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Resumen 
 

 

 

 

a energía producida en el sistema eléctrico está compuesta por diversas 
fuentes de generación y la distribución de la energía generada se transporta 
mediante diferentes tipologías de líneas eléctricas, dentro del sistema de 

transmisión. Actualmente la producción de energía eléctrica a partir de fuentes de 
energías renovables está creciendo significativamente, pero se enfrenta a grandes 
desafíos tecnológicos para la conexión al sistema eléctrico actual. El desarrollo de 
las tecnologías actuales permite aumentar, cada vez más, la penetración de estas 
fuentes de energías renovables. Además de la adecuación del sistema eléctrico y la 
evolución tecnológica de la energía renovable, se busca reducir el consumo de 
combustibles fósiles y, para ello, también se tiende a una mayor electrificación del 
transporte, mediante el aumento del uso de los vehículos eléctricos. Con todo esto, 
se tendría una red eléctrica más completa, donde los coches eléctricos serían los 
elementos activos del sistema, pudiendo incluso contribuir a la estabilidad y 
sustentabilidad de dicho sistema eléctrico.  

Teniendo en cuenta todos estos avances, se requiere mejorar el sistema eléctrico, 
considerándolo como un todo, para poder controlarlo más activamente. El uso, 
cada vez mayor, de convertidores electrónicos de potencia es una de las principales 
soluciones a estos nuevos retos, ya que recae principalmente en éstos la 
responsabilidad de controlar y de cumplir con los requisitos del sistema. 

De este modo, este trabajo tiene como objetivo proporcionar soluciones novedosas 
en cuanto al control y las topologías de convertidores de potencia. En el trabajo, se 
aplican estas nuevas tecnologías a las dos problemáticas principales, anteriormente 
mencionadas, la evacuación de las fuentes de energías renovables y al diseño de los 
accionamientos y la conexión a la red eléctrica de los vehículos eléctricos a través de 
dichos accionamientos.  

L
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El primero de estos trabajos consistió en el desarrollo de una nueva estrategia de 
control para optimizar la conversión de potencia en la interconexión de grandes 
plantas de generación basadas en energías renovables con la red eléctrica con el fin 
de permitir reducir el coste y la complejidad de dichas instalaciones. Esta nueva 
tecnología da resultado un sistema más eficiente, fiable y de menor coste. El 
sistema propuesto es de aplicación a parques eólicos marinos, con enlace de 
evacuación HVDC, para el transporte de la energía eléctrica generada.  

En cuanto al segundo trabajo, se propuso la integración del vehículo eléctrico como 
un elemento activo del sistema eléctrico. Se diseñó un motor de seis fases de 
reluctancia síncrona y se aplicó un novedoso método de control con el objetivo de 
facilitar el uso del vehículo eléctrico, reduciendo los costes de infraestructura y 
aumentando la robustez del sistema, la autonomía y la fiabilidad. 

Para el primer tema de trabajo: Novedoso control de convertidores de potencia 
para Aerogeneradores en sistemas offshore aplicados en links Diodo-HVDC, los 
principales objetivos se centran en: 

 Reducir el peso y el tamaño de la subestación offshore del enlace HVDC. 

 Reducir de los costes de un típico VSC-HVDC en subestación Offshore. 

 Aplicación a zonas remotas y a parques eólicos marinos. 

 Mantener la disponibilidad de más de 99,97%. 

 Reducir las pérdidas. 

 Aplicación de la novedosa estrategia de control que integra a todos los 
aerogeneradores del parque offshore. Se propone un control centralizado, 
que permite el uso de cualquier aerogenerador comercial, sin modificación 
de su control. 

Para el segundo tema de trabajo: aplicación de novedoso control en un nuevo 
motor de coche eléctrico (SynRM), los principales objetivos se centran en: 

 Mejorar la seguridad mediante redundancia de componentes. 

 Mejorar la eficiencia con respecto al estado de la técnica. 

 Proponer una novedosa topología del convertidor de potencia para 
conectar a un motor de seis fases. 
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 Proponer un nuevo control directo de par aplicado a máquinas 
multifásicas basadas en ORS y técnicas predictivas. 

 Definir los objetivos de seguridad y convertidor tolerante a fallos. 

 Proponer un nuevo concepto de máquina eléctrica que funciona como 
cargador bidireccional. 

Todas las aportaciones han sido validadas en simulación y experimentalmente con 
máquinas eléctricas comerciales y realizadas específicamente para el desarrollo de 
este trabajo. 
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Abstract 
 

 

 

 

he energy produced in the electrical system is composed of various sources 
and the distribution of the generated energy is transported by different types 
of electrical lines, within the transmission system. The production of 

electricity from renewable energy sources is growing significantly, but it faces great 
technological challenges for the connection to the current electrical system. The 
development of current technologies allows the increasing of penetration of these 
renewable energy sources. In addition to the adequacy of the electrical system and 
the technological evolution of renewable energy, the aim is to reduce the 
consumption of fossil fuels and, for this, there is also a trend towards greater 
electrification of transport, by increasing the use of electric vehicles. With all this, 
there would be a more complete electrical grid, where electric cars would be the 
active elements of the system, and could even contribute to the stability and 
sustainability of such electrical system. 

Taking into account all these advances, it is necessary to improve the electrical 
system, as a whole, in order to control it more actively. The increasing use of 
electronic power converters is one of the main solutions to the new challenges, 
since it has great responsibility in controlling and fulfilling the requirements of the 
system. 

Therefore this work aims to provide novel solutions in terms of control and 
topologies of power converters. The new technologies proposed are applied to the 
two main problems mentioned above, the evacuation of renewable energy sources 
and the design of the drives and the connection to the electric grid of electric 
vehicles through these drives.  

The first of these works consisted in the development of a new control strategy 
applied to optimize the power conversion in the interconnection of large 
generation plants based on renewable energies with the electric grid in order to 
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reduce the cost and complexity of said facilities. The proposed system is applicable 
to offshore wind farms, with an HVDC evacuation link, for the transport of the 
electricity generated.  

In the second work, it´s proposed the integration of the electric vehicle as an active 
element of the electrical system. A six phase synchronous reluctance motor was 
designed and an innovative control method was applied in order to facilitate the 
use of the electric vehicle, reducing infrastructure costs and increasing system 
robustness, autonomy and reliability. 

For the first topic of the work: Novel control of power converters for wind turbines 
in offshore systems applied in Diode-HVDC links, the main objectives are focused 
on: 

 Weight and size reduction in the HVDC offshore substation link. 

 Reduce the costs of a typical VSC-HVDC in Offshore substation. 

 Application to remote areas and offshore wind farms. 

 Maintain availability of more than 99.97%. 

 Reduce losses. 

 Application of the novel control strategy that integrates all the wind 
turbines in the offshore wind farm. A centralized control is proposed, 
which allows the use of any commercial wind turbine, without modifying 
its control. 

For the second topic of work: application of novel proposed control in a new 
electric car motor (SynRM), the main objectives focus on: 

 Safety improvement through components redundancy. 

 Efficiency enhancement respecting the State of the art. 

 Propose a novel topology of the power converter to connect to a six-phase 
motor. 

 Propose a new direct torque control applied to multiphase machines based 
on ORS and predictive techniques. 

 Safety goals definition and fault tolerant converter. 
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 Propose a new concept of electric machine also working as a bidirectional 
charger. 

All the contributions have been validated in simulation and experimentally with 
commercial electric machines and made specifically for the development of this 
work. 
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1 ESTRUCTURA DEL TRABAJO / WORK STRUCTURE 

 
l trabajo está organizado de acuerdo con las normas de publicación de la 
Universidad de Sevilla. Dentro de esta normativa, existen dos alternativas 
para la redacción de la memoria de tesis. Una de estas alternativas es la 

redacción del documento de tesis al modo tradicional y la otra, mediante 
compendio de publicaciones. En este caso, se ha decidido presentar la tesis 
mediante compendio de publicaciones. La tesis por compendio de publicaciones 
tiene una normativa específica dentro de la Universidad de Sevilla y debe ser 
estructurada como tal: Introducción, Objetivos, Resumen Global, Discusión y 
Conclusiones. Por otro lado, se ha decidido añadir un mayor desarrollo de la 
investigación dentro de los dos temas abordados (Novel Power Converters Control 
for Offshore Wind Turbines and Powertrain EV SynRM), teniendo en cuenta que, 
además de las publicaciones, se han conseguido mayores avances en la 
investigación realizada y, por tanto, se tienen un mayor número de resultados 
obtenidos. También ha escrito la tesis alternando dos idiomas, inglés y el español. 
Las partes claves, como el resumen y las conclusiones han sido redactadas en 
español y el resto, contenido de las publicaciones, se ha redactado en inglés. De 
modo general la tesis está estructurada en los siguientes apartados. 
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2. INTRODUCCIÓN / INTRODUCTION 

 
ialogue at an international level has begun to recognize the importance of 
integrating energy efficiency and renewable energy. International 
governments, global campaigns and a host of other actors are increasingly 

raising awareness and encouraging policy makers to consider the two in concert. 

Europe is the current global technology leader in wind, solar energy and electric-
car. Renewable power accounted for 70% of net additions to global power 
generating capacity in 2017/2018, but global energy-related carbon dioxide 
emissions rose 1.4% in 2017/2018, after three years of holding steady. The increase 
in carbon emissions was the result of robust global economic growth (of 3.7%). [1] 

Two realities: one in which a revolution in the power sector is driving rapid change 
towards a renewable energy future, and another in which the overall transition is 
not advancing with the speed needed. Some of the reasons for the slow transition 
are the current electrical system, which is not yet fully organized for the immersion 
of renewable energy. Another strong reason is that the current development of the 
electric car is not in line with the need for global progress. It is clear that there is a 
competition between economic evolution and global sustainability. 

But the news is not all bad. Renewable power generation capacity saw its largest 
annual increase ever with an estimated 178 gigawatts added globally. The solar 
photovoltaic generating capacity alone was greater than additions in coal, natural 
gas and nuclear power combined.  

While momentum in the power sector is optimistic, it will not on its own deliver 
the emissions reductions demanded by the Paris climate agreement or the 

D 

 

Science knows no country, because knowledge belongs to 
humanity, and is the torch which illuminates the world.  

Louis Pasteur 
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aspirations of Sustainable Development Goal 7. The heating, cooling and transport 
sectors, which together account for about 80% of global total final energy demand, 
are lagging behind. It is clear that without the joint evolution, mainly on transports, 
the objectives cannot be reached. 

For this reason, this work comes in the sense of developing two major milestones 
for this evolution of renewable energy. Encouraging the core of all this evolution, 
the use of power electronics and innovative controls in two important points, in the 
encouragement of the use of offshore wind sources, improving their connection to 
the system and optimizing the use of the electric car, improving reliability and 
connection to the system in an active way. 

2.1. Preliminary considerations 

The aim is to show the global motives and the progress of the two works carried 
out and the worldwide importance of research in these areas. 

The last years were record-breaking for renewable energy, characterized by the 
largest ever increase in renewable power capacity, falling costs, increases in 
investment and advances in enabling technologies. These data can be seen in 
Figure 2-1. 
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Figure 2-1. Renewable Energy Indicators 2017, REN21. [1] 
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It is also important to highlight, the technology is dominated by few countries and 
the five main countries for each renewable energy source is shown in Figure 2-2. 
Many developing and emerging economies are increasing their deployment of and 
investment in renewable energy technologies and are becoming renewable energy 
leaders. 

 

Figure 2-2. TOP 5 Countries in the year 2017, REN21. [1] 

 

Modern renewables accounted for approximately 10.4% of TFEC in 2016. The 
greatest portion of the modern renewable share was renewable electricity 
(accounting for 5.4% of TFEC), as showed in Figure 2-3. Combine renewable 
energy accounted for an estimated 18.2% of TFEC. [1] 

The overall share of renewable energy in TFEC has increased only modestly in 
recent years, despite tremendous growth in some renewable sectors.  
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Figure 2-3. Estimated Renewable Share of Total Final Energy Consumption in 2016, 
REN21. [1] 

Another important fact that can be seen in Figure 2-4 is the timid growth of electric 
cars within the transport sector. It represents only 0.3% of the total, a small but 
important value for the evolution of the sector, which fights against the big oil. 

 

 

Figure 2-4. Renewable Energy in Total Final Energy Consumption, by Sector, 2015; 
REN21. [1] 



10                            

 

Contributions for the Integration of Renewable Energy and 
Electric Vehicles in the Grid 

Undoubtedly the renewable energy sector is the one with the most investment and 
development in recent years. 

An important fact that can be observed is the jobs generated in this sector, which in 
total has generated 10.3 million jobs, as shown in Figure 2-5. An expressive and 
important number to encourage more and more research and works like this. 

 

Figure 2-5. Estimated Direct and Indirect Jobs in Renewable Energy by Technology, 
REN21. [1] 
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2.1.1. Offshore Europe Wind Energy Overview  

Europe is the current global technology leader in wind energy. In 2030, it is 
expected that this energy source will cover 25% of electricity consumption, with 300 
GW of installed capacity. Onshore wind energy has developed rapidly into a 
mature market with wind farms operating in all continents. 

In 2030, wind power will be an important source of modern energy resources; 
reliable and cost-competitive in terms of cost per kWh. The market is being driven 
by concerns about: 

 The impacts of climate change; 

 Depletion of oil and gas; 

 High costs and the unpredictable availability of fuel; 

 Security of supply; 

 CO2 prices permits and sustainability 

Referring to offshore, the present existence of numerous technical, ecological and 
economic uncertainties plus the huge amounts of capital needed for building 
profitable offshore wind power stations, has meant a barrier for its deployment. 
Research and innovative concepts have to reduce the costs by tens of percent’s in 
order to be competitive with traditional energy sources. In this way, this work 
contributes to this price reduction, improving with the technology and control 
applied. 

Europe installed 11.7 GW of new wind energy in 2018. This marks a significant 
decrease compare with 2017. [2] Offshore wind represented 23% of the gross 
annual installations in Europe. As shown in Figure 2-6. 
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Figure 2-6. Gross annual onshore and offshore wind installations in Europe. [2] 

 

In Europe, 68% of all wind power installations is within 5 countries: Germany (59.3 
GW), Spain (23.5 GW), the UK (21 GW), France (15.3 GW) and Italy (10 GW). As 
you can see in Figure 2-7. In Figure 2-8, shows the 2018 gross annual onshore and 
offshore wind installations in Europe. [2] 
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Figure 2-7. Cumulative onshore and offshore installations by country in Europe. [2] 

 

 

Figure 2-8. 2018 gross annual onshore and offshore wind installations in Europe. [2] 
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Looking inside of Offshore Wind Energy, in 2018 Europe connected 409 new 
offshore wind turbines to the grid across 18 projects. This brought 2,649 MW of net 
additional capacity. Europe now has a total installed offshore wind capacity of 
18,499 MW, 4,543 offshore turbines. This corresponds to 4,543 grid-connected wind 
turbines across 11 countries. As shown in Figure 2-9. [3] 

 

 

Figure 2-9. Annual offshore wind installations by country and cumulative capacity 
(MW), Wind Europe. [3] 

 

In total 24, offshore wind farms across 7 countries had works going on in Europe in 
2018. In Figure 2-10 shows the projects connected. 
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Figure 2-10. Projects connected to the grid per country (MW). [3] 

 

Europe´s offshore wind potential is enormous and able to meet Europe´s demand 
seven times over, as estimated by the European Environment Agency´s (EEA). In 
2030, wind energy will be a major modern energy source, reliable and cost-
competitive in terms of cost per kWh. [3] 
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2.1.1.1. Motivation 
The increasing number of offshore wind farms commissioned, under construction 
or under development in Europe brings a large number of independent electricity 
transmission systems in our seas to evacuate the renewable power generated by 
them. In order to implement an optimal system, a coordinated European 
Masterplan is required. 

The  work  has  emerged  inspired  in  the  idea  of  the  European  super grid  for  
an  electrical transport system able to take the energy from the areas where the 
renewable sources are concentrated, to the consumption points where it is 
demanded together with the New European market of electricity allowing the 
reduction of the European energetic dependency, resulting in a safer, more 
sustainable and more competitive electrical energy system. The creation of a super 
grid that properly integrates wind generation brings an important number of 
advantages from its very basic principle: “The wind is always blowing 
somewhere”. According to today’s technology state of art, VSC-HVDC 
transmission systems have demonstrated, in many cases, to be the most 
appropriate technology for offshore applications, mainly due to the smaller layout 
required by the facilities involved and the higher control of active and reactive 
power it allows. Nevertheless, the maturity curve of these systems still have a long 
way forward directly related to the costs curve (around 15% more expensive than 
LCC), and research’s like this work will contribute to bring it down dramatically as 
a relevant technological breakthrough. 

According  to  Figure 2-11 at  least  200  HVDC  converter  stations  will  be  
installed  offshore  with  their corresponding platforms. It is possible to assume a 
500MW average AC/DC conversion capacity if the previously mentioned 2030 
scenario is considered (100 GW HVDC offshore installed power by 2030 is 
considered). 
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Figure 2-11. Total cost and benefits for the overall grid design. [4] 

 

The offshore wind sector brings considerable economic opportunities. Its industry 
contributes to Europe's competitiveness and leadership in wind energy, provides 
employment in the EU, reduces Europe's import dependence and reinforces its 
security of supply. In Figure 2-12 shows the total converters installed in the 
different scenarios. 

 

2.1.1.1.1. Converter Losses (OPEX) – See impact for clarifications 

Present VSC HVDC converter stations based on IGBTs show higher conversion 
losses compared to LCC HVDC systems based on thyristors (1.3% Vs 0.9% of the 
total energy transported per converter station). By using diode semiconductors, we 
can expect a 10% losses reduction. Conversion savings = VSC – Diodes = 99 
M€/year. 

 

2.1.1.1.2. Converter Station Cost (CAPEX) 

That would contribute to save 2,000 M€ in 17 years (2013-2030), at a rate of 235 
M€/year. 
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2.1.1.1.3. Offshore Station Platform (CAPEX & OPEX)  

A total 75% structure cost reduction is achieved. 

 

 

Figure 2-12.  Number of DC Converters installed in the different scenarios. [4] 

 

2.1.1.1.4. Offshore Substation 

The current offshore substation is complex, heavy and expensive and consists on a 
bidirectional converter based on a high number of IGBTs, filters, capacitors and a 
high voltage transformer for connecting the wind farm. Figure 2-13 shows a typical 
connection system for an offshore wind farm. 
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Figure 2-13. Connection for an offshore wind farm, Offshore Substation detail. 

 

VSC HVDC offshore substations have demonstrated to have a number of 
advantages compared to CSC HVDC. Despite of the VSC converter station 
footprint reduction compared to the CSC converter station, there is a high 
intelligence component located offshore that, due to the single directional power 
flow of these systems (generation always happens at same offshore end), is not 
necessary and allows further savings in the offshore station. The reduction of this 
high intelligence component will be addressed in this work. 

 

2.1.1.1.5. Offshore Wind Turbine 

The turbine that is used for an offshore installation is a variable speed and pitch 
control machine that can be built in two technologies: FSC and DFIG; the current 
trend is to use FSC because presents the following advantages: 

 Control of the full power of the wind turbine. 

 Very high range of Q control. 

 The problem above can be handle and limited to protect the DC 
connection. 

This last point allow to deal with the problem of current circuit that the standard 
topology presents, as mentioned before, so the amelioration of the protection 
system in the converter of the turbine is the key to avoid the use of expensive 
elements such as DC breakers. An effort in the control system of the turbine will 
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take place along the project, adapting it to the necessity of connection to the system, 
working as a voltage source, this task suppose a huge challenge to face up. The 
current wind farms operates as a current source, so this philosophy has to be 
change in order to satisfy the necessity of the system purposed. 

 

 

Figure 2-14. WTG with FSC converter. 
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2.1.2. Powertrain Electric Vehicle  

The transport sector was responsible for an estimated 29% of global final energy 
use in 2016. Renewable energy, in the form of biofuels, supplied only 2.9% of the 
energy used in transport, and electricity provided another 1.4% (however, only 
about 26% of the electricity consumed by EVs is renewable). Road transport 
accounted for 75% of global transport energy use in 2015, followed by aviation 
(11%), marine transport (just over 9%), rail transport (2%) and pipeline and other 
transport. 

Increasing numbers of EVs and plug-in hybrid vehicles will contribute to 
improvements in fuel economy on a final energy basis. The final goal of the 
different advances is clear: to increase the number of electric vehicles produced and 
circulating on our roads, through a reduction in cost and an increase in their 
efficiency.  

Global plug-in vehicle deliveries reached 3 million units for 2018, 64% higher than 
for 2017. In Figure 2-15 and Figure 2-16 shows the Global numbers. 

 

 

Figure 2-15. Global EV numbers in 2018. [5] 
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Figure 2-16. Evolution of the global electric car stock – 2013-2017. [6] 

 

As previously mentioned, the work aims to achieve, among others, the following 
benefits: 

 Reduction in oil consumption: 

o Efficiency is a key factor for this point and improvement in the 
whole analysis of the EV 

o The economic benefits are significantly important. If is taken into 
account that 73% of oil in Europe is consumed by transport, of 
which, road transport reaches 85%, profitability is evident. 

 Reduction in emissions and noise from wheeled transport. 

o Environmental benefits among which we find the risk reduction 
of climate change 

o Benefits for health 

 Improvement in road transport safety. 

Summarizing, the research will have an impact on different points such as energy 
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and resource security, the environment, health and safety of people, an 
improvement in mobility, as well as significant economic growth, improving 
Europe's competitiveness. 

The work addresses the highly challenging research on power and high voltage 
electronic systems. The research on electric vehicles has already brought visible 
progress to marketable models and technical properties such as radius of mobility 
and efficiency of the components. Nevertheless, in terms of market share it is even 
below small series. Issues that occurred to the vision of fully electric vehicles in the 
high-volume market are known and addressable through this work developments. 
Significant efforts are intended in research for highly safe, reliability and efficiency 
EV-powertrains, e.g. by lightweight engines and their optimal control.  

Conventional 3-phase electric motors result in the loss of the driving energy in case 
of failure of a single phase or a component in the converter or the control units. 
Even systems with multiple drives can lead to steering and traction problems that 
dramatically affect the safety of the vehicle dramatically. In order to eliminate 
potential accidents that endanger the necessary confidence in the electrical 
mobility, fault-tolerant drive systems and control architectures need to be explored. 

Future electric cars need to remain functional and allow at least a safe exit from the 
traffic zone even in the event of errors. Utilizing cost-efficient, powerful multi-core 
processors motor brain will pave the way for future scalable, configurable 
integrated drivetrains for EVs. 

By increasing energy efficiency, reliability and safety of electric vehicles combined 
with significant cost reductions (e.g. through new integrated packaging approaches 
for the joint use of the engine cooling system for power electronics, and new 
manufacturing processes for motors), and opening up of the standardization 
potentials for different levels of control, the work expect to increase the use of the 
EV. 
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2.2. Objectives 

2.2.1. Specifics Objectives – Novel Power Converters Control for Offshore 
Wind Turbines 

The objective is the development of a new power electronic technology using it for 
the converters of the offshore and onshore substation, giving as result a more 
efficient, reliable and cheaper system for an application using offshore wind farms 
and a HVDC link, for the energy transport. The adaptation of the control system of 
the wind turbine will also be addressed in order to reduce the need of expensive 
protection systems and to be able to connect to the system in a right way, working 
as a voltage source. 

 Application to remote areas. 

 Application to offshore wind farms. 

 Target: weight reduction, volume reduction and cost reduction of a typical 
offshore VSC-HVDC substation. 

 Maintain availability over 99.97%. 

 10% losses reduction. 

 Technology compatible with multiterminal HVDC demanded by the 
European Supergrid. 

 Application of the novel integrated control to the control of the wind 
turbine and in a centralized control, allowing the use of any commercial 
wind turbine, without modifying its control. 

To fulfill this goal, big milestones will take place: 

1. Carry out a preliminary study on the topology of the wind turbine, the 
behavior and definition of the main components for a power converter. 

2. Study and simulate a power control applied to power converters in wind 
turbines, specifically with back-to-back topology. 

3. Connect wind turbines to the new topology of a diode rectifier bridge by 
applying the new frequency and voltage control in the wind turbine and 
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with external control.  

4. Analyze the results obtained by simulations in PSCAD® and MATLAB®; 
make an estimate of the best applied topology searching for the quality of 
the grid and the economic part. 

5. Construction and validation of a 200 kW diodes rectifier for an offshore 
substation using a HVDC transmission line reducing cost and volume for 
the offshore substation. 

6. Modification of a new algorithm for the control of the wind turbine, 
increasing the performance of protections at this level and adapting it to 
the system using the wind turbines as voltage source and addressing the 
problem of several machines connected in parallel. 

7. Construction of a demonstrator in the laboratory showing this technology. 
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2.2.2. Specifics Objectives – Novel Power Converters Control for 
Powertrain EV SynRM 

The objective is to develop sustainable drive train technologies and control 
concepts/ platforms for inherently safe and highly efficient Electric Vehicle (EV) 
powertrains. The envisaged EV-Powertrain will enable significant steps ahead in 
terms of: 

 Overall energy efficiency: The next generation EV-Powertrains shall 
improve energy efficiency. 

 Development of novel smart and intrinsic failsafe electrical powertrain 
concepts: Powertrain concepts will not only focus on new highly efficient 
smart motor management systems and torque-dense motor concepts, 
furthermore intelligent integration concepts for passive components, 
power converters as well as new concepts for modular storage systems 
will be derived and verified. By exploding the benefits of higher integrated 
subsystems of the EV-powertrain it is expected to further enhance the 
efficiency and reliability of EV-Powertrains without impeding production 
costs. 

 Deriving new EV architectures, sensors and microcontroller concepts/ 
platforms: Core aim of the work is to strengthen the EV the development 
of intrinsic fail-safe powertrains and energy management systems in order 
to enhance the overall reliability, safety and efficiency of EVs.  

The consideration of vehicle weight and range requirements leads to the need of 
scalable drive train concepts. The work will enhance the energy efficiency of the 
drivetrain through its integrated approach.  

Besides the already mentioned general goals, this work expects the following 
advantages:  

 Cost reduction. 

 Increasing the operating range up to 15-20% (through improved efficiency 
and weight reduction). 

 Increased security through distributed drivetrain and improved 
integration. 
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 Safety improvement through components redundancy. 

 Efficiency enhancement respecting the State of the art. 

 Topology of the power converter to connect to a six-phase motor. 

 New direct torque control applied to multiphase machines based on ORS 
and predictive techniques. 

 Safety goals definition and fault tolerant converter. 

 Electric machine also working as a bidirectional charger. 

To fulfill this goal, big milestones will take place: 

1. Carry out a preliminary study on the topology and the motor design. 

2. Study and simulate a power control applied to power converters in a 
SynRM. 

3. Analyze the results obtained by simulations in PSCAD®, SolidWorks® 
and MATLAB®; make an estimate of the best applied topology searching 
for the quality of the grid and the economic part. 

4. Modification of a new algorithm for the control of the SynRM, increasing 
the performance, safety and reliability. 

5. Construction of a demonstrator in the laboratory showing this technology. 

 

 



 

 

 

29

3. NOVEL POWER CONVERTERS 
CONTROL FOR OFFSHORE WIND 
TURBINES LINKS TO DIODE-HVDC 
 

Si quieres encontrar los secretos del 
universo, piensa en términos de energía, 
frecuencia y vibración. 

Nikola Tesla 

dvanced method for controlling an offshore windfarm system that rectifies 
electric current based in diodes where power is transferred from several 
offshore wind power generation systems through a common offshore AC 

line is proposed.  

The wind power supply system’s controller use their own algorithm to select the 
reactive power reference regulator to maintain the common AC line frequency and 
amplitude, respect the active power generated. A novel black start control and a 
soft interchange control in operation is proposed to start the windfarm system. This 
method for controlling the voltage and the frequency of local offshore grid allows 
the operation of the different rectifier’s end of the HVDC link, and can be 
implemented directly in the wind turbines or in a central control, both proved in 
this work. Although there are other control methods for this topology, the 
proposed external control uses commercial wind turbine with no changes in their 
internal control. The power plant control systems use their own algorithm to select 
the active and reactive power reference, maintaining the original wind turbine 
control unaltered. This method for controlling the voltage and the frequency of 
local offshore grid allows the operation of the different rectifier’s end of the 

A 
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HVDC link. PSCAD® simulations are used to prove the technical control and the 
design concept. And MATLAB® simulations and a Test Bench scalable are used to 
prove the technical controllers and the start operation in a real test. 

3.1. Introduction 

The offshore wind farms are currently an important resource of electric power. The 
wind farms power production is usually transmitted in a direct current way, in 
order to reduce power losses. 

One of the currently most sophisticated techniques to achieve this goal is the 
modular multilevel converter (MMC) [7] [8] [9]. The voltage source converters 
(VSC) for all range powers actually are the most used [10] [11], whereas the line-
commutated converters (LCC) are still an option in higher voltage and power 
applications [12] [13].   

The proposed diode-based rectifier is a new alternative, using different topologies 
for converting power from the offshore AC line into a DC line. A common 
procedure, in the past, for unidirectional power links. [14]. In order to reduce the 
offshore converter weight, low cost setting up and high reliability have been 
disclosing ways to use an uncontrolled rectifier for this purpose [15] [16] [17] [18]. 

The method proposed in the mentioned articles requires the control of all wind 
turbines in a very particular way, so that they will maintain the common AC-line 
voltage and frequency. In spite of being a valid control technique, it is not suitable 
for nowadays commercial wind generation equipment, this is because they 
incorporate their corresponding power converter. Its control is opaque and very 
hard to modify by the wind farm integrator. It also can be used for any type of 
wind manufacturer, since only power references are exchanged as a requirement. 
The wind turbine manufacturer would also find this control scheme inconvenient 
and expensive as any new turbine model incorporated would require certification 
according to the corresponding regulations.  

This control method is only potentially applicable, since the development of the 
wind turbine technologies made the use of the full converter system with 
synchronous generators (SG) possible [19] [20]. Some other factors must be 
considered, like the reduction of power electronics costs and, even more relevant, 
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the growing grid regulations constrains, where the drive for this technology change 
at the conversion level. Nowadays installed SG-model wind turbines are rated up 
to 10 MW [21] [22]. 

Similar control techniques, using real (P) and reactive power (Q) are used in 
microgrids as distributed generation [25] [28]. Other studies improved the 
knowledge about the P, Q control, by investigating the effects on direct voltage and 
frequency regulation, using feedforward terms, adaptive control, droop coefficients 
and control strategies beyond standards [24] [25] [26] [27].  Thus, the need to 
implement them and seek improvements to the system is the main purpose of this 
article.  

It is intended with the external control method implementation use any commercial 
wind turbine, an easy integration and encourage the use of these topologies. This 
proposed topology and its external control allowed energy transmission in the 
HVDC link based on diode bridge rectifiers and caused a reduction of total offshore 
rectifier platform weight. 

The use of a diode-based rectifier to connect an onshore VSC to offshore wind 
farms via a HVDC link is proposed. The topology can be seen in Figure 3-1.  

 

 

Figure 3-1. Proposed topology – large offshore wind farms with the rectifier diode-
based HVDC link. 
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3.2. Specification and Requirements - State of Art 

3.2.1. HVDC transmission system – State of Art 

Nowadays, modern high-voltage direct current (HVDC) transmission systems are 
able to transport over three times more megawatts than the alternating current 
(AC) ones and are the most attractive solution to deliver high power to long 
distances. Moreover, HVDC transmission is often the only way to increase the 
transmission capacity for short distances. 

The most popular HVDC technologies used today are Line Commutated Current-
Source Converter (LCSC), Figure 3-2, and Voltage Source Converter (VSC), Figure 
3-3. 

 

Figure 3-2. CSC-HVDC topology base on SCRs. 

 

Figure 3-3. VSC-HVDC topology base on IGBTs. 
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LCSC technology was the first one used and now is the most mature of both 
technologies. This is also called classic technology, and is characterized by the use 
of thyristors or SCR (Silicon-Controlled Rectifiers) or more recently, LASCR (Light-
Activated Silicon-Controlled Rectifiers). This power electronic solution is used 
today for high power and voltage HVDC interconnections substation. This is based 
on semi-controlled device converter because it is not possible to control the switch 
off of semiconductors, which will not come until it is reverse biased by the electrical 
AC grid. Because of that, this technology allows power converter to control the 
active power but not the reactive power. Also, a very high total harmonic distortion 
appears in the AC side and DC side and so, very large filters units have to be 
implemented in this technology.  

The construction is based on several thyristors connected in series to reach the 
operating voltage of the AC grid to  which  it  is connected, involving  the  
mounting  of  modular  towers  with hundreds  of  thyristors  and auxiliary 
circuitry beside it to limit the rate of rise of the current. The use of the LTT 
technology allows the firing of a thyristors by an optical signal of about 40 mW, 
which eliminates part of the electronic control and protection circuits. 

VSC technology is characterized by fully controlled converter devices, allowing 
independent control of active and reactive power delivered to the grid. Using this 
high frequency technology, the total harmonic distortion can be dramatically 
reduced. This topology is more suitable to be used in multiterminal grids and also 
can be connected to weak grids and even passive AC without voltage or current 
sources. This higher control capability is due to the use of IGBTs (Insulated Gate 
Bipolar Transistors) instead of thyristors. 

The main topologies used for transmission are classified as monopole, bipole and 
multi-terminal. These topologies are depicted in Figure 3-4, Figure 3-5 and Figure 
3-6 respectively.  

Monopole configuration uses two converters that are separated by a single pole line 
and uses positive or negative DC voltage. Many submarine cable transmissions use 
this type of system.  

Bipole is the most common configuration of CSC- HVDC applications using 
transmission power. In fact, the bipolar system is formed by two monopole 
systems. The advantage of this system is that one of the power lines can continue 
operating when the other is out of service.  
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Multi-terminal topology combines more than two sets of inverters. 

 

Figure 3-4. CSC-HVDC monopole configuration. 

 

 

Figure 3-5. CSC-HVDC bipole configuration. 

 

Similar topologies can be implemented for VSC-HVDC topologies. These VSC 
transmission systems consist of two or more converter stations with VSC topology. 
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Figure 3-6. CSC-HVDC Multi-terminal configuration. 

Figure 3-7 shows a conventional two-level topology and three-phase bridge [8]. 
This topology can be substituted by a Multilevel Converter Topology. 

 

Figure 3-7. Two-level topology proposed by ABB. 
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Since  the  introduction  of  voltage  source  Multilevel Converters  based  on  NPC  
topology  (Neutral  Point Clamped) in 1981 by A. Nabae, the system has been 
presented different advantages in medium and high power  applications. 

Multilevel converters have the ability to modulate an almost sinusoidal voltage 
waveform from different DC voltage levels, obtained typically from capacitive 
elements. By having more voltage levels at the output of the converter, the voltage 
waveform has fewer harmonics reducing the total harmonic distortion (THD) of the 
output currents and voltages of the converter.  

This type of converters are specifically designed and developed for high voltage 
applications. The most common multilevel converter topologies are the Diode 
Clamped Converter (DCC), the Flying Capacitor Converter (FCC) and the Cascade 
H-Bridge Converter (CHB). These three topologies are shown in Figure 3-8. The 
DCC is considered the more mature topology and has been implemented in several 
industrial applications. It implements several series capacitors to divide the DC 
voltage in different levels and diodes to “clamp” the different voltage levels at the 
output of the converter. 

 

 

Figure 3-8. Three phase Three Level topologies. (a) DCC, (b) FCC and (c) CHB. 

 

On the other hand, the FCC topology is considered highly modular and 
implements a series of capacitors charged at different voltage levels. Each phase can 
be seen as an integrated cell where the output voltage waveform it’s synthesized by 
connecting different capacitors in series with the output.  

Finally, the CHB topology is formed by the interconnection of one-phase inverters 
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(H-bridge topology) with independent DC voltage, obtaining the AC voltage 
waveform by adding up the output voltage of each H-bridge. This type of 
multilevel converter has been widely used in three phase systems and AC power 
generation.  

Cascaded multilevel converters are considered the less expensive and more reliable 
topology due to the ability to reduce the need to implement additional diodes and 
capacitors to equilibrate the voltage at each level and because in case of failure of an 
H-bridge, the converter can continue functioning at power rating. 

But the most popular topology for implementing VSC-HVDC today is the Modular 
Multilevel Converter MMC, introduced by A. Leniscar and R. Marquardt in 2003 
[9]. It has been proposed by SIEMENS as the last generation technology in recent 
HVDC applications [7] [8]. This topology consists on cells connected in series. Each 
cell contains a DC-Link together with two transistors, used to connect or disconnect 
the DC-Link in series with the circuit or bypass this DC-Link. Figure 3-9 shows a 
schematic of this cell. 

 

 

Figure 3-9. SIEMENs IPM. 

 

Regarding the semiconductors, there have been also important progresses, higher 
thermal performances and higher limits of voltage and current have contributed to 
use them in new applications. This development has allowed to integrate these 
devices inside Intelligent Power Modules (IPMs). One IPM is defined as the 
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interconnection of power semiconductors with its elements of protection, trigger 
and measurements of current and voltage in a way that could be treated as a higher 
power switch. Figure 3-10 represents the structure of the IPM.  

 

Figure 3-10. IPM structure. 

The switching, connections, and the number of IPMs in series, allows to increase 
the number of levels of the modulated voltage wave, achieving properties of a 
multilevel converter, such as low level of harmonics. In Figure 3-9 an IPM 
manufactured by SIEMENS is shown. 

The IPM integration, cooling and others analogic devices form part of the Power 
Electronic Building Block (PEBB).  This  PEBB  is  the  result  of  the  necessity  of  
standardization  of  the converters, decreasing its complexity and allowing its 
integration in high power grids. 

Another company as ABB has also developed its solutions for PEBBs and IPMs for 
medium and high power, named Power Pak and LoPak. Figure 3-11 shows a 
LoPak module. 
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Figure 3-11. ABB, LoPak module. 

 

Various controls methods have been proposed for controlling VSC-HVDC 
topologies. Siemens Corporation and ABB Switzerland have both applied for 
patents on their corresponding ways for controlling the converter. Siemens most 
general patent application for MMC topology is WO 2008/067784 A1, although later 
applications have been submitted with new elements such as system identification 
and auto tuning elements. One of ABB patent applications is WO 2011/067090 A2 
that describes a case where all cells in the same leg are switched together. 

Although all these methods work reasonably well, most of them are based on the 
separated control of each pair of legs currents. This limits the capabilities of the 
system, especially when the AC grid and the DC line are galvanic isolated. This 
simplified control method may suffer current disturbances due to the synergy 
between legs. Such current disturbances may cause or increase non-desired 
harmonics. Siemens is known for having applied for a different patent which takes 
this synergy into consideration. However, it is still based on current control. 
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3.2.2. Platform overview – State of the Art 

Regarding the platform of the offshore substation, it is an expensive investment 
with an important role in the development of offshore wind. Different conceptual 
approaches have been addressed during the last years. 

Platform design is complex and includes the following aspects: HSE, harsh 
environment, remote location, primary access and egress systems, emergency 
response, material Handling, remote monitoring, accommodation, structural  
integrity (center of  gravity,  load distribution,  collision withstand capability, 
weight and size, fatigue, dynamic loads (ice, wind, wave, etc.), integral or separate 
cable decks, transportation method), etc. Typical weight of offshore converter 
substation platforms (topsides) are: 

Table 3-1. Offshore converter substation platforms. 
 

Power 
 

Type 
 

Weight 
 

100 MW 
 

AC- substation / HVDC station 
 

<1000 tons 
 

300 MW 
 

AC-substation / HVDC station 
 

2000 tons 
 

400 MW 
 

HVDC station 
 

3000 tons 
 

1000 MW 
 

HVDC station 
 

10000 tons 

Some key issues arise when thinking about offshore platforms: 

 Wind platforms competing with Oil & Gas platforms. 

 Co-ordination with offshore installation works. 

 Health & Safety for offshore works. 

 Minimize offshore commissioning and maintenance. 

 Compact solutions. 

 Not many crane vessels with lifting capacity >1000 tons operate in 
Northern Europe. 

 Heavily booked. 

 Most not suitable for shallow water. 
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 Maximum lifting capacity of 14000 tons could be restricted by size of 
platform or shallow waters. 

 Platforms installed in sections to reduce crane requirements. 

 “Self-installed platforms” will be an option for some projects. 

Table 3-2. HVDC Offshore platform concepts. 

Conventional fixed platform (jacket & topside) 

 Well proven concept – 
reliability / certification.  

 Number of yards with 
fabrication experience. 

x Installation/lifting only during 
May-Sep. 

x Requires   world’s   largest   
crane   vessel (cost, 
availability) and multiple 
offshore lifts. 

 

Figure 3-12. HVDC fixed platform. 

 

Jack-up platform - Self-installing (floating) 

 No large crane vessel required 

 Many yards prepared to 
fabricate (without design risk) 

x Limited experience for large 
platforms >10 000 tons 

x Complex design of jack-up 
system and platform to handle 
offshore jack-up operation for 
this weight 

 

Figure 3-13. Jack-up platform. 
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Gravity Based platform 

 Well  proven  semi-
submersible  design  but  
placed  on seabed – low 
environmental impact 

 No large crane vessel required 

 Easy to de-commission 

x Competitiveness for smaller 
applications <700 MW  

Figure 3-14. Gravity Based Platform. 

 

3.2.3. Diode-based Rectifier – State of Art 

Multi-pulse transformers in conjunction with a rectifier are becoming increasingly 
popular in power distribution systems. These topologies can be found in aircraft 
power systems, motor drive, and other applications that require low total harmonic 
distortion (THD) in the current and voltage for connection to the grid. 

This increase in the use of multi-pulse transformer topologies has led to the need to 
study large systems composed of these units and their interactions within the 
system. 
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3.2.3.1. Introduction 
The literature on multi-pulse transformer / rectifier topology has been in existence 
for several years. Currently in the industry, the topology of multi-pulse rectifiers is 
used to reduce the harmonic currents injected by an AC / DC rectifier to the 
electrical system. Multi-pulse rectifiers act by harmonic cancellation by interacting 
two or more six-pulse rectifiers. 

The use of multi-pulse rectifiers is one of the most popular alternatives for the 
reduction of harmonic currents, since they satisfy the need of the industrial sector to 
comply with national and international regulations that regulate the injection of 
harmonic currents into the electrical system with a minimum level of investment. 

For this purpose, the topology of multi-pulse rectifiers for this work is applied, with 
the function of normalizing the harmonics injected on the AC bus in the high seas. 
In 3.2.3.2 the technology of multi-pulse transformers is described in detail. 

 

3.2.3.2. Multi-pulse Rectifier  
The multi-pulse rectifiers can be configured in a number of pulses multiples of six 
(12, 18, 24, 30, 36, etc.). The increase in the number of pulses improves the quality of 
the output voltage on the DC side and the quality of the input current on the AC 
side. 

This configuration is important for the proposed new topology, since the greater 
the number of pulses, the higher the quality of the voltage in the medium voltage 
busbar in the high seas, important for the connection with the offshore wind farm. 

The output voltage of the busbar is flattened as the number of pulses increases in a 
period of 2휋. As it is perceived in the input current, it becomes more sinusoidal by 
increasing the number of steps in a period of 2휋. 

For example, in the 24-pulse rectifier, in a period of 2휋, the output voltage has 24 
pulses and the input current 24 steps. 

The term multiple pulse (multi-pulse) is defined as any number of 푛 of 6 bridge 
rectifier pulses connected in series or in parallel, where n is greater than 1. 

The two main advantages of using the multi-pulse transformer / rectifier topology 
are: 
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 A reduction in the input line of the alternating current harmonics. 

 A ripple reduction DC voltage (DC) at the output [33]. 

 The harmonics of the input current are reduced by the use of phase-shifting 
transformers. 

The expressions for the calculation of the harmonics are: 

퐻푎푟푚 = 6 ∙ 푘 ∙ 푛 (3-1) 

푀푎푔 =
1

6 ∙ 푘 ∙ 푛 ± 1 (3-2) 

Being: 

 푘 = any positive integer. 

 푛 = number of how many 6-pulse converters it contains. 

Expressions (3-1) and (3-2) provide a simple way to calculate the frequency and 
magnitude of the harmonics that will be present in the alternating current of the 
busbar when the multi-pulse topology is implemented. 

The frequencies in which the harmonics of an n-pulse converter will appear are 
calculated by multiplying the fundamental frequency of the system by equation 
(3-1). 

The magnitude of the harmonics is calculated by multiplying the amplitude of the 
signal that contains the fundamental frequency by equation (3-2). 

Equations (3-1) and (3-2) shows that in a 6-pulse rectifier the existing harmonics are: 
5º, 7º, 11º, 13º, 17º, 19º, etc., completely eliminating harmonics of even order. In a 12-
pulse transformer / rectifier system, the first harmonics to contribute to the total 
harmonic distortion (THD) of the input line current would be the harmonics of 
order 11º and 13º. 

In the case of the 24-pulse rectifier studied the existing harmonics are: 23º, 25º, 47º, 
49º, etc. The greater the order, the smaller the harmonic magnitude; therefore in the 
24-pulse rectifier the harmonics are almost nonexistent, then the voltage and 
current of the busbar is remarkably sinusoidal. The theory of harmonic reduction is 
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checked with the results obtained by simulation. 

The configuration of a multi-pulse rectifier is basically a three-phase transformer 
with several secondary three-phase outputs. These secondary outputs have phase-
shifted voltages, which in turn feed six-phase rectifier bridges of six pulses 
connected in series. The use of diodes gives us a fixed DC output voltage. The 
phase difference between the secondary output voltages is in accordance with 
equation (3-3). 

Á푛푔푢푙표 푑푒 푑푒푠푓푎푠푒 =
60°
푛   ;  푛 = 푛ú푚푒푟표 푑푒 푝푢푒푛푡푒푠 푑푒 푑푖표푑표푠. (3-3) 

 

Rectifier bridges of three-phase diodes of six pulses, instead of being connected in 
series can separately feed individual loads, however, unequal load currents will not 
favor an adequate decrease of harmonic currents on the AC side, then this topology 
will not be deepened for this work. 

The topology of the rectifiers of 12 pulses, 18 pulses and 24 pulses in series is 
specified below. 

 

3.2.3.3. 12-pulse Rectifier series 
The 12-pulse transformer / rectifier system shown in Figure 3-15 is the most 
common topology found in the current literature [34] [35]. There are two six-pulse 
rectifiers, powered by a three-phase transformer. 

The connection Δ in the primary of the transformer prevents harmonic currents of 
odd order multiples of 3 (3º, 9º, 15º, etc.), possible to appear due to imperfections of 
the circuit or control, being injected into the system (they are circulated internally in 
the Δ connection). The outputs of the six-pulse rectifiers are connected in series. The 
harmonics eliminated in the line current 푖  are: 5º, 7º, 17º, 19º, etc. 

Among the advantages of the 12-pulse rectifier with respect to the 6-pulse 
converter, the following can be observed: 

 It has a total of 12 transitions for each period of the AC generator, given 
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that there is a transition between the thyristors in conduction every 30°. 

 The output presents harmonic frequencies that are multiples of 12 times 
the frequency of the generator (12 ∙ 푘,푘 =  1, 2, 3 . . . ). 

 The filtering required to generate a relatively pure DC output is less 
expensive than that required for the 6-pulse rectifier. 

 

Figure 3-15. 12-pulse rectifier series. 

 

The secondary voltages meet the following phase and magnitude conditions: 

 The phase-neutral voltages in the triangle connection have a 30° phase 
shift with respect to the actual phase-neutral voltages of the star 
connection. 

 The six-pulse rectifiers must be fed with equal voltages between phases, 
then both secondaries must have the turns ratio according to the equation 
(3-4). 

푁 =  
푁
√3

 (3-4) 
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In Figure 3-15 the inductance 퐿  represents the Thevenin inductance of the electrical 
system upstream and 퐿  is the inductance of the transformer referred to the 
secondary side. The capacitor 퐶  on the DC side is assumed large enough that the 
voltage 푉  is considered free of ripple. 

In the industry the 12-pulse rectifier is very popular due to the simplicity of its 
connection, however, the total harmonic distortion (THD) of the line current (푖 ) 
does not meet the harmonic requirements established by international standards, 
IEEE Standard 519-1992, so normally passive filters complement the elimination of 
harmonic currents injected into the electrical system. 

For the proposed topology for the work, the use of an extra element, active filter, for 
elimination of harmonics leads to high costs, since the installation is offshore. 
Therefore, the use of the 24-pulse transformer is proposed. 

Figure 3-16 shows the current 푖  and its harmonic spectrum at the input of the 12-
pulse rectifier. This current has an approximately sinusoidal nature with 12 steps in 
a period of 2π. By comparison, the same is shown for the 6-pulse rectifier. Clearly 
the harmonics 5º, 7º, 17º, 19º, 29º, 31º, etc., have been canceled by interacting the two 
rectifiers of six pulses, whose voltages have a phase shift of 30°. 

 

 

Figure 3-16. 푖  current and harmonic spectrum: a) 6-pulse rectifier; b) 12-pulse 
rectifier. 
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3.2.3.4. 18-pulse Rectifier series 
Figure 3-17 shows the schematic of an 18-pulse rectifier. There are three six-pulse 
rectifiers, connected in series, and powered by a three-phase transformer with three 
secondary windings. These windings, present voltage phase shifts of 20° between 
them and magnitudes between equal phases, what is achieved with connections 
and special turns ratio. 

Industrially, this 18-pulse circuit is expensive because of the complexity of the 
transformer, the number of diodes to be occupied and the complexity of the 
protection system to protect each rectifier bridge as well as the entire circuit. 

 

 

Figure 3-17. 18-pulse rectifier serial connection. 
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Figure 3-18 shows the calculation of the number of turns of the coils 푈 and 푉 in the 
secondary phases A and A" to satisfy the phase differences and magnitudes of the 
secondary voltages. 

 

Figure 3-18. Calculation of the number of turns of coils 푈 and 푉 in secondary 
phases A and A". 

Assuming a turns ratio 푁 for the connection Δ of the secondary phase A", the turns 
ratio of the coils 푈 and 푉 (phases A and A"), is calculated according to equation 
(3-5). 

푌 = 푋 ∙  tan휃 =  
푁
√3

−푋 ∙  tan훿 
(3-5) 

 

Being for the transformer of 18 pulses 휃 =  20° and 훿 =  10°. Resulting in a 
ratio of 푋 = 0.18842 ∙ 푁 and 푌 = 0.06858 ∙ 푁. The calculation of 푈 and 푉 coils 
number are, respectively: 
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 푈 = 0.395 ∙ 푁 

 푉 = 0.347 ∙ 푁 

 

There are 3 types of coils in the secondary with the following coils number, 
respectively: 푁, 0.395 ∙ 푁 and 0.347 ∙ 푁. Figure 3-19 illustrates the current 푖  and its 
harmonic spectrum at the input of the 18-pulse rectifier. This current has an 
approximately sinusoidal nature with 18 steps in a period. By comparison, the same 
is shown for the 6-pulse rectifier. The harmonics 5º, 7º, 11º, 13º, 23º, 25º, etc., have 
been canceled by interacting with the three rectifiers of six pulses, whose voltages 
have a phase shift of 20°. 

 

 

Figure 3-19. 푖  current and harmonic spectrum: a) 6-pulse rectifier; b) 18-pulse 
rectifier.  
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3.2.3.5. 24-pulse rectifier serial connection. 
For the final rectifier selected to study as the topology of the work, a 24-pulse 
rectifier requires four rectifiers of six pulses connected in series and a transformer 
with 4 secondary outputs, 15° out of phase with each other. 

 

 

Figure 3-20. 24-pulse rectifier serial connection. 

 

Figure 3-20 shows the diagram of a 24-pulse rectifier. These windings have out-of-
phase voltages angle of 15° between them and magnitudes between equal phases, 
which is achieved with connections and special turns ratio. 

Industrially, this 24-pulse circuit is expensive due to the complexity of the 
transformer, the number of diodes to be occupied and the complexity of the 
protection system to protect each rectifier bridge as well as the complete circuit. 
However, the 24-pulse circuit complies with the regulations national and 
international harmonic currents limitation. 
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A 18-pulse rectifier with the addition of passive filters or a 12 with the addition of 
larger passive filters, has more acceptance in the industry because it is a more 
cheaper solution than the 24-pulse rectifier and would also comply with 
regulations. In any case, rectifiers of more than 18 pulses can be found in special 
applications, such as offshore wind farm installations. 

The investment in the special 24-pulse transformer for the connection topology 
between offshore wind turbines and the 24-pulse rectifier is negligible, directly 
comparing the need for larger installations for other types of rectifiers or equipment 
needed to comply with harmonic regulations. 

For the 4 types of coils in the secondary, the following turns ratio is necessary: 

 푁 for the connection 훥; 

 푁/ 3 for the connection 푌; 

 For transformer connections (phase-shifting), zig-zag: 

o 푈 = 0.3 · 푁; 

o 푉 = 0.52 · 푁;  
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3.2.3.5.1. 12 and 24 pulse Rectifier used in simulations. 

The two rectifiers / transformers simulated in PSCAD® with the entire topology for 
the work were the 12-pulse rectifier and the 24-pulse rectifier. The two topologies 
are shown in Figure 3-21 and Figure 3-22 respectively. 

These two simulations are carried out in order to compare the values obtained from 
THD voltage and current on the AC bus. The results of this comparison are 
presented in the section on simulations. 

 

Figure 3-21. Transformer + 12-pulse rectifier simulation in PSCAD®. 
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Figure 3-22. Transformer + 24-pulse Rectifier simulation in PSCAD®. 
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3.2.4. Transformer multi-pulse offshore – State of Art  

The study of these transformers is directly connected to the proposed topology for 
this work. As voltage and current control is being controlled by offshore wind 
turbines, the characteristics of the voltage form are intimately connected to the 
pulse numbers of the transformer / rectifier. In the same way that the higher the 
number of pulses the lower the total harmonic distortion (THD). 

This work presents in particular two topologies of multi-pulse transformer/rectifier 
model: 

 The 12-pulse transformer. 

 The 24-pulse transformer. 

In both cases, the results are detailed for the model. It is intended with the two 
topologies to compare the different levels of THD produced in the system. 

3.2.4.1. 12-pulse Transformer 
This section offers an overview of the transformer systems connected to multi-pulse 
rectifiers. The 12-pulse transformer is shown in Figure 3-23. 

 

Figure 3-23. Transformer with 3 phases and 3 coils for connection with 12-pulse 
rectifier. 
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For the 3-winding transformer, a phase shift of 30° can be observed between the 
secondary windings, connecting a secondary one in star (푌) and the other in delta 
(훥). 

The transformer used for the simulations in the PSCAD® program is shown in 
Figure 3-20 and is modeled by focusing on a 3-phase and 3-coil transformer and is 
based on the classic modeling approach. The inter-phase coupling is not 
represented in the classic transformer models, but is introduced in the simulations. 

 

 

Figure 3-24. Transformer with 3 phases and 3 windings used for simulations. 

 

The importance of using these transformers is the possibility of cancellation of the 
harmonics produced in the alternating current. This cancellation is achieved using 
transformers that have many phase shifts (phase-shifting transformers). 

For this example of the 3-winding transformer, the phase shift used is 30°. The 
displacement of phase produced in the voltages of the secondary, being in delta (훥) 
and in star (푌), is what allows the cancellation of the harmonics of current. 
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3.2.4.2. 24-pulse Transformer 
 

For the 24-pulse transformer, the phase displacement produced between the 
voltages is 15°. To obtain this displacement in the simulation software (PSCAD) a 
set of transformers connected together is necessary to produce the appropriate 
phase-shifting. 

Phase shift transformers can be articulated in PSCAD® using several connected 
single-phase transformers producing a multi-coil effect. This requires knowing the 
winding connections. By applying several tap changes, a variable phase shift can be 
reproduced. 

The basic transformer used in PSCAD for the modeling of the 24 pulses is of the 
Unified Magnetic Equivalent Circuit (UMEC) type, as shown in Figure 3-25. 

 

 

Figure 3-25. One phase transformer, 4 windings, based on the UMEC model. 
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The model of the UMEC transformer is based primarily on the geometry of the 
core. Unlike the classic transformer model, the magnetic coupling between the coils 
of the different phases, in addition to the coupling between the windings of the 
same phase, are taken into account. 

One of the advantages of using the UMEC type transformer is its core modeling 
capacity, but it is a limited benefit because each end of the coil cannot be carried out 
for connections. 

For example, if the phase-shifted transformer is constructed with a three-limbed 
core, a fictitious delta-type winding is necessary to be added in the single-phase 
model to obtain the correct effects of the zero sequence. 

For phase shift transformers such as those with 24 pulses or more it is necessary to 
add the fictitious delta. In this way, the 24-pulse transformer is considered to be 
composed of two similar 12-pulse transformers, one with a phase shift of + 7.5° 
and the other with a phase shift of −7.5°. 

Each 12-pulse transformer is generated with a set of single-phase transformers of 
the UMEC type, with 4 windings, as shown previously in Figure 3-25. The 
connection of these elements are shown in Figure 3-26, with the primary winding of 
star type (푌) of the transformer connected in series. 
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Figure 3-26. 12-pulse Transformer UMEC in PSCAD®. 

 

3.2.4.2.1. First Topology used in PSCAD for the 24-pulse transformer. 

 

In Figure 3-27 it is shown in 24-pulse transformer. 
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Figure 3-27. Connection of 6 single-phase UMEC transformers with 4 coils to 

convert into a 24-pulse transformer. 
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3.2.4.2.2. Second Topology used in PSCAD for the 24-pulse transformer. 

 

Figure 3-29 shows a 24-pulse transformer in PSCAD® for the second topology. It is 
important to note that the configuration of the 24-pulse transformer of the second 
topology facilitates the connection with the other elements of the system since the 
earths of the transformers used are accessible. 

To facilitate the connection of the 24 pulses in the second topology was built in a 
block PSCAD® specific transformer for 24 pulses, shown in Figure 3-28. The second 
24-pulse topology transformer is used for simulations of the complete system. 

 

Figure 3-28. PSCAD block created for the 24-pulse transformer. 
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Figure 3-29. Connection of 6 single-phase UMEC transformers with 3 coils and 2 
three-phase transformers to convert into a 24-pulse transformer. 
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3.3. Offshore Wind Farms based in Diode-HVDC Concepts 

 

Figure 3-30. Work DNA: Integration solutions for offshore wind turbines. 

 

This Figure 3-30 shows all the lines involved with this work. It also shows the 
participating organizations, which have enabled the study and technological 
progress.  

Within the work is renewable energy, grid quality, HVDC connection, rectifiers and 
inverters, plant control and in addition to wind energy. 

This work has started internally by self-motivation and with the first simulation 
with its correct functioning. After checking it, it began to be treated as a project 
called AEOLUS and became an internal objective of the doctoral thesis. 

In addition to all a figure was marked for the development of all the research, can 
be seen in Figure 3-31. It is a connection diagram of a real plant, BorWin 2, with 
Siemens® technology. 

With the image scheme, we thought how we could make it easier and with an 
optimized control. 
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Figure 3-31. Diagram of the BorWin 2 system, Siemens®, Germany. 

 

The use of a diode-based rectifier to connect an onshore VSC to offshore wind 
farms via a HVDC link is proposed. To optimize the topology for a realistic case, as 
it is composed of different complex elements, a classification is proposed:  

 Section 3.3.1 - Wind Turbine and Converter Topology. 

 Section 3.3.2 - Multi-pulse transformer and rectifier. 

 Section 3.3.3 - Simplified Model HVDC link and offshore wind farm. 

 Section 3.3.4 - System modelling and introduction of the centralized control 
system. 

A real base case has been proposed for simulation testing. With the progress of the 
work, a test bench with its own characteristics has been proposed to verify the 
proposed control. 

The use of pure uncontrolled rectifiers has the disadvantage of not allowing 
electrical power to flow backwards through the HVDC transmission line. For this 
reason, some alternatives have been proposed for the system’s starting up and for 
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the supplying auxiliary systems.  

 Changing the control of one standard Wind current control for a standard 
Wind voltage control, only in starting moments. 

 Central rectifier using mixed topology: uncontrolled and controlled. 
Proposed in Figure 3-32. 

 Using other auxiliary power sources (batteries, diesel power…). 

 

 

Figure 3-32. New proposed topologies for the rectifier. 

 

Figure 3-32 shows the main idea for this technology. In the near future they will 
surely be using some of these configurations, mainly when the bipolar transmission 
in HVDC becomes a reality. It also shows the main idea presented in the patent of 
this work. 
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3.3.1. Wind Turbine and Converter Topology 

The external control implemented in the transmission system makes mandatory 
that the turbines use a back to back (B2B), full conversion, power converter. The 
fully controlled converter leads to the completely decoupling of the wind turbine 
behavior from the grid generator. As a result, this system has the capacity of grid 
controlling, contributing actively to the limitation of the grid failures effects, and to 
the restoration to a normal operation after a grid fault. 

This system can be completely on stand-by and can operate on isolated mode that 
is why it is so important for this application. This configuration is typically found 
with two types of generators, induction one or synchronous multi-pole one [21] [22] 
[23]. For this topology, the SMG and the B2B converter topology, shown in Figure 
3-33, are considered. The wind turbine nominal parameters and converter 
specifications are shown in Table 3-3. This article uses 5 MW wind turbines, but the 
proposed control method could be implemented with any wind turbine power.    

 

 

Figure 3-33. Topology 5 MW wind turbine in detail, used for simulation. 
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Table 3-3. Offshore wind turbine characteristics simulated in the system connecting 
to the offshore wind farm. 

Features Wind Turbine and Converter System values 

Nominal power 5 MW 
Generator Type SMG 
AC output voltage 690 Vrms 
DC-Link voltage 2000 VDC - 6000 VDC 
Switching Frequency 2500 Hz 

Passive elements Nomenclature Values 
L filter L1 0.15 mH 

LCL filter L2 0.16 mH 
LCL filter CF 10.0 µF 
LCL filter L3 0.02 mH 
DC-Link C 8800  µF 

For the real test bench, the same technology proposed in simulation on a reduced 
scale is used. It will also be shown in details later in this work. 

3.3.2. Multi-pulse transformer and rectifier 

Results from studies about the types of transformers and about the diode-based 
rectifiers have a strong influence on the proposed topology. As the voltage and the 
current are being controlled by the offshore wind turbines, the voltage waveform is 
intimately related to the number of pulses of the transformer/rectifier set, since 
greater number of pulses will result in lower total harmonic distortion (THD). 
Using multi-pulse transformer topologies for such big powers has led to the need to 
study larger systems composed of such units and their interactions with the system. 
Twelve pulses and twenty-four pulses topologies using the inter-phase coupling 
have been studied, and the topologies are shown in Figure 3-34. 
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The two main advantages of using the multi-pulse transformer / rectifier topology 
are:  

 Reduction in the input AC current harmonics.  

 Reduction of output DC voltage ripple [29]. 

In order to obtain the maximum advantages for these topologies, both the 12 and 24 
pulses rectifiers were tested, so it would be possible to compare them on the same 
simulation structure, analyzing the voltage and the current THD, the results at the 
grid offshore and the HVDC link ripple voltage.   

 

 

Figure 3-34. Multi-pulse transformer + Rectifier Diode-based 
a. Multi-pulse transformer + 12 pulses rectifier diode-based 
b. Multi-pulse transformer + 24 pulses rectifier diode-based 

 

For the real test bench, multi-pulse transformer + 12 pulses rectifier diode-based 
proposed in simulation on a reduced scale is used, in this work it will be shown in 
detail. 

 

 

 
a 

 
b 
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3.3.3. Simplified Model HVDC link and Offshore Wind Farm 

In order to perform PSCAD® simulations for validating the strategy of control of 
the complete system, it was necessary to simplify the HVDC transmission system 
topology and its parameters. The main objective of the control is to correctly 
regulate frequency and voltage at the AC bus bars of the offshore system. 
Therefore, the DC bus bars and the VSC-HVDC converter can be simplified by 
using a realistic representing mathematical model. 

The simplified HVDC link is defined and shown in Figure 3-35. The HVDC link 
parameters have been obtained from the International Council on Large Electric 
Systems (CIGRE). The diode rectifier proposed and the VSC-HVDC ground station 
modelled a DC voltage source variable in order to emulate a VSC-HVDC inverter 
onshore in operation coupled with the HVDC transmission line characteristics [30] 
[31] [32]. The values defined to the HVDC model system used are shown in Table 
3-4. 

 

 

Figure 3-35. Simplified HVDC link to an offshore wind farm model. 
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Table 3-4. Simplified model of the HVDC system parameters. 

Simplified HVDC link features 

Voltage, Power, Frequency 350 kV, 500 MW, 50 Hz 

AC bus bars characteristics Zω = 1 mΩ, Cω =2.566 µF 

AC bus bars characteristics Zt = 1 mΩ, Lt =0.02 mH 

HVDC-Link, according to CIGRE Rs = Rh= 2.5 Ω, Ls = Lh = 0.6166 H, 

Cd= 22 µF 

3.3.4. System modelling and introduction of the centralized control 
system 

In order to demonstrate the control strategy and the performance of the complete 
system, we highlight the key concept of the method, which is the relation between 
the reactive power and the frequency. Figure 3-35 shows the modelled system of 
the offshore AC-grid. The AC-grid dynamics of the simplified model can be 
expressed in a synchronous frame oriented on 푉 , i.e. 푉  =  0. [15] [16] 

 

푑
푑푡 푖 = −

푅
퐿 푖 +휔 푖 +

1
퐿 푉 −

1
퐿 푉   (3-6) 

푑
푑푡 푖 = −휔 푖 −

푅
퐿 푖 +

1
퐿 푉  (3-7) 

푑
푑푡 푉 =

1
퐶 푖 −

1
퐶 푖      (3-8) 

휔 푉 =
1
퐶 푖 −

1
퐶 푖    (3-9) 

When all the variables refer to the secondary side of 푇  and 휔  is the instantaneous 
frequency of the voltage 푉 . Can be defined a set of decoupling inputs as: 
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푢 = 퐿 휔 푖 + 푉 − 푉  (3-10) 

푢 = −퐿 휔 푖 + 푉  (3-11) 

 

And the dynamics of (3-6) and (3-7) would be: 

 

푑
푑푡 푖 = −

푅
퐿 푖 +

1
퐿 푢  (3-12) 

푑
푑푡 푖 = −

푅
퐿 푖 +

1
퐿 푢  (3-13) 

 

To calculate the decoupling equations (3-10) and (3-11) all the magnitudes can be 
obtained at the terminals of the wind turbines. So, the wind inverter can calculate 
and control the currents 푖 and 푖 , assuming that the loop control are sufficiently 
fast, the DC-link voltage are adequate and the 푉  and 푉  do not saturate.  

Consequently, the currents can be used to control the offshore AC-grid. The 푖  can 
be used to control the voltage and 푖  can be used as a control action for the 
offshore grid frequency. Note that this is the opposite of that commonly seen in 
power systems however in this case the offshore AC-grid can be considered as a 
decoupled grid. Therefore, the offshore AC-grid features are largely determined by 
the transformer leakage reactance and the capacitance of the combined filters [15] 
[16]. As the currents can control the AC-grid, in the next session we present a way 
to control it with the external reference powers by using a centralized control that 
communicates with the wind farm. 
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3.4. Advanced Control System for the local grid to the Offshore 
Wind Turbines Concept 

This section describes the AC frequency and bus voltage external control, 
interacting with all wind turbines of the wind farm. It is important to note that the 
control of the wind turbine is kept unchanged, which reveals one of the main 
advantages of the presented control method. The act of modifying control 
algorithms and state machine of commercial wind turbines would represent a 
serious drawback for any control method, since it would imply going back through 
rigorous systems tests for the operation within the grid, in addition to new and 
expensive certifications for the wind turbine performance. On the other hand, the 
complete system with the control method proposed only needs to be complies with 
the grid code of each country and the grid code are complied with the ground 
substation. This way the competitiveness is improved, as machines from different 
manufacturers can be employed. 

The control interacts with the offshore wind turbines, sending and receiving 
information, so load flow, frequency and bus voltage can be managed. The 
information received from the updated wind turbine are the active and the reactive 
power. The input to the wind turbine is the reactive power set point. Thus, it 
stabilizes and controls the frequency of the offshore AC bus bars.  

The aforesaid frequency control system may comprise a group of regulators, which 
receives the common AC line frequency, and calculate the reactive power reference. 
Each of these regulators returns the reactive power reference to a different wind 
turbine. In this case, the frequency control system may be distributed with each 
regulator being located near the associated wind turbine. 

A different possibility is to apply a centralized control scheme for the frequency 
control system. In this case, the frequency control system comprises an external 
controller, which receives the common AC line frequency and its reference. Then, 
the control system calculates the total reactive power value necessary to exchange 
with the common AC line. Afterwards, the external controller distributes this total 
reactive power value among the power supply systems to obtain their respective 
reactive power references.  

Either way, the frequency control system may also receive other values as input. In 
particular, it may receive a measurement or an estimation of the active power that 
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the power supply systems are exchanging with the common AC line and use this 
data for a feed forward term. 

This control can be applied directly in the wind turbines of the wind farm or in 
some of them. With the evolution of the technology and mainly by the wind 
turbine manufacturers in the certifications, the tendency is that the control is 
implemented directly in each wind turbine, with a centralized supervision control. 
This method is tested experimentally in a test bench. 

 

 
Figure 3-36. Centralized frequency control overview. 

Figure 3-37 shows a schematic of the centralized control blocks and the external 
frequency control algorithm. The system controls the currents using the active and 
the reactive power. The frequency is estimated with the remote measurement and 
the control corresponds to a proportional and integral.  

To explain in detail the centralized control, Figure 3-37 shows the control in a block 
diagram. 

In order to obtain the final reactive power reference, an actual power is obtained by 

External Control 

Internal Control 

Internal Control 
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measurements and composes the feed forward compensation term (3-16). 

 

Figure 3-37. Centralized frequency block diagram control of the AC bus bar. 

푄 = 퐾 휔∗ − 휔  ( ) + 퐾 휔∗ − 휔  ( ) 푑푡  (3-14) 

퐾 = 97,퐾 = 0.2 (3-15) 

푄 = 푄 +
푄∗

푃∗  (3-16) 

Moreover, it is clear that the frequency control system is more robust with an 
appropriate filter design, avoiding loop gain and effects by estimating errors to the 
capacitive AC grid. At the end, 푄  is proportionally divided to the wind farm, 
respecting the active and the reactive power ratio of each wind turbine.  

After showing the development of the control, some advantages acquired of the 
proposed control system are shown: 

 Commercial Wind Turbines control does not need any modification of 
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their proved and certified commercial control. 

 High cost reduction due to the topology and the control proposed. 

 The cost generated with the new control, its engineering and 
implementation, is minimal. 

 With the right measurements, the external control system is able to control 
the frequency. 

 It is an external control, facilitating its implementation on the high seas. 

 

On the other hand, if the rectifier comprises only uncontrolled modules, then the 
voltage relation between the common AC line and the DC line is fixed, and the 
common AC line voltage will be controlled indirectly by controlling the voltage of 
the DC line from its other end. 

In order to reach the normal operation situation, an initial AC voltage must be 
temporarily imposed on the common AC line. A possible way to do this is to use a 
power supply system whose control algorithm allows to do so. In such a case, the 
starting up method would comprise the following steps: 

 First, a prepared power supply system produces an output AC voltage on 
the AC line. 

 Second, once there is enough power flowing from the mentioned power 
supply system through the common AC line and the modular rectifier to 
the DC line, the mentioned power supply system is switched to work as in 
normal operation. 

 Then, remaining wind turbines start working according to the normal 
operation method. 
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3.5. Offshore Wind Farm Simulation Evolution and Results 

The new proposed concept of external control for offshore wind farms has been 
validated using PSCAD® simulations. Several steps and scenarios have been 
considered in order to ensure that in any extreme working condition the control is 
able to keep the main variables, voltage and frequency between normal operation 
limits. It is also important to emphasize that all parts of the wind farm simulation 
are with the complete controllers and with the PWM switching effects, bringing the 
results as close to reality as possible. Some examples of the analysis performed 
include critical steps black-start, transformer/rectifier system behavior together with 
the wind farm and their interactions, power generation variations, and transient 
situations. Main results to validate the external control are depicted in this work, 
together with a comparison of the effects between the 12 pulses rectifier and the 24 
pulses optimized rectifier at the wind farm. 

 

3.5.1. Simulation 1 - Ideal wind turbines connected to a 12-pulse rectifier 

Simulated wind turbines as voltage source and variable current. Objective of the 
simulation: to know the harmonics produced by the topology and control 
parameters. The topology used is shown in Figure 3-38. 

The results of simulation 1 are shown in Figure 3-39, Figure 3-40, Table 3-5 and 
Figure 3-41. In this first simulation, the voltage, current and THD values of the 
voltage and current are presented. 
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Figure 3-38. Simulation 1 - Ideal wind turbines connected to a 12-pulse rectifier. 

 

Figure 3-39. Voltages in the 33 kV busbar, characteristic of the 12-pulse rectifier. 
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Figure 3-40. Currents in the busbar, obtained with the model of wind turbines. 

Table 3-5. THD result – Simulation 1. 

THD Result Current Voltage 

Bus Bar: 33 kV 

  

 

Figure 3-41 shows the spectrum of harmonics obtained by simulation. Its harmonic 
spectrum at the input of the 12-pulse rectifier is clearly proven that the harmonics 
5º, 7º, 17º, 19º, 29º, 31º, etc., have been canceled by interacting the two six-pulse 
rectifiers, whose voltages have a phase shift of 30°. 
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Figure 3-41. Harmonics spectrum obtained in PSCAD® for the 12-pulse rectifier. 

As expected, the only harmonics that have significant values versus the total THD 
value are:  

 The 11th harmonic with 0.756055%. 

 The 13 th harmonic with 0.531618%. 

 The 23 th harmonic with 0.17185%. 

 The 25 th harmonic with 0.143831%. 
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3.5.2. Simulation 2 – Wind turbine with nominal power of 5 MW 

Wind turbine with power control connected to the grid. Objective: to correctly 
control the wind turbine before connecting it to the complete topology and to bring 
the control closer to a commercial wind turbine. The topology used is shown in 
Figure 3-42. 

 

Figure 3-42. Simulation 2 – Wind Turbine (B2B) with nominal power of 5 MW. 

 

The results of simulation 2 are shown in Figure 3-43, Figure 3-44, Figure 3-45, 
Figure 3-46 and Figure 3-47. 

In this second simulation the results of the output power of the inverter, the correct 
control of the DC-Link voltage, the input and output voltage, the inverter output 
current and the correct monitoring of the current control are presented. These 
results verify the correct operation of the wind turbine. 
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Figure 3-43. Wind turbine output power. 

 
Figure 3-44. DC-Link voltage of the wind turbine, correct control at 4 kV. 

 
Figure 3-45. AC line voltage input and output of the wind turbine, in volts. 
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Figure 3-46. Wind Turbine Output Current, in amperes. 

 

 

Figure 3-47. Wind turbine output current and its control reference current, in 
amperes. 
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3.5.3. Simulation 3 – Wind turbine connected to the Diode Rectifier 

Objective: generate an AC network on average busbar connected to the diode 
rectifier. It must be able to control the rms value of the voltage and stabilize it. The 
topology used is shown in Figure 3-48. 

 

 

Figure 3-48. Simulation 3 – Wind turbine connected to the Diode Rectifier. 

 

The results of simulation 3 are shown in Figure 3-49, Figure 3-50, Figure 3-51, 
Figure 3-52 and Figure 3-53. 

In this third simulation, the results of the voltage generated in the AC bus in several 
levels are presented to check its control, output current in the busbar when power 
is generated, output power of the wind turbine inverter and voltage of the HVDC 
link. These results verify the correct functioning of the 12-pulse wind turbine + 
rectifier connected to the HVDC link. 
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Figure 3-49. AC voltage generated in the busbar, voltage measured at the output of 

the wind turbine in volts. Voltage at different levels to check the controllability. 

 
Figure 3-50. AC voltage generated in the medium busbar, in volts. The 

characteristics of the 12-pulse rectifier are shown on the result of the voltage. 

 
Figure 3-51. AC current generated in the medium busbar, in amperes. 
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Figure 3-52. Power output of the wind turbine on the busbar, in watts (W). 

 

 
Figure 3-53. Voltage DC in volts, voltage in the HVDC link, its stability is checked. 
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3.5.4. Simulation 4 – Wind turbine with commercial control connected to 
the medium voltage busbar with a generated and stable network, with 
active frequency control. 

Objective: to control the frequency of the network with the reactive power 
produced by wind turbines. Simulation 4 is the last simulation with the complete 
new control in operation. 

For simulation 4 the comparison between the rectifier of 12 and 24 pulses is also 
carried out, and the topologies are presented in Figure 3-54 and Figure 3-55 
respectively. 

 

 

Figure 3-54. Simulation 4 – Final topology implemented – Wind turbine + 12-pulse 
diode-based rectifier + HVDC link. 
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Figure 3-55. Simulation 4 – Final topology implemented – Wind turbine + 24-pulse 
diode-based rectifier + HVDC link. 

 

 

 

 

 

 

 

Final Control, active 
and reactive power 

Medium Voltage 
Bus Bar Wind Turbine 

control active 

HVDC Link 



88                            

 

 

Contributions for the Integration of Renewable Energy and 
Electric Vehicles in the Grid 

3.5.4.1. Offshore ac-grid voltage and frequency results using the external control, 
12 pulses rectifier topology 
The objective of this study is to validate the external wind farm control. Therefore, 
three wind turbines with all its real characteristics connecting with the rectifier 
diode-based HVDC link are included in the simulation. 

The goal is to identify the amount of reactive power contribution required by the 
system in order to keep the frequency inside the desired working range. Some 
abrupt power variations have been tested to observe the performance of the 
centralized control. As it can be seen, at the secondary side, the bus bar voltage is 
kept stable and only voltage drops can be observed at the output wind turbine 
terminals. 

In Figure 3-56a, the wind turbine output current is shown. It can be observed that 
although the voltage has the 12 pulses characteristic, the current is very close to a 
sinusoidal one.  

In Figure 3-56b, AC voltage generated in the middle busbar is shown. It can be seen 
that the voltage amplitude is kept stable and the small frequency variation is not 
noticeable. In part, the 12 pulses rectifier effect and the high harmonics percentage 
can be noticed. This is the motivating agent to look for other alternatives with more 
pulses. In Figure 3-56c, can be observed that the variation in the HVDC link is 
minimal, which shows that the implemented control does not generate 
perturbations in spite of the topology implemented.  

Finally, Figure 3-56d shows the results of active and reactive power at the same 
time instant. First, the main result is the system controllability against active power 
variations. The monitoring of reactive power against active power variations is fast 
and efficient, thus avoids large frequency variations. Second, with this result the 
direct relationship between active and reactive power can be obtained. In the third 
and not less important observation, the results show several power variations, with 
reduced times of changes. This shows the correct control performance against wind 
gusts and potential problems in the wind farm.    
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Figure 3-56. Offshore Voltage ac-grid and HVDC link results using the externally 
control, topology 12 pulses rectifier: 
a. AC current generated at the wind turbine terminals.  
b. AC voltage generated in the middle busbar. The feature 12 pulses rectifier on the result of 
stress is shown. 
c. DC voltage, in the HVDC link. Its stability is checked and in detail is shown. 
d. Active power and reactive power its respective used to control the AC busbar offshore. 
Wind gusts are simulated to test the controllability.  
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Table 3-6 shows the comparison between the active and reactive power for three 
different power levels while maintaining the reference at a 50 Hz frequency. The 
minimum and maximum frequency values are shown. 
 

Table 3-6. System characterization, comparison between active and reactive power. 

Active Power (MW)  Frequency (Hz)  Reactive Power (kVAr)  
3 MW 50.087 8.614 
9 MW 50.114 -367.793 

15 MW 49.975 -756.437 
AC busbar frequency 
variation with stimulated 
wind gusts (Hz): 
Minimum: 49.3477 
Average: 50.0675 
Maximum: 50.9481 

 

3.5.4.2. Offshore ac-grid voltage and frequency results using the external control, 
24 pulses rectifier topology 
The goal is to know the different results of reactive power contribution to the 
system to maintain the frequency at 50 Hz in different levels of active power for the 
24 pulses technology. To characterize the system topology, three 5 MVA wind 
turbines were used.  
In Figure 3-57a, the wind turbine output current is shown. It can be seen that the 24 
pulses characteristics are no longer perceived, the current is sinusoidal. As 
expected, these results improve harmonics measures and control functionalities. In 
Figure 3-57b the AC voltage generated in the middle busbar is shown. Moreover, 
the voltage with 24 pulses characteristics can be observed. Following, Figure 3-57c 
shows that the variation in the HVDC link is minimal and better than 12 pulses 
rectifier results.  
In Figure 3-57d, results of active and reactive power can be observed at the same 
time instant. First, with this result the direct relationship between active and 
reactive power can be obtained and compared with Figure 3-56d. The result shows 
that the reactive power necessary to hold the frequency decreases when increases 
the diode bridge pulses. Then it can be concluded that the greater the number of 
pulses, the better for the use of this topology and also for the external control 
implementation. 
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Figure 3-57. Offshore Voltage ac-grid and HVDC link results using the externally 
control, topology 24 pulses rectifier: 
a. AC current generated at the wind turbine terminals.  
b. AC voltage generated in the middle busbar. The feature 24-pulse rectifier on the result of 
stress is shown. 
c. DC voltage, in the HVDC link. Its stability is checked and in detail is shown. 
d. Active power and reactive power its respective used to control the AC busbar offshore. 
Wind gusts are simulated to test the controllability. 
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3.5.5. Offshore ac-grid voltage and frequency results using the external 
control, comparison between 12 and 24 pulses rectifier 

The goal is to compare the different results for the 12 and the 24 pulses rectifier 
technology, evaluating voltage and current THD at the offshore AC grid, 
considering a wind farm with 3 wind turbines running at the same time and under 
the same working conditions. Table 3-7 shows the results obtained. 

Table 3-7. Comparison between 12 and 24 pulses rectifier topology with the wind 
farm controlled by an external control. 

Comparison: 12 pulses 
rectifier 

24 pulses 
rectifier 

24 pulses rectifier optimized 
control and a L=0.02 µH filter 

Voltage THD 12.7583% 6.1545% 3.8335% 

Current THD 6.4256% 1.5911% 0.9683% 

The conclusion is that improving the pulses rectifier is directly linked to the AC 
grid quality generated and it also decreases the reactive power necessary to 
maintain the AC grid frequency for the same active power. A new multi-pulse 
topology can be proposed and tested by using each transformer on the base of each 
wind turbine with different angles thus increasing the pulses and the robustness of 
the system. 

3.5.6. Time table considering communication delays using the external 
control 

The goal is to know the different results for the time delays, evaluating the optimal 
link communication to the external control. Table 3-8 shows the results obtained. 
One of the concerns would be the delay of communications on the high seas, and 
with this section it was possible to verify that the control is effective even with some 
delay of time in the communications. 
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Table 3-8. Comparison between different times delay to link communication for the 
external control. 

Time Delay (s)  Frequency variation 

12 pulses rectifier (Hz)  

Frequency variation 

24 pulses rectifier (Hz)  

0.02 ± 0.42 ± 0.34 

0.05 ± 0.49 ± 0.43 

0.1 ± 0.64 ± 0.59 

0.5 ± 0.82 ± 0.74 

1 ± 1.05 ± 0.92 

2 ± 1.96 ± 1.74 
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3.6. Offshore Wind Farm Test Bench Overview, Simulation and 
Results 

This section describes the evolution of the test bench to prove the topology and new 
integration control of offshore wind farms. 

In order to achieve the final objective of proving the correct operation of the 
proposed control, several test benches were proposed to have an evolution to the 
final objective. 

The work for the first construction of the bench counts with the participation and 
support: of the company GreenPower Technologies, GPTech; University of Seville, 
US; and the National Council for Scientific and Technological Development, CNPQ. 

The main objective of the test stand is to prove in real tests the proposed control 
and the topology in comparison to theory previously proven in simulation. In order 
to achieve this objective, a test bench of reduced power is proposed. 

To prove the assembly of the bench, it is necessary to check the correct functioning 
of the power electronics of each inverter that makes up the bench, to program the 
new control proposed and to prove the correct functioning of all the active and 
passive elements. 

The proposed control will be programmed in a centralized platform that allows to 
control in totality the proposed bench and to prove in totality the proposed 
objective for the work. 

3.6.1. Proposed Offshore Wind Farm Diode-based HVDC Test Bench 
Topology 

The final built-up bench is shown in Figure 3-58. In order to reach this level of test 
bench and its several aggregate inverters, an organized evolution was planned to 
minimize errors. 

Firstly, a summary of each component used in the test bench will be shown. 
Second, it will show the evolution of the test stands with a summary of the results. 
And third is the results obtained from the final bench. 
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Figure 3-58. Wind Farm Diode-based HVDC test bench topology. 

 

3.6.1.1. Test Bench Elements 
 

3.6.1.1.1. B2B Power Converter 

Selected Model: Three-phase full-bridge converter, fully controlled with back-to-
back topology. The inverter consists of two inverters connected by the DC-Link, 
each converter is set to 100 kW of power. 

Requirements: Commercial converter with all protective housings. With free 
control system for configuration and programming of the proposed control and 
free monitoring program with possibility of modification. 

A brief description of the converter and its general characteristics is provided. 

Figure 3-59 shows the diagram of the B2B converter, represents the wind turbine 
with its respective control and characteristics. The converter used for the 
application has the back-to-back topology with 6 IGBTs in three-phase 
configuration. 

GEN INV

PV30 PV100

AC

DC

DC

AC

DC

DC

AC

AC

        

FUENTE MX45

AC

AC

Red Comercial

B2B
ANALIZADOR

Puente de 
Tiristores de 
12 PULSOS

PV30

GPTech

PV100

GPTech

Universidad de Sevilla
Universidad de Sevilla

Control 
Centralizado

CNPQ
CNPQ

B2B GPTech



96                            

 

 

Contributions for the Integration of Renewable Energy and 
Electric Vehicles in the Grid 

 

Figure 3-59. B2B Converter Topology. 

 

Figure 3-60 shows a photo of the back-to-back converter with construction details. 
In the image you can see all the parts of a B2B converter. The converter consists of: 

DC-LINK - DC busbar 

 Three-phase full-converter (IGBT) to the generator side 

 Three-phase full-converter (IGBT) for connection to the grid side 

 Passive filters for both sides of the converter 

 Protections and control maneuvers 

 Power and maneuvering Switches 

 Voltage and current sensors 

 Control System, sensor board (analog inputs), drive board, MODBUS 
communication boards, encoder board and input board and digital 
outputs. 
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Figure 3-60. Built-in B2B converter for the work application, internal details. 
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Figure 3-61. Detail of the control and communication part of the B2B converter. 

 

3.6.1.1.2. 30 kW Power Inverter (PV30) 

Selected Model: Three phase full bridge inverter, fully controlled with complete 
bridge topology. 

Request: The inverter must connect to the off-shore grid and switch active and 
reactive power without destabilizing the system. Control the DC bus and stabilize 
the HVDC link. 

Control Board 
(DSP, FPGA) 

CLP connected 
to the SCADA 

Communication 
Board 
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Figure 3-62- 30 kW Inverter – PV30. 

 

3.6.1.1.3. 100 kW Power Inverter (PV100) 

Selected Model: Three phase full bridge inverter, fully controlled with complete 
bridge topology. 

Purpose: The inverter must connect to the off-shore grid and switch active and 
reactive powers without destabilizing the system. 

Requirements: Inverter complete with all protective housings. With free control 
system for configuration and programming and free monitoring program with 
possibility of modification. 
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Figure 3-63. PV100 converter, internal details. IGBTs and passive filters are on the 
back of the inverter. 
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Figure 3-64. PV100 – Converter control detail. 

 

3.6.1.1.4. Special transformer for connection with Diode Bridge 

Selected Model: Two transformers with power of 100 kW each. With 230 V / 400 V 
input and output voltage, galvanically isolated. 

Requirements: Power of 200 kW. 
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Figure 3-65. Transformer for connection with 12-pulse rectifier. 

 

3.6.1.1.5. 12-Pulse Diodes Rectifier 

The 12-pulse diodes rectifier is proposed to transform AC voltage of 400 Vrms grid 
into DC voltage of 800 V. The 12-pulse static rectifier uses two 3-phase diodes of 6 
diodes each, offset and coupled in parallel with a transformer and a filter if 
necessary. This rectifier is used at high power with considerable output current 
values to reduce the distortion of the alternating current waveform absorbed from 
the power grid which is approximately 12%. For this work the intention is to 
maintain the active network even having characteristics of a diode rectifier. 

Diode Rectifier with power of 200 kW, was created with specific control to adapt to 
the bench, one of the most important elements of the test bench. 
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Figure 3-66. 12-pulse diode rectifier. 

 

3.6.1.1.6. High impedance inductances 

Purpose of the inductances is to approximate the high impedance HVDC link to the 
reality of an offshore station. 
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Figure 3-67. 1.2 mH inductance and prepared for operation with high voltage. 

3.6.2. Offshore Wind Farm Diode-based HVDC Test Bench 

Figure 3-68 shows the final test bench of the work. The main components are: 

 PV100 Inverter. 

 PV30 Inverter. 

 B2B Inverter. 

 12-Pulse Diodes Rectifier. 

 Transformers. 

Figure 3-69 shows the complete bench control table, the high speed computers used 
as controllers, the HMI created for the AEOLUS project and safety elements for 
emergency stop. For a complete understanding of the connections the electric 
single-line diagram is shown in Figure 3-70. 
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Figure 3-68. Offshore Wind Farm connected to Diode-based Rectifier, Final Test 
Bench. 

 

Figure 3-69. Countertop control table and communication interface. 
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Figure 3-70. Single-line diagram of the proposed test bench. 

3.6.3. Evolution of evidence bench - step by step 

To achieve the proposed objectives, a sequence of 5 versions of test benches has 
been proposed. This division aims to evolve the work of the various elements step 
by step. Since many elements are connected, with several controllers together, in 
order to test the proposed centralized control it is necessary that all the elements 
work perfectly. 

Also, that each converter has been tested individually to ensure its correct 
operation. The inverters control systems have been optimized for the converters to 
provide active and reactive power as close as possible to their references. For this, 
the DSP of each inverter has been reprogrammed and the control variables were 
tuned. 

In sequence the versions V0, V1, V2 and V3 are shown. 
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3.6.3.1. Test Bench V0 - Power Diagram 
The purpose of this section is to explain and define the V0 bench. 

Specifically, the primary purpose of these tests is to verify the correct functioning of 
the 2 transformers that make up the 12-pulse rectifier input. 

Figure 3-71 shows the topology of the V0 test bench. 

 

Figure 3-71. Test Bench V0 – Topology. 

The transformers and the diode rectifier were tested at the power levels of the 
work, the various connections and the correct phase sequence were checked. 

 

3.6.3.2. Test Bench V1 – Power Diagram 
The V1 test bench supposes a substantial modification in relation to the previous 
test bench (V0). Specifically, a PV100 inverter and a B2B converter are added to this 
test bench, while the 2 transformers and the diode rectifier from the previous test 
bench are eliminated. In the coming apart shown a scheme of this test bench and a 
description of all its elements. 

Figure 3-72 shows the schematic of the V1 test bench connection. 
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Figure 3-72. Test Bench V1 – Topology. 

As can be seen, the proposed workbench consists of the following elements: 

 PV30 Inverter: This inverter will be configured in rectifier mode (DC 
voltage generator), in order to set the DC voltage. 

 PV100 Inverter: This inverter will be configured in grid generator mode. Its 
objective will be to generate a three-phase (3F + N) 50 Hz grid to which the 
inverter part of the B2B will connect. 

 MX45 Three-phase generation source. It generates the three-phase 400Vac 
and 50Hz grid to which both the PV30 and the B2B generator part have 
connected. 

 B2B converter. Converter Back to Back (AC/DC - DC/AC). By the generator 
part will be connected to MX45 Source, in the inverter part it connects to 
the grid created by the PV100. 

The main objective is to control the power flow, both active and reactive. This 
proves the operation of the Inverters together, as well as the requirements of the 
complete bench. 

With these tests the following conclusions can be drawn: 

 Inverters are able to work in both directions of power with full control over 
them. 

 Active and reactive power variations are performed with accuracy in the 
control. 
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3.6.3.3. Test Bench V2 – Diagram Overview 
In Figure 3-73 below the workbench V2 is shown in detail. 

In this test bench recirculation is already considered with a power rectifier of 25 
kW. 

With this test bench the recirculation of power in a single direction has been 
exhaustively tested. The rectifier used was controlled, so the isolated offshore grid 
maintained the rectifier itself. 

This test bench would be the traditional version existing commercially. After this 
test bench, one can now move on to the main objective of proving the new 
proposed topology concept and its control. 

 

Figure 3-73. Test Bench V2 – Topology. 

 

3.6.3.4. Test Bench V3 – Diagram Overview 
The goal of the work is to replace the typical Offshore HVDC offshore wind turbine 
converter by a diode rectifier with the advantages in terms of weight and size. In 
the following sections the steps to reach the objective are developed, as well as the 
different algorithms that have been designed and simulated to complete this 
objective. 

This section provides a description of the elements that make up the general test 
bench of the work. These elements are shown in Figure 3-74. 
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Figure 3-74. Test Bench V3 – Topology. 

The objective of the workbench is to check the operation of the algorithms by 
making the power re-circulate. This requires the integration of all elements. As the 
elements were detailed earlier in detail, this section focuses on the final evidence. 

 

3.6.3.4.1. Grid Generator (MX45) 

This equipment has the objective of providing the electrical grid to connect the 
different equipment that make up the bench. It also isolates the offshore grid 
system. The source also supplies the losses of the converters contained in the bench, 
since the energy is recirculating on them. 

 

3.6.3.4.2. B2B 

The B2B converter is in charge of generating the initial grid offshore, and soon 
afterwards to move to the proposed control for the work proportionally. Keeping 
the grid offshore and frequency stable. The initial control has been totally modified 
and the sequence of bench presses also to be able to function this way. 

 

3.6.3.4.3. PV30 

This inverter has the function of maintaining the DC voltage of the diode rectifier. It 
plays the role of the Inverter on the ground, which connects to the centralized 
electrical system. 
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3.6.3.4.4. Diode-based Rectifier 

The rectifier is composed by 12-pulse diodes whose function is to rectify the voltage 
up to that required for the HVDC link. 

3.6.3.5. Test Bench V4 – Power Diagram 
Figure 3-75 shows the functional diagram of the evolution of the test bench V3 
already with two power inverters in the insulated busbar. Each inverter connected 
to the insulated busbar is considered a wind turbine. 

In the V4 test bench more wind turbines converters are added and the new control 
proposed is now centralized. 

For this version centralized communication is the big challenge, to ensure that 
power exchanges are quickly communicated to their respective converters, as 
shown in Figure 3-76. 

 

 

Figure 3-75. Test Bench V4 – Topology. 
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Figure 3-76. Test bench V4 – Communication system proposed. 

 

In Figure 3-76 the proposed optimized communication diagram is shown, and the 
functions of each component are detailed so that the objective of communication 
speed is reached. For centralized control a high performance CLP is used to act 
directly with each component of the system. 

3.6.4. Advanced Control System for the local grid offshore concept 
applied in the final test bench 

The first milestone that is sought to reach is how to generate a stable grid in 
amplitude and controlled in frequency. This grid corresponds to the off-shore AC 
link of the wind farm as can be seen in Figure 3-77.  

As the new topology no longer contemplates a controlled off-shore HVDC rectifier, 
since its initial role would be to generate the grid, it becomes necessary to generate 
and control the offshore AC grid. 

With the proposed new topology the diode rectifier can no longer generate this 
grid, since for the system the rectifier is a passive element of connection to the 
HVDC link. 

Therefore, it is necessary that there is an auxiliary equipment that is capable of 
generating the grid at the startup moment. 
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Figure 3-77. System topology, Offshore AC link in detail. 

In the proposed test bench, this function is fulfilled by the B2B converter. 

The simplest method to perform this task with this converter is based on 
controlling the voltage of DC-Link with the converter on the grid side of the B2B, 
while the converter on the side of the rectifier (Offshore AC grid) is who is 
responsible for generating the AC grid offshore. 

However, this approach has a major problem: not being controlled in current mode; 
any current generated by the existing voltage difference that spills over the 
generated grid, may go in the direction of the converter, which could damage the 
equipment. Therefore, an innovation is sought to generate the grid controlling the 
B2B in current mode. 

It has been found that, when a sinusoidal and three-phase current is injected on the 
diode bridge, if it has a stable DC voltage at its output, a pulsed sine-wave voltage 
is generated whose voltage value is bounded by the DC voltage of the rectifier. The 
value of this generated voltage is given by the control signal imposed in the B2B, 
always bearing in mind that the maximum is related to the characteristics of the 
diode rectifier. 

Taking advantage of this fact, an algorithm has been proposed for the Black Start 
Non Linear in the B2B converter that is capable of operating in current mode 
without initially having a balanced three-phase network with which to 
synchronize. Said algorithm called "CIS (Converter Ideal Synchronization)" can be 
seen in Figure 3-78. 

 

Offshore AC link 
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3.6.4.1. Black Start Non Linear Control Proposed – CIS 
To control the converter, it is proposed to use a control based on the Akagi theory, 
which requires working with voltages and currents in dq synchronous axes, so it is 
necessary that initially there is a three-phase grid to apply the Clarke and Park 
transformation. 

As in this case this grid does not exist, what is proposed is to generate a 
mathematically ideal grid. Three sine waves of known amplitude are generated at 
the frequency of 50 Hz and offset by 120°. What is actually being done is to 
mathematically generate a balanced three-phase voltage system. 

This control is known and used in many applications. The novel one in this case is 
its application for this type of offshore AC grid and impose the ideal grid on the 
same. 

 

Figure 3-78. Converter Ideal Synchronization Control – CIS. 

Once the ideal three-phase voltage has been generated, it is possible to pass the 
voltages to synchronous axes 푑푞 without the need for a PLL, since the angle at 
which these voltages vary is known. 

At this point, current references can be calculated according to the desired power 
set points. Being synchronized with the ideal voltage that has been generated, the 
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converter is able to produce a real sinewave current that is poured on the rectifier, 
thus producing a power recirculation controlled. 

At this moment, a voltage grid imposed by the rectifier DC voltage at the frequency 
of 50 Hz is obtained, the frequency at which the converter has synchronized with 
the ideal grid.  

However, control over it is not yet obtained, since the frequency is imposed by the 
ideal voltages. 

Therefore, at this point, it is necessary to synchronize the converter with the real 
grid and not with the ideal grid that has been generated manually. For this step a 
new control step has been proposed Soft Interchange Control Step in Operation to 
Offshore PQ Windfarm Control (SIPQC). 

 

3.6.4.2. Soft Interchange Control Step in Operation to Offshore PQ Windfarm 
Control (SIPQC) 
In order to change the voltage imposed to the real voltage, it is not possible to read 
the real voltages abruptly, since it is observed that the rectifier induces a lag 
between the ideal grid and the real grid. 

Therefore, it is proposed to move from one magnitude to another in a soft and 
weighted way, so it is necessary to calculate the real voltages in dq, using a PLL 
block that calculates the frequency at which the network rotates. 

Due to the distortion of the voltage wave with characteristics of a 12-pulse rectifier, 
it is necessary to filter the voltages in 훼훽 by means of a second-order filter. The 
solution to solve this problem is based on the following equation: 

푉 = 푉 ∗ (1 − 휔) + 푉 ∗ 휔 (3-17) 

Being:  

 휔 – Weights given to each magnitudes.  

The parameter ω can take values between 0 and 1. The idea is to vary these weights 
from 0 to 1 in ramp. Thus, at the beginning only the ideal voltages are considered 
and at the end only the real voltages will be considered. 
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In addition to the voltage, it is also necessary that the current be generated with the 
angle of the real grid, and not with the ideal grid angle. Both the angle of the real 
grid and the angle of the ideal grid are known, so it is proposed to make a smooth 
transition from one to another by applying the same weighting concept as with the 
voltages.  

Thus, at the end of the transition, the current in phase with the network is read 
directly. This new interpolated angle must also be used to transform the reference 
voltages. 

The proposed algorithm is based on the fact that the frequency of the grid is 
proportional to the reactive that is injected. Therefore, by correctly controlling the 
reactive power, the frequency of the grid can be controlled. 

This is only possible if all previous steps and controls are correctly synchronized. It 
can be verified that, when making the weighted transition between ideal grid and 
real grid, the frequency suffers deviations making the system unstable if it is not 
acted upon. To solve this problem, an external PI controller is designed based on 
the frequency error that is responsible for providing the reactive power reference 
necessary to maintain the frequency of the grid at the desired value.  

This control is a transition to the final control proposed, but it has been observed 
that the frequency control has to enter this intermediate step to keep the system 
stable. Figure 3-79 shows proposed control frequency. 

 

Figure 3-79. Frequency control proposed 

Being: 

 푄 : the initial value for reactive power. 

This controller starts to act at the moment when the transition begins. It must be 
fast enough to prevent the frequency from suffering serious deviations. 
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This algorithm has been implemented in simulation and later has been 
implemented in the test bench. The complete control for this part in block diagram 
is shown in Figure 3-80. 

 

 

Figure 3-80. Soft Interchange Control Step in Operation to Offshore PQ Windfarm 
Control (SIPQC). 
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3.6.5. Offshore Wind Farm Final Test Bench Simulation and Results in 
MATLAB 

This section shows the simulation performed based on the proposed test bench. 

These simulations aim to approximate the ultimate reality of the bench, taking into 
account that the synchronization of the control is not simple, it is intended in 
simulation to approximate the code as much as possible to the reality programmed 
in DSP. 

In this way, the simulation has taken into account all the elements of the test bench, 
its passive elements and connection characteristics, with the intention of 
minimizing the errors in the real tests. Figure 3-81 shows the simulation carried out 
in MATLAB®. 

 

Figure 3-81. Offshore Wind Farm Final Test Bench Simulation in Simulink 
MATLAB®. 
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3.6.5.1. Simulation Results 
All the results obtained in simulation are detailed. First, Figure 3-82 shows a period 
of the ideal voltages generated and sampled, with the Converter Ideal 
Synchronization Control – CIS. 

 

Figure 3-82. Voltages generated by the CIS control, in volts. 

Figure 3-83, Figure 3-84 and Figure 3-85 show the ideal voltages in the different 
axes used for the control, as well as the angle used to generate them. 

As can be seen, there is no harmonic distortion in the voltages due to the ideality in 
its generation. 

 
Figure 3-83. 훼훽 voltages generated by the CIS control, in volts. 
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Figure 3-84. 푑푞 voltages generated by the CIS control, in volts. 

 

Figure 3-85. Ideal grid angle. 

Once the ideal grid has been generated, the necessary current is generated to reach 
a power set point of 1 kW of active and 1 kVAr of reactive power. In Figure 3-86 
and Figure 3-87 can be seen the waveform of the current and the voltage, it is 
observed that they are already characterized by the 12-pulse rectifier. 
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Figure 3-86. Currents generated by the CIS control with power flow, in amperes. 

 
Figure 3-87. Voltages generated by the CIS control with power flow, in volts. 

Once all the measurements are taken, the transition between voltages and grid 
angles begins, applying the Soft Interchange Control Step in Operation to Offshore 
PQ Windfarm Control (SIPQC). 

In Figure 3-88, you can see how the voltages evolve as a function of the weight line. 
In the first axis you can see the transition between voltages 푉 . On the second axis 
you can see the transition between voltages 푉 . Finally, in the third axis you can see 
how the ramp implemented evolves. 
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Figure 3-88. Soft Interchange Control Step in Operation to Offshore PQ Windfarm 
Control (SIPQC) simulation results.  

Once the transition has been completed, the frequency of the AC grid is controlled 
by the level of reactive power injected into the AC grid. The controller in charge of 
regulating the reactive reference is active during the transition to correct said 
reference as the frequency deviates from the desired value. 

Figure 3-89 shows how the frequency varies throughout the algorithm process. In 
this simulation the frequency reference is 50 Hz, until 3.5 seconds, when the 
reference changes to ramp up to 60 Hz in 0.5 seconds. 
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Figure 3-89. Frequency Control result, in Hz. 

Figure 3-90 shows the reference of reactive power that enters the converter to 
maintain the frequency throughout the simulation. As you can see, there is a 
transient that could be avoided by changing the references more slowly. 

 

Figure 3-90. Reactive Power result to maintain the frequency control, in VAr. 

Figure 3-91 shows the current result throughout the simulation, verifying the 
correct performance of the proposed control. 
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Figure 3-91. Current tracking result on axes 푑푞. 

3.6.5.1.1. P and Q relationship simulation result  

In Table 3-9 the simulation results for the relation 푃 and 푄 are collected. 

Table 3-9. 푃 and 푄 relationship simulation result. 

VPhase (Vrms) F (Hz) P (W) Q (VAr) 
230 48 3000 990 
230 48 4000 1270 
230 48 6000 1850 
230 48 8000 2420 
230 48 10000 2960 
230 50 3000 470 
230 50 4000 580 
230 50 6000 810 
230 50 8000 1040 
230 50 10000 1250 
230 55 3000 -750 
230 55 4000 -1020 
230 55 6000 -1590 
230 55 8000 -2200 
230 55 10000 -2860 
230 60 3000 -1850 
230 60 4000 -2490 
230 60 6000 -3860 
230 60 8000 -5300 
230 60 10000 -5700 
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3.6.6. Final Test Bench Results 

This section shows the real test performed based on the proposed test bench. 

These tests aim to prove the topology proposed and the new controls and compare 
to the simulation results obtained. 

Results are organized according to the previous sections and propose: 

 Black Start Non-Linear Control Proposed – CIS - Converter Ideal 
Synchronization Control result. 

 Soft Interchange Control Step in Operation to Offshore PQ Windfarm 
Control (SIPQC) result. 

 Offshore ac-grid voltage and frequency control using the external control 
result. 

 P and Q relationship result. 

 

3.6.6.1. Black Start Non-Linear Control Proposed – CIS - Converter Ideal 
Synchronization Control result 
The novel part of this control is its application for this type of offshore AC grid and 
impose the ideal grid on the same, commented before. 

For the correct application, many adaptations had to be made to the B2B converter 
and to the control to a bench-level application. 

In Figure 3-92, Figure 3-93, Figure 3-94, Figure 3-95 and Figure 3-96 the results 
obtained are presented. The results presented were taken with a FLUKE® model 
434, Power Quality Analyzer. 

In Figure 3-92 presented of the results, a photo of the FLUKE® screen used is 
shown, in addition to the grid generated on the AC offshore link. This generated 
grid is the main objective of this first part of the control. It is possible to clearly 
observe the characteristics of the 12-pulse rectifier and also the stability of the 
generated grid. 
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Figure 3-92. AC Voltage offshore link grid generated result – FLUKE®. 

 

Figure 3-93 . AC Current result in the AC offshore link grid - CIS Control. 
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Figure 3-94. THD Voltage result in the AC offshore link grid - CIS Control. 

 

Figure 3-95. THD Current result in the AC offshore link grid – CIS Control. 
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Figure 3-96. Frequency result in the AC offshore link grid – CIS control. 

As expected, the results of the THD have the characteristics of the rectifier of 12 
pulses and with values below those expected for the topology. In Figure 3-96, it can 
be observed the correct control of the frequency imposed by the generated grid. 

 

3.6.6.2. Soft Interchange Control Step in Operation to Offshore PQ Windfarm 
Control (SIPQC) 
In Figure 3-97, Figure 3-98, Figure 3-99, Figure 3-100 and Figure 3-101 the results 
obtained are presented. The results presented were taken with a FLUKE® model 
434, Power Quality Analyzer. Since this control is in the transition phase and 
happens at a just moment, Fluke's help is to record the exact moments of transition. 

The exact moment of the control change can be observed in Figure 3-97 and Figure 
3-98, a transitory in the frequency is observed. And now, as the frequency is being 
controlled, a greater variation in frequency is also observed. This variation is less 
than 0.2 Hz. 
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Figure 3-97. Frequency result in the Soft Interchange Control Step (SIPQC). 

 

Figure 3-98. In detail, frequency variation result in the Soft Interchange Control Step 
(SIPQC). 
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Figure 3-99. Voltage result in the Soft Interchange Control Step (SIPQC). 

 

Figure 3-100. Current result in the Soft Interchange Control Step (SIPQC). 

As it can be seen in Figure 3-99, in the voltage at the moment of the control change 
is not observed. The voltage remains stable and without variation in the transient. 

In Figure 3-100, the current results obtained at the time of the control change are 
observed. In the current it is possible to observe the existing transient and its 
changes, it is important to say that the balancing of the currents is not affected. 
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Figure 3-101. DC Voltage link (HVDC) and the DC currents results in the Soft 
Interchange Control Step (SIPQC). 

It can be observed in Figure 3-101 that the voltage of the HVDC link remains stable 
and without sudden variation due to the transition of the control. 

 

3.6.6.3. Advanced Control System for the local grid offshore result in the final test 
bench 
In the proposed final control it is intended that with the changes of active power 
generated by the wind, the frequency control will act and a response will be made 
in reactive power to keep the frequency stable. 

In this section several changes of active power are shown to check the correct 
control of the frequency. In addition, the control is tested at different frequencies, 
which generally is considered 50 Hz but this offshore busbar does not have 
frequency dependence. 

Finally, it is sought with the results obtained to find the dependency equation 
between active and reactive power for this proposed test bench. 
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3.6.6.3.1. Frequency Variation and Reactive Power Response 

Figure 3-102 and Figure 3-103 show the results obtained. 

 
Figure 3-102. Frequency Result - 45, 50 and 55 Hz variation.  

 
Figure 3-103. Reactive Power result for 45, 50 and 55 Hz frequency variation.  

As it can be seen, the proposed control has a rapid response to changes with very 
precise transients. These frequency changes during the operation of the test bench 
are a great achievement. 
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3.6.6.3.2. Active Power Variation and its Power Reactive Response 

 

 
Figure 3-104. Active Power Variation and its Power Reactive Response Result. 

For this test, active power variations of 2, 4, 6, 8, 10, 12 and 14 kW respectively are 
proposed and the results of equivalent reactive energy are sought to maintain the 
grid at 50 Hz. At the end of the test, an abrupt change of power is made to check 
the robustness of the proposed control. Even with great variations of active power 
in the frequency, no transient variation is observed. 
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3.6.6.3.3. Recorded frequency variation versus active power variations using the Fluke grid analyzer 
register 

 

 

Figure 3-105. Frequency variation result 
versus changes in active power. 

 

 

 

It can be observed that when forcing abrupt variations in the active power, the 
maximum variation seen in the frequency was 50.022 Hz and the minimum, 49.961 
Hz. This verifies the correct performance of the proposed control. 
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Figure 3-106. Active power reference, 
imposing variations to verify the 
margins of control. 
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Figure 3-107. Reactive power result, 
versus changes in active power. 

 

It can be seen that the control imposed on the reactive energy works in a precise 
way. It is not possible to observe large variations to reach the desired value and the 
transients are minimal. 
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3.6.6.3.4. Voltage and Current results using the grid analyzer record 

 

 

    

Figure 3-108. Voltage and Current results using the grid analyzer record. 

Voltage 
result details 

Current 
result details 
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3.6.6.3.5. THD results using the grid analyzer record 

 

 

Figure 3-109. THD results using the grid analyzer record. 

Figure 3-109 shows the voltage and the current harmonics spectrums at the offshore 
AC bus bar connect to the 12-pulse rectifier. Clearly the harmonics 5º, 7º, 17º, 19º, 
29º, 31º, etc., have been canceled by interacting the two rectifiers of six pulses, 
whose voltages have a phase shift of 30°.  
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3.6.6.3.6. 푃 and 푄 relationship result 

Table 3-10. Active and Reactive Power Result - 50 Hz 

VPhase (Vrms) F (Hz) P (W) Q (VAr) 

230 50 3000 4230.4 
230 50 4000 4292.94 
230 50 5000 4509.69 
230 50 6000 4642.96 
230 50 7000 4752.29 
230 50 8000 4863.1 
230 50 9000 4965.79 
230 50 10000 5059.7 
230 50 11000 5217.1 
230 50 12000 5339.7 
230 50 15000 5735.42 
230 50 20000 6301.1 
230 50 25000 6933.51 
230 50 30000 7446.4 
230 50 35000 8199.61 
230 50 40000 8754.65 
230 50 45000 9292.5 
230 50 50000 10098.4 

 

It can be observed by the results between the ratio of active and reactive power that 
there is an initial offset of approximately 3.8 kW. This offset is directly connected to 
all the passive elements that the test bench contains and that are an important part 
of this relationship. 

In Figure 3-110, the equation of relation between the active and reactive powers is 
obtained. 

Not making an allowance the offset related with the passive elements of the test 
bench and compare the PQ relation with the theoretical results of simulation. It is 
observed that the relationship found closely approximates the simulated results. 
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Figure 3-110. Active and Reactive Power relationship result. 

3.6.7. Offshore Wind Farm Test Bench Conclusion 

In section 3.6 an Offshore Wind Farm Diode-based HVDC Topology together with 
the development of a new control algorithm based on frequency techniques was 
detailed. 

The Advanced Control System for the local grid offshore algorithm described in 
this document allows a direct control of frequency and voltage using the Wind 
Farm, giving a new concept for the application of offshore wind energy. 

Finally, the performance of the control algorithm was checked by simulation in 
PSCAD and Simulink. In a reduced power test bench proposed, one obtains real 
results of the new topology and control, also using a centralized control that allows 
the use of any wind turbine. 
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4. NOVEL POWER CONVERTERS 
CONTROL FOR POWERTRAIN EV SYNRM 

Una de las virtudes del 
ingeniero es la eficiencia. 

Guang Tse 

six-phase synchronous reluctance machine (SynRM) is designed for 
electrical vehicle (EV) powertrain applications.  

The main objective of this SynRM is to be able to provide instantaneous power and 
high power density, high torque at low speeds and high power at high speeds, 
wide speed range, high efficiency over its entire operating range, high efficiency 
regenerative braking, robustness reliability, high safety and security system at 
reasonable cost. Under these requirements a 60 kW, 9000 r.p.m. and 400 N.m. 

The objective of the SynRM powertrain used as a charger is proved electrically, 
thermically and to be fault tolerant using a specific test-bench. The winding motor 
topology is galvanic isolated, making it possible to load directly from the single-
phase and three-phase grid, enabling two ways of charging, which increases the 
reliability. For this reason, the back-to-back (B2B) full-converter and the SynRM as a 
charger are used. The SynRM Charger goal is to prove the utility as a charger and 
the great efficiency derived from the SynRM plus inverter topology for electric cars. 
This SynRM + Inverter topology offers redundancy for all load modes. 

The objective of the SynRM powertrain article is to prove the operation points 
electrically and thermally. To reach the proposed SynRM goal, a new control is 
presented. To comply with the main goal, two back-to-backs full-converters and 
two motors (SynRM and Induction Machine) were used in a real test bench. The 
ultimate goal is to prove the motor utility with the real efficiency map obtained in 
specific drive cycles and effectiveness safety mode operation. 

A 
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4.1. Introduction 

Electric vehicles are increasingly present and the need for greater reliability and 
protection for systems becomes its first requirement. Having these requirements as 
a first necessity, the multi-phase, dual-fed SynRM machine design fits perfectly 
with today's industry demands [36], [37], [38], [39] and [40]. 

The need for electric cars with greater autonomy is the motivation to research 
redundant topologies. The proposed design of the Synchronous Reluctance Motor 
(SynRM) has more advantages when one considers dual actuation, electric motor 
and the battery charger. With high reliability, high efficiency, robustness and 
especially low cost, it becomes an important element for this dual function and 
higher autonomy system [41], [42]. Additionally, no magnets are used avoiding 
automotive industry strategical and geographical dependence from countries that 
produce these expensive elements. Therefore, this motor is an excellent candidate 
for automotive applications. 

The charger function is an important feature of SynRM and this works proposes a 
connection between the SynRM and the inverter to charge directly connected to 
electrical energy. There are advantages in having a fast charger on board and the 
flexibility of being able to charge anywhere you have electricity. Usually the on-
board chargers have the disadvantage of adding weight, volume and cost to the 
vehicle and so they end up being made for low power, increasing the number of 
loads and decreasing the autonomy. 

Thus on-board chargers with high power / power level become necessary to 
increase autonomy without increasing the weight, volume and cost of EV [43], [44]. 
That's why the use of SynRM integrated with the converter becomes more 
attractive, as it can act as a loader with high power level while being isolated from 
the grid, without the need to add any extra weight. 

Other aspects to be considered are related to integrated loaders are the adaptation 
of the voltage level, undesired developed torque in the motor during charging, 
efficiency, low harmonic content in the mains current and high power factor [45], 
[46], [47]. All these aspects will be proven with the development of this work. 

The proposed stator has a double set of three-phase windings with zero degrees to 
each other. It could be used for traction or charging operations, and controlled by a 
centralized control. In this case, the stator would comprise of two isolated three-
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phase windings [41], [48] and [49]. 

The SynRM may be spinning or locked during charging, with different proven 
results. For a charging operation, the windings are reconnected or divided so that 
there are two sets of three distinct phases. One set is connected to the inverter and 
the other set is connected to the mains without the need for synchronization, as 
shown in Figure 4-1. 

 

 

Figure 4-1. Multi three-phase two-level power converter with SynRM working as a 
charger. 

 

In addition, the proposed charger is bidirectional high-power isolated, integrates 
the components of the drive system (drive and motor), and can be considered as an 
active element when connected to the grid, acting as STATCOM if grid stability is 
necessary. 

In order to develop an intrinsically safe drivetrain for EVs, the SynRM grants new 
topologies and architectures for redundant components are presented. [50], [51], 
[52], [53], [54], [55] and [56]. 

The H-bridge inverters for each phase, thus including the intelligent use of safety 
improvements and redundancy and efficiency, as well as addressing integration 
problems, giving the possibility to perform the load in both single-phase and three-
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phase mode, as shown in Figure 4-2. 

 

 

Figure 4-2. Multi H-Bridge power converter with SynRM also working as a charger. 

Besides, the H-bridges inverters increase the motor phase voltage with lower 
battery voltage and reduce total harmonic distortion, because of the three level 
included in the topology. 

This works describes in detail the correct operation of the SynRM as an integrated 
charger with a two redundant three-phase inverter and SynRM normal operation 
in an EV. The article is divided in: 

 SynRM concept 

 Output Regulation subspaces control used 

 Test benches used and the specific proves performed 

 Programming, Simulation and Results described 

 Real Test Bench for charger and EV operation results 

 Contribution and Conclusions 
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4.2. Specification and Requirements - State of Art  

The state of art of electric motors and onboard charging system configurations 
together with technology and equipment descriptions will be performed. The 
purpose in this part will be to update the current status of motor working as a 
charger, specifying electric machine as well as power electronics characteristics 
according to previous standards. 

4.2.1. Involved technologies in motor also working as charger 

The requirements of state of art as well as technical specifications of the electric 
machine and the power electronics components will be specified in next 
paragraphs. Robustness, reasonable cost, reliability, security, maintainability and 
maturity of technology are some of the most important requirements to take into 
account.  

These considerations are presented: 

 Instantaneous power and high power density supply capacity. 

 High torque at low speeds for starting and hill climbs, and high power at 
high speeds to highway speeds. 

 Wide speed range including constant torque and constant power. 

 Quick answer to torque requirements.  

 High efficiency in all the operating situations, including regenerative brake 
if applicable. 

 Robustness, reasonable cost, reliability, security, maintainability and 
maturity of technology. 

4.2.2. State of art of Electric Motor 

Since most of the cars nowadays operate at a fraction of their maximum capacity, 
energy saving on electric vehicle will come from elevated efficiencies during this 
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operation range. The possible motor/generator machines for the electric propulsion 
system are Brushless DC, Induction Motors (IM), Permanent Magnet (PM), 
Switched Reluctance Machine (SRM) and Synchronous Reluctance Motor (SynRM). 
This document will focus on SynRM. 

 

4.2.2.1. Brushless DC Motor 
 

 

Figure 4-3. Brushless DC Motor. 

 

Unlike conventional DC motors, in Brushless DC motor, the high power winding is 
put on the stationary side of the motor and the field excitation is on the rotor using 
a permanent magnet. The advantages reached are the following: 

 Electronic commutation instead of mechanical commutation. 

 The field excitation is on the rotor instead of the stator. A permanent 
magnet is used. 

 Coils are household in the stator implying a single phase or poly-phase 
winding. 

The DC input greatly simplifies the converter electronic. Although the cost is 
higher, the motor life is longer than common DC motor. Their compactness, high 
efficiency and high energy density are some of the most remarkable characteristics. 
An inconvenient in Brushless DC motor is its sensors needs to detect the rotor 
position. 
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4.2.2.2. Induction Motor (IM) 
 

Reliability, robustness, maintenance reduction and the ability to work in hostile 
environments make IM the most used machines in the industry. Technologically, it 
is the most mature option and its possibility to improve is low. Many of the higher 
power electric vehicles, for application of more than 5 kW, use IM. Torque and 
speed controls are obtained using vector control methods. 

 

4.2.2.3. Permanent Magnet Synchronous Motor (PMSM) 
 

Nowadays, PMS motors are the most reliable alternative. Many car manufacturers 
have included these motors in their vehicles. Significant advantages in these 
machines are higher power density, higher efficiency and effective distribution of 
heat into the environment. PMS machines can be divided in surface mount 
permanent magnet (SPM) and interior permanent magnet (IPM). 

IPM machines are characterized by high power density and high efficiency except 
in the field-weakening speed range, where there are losses. IPMs are expensive due 
to the use of magnet and the rotor fabrication.  Designing, thermal management 
and temperature rating of the electrical isolation are some of the challenges in these 
motors. 

SPM motors include starter stator application. Their high power density comes 
from a low reactance and a radial magnetic field. SPM motor presents high starting 
torque and adaptable design. Apart from thermal management problem, the major 
issue is the complexity to achieve constant power over an extensive speed range. 
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4.2.2.4. Switched Reluctance Motor (SRM) 
 

 
Figure 4-4: SRM. 

Switched reluctance motors are becoming more and more important every day in 
Hybrid Electric Vehicle (HEV) industry. Their high torque, robust design and easy 
construction are some of the advantages. On the other hand, several disadvantages 
such as torque ripple, low power torque, noise and the need of sensors for position 
detection are attributed to this machine. 

Fault tolerant is the main remarkable characteristic for SRM. Each phase is 
electrically decoupled from other and the magnetic couple is very low. Thus, if one 
of the phases fail, there is not risk that the error will affect to the others phases. 

As can be observed, every of them have advantages and disadvantages which are 
important to choose the proper topology. In order to reduce cost and maintain 
performance, improvement in PM motors, enhancement of non-PM motors and 
new materials including PM materials are some of the research topics developed on 
electric machine field nowadays. Synchronous Reluctance Motor (SynRM) is one of 
these progresses and it will be developed along this document. 
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4.2.2.5. Synchronous Reluctance Motor (SynRM) 
 

The SynRM is composed of a winding stator and a metal laminated rotor which 
does have neither cable nor permanent magnet. This simple design implies a lower 
cost. SynRM presents some additional advantages in comparison with the other 
topologies presented: 

 SynRM is a reliable machine due to each phase is physically, electrically 
and magnetically independent. 

 Because of the current is unidirectional, each phase needs just a switch to 
control it. 

 The lack of cable and magnet allows achieving high speeds (around 
100.000 rpm). 

 Since there are not losses in the rotor, thermal problems are eliminated. 
Almost all the heat comes from the stator which is much easier to 
refrigerate. 

 Easily changeable from motor to generator mode. 

 

On the other hand, these motors should be electronically controlled because they 
cannot be directly fed by an AC or DC source. In addition, salient poles structure 
produces important irregularities. Elevated acoustic noises and pulsating torque are 
some of the consequences. Nonetheless, these problems can be minimized through 
a proper design and control. 

 

The intended values for the SynRM are depicted in Table 4-1. Those are based in 
different motor requirements and standards already depicted, among which are 
IEC motor frame sizes and motor efficiency classification. 
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Table 4-1. Electric Motor features. 

Synchronous Reluctance Machine (Salient Pole) 

Magnitude Value 

Nominal Speed 9000 rpm 

Rated power 60 kW 
Rated torque 400 N.m. 

 

4.2.2.6. Justification of motor topology – SynRM 
 

In this section, the justifications to choose the Synchronous Reluctance Motor 
instead of the firstly proposed Switched Reluctance Motor will be presented. 

In order to evaluate and justify the election made – Synchronous Reluctance 
Machine –; a comparison between the different topologies has been made, as it can 
be observed in Table 4-2: 
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Table 4-2. Comparison between Electric Motors. 

Electric Machine 
Type 

Advantages Disadvantages 

Brushless DC 

Motor 

 Simple and economic  Pulsating torque 

Induction Motor 

 Sturdy and Simple 

 Economic 

 Good Relation 

power/weight 

 Stator control flow 

and torque 

Permanent Magnet 

Synchronous Motor 

 Excellent relation 

power/weight 

 Excellent torque quality 

 Low moment of inertia 

 High overload 

capabilities 

 High cost 

Switched 

Reluctance Motor 

 Economic and simple 

 Robust 

 Fault tolerant converter 

 Pulsating torque 

 Noise 

Synchronous 

Reluctance 

Machine 

 High reliability 

 High speeds achievable 

 Economic and robust 

 Fault tolerant converter 

 Control must be 

electronic 

 Elevated acoustic 

noise 

 Torque ripple 
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Once characteristics and qualitative status of each motor have been described, a 
quantitative study has been carried out; highlighting the weakest and strongest 
points associated to the electric vehicle requirements. 

 

Table 4-3. Quantitative Electric Motor comparison. 

 

Brushless DC 
Motor 

 

 

Induction 
Motor 

 

 

Permanent 
Magnet 

Synchronous 
Motor 

 

Switched 
Reluctance 
Machine 

 

 

Synchronous 
Reluctance 
Machine 

 

 

Power Density 2.5 3.5 5 3.5 4 

Efficiency 2.5 3.5 5 3.5 4 

Controllability 5 5 4 3 3 

Reliability 2 4 3 5 5 

Security 2.5 5 2.5 5 5 

Technological 

Maturity 
4 5 3 4 3 

Cost 4 5 3 4 4 

Total 22.5 31 25.5 28 28 
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According to the results presented in Table 4-3, Induction Motor stands out over 
the rest of electric motors. Although there is a factor here included –technological 
maturity– which does not really represent the values assigned. Induction Motor is 
the most mature technology thus; there is low margin to improve this technology. 
However, the SRM or the SynRM have a wide range to be improved.  

Moreover, the good power density and efficiency joint to the youth of this 
technology could mean further improvement in this field. The exceptional weak 
point observed in Synchronous Reluctance Machines comes from its controllability. 
SynRM should be electronically controlled, as it was named in its characteristics. 
Points such as security and reliability cover that salvable problem. 

4.2.3. Bidirectional Chargers – State of the Art of power electronic 

After having shown different topologies for the electric machine, focus will be now 
on the On-board Bidirectional electronic converter for the SynRM machine and the 
charger. A brief description is presented in Table 4-4 and Table 4-5. 

Table 4-4. State of Art of Bidirectional AC-DC Converters Topologies. [57] 

Bidirectional AC-DC Converters 

Power Electronic Characteristics 

 

Half-Bridge PWM AC-DC Converter 

 

 Simple design  

 Control Shows Low Complexity 

x Harmonic current in the input 

needs of filter 

x High stress in its components 
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Full-Bridge PWM AC-DC Converter 

 

 More elements at the expense of 

less component stresses 

x Complex control circuit 

x Harmonic current in the input 

needs of filter 

x Output voltage is now twice than in 

Half Bridge 

Three-Level PWM AC-DC Converter 

 

 

 

Combination of Full and Half Bridge 

 

 Improved voltage waveform 

 Reduce size of filter 

 Lower component stresses 

 Reduced electromagnetic 

interference and acoustic noise 

x Added complexity 

x Additional number of components 

x Higher cost 
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Table 4-5. State of Art of Bidirectional DC-DC Converters Topologies. [57] 

Bidirectional DC-DC Converters 

Power Electronic Characteristics 

 

Dual Active DC-DC Converter 

 

 

 

 

Zero voltage switching (ZVS) +  

Zero current switching (ZCS) 

 High power density 

 Fast Control 

x Elevated cost 

x High number of switches 

 

Two Quadrant DC-DC (Buck-Boost) Converter 

 

 

 

 

 

Battery Charge Mode -> Buck Converter 

Battery Discharge Mode -> Boost Converter 

 Fewer components 

 Simplified control circuit 

x Increase size and cost 

x Restricted to function as a Buck or 

Boost Converter 
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Integrated Buck-Boost DC-DC Converter 

 

 

 

 Function as a Buck or Boost 

Converter in both modes 

 No high current inductors 

 Less losses 

 Not additional DC-DC converter 

x Additional circuit complexity 

 

4.2.3.1. Onboard bidirectional charger system comparative 
Purpose of the new concept is to propose an innovative topology using the same 
expensive components for several independent functions, like traction mode and 
charger mode. This model reduces cost, weight and number of elements used. 

Hence, in case the motor works in traction mode, each phase coils can be connected 
to each other in ∆ or 푌, obtaining a classical three-phase winding. Furthermore, the 
machine is fed from the battery through the inverter. Delta connection is preferred 
due to a better voltage range adaption during charging mode. 

On the other hand, during charging mode, one of the 3-phase windings is 
connected to the battery through an inverter while the other are connected to the 
electric grid. In charging mode, field-oriented control is used to have battery 
current control while the mechanical torque is kept to zero; additionally, control 
should maintain unit power factor operation. The efficiency obtained of the power 
transfer from the grid to the battery is 90 %. 
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Figure 4-5. Integrated charger base on a multi-terminal device (motor/generator 
set). 

Redundancy and security are some of the most valuable characteristics in this 
work. These features improve reliability and increase fault tolerance. Based on 
some of the topologies presented in previous tables and according to the 
characteristics already named, different proposal for onboard bidirectional charger 
are exposed next. 

4.2.3.2. Integrated Fast Battery Charger for Electric Vehicle 
In the topology here presented, each phase of the AC grid is connected to two 
parallel PWM boost converters. This connection is accomplished through the 
midpoint of each winding of the electrical machine. Once the current is balanced in 
each half windings of a given phase, the rotating magnetic field components at the 
stator level will be eliminated. As a consequence, there is no electromagnetic torque 
and the car remains stationary even if the brake is not pressed. This mode is 
advantageous if the winding inductances of the electrical machine are used as a 
filter; however the control will be completely different from a classical boost 
converter operating in a PFC mode. 

The two power factor correction (PFC) converters are able to maintain at a constant 
value the DC link voltage (푉 ) as well as to control the AC current waveform, 
obtaining a proper power factor. The buck-boost chopper is controlled to regulate 
the battery charging current (퐼 ) or voltage at the desired value. [58] 

An aspects must be considered in this topology, controlling the current in one of the 
winding could have consequences on the other currents due to magnetic coupling 
between the six inductances. 
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Figure 4-6. Power Circuit topology. 

 

Figure 4-7. Equivalent circuit in charging mode of AC/DC converter with 2 three-
phase PFC. 
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4.2.3.3. Three-phase Converter with motor also working as charger/transformer 
Taking a further step and using the motor as transformer, the topology proposed in 
Figure 4-8 presents two inverters and a motor with two isolated stator windings, 
similar to previous proposition. Each inverter is applied to one of the three phase 
windings stators. When the vehicle is moving (the switch in Figure 4-8 connects the 
stator windings with its associated inverter), these two sets of inverter plus 
windings work in parallel providing full power to the vehicle. If a fault occurs in 
one of the inverters or in one of the motor phase windings, the other set can apply 
the proportional rated power to the vehicle. 

On the other hand, the two electrically isolated three-phase stator windings of the 
motor are used as power transformer for the charging process of the car batteries. 
Therefore, the switches in the first group of coils will be turned, connecting with the 
grid. Switches that connect both inverters should be closed, thus both batteries 
would be charged. 

In this case, the stator winding connected to the grid must have a 2:1 voltage 
relation with reference to the other stator winding connected with the three-phase 
inverter. These imply some asymmetry in the two separated stator windings that 
can be easily overcome with a proper current control strategy. Nonetheless, that 
asymmetry could bring some problems during motor operation. A possible 
solution for that problem could be the use of a voltage transformer. 

The main characteristics observed for this topology are: 

 Simple design.  

 Fewer components. 

 Low manufacturing cost. 

 Simple control circuitry. 

 Increase reliability and security. 

 Enhancement in efficiency. 

 Avoidance of power transformer. 

 Lower stress in components. 
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 High amount of components and additional switches. 

 Increased size and cost. 

 Complex control. 

 

 

Figure 4-8. Three-phase Converter redundant circuit with motor as transformer. 

 

4.2.3.4. Three-phase inverter with motor as transformer and bidirectional DC/DC 
converter 
Following the idea presented in previous topologies, the same redundancy concept 
can be applied to the circuit of Figure 4-9. The difference in both solutions is the 
transformer voltage primary to secondary ratio that the stator windings must met. 
In this option with bidirectional converters, a 1:1 relation can be used if the 
bidirectional converters double the battery voltage. 

Apart from the advantages and disadvantages pointed out for the simple three-
phase converter, this configuration is characterized by: 
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 No asymmetry issues.  

 Lower currents. 

 Low losses in switching devices. 

 High efficiency. 

 

On the other hand, those IGBT used in the DC/DC converter should tolerate the 
same current than the six devices in the DC/AC inverter. Then the current should 
be divided between three pairs of IGBTS parallel connected.   

 

 

Figure 4-9. Three-phase inverter with motor as transformer and bidirectional 
DC/DC converter 
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4.2.3.5. Multi H-bridge converter with motor as transformer 
In the same way than in previous proposition, multi H-Bridge converter, 
represented in Figure 4-10 topology, apply redundancy. Although the numbers of 
switching elements increase significantly (24 IGBTs would be necessary, in addition 
to 6 contact breakers to divide both circuits), redundancy and grid quality (THD) in 
addition to safety and operation security are improved. Nevertheless, if this 
configuration is compared with respect to the previous topology remarking the 
observation made at the end, Multi H-Bridge converter does not increase cost or the 
amount of devices. 

 

Figure 4-10. Multi H-Bridge Converter redundant configuration with motor as 
transformer. 

Its main characteristics, including the advantages and disadvantages described 
above for the three-phase converter, are shown next:  
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 Simple and modular design. 

 Low stress in its elements. 

 Fault tolerant due to each phase work separately. 

 

Considering those characteristics and the description made in previous paragraph, 
Multi H-Bridge Converter seems the best option to be developed. Moreover, that 
option combines and ensures the works requirements such as security, 
redundancy, safety and modularity. For test the SynRM and the ORS control is 
used the three-phase converter topology, to not increase the degree of difficulty of 
adding new control, new engine design and new converter design in the same test 
bench. In this way it is preferred to use a commercial converter where few changes 
were necessary to prove the new control and design. 
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4.3. SynRM Concepts 

4.3.1. SynRM working as a charger/transformer 

This work presents the results of the electrical and thermal experiments of a SynRM 
working as a charger, to achieve the main goal of a power electronic inverter with 
back-to-back topology, intended as a bidirectional charger for the battery pack of an 
electric vehicle. The details of the test-bench set-up, requirements and equipment 
are also described. Figure 4-11 represents the SynRM charger goal.  

 

Figure 4-11. SynRM working as a charger 

  

The machine was built with a winding redundancy allowing it to function as a 
charger. For this reason, to comply with the main goal, a back-to-back converter 
whose power module technology is based on semiconductor silicon (Si), IGBT, was 
used. The following tasks were accomplished in order to assess the SynRM: 
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 Validate the following elements:  

o Winding topology (SynRM); 

o Galvanic isolation (SynRM); 

o Transformer mode functions (SynRM); 

o Six-phase machine sequence (SynRM); 

o Machine building design (SynRM); 

o Back to back (B2B) communications; 

o Hardware and software control (B2B); 

o Hardware and software protection (B2B); 

o Control system: state machine and control algorithms (B2B); 

o User interface (B2B); 

o Adaptation system measures (B2B); 

 Generate the main results, characterize the machine as function of 
transformer together with the power converter, B2B; 

 Perform a load test to check the strength of the mechanical and winding 
design. 

Figure 4-12 shows the winding concept and its characteristics: concentric winding 
type, per consequent poles, two layers connection type and same slots, two layers 
phase order (0°).  
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Figure 4-12. Winding concept – SynRM. 

4.3.2. SynRM and EV powertrain development 

This work presents the experimental results of a power electronic inverter and a 
SynRM controlled by ORS techniques, intended as bidirectional, working as a 
motor/generator of an electric vehicle. The details of the test-bench set-up, 
requirements and equipment are also described. 

The SynRM and EV powertrain goal is to test the machine built for all operation 
points electrically and thermally, and proved in the electric car application. The 
winding topology selected is galvanic isolated and the combination with a back-to-
back converter becomes advantageous. The Power electronic inverter as a generator 
and the SynRM as an electric vehicle working in a load will be tested.  (Bus DC 
Power electronic inverter (generator)  SynRM (electric vehicle motor)  Power 
electronic inverter (charger)). 

Figure 4-13 shows the development of an integrated powertrain which increases 
efficiency, improves safety and reduces weight. 
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Figure 4-13. Integrated EV powertrain with SynRM. 

The proposed SynRM and EV powertrain designs include redundant motor and 
power converter, improving the safety, redundant and security of the entire system. 

The main characteristics of the SynRM are: 

 Absence of rotors magnets. Safer than PMM 

 High efficiency in a wide speed range 

 Cheap to manufacture  

 Robust structure 

 Negligible torque ripple  Less motor noise 

 Generation mode is only available if power electronics is in operation 

 Fault tolerant converter 

x Complex controllability 
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For this reason, to comply with the goal, two back-to-backs converters whose 
power module technology is based on semiconductor silicon (Si), IGBT, are 
presented, as shown in Figure 4-14. 

 
Figure 4-14. Multi three-phase two-level power converter with SynRM working as 
motor. 

 

 The SynRM and the integrated power electronics are the main drivers for 
improving efficiency in both EV operating modes. This article describes in detail the 
correct operation of the SynRM with two redundant three-phase inverters, applied 
in a complex test bench.  

It also proposes the use of H-bridge inverters for each phase, thus including the 
intelligent use of safety improvements and redundancy and efficiency, as well as 
addressing integration problems, as shown in Figure 4-15. 
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Figure 4-15. Multi H-Bridge power converter with SynRM, also working as a 
charger. 

Due to the three levels of the H-bridge inverter topology, the motor phase voltage 
can be increased and the battery voltage can be reduced, reducing total harmonic 
distortion, improving controllability, and allowing the independence of each phase 
of the motor to have its own control and inverter. The new modelling and control 
techniques (ORS Control) are proposed for the six-phase SynRM. The control 
implemented was developed and described in 4.4. The ORS control proposed can 
be used in both topologies. 
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4.4. New direct torque control algorithm applied to multi-
conductor machines, based on ORS 

4.4.1. State of Art of Control Algorithms 

4.4.1.1. Introduction 
Although Synchronous Reluctance Motors (SynRM) are the simplest (and one of 
the oldest) type of electric motors, its implementation was discarded due to its 
lower average torque and larger torque pulsations. Recent advances in the 
performance of this kind of motor and drive systems have overcome those 
disadvantages. 

On the other hand, SynRM presents many advantages: 

 Low manufacturing costs. 

 Simple and rugged structure. 

 Absence of rotor windings. 

 Absence (and price) of permanent-magnet (PM) materials. 

 

For these reasons they are being increasingly used in a wide range of applications. 
In particular, these motors are well suited for high-speed operation derived from its 
robustness and high capacity for field weakening.  

Multiple solutions for control of SynRM drives have been proposed. The vast 
majority can be classified in two main groups, vector control and direct torque 
control (DTC). Both basic types of controllers can be improved with one or several 
of the following features: 

 Absence of angular position transducer (sensorless) 

 Maximum torque per ampere (MTPA) or maximum efficiency 

 Flux-weakening 

In the following points it is presented a review of the state of the art in vector 
control and DTC for SynRM. 
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4.4.1.2. SynRM Model 
The equivalent circuit of the synchronous reluctance motor in a reference frame 
linked to the rotor can be depicted in Figure 4-16, in where the iron losses are 
modelled by the resistance 푅 . 

 

 

Figure 4-16. Equivalent circuit of SynRM in rotor reference frame. 

 

In synchronous 푑푞 reference frame, the voltage equations are: 

푣 = 푟 푖 +
푑휆
푑푡 +휔 휆  (4-1) 

푣 = 푟 푖 +
푑휆
푑푡 − 휔 휆  (4-2) 

The flux linkage equations are (neglecting iron losses): 

휆 = 퐿 + 퐿 푖  
(4-3) 

휆 = (퐿 + 퐿 )푖  
(4-4) 

Where 퐿  is the leakage inductance and 퐿  and 퐿  are the mutual inductances in 
푞푑 axes. These inductances are not constant when magnetic saturation in the 
machine is taken into account. In addition, saturation effect in inductances is 
different in 푑푞 axis. Furthermore, cross saturation can occur (Figure 4-17); thus, 
coupling between 푑푞 inductances exist. These characteristics lead to a great model 



172                            

 

Contributions for the Integration of Renewable Energy and 
Electric Vehicles in the Grid 

complexity which is not represented by the simple expression of flux equations. 

 

Figure 4-17. Nonlinear magnetic behavior due to flux saturation.  

The electromagnetic torque can be expressed as: 

푇 =
3
2푝 퐿 − 퐿 푖 푖  (4-5) 

Where 푝 is the pair of poles. The mechanical model is: 

푇 − 푇 = 퐽
푑휔
푑푡 + 퐵휔  (4-6) 

Being 퐽 the inertia and 퐵 the friction coefficient. 
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4.4.1.3. Vector Control of SynRM 
The vast majority of methods for SynRM controllers are based on field oriented 
control (FOC) in a (푑푞) frame synchronous to the rotor. Next, different techniques 
will be exposed trying to overcome its deficiencies and drawbacks.   

 

4.4.1.3.1. Vector control of including saturation and iron loss 

One of the first papers concerning vector control in SynRM is [59]. In this work, the 
authors perform an analysis of the effects in vector control caused by saturation and 
iron losses. Basically, saturation affects to the control complexity. In addition, if iron 
losses are neglected, the stator currents components are no longer the currents that 
directly govern the electromagnetic torque, as a result of an angle error 훥휃 (Figure 
4-18) between 퐼  and 퐼  exists. The results presented in this paper show that 
saturation and iron loss plays an important role in order to define the optimal rotor 
angle for vector control of a SynRM. In general, the optimal angles for maximum 
torque per ampere and maximum efficiency are larger than the theoretical 
45° angle predicted by a linear, lossless model. 

 

 

Figure 4-18. Vector diagram of a SynRM including iron losses 푅 . 
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4.4.1.3.2. Field Oriented Control 

Different control strategies related to field oriented control of synchronous 
reluctance motors are presented in [60]. Once more, a speed invariant current 
controller, variable 푑푞 current limit and variable speed loop gain is proposed. This 
controller takes into account flux-weakening above base speed adjusting control 
current references with a table that depends on speed and keeps delivered power at 
a rated value above base speed. The effect of inductance saturation is also taken 
into account by means of a lookup table and a feed-forward compensation control 
in the current controller. Moreover, a variable gain speed controller compensates 
the torque cross-dependency of both currents component 푖  and 푖 . A block 
diagram of the controller can be depicted in Figure 4-19. 

 

 

Figure 4-19. Control block diagram of synchronous reluctance motor drive system 
with variable speed gain and decoupled in the current regulator. [60] 

 

4.4.1.3.3. High performance control of SynRM 

The control problems of synchronous reluctance motors in (푑푞) frames related to 
magnetic saturation, core loss, and angular measurement errors are outlined in 
Figure 4-20. To overcome these problems, the authors proposed to choose 휆  (d-
component of flux vector) and 푖  as control variables instead of the classical set 푖  
and 푖 . In order to control 휆 , a state observer, depicted in Figure 4-20, is used. In 
this figure, 퐴 is the transformation matrix from stationary to synchronous frame 
and 퐺 is the gain of the observer. 
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Figure 4-20. Flux observer. 

 

4.4.1.3.4. Low and zero-speed sensorless control of SynRM 

A very interesting feature in a motor controller is the one called “sensorless”. The 
sensorless word makes reference to the absence of angular position (and speed) 
transducer (usually an incremental encoder). The elimination of the position 
transducer reduces cost and increase electromagnetic and noise immunity. On the 
other hand, control stability and performance decrease, especially in low-speed 
range.  

Many techniques used to estimate angular speed can be found in the literature. 
Most of them rely in state observers based in the motor equations; others exploit 
saliency effects; while some others are based in high frequency signal injection. 

One example of those techniques based in high frequency signal injection is the 
work presented in [62]. The proposed control scheme is based on the rotor position 
calculation by means of the measurement of an additional high-frequency stator 
current component. The rotor position estimation is based on the injection of a 
high-frequency sinusoidal voltage component and on a suitable demodulation of 
the generated stator currents. A 600 Hz constant-amplitude asynchronous voltage 
component is added to the conventional stator voltage. An additional 600 Hz 
current component is generated whose amplitude depends on the spatial position 
of the asynchronous voltage vector. The speed is also obtained from current 
references and the estimated rotor position using an observer. The drawbacks of 
this kind of estimators are: 
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 High frequency commutation of the inverter switches (which mean more 
stresses and losses in the semiconductor devices) 

 Limited maximum speed.  
 Torque ripple increase. 

On the other hand, the estimation near zero speed is possible. 

 

4.4.1.3.5. Sensorless vector controller for a SynRM 

An example of sensorless that exploits saliency is [63]. In this paper, a sensorless 
speed vector controller with maximum torque per ampere control strategy for the 
inverter-driven synchronous reluctance machine is presented. The fundamental 
principle of the estimation technique is the detection of stator winding inductance 
variations with rotor position. That is done by examination of the switching ripple 
on the current waveforms. The estimates are fed to a conventional closed-loop 
observer in order to predict the new position and angular velocity based on the 
mechanical model. The main drawback of this controller is its high parameter 
dependency. 

 

4.4.1.3.6. Position sensorless control of the transverse-laminated SynRM 

One non-linear effect that is usually disregarded in SynRM models is the effect of 
magnetic cross coupling between d-q axes, known as cross saturation. In [64], this 
problem is studied. This effect is generally disregarded due to it complicates the 
controller design. However, if this effect is ignored, errors at load and an 
unsatisfactory behavior in low-speed range can be the result. This can be clearly 
depicted in Figure 4-21. 
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Figure 4-21.  Flux-current characteristics of a SynRM showing cross-saturation 
effects. 

An observer-based sensorless control scheme is proposed by the authors to solve 
this problem. This is obtained by a combined method of rotor position estimation, 
making use of both –electromotive-force-based estimation and signal injection–, 
without any need of additional voltage. The observer flux for medium and high 
speed range can be depicted in Figure 4-22. The error between voltage model and 
current model is used for compensation through matrix gain 푔. In Figure 4-22, 퐴(휃) 
is the transformation matrix from 훼훽 to 푑푞 frames and 퐿 is the inductance matrix 
which reflects cross coupling effects.  
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Figure 4-22. Flux observer including cross-saturation. 

The position angle 휃 is estimated making use of the premise that flux modulus is 
independent of frame: 

sin(휃) =        cos(휃) =  (4-7) 

For low speed range estimation, a flux oscillating signal is injected in the direction 
of the 푑 axis. The high-frequency components of the error in 푞 flux component of 
the observer exposed on Figure 4-22 can be used as indicator of misalignment. 
Therefore, this error component is used as input of a PI controller an added to the 
estimated position by the previous equations. 

With the observer described, the general control strategy is a classical oriented 
control with PI regulators that use 푖  and 휆  as control variables for torque and flux 
respectively. A flux weakening controller is proposed. Below ratted speed, 휆  is set 
to a fixed value that provides the maximum torque per ampere. In the constant 
power region, 휆  is reduced as 휔 , and also maximum 푖  is reduced. 

 

4.4.1.3.7. Stator-flux-oriented vector control of SynRM with maximized efficiency 

Maximum efficiency achievement is not straightforward in a synchronous 
reluctance machine. Flux saturation, iron losses, cross saturation and parameter 
variations (principally with temperature) makes motor model extremely complex; 
so, optimum flux value could not be predetermined. In [65], a position-sensorless 
vector controller designed to achieve maximum efficiency in a synchronous 
reluctance machine is presented.  
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For a given speed and torque, power losses in the machine are a function of the 
stator flux magnitude. Thus, the optimal flux value can be found using a one-
dimensional optimization algorithm. The torque is controlled by means of 
regulation of the flux modulus 휆 and 푖  in a stator-flux oriented frame. The two-
phase stator flux is estimated in the controller by numerical integration of the two-
phase stator voltage minus stator resistance voltage drop, including a decline term 
to avoid numerical drift. This decrement limits the operation to medium and high 
speed operation.  The optimal value of 휆 that minimizes loss is determined by an 
iterative interpolation process known as Luenberger Sequential Quadratic 
Interpolation Algorithm. 

 

4.4.1.3.8. Rotor position and speed estimation for a SynRM drive using dual current-slope technique 

An interesting (and different) method to estimate position is the one presented in 
[66]. The authors present an adaptive sensorless position control system for a 
synchronous reluctance motor; in which, the rotor position is estimated using a 
dual current-slope technique. The paper shows how the rotor angle can be obtained 
from stator current slopes (in 훼훽 frame) as: 

휃 =
1
2 atan 

퐷
퐷  (4-8) 

The current slopes 퐷  and 퐷  are obtained through stator currents measurements 
in two samples times per commutation, as depicted in Figure 4-23. 
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Figure 4-23. Stator current sampling technique for dual-slope current estimator: 
(a) Measured waveform; (b) Trigger signal. 

 

Then, the following coordinate transformation is computed: 

퐷
퐷 =

√ −3

0 3√3 3
0 −3√3 3

퐷 |
퐷 |
퐷 |

 (4-9) 

 Being 퐷 |  the difference of current slopes in two consecutive 
switching states. 

Also, in [66], an adaptive controller and an online self-tuning gain state estimator 
are used to improve the transient responses and load disturbance rejection 
capability. The whole controller diagram can be depicted in Figure 4-24. The main 
drawback of the proposed controller is its extremely high computational cost and 
complexity. 
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Figure 4-24. Block diagram of the sensorless position control with dual current-
slope estimator. 
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4.4.1.4. Direct Torque Control of SynRM 
The direct torque control strategy (DTC) is an induction motor control technique 
that had its origins in the works [67] y [68]. This technique has been successfully 
implemented because it explicitly considers the variable nature of the voltage 
source inverter. In addition, it uses few machine parameters, while it is more robust 
to parameter uncertainty than field-oriented control (FOC). A good survey can be 
found in [69] and [70]. 

The DTC features fast responses, structural simplicity and robustness to modelling 
uncertainty and disturbances. DTC has some disadvantages which are summarized 
in the following points: high torque, flux and current ripples; variable switching 
frequency behavior and difficulty to control torque and flux at very low speed. To 
overcome the above drawbacks, some researchers have tried to propose some 
different DTC space vector modulation (SVM) techniques or to improve switching 
state patterns. [71] [72] 

DTC was firstly developed for induction machines. Nevertheless, DTC strategy is 
rotor parameters independent and can be applied to all type of motors.  

Particularly, when applied to SynRM; to achieve one of several improvements is 
interesting, as for instance: sensorless operation, maximum efficiency and flux 
weakening. 

 

4.4.1.4.1. Sensorless-control of the SynRM 

In [73], a classical DTC sensorless closed-loop speed control that includes flux 
weakening is presented. Torque vector control is based on the control of torque, 
flux-linkage magnitude and position to achieve synchronism of the rotor and the 
flux-linkage vector. The stator flux is determined by analogue integration of the 
motor voltages minus the stator resistance voltage fall. As it is known, this flux 
estimation method limits low speed operation. Once the flux is estimated, the 
torque can be directly obtained by vector product with the currents. The speed is 
estimated by the position differences of the flux-linkage estimated vector, using 
푎푟푐푡푎푛 function by means of a lookup table. Flux weakening above the base speed 
is achieved by proportional flux modulus reduction: 

|휆| =
휔
휔

|휆|  (4-10) 
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Accordingly, maximum torque is limited to: 

푇 =
휔
휔 푇  (4-11) 

 

The main drawbacks of the proposed controller are related to the flux estimation; 
since it uses an integrator, the speed range is restricted to medium and high speed. 
Furthermore, saturation and iron losses are neglected, so non-optimum 
performance is achieved. 

 

4.4.1.4.2. A modified direct torque control for induction motor sensorless drive 

The DTC classic approach presents a variable and uncontrollable switching 
frequency that causes large torque, flux and current ripple accompanied by 
acoustical noise. To overcome these disadvantages, a direct torque variable 
structure and flux controller, instead of the classical DTC approach, is used in [74]. 
The block diagram of this technique can be depicted in Figure 4-25. Two sliding-
mode-plus-PI controllers in estimated stator flux reference frame are used. A 
symmetrical space vector modulation generates the switching signals. 

 

Figure 4-25. Variable structure direct torque and flux controller. 
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4.4.1.4.3. A novel control scheme for wide speed range operation of direct torque controlled SynRM 

An application of DTC for an integrated started-alternator for hybrid electrical 
vehicle can be found in [75]. A sensorless direct torque and flux control with space 
vector modulation for a permanent magnet-assisted synchronous reluctance 
machine is proposed. In order to meet with integrated started-alternators typical 
specifications, a quasi-optimal stator flux reference is generated. For stator-flux 
observer a combined current model (for low speed and including magnetic 
saturation effects) and a voltage model (for medium and high speed) is used. Two 
flux observers are used for comparison, a serial observer and a parallel observer, 
both of them can be depicted in Figure 4-26. 

In serial observer, the current model and the voltage model are in series, so stator 
current error is used to compensate the error using a PI. In the parallel observer 
both models are in parallel, being the stator flux error the input of the PI block. 
With the observed estimation and the measured stator currents, the torque can be 
directly estimated. For speed and position estimation, the authors employ two 
different methods according to speed. For low-speed an observer using signal 
injection is implemented and for medium and high speed, the authors estimated 
speed from the stator flux estimation using a PLL observer. 
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Figure 4-26. Stator flux observer with combined current and voltage models: (a) 
Serial observer and (b) parallel observer. 

 

4.4.1.4.4. DTFC-SVM motion-sensorless control of a PM-assisted reluctance synchronous machine as 
starter-alternator for hybrid electric vehicles 

In [76], two adaptive speed control algorithms, which include adaptive back-
stepping control and model-reference adaptive control, are proposed to improve 
the performance of a sensorless direct torque control synchronous reluctance motor 
drive system. The block diagram can be depicted in Figure 4-27. The scheme is the 
classical DTC one. Both adaptive controllers are derived from the mechanical 
model of the motor assuming the DTC controller is ideal and motor torque DTC 
reference is equal to the real motor torque. The two adaptive speed controllers 
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proposed are compared with a classical PI regulator. The back-stepping controller 
is less complex than the model-reference one. Experimental results show a slightly 
better performance of the model reference adaptive control. Both of them 
outperform the PI regulator. 

 

Figure 4-27.  DTC scheme with Adaptive Controller. 

 

4.4.1.4.5. Variable structure direct torque control of encoderless SynRM drives with maximized 
efficiency 

A sensorless DTC based on sliding mode and space vector modulation is proposed 
in [77] (see Figure 4-28). According to this method, a sliding mode-plus-PI 
controller is designed for torque and flux control in stator flux reference frame. In 
order to minimize losses an on-line adaptive controller is proposed. This loss 
minimization controller monitors continuously the input power inside a moving 
window, and then, increasing or decreasing the flux modulus control reference 
accordingly. Torque, speed and flux are estimated through measured currents 
using the simple stator flux oriented model of the motor without taken into account 
saturation and iron losses effects. 
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Figure 4-28.  DTC Sliding mode controller with on-line losses minimization.  

 

4.4.1.4.6. Online MTPA Control Strategy for DTC SynRM Drives 

Few solutions in the literature exist for maximum torque per ampere (MTPA) 
strategy in DTC drives. The vast majority relays instead in field oriented 
controllers.  In [78] an online scheme based on signal-injection for the automatic 
search of the maximum-torque-per-ampere (MTPA) operating region is presented. 
This MTPA scheme is used in a common DTC drive depicted in Figure 4-29. 

 

Figure 4-29. DTC block diagram with MTPA. 
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The MTPA detector adds a random perturbation in the flux modulus and analyses 
the current modulus. If |휆| is above the optimum value |휆| , then a flux 
magnitude will increase/decrease according to a current magnitude 
increment/decrement. Conversely, if |휆| is below the |휆|  value, the relationship is 
reversed. If |휆| matches the |휆|  value then either a flux magnitude increase or 
decrease will cause a current magnitude increase anyway. The scheme can be 
depicted in Figure 4-30.  

Current is filtered to avoid DTC ripple and mean value by means of a low-pass 
filter and a high-pass filter. In order to preserve phase, the same filtering is applied 
to the random signal. Then, the demodulation consists on the product of both 
signals followed by a low-pass filter. Finally, a PI controller generates the 
compensation flux modulus that is subtracted from reference. The main drawback 
of this MTPA detector (an almost all MTPA detectors) approach is its limited 
bandwidth (several seconds are needed to achieve optimum when a step 
perturbation is applied).  

 

Figure 4-30. MTPA detector schematic with random signal injection. 

 



Novel Power Converters Control for Powertrain EV SynRM 

 

 

 

189 

4.4.1.4.7. A novel control scheme for wide speed range operation of direct torque controlled SynRM 
and maximum power operation of SynRM including maximum torque per flux control 

Another approach is the one presented in [79] [80]. A DTC control scheme that 
consists of a combination of maximum torque per ampere control, maximum 
torque per flux control, flux-weakening control and torque limiting is proposed. 
The block diagram can be depicted in Figure 4-31. To derive the control strategy, 
the authors uses a rotating reference frame linked to the stator flux linkage vector. 
As the model neglects saturation and iron losses, optimum performance could not 
be expected. 

 

Figure 4-31. Block diagram of the DTC proposed in [79]. 
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4.4.2. Motor analysis –SynRM 

The synchronous reluctance motor (SynRM) is a singly-salient synchronous motor. 
The stator (as in other ac machines) has three-phase distributed windings. The 
salient-pole rotor is made of steel laminations and does not have any windings or 
magnets (see Figure 4-32).  Given the lack of natural resources and high cost of rare-
earth magnets,  the absence of magnets in the SynRM, as opposed to PMSM 
(permanent magnet synchronous machines), is an advantage that must be 
remarked. The SynRM structure is rugged and it has a low manufacturing cost. 
SynRM exhibit high torque per unit volume. Additionally, the absence of rotor 
windings results in simpler control schemes and losses decrement. Therefore, this 
motor is an excellent candidate for automotive applications [81]. 

 
 

Figure 4-32. Switched reluctance machine with laminated rotor. 

The advantages of the SynRM compared to induction motors (IM) are: 

 Simple rotor construction with no vital need for the rotor cage in speed 
controlled drives. 

 No rotor ohmic losses. 
 Low inertia. 
 Synchronous running with easy speed control without encoders. 
 Easy field weakening compared to the PMSM. 
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4.4.2.1. Motor Equations 
The use of the motor windings as inductances and as a transformer will be studied 
and implemented in the SynRM machine for testing purposes. 

These added functionalities impose a different motor winding design. New criteria 
must be taking into account and different solutions have to be derived, explored 
and compared. 

If the motor windings have to be used as a transformer, two isolated windings per 
phase must be provided. The optimum spatial distribution of the stator windings 
and its electrical characteristics (resistance, inductance and coupling factors) must 
be studied, implemented and tested. 

Since this special SynRM is a new machine, an electrical model has to be developed 
and tested. This model has to cover the new stator capabilities as a transformer (or 
as an inductance), so the ORS algorithm could be simulated. 

 

4.4.2.2. Motor model in abc axis 
The machine is a synchronous reluctance motor with six stator windings. The 
voltage equations for the six stator windings are [82], [83] and [84]: 

푣 = 푅 푖 +
푑휓
푑푡 = 푅 푖 + 퐿

푑푖
푑푡 +휔

푑퐿
푑휃 푖  (4-12) 

Being:  

 푣 = 푣 ,푣 ,푣 ,푣 ,푣 ,푣 , the six stator phases voltages. 
 푖 = 푖 , 푖 , 푖 , 푖 , 푖 , 푖 , the six stator phases currents. 
 휓 = 휓 ,휓 ,휓 ,휓 ,휓 ,휓 , the six stator flux linkages. 
 푅 = 푟 퐼  , being 푟  the stator resistance and 퐼  the 6x6 identity 

matrix. 
 휔 = , being 휃 the electrical rotor angle. 
 퐿: the inductance 6x6 matrix that is 휃 dependent. 
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If we consider that the six stator windings are two three phase windings with an 
angle shift 훿, the matrix inductance can be expressed as: 
 

퐿 = 퐿 퐼 + 퐿 ∙

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡ 1 cos

2휋
3

cos
2휋
3

cos(훿) cos
2휋
3

+ 훿 cos
2휋
3
− 훿

cos
2휋
3

1 cos
2휋
3

cos
2휋
3
− 훿 cos(훿) cos

2휋
3

+ 훿

cos
2휋
3

cos
2휋
3

1 cos
2휋
3

+ 훿 cos
2휋
3
− 훿 cos(훿)

cos(훿) cos
2휋
3
− 훿 cos

2휋
3

+ 훿 1 cos
2휋
3

cos
2휋
3

cos
2휋
3

+ 훿 cos(훿) cos
2휋
3
− 훿 cos

2휋
3

1 cos
2휋
3

cos
2휋
3
− 훿 cos

2휋
3

+ 훿 cos(훿) cos
2휋
3

cos
2휋
3

1 ⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

+ 

퐿 ∙

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡ cos(2휃) cos 2휃 −

2휋
3

cos 2휃 +
2휋
3

cos(2휃 − 훿) cos 2휃 −
2휋
3
− 훿 cos 2휃 +

2휋
3
− 훿

cos 2휃 −
2휋
3

cos 2휃 −
4휋
3

cos(2휃) cos 2휃 −
2휋
3
− 훿 cos 2휃 +

2휋
3
− 훿 cos(2휃 − 훿)

cos 2휃 +
2휋
3

cos(2휃) cos 2휃 +
4휋
3

cos 2휃 +
2휋
3
− 훿 cos(2휃 − 훿) cos 2휃 −

2휋
3
− 훿

cos(2휃 − 훿) cos 2휃 −
2휋
3
− 훿 cos 2휃 +

2휋
3
− 훿 cos(2휃 − 2훿) cos 2휃 −

2휋
3
− 2훿 cos 2휃 +

2휋
3
− 2훿

cos 2휃 −
2휋
3
− 훿 cos 2휃 +

2휋
3
− 훿 cos(2휃 − 훿) cos 2휃 −

2휋
3
− 2훿 cos 2휃 +

2휋
3
− 2훿 cos(2휃 − 2훿)

cos 2휃 +
2휋
3
− 훿 cos(2휃 − 훿) cos 2휃 −

2휋
3
− 훿 cos 2휃 +

2휋
3
− 2훿 cos(2휃 − 2훿) cos 2휃 −

2휋
3
− 2훿 ⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

 

(4-13) 

Being: 

 퐿  and 퐿  the constant and the rotor angle dependent component 
of the magnetizing inductance, respectively. 

  퐿 , the leakage inductance. 

Also, 
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푑퐿
푑휃

= −2퐿 ∙ 

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡ sin(2휃) sin 2휃 −

2휋
3

sin 2휃 +
2휋
3
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− 훿 sin 2휃 +
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− 훿
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sin 2휃 −
4휋
3
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3
− 훿 sin 2휃 +

2휋
3
− 훿 sin(2휃 − 훿)

sin 2휃 +
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2휋
3
− 훿 sin(2휃 − 훿) sin 2휃 −
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3
− 2훿 sin 2휃 +
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3
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sin 2휃 +
2휋
3
− 훿 sin(2휃 − 훿) sin 2휃 −

2휋
3
− 훿 sin 2휃 +

2휋
3
− 2훿 sin(2휃 − 2훿) sin 2휃 −

2휋
3
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⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

 

(4-14) 

The electromechanical torque of the electric machine is: 

푇 =
1
2 ∙ 푖 ∙

푑퐿
푑휃 ∙ 푖  (4-15) 

And the mechanical equation is: 

푇 − 푇 = 퐽
푑휔
푑푡 + 퐵휔 (4-16) 

Being: 

 푇 : Load torque. 
  퐽: Inertia coefficient. 
 B: Friction coefficient. 
 휔 =  : Mechanical rotor speed with 푃 the poles pair number. 

 

For the motor in consideration, 훿 =  , so: 
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퐿 = 퐿 퐼 + 퐿 ∙
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(4-17) 

Rearranging the motor equation, the following is obtained: 

푑푖
푑푡 = 퐿 푣 − 푅 퐿 푖 − 휔 퐿

푑퐿
푑휃 푖  (4-18) 

Being 퐿  the matrix inverse of 퐿; this inverse must be calculated in every 
integration step because of the complexity to derive a symbolic expression for it. 
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4.4.2.3. Machine model in the Vector Space 
The six stator phase windings can be represented in a six dimensional space 
according to the following vector [85]: 

푆 (휔푡) = cos푘(휔푡) , cos푘 휔푡 −
2휋
3 , cos푘 휔푡 +

2휋
3 , cos푘(휔푡

− 훿), cos푘 휔푡 −
2휋
3 − 훿 , cos푘 휔푡 +

2휋
3 − 훿  (4-19) 

Where 푘 = 0,1,3,5, …, are the harmonics orders and 훿 =  is the phase shift 
between the two three-phase windings. 

In order to simplify the equations exposed in previous point, an adequate 
transformation should be done. For the motor in consideration, with 훿 = , a three 
orthogonal two-dimensional subspaces are obtained for the fundamental (푘 = 1), 
the third (푘 = 3) and the eleventh harmonic (푘 = 11) : 

훼: 푆 (0) = 1, cos
2휋
3 , cos

2휋
3 , cos

휋
12 , cos

3휋
4 , cos

7휋
12  
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휋
2 = 0,−sin

2휋
3 , sin

2휋
3 ,−sin

휋
12 ,−sin

휋
4 , sin

7휋
12  

(4-20) 

푧 : 푆 (0) = 1,1,1, cos
휋
4 , cos

휋
4 , cos

휋
4  

푧 : 푆
휋
2 = 0,0,0,− sin

휋
4 ,−sin

휋
4 , − sin

휋
4  

(4-21) 

휇 : 푆 (0) = 1, cos
2휋
3 , cos

2휋
3 , cos

11휋
12 , cos

휋
4 , cos

5휋
12  

휇 : 푆
휋
2 = 0, sin

2휋
3 ,−sin

2휋
3 ,−sin

11휋
12 ,−sin

휋
4 , sin

5휋
12  

(4-22) 

Therefore, the six dimensional model described previously can be transformed into 
three two-dimensional orthogonal subspaces named (훼,훽), (휇 ,휇 ) and (푧 , 푧 ), 
using the following transformation matrix: 
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 (4-23) 

With the transformation, the current or voltage vectors can be transformed: 

⎣
⎢
⎢
⎢
⎢
⎡
푥
푥
푥
푥
푥
푥 ⎦

⎥
⎥
⎥
⎥
⎤

= 푇 ∙

⎣
⎢
⎢
⎢
⎢
⎡
푥
푥
푥
푥
푥
푥 ⎦
⎥
⎥
⎥
⎥
⎤

 (4-24) 

Using this transformation, the motor equation (4-12) becomes: 

푇 ∙ 푣 = 푇 ∙ 푅 ∙ 푇 ∙ 푇 ∙ 푖 +
푑
푑푡

(푇 ∙ 휓 ) = 푅 ∙ 푇 ∙ 푖 +
푑
푑푡

(푇 ∙ 휓 ) (4-25) 

푇 ∙ 휓 = 푇 ∙ 퐿 ∙ 푇 ∙ 푇 ∙ 푖  
(4-26) 

And the inductance matrix result: 

푇 ∙ 퐿 ∙ 푇 =

⎣
⎢
⎢
⎢
⎢
⎡
퐿 + 3퐿 + 3퐿 cos 2휃 −3퐿 sin 2휃 0 0 0 0

−3퐿 sin 2휃 퐿 + 3퐿 − 3퐿 cos 2휃 0 0 0 0
0 0 퐿 0 0 0
0 0 0 퐿 0 0
0 0 0 0 퐿 0
0 0 0 0 0 퐿 ⎦

⎥
⎥
⎥
⎥
⎤

 

(4-27) 
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Taking into account that the inversion of inductance matrix is straightforward, this 
model is well suited for simulation. 

 

4.4.2.4. Motor model in (α, β) subspace 
The stator voltage equation in (훼,훽) subspace is: 
푣
푣 = 푟 0

0 푟 ∙
푖
푖 +

푑
푑푡

퐿 + 3퐿 + 3퐿 cos 2휃 −3퐿 sin 2휃
−3퐿 sin 2휃 퐿 + 3퐿 − 3퐿 cos 2휃 ∙

푖
푖  

(4-28) 

Using the rotation transformation defined by: 

푇(휃) = cos휃 − sin휃
sin휃 cos휃  (4-29) 

The equation (4-28) becomes: 

푣
푣 = 푟 0

0 푟 ∙
푖
푖 +

퐿 0
0 퐿 ∙

푑
푑푡

푖
푖 +휔

0 −퐿
퐿 0 ∙

푖
푖  (4-30) 

With:  

퐿 = 퐿 + 3퐿 + 3퐿  

퐿 = 퐿 + 3퐿 − 3퐿  (4-31) 

4.4.2.5. Motor model in (μ1, μ2) and (z1, z2) subspaces 

Directly from (4-25), the equations for these subspaces can be derived: 

푣
푣 = 푟 0

0 푟 ∙
푖
푖 + 퐿 0

0 퐿 ∙
푖
푖   (4-32) 

푣
푣 = 푟 0

0 푟 ∙ 푖푖 + 퐿 0
0 퐿 ∙

푑
푑푡

푖
푖  (4-33) 
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4.4.2.6. Electromagnetic Torque 
Following (4-15), the electromagnetic torque result: 

푇 =
3푃
2 퐿 − 퐿 푖 푖  (4-34) 

4.4.3. Motor control based on ORS 

In this application, an ORS technique will be developed to control the SynRM 
together with the mode charger/discharger process. 

 

4.4.3.1. ORS Control Strategy 
In synchronous dq coordinates, the SynRM equations that model the system are: 

푣 = 푅 푖 +
푑휆
푑푡 − 휔휆  

푣 = 푅 푖 +
푑휆
푑푡 + 휔휆  

(4-35) 

Being: 

 푣  , 푣  ; the stator voltages in d and q axis respectively. 
 푖  ,  푖  the stator currents. 
  휆  , 휆  the flux linkages. 
 휔  , electrical motor speed. 
 푅  , stator resistance. 

 

The flux linkage and the stator currents relationship is: 

휆 = 퐿 푖  

휆 = 퐿 푖  (4-36) 

 
 Being 퐿  and 퐿  the stator inductances in axis 푑푞. 
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Substituting (4-36) in (4-35):  

푣 = 푅 푖 + 퐿
푑푖
푑푡 − 휔 퐿 푖  

푣 = 푅 푖 + 퐿
푑푖
푑푡 +휔 퐿 푖  

(4-37) 

 

The output variables to control are the electrical torque and flux modulus, defined 
respectively by: 

푇 =
3푃
2 휆 푖 − 휆 푖 =

3푃
2 퐿 − 퐿 푖 푖  (4-38) 

|휆 | = 휆 + 휆 = 퐿 푖 + 퐿 푖  
(4-39) 

The first derivative of torque is: 

푑푇
푑푡 =

3푃
2 퐿 − 퐿

푑푖
푑푡 푖 +

푑푖
푑푡 푖  (4-40) 

Using (4-37) to eliminate current derivatives in (4-40): 

푑푇
푑푡

=
3푃
2

퐿 − 퐿
퐿 퐿

−R 퐿 + 퐿 푖 푖 + 휔 퐿 푖 − 퐿 푖 + 퐿 푖 푣 + 퐿 푖 푣  (4-41) 

Operating the same way with flux modulus defined in (4-40), the follow expression 
is obtained: 

푑|휆 |
푑푡 = 퐿 푖 푣 + 퐿 푖 푣 − R L 푖 − L 푖  (4-42) 

Now, to determine the ORS for torque and flux modulus, (4-41) and (4-42) are 
made equal to constants 푘  and 푘  respectively: 
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푣( ) = −
퐿 푖
퐿 푖

푣 ( ) + 푅 1 +
퐿
퐿

푖 − 휔 퐿 푖 1 −
퐿 푖
퐿 푖

+
2푘
3푃

퐿
퐿

1−
퐿
퐿

1
푖

 (4-43) 

푣( ) = −
퐿 푖
퐿 푖 푣( ) + 푅 푖

퐿 푖
퐿 푖 +

푖
푖 + 푘

1
퐿 푖  (4-44) 

 

Equations (4-43) represent the set of values 푣( ),푣( )  that makes the first 

derivative of torque equals to constant 푘 . Moreover, 푣( ),푣( )  are the set of 
values that makes the first derivative of flux modulus equals to 푘 . If 푘  and 푘   are 
set both to zero, (4-43) and (4-44) result: 

푣( ) = −
퐿 푖
퐿 푖 푣( ) + 푅 1 +

퐿
퐿 푖 − 휔 퐿 푖 1−

퐿 푖
퐿 푖  (4-45) 

푣( ) = −
퐿 푖
퐿 푖 푣( ) + 푅 푖

퐿 푖
퐿 푖 +

푖
푖  (4-46) 

 

These two equations are two perpendicular lines that split the 푑푞 plane in four 
quadrants, each of them characterized by the signs of torque and stator flux 
modulus first derivative (see Figure 4-33). The equilibrium point where these two 
lines crossed is defined by: 

푣 = 푅 푖 − 휔 퐿 푖  (4-47) 

푣 = 푅 푖 + 휔 퐿 푖  (4-48) 

 

In this point, the torque and flux modulus remains constant. 
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Figure 4-33. ORS representation in dq plane. 

 

In the classical DTC algorithm, the equilibrium point is zero, the 푑푞 plane origin; so 
it is assumed that stator resistance and speed are small and can be neglected. If the 
motor is operated with large currents and high speed, the DTC classic approach is 
obviously not optimum. 

Usually, the ORS are defined in a static 훼훽 plane instead of the 푑푞 used in this 
resolution. The reason for this is that stator inductances in 훼훽 are dependent of the 
angular rotor position 휃 . This leads to more complex expressions for ORS lines. 
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4.4.3.2. ORS Control Algorithm for 3-phase SynRM 
It is clear in Figure 4-33 that if a new coordinate frame 푓푝 instead of 푑푞 is used, the 
component 푝 of voltage is proportional to torque and component 푓 is proportional 
to the flux. A translation and a rotation (see Figure 4-33) are performed to the new 
axis 푝푓 by means of: 

푣 = 푀(훾) ∙ 푣 − 푣  (4-49) 

Being:  

M(γ) = cos (γ) −sin (γ)
sin (γ) cos (γ)  (4-50) 

γ = atan −
L i
L i  (4-51) 

So, in this new axis, the control of torque and flux is decoupled, and simples PI 
controllers for flux and torque can be used. The PI's outputs must be expressed in 
훼훽 coordinates using: 

푣∗ = 푇(휃) ∙ 푣 + 푇(휃) ∙ 푀(훾) ∙ 푣∗  (4-52) 

Being: 

 푣∗  the desired control reference generated by the PI's 
 휃 the angular position 
 푇(휃) the transformation matrix from 훼훽 to 푑푞 axis: 

푇(휃) = 푐표푠(휃) −푠푖푛(휃)
푠푖푛(휃) 푐표푠(휃)  (4-53) 

 

In Figure 4-34, the block diagram of the proposed controller can be depicted. 
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Figure 4-34. Block diagram of the ORS controller for SynRM.  

Being: 

 Equation 30: (4-38). 

 Equation 31: (4-39). 

 Equation 39: (4-47). 

 Equation 40: (4-48). 

 Equation 42: (4-50). 

 

Also, transformation from a three-phase system to αβ is made by means of 
matrix 퐴 : 

i
i =

2
3
⎝

⎛
1 −

1
2 −

1
2

0
√3
2 −

√3
2 ⎠

⎞
i
i
i

 

푖 = 퐴 ∙ 푖  

(4-54) 

An additional block is included on Figure 4-34, called "Compensation". A closed 
inspection of equation (4-43) shows that 푖  grows the lines; therefore, for equally 
constant torques, derivatives (푘 ) grows closer. The same can be applied to flux in 
equation (4-44). Thus, for a better and more linear control, a compensation of this 
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effect has to be taken into account. In this block the following equation is 
performed: 

푣∗ = 푣∗ ∗ 푖  

푣∗ = 푣∗ ∗ 푖  
(4-55) 

4.4.4. ORS controller for a 6-phase SynRM 

The previously developed ORS algorithm can be applied to multi-phase machines 
with minor modifications. 

At this point, an ORS controller for SynRM with two 3-phase stator windings with 
a phase displacement will be derived. In particular, the algorithm will be derived 
for two machines, with two 3-phases stator windings and two different angular 
offsets between them: 30° and 15°. 

As it is shown in Figure 4-35, a 6-phase SynRM motor can be decomposed into 3 
two-dimensional orthogonal subspaces named (훼,훽), (휇 ,휇 ) and (푧 , 푧 ), using a 
6x6 transformation matrix.  
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Figure 4-35. ORS control algorithm for SynRM machines with 6-phase stator 
windings. 

For the 30° machine, the matrix is: 

푇 =
1
3

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡1 −

1
2 −

1
2

√3
2 −

√3
2 0

0
√3
2 −

√3
2

1
2

1
2 −1

1 −
1
2 −

1
2 −

√3
2

√3
2 0

0 −
√3
2

√3
2

1
2

1
2 −1

1 1 1 0 0 0
0 0 0 1 1 1 ⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

 (4-56) 
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And, for the 15° one is: 

T =
1
3

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡1 −

1
2 −

1
2 cos

π
12 −

√2
2 −cos

5π
12

0 −
√3
2

√3
2 − sin

π
12 −

√2
2 sin

5π
12

1 −
1
2 −

1
2 − cos

π
12

√2
2 cos

5π
12

0
√3
2 −

√3
2 − sin

π
12 −

√2
2 sin

5π
12

1 1 1
√2
2

√2
2

√2
2

0 0 0 −
√2
2 −

√2
2 −

√2
2 ⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

 (4-57) 

 

 When this transformation is applied, among the three subspaces derived, 
the (훼,훽) subspace is the only one responsible for torque production. The 
other two subspaces contribution is only in undesired harmonics 
components. 

 
In addition, the model equations in (훼,훽) subspace are the same one that the well-
known 푑푞 equations for the classic 3-phase SynRM. In fact, if a rotation by rotor 
angular position is applied to this subspace, the equations turn into: 
 

푣
푣 = 푟 0

0 푟 ∙
푖
푖 +

퐿 0
0 퐿 ∙

푑
푑푡

푖
푖 +휔

0 −퐿
퐿 0 ∙

푖
푖  (4-58) 

 
For the remaining two subspaces, the equations models are: 

푣
푣 = 푟 0

0 푟 ∙
푖
푖 + 퐿 0

0 퐿 ∙
푑
푑푡

푖
푖  (4-59) 

푣
푣 = 푟 0

0 푟 ∙ 푖푖 + 퐿 0
0 퐿 ∙

푑
푑푡

푖
푖  (4-60) 
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As mentioned earlier, the torque expression becomes: 

푇 =
3푃
2 퐿 − 퐿 푖 푖  (4-61) 

 

Hence, in order to use the ORS controller algorithm developed in previous point to 
these machines, the system depicted in Figure 4-35 can be used. 

 The measurement of the 6 phases currents are transformed to get its three 
two-dimensional components by means of the transformation matrix 푇 , 
where 훿 is the displacement angle between the two 3-phases stator 
windings (15° 표푟 30°).  

 For the (훼,훽) Subspace, the ORS controller is followed, as depicted in 
Figure 4-34. For the other two subspaces (휇 ,휇 ) and (푧 , 푧 ), the control 
strategy is to maintain its values as low as possible by means of a PI 
regulator with zero references. 

 Finally, the three subspaces outputs voltages references are transformed 
using the inverse matrix of  푇 . The results are modulated using SVM 
technique (also other modulations, as PWM are possible) and then, they 
are applied to the motor through an inverter. 
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4.4.5. ORS for power flow control – Charger mode 

For power flow control (battery charging and discharging process), the SynRM 
stator wounds are used as inductances. Also, in these kind of rotary machines, the 
electrical torque developed depends directly on the stator inductances difference in 
axis 푑푞 (remember that only reluctance torque exists), as can be seen in equation 
(4-38). 

So, if the stator wounds have to be used as smoothing inductances, it is necessary 
that the rotor angular position is oriented (and fixed) with the stator flux linkage. In 
this case, electrical torque is zero and inductances are equal in both axis.  

With those assumptions, the control algorithm derivation is practically the same 
that the one stated in [85]. A fast review will be presented here. 

The system equations can be written as in Figure 4-36: 

 

Figure 4-36. SynRM as inductances in a three-phase two-level power converter. 

 

푣 = 퐿
푑푖
푑푡 +

푉
2 퐵 ∙ 훿 (4-62) 

푖 =
1
2훿 ∙ 푖 (4-63) 
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Being: 

푣 =
푣
푣
푣

 , 푖 =
푖
푖
푖

 , 훿 =
푢
푢
푢

  퐵 =
2 −1 −1
−1 2 −1
−1 1 2

 (4-64) 

Equation (4-51) can be transformed into αβ coordinates using matrix A: 

퐴 =
2
3 ∙

⎣
⎢
⎢
⎡1 −

1
2 −

1
2

0
√3
2 −

√3
2 ⎦
⎥
⎥
⎤
 (4-65) 

푣 = 퐿
푑푖
푑푡 +

푉
2 훿  (4-66) 

Control variables are the instantaneous active and reactive power defined by: 

푝 = 푖 ∙ 푣  (4-67) 

푞 = 푖 ∙ 퐽 ∙ 푣  (4-68) 

퐽 = 0 −1
1 0  (4-69) 

The first derivatives of p and q are, taken into account expression (4-62): 

퐿
푑푝
푑푡 = 푣 ∙ 1 +

퐿휔푞

푣
푣 −

푉
2 훿  (4-70) 

퐿
푑푞
푑푡 = 푣 ∙ 퐽 ∙ −퐿휔푝

퐽 ∙ 푣

푣
−
푉
2 훿  (4-71) 

Making the first derivatives (4-66) and (4-36) equals to constants 푘  and 푘 , 
respectively; and solving for control actions 훿 = 푢 ,푢 : 
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푂푅푆 (푘 )    ;     푢 = −
푣
푣 푢 +

2
푉 푣 퐿휔푞 + 푣 − 푘  

(4-72) 

푂푅푆 (푘 )    ;     푢 = −
푣
푣 푢 −

2
푉 푣

(퐿휔푝 + 푘 ) 
(4-73) 

For 푘  and 푘  equals to zero: 

푂푅푆 (0)    ;    푢 = −
푣
푣 푢 +

2
푉 푣 퐿휔푞 + 푣  

(4-74) 

푂푅푆 (0)    ;     푢 = −
푣
푣 푢 −

2퐿휔푝
푉 푣  

(4-75) 

These expressions are two perpendicular lines in the 훼훽 plane that subdivided the 
plane into four different subspaces characterized by the first derivative sign of 
active and reactive instantaneous power. The equilibrium point 푄 where these two 
lines cross is: 

푢 =
2
푉 푣 + 퐿휔푖  

(4-76) 

푢 =
2
푉 푣 − 퐿휔푖  

(4-77) 

In this point, active and reactive instantaneous powers do not change due to both 
first derivatives are zero. 

To define the ORS controller, a similar procedure similar to the one described in 
4.4.3.2 will be followed. Two new axis frames 푝푞 are defined by the following 
equation (involving a translation to point equilibrium 푄 and a rotation): 
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푢 = 푀(휑) ∙ 푢 − 푢  (4-78) 

Being: 

 푀(φ) = cos(φ) − sin(φ)
sin(φ) cos(φ)  (4-79) 

φ = 푎푡푎푛 −
푣
푣  (4-80) 

In this 푝푞 frame, 푢  is proportional to the instantaneous active power while 푢  is 
proportional to the instantaneous reactive power. 

The block diagram of the controller is depicted in Figure 4-37. The equation for 
transformation from 푝푞 axis to 훼훽 is the inverse of (4-66): 

 

푢∗ = 푢 + 푀(휑) ∙ 푢∗  (4-81) 

 

Figure 4-37. Block diagram of the ORS controller for power flow 
charging/discharging. 
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4.4.6. Programming and Simulations of a ORS control for a Multi-phase 
SynRM motor 

The SynRM model with two 3-phase stator winding and 15° phase misplacement 
has been developed in MATLAB® Simulink® together with the ORS control 
algorithm described in point 4.4.3.1. 

In Figure 4-38 the Simulink diagram block is depicted. It is composed of the motor 
model (orange), the torque and flux references generator (yellow) and the ORS 
block (cyan). The motor model follows the one derived in 4.4.2.2, as it can be seen in 
Figure 4-39.  

 

Figure 4-38. ORS controller diagram block for simulation in Simulink. 

 

Figure 4-39. Simulink model for the 6-phase SynRM. 
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The ORS controller is performed in the “ORS controller” block, detailed in Figure 
4-40. The structure follows closely to the ones of Figure 4-34 and Figure 4-35. The 
measured currents are transformed into subspaces components using (4-57).  

For (휇 ,휇 ) and (푧 , 푧 ) subspaces, the control is a PI with zero references. 

The (훼,훽) components are rotated using (4-53). Then, they are used for torque and 
flux estimation and to perform equations (4-47) and (4-48). The compensation 
described in Figure 4-40 is applied in the same-called block (in orange). 

 

 

Figure 4-40. Inside view of ORS block. 
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4.4.7. Simulation Results of the ORS controller 

The simulations results of the ORS controller for a six-phase SynRM using the 
Simulink model described in previous point are summarized in these paragraphs. 

In Figure 4-41, (subfigure a, b, c and d) a rated speed step followed by torque step 
of 100 N.m. at 0.25 s can be depicted. 

 In (a) the speed reference and motor speed shows the speed regulation 
loop performance.  

 In (b) the electrical torque developed shows how the machine develops the 
maximum to accelerate. Once the load is applied, the electrical torque 
reaches the applied value, keeping the speed almost constant. 

 In (c) the motor flux modulus can be depicted. Its value change 
accordingly with speed. 

 In (d) the six phase currents are showed. 
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Figure 4-41. Simulation results of the ORS controller for a step in speed and load 
torque. 

In Figure 4-42 the behavior for a similar test is shown. However, the load torque is 
applied in the opposite way. It should be noted the reverse electrical torque in (b) 
and the negative speed error in (a). 
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Figure 4-42. Simulation results of the ORS controller for a step in speed and inverse 
load torque. 

The results for a positive speed step followed by a rated speed reversal are showed 
in Figure 4-43. The torque in (b) shows positive values during acceleration and 
negative ones for deceleration to negative speed. The phase currents reversal is 
clearly depicted in Figure 4-43 (d).  
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Figure 4-43. Simulation results of the ORS controller for a step in speed and speed 
reversal. 
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4.4.8. Programming and Simulation of ORS for Power Flow 

The ORS controller described in 4.4.5 applied to control the power transferred 
between the main grid and the battery using the two three-phase windings of the 
SynRM as a transformer, two options exist: 

1. Rotor blocked (zero speed) 
2. Rotor at synchronous speed 

As the inductance matrix of the SynRM is greatly affected by rotor position, the 
election of one or another option has advantages and disadvantages. 

4.4.8.1. ORS for Power Flow with blocked rotor 
At zero speed, the machine asymmetry affects greatly to the power flow quality 
capabilities. This can be easily seen in the results obtained by the Simulink model of 
Figure 4-44. In this figure, one of the windings of the motor (named 푉 ) is 
connected to the main power three-phase grid, and the other winding (named 푉 ) 
is connected to a resistor (realized by the feedback of 푎푏푐 current multiplied by a 
gain). 

 

Figure 4-44. Motor working as a transformer, Simulink model. 
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The results of simulation can be depicted in Figure 4-45. Both powers (active and 
reactive) present an oscillation double of the main frequency. This is an undesirable 
behavior that is directly related to the machine asymmetry. 

Also, the machine has a pulsating torque that can lead to some annoying rattle in 
the car. 

If the motor were perfectly symmetric (rotor position independent), such as a 
surface-mount permanent magnet ac motor, this two problems will be avoided. 
This can be seen in Figure 4-46. These results correspond to a simulation of the 
motor model with the same value for 퐿  and 퐿  inductances. 

 
(a) 
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(b) 

Figure 4-45: Active and reactive power (a) and torque (b) for a SynRM motor used 
as a transformer with blocked rotor. 
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    (a) 

 
(b) 

Figure 4-46: Active and reactive power (a) and torque (b) for a radially symmetric 
motor used as a transformer with blocked rotor. 
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The previous results, an oscillatory power flow can be expected for an ORS 
controller as the one implemented in Simulink whose block diagram can be 
depicted in Figure 4-48. In this figure, the two 3-phases SynRM motor model is 
used as a transformer, one of the 3-phase windings are connected to the main 
power grid and the other 3-phase winding are connected to the ORS controller. The 
motor initial speed is set to zero and is kept to zero injecting the electrical generated 
torque as load torque input. 

The inside of the ORS controller block is detailed in Figure 4-48. The structure 
follow the one described in point 4.4.5 and depicted in Figure 4-37, with difference 
in the modulation technique used (PWM instead of space-vector modulation). 

 

The sample time chosen to perform the ORS algorithm is 100 µs, and the PWM 
frequency is set to 10 kHz. 

 

 

Figure 4-47: Simulink top block diagram of the ORS system for power flow 
regulation. 
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Figure 4-48: Simulink block diagram of the ORS controller for power flow 
regulation. 

 

In Figure 4-49 and Figure 4-50 the simulation results for 60 kW of active power 
reference injection from the grid to the battery and zero reactive power reference 
are shown. The power presents the expected 100 Hz oscillations over the imposed 
reference, but the controller greatly reduces it. In addition, as expected, a motor 
torque is present. 
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Figure 4-49. Simulation results of the ORS power flow controller with blocked rotor 
with active and reactive power references fixed at 60 kW and zero respectively. 
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Figure 4-50. Simulation results of the ORS power flow controller with blocked rotor 
with active and reactive power references fixed at 60 kW and zero respectively, 

torque result. 

 

In Figure 4-51 and Figure 4-52, the same simulation but with active power flow 
direction reverted is showed. Now the battery is injecting energy into the main 
grid. The same commentaries made for the previous simulation are valid here. In 
this case, the transient takes a little more time.  
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Figure 4-51. Simulation results of the ORS power flow controller with blocked rotor 

with active and reactive power references fixed at 60 kW and zero respectively. 
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Figure 4-52. Simulation results of the ORS power flow controller with blocked rotor 
with active and reactive power references fixed at 60 kW and zero respectively, 

torque result. 

 

 

 

 

 

 

 

 



228                            

 

Contributions for the Integration of Renewable Energy and 
Electric Vehicles in the Grid 

The simulation results collected in Figure 4-53, Figure 4-54 and Figure 4-55 shows 
the system capability to inject and absorb active or reactive energy from the grid. 

 

 

Figure 4-53. Simulation results of the ORS power flow controller with blocked rotor 
with active and reactive power references fixed at 30 kW and -30 kW respectively. 
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Figure 4-54. Simulation results of the ORS power flow controller with blocked rotor 
with active and reactive power references fixed at 30 kW. 
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Figure 4-55. Simulation results of the ORS power flow controller with blocked rotor 
with active and reactive power references fixed at zero and -60 kW respectively. 

 

4.4.8.2. ORS for Power Flow with rotor at synchronous speed 
When the motor is rotating at synchronous frequency with the power grid keeping 
a constant phase shift angle of 휓, the machine behaves as a symmetrical one. This 
can be seen in the simulation results for three different values of 휓 in Figure 4-56 
using the system described in Figure 4-44. 

It must be noted that, if a proper value for 휓 is selected, the electrical torque can be 
made very small, even zero.   
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Figure 4-56. Active power, reactive power and torque for a SynRM motor used as a 
transformer rotating at synchronous speed. 

 

Unfortunately, development of a controller for active and reactive power flow 
together with speed and position control is not an easy task. The ORS controller 
system depicted in Figure 4-47 and Figure 4-48 are used to perform the same 
simulations that the ones made in 4.4.8.1 for blocked rotor; however, in this case, 
the simulation are made at synchronous speed obtaining the following results. 

In Figure 4-57 the reference for active and reactive power are set to 60 kW and zero 
respectively. These powers show no oscillations and a fast transient response. Also, 
the machine torque is near zero if phase shift angle between main grid voltage and 
mechanical position is chosen adequately. In this simulation the value was fixed 
at 휓 = 0.46 푟푎푑. 
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Figure 4-57. Simulation results of the ORS power flow controller at synchronous 

speed with active and reactive power references fixed at 60 kW and zero 
respectively. 
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If the active power reference sign is inverted, the power flow is from the battery to 
the grid (discharging). The results are depicted in Figure 4-58. In this case, 휓 =
−0.44 푟푎푑. 

 

 
Figure 4-58. Simulation results of the ORS power flow controller at synchronous 

speed with active and reactive power references fixed at 60 kW and zero 
respectively. 
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In Figure 4-59 the reference are 30 kW of active power (charging the battery) and -
30 kW of reactive power (injected to the main grid). ( 휓 = −0.41 푟푎푑). 

In Figure 4-60 the same reference of 30 kW is imposed for active and reactive 
powers (휓 = 0.4 푟푎푑). 

Finally, the injection of 60 kW of reactive energy into the grid is depicted in Figure 
4-61 (휓 = 0.35 rad). 

 

 

Figure 4-59: Simulation results of the ORS power flow controller at synchronous 
speed with active and reactive power references fixed at 30 kW and -30 kW 

respectively. 
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Figure 4-60: Simulation results of the ORS power flow controller at synchronous 
speed with active and reactive power references fixed at 30 kW. 
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Figure 4-61. Simulation results of the ORS power flow controller at synchronous 
speed with active and reactive power references fixed at zero and 60 kW 

respectively. 

Option Power Quality Torque Control complexity 

Blocked rotor Poor Oscillatory Normal 
Synchronous speed Excellent Zero Very high 

Table 4-6. Comparison between options for motor used as a transformer. 

4.4.9. ORS control Discussion and Conclusions  

In the section 4.4 a motor model for the two 3-phase winding synchronous 
reluctance machine (SynRM) together with the development of a new control 
algorithm based on ORS techniques has been detailed. 

The ORS algorithm for SynRM machines (usual 3-phase and two 3-phases) 
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described in this document allows a direct control of torque and flux by means of a 
transform to a new coordinates is in where the axis represent constant derivatives 
of torque and flux modulus. 

One of the disadvantages of ORS control algorithms (and also direct torque 
controllers) is the lack of a defined modulation frequency, as in most of them 
regulation is imposed by means of hysteresis controllers. This drawback is 
overcome in the ORS described, as PWM (or space vector) switching modulation 
techniques are used. 

Finally, the performance of the ORS algorithm is checked by simulation in 
Simulink. The motor model and the ORS have been implemented in this software, 
and the simulation results show the robustness and excellent expected performance 
for motor control. 

Also, the possibility to use the two 3-phase windings of the SynRM motor as a 
transformer for the charging/discharging process is discussed. An ORS algorithm to 
perform the power flow control has been developed. Two options for 
charging/discharging process are discussed (and resumed in Table 4-6): blocked 
rotor (zero speed) and synchronous speed.  

Blocked rotor option presents oscillatory power and torque that leads to low 
quality power and rattle during process.  

On the other hand, the second option (with the rotor moving at synchronous speed) 
shows an excellent performance in power quality keeping the torque near zero. 
This option could give additional features such as the option to work as grid 
stabilizer. Therefore, in case of frequency or voltage drop in the grid under critical 
levels, rotor inertia could be used as a compensation sub-system in order to keep 
the stabilization. However, a more detailed studied must be followed to know if a 
controller for power (active and reactive) and position/speed is possible for this 
option. 

Nevertheless, a clear conclusion should be highlighted, in both cases, the active and 
reactive powers can flow in any direction from and to the battery and main power 
grid, and the ORS shows a fast and robust behavior. All problems detailed for the 
use of the SynRM as a transformed can be overcome if a symmetrical motor 
(without saliency) is used.  
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4.5. SynRM working as a charger/discharger including control 
concepts 

In order to work as a charger, the SynRM functions as a transformer. It is one of the 
most important advantages of using this type of machine (SynRM). The 
transformers can be defined as static machines with the mission of transmitting, by 
an alternating electromagnetic field, the electric energy of a system with certain 
voltage to another system with desired voltage. The basic tests to check the 
characteristics of the machine operating as a three-phase transformer are:  

 Transformer: empty test and Short Circuit test. 

 Galvanic isolation test. 

 Load test: power quality and efficiency. 

4.5.1. Test bench overview and Test Conditions 

The test bench used for the validation of the machine using by the transformer is 
shown in Figure 4-62 and Figure 4-63. The elements used are: SynRM, a B2B power 
converter, an analog three-phase source. A two steps isolation transformer 
(400V/230V and 230V/400V) is included for isolation and calibration porpoise when 
SynRM is not connected. 

 

Figure 4-62. Diagram of the test bench. 
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Table 4-7. Values of the passive filters used. 

 Value 

L1 0.42 mH 

L2 0.42 mH 

L3 0.75 mH 

L4 0.01 mH 

CF 220.0 µF 

 

A three-phase full-converter topology was employed for the proposed tests. The 
DC-link of the converter simulated the car battery with a voltage of 800 Vdc, to 
represent the both sides of the machine that uses 400 Vac. 

The reason for this configuration is that the stator machine windings are also used 
as a transformer. So, the transformer that would have been involved in a stationary 
fast charger that controls the energy flow between the electrical power grid and the 
car battery pack can be omitted, performing an energy recirculation to check the 
correct performance as isolation transformer 
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Figure 4-63. The test bench used to prove the SynRM working as a charger. 
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Table 4-8. Test Conditions. 

Parameter Value 

Ambient Temperature 25°퐶 

Rated Power Inverter 30 푘푊 

AC Input / Output Voltage 400 푉  

DC voltage at DC-Link (Battery) 800 푉  

Switching frequency 5 푘퐻푧 

Frequency operation 50 퐻푧 

SynRM machine six-phase 30 푘푊 

4.5.2. SynRM design overview 

The following section presents information about SynRM design in order to 
contrast the parameters obtained by test bench tests and simulations.  

This section is also divided in other subsections: 

 Winding topology. 

 Final specifications. 

 Cooling System. 

 

4.5.2.1. Winding topology 
The final topology designed is a redundant three-phase winding with the objective 
of achieving best-suited performance.  

The principal characteristic is presented in Table 4-9. 
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Table 4-9. Winding topology characteristic´s. 

Mode Same slots, 
two layers 

Winding Distribution – Advantage 

Gap between 
phases 0° 

 No ripple in the presence of phase failure. 

 Simple control (no phase difference 
between redundant phases, similar to 3 
phases). 

 

The final scheme to winding topologies is presented in Figure 4-64.  

  

 

Figure 4-64. Same slots, two layers, concentric and P.C.P. connection winding. 

Table 4-10. Beginnings for Same slots, two layers, concentric and P.C.P. connection 
winding. 

U U* V V* W W* 

1 1 9 9 17 17 
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Figure 4-65 and Figure 4-66 presents the SynRM. 

 

Figure 4-65. SynRM – Final aspects to the winding topology. 

 

Figure 4-66. Characteristics from the winding. 
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4.5.2.2. Final specifications 
Table 4-11: SynRM Properties. 

SynRM - Concentric winding -  Consequent pole connection 

One layer connection K=2B Nº of groups per phase Gf 2 

No. of slots k 48 Nº of total groups G 12 
No. of poles 2p 4 Nº of slots per pole and phase Kpq 2 
No. of phases q 3*6  Amplitude of the group m 8 
Step of cycle Y360 24 Nº of total coils B 24 
Step of beginning Y120 8 Nº of coils per group U 2 

* Redundant three-phase winding. [U; U*; V; V*; W; W*]. 6 phases arranged as three-phase. 

No. of turns per slot 18 Resistivity of copper 2.48 E-08 [ohm*m] 
Surface of slot 210 [mm2] Length of each phase 40.8 [m] 
Surface of conductor 5.833 [mm2] Phase resistor 0.173331 [ohm] 
Filing factor 50 % Length wire 1 phase 1 turn 2.265 [m] 

Type of insulation 
Class: H (190 ºC) J=6-10 [A/mm2] J [A/mm2] Inom. [A] 

Imax.  
 [A] 

Threads per conductor: Diameter Surface No. wires 6 35.0 49.50 
**Maximum diameter of  0.8 0.50265 11.61 6.5 37.9 53.62 
     wire: 1.9 mm.            0.85 0.56745 10.28 7 40.8 57.75 
  0.9 0.63617 9.17 7.5 43.8 61.87 
  0.95 0.70882 8.23 8 46.7 66.00 
  1 0.78540 7.43 8.5 49.6 70.12 
  1.05 0.86590 6.74 9 52.5 74.25 
  1.1 0.95033 6.14 9.5 55.4 78.37 
  1.15 1.03869 5.62 10 58.3 82.50 
  1.2 1.13097 5.16 10.5 61.3 86.62 
  1.25 1.22718 4.75 11 64.2 90.75 
  1.3 1.32732 4.39 11.5 67.1 94.87 
  1.35 1.43139 4.08 12 70.0 98.99 
  1.4 1.53938 3.79 12.5 72.9 103.12 
  1.45 1.65130 3.53 13 75.8 107.24 
  1.5 1.76715 3.30 13.5 78.8 111.37 

Rms current 53 A Rms voltage 289.91 V 
Maximum current 75 A Maximum voltage 410 V 
Overstrain rms current 78 A Overstrain rms voltage 311.13 V 
Overstrain maximum current 110 A Overstrain maximum voltage 440 V 
Nominal torque 300 Nm Nominal power 47 kW η nominal 97.20 % 
Overstrain torque 400 Nm Overstrain power 63 kW η overstrain 83.60 % 
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Following some pictures contrasting the SynRM – 3D model and real design. 

 

 

Figure 4-67. SynRM – 3D model and real design. 

 

Figure 4-68. SynRM – Exploded model of machine.  
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4.5.2.3. Cooling system 
The machine (winding and magnetic core) is cooled by a forced liquid cooling 

system. The aluminum case was developed in such a way that the liquid flows 

inside the case, dissipating the heat generated by the system. The system is 

composed of a pump, expansion vessel and a radiator. The technical features of the 

system are shown below. 

Table 4-12. Cooling system. 

Cooling system 

Type Forced Water 

Flow 40 l/min 

Liquid 50 % Water, 

50 % Glycol 

Supply 230 V – 0.37 kW 

In the next figures (Figure 4-69 and Figure 4-70) show cooling system and how the 

cooling circuit is focused on stator. 
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Figure 4-69. Housing cooling circuit (a). 

 
Figure 4-70. Housing Cooling circuit (b). 

 

The real cooling system is shown in Figure 4-71. 

 

Figure 4-71. The cooling system integrated in the SynRM. 
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4.5.3. Control system – B2B Converter 

The Control System is composed of a microcontroller board based on a DSP 
microprocessor. The requirements to be studied are: 

 Computational power: The Output Regulation Subspaces algorithms 
computation. 

 PWM signals: since there are 12 active devices, 12 PWM signals are 
needed, together with fault and protection signals. 

 Electrical Measurement: voltage and current. 

 Motion measurements: mechanical speed, position, and machine torque. 

 Thermal measurements: thermal measurement is necessary in order to 
prevent overheating, 

 Communications: the power inverter has to communicate with the CPU of 
the car using a standard protocol (i.e. bus can). 

A FPGA is included to cope with control signals, measures and needed protection 
involved in such a way the DSP will only carry out the control algorithm. 
Therefore, a DSP and FPGA will be in charge of the control by means of a 
connection to a trigger board that commands the drivers. 

Trigger board, developed by GreenPower technologies, is able to manage up to 
twelve drivers with different shots in addition, to two controls focus on protection 
such as crowbar. Next figures show the control board with the DSP and the FPGA 
(Figure 4-72) and the trigger board (Figure 4-73). 
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Figure 4-72. Control board. 

 
Figure 4-73. Trigger board. 

 

 

4.5.4. Basic Description of the Architecture – SynRM Charger 

The power electronic converter used for testing the effectiveness of the machine is 
composed of two three-phase bi-level inverters with a back-to-back configuration. 
Figure 4-74 shows a schematic of the selected configuration. 
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Figure 4-74. System Topology. 

Therefore, there are two AC-DC converters for each side of the machine. The reason 
for this configuration is that the stator machine windings are also used as a 
transformer. So, the transformer that is involved in the energy flow between the 
electrical power grid and the car battery pack can be omitted, performing an energy 
recirculation to check the correct performance as isolation transformer. 

Both sides of the converter have passive filters. On the side of the rectifier 
incorporates a three-phase inductance, while the inverter side a LCL filters is 
incorporated. Both filters permitted to reduce the level of harmonic current injected 
by the converter due to switching frequency. 
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4.5.5. Management and Monitoring System – User interface 

For the monitoring system have been used the LABVIEW® software, a program 
was created specifically for the control and management of B2B converter. 

Figure 4-75 show the user interface implemented for controlling the power 
converter. 

 

 

Figure 4-75. Human Machine Interface, HMI, to control the B2B converter. 
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4.5.6. General test for SynRM Charger/Discharger 

The objective is to test the motor working as a transformer and check the power 
converter charger/discharger working with ORS control algorithm. The tests for the 
machine SynRM was divided into the empty, short circuit and load test. 

In the following tests were measured: 

 Empty test, empty supply current. 

 Short Circuit test, current supply. 

 Galvanic Isolation test. 

 Load test. 

o Phase currents in the power grid. 

o Power quality: power factor, harmonic current content, active and 
reactive power. 

o Overall Efficiency. 

The tests to be carried out are: 

o Charging and discharging at 5% of rated current. 

o Charging and discharging at 10% of rated current. 

o Charging and discharging at 20% of rated current. 

o Charging and discharging at 30% of rated current. 

o Charging and discharging at 50% of rated current. 

o Charging and discharging at 75% of rated current. 

o Charging and discharging at 90% of rated current. 

o Charging and discharging at full load. 

 Machine torque and vibrations. 
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4.5.6.1. SynRM – Test Empty Transformer – Open Circuit 
The objective of this test is to characterize the SynRM as a transformer, specifically 
compute the empty impedance (푍 ) obtaining the basic characteristics of the 
transformer. The outcomes, which provide the empty test transformer, are: 

Transformation ratio,          푟 =  
,   

≈    (4-82) 

 Iron losses (core); Losses 푃  ≈  푃 . If given in absolute values (W). 
Expressed in percentage retain their value (EPo %). 

 Empty Current, 퐼 . 

The circuit diagram of the test performed is shown in Figure 4-76. It is important to 
remember that the SynRM has connections as star-star transformer and the 
transformation ratio is approximate 1:1. 

To carry out the empty test on the SynRM working as transformer, two different 
tests were performed according to the rotor position: Blocked Rotor and Rotor 
Rotating. 

 Blocked Rotor – Minimum Inductance phase C. 

 Blocked Rotor – Minimum Inductance between phases BC. 

 Rotor Rotating – Speed of the grid – 50 Hz. 

 

Figure 4-76. Empty test transformer at SynRM. 
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4.5.6.2. SynRM – Test Short Circuit Transformer 
The objective of this test is to characterize the SynRM as a transformer, specifically 
compute the short-circuit impedance, obtaining the basic characteristics of a 
transformer.  

The circuit diagram of the short circuit test transformer is shown in Figure 4-77. 
This test consists of joining the secondary transformer terminals shorted (by 
negligible impedance). In this arrangement, it is applied at the primary voltage 
(푈 ) to which said winding, until the nominal current flow. It will increase the 
primary voltage up to rate the nominal current, thus obtaining the short circuit 
voltage. 

 

Figure 4-77. SynRM: Short Circuit Test Transformer. 

 

The outcomes of interest based on the theory of three-phase transformers in 
balanced regime, which provides the short circuit test transformer, are:  
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Short circuit impedance: 

cos휑 =
푃 3⁄

푈 ,    × 퐼 =  
푅 × 퐼
푈 ,   

=  
휀 (%)
휀 (%)  (4-83) 

푈 = 푈 ∙ cos휑  ; 푈 = 푈 ∙ sin휑 ; (4-84) 

Short circuit percent: 

휀 (%) =  
푈 ,   

푈 ,   
∙ 100 =  

푈 ,   

푈 ,   
 ∙ 100 =  

푍 ∙ 퐼
푈 ∙ 100 (4-85) 

휀 (%) =  
푈
푈 ∙ 100 =  

푅 ∙ 퐼
푈 ∙ 100 = 휀 ∙ cos휑  

(4-86) 

휀 (%) =  
푈
푈 ∙ 100 =  

푋 ∙ 퐼
푈 ∙ 100 = 휀 ∙ sin휑  

(4-87) 

Copper loss of the transformer at full load: 

푃 ≈ 푃 = 3 × 푅 × 퐼  (4-88) 

휀 (%) =  
푅 × 퐼
푈 × 100 =

푃 3⁄
푆 3⁄ × 100 =  휀  (4-89) 

To carry out the short circuit test on the SynRM working as a transformer, two 
different tests were performed according to the rotor position: Blocked Rotor and 
Rotor Rotating. 
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4.5.7. SynRM – Load Test 

The objective of this test is to characterize the performance of the designed SynRM 
at full load. For the measurement of the performance, one network analyzer was 
implanted at the test bench, to measure the SynRM input and output voltage and 
current. 

For measures of performance, THD and power factor assembly required one grid 
analyzer; the wiring scheme of the same is as follows: 

 

Figure 4-78. Topology of the test bench with the network analyzer Yokogawa. 

 

The connection of the grid analyzer was performed according to Figure 4-78. The 
voltages and currents R, S and T, input and output to the machine have been 
measured with Yokogawa WT 1600. 

4.5.7.1. Load Test Transformer 
The motor was proved at 25 kW and the input and output to the machine were 
measured with Yokogawa WT 1600.  

 

Input Voltage and 
Current:

 Vr, Vs, Vt y Ir, Is, It 
Analizador de red 

WT 1600

4x 70 mm2

L Filter
L2

3 x 70 mm2

L1

400V 230V

Transformer
100KVA 

230V 400V

Transformer
100KVA Power Grid

400 V

4x70 mm2

Circuit breaker
4P/160A

4x70 m
m

2

Inverter 
Converter

Rectifier 
Converter

LCL Fi lter
L4

Cf

L3

M

SynRM

DC-LINK DC/AC

AC/DC

Output Voltage and 
Current:

 Vr, Vs, Vt y Ir, Is, It 
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4.5.7.2. Total Harmonic Distortion (THD) Measurement 
To observe more details about the machine and to obtain the THD, input and 
output to the machine were measured with Yokogawa WT 1600.  

4.5.7.3. Performance 
The objective of this measurement was to determine the machine efficiency by 
comparing the active power flowing in and out of the machine with the blocked 
and rotating rotor. The percentage of the output power as a function of the input 
power is the overall performance of the machine. 

휂(%)  =  100 ∗ (푂푢푡푝푢푡 퐴퐶 푃표푤푒푟/퐼푛푝푢푡 퐴퐶 푃표푤푒푟) (4-90) 

The average power calculation (휂 ) was carried out by a series of performance 
measurements at different power levels, according to the following formula. 

휂  =  (휂(5%) + 휂(10%) + 휂(20%) + 휂(30%) + 휂(50%) + 휂(75%)
+ 휂(100%)) / 7 (4-91) 

4.5.7.4. Warning Measures 
4.5.7.4.1. 3-points-NTC sensor inside of the SynRM. 

The NTC terminal was placed in three different points making contact with the 
SynRM winding, to measure the temperature. 

4.5.7.4.2. Thermocouple: Fluke 

The thermocouple terminal was placed making contact with the device to measure 
correctly the temperature. In this case, was located at the machine terminal. 

4.5.7.4.3. Thermo-graphic camera  

By using thermo-graphic camera, the machine temperature have been monitored: 

 The general surface of the machine, which was obtained the evolution of 
temperature. 
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4.5.8. Real Test Bench Results – SynRM Charger/Discharger 

The new proposed concept of SynRM was validated using a specific test bench, to 
improve the charger model. Several steps and scenarios were considered in order to 
ensure that the all tests at full power and the entire function machine working as 
charger could be completely success. 

4.5.8.1. Empty Test Transformer 
The short circuit test was divided into three sections: - Blocked Rotor, minimum 
phase inductance C; - Blocked Rotor, minimum inductance between phases BC; - 
Rotating rotor. Each section have been presented the graphic results for the 
maximum machine current. 

 

4.5.8.1.1. Empty test: Blocked Rotor – Minimum Inductance: phase  

Importantly, the results of the phase C empty impedance were always lower when 
compared to the others, because is minimal the inductance at phase C for the rotor 
position. Another important factor is the transformation ratio that is close to one, 

providing a quality connection to the grid.  

Table 4-13 shows results for all the empty tests the higher voltage operating 
conditions. 

As it can be seen in Table 4-14, the currents of the phase A and B have a lower 
proportion relative to the C phase current, because of the position of the rotor. For 
this particular test, the rotor position has the minimal inductance in phase C. This 
causes the higher current obtained by the C phase, as it is the phase with lowest 
inductance. 
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Table 4-13. SynRM empty test with blocked rotor, minimum inductance phase C. 

Blocked rotor – 
Minimum 

Inductance: phase C 

Frequency 
- 50 Hz 

SynRM - Working as a 
charger 

Voltage 
Range 
[Vrms] 

Voltage U1n 
[Vrms] 

Voltage U2. 

empty [Vrms] 

Empty 
Current Io 

[Arms] 

Power 
Losses 

[W] 
rt ZEmpty 

50 

ϕA 50 52.88 2.056 8 0.9455 25.72 

ϕB 50 52.75 1.895 43 0.9479 27.84 

ϕC 50 52.64 2.850 33 0.9498 18.47 

100 

ϕA 100 105.07 5.602 184 0.9517 18.76 

ϕB 100 104.96 5.072 325 0.9527 20.69 

ϕC 100 105.01 9.259 188 0.9523 11.34 

150 

ϕA 150 157.61 10.011 594 0.9517 15.74 

ϕB 150 157.56 8.874 918 0.9520 17.76 

ϕC 150 157.52 17.025 515 0.9523 9.25 

200 

ϕA 200 209.58 15.027 1285 0.9543 13.95 

ϕB 200 209.45 12.927 1855 0.9549 16.20 

ϕC 200 209.53 25.573 1079 0.9545 8.19 

230 

ϕA 230 240.86 18.815 1816 0.9549 12.80 

ϕB 230 240.74 15.996 2599 0.9554 15.05 

ϕC 230 240.81 31.661 1544 0.9551 7.61 
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Table 4-14. Empty test result – Blocked Rotor – Minimum inductance: phase C. 

Empty test -  Blocked Rotor – Minimum inductance: phase C 
Maximum Voltage operating conditions 

Legend of symbols 
 

Channel Color Measure 
CH1 Orange Interphases AB – Voltage Machine 
CH2 Cyan Phase A – Current Machine 
CH3 Purple Phase B – Current Machine 
CH4 Green Phase C – Current Machine  

Screenshots Empty Test – Voltage and Current Results 
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4.5.8.1.2. Empty Test: Rotating Rotor 

Table 4-15. SynRM empty test with rotor rotating. 

Rotating Rotor  
Speed of the grid 

Frequency - 
50 Hz SynRM - Working as a charger 

Voltage 
Range 
[Vrms] 

Voltage 
U1n [Vrms] 

Voltage U2. 

empty [Vrms] 

Empty 
Current Io 

[Arms] 

Power 
Losses 

[W] 
rt ZEmpty 

50 

ϕA 50 52.88 2.020 21 0.9455 26.18 

ϕB 50 52.78 1.853 20 0.9473 0.03 

ϕC 50 52.83 1.949 22 0.9464 0.03 

100 

ϕA 100 105.65 3.918 77 0.9465 26.97 

ϕB 100 105.62 4.098 90 0.9468 25.77 

ϕC 100 105.63 4.087 71 0.9467 25.85 

150 

ϕA 150 158.19 6.768 144 0.9482 23.37 

ϕB 150 158.09 6.045 135 0.9488 26.15 

ϕC 150 158.14 6.473 232 0.9485 24.43 

200 

ϕA 200 209.58 9.628 234 0.9543 21.77 

ϕB 200 209.52 8.889 241 0.9546 23.57 

ϕC 200 209.55 9.218 387 0.9544 22.73 

230 

ϕA 230 240.75 11.703 357 0.9553 20.57 

ϕB 230 240.65 11.665 474 0.9557 20.63 

ϕC 230 240.71 12.189 439 0.9555 19.75 

In this case, the three phase’s inductance value were equally divided. Therefore, 
with the same inductances for each phase a better flow of power and performance 
increase was obtained, as it can be seen from the results in Table 4-15. In Table 4-16, 
the currents were equally divided, maintaining the proportion for each phase 
current, because of the position of the rotor. That causes the equal currents, since 
now the inductance was equally divided between the phases. It is important to 
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compare the different positions of the rotor that cause the differences in relation to 
each grid connection. 

Table 4-16. Empty test result – Blocked Rotor – Minimum inductance: phase C. 

Empty test -  Rotor Rotating  
Maximum Voltage operating conditions 

Legend of symbols 
 

Channel Color Measure 
CH1 Orange Interphases AB – Voltage Machine 
CH2 Cyan Phase A – Current Machine 
CH3 Purple Phase B – Current Machine 
CH4 Green Phase C – Current Machine  

Screenshots Empty Test – Voltage and Current Results 
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4.5.8.2. Test Short Circuit Transformer Results 
The short circuit test was divided into two sections: a) Blocked Rotor, position 
minimum inductance phase C; b) Rotating Rotor. 

 

4.5.8.2.1. Short Circuit test: Blocked Rotor results 

Table 4-17. Short circuit test with blocked rotor, minimum inductance phase C. 

Blocked rotor – 
Minimum 

Inductance: phase C 

Frequency - 
50 Hz 

SynRM - Working as a 
charger 

Voltage 
Range 
[Vrms] 

Voltage U1n 
[Vrms] 

Voltage U2. short 

circuit [Vrms] 

Short 
Current 
ISC [Arms] 

Power 
Losses 

[W] 
rt ZSC 

10 

ϕA 10 9.87 6.456 64 1.0132 1.53 

ϕB 10 9.92 6.506 65 1.0081 1.52 

ϕC 10 9.88 6.583 65 1.0121 1.50 

20 

ϕA 20 19.74 12.873 256 1.0132 1.53 

ϕB 20 19.81 12.948 258 1.0096 1.53 

ϕC 20 19.78 13.076 261 1.0111 1.51 

40 

ϕA 40 40.01 25.348 1012 0.9998 1.58 

ϕB 40 40.03 25.433 1016 0.9993 1.57 

ϕC 40 39.98 25.663 1024 1.0005 1.56 

60 

ϕA 60 60.04 36.851 2207 0.9993 1.63 

ϕB 60 60.06 36.988 2217 0.9990 1.62 

ϕC 60 60.01 37.281 2233 0.9998 1.61 

80 

ϕA 80 80.25 45.375 3624 0.9969 1.77 

ϕB 80 80.3 45.585 3643 0.9963 1.76 

ϕC 80 80.2 45.889 3665 0.9975 1.75 

 



Novel Power Converters Control for Powertrain EV SynRM 

 

 

 

265 

Table 4-18. Short Circuit test result, blocked rotor, minimum inductance: phase C. 

Short Circuit test -  Blocked Rotor – Minimum inductance: phase C 
Maximum Current operating conditions 

Legend of symbols 
 

Channel Color Measure 
CH1 Orange Interphases AB – Voltage Machine 
CH2 Cyan Phase A – Current Machine 
CH3 Purple Phase B – Current Machine 
CH4 Green Phase C – Current Machine  

Screenshots Short Circuit Test – Voltage and Current Results 

 

As it can be seen in Table 4-18 the currents were equally divided, maintaining the 
proportion for each phase current. For this particular test, the rotor was blocked in 
the position in which there was minimum inductance, the phase C.  
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Importantly, the maximum rms current was obtained to compare with the other 
rotor positions cases. 

 

4.5.8.2.2. Short Circuit test: Rotating Rotor 

Table 4-19. SynRM short circuit test with rotating rotor. 

Rotor rotating 
Speed of the grid 

Frequency - 
50 Hz 

SynRM - Working as a charger 

Voltage 
Range 
[Vrms] 

Voltage 
U1n [Vrms] 

Voltage U2. short 

circuit [Vrms] 

Short 
Current ISC 

[Arms] 

Power 
Losses 

[W] 
rt ZSC 

10 

ϕA 10 9.91 6.081 60 1.0091 1.63 

ϕB 10 9.96 6.13 61 1.0040 1.62 

ϕC 10 9.92 6.237 62 1.0081 1.59 

20 

ϕA 20 19.86 12.189 243 1.0070 1.63 

ϕB 20 19.9 12.255 244 1.0050 1.62 

ϕC 20 19.88 12.433 248 1.0060 1.60 

40 

ϕA 40 40.18 23.827 951 0.9955 1.69 

ϕB 40 40.22 23.913 955 0.9945 1.68 

ϕC 40 40.19 24.142 964 0.9953 1.66 

60 

ϕA 60 60.62 34.739 2080 0.9898 1.75 

ϕB 60 60.65 34.879 2090 0.9893 1.74 

ϕC 60 60.62 35.142 2105 0.9898 1.73 

80 

ϕA 80 80.12 43.969 3513 0.9985 1.82 

ϕB 80 80.15 43.881 3506 0.9981 1.83 

ϕC 80 80.09 44.027 3517 0.9989 1.82 

In this case, the three-phase inductance value was equally divided. Therefore, with 
the same inductances for each phase a better flow of power and performance 
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increase was obtained. The rotor rotating resulted in less power consumption and 
fewer losses, being the most appropriate option for connecting the machine as a 
transformer. 

Table 4-20. Short Circuit test result – rotating rotor. 

Short Circuit test - Rotating Rotor– Inductance divide equally for 
each phase. Maximum Current operating conditions 

Legend of symbols 
 

Channel Color Measure 
CH1 Orange Interphases AB – Voltage Machine 
CH2 Cyan Phase A – Current Machine 
CH3 Purple Phase B – Current Machine 
CH4 Green Phase C – Current Machine  

Screenshots Short Circuit Test – Voltage and Current Results 
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As it can be seen in Table 4-20 the currents were equally divided, maintaining the 
proportion for each phase current. For this particular test, the rotor was rotating, 
and compared to the blocked rotor test, the maximum rms current values 
decreased. So in this case there was less loss. 

The outcomes expected from the section 4.5.8.2, which provides the short circuit 
test transformer, were: 

 Short circuit impedance and its elements: 

Phase A: 

 cos휑 , = ⁄

,  ∙ 
= ( )⁄

. ∙ . ∙√
≅ 0.3374; 휑 , = 70.28 º (4-92) 

Phase B: 

 cos휑 , = ⁄

,  ∙ 
 ≅0.3373; 휑 , = 70.29 º (4-93) 

Phase C: 

 cos휑 , = ⁄

,  ∙ 
≅ 0.3376; 휑 , = 70.27 º (4-94) 

 Short circuit Impedance elements, 

푅 = 푍 ∙ cos휑  ; 푋 = 푍 ∙ sin휑 ; (4-95) 

Phase A: 

 푅 , = 푍 , ∙ cos휑 , = 1.82 ∙ 0.3374 ≅ 0.614 Ω  

푋 , = 푍 , ∙ sin휑 , = 1.82 ∙ 0.9413 ≅ 1.713 Ω 
(4-96) 

Phase B: 

푅 , = 푍 , ∙ cos휑 , = 1.83 ∙ 0.3373 ≅ 0.617 Ω  

푋 , = 푍 , ∙ sin휑 , = 1.83 ∙ 0.9414 ≅ 1.723 Ω 
(4-97) 
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Phase C: 

푅 , = 푍 , ∙ cos휑 ,  = 1,82 ∙ 0,3376 ≅ 0,614 Ω  

푋 , = 푍 , ∙ sin휑 , = 1,82 ∙ 0,9413 ≅ 1,713 Ω 
(4-98) 

 Copper loss of the transformer at full load 

푃 ≈ 푃 ≅ 10536 푊 (4-99) 

 

4.5.8.3. Load test transformer result 
The results for 25 kW have been summarized in Table 4-21. 

Table 4-21. Load test transformer result. 

Condition Phase 
RMS 

Voltage 
[Vrms] 

RMS 
Current 

[Arms] 

Power 
Factor 

Active 
Power [kW] 

Reactive 
Power [kVAr] 

DC-link 
Voltage 

Blocked rotor – 
Minimum 

Inductance: 
phase C 

∑ A 230.42 36.31 0.8452 7.07 4.47 

800 V ∑ B 232.78 38.89 0.8370 7.58 4.94 

∑ C 231.89 41.98 0.8411 8.19 5.25 

Blocked rotor – 
Minimum 
Inductance 

between: phases 
BC 

∑ A 231.54 32.50 0.8256 6.21 4.24 

800 V ∑ B 230.51 36.45 0.8194 6.88 4.82 

∑ C 231.93 38.78 0.8289 7.45 4.96 

Rotor rotating 
Speed of the grid

∑ A 229.73 36.97 0.9167 7.78 3.40 

800 V ∑ B 230.15 38.03 0.9283 8.12 3.26 

∑ C 230.82 39.01 0.9215 8.29 3.50 
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4.5.8.3.1. Quality voltage and Current – Load test 

Table 4-22. Yokogawa analyzer - Voltage and Currents results. 

Yokogawa - Results in nominal operating conditions 
Input Voltage – Input Current 

 
Output Voltage - Output Current 
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4.5.8.3.2. Total Harmonic Distortion (THD) Measurement Results 

Table 4-23. SynRM – THD measurements table. 

800 VDC 

R S T 

Current (%) Current (%) Current (%) 

THD (%) 3.27 3.06 3.02 

 

4.5.8.3.3. Performance Results 

The blocked rotor results are summarized in Table 4-24 and the rotor rotating 
results, in Table 4-25. 

Table 4-24. SynRM performance with blocked rotor, minimum inductance phase C. 

Blocked rotor – Minimum Inductance: 
phase C SynRM - Working as a 

charger 
kW Power - 50 Hz 

Reference Power Real Power Total efficiency ηtotal (%) 
30 29.8 56.87% 

22.5 22.4 53.51% 
15 15.1 52.42% 
9 9.1 51.22% 
6 5.9 49.48% 
3 3.05 47.21% 

1.5 1.48 44.57% 
ηtotal_middle (%) 50.75% 

If analyzed the load with single-phase electrical supply, the options with locked 
rotor begins to be advantageous, considering the machine does not need to be 
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decoupled from the main axis of the electric car. 

For this position of the rotor with low inductance in C phase, the phase used for 
charging with the single-phase grid is the C phase, where the best performance 
values would be about 80%. 

Table 4-25. SynRM performance with blocked rotor, minimum inductance phase C. 

Rotor rotating- Speed of the grid 
SynRM - Working as a charger 

kW Power - 50 Hz 
Reference Power Real Power Total efficiency ηtotal (%) 

30 30.2 89.14% 
22.5 22.6 87.04% 
15 14.8 86.31% 
9 9.2 84.46% 
6 5.9 82.48% 
3 3.1 80.21% 

1.5 1.55 78.57% 
ηtotal_middle (%) 84.03% 

 

4.5.8.3.4. Discussion and Comparison for the different performance test and main achievements 

When comparing the different positions of the rotor, as expected, the best 
performance values were obtained with the rotating rotor. This is due to the load 
with constant flow that was also obtained this way because of the phase’s 
inductances being almost equal. Thus, for charging with the three-phase grid 
connection, the best choice is for the rotating rotor. 

Meanwhile, if considering the load with single-phase electrical supply, the options 
with locked rotor begin to be advantageous, as the machine does not need to be 
decoupled from the main axis of the electric car. 

To charge with a single-phase grid, the most advantageous option is to keep the 
rotor blocked in the position of minimum inductance for one of the three phases. 
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For example, if the minimum inductance was positioned in the C phase, then the 
best performance occurs when charging with the C phase, where losses are the 
lowest. 

 

4.5.8.3.5. Warning Measures Results 

Figure 4-79 shows the temperature measurements that have been performed with 
the 2-points-NTC sensor positioned inside of the SynRM and 1-point with Fluke 
thermocouple. 

 

 

Figure 4-79. SynRM temperature evolution, core and surface. 

 

By using thermo-graphic camera it was monitored the machine temperature.  

 Surface of the machine: the temperature evolution was obtained. 

 The results shown are for steady temperatures, with the machine to 25 kW 
after a running time of 240 minutes. 
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Table 4-26. Temperature steady machine, thermo-graphic camera. 

Steady Temperature, thermo-graphic camera 
Machine and Cooling System – Photo 1 

 

Machine detail - Photo 2 

 
With the thermal images can be seen that the heat flow through the machine, and 
check the operation of the cooling system.  
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4.6. SynRM working as a Motor/Generator including control 
concepts 

The SynRM working as a motor/generator is actually working as a charger and 
discharger. It is one of the most important advantages of using this type of machine 
(SynRM), which can be used as a charger function and a motor/generator working 
as a charger/discharger. 

The basic tests to check the characteristics of the machine operating as a 
motor/generator are: Overall efficiency at different Torques and Speeds, Safety 
Concepts, Load test: power quality and efficiency and results in specific drive 
cycles. 

4.6.1. Test Bench overview and test conditions 

The test bench used to validate the SynRM is shown in Figure 4-80, Figure 4-81 and 
Figure 4-82, and is composed of: 

 SynRM – Synchronous Reluctance Machine. 

 IM – Induction Machine. 

 Two back-to-backs converters to control the machines. 

 

To implement the control, a huge system composed of DSP and FPGA is proposed, 
which can processed signals to control correctly the SynRM. 

For the monitoring system is used two software for each converter, one of them 
user interface to the converter (B2B + SynRM - JAVA software) and the second one 
user interface to the converter (B2B + IM). Both users interfaces software were 
created specifically for the control and management of the B2B’s converters. 
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Figure 4-80. Diagram of the test bench. 

Following tasks were accomplished in order to set up the elements to the test 
bench: 

 Validation of the following elements: 

o SynRM (Winding topology, Galvanic isolation, Six-phase 
sequence, temperature, encoder system, integrated cooling 
system, mechanic connections; The full feature of SynRM is 
described in [36]) 

o IM (temperature, air system, mechanic connections) 

o Inverters B2Bs drives (Hardware and Software control, control 
system: state machine and control algorithms, user’s interfaces, 
protection system, power supply, communications and 
security/safety). 
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 Generate the main results that characterize the machine as function of 
motor/generator together with the powers converters, B2Bs.  

 Check the operation SynRM points in specifics drive cycles proposed. 

 Check the operation machine in safety concepts circumstances, including 
failure components modes. 

 
Figure 4-81. The final test bench used to prove the SynRM working as a 

motor/generator. 
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Figure 4-82. The test bench used to prove the SynRM working as a motor/generator 
with the back-to-back converter. 
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4.6.2. SynRM design Overview 

As this section has already been commented previously, review point 4.5.2. 

4.6.2.1. Cooling System – New Test Bench detail 

 

Figure 4-83. The final cooling system integrated in the SynRM. 

4.6.3. Basic Description of the Architecture – SynRM as motor/generator 

The power electronic converter used for test the effectiveness of the machine is 
composed of two three-phase bi-level inverters with a back-to-back configuration. 
Figure 4-84 shows a schematic of the selected configuration. 
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Figure 4-84. System Topology. 

 

Therefore, there are two similar configurations (B2B converters) for each machine 
(IM and SynRM). The B2B converters controllers the different motors with different 
objectives.  

The first converter B2B that was used to connect to the IM, Figure 4-85, and your 
objective are to control the speed for the test bench. 

 

Figure 4-85. System Topology, IM + B2B converter. 
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The second converter B2B that was used to connect to the SynRM, Figure 4-86, and 
your objective are to control the extraction of the energy to connect to the grid, 
controlling the torque for the test bench.  

 

 

Figure 4-86. System Topology, SynRM + B2B converter. 

 

One side of the converter have passive filter. On the side of the rectifier incorporates 
the SynRM, which has three-phase inductance resultant inside, while the inverter 
side a LCL filters, is incorporated. The filter permitted to reduce the level of 
harmonic current injected by the converter due to switching frequency. The LCL 
filter was connected to the grid. 

Table 4-27. Test Conditions.  

Parameter Value 
Ambient Temperature 25 °퐶 
Rated Power Inverter 60 푘푊 
AC Input / Output Voltage 400 푉  
DC voltage at DC-Link 
(Battery) 

650 −  950 푉  

Switching frequency 5 푘퐻푧 
SynRM machine six-phase 50 푘푊 
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4.6.4. Management and Monitoring System – User Interface 

For the monitoring system have been used two software’s for each converter, one of 
them user interface to the converter (B2B + SynRM - JAVA software) and the 
second one user interface to the converter (B2B + IM – GPTech software). Both users 
interfaces software’s were created specifically for the control and management of 
the B2B’s converters. 

Figure 4-87 show the user interface implemented for controlling the power 
converter, B2B + SynRM - JAVA software. 

 

Figure 4-87. Human Machine Interface, HMI, to control the (B2B + SynRM) 
converter. 

 

Figure 4-88 show the user interface implemented for controlling the power 
converter, B2B + IM – GPTech software. 



Novel Power Converters Control for Powertrain EV SynRM 

 

 

 

283 

 

Figure 4-88. Human Machine Interface, HMI, to control the (B2B + IM) converter. 
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4.6.5. General test for SynRM - motor/generator 

The objective of this test is to characterize the performance of the designed SynRM 
at full load and obtain all the operation points. For the measurement of the 
performance, one network analyzer is implanted at the test bench, to measure the 
SynRM input and output voltage and current. 

In the following tests were measured: 

 Empty test, only fixed speeds. 

 Galvanic Isolation test. 

 Load test. 

o Phase currents in the power grid. 

o Power quality: power factor, harmonic current content, active and 
reactive power. 

o Overall Efficiency. 

The tests to be carried out are: 

o Different torques and speeds to determinate the efficiency for all 
operating points. 

 Machine torque and vibrations. 

 Safety Concepts, working only with 3 phases. 

 

For measures of performance, THD and power factor assembly required one 

network analyzer; the wiring scheme of the same is shown in Figure 4-89. 
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Figure 4-89. Topology of the test bench with the network analyzer Yokogawa. 

 

4.6.5.1. Load Test 
The machine was proved at 50 kW and the input and output to the machine were 
measured with Yokogawa WT 1600. 

4.6.5.2. THD Measurement 
Have been made the total harmonic distortion (THD) averages for the AC machine 
six phase’s currents. It´s important to remember that this test results was influenced 
by the input and output filters of the converter and the quality control. 

Input Voltage and 
Current:

 Vr, Vs, Vt y Ir, Is, It 

Network Analyser 
WT 1600

Output Voltage and 
Current:

 Vr, Vs, Vt y Ir, Is, It 
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4.6.5.3. Overall Performance 
The objective of this measurement is to determine the machine (SynRM) efficiency 
by comparing the active power flowing in and out of the machine. The efficiency 
have been measured for all operating points. 

 Variable Speeds (0 – 9000 r.p.m.) 

 Variable Torques (0 – 120 N.m.)  

The results are applied to the two circuits: New European Driving Cycle (NEDC) 
and US06, used to test in a specific cycle designed to objectively evaluate the 
environmental impact of automobiles and is aimed at informing consumers of the 
full characteristics of the vehicle. 

 

4.6.5.4. Warning Measures 
 

4.6.5.4.1. 3-points-NTC sensor inside of the SynRM. 

The NTC terminal was placed in three different points making contact with the 
SynRM winding, to measure the temperature. 

 

4.6.5.4.2. Thermocouple: Fluke 

The thermocouple terminal was placed making contact with the device to measure 
correctly the temperature. In this case, was located at the machine terminal. 

 

4.6.5.4.3. Thermo-graphic camera  

By using thermo-graphic camera, the machine temperature was monitored: 

 The general surface of the machine, which was obtained the evolution of 
temperature. 
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4.6.5.5. Safety Concepts 
The aim is to include and satisfy most of the technical safety requirement with the 
purpose to avoid most important potential faults: 

 Mechanical faults, predictable but generally infrequent. Due to the low 
frequency of this type of errors, the technical safety solution will based on 
the constant monitoring, prevision and revision of mechanical faults 
together with a safe stop in case of  serious failure. 

 On the other hand, electrical faults are difficult to predict and more 
frequents: 

o Open-circuit phase. 

o Single phase short-circuit. 

o Phase-to-phase short-circuit. 

These types of faults can be grouped in order to apply just one solution to any of 
those cases. Thus, taking into account the phase, coil and inverter redundancy 
applied to the SynRM also working as a charger; the mentioned errors will be 
solved through dynamic change from a three phase motor with six stator windings 
to a three phase motor with three stator windings.  

The aim is to isolate any of the named faults allowing the user to reach the nearest 
repair place. However, charging process will not be possible since half of the 
system will be out of order; nonetheless, this solution gives maneuverability to the 
user to find an expert with the remaining power. 

A graphic interpretation of the technical solution is presented in next figures 
(Figure 4-90, Figure 4-91 and Figure 4-92). 
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Figure 4-90. Open-circuit phase, half motor operation model. 

 
Figure 4-91. Single phase short circuit, half motor operation model. 
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Figure 4-92. Phase to phase short circuit, half motor operation model. 

Finally, if one of the components such as IGBT, battery, capacitor, coil or battery 
stops working due to a failure; the situation will be the same than in previous point. 
Because of redundancy in those components, motor can work at half power with 
three of the six stator windings, allowing to the user to reach the nearest repair 
point. 

Figure 4-93 shows the elements susceptible to fail. As can be observed, half motor 
will operate normally even if more than one component of the same group stops 
working. 
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Figure 4-93. Vulnerable components to have failure, half motor operation model. 

 

For this entire test, the SynRM continues working with minimum 3 phases and 
doesn´t stop your functionality. To prove these operations in the test bench, have 
been improved the security system to stop some phases from the SynRM at exactly 
moment.  

For this point have been compared the different functionally into the normal 
operation 6 phases and failure operation 3 phases for maximum 25 kW to obtain 
the difference into: 

 The efficient points. 

 THD. 

 Voltage and Current quality. 
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4.6.5.6. Drive Cycles test 
The complete test was made for different drive cycles, using the efficient points 
obtained. Highlighting the influence of the different powertrain concepts, the 
efficiency maps (for the motor) are considered. Those maps are highlighting the 
areas where the concepts offer their best efficiency. Table 4-28 summarizes the data 
of the underlying concept car which was virtually equipped with the SynRM 
components and powertrain. 

Table 4-28. SynRM + Powertrain data. 

SynRM EV Concept 

V
eh

ic
le

 D
at

a 

Vehicle weight (ITW) 1200 kg 
Wheel rdyn 0.320 m 

Tire Rolling Circumference 2.0 m 

Cross Sectional area 2.817 m² 
EPA B  0 N/(km/h) 
EPA C 0.0315 N/(km/h)² 

Ta
rg

et
s Maximum Vehicle Velocity 140 km/h 

Performance: 0 km/h to 100 km/h 12 s 
Minimum All Electric Range (AER) 160 km 

Powertrain 

 Final Drive 
Ratio 8.27 --- 
Efficiency 0.948 --- 

M
ot

or
 

Nominal Power 48 kW 
Nominal Torque 300 Nm 
Peak Power 60 kW 
Peak Torque 400 Nm 
Max speed 9000 r.p.m. 

Ef
fic

ie
nc

ie
s 

E-Mot efficiency Power Loss Map --- 

Generator efficiency Power Loss Map --- 
Battery efficiency Internal Resistance --- 

Ba
tte

ry
 Battery capacity 22.4 kWh 

Usable SOC Window 75.0 % 

AER 160 km 
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The motor is characterized via efficiency map, as it gives information about its most 
efficient areas. Based on the final maps for motor and inverter, an overall efficiency 
of the system is calculated. In reference to the applied load, by means of a torque, 
and actual motor speed, a certain efficiency can be identified. The map allows to 
resume the behavior by, the higher the load and speed, the lower is the total 
efficiency. 

4.6.6. Real Test Bench Results – SynRM Motor/Generator 

The new proposed machine, SynRM, was validated using a specific test bench, to 
improve and command the Motor/Generator model with the ORS control. All the 
main operation points was measured to compare in specific drive cycles determine 
to the EVs. 

4.6.6.1. Load Test 
The results of the tests are summarized in Table 4-29. The results were made for one 
specific point test to obtain the SynRM characteristics. The test features were 
approximately 50 kVA, 2000 r.p.m. and 120 N.m. The objective of this test is to 
obtain the power factory and the quality of the voltage and current control in the 
nominal point. 

Table 4-29. Test results – 50 kVA, 2000 rpm. 

Characteristic Phase 
RMS 

Voltage 
[Vrms] 

RMS 
Current 
[Arms] 

Power 
Factor 

Active 
Power 
[kW] 

Reactive 
Power 
[kVAr] 

DC-link 
Voltage 

Power: 50 
kVA, Speed: 

2000 rpm. 

∑ R, R´ 264.54 62.67 0.8597 14.26 8.46 

800 V 
∑ S, S´ 264.17 62.53 0.8663 14.31 8.25 

∑ W, 

W´ 
263.88 63.01 0.8615 14.32 8.45 

 

 

In Table 4-30, can be seen the current and voltage were obtained. 
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Table 4-30.  In detail, Voltage and Current Machine results. 

Results in nominal operating conditions 
Legend of symbols 

 

Channel Color Measure 
1 - R, R’ Red Line Voltage  
2 - S, S’ Green Line Voltage 
3 - T, T’ Yellow Line Voltage 
1 - R, R’ Purple Phase R - Current Machine   
2 - S, S’ Pink Phase S - Current Machine   
3 - T, T’ Blue Phase T - Current Machine   

 

Compared the voltages can be observed a small imbalance between the voltages, 
obtained distinct peaks for each phase voltage.  

Compared the currents can be observed a small distortion in the wave peak, 
obtaining a high quality current.  
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4.6.6.2. THD Results 
The SynRM THD results with 800 V in DC-Link and nominal conditions were 
shown in the following table.  

Table 4-31. SynRM – THD measurements table. 

800 VDC 
R S T 

Current (%) Current (%) Current (%) 

THD (%) 3.17 3.12 3.22 

 

These results represent the SynRM together with the back-to-back converter, for 
this reason, the THD values exceed the 3%, this is because for this application 
would be necessary improved the LCL filters of the B2B converter. This result also 
is influenced by the characteristics of the test bench, having an induction motor and 
an uncontrolled rectifier, impairing the characteristics of the voltage and current 
accordingly. 

 

4.6.6.3. Performance Results 
Table 4-32 shows the results for the SynRM performance testing with different 
speed and torque.  

This first table, Table 4-32, explains the process to obtain the efficiency for one 
specific point operation from the SynRM. Table 4-33 and Table 4-34 shows the 
completely SynRM + Converter efficiency.  

It can be observed for speed of 5200 r.p.m., and a torque variation from 5 to 160 
N.m. changing efficiencies. For correct calculation of the efficiency of SynRM losses 
obtained in the induction motor is deducted. 
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Table 4-32. In detail the SynRM performance. 

Rotor rotating at 5200 rpm 
SynRM 

Motor / Generator 
Torque Speed Losses IM Input 

Power 
Output 
Power 

Theoretical 
Efficiency 

Real efficiency ηtotal (%) 

5 5200 780 4010 2950 91.413% 91.33% 
10 5200 1105 4435 3049 91.774% 91.56% 
15 5200 1300 4904 3304 91.873% 91.68% 
20 5200 1478.75 5426 3616 91.850% 91.61% 
25 5200 1625 6000 4000 91.773% 91.43% 
30 5200 1787.5 6634 4418 91.652% 91.16% 
35 5200 1917.5 7340 4940 91.546% 91.10% 
40 5200 2145 8117 5434 91.408% 90.99% 
45 5200 2291.25 8977 6074 91.291% 90.85% 
50 5200 2307.5 9929 6915 91.182% 90.73% 
55 5200 2567.5 10982 7622 91.063% 90.58% 
60 5200 2827.5 12145 8430 90.957% 90.47% 
65 5200 3185 13433 9256 90.853% 90.32% 
70 5200 3233.75 14959 10576 90.762% 90.20% 
75 5200 3298.75 16430 11828 90.658% 90.08% 
85 5200 3363.75 18173 13322 90.488% 89.96% 
95 5200 3396.25 20100 15012 90.324% 89.87% 
100 5200 3412.5 22230 16887 90.263% 89.74% 
110 5200 3412.5 24588 18976 90.151% 89.61% 
120 5200 3477.5 27195 21242 90.059% 89.56% 
130 5200 3575 30078 23704 89.975% 89.44% 
140 5200 3640 33260 26451 89.898% 89.30% 
150 5200 3705 36795 29490 89.858% 89.12% 
160 5200 3770 40693 32850 89.771% 88.97% 

    ηtotal_middle (%) 90.40% 
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Table 4-33. Summarizes SynRM efficiency result. 

 
Table 4-34. Summarizes SynRM +Converter efficiency result. 

 

Torque 
[N.m]

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
0,00001 99,99% 99,99% 99,99% 99,99% 99,99% 99,99% 99,99% 99,99% 99,99% 99,99%

5 99,34% 99,02% 98,73% 98,44% 98,10% 97,69% 97,20% 96,62% 95,96% 95,24%
10 99,20% 98,77% 98,38% 98,04% 97,64% 97,21% 96,65% 95,99% 95,31% 94,78%
15 98,97% 98,42% 98,03% 97,69% 97,30% 96,90% 96,37% 95,71% 94,97% 94,22%
20 98,75% 98,32% 97,94% 97,53% 97,05% 96,58% 95,99% 95,29% 94,52% 93,71%
25 98,61% 98,22% 97,82% 97,36% 96,81% 96,25% 95,58% 94,83% 94,03% 93,23%
30 98,46% 98,17% 97,76% 97,23% 96,61% 95,92% 95,18% 94,39% 93,57% 92,73%
35 98,32% 98,12% 97,69% 97,11% 96,43% 95,70% 94,93% 94,16% 93,36% 92,54%
40 98,10% 97,95% 97,54% 96,95% 96,26% 95,51% 94,72% 93,91% 93,08% 92,22%
45 97,89% 97,78% 97,39% 96,80% 96,09% 95,31% 94,50% 93,66% 92,80% 91,89%
50 97,80% 97,66% 97,27% 96,69% 95,97% 95,17% 94,33% 93,46% 92,60% 91,75%
55 97,63% 97,47% 97,08% 96,52% 95,80% 94,99% 94,10% 93,20% 92,30% 91,46%
60 97,50% 97,36% 96,96% 96,38% 95,65% 94,83% 93,96% 93,07% 92,18% 91,34%
65 97,46% 97,24% 96,83% 96,25% 95,52% 94,67% 93,76% 92,80% 91,86% 90,98%
70 97,38% 97,16% 96,74% 96,14% 95,39% 94,53% 93,60% 92,64% 91,71% 90,85%
75 97,28% 97,08% 96,64% 95,99% 95,21% 94,34% 93,41% 92,48% 91,57% 90,71%
85 97,19% 96,91% 96,50% 95,88% 95,04% 94,07%
95 96,99% 96,75% 96,37% 95,75% 94,89% 93,91%

100 96,92% 96,67% 96,28% 95,65% 94,77% 93,77%
110 96,73% 96,53% 96,13% 95,45% 94,55% 93,55%
120 96,57% 96,33% 95,91% 95,24% 94,36% 93,39%
130 96,45% 96,13% 95,69% 95,04% 94,16% 93,20%
140 96,19% 95,98% 95,44% 94,70% 93,86% 92,98%
150 96,00% 95,73% 95,24% 94,54% 93,69% 92,76%
160 95,79% 95,55% 94,96% 94,21% 93,39% 92,52%

Speed [RPM]

Torque 
[N.m]

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
5 92,90% 92,59% 92,33% 92,05% 91,74% 91,35% 90,89% 90,35% 89,73% 89,06%
10 93,51% 93,10% 92,73% 92,41% 92,03% 91,63% 91,10% 90,48% 89,84% 89,34%
15 93,74% 93,22% 92,85% 92,53% 92,16% 91,78% 91,28% 90,66% 89,95% 89,24%
20 93,79% 93,38% 93,02% 92,63% 92,18% 91,73% 91,17% 90,51% 89,77% 89,00%
25 93,84% 93,48% 93,10% 92,66% 92,13% 91,60% 90,97% 90,25% 89,49% 88,73%
30 93,85% 93,57% 93,17% 92,67% 92,08% 91,43% 90,72% 89,97% 89,19% 88,38%
35 93,82% 93,62% 93,21% 92,66% 92,01% 91,31% 90,58% 89,84% 89,08% 88,30%
40 93,69% 93,53% 93,14% 92,59% 91,92% 91,20% 90,45% 89,68% 88,89% 88,06%
45 93,54% 93,43% 93,06% 92,50% 91,82% 91,08% 90,30% 89,50% 88,68% 87,80%
50 93,50% 93,36% 92,99% 92,43% 91,75% 90,99% 90,18% 89,35% 88,52% 87,71%
55 93,38% 93,22% 92,85% 92,31% 91,63% 90,85% 90,00% 89,14% 88,28% 87,47%
60 93,29% 93,15% 92,77% 92,21% 91,52% 90,73% 89,90% 89,04% 88,20% 87,39%
65 93,27% 93,07% 92,68% 92,12% 91,42% 90,61% 89,73% 88,82% 87,92% 87,07%
70 93,22% 93,02% 92,61% 92,03% 91,32% 90,49% 89,60% 88,69% 87,80% 86,98%
75 93,15% 92,97% 92,54% 91,92% 91,17% 90,34% 89,45% 88,56% 87,68% 86,86%
85 93,12% 92,85% 92,46% 91,86% 91,06% 90,13%
95 92,99% 92,76% 92,39% 91,79% 90,97% 90,03%

100 92,94% 92,70% 92,33% 91,72% 90,88% 89,92%
110 92,81% 92,62% 92,23% 91,59% 90,72% 89,76%
120 92,72% 92,49% 92,08% 91,44% 90,60% 89,67%
130 92,67% 92,36% 91,95% 91,32% 90,48% 89,55%
140 92,50% 92,29% 91,77% 91,06% 90,25% 89,41%
150 92,39% 92,13% 91,66% 90,99% 90,17% 89,27%
160 92,27% 92,04% 91,47% 90,75% 89,96% 89,12%

Efficiency Motor + Converter - Speed [RPM]
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4.6.6.4. Warning Results 
Figure 4-94 shows the temperature measurements performed with the 3-points-
NTC sensor with the machine operating at 50 kW and 2000 r.p.m. after a running 
time of 180 minutes. 

 
Figure 4-94. SynRM temperature evolution, core and surface. 

 

By using thermo-graphic camera it was monitored the machine temperature.  

 Surface of the machine: the temperature evolution was obtained. 

 The results shown are for steady temperatures, with the machine to 50 kW 
and 2000 rpm after a running time of 240 minutes. 
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Table 4-35. Temperature steady machine, thermo-graphic camera. 

Steady Temperature, thermo-graphic camera 
Machine and Cooling System – Photo 1 

 

Machine detail - Photo 2 
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4.6.6.5. Safety Concepts 
Table 4-36 shows the results for the SynRM performance, comparing normal 
operation (NO - 6 phases) and failure operation (FO - 3 phases only). The tests are 
made for a maximum of 25 kW. 

Table 4-36. Comparison Normal versus Failure conditions, efficient points. 

Mode Torque [N.m.] 1000 2000 3000 4000 5000 6000 7000 

NO 5 92.59% 92.33% 92.05% 91.74% 91.35% 90.89% 90.35% 

FO 5 92.65% 92.37% 92.90% 91.77% 91.38% 90.91% 90.37% 

NO 10 93.10% 92.73% 92.41% 92.03% 91.63% 91.10% 90.48% 

FO 10 93.19% 92.79% 92.48% 92.13% 91.68% 91.20% 90.56% 

NO 15 93.22% 92.85% 92.53% 92.16% 91.78% 91.28% 90.66% 

FO 15 93.31% 92.92% 92.61% 92.21% 91.86% 91.37% 90.76% 

NO 20 93.38% 93.02% 92.63% 92.18% 91.73% 91.17% 90.51% 

FO 20 93.47% 93.15% 92.75% 92.26% 91.81% 91.22% 90.57% 

NO 25 93.48% 93.10% 92.66% 92.13% 91.60% 90.97% 90.25% 

FO 25 93.52% 93.13% 92.74% 92.16% 91.64% 91.01% 90.27% 

As can be seen when it is in failure mode increases motor efficiency. This is due to 
the lower losses in the air gap and the copper losses. Three phases the amount of 
energy is reduced on the SynRM and the control ends up being simpler. Working 
in failure mode the engine power is reduced by less than half, but manages to keep 
the connection quality, (voltage and current) and a significantly increased 
efficiency. 
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With the correctly activated for any motor failure protection, switching between the 
failure mode (3 phase), for the nominal mode (6 phases), is smoothly with the 
transition without stopping the machine. 

 

4.6.6.5.1. THD Results – Compare Safety Mode 

The SynRM THD results with 800 V in DC-Link in nominal conditions versus 
failure conditions were shown in the following table. 

Table 4-37. SynRM – THD measurements table, comparison Normal versus Failure 
conditions. 

800 VDC 

THD (%) 
25 kW 

R S T 

Current (%) Current (%) Current (%) 

Normal Conditions 
(6 phases) 2.21 2.19 2.23 

Failure Conditions 
(3 phases) 2.16 2.14 2.11 

 

4.6.6.6. Drive Cycles results and comparison 
A compilation of time series characterizing the NEDC electric drive’s utilization is 
given in Figure 4-95. Besides vehicle celerity, speed, torque and losses of the electric 
machine, inverter losses, battery voltage, current and power are delineated. The 
time series representation demonstrates the relation between current and actual 
losses of the motor and inverter, as they have similar profiles. 
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Figure 4-95. Time series of characteristic during the NEDC. 

In order to detect the main differences between the preliminary and final SynRM 
maps, they are compared to each other. That enhances and validates he results 
carried out during the evaluation. 
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Figure 4-96. SynRM efficiency map, preliminary data obtain by simulation. 

 

Figure 4-97. SynRM Efficiency map final data. 

 

0 1000 2000 3000 4000 5000 6000 7000 8000 9000

50

100

150

Efficiency Map Motoring

Speed [RPM]

To
rq

ue
 [N

m
]

0.92
0.93

0.94

0.94

0.95

0.95

0.96

0.96

0.97

0.97
0.97

0.98

0.98 0.98
0.99 0.99 0.99

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
-150

-100

-50

Efficiency Map Recuperation

Speed [RPM]

To
rq

ue
 [N

m
]

0.92

0.
930.9
4

0.94

0.95

0.95

0.96

0.96

0.97

0.970.980.99



Novel Power Converters Control for Powertrain EV SynRM 

 

 

 

303 

Out of the above representation, the following conclusion is made: The topmost 
efficiency areas are moved towards the low load low speed areas, indicated by the 
red arrows; the efficiency profile at low speeds is showing a modified profile, 
indicated by circles; 

A further differentiation between the preliminary and final maps is done over the 
total efficiency maps depicted in Figure 4-98 and Figure 4-99 as it is influenced by 
the changed efficiency maps for the motor. 

Mainly the area of 93% efficiency below 2000 r.p.m. is downscaled from a 
maximum torque of 120 N.m. to around 80 N.m. and is therefore minimizing the 
area of the topmost efficiency reachable.  

Table 7 gives an overview of the achieved energy demands using once the 
preliminary data maps and once final maps. It has to be considered that the energy 
demands are related to the distance of the investigated cycle. 

 

Figure 4-98. Total Efficiency SynRM plus inverter, preliminary data obtain by 
simulation. 
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Figure 4-99. Total Efficiency SynRM plus inverter, final data. 

 

Table 4-38. Drive cycles result (1200 kg and 22kWh battery) – SynRM + Powertrain. 
Simulated Final 

Cycles 
Energy 

Demanded 
Energy 

Recuperated 
Energy 

Consumption 
Energy 

Demanded 
Energy 

Recuperated 
Energy 

Consumption 
kJ kJ kJ kJ kJ kJ 

NEDC 5599 1017 4583 5609 1013 4596 
FTP 75 8342 2192 6149 8370 2182 6187 

Highway 7741 405 7336 7763 403 7360 
US06 9554 1468 8086 9592 1462 8130 
SC03 2832 858 1973 2840 854 1985 

NYCC 1012 462 550 1015 460 555 
Artemis 
Urban 2702 1214 1488 2712 1209 1503 

Artemis Road 8473 1585 6887 8503 1579 6923 
NEDC 

Efficiency 
mean values 

E-machine Inverter E-machine + 
Inverter 

E-machine Inverter E-machine + 
Inverter 

SynRM 
Motor 98.25% 93.62% 91.95% 97.93% 93.58% 91.61% 
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5. CONCLUSIÓN / CONCLUSION 
 

El científico encuentra su recompensa en 
lo que Henri Potincare llama el placer de la 
comprensión, y no en las posibilidades de 
aplicación que cualquier descubrimiento 
pueda conllevar. 

 
Albert Einstein 

his work has provided novel solutions in terms of control and topologies of 
power converters for the greater integration of renewable energy in the 
system. The proposed new technologies are applied to the two main current 

problems, the evacuation of renewable energy sources in the system and the design 
of the connection units to the electrical grid of electric vehicles. It has proposed high 
technological level characteristics that will surely be present in the market in a short 
period of time. To conclude correctly the two main themes of the work and their 
achievements the conclusion is divided. 

5.1. Novel Power Converters Control for Offshore Wind Turbines 

This work presented a new concept for external control applied to an offshore wind 
farm and the ac grid connection trough a diode based HVDC link. The study 
demonstrated the technical feasibility of using a diode-based rectifier to link to a 
large wind farm, by controlling it externally, through the proposed control. The 
proposed control has been validated using PSCAD® and MATLAB® simulations, 
by modelling the proposed external controller, the whole wind farm and all their 
independent controllers, all implemented and tested in the same simulation. 

The results have also been verified in a real test bench in reduced size and power 
preserving the characteristics of the system in large scale. These tests allowed us to 
evolve in the theory of control and check the suggested modeling. 

T 
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The AC grid offshore dynamics are presented and can be concluded that the active 
power can be used to control the voltage, and the reactive power can be used to 
control the AC grid frequency, which is the opposite of the most commonly 
systems used. This effect occurs because the characteristics AC grid is decoupled. 
An optimized control for the AC-grid dynamic can be developed taking this effect 
into account.  

During system initialization and transient situations, it is important a fast response 
of reactive power of wind turbines, as it has been observed in bench tests. For the 
black start, a need created for the proposed topology, a new application control for 
offshore wind farms has been proposed (CIS). 

The more accurate and rapid their VAr response, the better to minimize the AC bus 
bar frequency fluctuations, for this statement, a new SIPQC control has also been 
proposed and tested. 

The results in this work, using the proposed external control, show neglectable 
frequency and voltage variation, resulting in a very stable system, with great 
benefits for the wind park operation. The use of the technology evolution and the 
multiple pulses rectifiers can further reduce variations and their consequences. 

The new proposed topology and its external control allowed energy transmission 
in the HVDC link based on diode bridge rectifiers and caused a remarkable 
reduction of total offshore rectifier platform weight. Another important benefit is 
the significantly cost reduction of both construction and engineering. Finally, as an 
additional value, commercial wind turbines are easily integrated, since their 
internal controllers should not need to be modified. Furthermore, it is found that 
using n-pulse transformers is feasible considering the proposed topology. 

5.2. Novel Power Converters Control for Powertrain EV SynRM 

The SynRM for the two 3-phase winding synchronous reluctance machine 
(SynRM) together with the development of a new control algorithm based on ORS 
techniques was detailed and tested in a real test bench, for the charger mode and 
the motor/generator mode. 

With the SynRM design the redundancy and safety enhancement have been 
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proven to enhance its quality as an EV charger. 

Considering the charger mode, different positions of the rotor to charge the 
batteries have been compared, and the conclusion is that with the rotating rotor, the 
best performance values were obtained connected with a three-phase grid. 
However, if charger mode is connected in the single-phase electrical supply, the 
option with locked rotor is the optimal choice, since the machine does not need to 
be decoupled from the main axis of the electric car.  

Two options for charging/discharging process are discussed (and resumed in Table 
14): blocked rotor (zero speed) and synchronous speed. For both options, the 
undesired torque in the motor during charging is approximately zero. 

Table 5-1. Comparison between options for motor used as a transformer 

Option 
Grid 

Connection 
Power 

Quality Torque 
Control 

complexity 

Blocked rotor 
Single-Phase Very good 

Almost 
Zero High 

Three-Phase Poor Oscillatory Normal 

Synchronous 
speed Three-Phase Excellent Zero Very high 

 

Finally, the performance of the SynRM charger with the ORS charger algorithm 
was tested, and excellent results were obtained. The results could give additional 
features such as the option to work as grid stabilizer or STATCOM.  

Nevertheless, a clear conclusion should be highlighted, in both cases and 
topologies, the active and reactive power can flow in any direction to and from the 
battery and main power grid, and the ORS shows a fast and robust behavior. 

Considering the motor/generator mode, this work summarizes the validation of the 
simulation in MATLAB® result and real measured results. Also, it uses these 
results to validate the motor in different drive cycles. As can be observed in the 
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comparisons of the results obtained in simulation versus the results obtained in real 
tests, the values are close enough. It further highlights the importance of the 
definition of the targeted driving profile for optimizing the drive train in the most 
used operating areas possible. 

The ORS control was implemented, and the simulation results show the robustness 
and excellent expected performance for motor control. 

Nevertheless, some clears conclusions should be highlighted: 

 Real Performance results closed to Simulations 

 Safety Concepts tested 

 Motor is suitable for drive cycles with low average speed ranges. (NEDC, 
FTP75, SC03, NYCC, Artemis Urban) 

 New Design – High performance, Robust Structure 

 New modelling, design and control have been proven. Achieving high 
performance, robust structure, redundancy and security. All features 
required for EVs, which makes the SynRM so attractive to this industry. 
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6. APÉNDICE / APPENDIX 
 

Para desembarcar en la isla de la 
sabiduría hay que navegar en un océano de 
aflicciones.  

 
Sócrates 

ste apéndice tiene como objetivo organizar todos los méritos realizados 
durante el período de doctorado. Los méritos conseguidos para optar a la 
modalidad de compendio de publicaciones son presentados y las 

publicaciones están divididas en los apéndices de acuerdo con la identificación. 

Appendix A - "Method for controlling voltage and frequency of the local 
offshore grid responsible for connecting large offshore commercial wind 
turbines with the rectifier diode-based HVDC-link applied to an external 
controller,"; Herrera, D.; Galvan, E.; Carrasco, J. M.; IET Electric Power 
Applications, vol. 11, no. 9, pp. 1509-1516, 11 2017; doi: 10.1049/iet-epa.2017.0172 
Impact factor: 2.211 / 5-year Impact Factor: 2.306  
URL: http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=8098516&isnumber=8098508 

 

Appendix B - "Synchronous Reluctance Six-phase Motor proved based EV 
Powertrain as Charger/Discharger with Redundant Topology and ORS control," 
Herrera, D.; Galvan, E.; Villegas, J.; Carrasco, J. M.;  IET Electric Power 
Applications, Print ISSN 1751-8660, Online ISSN 1751-8679; doi: 10.1049/iet-
epa.2018.5338 
Impact factor: 2.211 / 5-year Impact Factor: 2.306  
URL: http://ietdl.org/t/DwyUQ 

 

E

http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=8098516&isnumber=8098508
http://ietdl.org/t/DwyUQ


310                            

 

Contributions for the Integration of Renewable Energy and 
Electric Vehicles in the Grid 

Appendix C - "Synchronous reluctance motor design based EV powertrain with 
inverter integrated with redundant topology," Herrera, D.; Galvan, E.; Carrasco, J. 
M.;  IECON 2015 - 41st Annual Conference of the IEEE Industrial Electronics 
Society, Yokohama, 2015, pp. 003851-003856; doi: 10.1109/IECON.2015.7392700 
URL: 
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7392700&isnumber=7392066 

 

Appendix D - "Powertrain EV Synchronous Reluctance Motor Design with 
Redundant Topology with Novel Control," Herrera, D.; Galvan, E.; Villegas, J.; 
Carrasco, J. M.; IET Electric Power Applications.  - In process final review to be 
publish –  
Impact factor: 2.211 / 5-year Impact Factor: 2.306  
 
Appendix E - HIGH VOLTAGE DC LINK FOR WIND PARK; Galvan, L.; 
Herrera, D.; Galvan, E.; Carrasco, J. M.; Patent WIPO | PCT ; Code: WO2015165517; 
2015. 
URL: 
https://lp.espacenet.com/publicationDetails/originalDocument?CC=WO&NR=2015165517A1
&KC=A1&FT=D&ND=4&date=20151105&DB=EPODOC&locale=es_LP 

 

http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7392700&isnumber=7392066
https://lp.espacenet.com/publicationDetails/originalDocument?CC=WO&NR=2015165517A1
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