consistent, a constant increase in speed imply a positive torque 

with positive Q-axis current and lower in magnitude D-axis current, as in the case of a 

constant decrease in speed will demand a negative torque, negative Q-axis current and again 

negative D-axis current. This can be double checked as the expected behavior taking a look 

at Figure 10, here, no matter if is positive or negative torque command, the D-axis current 

will always be negative in order to achieve an MTPA. The Q-axis current sign will be the 

sign of the derivate of the speed with respect to time. It can be checked how the dynamic 

behavior of the system is accurate, and in a 1s time lapse the speed can reach positive speeds 

as well as negative with consistent torque and current commands. 
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Figure 18 · Resulting currents, torque and speed from speed FOC 

3.2.2. Discretization  

As introduced on the previous chapter, the digital devices in which the control is usually 

applied are microcontrollers, DSPs or FPGAs. A very important aspect of working in the 

digital world, is that it does not perform control actions continuously, but it does it discretely 

at a given sampling rate. Thus, all the time-dependent terms in the continuous control 

algorithms must be adapted to the digital devices, with the process called discretization. 

The most relevant aspects of performing the discretization of a system are: 

 The control algorithm will usually be executed at the PWM frequency, as well as the 

ADC acquisition. 

 The simulation performed for validation must be realistic, with the adequate sampling 

rates in the plant and control 

 For validating the control, the simulation must include digital aspects such as the A/D 

converters, computational delay or quantizing errors. 

 All the time-dependent terms in time domain or ‘s’ dependent terms in La Place 

domain must be discretized applying a given discretization method. 

 From the discretized functions, difference equations must be developed in order to 

include the functions in the microcontroller 

With the switching model, a simulation is performed with all the effects of the digital control, 

as presented in Figure 19. The first element added is a rate transition which allows to have 

multi-sampling simulations, useful in this case in order to execute the plant at 20x the 

switching frequency and the control at the switching frequency, with the performed 

conversions  𝑆 →   𝑂 𝑇𝑅𝑂𝐿 and   𝑂 𝑇𝑅𝑂𝐿 →  𝑆. Another element is the computational 
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delay, which acquaints for the issue of sampling at a time  1 but reacting with control actions 

at a time  2where  2 =  1 +  𝑠𝑤, where  𝑆𝑊 is the switching period. In the case of the anti-

aliasing filter it introduces the effects of the conditioning circuitry which filters the high-

frequency elements of the power system. 

  

Figure 19 · Simulation with digital control effects 

A relevant process of the discretization is, as explained before, the expression of s-domain 

functions in difference equations. Three main functions will be discretized which are the PI 

controller and the derivative. 

For discretizing s-domain functions there are several methods such as ZOH, FOH, matched 

poles, impulse or bilinear approximation (Tustin). There is no perfect method and all of them 

will be approximations, which will map the frequency domain function more or less accurate 

depending on what is being discretized. In the case of the PI controllers it is widely accepted 

that the best method is Tustin, since it maps exactly the z-domain frequency domain in all 

the unit circle, so it will describe very accurately the frequency response of the designed 

controller in s-domain [23], [24].  

  ( ) = 𝐾𝑃 +
𝐾𝑖

 
 (13) 

 =
2

 𝑆

𝑧 −  

𝑧 +  
 (14) 

The PI controller in parallel form is given by (13), while the Tustin approximation of ‘s’ is 

given by (14). Replacing (13) in (14) and developing, results in the Z-domain representation 

of the PI controller by Tustin approximation: (15). 

 
  (𝑧) =

(𝐾𝑃 + 𝐾𝑖
 𝑆

2  ) 𝑧 − (𝐾𝑃 − 𝐾𝑖
 𝑆

2 )

𝑧 −  
 

(15) 

In order to insert the controller in the digital device, it must be expressed in terms of the input 

and output, and in present and past samples; note that in every term 𝑧𝑛,   is the sample. So 

𝑧1 will be the future sample, quite an impossible expression. Every term, then, must be 
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expressed with exponent zero or negative. For the sake of simplicity, let us rename the 

following terms: (𝐾𝑃 + 𝐾𝑖
𝑇𝑆

2
 ) = 𝐾𝑍0 and (𝐾𝑃 − 𝐾𝑖

𝑇𝑆

2
 ) = 𝐾𝑍1. Proceeding with the 

presented requirements, leads to (16), where the PI controller is presented in terms of 𝐾𝑍0, 

𝐾𝑍1,  (𝑧)  and 𝑈(𝑧), while numerator and denominator are multiplied by 𝑧−1 in order to 

avoid the future-sample issue. 

𝑈(𝑧)

 (𝑧)
 =

𝐾𝑍0 · 𝑧 − 𝐾𝑍1

𝑧 −  
·
𝑧−1

𝑧−1
  (16) 

Developing (16) and replacing 𝑧𝑛 with  +  , leads to (17), which is the final difference 

equation for the Tustin-approximation PI controller 

𝑈𝐾 = 𝑈𝐾−1 +  𝐾𝐾𝑍0 −  𝐾−1𝐾𝑍1  (17) 

 

In the case of the derivative, it is based on [25] and presented on (18) 

 ′ =
( 𝐾 + 𝑑 ) − ( 𝐾 − 𝑑 )

2 𝑆
→ 𝑑 =  𝐾 −  𝐾−1 (18) 

Also, the integrator can be presented in its difference equation on (19). 

𝑈𝐾 = 𝑈𝐾−1 +  𝐾 𝑠  (19) 

The simulations made on the discrete domain were performed with the Matlab Code block 

of Simulink. This outstanding feature allows to include in the simulation a given function 

with given inputs, outputs and constants, and behaves exactly as a Matlab program would. 

This is, a priori, a totally unnecessary step and could be skipped. However, from a developer 

point of view, it is revealing in terms of how should the C-code be inlined, since it forced the 

control scheme to be in an accurate order in terms of function after function, line after line 

and constants required. This is pointed out because jumping from a blocks-simulation to a C-

code implementation might result in a wrong order of functions or leaving out needed 

constants. An example of a function performed with the Matlab Function block is presented 

in Figure 20 

 

function [id_ref, iq_ref]= 
IPMSM_MTPA(Ib,Tb,pp,Ld,Lq,Tref,id,iq) 
  
Test = (3/2)*pp*(Ld-Lq)*id*iq; 
eT = Tref-Test; 
  
iqn = eT / (2*Tb); 
idn = 1-(sqrt(1+iqn^2)); 
  
iq_ref = iqn * Ib; 
id_ref = idn * Ib;  
  
end 

 

Figure 20 · MTPA example of Matlab Function implementation 
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3.3. Software implementation 

The software implementation of the digital control will be applied in bare-metal C, over a 

32-bit microcontroller. In order to have full control over the algorithm, different libraries are 

written from scratch and in a completely modular way in order to be able to use them in this 

IMPSM FOC, but also in any other power electronics application.  

3.3.1. Project Structure 

As stated previously, the application is based on a standard C project and it is built and 

designed in such a way that is as modular as possible. Figure 21 presents the main structure 

of the created files. It is a hierarchical design in such a way that the software dependencies 

are completely coherent, and that modifications over the project imply the less effort and 

time consumption, the modifiable files are highlighted in red on the stated figure. 

In the header files, starting from the lowest level, the file MATH_CONSTANTS.h basically 

includes in the project trigonometrical values which are used constantly along the project 

such as 𝜋, 2𝜋/3 and much more.  

Over the mathematical constants, there is a key file; PROJECT_CONSTANTS.h. This file is 

thought to be partially modifiable by the user. It is divided on three parts: 

 Base parameters: These parameters should be modified by the user and include the 

control protocol, the modulation scheme, the PWM clock frequency, the PWM 

frequency, the bandwidth of the controllers relative to the switching frequency, the 

encoder pulses, the profile of the speed ramp and of the alignment.  

 Electromechanical parameters: This part should also be modified, and includes all the 

machine and power system parameters, including motor characterization with 

𝐿 , 𝐿 , 𝑅𝑆 etc, electrical limits such as overcurrent, undervoltage, IGBT temperature 

limit, etc., and NTC sensor characteristics also.  

 Project derived parameters: This part is thought to be not modifiable. It uses all the 

parameters included in parts 1 and 2 and performs the calculations of peripheral 

registers, limits in the needed units, and more important, the calculations of all the 

control constants, calculating the continuous-domain controllers with zero-pole 

cancellation, and the discrete-domain controllers by the Tustin-approximation 

method. 

Above it, CONTROL_FUNCTIONS.h uses the calculated constants in the FOC and includes 

all the functions related to the control algorithm such as PI controllers, MTPA, Field 

Weakening, reference frame transformations, etcetera. This functions are in a static inline 

type in order to force the compiler to inline this functions in the final code avoiding missed 

calls, while yet maintaining the modularity of the project. All the functions are based on 

pointers so that they can modify the actual variables. The structure of this functions is based 

on the Matlab Code implementation mentioned on the previous section, where every function 

has a given input, output and constants. More details about the functions developed are given 

on section 5.3.3. 
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Figure 21 · Software project structure 

Going back to the lowest level and independent of the stated functions, there is the 

STATE_MACHINE.h header file. It defines the states and events of the FSM and includes the 

headers of the source file, which will be detailed further on. On the top of the hierarchy, 

SYSTEM.h depends both on STATE_MACHINE.h and CONTROL_FUNCTIONS.h. Besides 

including in the project all the stated constants and functions, it also declares the fault objects 

used in the source file, and includes the headers of the source file. 

In the source files only two units are used. In the lowest level, STATE_MACHINE.c contains 

all the functions for operating correctly and with the expected flow, based on the objects 

declared on the header file. More details about this FSM will be given further on in section 

5.3.4. 

Finally, SYSTEM.c englobes it all, including all the header files by calling its very own 

header file, and performing all the routines; running initialization functions, running the 

timers and giving them tasks to do, running the control loops and calling the FSM handler. 

Deep details are given further on, on section 5.3.5. 

Note that this application is intended to be real-time control. In order to achieve so, 

interruptions from a given master timer will emit a flag from which the rest of them will 

synchronize. Further on, the nature of the interrupts and when are they going to run will be 

explained and detailed.  

3.3.2. Control library  

This subsection stands for all the functions regarding the control algorithm in the file 

CONTROL_FUNCTIONS.h. There are functions for each of the blocks presented in Figure 7. Each 

of them acts like an independent software component which will receive a given input and 

provide an output which in most of the cases will be the same, i.e., there will be a variable 

CONTROL_FUNCTIONS.h

PROJECT_CONSTANTS.h

MATH_CONSTANTS.h STATE_MACHINE.h

SYSTEM.h SYSTEM.c

STATE_MACHINE.c

Header Files Source Files
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modification. In order to do so, in most of the software components it is worked with pointers. 

Figure 22 presents the software components from the control library. 

 

Figure 22 · Software components from control library 

Most of the operations performed within the blocks are simple operations such as 

comparison, adding, subtracting, multiplying or dividing. There are, however, all the 

functions from the transforms group imply trigonometric operations of sine and cosine, 

which are computationally heavy. That is why there are different approaches for solving 

trigonometric functions where the tradeoff is between precision and time consumption.  

Generic C-GNU libraries and ST present various approaches in order to select the best 

trigonometric approach. As presented on [26], for a very same sine calculation, the effort 

over the microprocessor will be much different, as summed up in Table 6. 

Function used to calculate sine CPU cycles 

Math.h double precision floating point functions 
double sin(double) 

4036 

Arm_math.h DSP library 32-bit floating point 

functions arm_sin_cos_q31(q31_t,q31_t*,q31_t*) 
742 

Math.h single precision floating point functions 
float sinf(float) 

416 

CORDIC in zero overhead mode (32-bit integer) 29 
Table 6 · CPU cycles for sine calculation 

A test of the different implementations was performed with special focus on the duration of 

the FOC loop with respect to a total switching period. The switching frequency at which the 

experiment was carried was 10kHz, which is the rate at which the final application will be 

executed. Results are presented on Table 7. Note that there is a huge difference between 

double and single precision floating point functions. CORDIC functions were not even 

implemented since their precision based on [26] is too low for this kind of control 

applications. Thus, the best tradeoff is with single precision with sinf() and cosf() 

functions. 

Function implemented (%) of switching period 

RATE LIMITTER WRAP VMAX CALCULATION VOLTAGE2DUTY SPWM

PI CONTROLLER CLAMPED PI CONTROLLER REALIZABLEREF INTEGRATOR DERIVATIVE

MTPA IPMSM BEMF DECOUPLING

PARK D-REAL PARK AND CLARKE D-REAL INVERSE PARK D-REAL INV. PARK AND CLARKE D-REAL

GENERIC

CONTROL

IPMSM

TRANSFORMS
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FOC loop without Park and Clarke 

transforms 
3.5 

FOC loop with Park and Clarke transforms 

using single precision floating point 

functions 

17.2 

FOC loop with Park and Clarke transforms 

using double precision floating point 

functions 

43.1 

Table 7 · Duration in cycles of FOC loop in different conditions 

3.3.3. Control management: Finite State Machine 

In order to have an adaptive application, not only modular functions must be developed, but 

also they must run in an ordered and controlled way, when they have to run and answering 

to hardware and software flags as some kind of automaton. An approach for this requirements 

is a finite state machine (FSM). A FSM is a model of a system, which represents its more 

relevant properties. It solves a problem in a sequential way, by decomposing the relevant 

information in two main objects; states and events.  

A state is a set of properties of the system which will run for a given time, in a state there 

will be a defined group of actions which will be executed, and a group of actions which 

won’t. An event is an input to the system in form of a hardware or a software flag, the events 

will control the flow between states.  

For the purpose of this work, a FSM library was written from scratch in order to have full 

control over the program, the workflow and the FSM actions. The structure of the FSM is 

presented in Figure 23.  

 

Figure 23 · Finite State Machine for IPMSM control 
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The states are defined as follows: 

 FW_INITIALIZATION: In this state, all registers are initialized, objects are created 

and are associated with their respective addresses in firmware. Timer8 IRQ, which 

handles the FSM, is started and run at PWM frequency 

 IDLE: When the system is in IDLE, is ready to start. No FAULT flag is activated but 

no PWM clock is on. The system is waiting for the START signal to run. This is the 

persistent state when the machine is stopped.  

 ENCODER_ALIGNMENT: This state will execute only one time in order to align 

the encoder and obtain the rotor position 

 START: This state is in charge of initialize PWM, starting the Timer1 and its IRQ, 

which will execute the FOC loop. 

 ACCELERATION: FOC loop has already started and PWM is running. The 

command wref is an increasing ramp 

 RUN: In RUN state the system behaves normally, it follows the speed command. It 

will stay in this mode until flags/events STOP or FAULT are activated. This is the 

persistent state when the machine is running 

 DECELERATION: FOC loop is still running and the command wref is a decreasing 

ramp 

 STOP: Once the speed of the machine are zero, this state turns off the PWM outputs 

and timer 

 FAULT_HANDLING: This state executes an emergency routine in order to stop the 

motor. The routine execution will depend on the type of fault; a short-circuit in the 

inverter will directly open all IGBTs, while undervoltage or overtemperature will 

decelerate the motor at a standard deceleration rate 

 FAULT_LOCKEDSYS: This state starts once the fault has been handled and the 

system is stable. The idea is to lock the system until two conditions are fulfilled, first, 

the user has acknowledged the fault by hardware, second, the fault flag that started 

this routine has been cleared. Until both conditions are not fulfilled this state will be 

active and thus no commands will be accepted. This is the persistent state when the 

machine is under a fault condition without an applied solution 

The events are defined as follows:  

 INIT_OK: SW flag executed when the initialization routine was performed 

successfully 

 START: HW flag given when the system wants to be started  

 ALIGN_OK: SW flag risen when the alignment routine has fixed the rotor with the 

D-axis successfully. This flag is intended to be risen only once in the program 

execution, since once the program starts, the encoder will always be measuring 

 START_OK: SW flag risen when the starting functions such as PWM_START() are 

run successfully 

 SPEED_OK: SW flag occurring when the speed control detects that the actual speed 

is the rated and expected speed 
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 STOP: HW flag commanding to stop the system 

 SPEED_ZERO: SW flag risen when the speed control is decelerating and detects that 

the actual speed is zero 

 STOP_OK: SW flag launched when the stop functions like PWM_STOP() have run 

successfully 

 FAULT: HW/SW flag, risen when any of the safety limits are violated. There are 

different types of faults 

o Overcurrent 

o Undervoltage 

o Overvoltage 

o IGBT Fault 

o High IGBT temperature 

o High speed 

o SW fault 

 FAULT_STABLE: SW flag, it is risen when the emergency routine has run 

successfully 

 FAULT_CLEARED: SW flag, it is risen when the system detects that the two 

conditions of safety are fulfilled. 

All the states and events are defined as typedef enum, in order to have a state with a known 

name, but is assigned to an integer number so switch functions can be used, tremendously 

useful in the FSM handling process. Additionally, an object with FSM story is created, 

storing previous, present and future state, so it will be an object of states.  

The functions which handle the FSM are presented as follows. First, the initialization routines 

 INIT_STATES_FSM: Sets all the states to FW_INITIALIZATION 

 INIT_EVENTS FSM: Sets all flags to false. 

The change evaluation routines 

 EVALUATE_CHANGE_FSM: This routine evaluates the current state and the 

activated flags. Here is where the FSM is actually defined, since it is coded from 

which state and by which event, the FSM will move to which other state. When a 

change is needed, this routine will assign to the FSM historical object the expected 

state in “Future State” 

 CHANGE_STATE_FSM: It simply evaluates if future state is different than actual 

state, and moves state, assigning the actual state to the previous state, and the future 

state to the actual state 

The action associated routine: 

 STATE_ACTION_FSM: Even though the source file SYSTEM.C already has a lot 

of actions implicitly associated to a given state, this function is there for assigning a 

given action and not renaming it in the main source file. 
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3.4. Conclusions 

The field oriented control algorithm for an interior permanent magnet synchronous machine 

is developed and explained in this chapter. 

 The IPMSM is studied mainly based on [4] paying special attention to the model of 

the machine in a synchronous reference frame 

 The Field-Oriented Control has been studied and developed, analyzing each of the 

functions and its effects on the system 

 The control algorithm has been evaluated in Matlab/Simulink in its continuous-

domain form with the switching and average models of the 3-phase inverter 

 The hardware requirements of a control system have been identified   

 The control algorithm has been discretized and a simulation was performed including 

the main effects in digital control where included and validated 

 Two libraries have been developed for motor control; control functions and a finite 

state machine. The first one is modular and most of its functions can be used in any 

power converter application, while the FSM is designed to work with the IPMSM 

control but can be easily modified for another application. 
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Chapter 4 · Control PCB Design 

In an industrial environment in which handling different equipment from different 

manufacturers is the daily life, generic tools are essential in order to be able to work with all 

of them: it is economically non-viable to buy or design tools for each one of the power 

converters or electric machines available in an industrial workshop. That is why this generic, 

flexible and low-cost power converter controller is designed. This chapter presents the 

minimum requirements as well as the whole design process of each one of the stages and 

modules of the system. 

4.1. Minimum requirements 

In order to stablish the minimum requirements of the system, the scope of the control board 

must be set. It is, what it is expected from the system to be able handle.  

In a world where power electronics are becoming more and more important due to their 

decrease in price and increase in performance, energy management is more accessible and 

configurable. The scope of the power controller is to manage energy in applications such as 

 Traction motors 

 Generators 

 Solar PV  

 Energy storage 

The requirements that must be set are: 

 Microcontroller features 

 Number of PWM ports 

 Number of analog sensing ports 

 Communication needs 

The absolute minimum requirements of this system are based on the control developed on 

the previous chapter, where an IPMSM was controlled by FOC, and the sensor and actuator 

needs are presented in Figure 24. 

 

Figure 24 · IMPSM control signals 
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Current measurement
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Position/Speed measurement
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In this case, the needed signals are 

 PWM: X1 three-phase (1 group of 6 PWM) 

 Analog: X1 dual (1 group of 2 analog ports sensing simultaneously) and x2 single 

 Frequency: 10kHz minimum 

 Motor control interface: there are different feedbacks which can be received from the 

motor, since there is quite a wide variety of speed/position sensors, being the most 

popular the encoder, hall-effect or resolver. [27] 

Additionally, the controller is expected to handle complex applications with more than one 

power converter, so two demanding multi-converter applications are presented as an example 

in order to extract the needed PWM and Analog sensing ports in such a case. Note that when 

it is stated that dual analog sensing is needed, is because two measurements must be taken at 

the exact same time. 

 Solar PV inverter with energy storage (Figure 25) 

o PWM: 

 X2 single-branch (2 groups of 2 PWM) 

 X1 three-phase (1 group of 6 PWM) 

o Analog: 

 X3 dual (3 groups of 2 analog ports) 

 X1 single  

o Minimum switching frequency: The controller must be able to reach at least 

20kHz. 

 

Figure 25 · Solar PV with energy storage and 3-phase inverter 

 Back-to-back converter with energy storage (UPS) (Figure 26) 

o PWM: 

 X2 three-phase (1 group of 6 PWM) 

 X1 single-branch (2 groups of 2 PWM) 

o Analog: 

 X3 dual (3 groups of 2 analog ports) 

 X1 single  

PV

PWM Current measurement Voltage measurement
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 X1 motor speed interface  

o Minimum switching frequency: The controller must be able to reach at least 

15kHz.  

 

Figure 26 · Back-to-back converter with energy storage 

The presented applications are standard power schemes. Handling Solar PV panels normally 

implies the usage of an energy storage system, for which a minimum of two DC/DC 

converters will be used. Also, in the case of an electric machine, it is normal to receive the 

energy from the three-phase line, so it needs to be converted to a variable amplitude and 

frequency by a back-to-back converter, which needs two sets of three-phase PWMs. 

It is to note that recently a new kind of power converter is highly used, especially in the EV 

chargers sector, which is the resonant converter. It is gaining popularity due to their high 

efficiency and high frequency operation with their intrinsic wide soft-switching ranges [28]. 

The stated high switching frequency at which it works is remarkably higher than the 

remaining typical applications. In this case, taking into account that is a very specific 

application, it will be left out of the scope of this work. 

The resulting minimum requirements are: 

 PWM: 

o X2 three-phase ports 

o X2 single-branch ports 

 Analog sensing 

o X3 dual 

o X3 single (even though in the control itself only one single port was obtained 

as necessary, other measurements such as temperature of the converters are 

typically used). 

 Switching frequency: Up to 50kHz 

 Motor interface: encoder, hall-effect and resolver 

AC

M
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 Communication  

o Industrial: RS485 

o Fast: CAN-FD 

o PC-connection: USB 

o Simple: SPI 

From the presented requirements, the microcontroller must be chosen as well as the different 

modules which will compose the system. 

4.1.1. Microcontroller selection 

The microcontroller is the brain of any power electronics application. Its limitations often are 

the limitations of the system, so care must be taken when selecting it. Figure 27, based on 

[29] presents the main flowchart regarding the selection of a microcontroller 

 

Figure 27 · Main flowchart when selecting a microcontroller 

Based in [29] the most important parameters of a microcontroller in regards a given 

application are 

 Bits number: 4, 8, 16 or 32. Very important in terms of the size of the data managed 

and the resolution in the control calculations 

 Clock frequency, tremendously important in real-time control applications, where 

higher clock frequencies increase the speed of calculations and thus the real-time 

controllability. 

 Peripherals 

a. Timers: The number of timers and ability to generate interrupts is important 

for synchronous control. 

b. ROM (Flash): Tremendously important for storing data and program  

c. RAM: Very important for the performance of the code 

d. ADC: Essential for power converters control. It is needed to fix a set point 

regarding the number of ADC ports, its resolution and speed. 

e. PWM: It is important to have timers enabled specifically for PWM 

applications, with functions such as complementary outputs, dead-time 

generation and up-down counting. 

f. Communication: In an industrial application, the control will most likely 

communicate with other devices, so it is important to have different protocols 

available. 

 Commercial concerns: Of course, choosing a given microcontroller which most likely 

will be used in several devices arises some economical and commercial concerns 

related to the manufacturer 

a. Compatibility 

Specify the system 
to control and the 

minimum 
requirements

Look for different 
candidates and place 

them in a comparative 
table

Choose the 
microcontroller 

which fulfills the 
most requirements
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b. Manufacturers’ support 

c. Support in development 

d. Price 

 Availability: This point is especially tricky nowadays due to the stock crisis in 

electronics components.  

Based on the presented, the technical requirements are the following 

 Due to the size of the data to manage in a control application, the minimum number 

of bits is 32. It also gives a higher resolution in the control calculations, and typically 

provides ICs where the microprocessor and the main peripherals (timers, ROM, 

RAM, ADC…) are integrated. 

 The minimum clock frequency allowed is the one from the Texas Instruments’ 

TMS320F28338, 150MHz. 

 The minimum number of PWM ports is two 3-phase generators and two 1-branch 

generator, so at least to timers with the ability of up-down counting must be available. 

 The minimum requirements for the ADC is to have three dual ports and three single 

ports, with a minimum resolution of 12 bits and a sampling rate of 1MSPS 

The commercial requirements are the following 

 Due to commercial interests, the manufacturer must be ST Microelectronics. It 

provides a wide variety of products and an outstanding framework in different areas 

such as software development, UI or motor control. 

 It is important to choose a microcontroller which not only is available, but has several 

alternatives so that changing the original for one of the alternatives does not affect 

strongly the development of the project. 

 The selected microcontroller should have available and actively on sale a daughter-

board with the MCU accessible pin to pin, in order to have the ability of prototype 

with it. 

Based on STM32s Ecosystem for Motor Control [30] and STM32s power management guide 

[31], two ST candidates are presented: 

 STM32G474 · It is selected due to its good price-performance compromise. It has a 

very good analog integration and fulfils the minimum requirements, as it is strongly 

recommended by ST for motor control applications. It is detailed on Table 8. 

 STM32H743 · As presented on [30], H7 family has the highest performance of 32-

bits ST Microcontrollers suited for power converter control. Subfamily 43 had a lot 

of stock in most of the providers at the time of the selection. It is detailed on Table 8. 

As stated before, the following step is to compare the candidates. Before moving on to that 

stage, let us talk about Texas Instruments (TI) and its importance on power converter control. 

For years, TI has been a leader on real time control, dominating in some occasions totally the 

DSP market by, for example, 59% in 2006. [32] TI provides not only really good real time 

microcontrollers, but also a whole software and hardware framework with tools, examples, 
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application notes, white papers and a very long etcetera. That is why, two TI microcontrollers 

are going to be included in the comparison sheet presented on Table 8. 

 TMS32F28335 · This microcontroller has been extensively used in the industry and 

in the academy for years due to its very high performance and available tools [32]. 

 TMS32F28388D · This is considered to be the new generation of the TMS32F28335, 

providing the expected ultra-high performance of TI real time control, while 

including some very interesting features such as an embedded EtherCAT Slave 

Controller (ESC). 

Table 8 sums up the most relevant features of ST candidates and TI relevant real time 

microcontrollers. In terms of core, the H7 is by far the best, with the highest CPU frequency 

and widest RAM and flash memories.  

In terms of PWM, it is judged by its integration, since all have an enough amount of ports 

for satisfy the minimum requirements, and determining a maximum switching frequency is 

pointless, since it will strongly depend on the application. The integration means how are the 

PWM registers mapped in the microcontroller, as well as the support, examples and 

documentation about them. In the case of TI they have 16-bit timers dedicated specifically to 

PWM generation by the enhanced PWM (ePWM) module. It avoids completely cross-

coupling and sharing resources, allowing the creation of complex pulse width waveforms 

with minimal CPU overhead or intervention [33]. ST, on the other hand, has multi-functional 

timers which can work either for PWM as well as input capture, incremental (quadrature) 

encoder and hall-sensor counters. It also presents two timers optimized for motor control. 

 

TEXAS 

INSTRUMENTS 
ST MICROELECTRONICS 

TMS320F

28335 

TMS320F

28388D 
STM32G474 STM32H743 

M
a

in
 

F
ea

tu
re

s 

Core 1 x C28x 2 x C28x 1 x Cortex M4 1 x Cortex M7 

Clock Frequency [MHz] 150 200 170 400 

on-chip Memory (Flash) 256K 512K 512K 2 x 1M 

RAM Memory 68K 316K 128K 512K 

P
er

ip
h

er
a

ls
 

PWM integration 10 7 

PWM timers resolution 16 16 12 and 16 12 and 16 

ADC    

successive 

approximation 

Resolution 

[bits] 
12 12 16 12 12 16 

Ports 16 

12 

diff. 

or 24 

s.e. 

24 

s.

e. 

25 up to 36 

Real ADCs 2 4 5 3 

Sampling 

rate [MSPS] 
12,5 3,5 

1,

1 
4 

Up to 

4.5 

Up 

to 

4.5 

CAN Modules 2 2 0 0 
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CAN FD Modules 0 1 3 2 

GPIOs 
Ports 

(shared) 
88 169 52 82 

EtherCAT Slave Controller NO YES NO NO 

O
th

er
s 

Price p/u (€) (Mouser) 20.60 24.70 7.83 10,41 

Development/Daughter Board 

(price) 

TMDS283

35 

(214.72€) 

TMDSCN

CD28388

D (209,9€) 

& 

TMDSHS

ECDOCK 

(46,37€) 

Nucleo 

G474RE 

(17.80€) 

Nucleo 

H743ZI2 

(26.46€) 

Table 8 · Microcontrollers comparison  

In the analog peripheral, both families are similar in terms of sampling rate and resolution. 

At this point, it can be noted that the four microcontrollers presented are divided in two high-

performance and two, let us say, top-performance, one on each manufacturer. In TI 

microcontrollers the division is temporal; the high-performance 28335 was released on 2007, 

while the top-performance 28388 was released 12 years later, on 2019. In ST 

microcontrollers the different is merely technical, both were released on 2019, but they have 

different scopes so different features as well.  

In terms of communication, the attention is paid in two protocols: CAN and EtherCAT. 

Looking forward to an industrial communication and integration, also serial protocols such 

as the low-distance SPI or the long-distance RS-485 are important, but are pretty similar in 

all the microcontrollers. Bosch’s CAN is special because of the recent ISO11898-1-2015 

CAN with Flexible Data-rate (CAN-FD), which allows the transmission of CAN messages 8 

times faster or with 8 times payload in the same time than standard CAN. In that sense, ST 

microcontrollers provide a high connectivity with at least 2 CAN-FD ports.  

Another important communication protocol very relevant nowadays is EtherCAT. It is a 

serial protocol based on Ethernet layer structure, but very optimized for real-time control and 

for avoid data collision, applying the so-called Processing on the fly (POTF) technique, 

where the nodes read messages at the very same time that send them. Thus, it is a very robust 

real-time communication protocol very suitable for industrial applications. In this case TI 

overcomes ST, since the recent TMS320F28388 has the necessary hardware for operating as 

EtherCAT slave. ST, on the other hand, does not have an ESC embedded, but it is to note 

that any microcontroller can work with EtherCAT over another protocol, such as SPI. 

Based on all the stated, it is clear that both TI and ST present competitive microcontrollers 

which can theoretically run a power conversion application. Traditionally TI has been 

selected by research groups and companies and it has reached a maturity which is definitely 

top one in the world. However, ST presents also outstanding features, wide sources of 

documentation and several examples. It is critically cheaper than TI and based on E&C 

experience has proved to be a completely valid and competitive family of microcontrollers 

for different kind of applications such as communications, HMI or Linux-embedded 

microprocessors. For all of that, the microcontroller selected is the STM32H743.  
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4.1.2. Modules election 

Once the minimum requirements of the system are set and the microcontroller is chosen, it 

is important to set all the modules/stage that will be available in the device, in order to design 

them one by one.  

 Control 

o Isolated PWM: Essential for any power converter application 

o Isolated analog sensing: Necessary for any closed-loop implementation 

o Motor interface: Different position/speed measurement methods are enabled 

 Incremental encoder 

 Hall-effect sensors 

 Communication 

o RS-485: Looking for a robust long-distance industrial communication 

o CAN (FD): In order to have fast and robust communication at mid-short 

distances 

o SPI: A short-distance protocol is needed if communication will be held with 

other devices. Also, looking forward to enable EtherCAT in the future. 

o USB: For connection with the computer 

 Storage: 

o MicroSD: Based over SPI 

 Others 

o GPIO: different general purpose input/output must be left available 

o LCD 16x4: in order to show different relevant information in a simple way 

Based on the needs presented, a signals and systems scheme is presented in Figure 28 

 

Figure 28 · Signals and Systems 
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4.2. Design 

This subsection describes the process of design of each of the modules presented previously. 

The design is performed in the open-source program KiCAD. It is an outstanding software 

patched and supported by several entities such as CERN, providing different plug-ins which 

enhance the design experience. 

4.2.1. Microcontroller 

Most of the decisions taken in the design regarding the microcontroller are by following the 

guidelines given in ST’s application note AN4938 [34]. 

4.2.1.1. PWM and Motor Interface: Timers configuration 

As presented previously, configuring PWM in ST microcontrollers is not a straight-forward 

task. It doesn’t mean that is a very complicated configuration, but care must be taken in which 

timer is chosen for what application. Since the encoder and hall-effect interfaces will be 

coupled to timers also, they are included in this subsection. 

As stated on the minimum requirements, we need to use two three-phase ports and two one-

branch ports. In order to decide which timers to use, all the possibilities must be reviewed. 

The timers available in the microcontroller and their more relevant features are presented on 

Table 9. 
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High-resolution 

timer 
HRTIM 16 Up Yes 480 No No 10 

Advanced Motor 

control Timers 
TIM1, TIM8 16 

Up / 

down 
Yes 240 Yes Yes 8 

General purpose 

timers 

TIM2, TIM5 32 
Up / 

down 
No 240 Yes Yes 4 

TIM3, TIM4 16 
Up / 

down 
No 240 Yes Yes 4 

TIM12 16 Up No 240 No No 2 

TIM13, TIM14 16 Up No 240 No No 2 

TIM15 16 Up Yes 240 No No 2 

TIM16, TIM17 16 Up Yes 240 No No 2 

Basic timers TIM6, TIM7 16 Up No 240 No No 0 

Low-power timer LPTIM 16 Up No 240 Yes No 0 
Table 9 · STM32H743 timer features 
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In terms of resolution and clock frequency all are almost the same. Thus, the important 

aspects to focus are the following 

 Complementary output: mandatory for any power converter PWM generation 

 Up-down counting: necessary in the three-phase PWM generation 

 Encoder/Hall-effect enabled 

Based on the stated, the timers chosen are: 

 Three-Phase PWM: TIM1 and TIM8 

They are enhanced for motor control with 8 outputs coupled in pairs with the 

possibility of complementary output. Three complementary channels can have 

different comparing signals, and the fourth can perform third-harmonic injection. 

 One-branch PWM: TIM15 and TIM16 

In this case, timers 15, 16 or 17 could be chosen, but timer 17 pins were left available 

for other applications. 

 Incremental Encoder interface: TIM4 

 Hall-effect interface: TIM3 

4.2.1.2. Analog sensing  

Based on the minimum requirements presented previously, the added ADC-ports are 6 

channels with the capacity of coupling dually, and three independent channels. A general 

description of the ADC peripheral of the microcontroller is presented as follows: 

 ADC modules and coupling 

o ADC1 (Coupled, master) 

o ADC2 (Coupled, slave) 

o ADC3 (Independent) 

 Channel measuring speed 

o Fast: Channels 1-5 

o Slow: Channels 6-19 

 Compromise between resolution and speed: Table 10. 

Maximum sampling rate for 

fast channels (MSPS) 

16-bit resolution 3.6 

14-bit resolution 4 

12-bit resolution 4.5 

10-bit resolution 5 

8-bit resolution 6 

Maximum sampling rate for 

slow channels (MSPS) 

16-bit resolution 1 

14-bit resolution 1 

12-bit resolution 1 

10-bit resolution 1 

8-bit resolution 1 
Table 10 · STM32H743 ADC features 
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Based on the presented, slow channels can be used and treated equally to fast in terms of 

SPS, since the control algorithms will be executed at switching frequency, and each control 

loop will perform an ADC conversion. Id est., the highest ADC sampling rate will be the 

highest switching frequency, which will most likely not exceed 100kHz. However, the fact 

of being a fast channel implies that the switch resistor is much lower than the slow channel, 

so it is true that choosing fast channels will imply that the acquisition will be faster and thus 

the interrupt will last less. With that being said the channels chosen are: 

ADC - Channel Coupling Speed Usage 

ADC1 – CH2 
Dual 

Fast 

Analog sensing 

ADC2 – CH2 

ADC1 – CH3 
Dual 

ADC2 – CH5 

ADC1 – CH6 
Dual Slow 

ADC2 – CH6 

ADC3 – CH3 Single 

Fast ADC3 – CH4 Single 

ADC3 – CH5 Single 
Table 11 · STM32H743 ADC modules chosen 

4.2.1.3. Communication and Program 

Since the controller board is thought to work in several conditions, different communication 

protocols have to be enabled by hardware. Also, memory should be provided in order to store 

information regarding the performance of the control. 

 MicroSD 

In order to store information, a general purpose MicroSD is used. It communicates with the 

microcontroller via SPI. The pins of the MicroSD are presented in Figure 29, while Table 12 

presents the role of each of them. 

In order to select an SPI port is simply judged by the maximum frequency and the available 

pins. There are a total of six SPI ports in the MCU, 1-3 are fast and 4-6 are slow. Thus, for 

pin convenience, SPI2 is chosen  

Nº Name Utility MCU Pin 

 
Figure 29 · MicroSD pins 

1 NC Not connected - 

2 CS SPI chip selection SPI2_NSS 

3 MOSI SPI Master-Output Slave-Input SPI2_MOSI 

4 VDD Positive 3.3V supply - 

5 CLK SPI Clock SPI2_SCK 

6 GND Ground - 

7 MISO SPI Master-Output Slave-Input SPI2_MOSI 

8 NC Not connected - 
Table 12 · MicroSD pin description 

 SPI 
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In order to enable a short-distance fast and simple communication protocol while adding the 

possibility of using EtherCAT in the future, another SPI port is enabled: SPI3, with pins 

MOSI, MISO, SCK and NSS. 

 

 CAN 

The microcontroller has two FD-CAN modules. In terms of ISO11898-1-2015 (standard 

data-link layer and physical signalling) they are identical, providing the protocol 

specification version 2.0 part A and B (standard 11-bit and extended 29-bit version). The 

difference between them is that FDCAN 1 supports ISO11898-4 (time-triggered 

communication TTC). Thus, FDCAN1 is chosen in order to have the possibility of using 

TTC if needed. Only pins needed are CAN1_RX and CAN1_TX. 

 RS-485 

This industrial series protocol is intended to be used in full-duplex mode in order to enhance 

speed. Since the protocol itself cannot be handled by the microcontroller due to the voltage 

levels, an interface RS485-UART must be used. The microcontroller has 8 UART ports, of 

which 1, 2, 3 and 6 have enhanced capabilities over 4, 5, 3 and 6. Thus, due to pin 

convenience, UART 2 is chosen, with the pins TX, RX and Driver Enable. 

 LCD 16x4 

In order to interface with a 16x4 LCD, two different modes are possible, 8-bit or 4-bit 

communication. With 4-bit is completely enough in this case since speed is not an issue, and 

is better to reduce the usage of MCU’s pins. Appart from the 4 data bits, two additional 

signals are needed, register selecting RS and enabling E. 

4.2.1.4. GPIO 

The very last assignation is the GPIOs, in order to use the available pins. The eight inputs 

must have access to external interrupts, and also four outputs must be enabled. In the further 

sections, table x describes the exact pins used is presented. 

4.2.1.5. Daughter-board selection 

In order to minimize the possible failures in the first version and looking forward to evaluate 

the peripherals design, the possibility of using a daughterboard is opened. Based on the very 

low cost of the available boards, it is definitely used. The expected board will have the 

microcontroller accessible pin to pin, and the supply circuit embedded. The available 

daughterboard is the Nucleo STM32H743ZIT6 (Figure 30). It also embeds Ethernet and USB 

communication, but more relevant, ST-link V2, which is the debugger, so no external 

programmer will be needed. 
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Figure 30 · STM32H743 based Nucleo board 

The pin assignation will be presented at the very end of section 3.2., since all the pins used 

by the microcontroller depend on all the components used in the design. 

4.2.2. PWM 

In order to handle the PWM signals, the idea is to isolate them and scale them to a level as 

standard as possible in order to interface with different drivers. In order to do so, digital 

isolators are a good option.  

 Three-phase PWM 

In the case of 3-ph PWM, 6 PWM signals must be isolated, but also the fault signals incoming 

from the driver. Before anything else it is important to have an isolated DC/DC converter in 

order to supply both sides of the circuit. Since it might be necessary to supply an external 

driver or sub-circuit, a 5W isolated DC/DC converter is used, in this case RECOM’s RFM-

0505S, with a 6.8uF decoupling capacitor as indicated in the manufacturer’s datasheet. Figure 

31. 

 

Figure 31 · Isolated DC/DC converter RFM 0505S 

The number of fault signals depend on the driver, it can be arranged to give only one fault 

signal, two signals in different levels, or six signals, one per each discrete. Thus, in order to 

have the chance of working with any driver, six input fault signals are allowed. In order to 

avoid the usage of 6 pins for processing the fault signals, they are multiplexed in an 8-to-3 

encoder. (ON Semiconductor’s MC14532BDG). 

The output of the 8-to-3 encoder has the three multiplexed signals (Q0, Q1 and Q2) but also 

has GS and Eo, which will toggle any time there is a 1 in the input. I.e., at any fault signal, 

GS and Eo will toggle, which is actually an ideal behaviour for the PWM timer to generate 

an external interrupt and stop the PWM. Thus, 5 signals will be used as an input, Q0, Q1 and 
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Q2, which will be mapped to general GPIOs in order to know which IGBT generated the 

fault, and also GS and Eo, which will be mapped to BKIN1 and BKIN2. 

It is true that commercial digital isolators have both inputs and outputs enabled. However, 

the standard digital isolators isolate a maximum of 6 channels, so two digital isolators are 

needed, one for each direction. The chosen digital isolators are Silicon Labs’ Si86660ED-B-

IS, which have the highest data rate (100Mbps) and were available in the moment of the 

design. An alternative to that IC is Texas Instruments’ ISO7760, which has the very same 

footprint, data rate and features. The schematic is presented in Figure 32, where the respective 

decoupling capacitors for each IC follow the manufacturer’s indications. 

 

Figure 32 · 3-phase PWM schematic 

 Single-branch PWM: 

The very same logic is used with the single-branch PWM modules, but even simpler, since 

only two outputs and one input need to be isolated. The IC used is Silicon Labs’ Si8641ED-

B-IS2. The schematic is presented in Figure 33. 

 

Figure 33 · Single-branch PWM schematic 
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4.2.3. Analog sensing and conditioning 

In any closed-loop application, analog signals must be sensed and conditioned. There are 

some requirements for this stage, all of them related with each other. It is impossible to satisfy 

100% all of them, so a trade-off must be made. The requirements are: 

 Differential input: In order to be able to measure shunt resistors or differential sensors 

 Isolated from the control stage: Ensuring safety and galvanic separation between power 

and control stages 

 Variable input gain: This is very important, since there is a wide variety of sensors with 

different output levels. Thus, in order to be as generic as possible, a variable input gain 

is needed. 

 Low cost 

In order to achieve the objective, let us talk about the component MAX9939, since it is 

tremendously important for the conditioning stage of the system. Its internal structure is 

presented in Figure 34. It has the following features 

 Variable gain between through SPI with the following options: Gain (V/V)

o 0.2 

o 1 

o 10 

o 20 

o 30 

o 40 

o 60 

o 80 

o 120 

o 157 

 Input offset voltage compensation 

 Input protection to +/- 16V 

 Level shifting to Vcc/2 

 Auxiliar operational amplifier for filtering purposes 

Looking for the highest input adaptability, the analog stage is presented with its main 

structure in Figure 35. In this case it was prioritized to have a variable gain in order to be 

adaptive to different ways of sensing, including shunt measurements which usually have very 

low voltage drops. 
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Figure 34 · Internal structure of MAX9939 

It is to note that most of the circuitry in the conditioning module is in order to adapt to the 

isolation; if the sensing was not isolated, the output of the MAX9939 could go directly to the 

microcontroller. As explained at the beginning of this section, there are different 

requirements and is impossible to satisfy completely all of them, thus, in order to provide 

isolation and variable gain, it is necessary to invest more and include various components. 

 

 

Figure 35 · Structure of the conditioning circuit, final approach 

The different stages of the analog stage of the final circuit presented in Figure 97 are 

explained as follows: 

 PGA · The very first component is the PGA MAX9939. As stated before, it allows a 

differential measurement and has a variable gain through SPI. The signal in the output 

OUTA has a DC-level in    /2 but has an inverted polarity with respect to the input. 

In order to modify the input gain, an SPI port must be enabled in the microcontroller 
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for configuring MAX9939, however, since it is isolated, a 3-channels digital isolator 

IC is needed: Silicon Labs’ Si8630BC-B-IS1 is used for that purpose. 

 MAX9939’s 2º order filter: It integrates an auxiliary amplifier in order to have a 

second order filter. Since the output in OUTA is inverted, the best filter to use is a 

Multiple-Feedback (MFB), which inverts the polarity, that way the output in OUTB 

would have the same polarity as the original signal. The cut-off frequency chosen is 

3.5kHz 

The circuit of an MFB is presented in Figure 36 and the formula describing its cut-

off frequency with respect to its passive components is given by (20). The gain of the 

filter is given by the ratio −𝑅1/𝑅3, and is set to one, thus only four passive 

components must be calculated. In order to reach the highest quality factor, the Filter 

Design Tool by Texas Instruments [35] is used, obtaining the following passives. 

𝑅1 = 𝑅3 = 3 𝛺, 𝑅2 =   67 𝛺,  2 =  0  ,  1 = 40  . 

  𝑐𝑢 −𝑜𝑓𝑓 =
 

2𝜋√𝑅3𝑅2 2 1

 (20) 

 

Figure 36 · Multiple feedback filter scheme 

 Adapting stages and isolation amplifier · The isolation amplifier is AVAGO’s ACPL-

C87A-000E, with an input range of +2V, a gain of 1 and a differential output. The 

input adapting stage modifies MAX9939 3.3Vpp output to the 2Vpp input of the 

isolated amplifier. It is achieved by a simple voltage divider. However, in order to not 

affect the MFB impedances, a follower is used before the divider. The output adapting 

stage converts the differential 2Vpp output to a single-ended 3.3Vpp signal suitable 

for the ADC.  

 ADC protection · In order to protect the microcontroller from overvoltage and 

overcurrent, series 120ohms resistors are placed, as well as clamping diodes which 

avoid voltages over 3.3V and under 0V. 

It is to note that the system is prepared by hardware in order to remove the isolation. That is 

because some sensors are already galvanically isolated such as LEM current transducers. 

Signals SENS_PGA and SENS_ADC can be joint by 0Ohms resistors, so the output of the 

PGA would go directly to the ADC, as well as the 5V and GND. In the assembly process two 

options are left. First, not mounting the 0ohms resistors and mount the rest of the components 

located between the SENS_PGA and SENS_ADC signals, and thus having isolation. Second, 
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just the opposite, that way saving the huge cost of the isolation components. The final and 

detailed schematic is presented in Figure 97.  

In order to have a first validation of the system, a simulation is performed in Matlab Simulink. 

Different models were made, such as the PGA and the isolation amplifier, presented in Figure 

37. The voltage sources are Vcc which in this case is 3.3V, in order to have the signal shifted 

to a DC value of 1.65V. Even though it will forwardly be scaled to the isolation amplifier, as 

seen in Figure 97. 

 

Figure 37 · MAX9939 model in Matlab/Simulink 

With an input of 3Vpp, 200Hz and a ripple or noise of 20kHz, the signals along the presented 

stage are presented in Figure 38. As seen on v_pgaout, due to the amplifier configuration, the 

output is inverted with respect to the input. That is why the multiple feedback (MFB) filter 

is the best option, because it has also an inverting configuration, thus, as seen on v_mfb, the 

output signal has the original polarity, it is centered on Vcc/2 and the noise is filtered. Note 

that this signal could be straight-forwardly sent to the microcontroller’s ADC with a simple 

overvoltage protection. 
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Figure 38 · Conditioning example input signals 

Prior to the PGA and the MFB filter, the signal must be adapted to the isolation amplifier 

input, which is from 0 to 2V. Also, a model of the isolation amplifier is built, in which the 

inputs have very high impedance, it is galvanically isolated and the transformation ratio is 1. 

Lastly, the differential output is adapted to single-ended as it is scaled with a ratio of 2:3,3 

Lastly, and before the ADC is an overvoltage circuit with clamping diodes to 3.3V and GND. 

Since the ADC of the STM32H743 has a simple sample and hold configuration, it can be 

modelled as a 4pF capacitor and a 6kohm resistor, as extracted from the datasheet [36]. 
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Figure 39 · Conditioning models in Matlab/Simulink 

     

 
Figure 40· Protection and ADC 

models on Matlab/Simulink 

The results of this last part of the model are presented in Figure 41. The top signal v_isoin 

presents the scaled signal to a value between 0 and 2 with a DC voltage of 1V. Since the gain 

of the isolated amplifier is 1, the signal v_isoout is identical to the previous. The very last 

signal, which will be received in the ADC is presented in v_adc, scaled to have a DC-value 

on 1.65V and a Vpp of 3.3V, in order to take profit of the maximum possible resolution of 

the ADC. 

 

Figure 41 · Conditioning example output signals 
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The very final features of the conditioning stage are 

 Isolated input, with the possibility of not isolating 

 Differential input 

 X6 inputs coupled in dual-sensing (3 x (ADC1 y ADC2)) 

 X3 inputs in single-sensing (ADC3) 

 Multiple Feedback 3.5kHz filter 

 Programmable input gain by SPI, allowing measured voltage ranges of 

o +/- 8.25V 

o +/- 1.65V 

o +/- 165mV 

o +/- 82.5mV 

o +/- 55mV 

o +/-41.2mV 

o +/-27.5mV 

o +/-20.6mV 

o +/-13.8mV 

o +/-10.5mV 

4.2.4. Motor interfacing 

Once the enabled ports in the microcontroller are set, the different adapting stages are set. A 

conditioning stage is set. In the case of the hall-effect sensors and the encoder it is based only 

in an overvoltage protection with clamping diodes, and the possibility of adding a first order 

RC filter, for which 0ohms resistors are mounted and the footprint of 0603 capacitors is 

placed. 

 

Figure 42 · Motor interfacing schematic 

4.2.5. Communication and program 

4.2.5.1. MicroSD 

As introduced in section 3.1.2.6., the MicroSD is at the very end communicated by SPI, so 

the signals going to the microcontroller are NSS, MISO, MOSI and SCK. Also there is a 

digital signal which is set to on when the MicroSD is detected. Besides the connection 

between the MicroSD port and the microcontroller, the normally-on signals should be set to 
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3.3V by pull-up resistors, as well as normally-off to GND. Also, in order to ensure a safe 

communication between the microcontroller and the MicroSD an ESD suppression stage is 

placed with Nexperia’s IP4220CZ6. The schematic is presented in Figure 43 

 

Figure 43 · MicroSD signal adaptation schematic 

4.2.5.2. SPI (EtherCAT) 

This SPI port is routed directly to the microcontroller with no pull-up nor pull-down resistors, 

since the final application may have normally-on or normally-off MOSI/MISO and SCK. 

Since this stage is thought to support EtherCAT in the future and it is a new protocol, let us 

do an introduction of it. 

EtherCAT is standardized by IEC 61158, and is based on Ethernet IEEE-802.3. It inherits 

Ethernet layers, providing software and hardware fast communication and fault tolerant. 

Ethernet by itself does not have real-time communication, because the typical applications 

where it is used, do not need it. All the devices in an Ethernet network are on the same level, 

and it turns very slow and far from real-time and with high traffic. In industrial and control 

systems, on the other hand, real-time control is essential.  

EtherCAT offers the robustness of Ethernet with the high-speed of a new master-slave based 

structure and protocol, avoiding data collision and optimizing speed at maximum. It is a ring-

based connection in which only the master can send messages, and the role of the slaves is 

to read it and Process it on the fly (POTF) adding information to the message at the same 

time that sends it to the next node. EtherCAT is based on Ethernet layers, but one of the keys 

of the improvement is that some of the layers are completely skipped. Figure 44 presents a 

comparison between Ethernet, EtherCAT standard messages and EtherCAT real-time 

messages. 
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Figure 44 · EtherCAT and Ethernet layer comparison 

EtherCAT has two very different roles: master and slave. The master is the only node which 

can actively send a message through the Media Access Controller (MAC) without any 

additional external processor. This is very important because it means that the role of master 

can be carried out by any Ethernet platform no matter the operative system or software used. 

The slave, on the other hand, cannot be used by any hardware. It is because the outstanding 

ability of POTF needs to process data completely in hardware, reading them at the same time 

that adds information and sends it to the next node, and it is done by an EtherCAT Slave 

Controller (ESC). 

In terms of microcontroller implementation, STM32 doesn’t have in any of their 

microcontrollers the hardware for performing EtherCAT, because they do not have the ESC 

embedded. Texas Instruments’ TMS320F28388 does have the ESC embedded, for which 

only a small adaptation is needed for the physical layer including the usage of the RJ45 

connector. In ST microcontrollers instead, an external ESC is needed such as Bechoff’s 

ET1100. As said before, the ESC will perform the POTF, and will communicate with the 

STM32 over another protocol, such as CAN-over-EtherCAT (CoE) or SPI-over-EtherCAT 

(SoE). That is exactly why the SPI port is enabled at the very end. Figure 45 presents an 

example of what a small EtherCAT network would be with a generic master, two STM32 

and one TMS320F28388 slaves. 

 

Figure 45 · EtherCAT implementation on different microcontrollers 
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4.2.5.3. CAN-FD 

The key of the adapting stage for CAN is using a transceiver adequate to the Flexible Data-

rate available in this microcontroller, in this case Microchip’s MCP2557FD-H/SN, which is 

compliant with the data-rate needed in CAN-FD. A common-mode filter is used in order to 

suppress noise and also the 120 ohms’ resistance of the node-end is set, with a capacitor 

coupled to ground in the midpoint. Also, two LEDs are placed in the TX and RX lines in 

order to have a visual signal when the communication is going on. Figure 46 presents the 

schematic of the CAN adapting stage. 

 

Figure 46 · CAN adapting stage schematic 

4.2.5.4. RS-485 

This adapting stage is prepared for full-duplex communication, using the RX, TX and EN 

pins from the microcontroller. The transceptor used is Texas Instrument’s THVD1520DR. A 

100ohms resistor is placed with a switch in order to be able to use it if an end-node resistance 

is needed. Pull-up and pull-down resistors are placed for A and B signals, respectively. Also 

an ESD-suppression stage with a TVS. As well as with CAN, two LEDs are placed in the 

RX and TX pins in order to have a visual signal of the transmission or reception of messages. 

 

Figure 47 · RS485 adapting stage schematic 
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4.2.6. GPIO 

In almost any printed circuit board it is necessary to leave available some GPIOs for any 

additional feature which wants to be included. In the case of the inputs, they are mapped in 

order to have access to external interrupts if needed. They are connected to the 

microcontroller through optocouplers, enabling the input to be within a wide range of values. 

The outputs are also protected with optocouplers in order to avoid directs connections from 

the microcontroller to the exterior. Figure 48 presents the connection of one of the inputs and 

one of the outputs. 

 

Figure 48 · GPIO adapting schematic 

4.2.7. Power supply 

Based on the existing modules and components, it is evident that two different supply 

voltages are needed; 3.3V and 5V. Taking into account that there are several isolated DC/DC 

converters possibly feeding external devices, the system must be prepared for a decent power 

consumption estimated to be around 2-5W in a standard control application. In order to avoid 

a high current in the input, a voltage of 12V is set for the external supply. 

 12V to 5V 

5V are needed to supply most of the ICs of the PCB, including the Nucleo daughterboard. 

Thus, a 12 to 5V conversion must be performed. In order to do so, a 25W DC/DC converter 

is used; it is much higher than the estimated but due to the fact that there are several isolated 

DC/DC converters are used for supplying external drivers, a large margin is left. Texas 

Instruments’ LM2679S-5.0/NOPB switched power supply is used for the purpose. The 

passives and diode used in the design are recommended by the datasheet of the manufacturer. 

Besides the recommendations, a Schottky diode and a TVS are placed at the input of the 

supply in order to avoid reverse connection and ESD, respectively. Figure 49 presents the 

schematic of the circuit. 

 

Figure 49 · Supply of the control board schematic 
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 5V to 3.3V 

3.3 volts are also used by different ICs in the PCB, but no DC/DC converter depends from 

it, so much less power will be consumed at that level. Thus, a low-dropout voltage regulator 

(LDO) can be used for that purpose. 3.3V 1.3A STMicroelectronics’ LD1117S33TR is the 

device chosen for the purpose. The schematic of this regulator and its decoupling capacitors 

is presented in Figure 50. 

 

Figure 50 · 3.3V LDO schematic 

4.2.8. Microcontroller pin assignation 

Once all the components needed in the PCB are well known, the signals needed by the 

microcontroller are mapped. The pins assignation is presented on ¡Error! No se encuentra e

l origen de la referencia.. 

4.3. Layout 

In a mixed signal PCB, it is necessary to be very careful with the routing, since undesired 

noise can be induced between the different circuits. Some good practices are avoiding 90º 

traces, avoiding signals through vias, not mixing analog and digital circuitry, among others. 

Taking care of the return paths of the current is very important. It is, as a general idea, a good 

practice to have ground planes in order to avoid radiated EMC to induce our circuit, and to 

reduce as much as possible the impedance of the GND. Nevertheless, the profile of the return 

currents is very different regarding the type of circuitry.  

Two general groups can be set, which are digital and analogue circuits. The digital ground is 

a very noisy commutated ground. It can slightly affect the supply of the ICs in the digital 

side, but since the important information is transmitted in a binary format, it may not be so 

important if the high level voltage is 4.90 or 5.10, since it will be taken as a logic 1. In 

precision analogue circuitry, however, that noise is not negligible at all, since it can affect 

measurements and thus reduce the performance of the control. 

That is why, a good practice is to split somehow the ground planes. This is quite a discussed 

topic, in which some recommend to use a single solid ground plane, while others insist on 

using completely separated ground planes. There is no absolute statement about this, but 

there are certain premises which must be acquainted: 

 The return paths must be as low impedance as possible. 

 The return paths of digital circuitry should not cross analogue circuitry 
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 Analogue and digital circuitry should be grouped separately from each other 

Based on those premises, the ground planes on the PCB are partially split, as presented in 

Figure 51 The power input is placed in the middle of both sub-planes, ensuring the return 

currents to be as close as possible and avoiding ground looping. Splitting partially the 

grounds ensure that the digital return currents will not affect the analogue ICs. Also, in order 

to reduce the impedance of the return currents, several vias are placed along the whole PCB 

in order to share the GND in the different layers.  

 

Figure 51 · Ground splitting 

Another decision made is to give priorities to signals, in order to ensure that the most 

important traces have the less impedance and vias crossing. The priority in that sense from 

more to less is 

 Power supply 

 Analogue sensing 

 PWM signals 

 CAN / RS485 / SPI / MicroSD 

 GPIOs 

Apart from the partial ground split between digital and analogue ground planes, there are 

various total splits between isolated ground planes. It occurs in every sensing and PWM 

stage, so there are 9 + 4 isolated ground planes. Every ground plane has a minimum 

separation between each other of 0.8mm. It is based on the IPC2221 for a voltage differential 

of 500V, which sets a minimum distance for internal conductors of 0.25mm and for external 

coated conductors of 0.8mm.  

The resulting ground plane can be seen in Figure 52. At the top left corner, marked with red, 

is the power stage where the 12V, 5V and 3.3V are supplied. The right-hand side is the analog 

ground semi-plane, as the left-hand side is the digital one. It can be seen on the analog side 

that there are 9 independent split ground planes. They correspond to the nine insulated 

conditioning stages. Also, in the digital side there are four independent split planes, 

corresponding to the insulated PWM ports. The large amount of vias look forward to reduce 

the impedance, as stated before. 

Digital ground

plane

Analog ground

plane

Power Input
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Figure 52 · Control PCB ground layer 

In a PCB of this kind where there are several repeated stages, the same connections have to 

be routed several times, being tedious and time-consuming. Fortunately, due to the open-

source nature of KiCAD, there is an available plug-in which allows to re-route a group of 

components identical to other group routed before. This group is called a module, allowing 

with a simple sequence of steps, save a huge amount of time.  

With all the components placed and routed, the resulting PCB is presented in Figure 53. 

4.4. Mechanical considerations 

Once all the electrical issues are handled, some mechanical decisions should be made. First 

of all, the connectors used.  

 Power supply: For the power supply, it is used a through-hole 5.08mm Phoenix 

Contact connector. It is non-symmetric in order to avoid reverse connection. 

 Control and communication: several possibilities are available, but a very robust one 

is using flat wire via IDC connectors. They are universal 2.54mm separated pins, 

which can be easily communicated with other PCBs. 

 Nucleo daughter-board: In order to enable the possibility of change one Nucleo-board 

for another straight-forwardly, two connectors are used. In the Nucleo, male-male 

pins are soldered in order to have a male connection. In the PCB, male-female 

connectors are soldered, in order to have a female connection. That way, the daughter-

board can be swapped easily. 
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In terms of mechanical stability and looking for avoidance of direct contact between the work 

surface and the PCB, a mechanical base is built with methacrylate and nylon bases screwed 

in 9 mounting holes.  

 

 

Figure 53 · Control PCB 

4.5. Firmware integration  

Once the control algorithms are developed as presented on previous chapter and the hardware 

is prepared, an integration must be performed between both stages by configuring the 

firmware for the application with the manufacturer IDE. The environment used to program 

the control is STM32CubeIDE. It is an eclipse based development platform with peripheral 

configuration, code generation, code compilation and debug features for microcontrollers 

and microprocessors [37].  

STM32CubeIDE presents an outstanding interface which can be a key time saver, it is the 

device configuration tool or IOC file. It is a graphical interface in which the different 
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peripherals can be configured, as well as the system and peripherals clocks. It allows to map 

the pinout directly over a specified pin to the register, or from the register to the pin, 

enhancing enormously the integration between hardware and software and reducing the 

developing time. A perspective of this tool is presented in Figure 104. This tool performs 

code generation and thus configures the peripherals as it is demanded from the IOC. 

Of course, the configuration given by the IOC is a merely initialization, and in order to fully 

configure the peripheral, extra code must be implemented. In order to do so, ST presents 

another useful tool which is the HAL driver toolbox. HAL stands for Hardware Abstraction 

Layer, and is an API library, giving the programmer a set of functions for peripheral 

initialization, configuration and real-time manipulation. This gives the user of STM32 a two-

step approach in order to have a very detailed configuration of a given peripheral, giving the 

generic configurations with the IOC and the specific ones by HAL functions. 

 

Figure 54 · System architecture for STM32H743 [38] 

As stated, a very useful tool from the IOC file is the clock configuration, from which each of 

the rates of the system can be configured, from the source of synchronism to the CPU and 

different buses clocks. There are mainly two kind of buses, four of each type, which connect 

with the peripherals, APB (advanced peripheral bus) and AHB (advanced high-performance 

bus). The system architecture where the interconnection between the different buses, memory 

blocks and microprocessor is presented in Figure 54. Hanging from each bus there are several 
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peripherals, so configuring a given bus will set the base clock to all the peripherals from it. 

The relevant buses and their clock configurations are: 

 APB1 (120MHz): TIM4 

 APB2 (120MHz): TIM1 and TIM8 

 AHB1 (240MHz): ADC1 and ADC2 

 AHB4 (240MHz): ADC3 

The clock configuration tool includes also an automatic solver. It is possible to give the IOC 

a desired clock frequency at a given bus and it will calculate the best solution with the current 

source, and if is not possible it will explore other sources. The possible sources of frequency 

are HSI (high-speed internal oscillator), HSE (high-speed external oscillator), CSI (Low-

power internal oscillator), LSI (low-speed internal oscillator), HSI48 (48MHz internal 

oscillator).  

The main aspect to take into account when selecting one source or another is that internal 

oscillators are RC circuits which will vary with temperature, for which is not the most reliable 

source if a real-time control application is intended. Thus, it is convenient to use an external 

oscillator since it depends on a crystal which will have a much higher accuracy independently 

of temperature. The NUCLEO board has both crystals, HSE for internal clock source and 

LSE for RTC (real-time clock) since it has a frequency of 32.678kHz and it is a power of 2 

(215), so a precise second (1Hz) can be obtained with a 15 stage counter. On the appendixes 

section in Figure 105 the clock configuration can be observed as well as the utilization of 

HSE as the main clock source.  

The main peripherals used in this project are presented and explained as follows: 

 Timer 1 · 3-Phase PWM 

Timers 1 and 8 have the exact same capabilities, they are a 16-bit auto-reload counter which 

can run with a base clock of up to 120MHz. Each of them is called an advanced-control timer, 

but it can act as a general purpose timer with features such as output compare, input capture, 

one-pulse mode output, quadrature encoder and hall-sensor circuitry, external interrupt and, 

of course, PWM generation. 

This timer must be configured with the typical logic of up-down counting, a given auto-

reload value which will set the PWM period, and the IRQ flag generation. The main 

parameters to configure are given on (21), where      𝐿𝐾 stands for the timer clock which 

is set to 120MHz in order to have the highest possible resolution,     𝑃𝑊𝑀𝐹𝑅𝐸  for the 

arbitrary PWM frequency set by the user and      𝑅𝑅 for the auto-reload value, which will be 

calculated in the project constants file. An additional register can modify the ARR register, which is 

    𝑃𝑆 , the prescaler. But the only thing it could to would be to reduce the timer clock, 

and in this case that is not wanted. 
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      𝑅𝑅 =
     𝐿𝐾

    𝑃𝑊𝑀𝐹𝑅𝐸 
+   (21) 

 

Operation given in (21) will configure the PWM period, so now the duty of each of the 

channels must be modified. From the IOC the timer is configured in order to use three 

channels with six outputs, where three of the outputs will be the complementary ones of their 

non-complementary counterpart. Thus, three duty cycles must be defined in registers 

      𝑅𝑛, where n can be 1, 2 or 3. This CCR register must be a value between 0 and ARR, 

thus in order to configure the duty is as easy as       𝑅 =      𝑅𝑅   𝑈 𝑌. 

In the IOC file the timer is configured in order to generate an interrupt when a given update 

event occurs. The register     𝑅 𝑅, determines when the update event is going to happen 

and in this case is set to 1, which means every underflow of the up-down counter, as presented 

in Figure 55. Finally, in order to ensure a deadband between channels 1 and 2, a deadband is 

fixed by the BDTR register. 

 

Figure 55 · RCR bit representation 

 Timer 8 · Finite State Machine caller 

The logic of timer 8 is to be a twin of timer 1 with no outputs. It will have the same definition 

as on timer 1, with the exception of the duty cycles, which will only be defined in one channel 

and, as stated before, will not have a physical output. The reason behind this twin timer is to 

call the finite state machine functions at the exact same rate of timer 1, with independence of 

the PWM. This timer is in charge of running the FOC loop, giving flag for ADC sampling 

and running FSM, all of it at a rate of 100us, let us call it the FOC period. 

 Timer 4 · Encoder interface 

This timer is configured in order to acquire the input from the incremental encoder. This 

peripheral is extremely easy to configure thanks to HAL API and IOC. First of all, it is 

configured as encoder input with a given auto-reload value, which will be the number of 

pulses of the encoder, which will only provide two signals, A and B; this microcontroller 

does not include the negative signals. Once it is configured, a single line of code will initialize 

the peripheral and make it run. This line is run only once so that once it is initialized, the 

system will always be acquiring the rotor position. It has the possibility of stopping and 

making run again but is not necessary.  
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After being run, the peripheral will count by hardware the counts of the encoder and storing 

them in the register    4  𝑇. Acquiring it will be as simple as executing regularly and every 

time that the position wants to me measured: ENCODER_TICKS = TIM4 -> CNT;  

 Analog to Digital Converter 

STM32 ADC module has a high configurability and a lot of capabilities, and thus not a 

straight forward configuration for any specific application. STM32H7 includes three 

modules of SAR ADCs with a 16-bit resolution. As presented on Table 10 and Table 11, 

ADC modules 1 and 2 can be coupled in dual mode in order to sample simultaneously, 

module 3 is completely independent. Also, each module has a set of fast channels and a set 

of slow channels. Thus, care must be taken when selecting the channels depending on the 

requirements. 

A very interesting feature to note before the details is the capability of the STM32 to perform 

certain actions by Direct Memory Access (DMA). These controllers are designed to 

efficiently support data transfers from peripherals and memories without any loading of the 

CPU; in this case ADC is used with DMA. Most of the configuration of the ADC modules 

can be performed through the IOC device configuration tool, all the details about the 

configuration performed over every module is presented as follows 

o ADC1 and ADC2 – Dual Mode 

 Measuring: single-ended. I.e., only one pin will measure the voltage and compare 

with VDDA. Other option is differential measuring, comparing in+ with in-. 

 Mode: Dual simultaneous. This way, ADC1 and ADC2 are automatically coupled 

 Resolution: 16-bit, in order to have the highest precision on measurements and 

achieve an accurate control 

 Conversion mode: Scan. It is, once the ADC module is ordered to acquire 

measurements, it will scan all the channels enabled in a given order. 

 Conversion data mode: DMA Circular Mode 

 Regular conversion: Enabled 

 Number of conversions 3 (ADC1) and 3 (ADC2). In order to access to every 

measurement in an ordered way, a rank is given to every channel 

 Rank 1: ADC1CH3 and ADC2CH4 

 Rank 2: ADC1CH10 and ADC2CH11 

 Rank 3: ADC1CH14 and ADC2CH15 

 Sampling time: 64.5 cycles (0.26875us), all ADCs 1.6125us, a reasonable 1.6% of 

the whole FOC period. 

o ADC3 – Single Mode 

 Measuring: single-ended. 

 Mode: Independent 

 Resolution: 16-bit 

 Conversion mode: Scan 

 Conversion data mode: DMA Circular Mode 
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 Regular conversion: Enabled 

 Number of conversions 2 

 Rank 1: ADC3CH0 

 Rank 2: ADC3CH1 

 Sampling time: 64.5 cycles (0.26875us), 0.5375us in total. 

4.6. Algorithm Integration 

An advantage of the automatic code generation of STM32CubeIDE is that it saves a lot of 

developing time when configuring peripherals. The code generated is embedded into the 

main.c file in a very organised manner. However, the drawback of this is that, on one hand 

the main file has around 1000 lines of code, and on the other hand this code generator not 

only writes but also erases code if it is in the wrong place; note that only some given spaces 

are left to the user in order to write code. It is an organised scheme, but it makes extremely 

tedious to work in the main file, for which a source file is created for perform all the work 

and algorithm integration, as introduced in Figure 21, is SYSTEM.c. 

Let us explain each the structure of SYSTEM.c and all the functions embedded on it: 

 SYSTEM INITIALIZATION 

This source file is connected with main.c by means of a function called in void 

main(); which is void SYSTEM_INIT (void), here SW and FW is initialized by: 

o Associating pointers to their respective directions 

o Initializing FSM events and states 

o Set all fault flags to false 

o Calibrate ADC 

o Initialize timers 1, 4 and 8 as presented on previous section 

When the timers are initialized, a PWM period is fixed extracting the data inserted by 

the user in PROJECT_CONSTANTS.h, from this point on, this file will run completely 

independent of the main, since the start of the timer implies the start of interrupts and 

thus the real-time control will start running at FOC period, where the timer8 IRQ will 

run right after timer1 IRQ. 

 TIMER 8 IRQ HANDLER 

This function is the interrupt request handler, and will run every UP (update) event, 

which will be an underflow event of the counter, as presented in Figure 55. This is 

the most important function since it executes at the FOC period all the important 

functions, in the structure presented in Figure 56. 

First of all, the function will clean the IRQ flag and will evaluate the state of the 

START/STOP, will perform the acquisition of analog signals and encoder position. 

Then, depending on the signals measured, it will determine if any of them is out of 

its boundaries and thus would rise a fault flag. After the scan of the digital and analog 

signals, it will determine if it should change of state or not, by executing the FSM 

routines by first evaluating the FSM events, changing state and executing state 
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associated actions. Finally, the control loop will be executed. Which loop and when 

will run will depend on the actual state and all the conditions evaluated before. 

 

Figure 56 · Timer 8 IRQ routine structure 

 

 PWM START and PWM STOP 

By HAL drivers, this functions start and stop PWM channels 

 ADC PROCESSING 

This function will process the ADC measurements stored in form of 16-bits integers, 

scaling them to the real units and calibrating them after empirical measurements 

 ENCODER ACQUISITION 

Since the encoder measurement gives the position in number of pulses, it has to be 

scaled to its radians value and derived in order to obtain the speed. Care must be taken 

with the derivation, since the treated signal is a digital one, and it may see a result of 

infinite or similar, so it must be adequately limited. 

F
S
M
 
H
a
n
d
l
e

F
a
u
l
t
 
E
v
a
l
.

Clean IRQ Flag

TIM8 Update event

ACQUISITION

Start/Stop flag
ADC1,2,3

Encoder ticks

FAULT?
Yes

Fault EventNo

EVENT?
Yes

Change State
No

Control
Protocol

Test Current Control

Speed Control

FOC_LOOP_w() FOC_LOOP_i()TEST_LOOP()

END



85 

 

 

 

Figure 57 · Raw vs extrapolated theta 

This part can be tricky since the algorithm executes at 10kHz and the encoder gives 

2048 pulses per revolution, so there will be several iterations at which the timer count 

will not vary and suddenly it will vary enormously. If that raw value is derived, the 

speed will be everything but a reliable measurement and will look as presented in 

Figure 57. In order to avoid that, the acquired Theta is extrapolated and will behave 

something as a first order hold. The linear extrapolation method is given by (22). 

 𝑦(𝑡) = 𝑦𝑜(𝑡) +
𝑡 − 𝑡𝑜
𝑡1 − 𝑡𝑜

(𝑦1(𝑡) − 𝑦(𝑡)) (22) 

 

 FAULT EVALUATION 

This routine will compare all the acquired values from analog peripherals and 

encoder, with the safety limits. In case there is a fault it will rise the flag. 

 FAULT HANDLE ROUTINE 

This routine is executed in the FAULT_HANDLING state, it will basically do a safe 

stop depending on the fault found 

o Decelerate: In case of undervoltage, overvoltage or high temperature, the 

system will perform a slow deceleration of the motor. 

o Open IGBTs: in case of any other fault, all IGBTs will open. 

 FAULT LOCKED SYSTEM ROUTINE 

This routine will be executed also at FOC period, and will evaluate the conditions for 

leaving locking state, which are 

o Analog signal has returned to safety boundaries with a given hysteresis 

o User has given STOP flag, as an acknowledging of the fault 

 FAULT CLEARING 

This short routine will initialize all fault flags to false. It is done in a function since 

this was a very repetitive action with around 20 lines of code, so in order to avoid 

redundant actions, it was condensed on this function.  

 

Raw Theta

Extrapolated Theta

Raw derivate

Derivate from 

extrapolated
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 TEST LOOP 

This routine is created in order to perform tests over software and hardware without 

modifying the validated speed and current loops. Is like a safe software test bench 

 SPEED FOC LOOP 

This routine will execute the FOC loop, with the functions of 

CONTROL_FUNCTIONS.h  

 CURRENT FOC LOOP 

This routine will execute the inner current control loop, and it is used in order to 

validate partially the control algorithm 

4.7. Conclusions 

A flexible power converter controller has been developed and integrated with the previously 

developed control libraries. 

 The minimum requirements of the system have been identified and defined as specific 

peripherals, signals and systems 

 A microcontroller, adequate for the requirements and with a daughter board, has been 

identified and selected. The daughterboard is type Nucleo-144, of which there are 

several different models, thus the system has the flexibility and modularity of using 

one or another  

 Five communication protocols have been identified and implemented in the system, 

giving it capability of communicating on different contexts such as industrial, PC-

connection, simple communication, fast or communication. A storage system has 

been integrated also by MicroSD 

 Two PWM stages have been designed. One three-phase and other single-branch, the 

stages are isolated, with a voltage level of 5V with enabled fault signals for each 

discrete. 

 A highly flexible analog stage has been designed. The stage is isolated, includes a 

second-order filter and a software-programmable variable input gain. It embeds the 

possibility of 10 different voltage amplitudes and optimizes at its best the amplitude 

of the signal. Six of this stages are coupled in pairs so that dual simultaneous sampling 

can be performed, while other three are independent. 

 Three different motor interfaces have been enabled. Based on literature and most used 

position sensors in industry, interfaces for incremental encoder, hall-effect sensors a 

resolver have been enabled. 

 Based on the selected device, the hardware and software platforms have been 

integrated based on STM32CubeIDE and HAL functions 
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Chapter 5 · Power PCB Design 

In a power electronics research workshop where developing, maintaining and repairing 

different equipment such as control boards or three-phase machines is the daily routine, it is 

necessary to count with generic power converters which can be either used in different 

machines and also the control can be performed externally by different tools.  

Besides the stated necessity, a real project with a real client for a specific application where 

the design of a 15kW three-phase inverter is needed is presented to the company, so this 

design is prepared in order to fulfil the requirements of the given application which are 

especially restrictive in terms of mechanical constraints given by the case where the inverter 

is intended to be used. Other specifications of the project are DC-Link voltage and AC Rated 

RMS current, as presented on Table 13. 

5.1. General features 

The main features of the inverter are presented on Table 13. 

Rated Power [kW] PR 15 

DC-Link Voltage [V] VDC 600 

AC Rated RMS Current [A] IACr 35 

DC Rated Current [A] IDCr 25 

Split DC-link Yes 

Currents measured IA, IB, IC 

Voltages measured VAB, VBC, VCA 

Type of discrete IGBT 

Driver One per phase 
Table 13 · 15kW power converter main features 

 

Figure 58 · 15kW power converter general scheme 
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The general scheme of the system is presented in Figure 58. Note that the DC-link is split, as 

indicated on Table 8Table 13, so the input voltage can optionally be +/- 300V with an external 

GND. It also can be treated as 0/600V with the external GND floating, since the discharging 

resistors of the DC-link will create the virtual middle point. 

5.2. Component selection 

As stated before, the selection of the components is strongly restricted by the mechanical 

constraints. Another handicap is the crisis in electronic components’ stock, for which the 

options are very limited. 

5.2.1. IGBTs 

Due to the space constraints and price, it is generally a better idea to get a 6-pack IGBT 

module, which contains the three-phase inverter and usually a temperature monitoring 

system. Other advantage of an IGBT module is its heat transfer capability, because the DCB 

substrate from which most power modules are made, enhances heat spreading while provides 

electrical isolation between power circuit and heatsink.  

The parameters of the needed IGBT are 

 Maximum width:67.70mm 

 Maximum length: 101.50mm 

 Maximum height: 17.60mm 

 Minimum VCE=1kV 

 Minimum IC=50A 

The module which satisfies the requirements is Infineon’s FS100R12W2T7_B11 which is 

presented in Figure 59 and has the following characteristics 

 Width: 56.7mm 

 Length: 62.8mm 

 Height: 12mm 

 Vce=1.2kV 

 Icnom=100A 

 

 

Figure 59 · Selected IGBT Module [39] 
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5.2.2. Main capacitance 

In a three-phase inverter it is essential that the DC-link voltage is completely stable and stiff. 

Also, care must be taken with the high-frequency current demanded from the inverter, which 

could increase the inductance and thus the impedance of the supply wires. The role of the 

main capacitor of the DC-link is exactly that, provide stiffness to the DC-link voltage while 

also creating a low-impedance path for the high-frequency currents [40]. Note that special 

snubber capacitors must also be used in order to ensure a very low impedance path for the 

high-frequency currents. 

In this design, the capacitors are a tremendously tricky matter mechanically speaking, since 

they are typically bulk elements. In this case, however, they must have a maximum height of 

26.8mm. Since this inverter is thought to work with a DC voltage source coming from a stiff 

voltage source, i.e., without high frequencies, they can be standard aluminium electrolytic 

capacitors. The company Cornell Dubilier manufactures the so-called Flatpack capacitors, 

which allow the design to be possible in the demanded dimensions. 

The minimum requirements of the main capacitance are: 

 Rated voltage range: 800V 

Based on the availability of Cornell Dubilier with a maximum rated voltage of 450VDC, it 

is necessary to split the DC-link with a mid GND point. That way, the 450VDC capacitors 

can be used. Finally, the main capacitance is presented in Figure 60, where the capacitors 

reference is MLP281M450EB0A, with a capacitance of 280uF each. 

Besides the capacitors, a discharging resistance is needed, as it can be seen on the figure. It 

is used because if the DC-voltage is cut without external discharging, the potential would 

remain in the circuit, which could be hazardous for anyone who handles the PCB. A 800kΩ 

resistor is placed between each differential (300 and 0, 0 and -300). 

 

 

Figure 60 · Main capacitance – Flat pack [41] 

While the flat-pack capacitors are necessary for the use of the inverter in the underwater case, 

it may also be used out of it, in which wouldn’t be necessary at all to use these flat expensive 

capacitors. That is why another option is set thought to route in parallel and decide whether 

use one or another type of caps. The bulk low-cost capacitors chosen are KEMET’s 
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ALC10A561DF450, with a rated voltage of 450V and a capacitance of 560uF. Since it 

doubles the capacitance of the flat capacitors, only two of these are needed, and are connected 

in series, as presented in Figure 61. 

 

Figure 61 · Main capacitance  - Bulk capacitors [42] 

5.2.3. Anti-surge capacitors 

Since the role of the main capacitance is to support the inverter itself, by guaranteeing the 

stiffness of the DC-link voltage and providing a low-impedance path for the high-frequency 

currents, it is convenient to support the input to the DC-link looking forward to filter the 

noisy high-frequency voltage components, providing also an anti-surge protection. 

The selected capacitors for the task are AVX’s SV05AC224KAA with a rated voltage range 

of 1kV and a capacitance: 0.25uF. They are connected as well as the main capacitance, 

splitting the DC-link bus forming a matrix of 2 columns and 2 rows of capacitors. 

 

Figure 62 · Anti-surge capacitance 

5.2.4. Snubber capacitors 

As introduced before, the role of a Snubber capacitor is to reduce the parasitic inductance of 

the electric wire caused by the high frequency currents in the DC-link demanded by the 

inverter. For that purpose, Cornell Dubilier’s 940C10P15K-F Snubber capacitors with a 

rated voltage of 1kV and a capacitance of 0.15uF. Four capacitors are arranged in parallel as 

presented in Figure 63. 
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Figure 63 · Snubber capacitance [43] 

5.2.5. Current sensors 

In order to provide overcurrent and enabling current control over the converter, current 

sensing must be including in the circuit. In order to have accurate measurements and isolation 

between power and control stages, the sensing topology is hall-effect sensors. The sensors 

chosen for the task are LEM’s 50A rated current transducers LAH 50-P (Figure 64). 

 

Figure 64 · LAH50P current sensors [44] 

Due to the crisis in electronics stock, at the very last minute the sensors had to be changed. 

Two new options were presented: LEM’s LESR-50NP (Figure 65 left) and ALLEGRO’s 

ACS71240LLCBTR-045B5 (Figure 65 right). They have 50 and 45 rated current 

respectively, while also are hall-effect sensors, providing isolation between power and 

control stages. 

 

Figure 65 · Lately chosen current sensors LEM (left) [45] and ALLEGRO (right) [46] 

5.2.6. IGBT drivers 

The very heart of the power conversion are the IGBTs. It is important to know how they are 

in order to work good with them. When switching an IGBT it is very important to provide 

the adequate voltage VGE for the turning-on, but also for turning-off. In the case of the module 

used in this project, the maximum VGE is +/-20V, with a rated of +/- 15V.  
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Not only voltage must be acquainted, but also current. An IGBT has parasitic capacitances 

which have to be loaded before the very commutation of the device, thus a high current source 

must be used for the commutation. 

In order to drive both the voltage and current of an IGBT and also provide isolation between 

control and power stage, AVAGO’s HCPL-316J is chosen (Figure 66). It provides a maximum 

peak output current of 2.5A and is optimized for up to 150A, 1200V IGBTs. Also, it includes 

a fail-safe protection, which will be explained in detail in the following section. 

 

Figure 66 · IGBT driver [47] 

5.3. Design 

Once the main components are selected, the design is performed divided in two main blocks; 

power stage and drivers stage. Also, a third section is added which is the connection with the 

control PCB. 

5.3.1. Power stage 

In the case of the power stage, the design is not much more than putting together all the 

components presented previously, as presented in the DC-link schematic, Figure 67. Note 

that, as stated before regarding the main capacitance, only one of the groups of capacitors is 

used, whether the flat pack if the system is used in the underwater case, or the bulk if it is 

used out of it. Apart from the capacitances, a DC-link voltage measuring stage is added with 

shunt resistors.  

 

Figure 67 · DC-Link schematic 
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The AC side only has the measurement stage. For the current measurement, the LEM sensors 

need +/- 12V supply and large decoupling capacitors in order to ensure an accurate 

measurement. The schematic of the current sensing is presented in Figure 68. 

 

Figure 68 · LAH-50NP schematic 

Based on the fact that there were no sensors available in any supplier, a last-minute design 

was made by E&C’s team for current sensing. In order to test the two sensors presented on 

the previous section, both were placed in series, as presented in Figure 69. 

 

Figure 69 · LEM and ALLEGRO current sensing 

Another interesting aspect of the power stage is the temperature measurement in the IGBT. 

It is performed by an internal NTC thermistor with the following features 

R25 [kΩ] 5.00 

R100 [kΩ] 0.493 

B25/100 3433 
Table 14 · NTC features 

The NTC resistance will vary following the behaviour of the function presented in (23). 

  𝑇1/𝑇2 =
 2 ·  1

 2 −  1
· ln (

𝑅1

𝑅2
) (23) 
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From which T2 and R2 refer to 25ºC and R25=5000ohms, as R1 is the resistance of the 

thermistor at a temperature T1. Clearing R1 from the equation leads to (24), by which the 

NTC resistance with respect to temperature can be presented in Figure 70. 

 𝑅1 = 𝑅2 ·   ·(
𝑇2−𝑇1
𝑇2·𝑇1

)
 (24) 

   

The circuit used for extracting the information of the temperature measured is a simple 

voltage divider as presented in Figure 71, where the output voltage will vary as an inverse 

logarithmic function with respect to the temperature.  

 

Figure 70 · NTC resistance with respect to temperature 

 

Figure 71 · NTC circuit 

The selection of the resistor RDIV is made in order to have a maximum voltage drop of 1.65V 

at 0ºC. The resulting resistor is 30kohms. With the presented components, the output voltage 

with respect to the temperature is presented in Figure 72. 

 

Figure 72 · Vout voltage with respect to temperature 
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5.3.2. Drivers stage 

As introduced on previous section, drivers stage is preceded by AVAGO’s HCPL-316J. Its 

internal structure is presented in Figure 73. 

 

Figure 73 · HCPL-316J internal structure [47] 

The objectives of the IC are presented as follows 

 Receive PWM signal directly from the microcontroller 

 Generate fault signal in case of short-circuit in the power-stage 

 Provide isolation with optocouplers 

 Amplify the gate current in order to commutate the IGBT 

 Monitoring the IGBT operation ensuring fail-safe operation in two ways: evaluating 

IGBT desaturation and measuring voltage VGE. 

Given that the device is internally isolated, it can be described in two completely separate 

circuits. Primary side or control side, and secondary side or power side.  

5.3.2.1. Primary side 

Primary side’s circuit is presented in Figure 74 and described by explaining each of the pins 

role, as follows: 

 VCC and GND are primary side’s IC supply. The voltage differential must be 5V with 

a 0.1uF decoupling capacitor 

 LED+ and LED- are used when the IC wants to be tested. Since this is not the case, 

LED+ is left unconnected and LED- is connected to GND. 

 VIN- and VIN+ are the PWM signal input. Different ways of operating are allowed 

by the IC. In this case, the operation (which will be detailed in the FAULT pin 

description) will be performed with VIN-, connecting to it the PWM microcontrollers’ 



97 

 

 

pin and providing a negated PWM signal. Also, VIN+ is connected to VCC through a 

1kΩ pull-up resistor. 

   𝑈𝐿 ̅̅ ̅̅ ̅̅ ̅̅ ̅ signal is generated by the IC when a failure in the system is detected. The IC 

provides an operation strategy called Global-Shutdown, Global Reset [47]. It is the 

most robust operation mode, and basically means that if one of the IGBTs fail, all of 

them will open and wait until a reset flag is set. In order to configure it this way, VIN- 

must be the PWM input, VIN+ must be set to high-state, and all the six   𝑈𝐿 ̅̅ ̅̅ ̅̅ ̅̅ ̅ signals 

are connected together. The negative aspect of this mode is that the information about 

which IGBT has failed is lost. However, it ensures a fail-safe condition in which, in 

case of electric failure in the power stage, the whole system will stop. 

 𝑅 𝑆  ̅̅ ̅̅ ̅̅ ̅̅ ̅ pin is the way of notification to the IC that the failure state has been 

acknowledged. When a failure condition rises, the system will not start again until 

the reset flag is risen. 

 

Figure 74 · Drivers primary side schematic 

5.3.2.2. Secondary side 

As in the primary side the supply is a simple 5V, in the secondary side is quite more 

complicated. Figure 76 presents the secondary side’s supply circuit, while Figure 77 presents 

the general circuit. As well as with primary side, it is described by explaining each of the 

pins role, as follows: 

 VE is the IGBT emitter. This signal must be monitored because the effective gate 

signal of the IGBT is VGE i.e., the voltage difference between gate and emitter. That 

is why, VE is the reference of the secondary side from the supply point of view, VE 

is 0V 

 VCC2 and VEE are the remaining supply pins in the secondary side. It is very 

important to note that the following conditions must be met 

o VE + 20 > VCC2 > VE + 15. I.e., VCC2 must be between 15 and 20V with 

respect to VE. In this case, it is set to 18.6V. 

o VE – 20 < VEE < VE.  I.e., the negative supply with respect to VE must be 

between o and -20V.  
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o VCC2 – VEE < 30V. I.e., the absolute difference between the positive and the 

negative voltages must be lower than 30V. Thus, VEE is set to -5V. 

 VOUT is the PWM signal, connected to the gate of the IGBT by the gate resistor RG 

in order to limit current. In order to limit voltage, it is clamped by Schottky diodes to 

VCC2 and VEE. 

 VC is the collector of the triple-darlington amplifier configuration. This could be left 

connected to VCC2 directly or through a small resistor in order to limit switch-on 

current. 

 DESAT is the fail-safe monitoring pin. It measures the collector voltage of the IGBT 

with respect to the emitter, i.e., VCE. This measurement is based on the fact that the 

IGBT must work only in one of two states: off state and saturation state. In off , the 

IGBT blocks all the voltage of the DC-Link and thus VCE is 600V, but IC is 0A. In 

saturation, the IGBT drives a current lower than the max IC < ICmax and VCE < 2V.  

The worst case scenario in a three phase inverter is that two IGBTs of the same branch 

set to on state at the same time, leading to a short-circuit. At the instant that it happens, 

the current through the IGBTs will start to rise enormously. Fortunately, IGBTs have 

the capability of withstand short-circuit current of several microseconds. [48] While 

the overcurrent is withstood, the IGBT enters in a third state: desaturation. In that 

state, the voltage VCE rises over 20 or 30V. That is why, a way of monitoring short-

circuit in the IGBT is by monitoring VCE voltage and setting a given threshold. 

Internally, the IC HCPL-316J has a threshold of 7V, from which, a slow turn-off will 

be performed and   𝑈𝐿 ̅̅ ̅̅ ̅̅ ̅̅ ̅ flag will rise. No output will be set in VOUT as long as 

𝑅 𝑆  ̅̅ ̅̅ ̅̅ ̅̅ ̅ flat is risen, acknowledging the failure, as presented in Figure 75. 

In that order of ideas, DESAT pin is connected to the collector of the IGBT. In order 

to avoid current to flow from the power stage to the IC through the DESAT pin, a 

high-voltage Schottky diode is used there. As it can be seen in Figure 73, the positive 

polarization of the diode is ensured due to the 250uA current source.  

 

Figure 75 · Fault behavior of HCPL-316J [47] 

 

Figure 76 · Driver supply stage 
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Figure 77 · Driver’s secondary side schematic 

5.3.3. Supply and control stage 

In order to have a lower input current and a voltage level close to the driver needs, the input 

to the circuit is 24V. It is isolated to the control stage and transformed to +/-12V in order to 

have the necessary voltage range for the drivers and also supply the LEM sensors with the 

needed bipolar voltage. Besides the +/-12V, a supply of 5V is needed, for which a low 

dropout voltage regulator is used. The supply circuit is presented in Figure 78. 

 

Figure 78 · Supply circuit of the drivers and sensors stage 

In order to test the control board explained in chapter three, the control signals i.e., PWMs 

and sensed analog signals are routed to IDC connectors, so no conditioning stage is designed 

for this PCB. 

5.4. Layout 

In order to accomplish the dimensions’ restrictions, set by the case in the layout, the top and 

bottom limits are modelled into the CAD environment in order to design according to them. 

(Figure 101 and Figure 102, Appendix). 

Besides the space restrictions, the guidelines followed are in regard enough separation 

between isolated areas and enough width in the tracks withstanding the maximum current. 

In terms of minimum space between traces for a differential of 600V, the two types of 

conductors in this PCB given by IPC2221 are 
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 B1 (Internal conductors): minimum distance 0.5mm 

 B4 (External conductors with permanent polymer coating): minimum distance 

1.105mm 

Another guideline which can be followed is the specialized in power conversion systems, 

IPC9592, which sets the minimum distance for 600V of 3.6mm. Since this is the more 

restrictive, it will be the one followed in the power side. 

In terms of current, there are more degrees of freedom to take into account. The maximum 

current on a trace is given by the IPC2221 is presented on (25), where K is a constant which 

is 0.024 for internal traces or 0.048 for external. dT is the allowed temperature rise in the 

trace, and finally W and H are the width and thickness of the copper trace. 

  𝑚𝑎𝑥 = 𝐾 · 𝑑 0 44 · ( · 𝐻)0 725 (25) 

The premises are the maximum temperature rise set to 40ºC given that is a reasonable 

allowable temperature rise, and a maximum trace thickness of 70um, given by the board 

manufacturer. Using (25), for an RMS AC current of 35A, the minimum trace width is 8.8mm 

for external layers, and 22mm for internal layers. For a DC current of 25A, the minimum 

trace width is 5.5mm for internal layers and 14.3 for external. 

Another interesting aspect of the layout is that is enabled with the different capacitors 

possibilities, and all of them must have access to power on the same conditions. I.e., each of 

the voltage levels of the DC-link (-300V, 0V and -300V) must be properly connected to the 

different capacitor footprints. Figure 79 presents the final power PCB with the bulk 

capacitors mounted and the generic interface ready to work with any three-phase machine. 

 

Figure 79 · Final power PCB 
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5.5. Conclusions 

A generic and flexible 15kW three-phase inverter has been developed 

 The electric and mechanical requirements of the client’s project have been identified 

 The components have been selected in order to match the client’s specifications with 

special care in matching mechanically with the highly restrictive conditions of the 

case 

 The PCB has been design with mainly two stages, drivers and power. The control 

stage is thought to be the power controller presented previously, for which this PCB 

has been prepared with IDC connectors in order to match pin-to-pin with the 

controller board. 

 The DC-link has been designed with flexibility of capacitors. The client’s limited 

dimensions for the components imply the usage of very rare and expensive flat-pack 

capacitors, which are not necessary when using the converter in the workshop. For 

which, it is enabled for the usage of standard aluminum electrolytic bulk capacitors 

 The current sensing stage has been designed with flexibility also by enabling two 

different current sensors in series due to the problematic with stock 
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Chapter 6 · Experimental Implementation 

This chapter presents the validation of all the work performed by experimental testing. This 

testing stage is oriented to validate the main control features, the modularity and adaptability 

of the power controller, the validity of the power converter and the accuracy of the control 

algorithms. 

6.1. Control PCB validation 

The very first verification is a visual inspection and short-circuit validation over the PCB. 

The objective is to check if there is any soldering mistake causing short circuit between the 

supply terminals or any incorrect component connection. Special care was taken checking 

the correct connection of all the electrolytic capacitors.  

The second task is to power the PCB and check that the different voltage supply levels are 

accurate. In order to do so, the signals 12V, 5V and 3.3V were placed together in an 

accessible and visible place, with LEDs to indicate power, as shown in Figure 80. 

 

Figure 80 · Power stage of board 

The following test was the GPIOs. Initially, with external push-buttons a level of 5V was set 

in the eight different inputs. The first validation was to check that the optocouplers limited 

accurately to 3.3V, and then to check by the debugger that the firmware was correctly 

mapped. Finally, by firmware the 4 outputs were toggled and checked by the oscilloscope 

that they were mapped correctly and reached the expected 3.3V. 

The following test was the PWM modules. In this case the test had three stages. First, the 

power supply, by checking that the isolated 5V were accurately working. Second, the PWM 

levels, by generating PWM signals by firmware and checking that the isolated PWM signals 

were in synchronism and with the expected 5V level, Lastly, the fault signals, by checking 

that the 6 inputs generated the three multiplexed signals, and the interrupt was generated. 

In order to perform a closed-loop control, one more module must be validated; the analog 

sensing and conditioning. The whole circuit was studied and partially validated by simulation 
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on Chapter 4 · Section 2.4, but the hardware had to be tested also. In order to do so, the 

function signal generator VC2002 was used to generate different signals.  

First, a 50Hz 3Vpp signal. As presented in Figure 81, the signal was accurately shifted to a 

DC-value of 1.65V and no noise was detected. The following test was to increase to 5Vpp in 

order to check the limitation performed by the overvoltage protection, and it was successful. 

Finally, a 10kHz sinusoidal was generated in order to validate the 2º order MFB filter, being 

also successful. 

 

Figure 81 · Generated and acquired signal 

Due to the focus on the real client and project, the peripherals such as SPI, RS485 and LCD 

were not tested. 

6.2. Power PCB validation 

The very first test, as well as with the control PCB, was a visual inspection of soldering and 

electrolytic capacitors. In this case, the polarity of the capacitors was more important, since 

the DC-link’s integrity depends on that.  

Once it was checked that everything was fine, the second test was powering the driver’s side 

of the PCB and check that all the voltage levels were accurate. Special attention was paid to 

the voltage levels of the driver’s secondary side, since those levels of voltage were going to 

be applied to the IGBTs, and it is essential to have accurate values. Once the voltage levels 

were checked to be right, the power board was connected with the control board, in order to 

validate the drivers’ PWM generation. Simple 0.5 duty complementary signals were 

generated in all branches. As it is represented in Figure 82 and Figure 83, where it is presented 

with raw image of the oscilloscope in order to show real results. 
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Figure 82 · Complementary signals at the output of the drivers 

 

Figure 83 · Complementary signals at the output of the drivers with the accurate level 

The very last test without any control was the DC-link voltage withstand. With the drivers’ 

stage off, the voltage was increased slowly from 0 to 600V and left for a work day of 8h. The 

system withstood the voltage with no issues. 

The following test was to validate the duty generation with the scalar control, paying special 

attention to the amplitude, frequency and lasting time between the start command and 

reaching the rated duty. It was proved to match with the simulation results. 

In order to perform an accurate field-oriented control as intended, the sensing stage must be 

validated and calibrated. The first approach in order to do so is connecting an RL load in one 

of the phases and giving a sinusoidal voltage in open loop. When evaluating the current 

measurement was noted to be extremely noisy. Special attention was paid in the supply pin 

of the sensor and the 2.5 reference. In Figure 84 it is represented the output of the sensor with 

0A. The noise over the 2.5 signal is huge and of 1.2V of amplitude, measured over the range 
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of 5V. Different solutions were tried in order to condition this signal as well as the output 

current resulting, but it was impossible. Thus, in order to perform the vector control it is 

necessary to work with a commercial inverter. 

 

Figure 84 · Noise on reference signal 

6.3. Control of three-phase machines 

The scope of the hardware and software developed is mainly to control three-phase machines 

for different purposes. Several squirrel-cage induction machines are repaired and tested on a 

daily basis in the company’s workshop, while an external project is to perform field-oriented 

control over an interior permanent magnet synchronous machine. In that sense, a simple 

scalar control algorithm is performed over an IM while FOC is performed over the IPMSM 

just as developed on chapter 3, including a previous step of vector control over an RL load. 

6.3.1. IM Scalar Control 

When a power converter is validated in terms of electrical integrity by withstanding DC-link 

voltage, turning on and off the IGBTs with the adequate slope and current is withstood by 

the traces, an open-loop scalar control over an induction machine is the first step in order to 

validate software, hardware and machine integration while also evaluating current sensing.  

 
Figure 85 · 1.5kW Squirrel Cage IM 

 
Figure 86 · 7.5kW Squirrel Cage IM 

For that purpose, machines presented in Figure 85 and Figure 86 rated 1.5 and 7.5kW 

respectively are run at its rated frequency by a 50Hz VHz scalar control. 
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The control, based on [49] is a simple open-loop volt-hertz control as in Figure 87, where the 

odd at the very end is to maintain the rotor flux constant by a constant variation of the ratio 

V/f. Three main stages are performed until reaching the rated conditions. Fist, a DC voltage 

with a 20% of the rated voltage is applied in order to magnetise the rotor. Second, the 

frequency is increased maintaining the voltage amplitude constant, once the minimum 

frequency and minimum voltage are reached, the constant V/f ratio is applied by increasing 

amplitude and frequency from the minimum voltage to the rated ones. Finally the motor 

reaches rated amplitude and frequency, point in which the machine should work 

continuously. 

 

Figure 87 · V/f Induction Machine Scalar Control  

The setup for the scalar control is presented in Figure 88, where the power controller and 

power converter are integrated successfully and are able to perform the control, as it is 

detailed in Figure 89, where the voltage applied to a phase and its current is presented. 

 

Figure 88 · Control and power set-up for scalar control of IM 

 𝑀𝐼  𝑅 𝑇𝐸

 𝑀𝐼 

 𝑅 𝑇𝐸
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Figure 89 · Resulting voltage and current from the IM 

When developing the scalar control, even though the open-loop signals were accurately 

generated and the machine followed the expected speed, double checked by a tachometer. 

6.3.2. Closed loop current control 

In order to perform the closed loop current control, a commercial power converter is used, 

the MTL-CBI0010N12IXFE, presented in Figure 90. It embeds the IGBT stage, the drivers, 

DC-link and current sensors. The first stage of a closed loop control is to connect only one 

of the branches to an RL load and perform a current control, for which a 9kW 12Ω resistor 

and a 9mH inductor loads are used, presented in Figure 91. 

 
Figure 90 · MTL-CBI0010N12IXFE converter 

 
Figure 91 · RL (18.2ohm, 9mH) load 
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In order to interface with the control stage of the converter, two main aspects must be taken 

into account. First, the PWM stage must be prepared for receive fault signals from the 6 

IGBTs and the voltage levels must be 5V, second, the conditioning stage must be able to 

handle the levels from the voltage and current sensors, scaling them if needed and filtered. 

Both aspects are completely matched by the developed power controller, for which the only 

work to be done is the interconnection wire, which on the side of the controller must be IDC 

and on the side of the converter DB25. The final setup is presented in Figure 92, where the 

high-power DC source supplies the converter and it feeds the RL load. The power controller 

is fed by 12V by the low-power DC source and connected through the IDC-DB25 wires to 

the converter. The measurements are taken by insulated current and voltage probes and 

connected to a picoscope. In the stated figure, an open loop sinusoidal voltage command was 

given and obtained accurately. 

 

Figure 92 · Control and power set-up for vector control of current 

The following step was to use the PROJECT_CONSTANTS.h file to auto generate the 

controllers by introducing the resistance and inductance of the load. An extra function was 

created for single current control using the functions of CONTROL_FUNCTIONS.h and 

included in SYSTEM.c. Step commands were given to the RL current and accurate results 

were obtained, as presented in Figure 93.  

 

Figure 93 · Current control with step references 
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Finally, in order to emulate the synchronism of the currents with a rotating reference frame, 

an artificial theta of 50Hz is given and, as presented in Figure 94, is adequately followed. 

 

Figure 94 · Current control with sinusoidal reference 

6.3.3. IPMSM Field-Oriented Control 

In order to perform the IPMSM field oriented control, the setup of Figure 95 was used. It is 

a 25kW IPMSM intended to be used in the workshop, so again the work would be very 

helpful from a company point of view. An incremental encoder was mechanically coupled to 

the machine, as presented in Figure 96. 

During several weeks and even months, EMI issues were faced during all the process. The 

rated voltage of the inverter is 600V, but it was impossible to reach that level with the 

presented setup. When the motor was connected, over 50V the encoder wires would have 

been induced and thus it was physically impossible to close the speed loop. And even worst, 

over 400V sometimes the very control board would have been induced and would halt the 

microcontroller.  

Several actions were taken in order to mitigate that. The first objective was in immunity. All 

the wires were changed to shielded ones, from control supply to encoder signals. The 

converter and control were embedded in a metal case and the control supply source used was 

a highly immune which is the BK PRECISSION 9131B. The system would keep on failing 

so the dv/dt of the IGBTs were reduced by increasing x4 and x5 the gate resistor, and the 

current overshoots reduced by including snubber capacitors on the DC-link. The system still 

wouldn’t work. Different strategies were tried and even a low-voltage FOC was tried but 

with the induction of the encoder it was impossible to try any speed control. Finally, only the 
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current control presented previously was possible, but machine control due to lack of time 

and EMI issues, was not. 

 
Figure 95 · Control and power set-up for the IPMSM FOC 

 
Figure 96 · IPMSM and encoder 

6.4. Conclusions 

 The control algorithm has been tested and evaluated in a safe environment and with 

no power connections. It is, each function has been tested and compared with Matlab, 

as the finite state machine flow has been validated creating artificial hardware and 

software flags 

 The control board was validated obtaining outstanding results. The board can actually 

interface with different power converters, and the PWM ports and ADC ports work 

adequately, ensuring a real-time control. Communication protocols have not been 

validated yet. 
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 The power converter developed has been proved to work properly in open-loop, 

having good PWM behaviour and thus validating the drivers stage. The current 

sensing stage presented noise problems, probably for using arrangements such as 

sensors in series or parallel going deep into the power stage. 

 A fully integration for an open-loop V/f scalar control has been performed obtaining 

an accurate speed, soft start and soft stop in an induction machine. 

 A fully closed loop application has been successfully performed with the developed 

software, the power controller and the commercial power converter. 

 The control libraries were partially validated by performing a current control over an 

RL load, obtaining accurate results both in step references and synchronous 

references.  

 EMI issues are serious problems which need deep study and sometimes different PCB 

iterations in order to obtain an electromagnetically compatible system. It has been 

lived on the work of this thesis and shared with thesis advisors and LEMUR 

researchers that this kind of EMI problems slow down remarkably the development 

process, and thus in control algorithm validation or proof-of-concept stages, 

commercial converters or Hardware-in-the-Loop should be considered. 
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Chapter 7 · Conclusions and Future Work 

 

7.1. Conclusions 

A flexible power platform has been the scope and objective of this thesis. Developing systems 

able to match with real projects, giving a graduate engineer a touch with industry, and with 

commercial devices opens a lot of possibilities and enable different configurations in order 

to test either control algorithms, power converters or electric machines. This chapter presents 

the conclusions of the work performed  

 The literature regarding control and power platforms has been reviewed, identifying 

the need for custom devices from the point of view of economic interests and also 

having flexibility 

 The strategy of field oriented control over an interior permanent magnet synchronous 

machine has been developed. The machine has been studied and its synchronous 

reference frame model presented. The different subsystems of the control have been 

studied and the controllers tuned based on the parameters of a real IPMSM. The 

processed algorithm has been discretized and represented in the z-domain. 

 The algorithm has been performed and validated in the advanced simulation platform 

of Matlab/Simulink, using the Simscape toolbox. A two-step approach has been 

performed, starting with a continuous-domain simulation of the control algorithm 

over both the switching power converter model and the average power converter 

model, continuing with the implementation of the discretized control algorithm by 

the embedded Matlab Code blocks. 

 Based on the developed and validated discrete algorithm, two control libraries have 

been developed in bare-metal C thought in a flexible way in order to integrate them 

in any microcontroller. The first library is a set of control functions such as 

controllers, transforms, wrapping or limiting actions and all the needed functions for 

a proper development of the FOC. The second library is a custom Finite-State 

Machine developed specially for IPMSM FOC but easily modifiable 

 A flexible power controller board has been designed. The minimum requirements 

were identified and integrated into a systems and signals diagram. The selected 

microcontroller is from the STM32H743 family, with a standard Nucleo-144 

daughter board, swappable for others from different families and thus higher or lower 

performance. Based on all the peripherals requirements, each one of them has been 

developed, including three-branches and single-branch PWM isolated ports, a 

flexible and software-programmable analog port, validated by simulation, different 

communication protocols such as SPI, Ethernet, USB, CAN, RS-485 and a MicroSD, 

and a motor interface with the capability for acquiring the position signal of 
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incremental encoders, hall-effect sensors or resolvers. GPIO ports were included and 

a 12V 5W power supply stage was designed. 

 The control hardware and software developed has been integrated by the 

STM32CubeIDE which includes a device configuration assistant with automatic code 

generation, easing the development and shortening the firmware configuration. HAL 

API drivers from ST have also been used, being of much help and shortening 

enormously the testing time avoiding the configuration at register level, giving an 

important level of abstraction. 

 A 15kW flexible three-phase inverter has been developed. Based on a real project and 

client’s specifications, the component selection and design of the PCB was 

performed. The scope of this device is to be a generic inverter able to drive different 

types of machines and being driven by different controllers, which is fulfilled by the 

DC-link adaptation for different capacitors and the IDC connectors for control 

connection. 

 In terms of experimental results of the hardware, the power controller board showed 

outstanding results in the control interface; both PWM and analog modules worked 

as expected in different applications both open and closed loop. It was tested with 

different power converters under different conditions and has shown high flexibility 

and easy integration. The power converter with only one iteration proved to work 

correctly in open-loop, but the sensing stage was not working fine and it presented a 

lot of noise. 

 In terms of experimental results of software, a two-step validation has been 

performed. The first step has a debugging stage in which each function is compared 

with the Matlab/Simulink equivalent function behaviour. Thus, separately the control 

functions were partially validated. Also, the finite state machine was tested 

introducing artificial hardware and software flags and proved to present a correct 

workflow. The second step was to integrate with the real hardware and perform an 

open-loop scalar control and a closed-loop current control with very good results. The 

very final implementation of a FOC with cascaded control scheme was not possible 

to perform due to EMI issues, which slowed down the work in terms of months. 

Based on the presented conclusions it can be stated that almost every objective has been 

covered in this thesis, performing experimental validation of it. The most important 

uncompleted objective is closing the speed loop over an interior permanent magnet machine, 

having a full validation over the developed algorithm.  

7.2. Future work 

A flexible power platform has been developed and tested in most of its capabilities. There 

are three clear scopes from which the platform can be faced and thus the future work can be 

subdivided in each of them 

In terms of the digital control system, the developed IPMSM should be tested to completely 

prove its validity. Several vector control topologies exist nowadays and the control 



115 

 

 

algorithms can be considerably more complex than what is presented on this work. Further 

research and development on this topic should be performed by implementing the existing 

controllers with online parameter estimation and gain calculation, while also other type of 

controllers such as fuzzy-logic control or machine-learning methods can be tested. A further 

step on the analytical control over this machine should be the removal of the position/speed 

sensor by estimation methods such as BEMF or saliency tracking, in order to apply the so-

called sensorless field oriented control. Code generation tool by Matlab/Simulink should be 

explored with the STM32F7 family and its compatible Nucleo-144 board, this will shorten 

the developing time and will enrich the software libraries. The mentioned libraries should 

include more functions in order to have all the needed software for working with different 

machines; a ifdef and ifndef logic should be used in order to include in the project the needed 

functions and dismiss the unused ones. 

In terms of the developed control hardware platform, the communication protocols enabled 

should be tested and validated. The system’s flexibility can be increased by different options; 

enabling different levels of voltage in the PWM and GPIO ports will enhance the integration 

with different types of drivers, turning on and off the different control modules in order 

reduce the power consumption, the motor interface should be adapted with a variable voltage-

divider stage in order to adapt adequately the voltage levels coming from the sensors which 

are usually above 12V. 

The power PCB should include better electromagnetic compatibility with wider and 

smoother power tracks. Special care must be taken with the current sensing stage, critical for 

any closed-loop control application, especially with three-phase machines. The current 

sensor should be a current-output LEM sensor with its tracks protected with copper layers. 
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Appendix A · Large graphical representations 

 

Figure 97 · Schematic of the conditioning circuit, final approach 
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Figure 98 · 3D TOP view of the inverter  

 

Figure 99 · 3D BOTTOM  view of the inverter 

 

Figure 100 · 3D profile view of the inverter 
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Figure 101 · Top case CAD model 
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Figure 102 · Bottom case CAD model 

 

Figure 103 · Capacitors arrangement and DC- connection 
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Figure 104 · STM32CubeIDE Device Configuration Tool (IOC) 

 

Figure 105 · STM32CubeIDE Clock Configuration from IOC 
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