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Abstract 

Multiphase electrical machines have gained increased attentions recently due to its fault 

tolerance capability which is of great importance for more-electric aircraft (MEA) 

application. The object of this research is a dual three-phase permanent magnet 

synchronous machine (PMSM) motoring/generating system for future more-electric 

turboprop aircraft. Sensorless control is required because the designed system is fit in 

a harsh environment with severe volume restrictions for installing mechanical 

speed/position sensors required for standard control approaches. Another challenge is 

due to the asymmetric winding structure of the employed machine; hence the well-

established machine mathematical models could not be directly transformed from 

stationary coordinates to dq rotating frame complication the field oriented control 

(FOC) of the machine. To address this issue, an XYZ modelling approach is proposed 

which not only simplifies the mathematic model but also makes the FOC achievable. 

Different sensorless strategies are reviewed and compared among which Model 

Reference Adaptive System (MRAS) is selected as it is robust and simple in implement. 

The major drawback of this method is the sensitivity to machine parameter variation. 

To solve this problem, an enhanced MRAS is proposed to identify machine parameter 

drift. Based on observability analysis, it proves that no more than one parameter could 

be identified simultaneously for a MRAS based rotor speed sensorless system. After 

comparison between rotor resistance, rotor inductance and permanent magnet (PM) 

flux, the last parameter is selected to be the identification subject, and a PM flux 

estimation based MRAS sensorless system is designed for mid- and  high-speed 

operation. Since MRAS fails at low speed range, an I/F start-up strategy is applied, and 



 

 

a hybrid sensorless control method is proposed for full-speed range operation. A 

switching operation is designed for smooth transition between these two methods. 

Experimental results show good performance of the proposed hybrid approach and 

verified the key theoretical findings of this research.  
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Chapter 1 Introduction  

Recently, the COVID-19 pandemic has been a painful reminder of the vulnerability of 

the aerospace industry, which is currently facing challenges of small number of 

passengers, high cost of fossil fuels and requirement of reducing carbon emissions. To 

recover this industry, regain its competitiveness, and achieve future climate targets, an 

unprecedented revolution is needed. The aviation sector is at a crossroads, and several 

international agencies have put forth radical goals for its future. Sectors that were 

hardest hit by COVID-19 require particular attention and must be prioritized [1].  

According to the forecasts from the Archery Strategy Consulting company, the demand 

for new aircrafts in the world after the COVID-19 pandemic may decrease by 40-60% 

in the next 5 years, which makes the total number of aircrafts that will be made by 2024 

decrease from 8000 to no more than 3000 [2].Nevertheless, at the same time, 

restrictions on emissions and noise (traditional problems of aircraft manufacturers) are 

unlikely to be loosed by state regulators. Besides, it is optimistic that after the epidemic 

recovery, the growth of the aviation industry is expected to reconfirm. Therefore, 

minimizing harmful emissions and fuel consumption in a difficult economic situation 

will become the tasks for aircraft manufacturers [3]. To complete this task, several 

initiatives are being taken by the aircraft industry to promote the use of electrical power 

to drive most of the aircraft systems and subsystems that are conventionally driven by 

hydraulic, pneumatic and mechanical power. Development of aircraft designs with 

improved performance to make them more efficient and environmentally-friendly is the 

motivation underlying the concept of More Electric Aircraft (MEA) [4].  
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1.1 Moving towards More Electric Aircraft 

To make a comparison of energy utilization between conventional aircraft and MEA, 

the energy utilization in the conventional aircraft system is introduced initially. There 

are two types of energy sources operating in conventional aircrafts: the primary source 

and the secondary source. The primary source comes from the aircraft gas turbine 

engines in the aircraft. The secondary source consists of electric, hydraulic, pneumatic, 

and mechanical systems that are powered by the primary source. Figure 1.1 shows the 

distributions of power sources produced by the gas turbine engine in a conventional 

aircraft power system. Most of the jet fuel is used for propulsion and a small percentage 

(up to 4%) of it is used in the form of mechanical, pneumatic, hydraulic, and electrical 

power for loads on board. 

Pneumatic power is used to power the ECS (Environmental Control System) and supply 

hot air for WIPS (Wings Ice Protection System) [2]. WIPS has two working modes: 

Anti-Icing and De-Icing. The Anti-Icing mode is pre-emptive and is turned on before 

the flight enters icing conditions, while the de-icing mode is reactive and used after 

there has been significant quantity of ice built up. The major drawbacks of the 

pneumatic power system are low efficiency and difficulty in maintenance and repairing 

[3]. 
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Figure 1.1. Power sources distribution in conventional aircraft [5]. 

Hydraulic power is transferred from the central hydraulic pump to the actuation systems 

for flight control and to the landing gear for deployment, reaction, and braking. 

Hydraulic systems have a large power density and are quite robust. However, heavy 

and inflexible infrastructures and the potential leakage of dangerous and corrosive 

liquids are their major illness [3]. 

Mechanical power is transferred through gearboxes and from engines to the following 

sites: central hydraulic pumps, local pumps for engine equipment and other 

mechanically driven subsystems, and the main electrical generator [4]. Disadvantages 

of the mechanical system are the use of a large and heavy gearbox and its associated 

maintenance cost [4]. 

Electrical power in the aircraft is generated by gearbox-driven generators and 

distributed throughout the aircraft for avionics, cabin electronics, utility actuators, 

lighting and galleys. It can be seen from Figure 1.1 that the electrical power occupies 

about 11% among all secondary power sources in the conventional aircrafts. 
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In contrast with the pneumatic, hydraulic, and mechanical power system, the electrical 

power system has quite a lot of outstanding advantages such as high efficiency, low 

maintenance fees, good controllability and advanced diagnostics. Due to these merits 

of electrical power system, the use of more electrical power has become an inevitable 

trend on aircraft. The concept of MEA is proposed in modern aerospace engineering to 

increase the penetration of electrical power in aircraft systems.  

As illustrated in Figure 1.2, the idea of the MEA is based on the fact that many devices 

on board, such as electric pumps, electric heaters, electrically driven air compressors 

etc, can be driven by electricity. 

 

Figure 1.2. Power sources distribution of MEA [5]. 

Figure 1.3 compares current conventional aircraft systems with the equivalent MEA 

systems. MEA removes hydraulic and pneumatic systems that are costly, not easily 

maintained, and susceptible to leakage. This action reduces the weight, cost and 

complexity of the system and improves the reliability and efficiency of it. 
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More importantly, electrical systems offer far more options for reconfigurability as well 

as for advanced prognostics and diagnostics. These prognostics and diagnostics systems 

could help improve aircraft availability and reduce the need for unscheduled 

maintenance. There is a potential for equipment on an aircraft to monitor its use and 

environmental conditions and use profiles of its own failure mechanisms to predict end 

of life, leading to preventative maintenance based on usage rather than simply age or 

flying hours [7].  

Moreover, a fan shaft generator can be used in MEA for emergency power generation 

by replacing the ram air turbine (RAT) in conventional aircraft, which also increases 

the system reliability and robustness when the engine has an emergency accident[6].  

 

Figure 1.3 Comparison of conventional and more electric aircraft [7]. 

Over the last few decades, there has been tremendous progress in moving towards MEA 

[8]. The Boeing 787 is a prime example of an aircraft that has implemented several 

MEA solutions.  
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Figure 1.4 shows the electrical power generated by several civilian aircraft in the past 

decades. It can be seen that the onboard generation power capability of aircrafts has 

increased over the years. Especially, the electrical power generation capabilities of 

Boeing 787 reaches up to 1450 KVA, which is a significant improvement when 

compared with the 300 kVA in Airbus A320 [9]. Taking into consideration the different 

number of maximum passengers onboard, a 72% increase in terms of power-per-

passenger is registered by Boeing 787 (2.78 kVA-per-passenger) versus Airbus A320 

(1.61 kVA-per-passenger) [10]. This trend will probably continue as electrical power 

becomes more important on board in future aircraft. 

 

Figure 1.4. Electrical power levels generated for various civil aircraft [11, 12]. 

1.2 Motoring/Generating System for Future Turboprop More Electric Aircraft  

The trend of moving towards MEA has prompted many researchers around the globe 

to develop related technologies. Several projects were dedicated to expanding research 

in this field, such as the Totally Integrated More Electric Systems (TIMES) [13] ,Power 

Optimised Aircraft (POA) [14], More Open Electrical Technologies (MOET) [15], 
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Clean Sky [16] and Clean Sky2 [17]. These projects are devoted to the research of 

relevant technologies required to develop the next generation of MEA.  

In alignment with the trend towards MEA, Clean Sky 2’s ACHIEVE (Advanced 

meCHatronIcs dEVices for a novel turboprop Electric starter-generator and health 

monitoring system) project [18] brings innovative thinking to provide green taxiing 

between the airport terminal and the runway, cleaner on-board power generation, and 

lowering noise and emissions, which aims to develop a next-generation highly-

integrated motor/generator system for turboprop applications.  

This project leverages advanced generation systems, integrated power electronics, 

advanced control systems and intelligent thermal management, in order to develop an 

innovative advanced integrated mechatronic device for electrical power management 

in turboprop aircraft. The mechatronic system is composed of three elements: electrical 

machine, power converter, and controller, aiming to provide improved and greener 

performing turboprop aircraft that is multi-functional, efficient, reliable, compact and 

light-weight. For instance, mechatronic device is used in the project to deliver electric 

power to drive the propeller when the aircraft is taxiing between the airport and the 

runway (or vice versa), before or after a flight, instead of using power directly from the 

main turbine engines. This measure saves fuel and reduces noise and emissions, 

resulting in a cleaner, safer, quieter, and more ecologically compliant environment for 

those people who work in, or live near, the airport. The success of ACHIEVE will 

contribute to reducing CO2 and NOx pollution as well as noise emissions. In terms of 

high-power density, the system is expected to deliver >10kW/L. Additionally, it uses 

advanced thermal management to operate in a maximum 110°C ambient temperature. 
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Figure 1.5. Application background [19]. 

As seen in Figure 1.5, the whole ACHIEVE system is integrated in an aircraft engine 

gearbox (framed by dashed lines), allowing aircraft to switch off the engines completely 

and use the battery and motor to drive the propeller which propels the aircraft along the 

taxiways between the runway and the airport terminal. The electrical machine in this 

system is a dual three-phase Permanent Magnet Synchronous Machine (DTP-PMSM) 

that is installed on the propeller shaft and has two operation modes: motoring mode and 

generation mode. In the green taxing mode, it operates as a motor and is used for taxiing 

and driving propellers. In the generation mode, it is driven by the engine and operates 

as an electrical generator.  

There are two challenges in the successful application of abovementioned electric 

machine: first, due to the special structure of the DTP-PMSM [19], traditional vector 

control of PMSM [20] cannot be applied on it; Second, access of rotor position for the 

DTP-PMSM is difficult to implement. The high-performance control of machines in 

MEA, especially the vector control, requires information of rotor position and/or speed 

to obtain expected control results. Conventionally, the feedback of rotor position and/or 

speed information is achieved by using mechanical sensors such as photoelectric 
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encoders and Hall devices. Yet, in this system, the environment temperature could be 

up to 130 ℃ and such high value may deteriorate the fragile position sensors and bring 

about its failure. Meanwhile, the gearbox does not have enough space for the instalment 

of conventional sensors. Therefore, eliminating the position sensor of the DTP-PMSM 

is complulsory and development of a proper sensorless algorithm for such novel system 

shall be the core area of research in this Thesis. 

1.3 Aims and Objectives 

1.3.1 Aims  

Following an overview of potential opportunities and challenges of the ACHIEVE 

project, this work aims to develop a new strategy  regarding vector control of DTP-

PMSM in both motoring and power generation mode and to investigate solutions of 

sensorless control for such system. 

1.3.2 Objectives  

The aim of this research can be achieved through the following objectives: 

⚫ Propose a novel modelling method that can apply field oriented control to 

the special DTP-PMSM system.  

⚫ Develop a vector control over the entire speed range covering both 

motoring and generation modes for the system. 

⚫ Investigate the sensorless control of the multi-three-phase PMSM, based on 

the review of state-of-the-art sensorless strategies for dual three-phase 

machines. 
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⚫ Develop  simulation models in support of the proposed conventional and 

enhanced sensorless control methods. 

⚫ Prove the key theoretical findings by experiments; this will require 

developing of a test rig to enable experimental support to the proposed 

sensorless strategies. 

1.4 Structure of Thesis  

This Thesis is organized into eight chapters and the structure of it is outlined as follows: 

Chapter 2: Explain the research background of this Thesis. An analytic review of 

existing research on multi-three-phase machine and sensorless control is introduced in 

detail. 

Chapter 3: Analyse the basic structure and mathematical model of the dual three-phase 

PMSM engaged in this Thesis. Based on the unique asymmetric winding structure of 

the machine, a new coordinate transformation method is proposed, and the space vector 

decoupling of the two-phase three-phase machine and the PWM control strategy are 

introduced. 

Chapter 4: Based on the mathematical model of permanent magnet synchronous 

machine, the principles, and characteristics of the sensorless control algorithm in 

different speed ranges are introduced. 

Chapter 5: Since the application of the DTP-PMSM in this study is mainly in the high-

speed stage, the model reference adaptive method based on the machine model is 
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introduced, and for its sensitivity to  machine parameters, an enhanced method with PM 

flux estimation is proposed. Simulation results verify the effectiveness of this scheme. 

Chapter 6: An operation scheme that combines a low-speed I/F control for start-up and 

high-speed speed-current cascaded closed-loop vector control is proposed and utilized. 

The hybrid method covers the full-speed range in motoring mode, and it is verified by 

simulation results. 

Chapter 7: The developed experimental platform of the sensorless control system of 

dual three-phase PMSM permanent magnet synchronous  machines is reported. The 

experimental results of the sensorless control scheme under various operating 

conditions of zero, low, medium, and high speeds are given, confirming that the full 

requested speed range (up to max speed) of the PMSM is achieved. 

Chapter 8: Summarizes the conclusions obtained in this study and provides a 

preliminary outlook on the deficiencies of the work and the potential direction of future 

research. 
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Chapter 2 Sensorless Control of Multi-Three-Phase Machine 

based Starter/Generator System for More Electric 

Aircraft  

This chapter provides a literature review of existing knowledge related to this study, 

covering motoring/generating systems in More Electric Aircraft (MEA), multi-three-

phase machine research, etc. The different sensorless control methods have been 

presented and compared as well. The ACHIEVE project to which this research is 

aligned is reviewed and the control strategy is explained in detail. 

2.1 Electric Power System in the More Electric Aircraft 

The aircraft electrical power systems have seen significant changes in recent years as 

the move towards MEA makes aircraft more and more dependent on electricity. The 

evolution of aircraft electrical power systems including power generation, distribution 

and utilisation will be reviewed in detail in this section. 

2.1.1 Power Generation 

With the advent of the MEA initiative, electric power systems are progressively taking 

the place of pneumatic, hydraulic, and mechanical power systems [5, 8, 21]. Over time, 

this trend has led to an increase of required electric power, particularly for larger aircraft 

[9, 22, 23], as sketched in Figure 2.1. Apparently, power generation plays an important 

role among the on-board electrical power system. The evolution of electric power 

generation on-board of aircraft is illustrated in Figure 2.2. 
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Figure 2.1 Evolution of electrical power need[9]. 

  

Figure 2.2 Evolution of Electric generation system [24]. 

2.1.1.1 DC Generation 

The DC generators are controlled to supply constant DC voltage even with variable 

engine speed and electrical loads. This control also needs to satisfy aircraft standards 
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to ensure compatibility between the aircraft electrical power system and other loads 

(refer to MIL-STD-704F [25]). 

In the early days, electric power on aircraft is mainly used by communication and 

ignition systems. For instance, the first DC generators are typically rated for less than 

500W and usually adopted 6- and 12 VDC voltage levels [26, 27]. The operation of 

lighting, signalling, and heating systems increased the electric power requirements. 

Hence, the generator capacity rose up to 1 kW [28], as well as the voltage level, which 

was increased to 28 VDC. In the early 1950s, a customized DC starter/generator (S/G) 

was built for the Republic F-84 Thunderjet. This S/G is able to continuously operate at 

7500 RPM, while providing a current of 400 A[29]. During the past decade, potential 

of higher voltage level electrical systems has been investigated, since higher voltage 

implies lower current for a given power. For instance, 270 VDC system has been 

developed for military aircraft such as the Lockheed Martin F-22. 270 VDC system is 

more efficient than conventional methods of power generation due to reduction of 

required power conversion stages and weight savings. Yet, there are some limits for 

270 VDC [11]: 

• The peak current cannot exceed 400 A, otherwise, the size of conductors and 

switchgears to carry the necessary current becomes prohibitive. 

• The brush wear on brushed DC generators becomes excessive with resulting 

maintenance costs if the current exceeds 400 A or the power per channel is over 

12 kW. 

• Conventional DC circuit breakers cannot be used at such high voltages 270 

VDC and as a consequence, 270 VDC protection devices need to be developed. 
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2.1.1.2 AC Generation 

Most aircraft were still DC powered even after World War II. However, from the 1960s’ 

onward, increasing speeds and aircraft size led to an unprecedented increase of required 

electric power. Furthermore, reliability and power density became ever more critical. 

For these reasons, a general worldwide trend moving towards AC generation is 

observed [30, 31]. In the following subparagraphs, the most common AC electric power 

systems are detailed and analysed.  

1) Constant Frequency Power Generation 

The 115 VAC at 400 Hz constant frequency (CF) aircraft system initiated in the 1960s. 

This generation of electrical networks was equipped with fixed frequency (115/200 

VAC 400 Hz) integrated drive generators as on the A320, A330, and A340. With this 

architecture, a complex mechanical gearbox that keeps the mechanical speed, and hence 

the electrical frequency, constant on the aircraft’s electric bus is used, as shown in 

Figure 2.3.  

 

Figure 2.3 A constant frequency generation system using a mechanical gearbox[32]. 

Yet, the cost of purchase and maintenance of the mentioned gearbox could be high due 

to the complexity of the hydro-mechanical drive system [33]. In addition, the use of the 

gearbox reduces the reliability of the entire system. Hence, this topology nowadays 
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appears not to be the best choice. There are two topologies that are considered as 

alternatives to CF power generation method. 

2) Variable Speed Constant Frequency Power Generation 

The variable speed constant frequency (VSCF) topology is similar to the CF topology 

as three-phase AC power with constant frequency is produced irrespective of the shaft 

speed. The difference is power electronic converters that could be more efficient are 

used to regulate the power output. The output of the generator is of a variable frequency 

related to the speed of the turbine. This electrical frequency, which changes during 

phases of flight in response to changing engine operational mode, is processed by a 

regulated AC/AC power converter and filter to produce a fixed frequency supply for 

the aircraft’s Electrical Power System (EPS). The AC/AC power conversion could be 

realized using various power converter topologies including matrix converters, 

cycloconverter (Figure 2.4) and back-to-back converters with DC-link (Figure 2.5). The 

architecture of a VSCF with a cycloconverter is mainly used on military aircraft, such 

as for the F-18 fighter aircraft, the F-117A stealth attack aircraft, and the V-22 ultrahigh 

altitude reconnaissance aircraft [11], [34]. The VSCF system using a DC-link was 

mounted on the MD-90 until 2000 and it is still used on the B777, for the two 20 kVA 

backup generators [35]. The DC-link is beneficial for feeding high voltage loads and 

charging batteries through DC/DC converters whilst the bulky DC-link capacitor 

increases the size and weight of the system. In such a VSCF generation system, no 

gearbox is needed between the gas turbine shaft and the generator; however, the 

drawback is that this power converter must process all the generated power and, 

therefore, must have the full power rating and high reliability to comply with the safety 
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requirement of aircraft manufacturer. In such systems, the power electronic converters 

are the bottle-neck of reliability. 

 

Figure 2.4 VSCF system using DC-link [4]. 

 

Figure 2.5 VSCF system using AC/AC converter [4]. 

3) Variable Frequency Power Generation  

The third topology is referred to as variable frequency (VF), also known as ‘frequency-

wild’. This has been getting a lot of attention in the field of future aircraft power 

generation research as it is a quite promising potential methodology. As sketched in 

Figure 2.6, the generator is coupled to the engine shaft via a variable speed drive and 

outputs three-phase VF power ranging between 300 to 900 Hz depending on the engine 

speed. The key advantage of this layout is that the direct connection between the 

generator output and the electrical power system provides a simple and very reliable 

configuration. The drawback is that nearly all aircraft loads will require power 

converters for control, as the variable-frequency supply cannot be used directly by some 

onboard loads. However, many loads, for example, actuators, require this power 

conversion stage for control even when operated from a fixed frequency supply. Having 
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extra distributed power converters gives more options for a safe aircraft system design 

as redundancy could be built-in at the system level, avoiding any single points of failure 

within the design [4] . In new aircrafts such as the Boeing 787, Airbus A380 and A350, 

this VSVF architecture has been employed [36]. In these aircrafts, while the voltage is 

regulated at either 115 (A380) or 230 VAC (B787), the frequency changes with the 

engine speed and typically varies between 320 and 900 Hz [37]. This change in 

paradigm leads to establishing power conversion for many loads, including motor 

drives. As a result, power electronic converters are needed locally.  

 

Figure 2.6 A variable frequency generation system (with AC distribution) [4]. 

Compared with AC systems that are used primarily on military vehicles and military 

aircraft, variable frequency generation with high voltage DC (HVDC) distribution 

structure is shown in Figure 2.7. The difference is that the generated electrical power is 

rectified to the DC bus for further distribution since there is a HVDC bus bar (270 V or 

540 V). 

 

Figure 2.7 A variable frequency generation system (with DC distribution) [4]. 
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As detailed above, the typical power generation system mainly evolves from 115 VAC 

400 Hz CF, VSCF, to VSVF. Table 2-1 lists the types of power generation system in 

recent civil and military aircrafts. 

Table 2-1 Power generation type for recent aircrafts[36]. 

 

AC generation shows several advantages when compared with DC generation. First of 

all, a significant improvement is achieved in terms of power density. A relevant 

advantage is the potentially much higher operating voltage. Particularly, a significant 

cabling weight reduction was achieved since increasing the operating voltage means 

increasing the current for the same power. With respect of the reliability, the absence 

of commutators on AC generators improves its lifetime maintenance and reduce the 
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maintenance requirement [38]. However, the advent of AC generators also introduced 

new challenges, mainly due to the following issues [32]:  

• The parallel operations. 

• The need to manage reactive power. 

• The choice of an appropriate frequency.  

AC generators could be operated in parallel, when the developed voltages have the 

same amplitude, phase, and frequency. Conversely, only the same voltage amplitude is 

needed for DC generators. Furthermore, unlike AC systems, the DC ones do not involve 

reactive power; hence, the related issues (e.g., power factor correction) are avoided. 

The control of AC generator systems is similar, except for the addition of a separate 

DC power source for field excitation. Additional regulators are also required to control 

this DC power source which makes the control slightly more complex. 

2.1.2 Power Distribution 

Electrical power is distributed throughout the aircraft after being produced by the 

generators. In the traditional aircraft model, all of the electrical power is produced from 

engines-driven major generators (next to the engines) and APU-driven generator (in the 

aft area). The generated electrical power is then routed to the front of the aircraft for 

control. In the event that one generator fails it is automatically isolated from its 

respective busbar and all busbar loads are then taken over by the alternative generator. 

As shown in Figure 2.8, in conventional aircraft systems, the synchronous generator 

supplies AC voltage at constant frequency to the AC loads through the aircraft. AC/DC 
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rectifiers are used to convert the AC voltage with fixed frequency at the main AC bus 

to DC voltage at the secondary buses which provides electrical power to DC loads. 

For modern MEA, the new solid-state power controllers and contactors with 

communication function allow for the possibility to eliminate the configuration in 

favour of decentralised distribution [39]. This results in increased efficiency of the 

power distribution system, as line losses are decreased due to shorter distances between 

generation and consumption. Moreover, significant weight and volume savings could 

be realized, as the power rating of the main conductors is reduced. These weight savings 

and rating reductions contribute both to improved fuel efficiency of the aircraft and a 

lower total cost, as the lower rated equipment could be purchased at a reduced price. 

Additionally, the distributed power system configuration realizes maintenance cost 

savings. The Boeing 787 is an example of this modern network configuration and is 

shown in Figure 2.9. It has 2x250 kVA S/G per engine, resulting in 500 kVA of 

generated power per channel. In addition, 2x225 kVA APU S/G are on board. Instead 

of 115 V 400 Hz (fixed frequency) bus, the main bus is of high voltage (230 VAC) and 

variable frequency ranging from 360 to 800 Hz [40]. 
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Figure 2.8 Power distribution system in conventional aircraft[35]. 

 

Figure 2.9 Power distribution system in a modern aircraft B787[41]. 
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It is clear that according to the above description, modern MEAs provide the flexibility 

to aircraft that generating and distributing power to the nearby location where it is being 

consumed. 

2.1.3 Power Consumption 

Once the aircraft electrical power has been generated and distributed then it is available 

to be consumed by the aircraft services. These electrical services cover a range of 

functions spread throughout the aircraft depending upon their task. While the number 

of electrical services is legion, they may be broadly subdivided into the following 

categories [11]:  

• Motors and Actuation. 

• Lighting Services. 

• Subsystem Controllers. 

• Avionics Systems. 

• Heating Devices. 

Various motor applications in the aircraft are shown in Figure 2.10. The number of 

motors and the power requirement associated with each type of application for existing 

popular aircrafts are listed in Table 2-2. Large aircraft may have twice as many loads, 

as well as higher power requirements for each load. The availability of adequate 

lighting is essential to the safe operation of the aircraft. Lighting systems includes 

external lighting such as navigation, strobe, landing/taxi, formation, inspection, 

emergency evacuation and logo lights. Internal lighting includes cockpit/flight-deck, 

passenger service and emergency/evacuation lighting. The heating load represents the 
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power needed for anti-icing or de-icing systems which could consume many dozens of 

kVAs. The actuation load represents the power needed for the operation of electric 

actuations inside the aircraft. Although electric actuation needs electric machines, 

power converters and controllers, it provides many advantages over using the hydraulic 

and mechanical counterparts. These potential benefits may include the following [36]: 

• Reduced maintenance due to the modular nature of the system.  

• Increased functionality since there is individual control of each surface element.  

• Improved fault detection, as all monitoring is electronic and transmitted to the 

pilot.  

• Wear and degradation could be easily monitored by the sensor control systems.  

• Reduced mass and higher efficiency than mechanical actuators. 

 

Figure 2.10 Onboard motor applications and their functions[36]. 
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Table 2-2 Potential Motor Drive Applications for Aircrafts[36]. 

 

2.1.4 Starter/Generator System 

The integrated S/G is considered as one of the core technologies in the MEA paradigm 

from the early 1990s. As shown in Figure 2.11, the electric S/G system has two main 

paradigms in the electrification of aircraft systems, depending on whether the S/G is 

integrated to an AC or DC distribution grid. A S/G system must be designed for 

bidirectional power flow and has basically two modes of operation. In the motoring 

mode, the machine is driven by a bidirectional power converter and uses the power 

coming from the supply bus to accelerate the aircraft engine. Since the control target in 

the motoring mode is the machine speed, as can be seen, the speed signal is sensored 

and the control system regulates the machine speed to its reference value. This 

mechanical energy could be harnessed to the engine shaft and cause the engine to spool 

up to a speed where the combustion ignites, and the engine becomes self-sustaining. In 

the generating mode, the engine acts as a source of mechanical power that is converted 

by machine and the interface inverter supplies the onboard loads through constant 

frequency (CF), variable frequency (VF) or DC supply from variable speed (VS) 

operation. In this way, the S/G is beneficial to facilitate electric engine crank, assist the 

engine in reaching the desired idle speed, generate power to drive the onboard 

auxiliaries, and improve the overall system efficiency [42].  
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(a) 

 

(b) 

Figure 2.11 Electric S/G system in the MEA. (a) interface to a DC distribution system. (b) VSCF AC 

distribution[43]. 

The torque-speed characteristic of the aircraft S/G is shown in Figure 2.12. In the 

motoring mode, machine runs as a motor and accelerates the engine which is behaving 

as a load to the self-sustaining speed 𝜔𝑠𝑡𝑎𝑟𝑡 . From standstill to 𝜔𝑏𝑎𝑠𝑒 , the machine 

operates in the constant torque region where the maximum torque of the machine could 

be achieved. Between 𝜔𝑏𝑎𝑠𝑒  to 𝜔𝑠𝑡𝑎𝑟𝑡 , the machine provides a constant power to 

accelerate the engine until the engine is fired and becomes self-sustaining. When the 

machine reaches 𝜔𝑚𝑖𝑛 the engine is finally self-sustained and the generator operation 

is initiated. In the generation mode, the machine is required to produce maximum 

constant power up to a maximum speed (𝜔𝑚𝑎𝑥).  
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Figure 2.12 Torque-speed profile of the aircraft S/G[43]. 

Considering that the harsh operating conditions and the high temperatures may push 

most materials close to their limits, more innovations in materials, thermal management 

systems design, etc are required. Consequently, various types of electric machines have 

been proposed for S/G applications, including brushless wound-field synchronous 

machines (WFSMs), induction machines (IMs), switched reluctance machines (SRMs), 

and permanent magnet machines (PMMs) [44, 45]. Figure 2.13 illustrates the basic 

structure and most common power electronic conversion (PEC) interface of each 

candidate solution assuming an AC/DC interface solution as Figure 2.11 (a). The key 

points of the different machines are summarized in Table 2-3. 
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(a)                            (b)                             (c)                            (d) 

Figure 2.13 Considered choices for electrical machines in MEA architectures with an AC/DC interface. 

(a) WFSM. (b) Squirrel-cage IM. (c) PMM.(d) SRM[46]. 

Table 2-3 Summary of the Electrical Machines for S/G system[43]. 

 

The brushless WFSM with a rotating diode bridge is the most popular state-of-the-art 

S/G technology [43]. It enjoys high power factor in a wide speed range and reliable de-

excitation ability in case of a failure. Yet, its physical speed limit reduces its potential 

application in the higher power densities region [47]. 

The IMs are also a good solution for S/G systems because of their simple structure, low 

cost, and strong robustness. Extensive feasibility research focusing on using IM as a 

S/G has been reported in [44, 48-50]. However, induction generators have not been 
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used in actual aircraft power generation and the use of an IM as an embedded S/G needs 

to be further explored for aircraft applications. 

The SRMs have been considered and investigated as a S/G in [51-55]. The main 

features of the SRM-based system include fault tolerance, suitability to operate at high 

speeds and in harsh environments, and relatively high power density [56]. However, 

SRM has limited high speed capability and a high torque ripple [57]. Due to the acoustic 

noise and torque pulsations of SRMs, the use of SRMs for aerospace applications is 

still limited.  

The PMMs have been gaining interests for aircraft S/G system over the last few years 

mainly owing to several merits, including high power density, high efficiency and speed 

ability[58-60]. Due to these advantages, the focus of this Thesis is on the PMM-based 

S/G system. However, there are still some limitations of this topology. For instance, the 

PMMs are not inherently fault tolerant. In order to improve the reliability of system, 

multi-three-phase machine and sensorless control will be considered and discussed in 

the following content.  

2.2 Review of Multi-Three-Phase Machine Research 

Over the past two decades, multi-three-phase machines have received increasing 

interest in MEA as they achieve notable improvements in various aspects of 

performance compared with the use of conventional three-phase electric machine drives 

[61].  
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Specifically, compared with three-phase drive system, the advantages of multi-three-

phase machine are mainly reflected in the following aspects [62]: 

⚫ Low-voltage high-power drive is realized. Due to the increase in the number of 

machine phases, the output power of each phase is greatly reduced when the total 

output power remains the same, effectively reducing the level of power devices on 

each bridge leg. Taking surface mounted PMSM as an example, when changing the 

three-phase winding to multi-three-phase winding, if the torque coefficient of the 

machine after the modification is unchanged, that is, the same phase current 

corresponds to the same electromagnetic torque, the Back EMF produced in each 

phase of the multi-three-phase winding at the same speed will be reduced. In this 

way, the power supply voltage required for each phase is reduced, thereby high 

power output of low voltage is obtained.  

⚫ Torque ripple is reduced. As the number of machine phases increases, the number 

of spatial harmonics increases, the torque ripple frequency increases, and the 

amplitude decreases, thereby reducing the noise and vibration of the machine during 

operation. The main purpose of the early research on multi-three-phase machines is 

to reduce torque ripple. Although the current PWM technology is increasingly 

mature and low-order harmonic currents could be ignored, the air gap harmonic 

magnetic field which is produced by the non-linear factors such as slotting of the 

core of the machine, still produce torque ripple through interacting with 

fundamental current. And the more the number of machine phases, the higher the 

frequency of torque ripple generated by the fundamental current. 

⚫ Fault tolerance ability is improved. When one-phase phase failure occurs in the 

traditional three-phase machine, the neutral point of the machine must be connected 
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to the midpoint of the DC bus, otherwise it will be reduced to a single-phase 

machine and cannot start automatically. For multi-three-phase machines, when one-

phase or multi-three-phase faults occur in the stator windings, there is no need to 

draw out the neutral line or shut down. By using an appropriate fault-tolerant control 

strategy to make the remaining machine windings synthetic rotating magnetic 

potential trajectory circular, the machine could be stabilized to run. It should be 

noticed that as the quantity of power electronic devices increases, the reliability of 

system might decrease since power electronic devices is much more likely to fail 

than machines.  

⚫ Control resources are enriched. For multi-three-phase machines with concentrated 

full-length windings, a constant torque could be generated by injecting an 

appropriate ratio of low-order harmonic currents and corresponding harmonic 

magnetic fields, thereby increasing the power density of the machine. The space 

voltage vector of the multi-three-phase inverter increases exponentially, providing 

abundant control resources for PWM modulation, direct torque control, and 

predictive current control. For example, dead zone could be compensated through 

the control of the harmonic sub-plane component and over modulation.  

In the 1950s, White. D conducted theoretical research on machines with any natural 

number of phases, and established the electromechanical energy conversion theory of 

multiphase AC machines, which laid the theoretical foundation for application of 

multiphase machine speed control transmission systems [63]. The research of multi-

three-phase speed control transmission system could date back to the 1960s when 

scholars such as Ward. E studied the AC speed control system powered by a five-phase 

inverter [64]. In the 1980s, T.M. Jahns proposed the concept of phase redundancy to 



32 

 

improve the reliability of the machine drive system [65]. Since 1990s, the rapid 

development of machine control theory, power electronics technology, PWM 

technology, and DSP has provided a good platform for the technical improvement of 

multiphase machines. Meanwhile, in the automobile, ship, rail transit and aerospace 

propulsion systems, the high-efficiency and high-reliability electrification process has 

greatly promoted the application of multiphase machine technology.  

Research teams about multiphase machine around the world and their research objects, 

research fields and main representative publications are shown in Table 2-4. Each 

research team has its own focus. T.A. Lipo’s team has engaged in the modelling and 

fault-tolerant control of multiphase machines since the 1980s, addressing the basic 

method of multiphase machine analysis. H.A. Toliyat studied the harmonic injection of 

five-phase machines to improve power density and direct torque control. E. Levi mainly 

conducted in-depth study on the multiphase-multimotor drive system of the single drive 

system, analysed its mechanism, and provided a system solution for occasions with 

high space requirements. F. Barrero and M. J. Duran introduced predictive control into 

the multiphase machine drive system and optimizes the current loop of vector control 

and direct torque control. Professor Z.Q. Zhu of Sheffield University started his 

research of multiphase machines from 2010. By innovatively applying the traditional 

three-phase vector, direct torque control and sensorless control technologies to 

multiphase machines, great progress has been made in harmonic current suppression 

and sensorless control. Jin Huang's research team at Zhejiang University has been 

conducting intensive study on mathematical modelling, fault diagnosis, fault-tolerant 

control of multiphase machine and multiphase single-winding bearingless machine 

control system since the 1990s. In summary, with the demand for high reliability, 
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electrification, and intelligent development in the fields of aerospace, ship propulsion, 

electric vehicles, etc., multiphase machines show great advantages in the above fields. 

The obvious competitive advantage will definitely attract more and more scholars and 

enterprises to carry out further research and industrialization.  

Table 2-4 Research team of multiphase machine around the world [62]. 

Affinity 
Team 

Leader 
Research Objects Research Area Sources 

University of 

Wisconsin 
T.A. Lipo 

5 phase IM 

6 phase IM 

⚫ Vector control 

⚫ PWM modulation 

Fault tolerance 

[66-69] 

University of 

Texas M&A 

H.A. 

Toliyat 

5 phase IM 

5 phase PMM 

⚫ Vector control 

⚫ Direct Torque 

Control 

⚫ Fault tolerance 

⚫ Sensorless control 

[70-73] 

 

University of 

Liverpool 

John Moores 

E. Levi 

5 phase IM 

DTP IM 

Multiphase-

multimotor drive 

⚫ Multimotor series 

drive 

⚫ PWM modulation 

⚫ Predictive control 

⚫ Fault tolerance 

[74-78] 

 

University of 

Seville 
F. Barrero 

5 phase IM 

6 phase IM 

⚫ Predictive control 

⚫ Intelligent control 

Fault tolerance 

⚫ Sensorless control 

[79-83] 

University of 

Malaga 
M.J. Duran 

5 phase IM 

6 phase IM 

⚫ Predictive control 

⚫ Intelligent control 

Fault tolerance 

⚫ Sensorless control 

[81, 84-87] 

University of 

Sheffield 
Z.Q. Zhu 

5 phase PMM 

DTP PMSM 

⚫ Vector control 

⚫ Direct Torque 

Control 

⚫ Fault tolerance 

⚫ Sensorless control 

[88-94] 

Zhejiang 

University 
J. Huang 

5 phase IM 

9 phase IM 

⚫ Fault diagnosis 

⚫ Fault tolerance 

⚫ Sensorless control 

[95-100] 

As shown in Table 2-4, among various research teams of multiphase machine, the 

sensorless control of DTP-PMSM system is developed by Prof. Z. Q. Zhu’s team from 

the University of Sheffield. However, they basically focus on the zero and low speed 

range sensorless control system design which has no obvious relevance to this study. 



34 

 

Hence, there is a gap in existing research about the high-speed range sensorless control 

design for DTP-PMSM system. 

2.3 Review of Sensorless Control Study  

The high-performance control of electric machines in MEA, especially vector control, 

requires information of rotor position or speed to obtain expected control results. The 

feedback of rotor position or speed information is usually achieved by using mechanical 

sensors such as photoelectric encoders which could be divided into incremental encoder, 

absolute encoder, and hybrid rotary encoder. The incremental encoder shown in Figure 

2.14, utilize the photoelectric signal to convert the mechanical angle of the shaft into a 

digital signal. Each rotation angle of the shaft produces a pulse signal, so the rotation 

angle of the rotor could be calculated by counting the pulse signal.  

 

Figure 2.14 Working principle diagram of photoelectric incremental encoder. 

The principle of absolute encoder is shown in Figure 2.15. The absolute rotation angle 

of the machine is read according to the light and dark distribution of the binary dial on 

the photoelectric signal scanning index plate. 

The hybrid rotary encoder which outputs relative rotation angle and absolute rotation 

angle at the same time combines the flexibility of incremental encoder and the accuracy 

of absolute encoder.  
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The position sensors are fragile components which could be easily damaged under 

harsh environment conditions such as mechanical vibration, high temperatures [101, 

102]. The specific fault phenomenon and reason analysis are detailed in Table 2-5. 

 

Figure 2.15 The principle of absolute encoder. 

Table 2-5 Fault classification and cause analysis of position sensor. 

 



36 

 

As position sensors are vulnerable, their elimination and replacement by application of 

sensorless algorithm will help to improve system reliability. In the following content, 

the state-of-art of PMSM based sensorless control research will be reported. 

2.3.1 Overview of Sensorless Study for Three-Phase PMSM 

In the last few decades, a tremendous effort has been done to develop the sensorless 

control techniques for a wide speed range [103-105]. Generally, sensorless PMSMs 

drives method are classified into two categories, i.e., model-based sensorless control 

typically applied in high-speed range and saliency-based sensorless control applied in 

low-speed range [106-108]. The PMSM sensorless control block diagram based on the 

model-based methods is shown in Figure 2.16.  

 

Figure 2.16 Block diagram of general model-based sensorless drive system. 
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As shown in Figure 2.17 [109], the estimated processes of the rotor position and speed 

which are based on the model-based methods could be divided into two parts: back 

EMF or flux estimation, and position/speed observer [110].  

 

Figure 2.17 General block diagram of position/speed estimation procedure for model-based sensorless 

control. 

According to the observed methods of the back EMF or the flux linkage information, 

the model-based methods [111-117] could be generally categorized as: model reference 

adaptive system (MRAS), extended Kalman filter (EKF), flux linkage observer, sliding 

mode observer (SMO), state observer, artificial intelligence-based estimation method, 

etc. Although model-based method was proposed and commercialized initially, it fails 

in the low-speed range due to the low signal-to-noise-ratio caused by modelling 

uncertainty, inverter nonlinearity, etc [106]. To improve the sensorless control 

performance at zero-to-low speed, the saliency tracking-based method is developed. As 

shown in Figure 2.18, it includes two main categories roughly: signal injection-based 

methods and fundamental pulsewidth modulation (PWM) excitation (FPE)-based 

methods [118-125]. 
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Figure 2.18 Categories for saliency-based position sensorless control. 

2.3.2 Overview of Sensorless Study for Dual Three-Phase PMSM 

Compared with the traditional three-phase PMSM, the DTP-PMSM has the 

characteristics of complex structure, high dimension, and strong coupling. Hence, there 

are relatively few researches of sensorless control of DTP-PMSM. The sensorless 

control of DTP-PMSM are achieved by adopting the traditional sensorless control 

method used in three-phase machine to multi-three-phase system. It is divided into two 

categories roughly: model-based and saliency-based method [126]. 

Model-based method is mainly used in wind power generation systems, ship propulsion, 

electric vehicles and other fields that require high-speed machines. [127] proposes to 

estimate the rotor position of a DTP-PMSM through back EMF with requirement of 

neither machine parameters information nor high-frequency test signal. In [128], DTP-

PMSM is applied in direct-drive wind power generation systems, utilizing model 

reference adaptive algorithms to estimate generator speed, and obtaining the initial rotor 
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position by DC excitation of the machine stator. In [129-132], MRAS is applied for 

DTP-PMSMs in different application scenarios. Especially, in [129, 130], online 

identification of PMSM parameters is developed by the authors, to obtain accurate 

machine parameters in ship propulsion filed. In [132], sensorless control algorithm is 

applied to the aircraft electric S/G system. In [126, 133-135], SMO is applied to dual 

three-phase machines for electric vehicles. In [136], a sensorless control algorithm is 

used for DTP-PMSMs based on adaptive sliding mode observer and multiple 

proportional resonance controllers. Using the hyperbolic tangent function instead of the 

switching function to weaken chattering, a back-EMF adaptive observer is proposed to 

avoid the phase and amplitude attenuation problems caused by the use of low-pass 

filters. [136] studied the effect of back-EMF and current harmonics on the accuracy of 

position and speed estimation of single and double three-phase PMSM. Two model-

based sensorless control strategies namely the flux linkage observer (FO) and the 

simplified extended Kalman filter (EKF) method , were used and compared. [137] 

studied the position sensorless control of high-speed DTP-PMSM applied to turboprop 

aircraft, green taxi motors and engine generators. In this Thesis, two different types of 

back-EMF based sensorless control methods using phase-locked loop (PLL) and 

Luenberger observer [138] are compared. In [93], an improved rotor position estimation 

strategy based on third harmonic back-EMF for single and DTP-PMSM under 

imbalanced situation is proposed. 

Meanwhile, saliency-based methods for DTP-PMSM are developed. [139, 140] 

introduced a position estimation method for DTP-PMSM based on high-frequency 

voltage injection at zero-low speed. Compared with traditional three-phase machines, 

DTP-PMSMs could significantly reduce the torque and current fluctuations caused by 
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the high-frequency signal injection. This method is increasingly widely used in the fault 

starting of automotive applications. [92, 94] introduced a method of using zero-

sequence carrier voltage to improve the estimation accuracy of rotor position. Due to 

the additional degrees of freedom of the DTP-PMSM, two high-frequency signals could 

be injected into two winding devices independently. Therefore, through the optimal 

phase shift angle between the injected signals, an improved rotating carrier signal 

injection method based on zero-sequence voltage sensorless position is proposed, 

which could effectively suppress the position estimation error caused by the 6th 

harmonic. M. Barcaro et al also analyzed the torque component and sensorless position 

detection capability of DTP-PMSMs equipped with two fractional slot windings. Using 

permanent magnet torque and reluctance torque to characterize the salient polarity of 

the rotor, the comparison study of the sensorless rotor position tracking ability of the 

dual three-phase embedded PMSM under normal and faulty operating conditions was 

carried out. Even in the fault state, only one set of fractional slot windings has good 

salient polarity, and the rotor position could be well detected by the high-frequency 

signal injection method [141].  

The DTP-PMSM based motoring/generating system in this study is quite novel and 

there is a gap in existing research about the sensorless control of such system. 

According to the review of sensorless control methods for DTP-PMSM system, MRAS 

is selected for this study since it is relatively robust and simple in implement.  
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2.4 ACHIEVE Project 

The work presented in this Thesis is aligned with the ‘Advanced meCHatronIcs 

dEVices for a novel turboprop Electric starter-generator and health monitoring system’ 

(ACHIEVE) project, a part of the Clean Sky 2 programme [17, 142]. This project has 

conducted intensive trade-off studies of developing a next-generation highly-integrated 

motoring/generating system for turboprop applications [18].  

The ACHIEVE system is designed to meet the following technical specifications: 

1) Machine speed in motoring mode is up to 12.4 krpm, in generating mode is from 

12.4 k to 14.2 krpm. 

2) In generation mode, the system should provide up to 20 kW of electrical power 

to the 540 V DC bus. 

3) The design of a motor/generator is required to integrate inside the propeller 

housing.  

4) The space for the machine is restricted to 170 mm, 91 mm and 68 mm as outer 

diameter, inner diameter, and the axial length of the machine respectively, 

including end windings overhang and housing width on both sides. 

5) No space for encoder installation, hence sensorless control is essential.  

6) The electric power quality should meet MIL-STD-704F [25] requirements. 

7) Good reliability and fault tolerance. 
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2.4.1 Electric Machine 

The DTP-PMSM is designed to integrate inside the propeller housing as shown in 

Figure 1.5. The space for the machine is restricted to 170 mm, 91mm and 68 mm as 

outer diameter, inner diameter, and the axial length of the machine respectively, 

including end windings overhang and housing width on both sides.  

The DTP-PMSM for this application is shown in Figure 2.19. It has a surface-mounted 

topology due to its high power density and the strict volume requirements restricted by 

the limited housing size. Non-oriented electrical steel (JFE_10JNEX900 [143]) is 

considered for stator laminations due to its excellent low iron loss profile and high 

magnetic flux density properties. For the permanent magnet material, Samarium Cobalt 

(Recoma 33E) was chosen from Arnold Magnetics due to its highest stability and 

magnetic output at elevated temperatures as compared to neodymium permanent 

magnets (NdFeB) [144]. The details of the machine design could be found in [145]. A 

number of design factors were considered, for instance the slot-pole combinations of 

the machine. Taking into account the power electronic converter losses and switching 

frequency limitations, an 18S/12P machine was selected for the application since it is 

the best trade-off between the space requirement, output power, fundamental frequency 

and cost. The maximum volumetric power density achieved in this project is 17.5kW/L. 

This value has been calculated by considering the whole envelope covered by the 

converter and not merely by summing the individual volumes of each component which 

would otherwise give a quite high power density value. 
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Figure 2.19 DTP-PMSM in ACHIEVE project. 

The DTP-PMSM with asymmetric windings distribution in this research is specifically 

designed for fault-tolerant requirements and has rarely been studied so far [146-148]. It 

satisfies all the given requirements, giving output power of 20 kW at 14.2 krpm within 

the volume of 1407 𝑐𝑚3. The parameters of the machine relevant in this research are 

listed in Table 2-6.  
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Table 2-6 Parameters of the DTP-PMSM in ACHIEVE project. 

Parameters Symbol Value Unit 

Machine stator resistance 𝑅𝑠 0.171 Ω 

Machine stator inductance 𝐿𝑑, 𝐿𝑞 530 𝜇𝐻 

Permanent magnet flux linkage 𝜑𝑚 0.03 Wb 

Pole pairs 𝑝𝑝 6 / 

Combined machine and engine inertia 𝐽 0.5 kgm𝑠2 

Rated speed 𝜔𝑟𝑎𝑡𝑒𝑑 12400 RPM 

Output power at rated speed 𝑃𝑟𝑎𝑡𝑒𝑑 30 kW 

Maximum speed 𝜔𝑚𝑎𝑥 14200 RPM 

Output power at maximum speed 𝑃𝑚𝑎𝑥 20 kW 

2.4.2 Power Converter  

The power converter in this study is designed for special aerospace applications in 

which the envelope is restricted by the aircraft manufacturer. This makes the converter 

design quite challenging because the geometry of the board is limited which restrains 

the components locations in terms of position and movement.  

Two-level VSC topology is explained in Figure 2.20. The two sets of three-phase 

windings are named ABC and UVW, respectively. They are star-connected with 

isolated neutral points. For the first set of windings, 𝑉𝑎 , 𝑉𝑏 ,  𝑉𝑐  are the three-phase 

voltages. 𝑆1 and 𝑆4 are the power switches on one leg of the converter. The same two-

level VSC topology is ‘copied’ for the UVW phases. In this way, the redundancy of the 

converter is increased to meet the reliability concerns from the aircraft manufacturers. 
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Figure 2.20 The SiC based two-level VSC converter in ACHIEVE project. 

From the preliminary design of DTP-PMSM, the converter limits were defined as 32 A 

Maximum AC current, 540 V DC-link voltage, and 40 kHz switching frequency. 

2.4.3 Thermal Management System 

The cooling systems of the machine and converter are built together. The engine oil is 

used as coolant fluid with nominal temperature of 50℃. The oil is supplied from the 

auxiliary gearbox with fluid flow rate of 6 L/Min. It firstly passes through a gap 

between the stator conductors to take away the heat generated in the machine stator. 

This gap is created by reducing the slot fill factor. And then the oil flows through the 

heat sink of the power electronic boards to dissipate the heat generated by the power 

converter. This cooling system is validated to maintain the temperature well below the 

maximum permited value.  

The ACHIEVE system offers merits in terms of high power density and efficiency, 

reduced mass and high velocity. Besides, fault tolerance of system is increased due to 

redundant converter topology.  
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2.5 Chapter Summary  

This Chapter has discussed solutions offered by the MEA concept including approaches 

to electric power generation, distribution and consumption. The candidates of the 

electric machines for the motoring/generating have been presented and compared. The 

state-of-the-art in the multi-three-phase machine research and sensorless control 

techniques are reviewed. The ACHIEVE project is introduced in detail. As discussed, 

the ACHIEVE project targets a novel turboprop electric motor/generator system. This 

will be based on a surface-mounted DTP-PMSM due to its high power density and 

reliability. The asymmetric windings configuration and the redundant converter 

topology are designed to meet the fault tolerance requirement by the aircraft 

manufacturer. Overall, this Chapter has detailed the key targets of research in this 

Thesis and established the methodologies and topologies that will be used as a basis for 

the investigations in the following Chapters. 
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Chapter 3 Control Strategy of Dual Three-Phase Machine in 

ACHIEVE with Encoder 

As aforementioned in Chapter 2, the electric machine applied in ACHIEVE 

motoring/generating system is different from the conventional dual three-phase 

machine. Hence, it is necessary to establish and analyse the mathematical modelling of 

the machine initially, and then, based on this model - to design a sensorless control 

system.  

3.1 Mathematic Model for DTP-PMSM in ACHIEVE  

The DTP-PMSM in this study has two star-connected three-phase stator windings with 

isolated neutral point. For conventional DTP-PMSM, windings of one three-phases set 

are always alternated along the stator circumference with equal interval [149, 150], but 

the machine discussed here is different as each set of windings is placed just on half of 

the stator. Since distributing multi-three-phases on opposite sides of the machine could 

lead to significant unbalanced magnetic forces on the rotor in the event of a fault with 

one three-phase set, most of the previous studies dealing with DTP machine are related 

to symmetrical windings distribution and there is a gap in the study of such 

asymmetrical winding machines [146-148]. 

3.1.1 Winding structure of ACHIEVE machine 

Figure 3.1 shows the structure of stator and rotor that has 18 slots and 12 poles. The 

winding connection and permanent magnet direction are labelled in the figure, showing 

the machine is split into two parts and each three-phase winding occupies half of stator. 
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This kind of winding distribution is specifically designed for fault-tolerant machine, 

which should have the capability of electrical isolation, magnetic isolation and physical 

isolation [151]. Splitting stator into two parts can achieve minimum mutual inductance 

between the two three-phase windings. This design is for magnetic isolation, which 

exhibits lower short circuit current and higher average torque when one three-phase 

windings is short-circuit [152, 153].  

 

Figure 3.1 Structure of Dual Three Phase Machine. 

The symmetrical three-phase windings should be alternated along the stator 

circumference with same interval. However, each three-phase winding is only displaced 

on half of the stator, which makes symmetrical displacement impossible. Inductance 

matrix for 6 windings is calculated from MagNet [154] and listed in Table 3-1.  
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Table 3-1. Machine inductance matrix. 

Unit:𝜇𝐻 A B C U V W 

A 326 -81 -111 20 50 20 

B -81 326 -111 50 20 20 

C -111 -111 326 20 20 20 

U 20 50 20 326 -81 -111 

V 50 20 20 -81 326 -111 

W 20 20 20 -111 -111 326 

Equation (3.1) divides Table 3-1 to four parts, L represents the self and mutual 

inductance within each set of windings, and M represents the mutual inductance 

between two sets. Both of them are 3×3 matrixes. 

 𝐿𝑠 = [
𝑳 𝑴
𝑴 𝑳

]
6×6

  (3.1) 

For a traditional symmetrical dual three-phase machine, both L and M should have one 

value for diagonal line items and another value for non-diagonal items, but L and M for 

this design do not meet that standard since  𝑀𝐴𝐵 ≠ 𝑀𝐴𝐶 , 𝑀𝐴𝑉 ≠ 𝑀𝐴𝑊 etc. The reason 

for that 𝑀𝐴𝐵 is smaller than 𝑀𝐴𝐶  is that windings A, C are always next to each other but 

A, B are discontinuous near the boundary of two three-phase windings. If the mutual 

inductances in one three-phase winding are not equal, it cannot be transferred to 

diagonal matrix by Clarke-Park transformation [155], which means traditional control 

methods such as decoupled vector control [156] and vector space decomposition (VSD) 

control [157] for DTP-PMSM is impossible.  
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The unusual winding structure makes it difficult to control the machine. In [158], the 

concept of multisegment machine is proposed and the control model of a two-segment 

machine is developed as shown in Figure 3.2. For the proposed two-segment machine, 

the stator windings of the machine are divided into two segments, with each segment 

fed by one set of VSI, each inverter is controlled independently to provide three-phase 

current for two segments, respectively. The total power and torque are shared by the 

two segments of the stator windings.  

 

Figure 3.2 Block diagram of two-segment PMSM drive. 

A typical two-segment machine is a dual three-phase machine [159], with two groups 

of windings. For the dual three-phase machine, the three-phase sets are shifted by the 

angle 𝛼(0 < 𝛼 < 𝜋 3⁄ ) shown in Figure 3.3(a). Different from conventional dual three-

phase machine, the electrical angle of two sets of windings in a two-segment machine 

has been kept the same, as shown in Figure 3.3(b).  
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     (a)                                                       (b) 

Figure 3.3 Angle between the two three-phase windings: (a)conventional dual three-phase machine with 

a displacement (0 < 𝛼 < 𝜋 3⁄ ); (b)two-segment machine with no displacement (𝛼 = 0). 

According to the above introduction of the winding structure of the machine in this 

study, it appears quite similar to the two-segment machine. Actually, it is different from 

the traditional two-segment machine since the displacement between its two three-

phase windings is 𝜋 (rad). Hence, an equivalent mathematic model which utilizes the 

unique winding structure of such machine with the aim to design the controls is 

proposed in the following section. 

3.1.2 Mathematic model in Six-Phase Stator Reference Frame for ACHIEVE 

Machine  

Below, equations (3.2) and (3.3) are the voltage and flux linkage expression, and 

corresponding symbols are defined in (3.1), (3.4)-(3.9) in which all vectors are divided 

to two parts. The vectors with subscript ‘1’ represent the variables of ABC windings, 

and the vectors with subscript ‘2’ represent the variables of UVW windings. 

 
𝑢6𝑠 = 𝑅𝑖6𝑠 +

𝑑𝜓6𝑠

𝑑𝑡
 (3.2) 
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 𝜓6𝑠 = 𝐿6𝑠𝑖6𝑠 + 𝜓𝑚𝜆6𝑠 (3.3) 

 𝑢6𝑠 = [𝑢𝑎  𝑢𝑏 𝑢𝑐 𝑢𝑢 𝑢𝑣 𝑢𝑤]𝑇 (3.4) 

 𝑖6𝑠 = [𝑖𝑎 𝑖𝑏 𝑖𝑐 𝑖𝑢 𝑖𝑣 𝑖𝑤]𝑇 (3.5) 

 𝜓6𝑠 = [𝜓𝑎  𝜓𝑏 𝜓𝑐  𝜓𝑢 𝜓𝑣  𝜓𝑤]𝑇 (3.6) 

 
𝜆6𝑠 = [

𝜆1

𝜆2
] (3.7) 

 
𝜆1 = [𝑐𝑜𝑠𝜃 𝑐𝑜𝑠 (𝜃 −

2𝜋

3
) 𝑐𝑜𝑠 (𝜃 +

2𝜋

3
)]

𝑇

 (3.8) 

 
𝜆2 = [cos (𝜃 − 𝜋) 𝑐𝑜𝑠 (𝜃 +

𝜋

3
) 𝑐𝑜𝑠 (𝜃 −

𝜋

3
)]

𝑇

 (3.9) 

Substituting (3.3) into (3.2), the voltage expression is governed by (3.10). Because the 

permanent magnets of the machine are surface mounted, the stator inductance will not 

change with rotor position and the derivation of 𝑳𝒔 is zero.  

 
𝑢6𝑠 = 𝑅𝑖6𝑠 + 𝐿6𝑠

𝑑𝑖6𝑠

𝑑𝑡
+ 𝜓𝑚

𝑑𝜆6𝑠

𝑑𝑡
 (3.10) 

3.1.3 Mathematic Model in XYZ Reference Frame for ACHIEVE Machine 

Due to the fact that 𝑳𝒔 cannot be diagonalized using Clarke-Park transformation, an 

equivalent three phase symmetrical model (XYZ model in Figure 3.4) is proposed here 

to achieve the decoupled control. In fact, the dual three-phase machine can be 

transferred to a traditional three phase machine by inversely cascading U/V/W winding 

with A/B/C winding separately. If the labels ‘U/V/W’ in Figure 3.1 are replaced by 

‘A/B/C’, A/B/C winding is alternated along the stator circumference with same interval 

just like the windings distribution of a traditional three phase machine.  
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Figure 3.4 The assumption of equivalent conversion between XYZ model and Dual Three-phase model. 

The relationship between dual three-phase current and XYZ phase current in Figure 3.4 

is presented in (3.11). 

 
[
𝑖𝑥
𝑖𝑌
𝑖𝑍

] =
1

2
[

𝑖𝑎 − 𝑖𝑢
𝑖𝑏 − 𝑖𝑣
𝑖𝑐 − 𝑖𝑤

] (3.11) 

The relationship between dual three-phase voltage and XYZ phase voltage is presented 

in (3.12). 

 
[

𝑢𝑥

𝑢𝑌

𝑢𝑍

] = [

𝑢𝑎 − 𝑢𝑢

𝑢𝑏 − 𝑢𝑣

𝑢𝑐 − 𝑢𝑤

] (3.12) 

A detailed analysis of the winding structure for the proposed machine could be found 

in [19]. It is also proved that the dual three-phase current satisfies (3.14) if the dual 

three-phase voltage meets condition in (3.13). 

 
[

𝑢𝑎

𝑢𝑏

𝑢𝑐

] = − [

𝑢𝑢

𝑢𝑣

𝑢𝑤

] (3.13) 

 
[
𝑖𝑎
𝑖𝑏
𝑖𝑐

] = − [
𝑖𝑢
𝑖𝑣
𝑖𝑤

] (3.14) 
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Applying (3.13) and (3.14) to (3.12) and (3.11) respectively, gives 

 
[
𝑖𝑥
𝑖𝑌
𝑖𝑍

] = [
𝑖𝑎
𝑖𝑏
𝑖𝑐

] = − [
𝑖𝑢
𝑖𝑣
𝑖𝑤

] (3.15) 

 
[

𝑢𝑥

𝑢𝑌

𝑢𝑍

] = 2 [

𝑢𝑎

𝑢𝑏

𝑢𝑐

] = −2 [

𝑢𝑢

𝑢𝑣

𝑢𝑤

] (3.16) 

Hence, the current and voltage of the XYZ model could be derived from dual three-

phase model, and vice versa. The mutual inductance of XYZ model could also be 

calculated from the relationship between these two models. 

Figure 3.5 is an example to show how to determine the mutual inductance 𝑀𝑋𝑌 from 

dual three-phase model. In fact, because windings A and U (same with B and V) are 

regarded as cascaded, 𝑀𝑋𝑌 should include mutual inductance not only between A&B, 

but also A&V, U&B and U&V.  

 

Figure 3.5 Derivation of mutual inductance between virtual X and Y phases. 

Table 3-2 shows the inductance matrix of XYZ model which is derived from Table 3-1 

by applying (3.17).  
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Table 3-2 Machine inductance matrix of XYZ model. 

Unit: 𝜇𝐻 X Y Z 

X 612 -262 -262 

Y -262 612 -262 

Z -262 -262 612 

It can be found that 𝐿𝑋𝑌𝑍 is a symmetrical matrix, just as the traditional three-phase 

surface mounted PMSM. Consequently, the asymmetric inductance matrix in Table 3-1 

is transferred to a symmetric one. 

 𝐿𝑋𝑌𝑍 = 2(𝐿 − 𝑀) (3.17) 

The voltage equation of XYZ model is shown in (3.18), in which 𝜆𝑠𝑖𝑛 is defined as 

(3.19). The coefficient ‘2’ before 𝑅  and 𝜑𝑚  is due to the cascade of windings. 

Sufficient work has been done to prove the equivalence between the XYZ model and 

dual three-phase model.  

 
[

𝑢𝑥

𝑢𝑌

𝑢𝑍

] = 2𝑅 [
𝑖𝑥
𝑖𝑌
𝑖𝑍

] + 𝐿𝑋𝑌𝑍

𝑑

𝑑𝑡
[
𝑖𝑥
𝑖𝑌
𝑖𝑍

] − 𝜔𝑒2𝜙𝑚𝜆𝑠𝑖𝑛    (3.18) 

 
𝜆𝑠𝑖𝑛 = [𝑠𝑖𝑛𝜃 sin (𝜃 −

2𝜋

3
) sin (𝜃 +

2𝜋

3
)]𝑇 (3.19) 

The relationship between different reference frames when it comes to the proposed 

machine is depicted in Figure 3.6. Appling Clarke-Park transformation in (A.1) to 

(3.18), the dq frame voltage is obtained as (3.20). 
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Figure 3.6 Reference frames diagram. 

 
[
𝑢𝑑

𝑢𝑞
] = 2𝑅 [

𝑖𝑑
𝑖𝑞

] + [
𝐿𝑑 0
0 𝐿𝑞

]
𝑑

𝑑𝑡
[
𝑖𝑑
𝑖𝑞

] + 𝜔𝑒 [
−𝐿𝑞𝑖𝑞

𝐿𝑑𝑖𝑑 + 2𝜑𝑚
] (3.20) 

The electromagnetic torque generated by one set of three-phase winding can be derived 

as (3.21) [160]. 

 𝑇3𝑝ℎ = 1.5𝑝(2𝜑𝑚𝑖𝑞 + 𝑖𝑑𝑖𝑞(𝐿𝑑 − 𝐿𝑞)) (3.21) 

where 𝑝 = 6  is pole pair numbers, 𝐿𝑑 = 𝐿𝑞 = 874 𝜇𝐻 . According to the law of 

conversation of energy, the total machine torque 𝑇𝑒 is double of 𝑇3𝑝ℎ: 

 𝑇𝑒 = 2𝑇3𝑝ℎ = 𝑘𝑡𝑖𝑞 (3.22) 

 𝑘𝑡 = 6𝑝𝜑𝑚 (3.23) 

The machine speed is controlled by the equation [161]: 

 
𝐽
𝑑𝜔𝑚

𝑑𝑡
= 𝑇𝑒 − 𝑇𝐿 (3.24) 
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where 𝑇𝑒  is electromagnetic torque, 𝑇𝐿 is load torque, 𝐽 is a total inertia and 𝜔𝑚 is a 

mechanical speed. 

 𝜔𝑚 =
𝜔𝑒

𝑝
 (3.25) 

3.2 Motoring/Generating Control Scheme for DTP-PMSM in ACHIEVE   

The general control aspects of DTP-PMSM in ACHIEVE could be determined based 

on motoring/generating operation control strategy of conventional three-phase machine. 

In motoring mode, electrical power flows from main bus to DTP-PMSM, and machine 

speed is controlled to drive the propeller. In generating mode, the speed of the engine 

is controlled externally, and control of the DC link bus power is the primary objective. 

Both motoring and generating modes are separate and there is no need to control them 

both at the same time. In generating mode, the control of the DC link voltage is fixed 

at 540V DC to ensure the uninterrupted operation of the electrical loads. Moreover, in 

aerospace and automotive sectors applications, flux weakening (FW) is a common 

control method that enables electric machines to achieve a wider speed range above 

their rated value. Yet, it is not applied in this Thesis because the machine in ACHIEVE 

is sufficient to meet the speed requirements within nominal operation. 

The general control scheme for the motoring/generating system of ACHIEVE is 

presented in Figure 3.7. The ACHIEVE machine is interfaced with a controllable power 

converter that is connected to an electrical power source. The six-phase switching 

signals 𝑆𝑎𝑏𝑐𝑢𝑣𝑤 derived from the drive controller are sent to the power converter. All 

variables with the notation denote the reference value of controlled variable. 
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(a) 

 

(b) 

Figure 3.7 General control scheme of motoring/generating system (a)motoring mode (b)generating 

mode. 

Most widely used control strategies of three-phase PMSM system is Direct Torque 

Control (DTC) and Field Oriented Control (FOC). In this Thesis, both of them are 

briefly explained and one shall be selected for this motoring/generating system. 
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3.2.1 Direct Torque Control 

The general DTC configuration is described in Figure 3.8. In DTC, the torque 𝑇𝑒 and 

stator flux 𝜓𝑠  are estimated from the measured voltage 𝐸𝑑𝑐  and current 𝑖𝑎𝑏𝑐 . These 

estimated variables are compared to their reference values and are regulated as fast as 

possible if the error between them exceeds a tolerance band. 𝐻𝜓and 𝐻𝑇 are the control 

output signals for each control variable. The control signals are then interpreted within 

a voltage vector look-up table (LUT) to output appropriate switching states for the 

converter [162]. 

 

Figure 3.8 Block diagram of DTC system for PMSM. 

The advantage of using DTC is that it has quite fast dynamic response and does not 

require PI regulators, coordinate transformations, or pulse width modulation (PWM) 

signals for control operation [163, 164]. Yet, due to the use of hysteresis control within 

the core structure [165, 166], there can be significant current ripple in the outputs from 

the power converter. The ripples can affect the torque performance of the machine, 
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especially during motor mode, and hence provide less smooth engine acceleration. The 

power quality of the main bus is also damaged due to the current ripple. Hence, this 

type of control is not considered for this motoring/generating system. 

3.2.2 Field Oriented Control  

 

Figure 3.9 Block diagram of FOC system for PMSM . 

The general control structure of FOC is presented in Figure 3.9. FOC is based on 

utilisation of a rotating dq reference frame, which is aligned with the machine excitation 

flux [162, 167]. The rotating dq reference frame is the result of direct quadrature 

transformation that attempts to simplify time varying AC variables into DC type 

constant steady state values. According to the Lorentz force law [168], the machine 

torque 𝑇𝑒 is directly proportional to the current component orthogonal to the excitation 

flux, i.e., 𝑖𝑞. PI regulators are usually utilised to control dq currents 𝑖𝑑, 𝑖𝑞 and output 

corresponding dq voltage reference 𝑢𝑑
∗ , 𝑢𝑞

∗ . The voltage references are converted back 

into the three-phase frame and are passed through a PWM scheme which synthesises 
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switching signals for the converter. An outer control loop is added to regulate speed or 

torque and outputs the necessary current references 𝑖𝑑
∗ , 𝑖𝑞

∗ . for the dq currents.  

FOC may be more complex than DTC by having a cascaded loop structure, but the 

controlled current quality is better compared to DTC with properly tuned PI controllers 

[162]. Moreover, it is more convenient to control the dq currents directly rather than 

going through an estimation process to determine the stator flux. The cascaded loop of 

FOC enables the secondary control to be conveniently changed according to 

motoring/generating operational mode; hence FOC is chosen as the main control 

scheme. The block diagram of FOC system for ACHIEVE in motoring is presented in 

Figure 3.10. 

 

Figure 3.10 Block diagram of FOC system for ACHIEVE in motoring mode. 
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In Figure 3.10, the reference frame transformation between six-phase and ‘XYZ’ three-

phase has been introduced in (3.11) and the transformation between ‘XYZ’ three-phase 

and dq frame is achieved by Clarke transformation presented in (A.1). 

The cascaded control is applied including the outer speed loop and the inner current 

loop to realize the electromechanical energy conversion of the machine drive system. 

The detail of the speed control loop and current control loop is depicted in Figure 3.11 

and Figure 3.12, respectively.  

 

Figure 3.11 Block diagram of speed control loop. 

 

Figure 3.12 Block diagram of current control loop. 
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The PI type regulator of both control loop could be designed based on the control plant 

and the specific design process follows the method in [162] which will not be covered 

here. The coefficient 𝑘𝑡 in (3.9) is illustrated in (3.23). It should be noted that the value 

of 𝑢𝑑
∗  and 𝑢𝑞

∗  is halved when utilized in SVPWM. The reason could be explained by 

(3.16) which presents the relationship between six phase model voltage and XYZ model 

voltage. Moreover, the torque generated by XYZ model is two times that of a three-

phase set in (3.22). Therefore, halving operation is required in terms of the energy 

conservation. 

3.2.3 DC Link voltage Control 

In generating mode, the electrical machine functions as a generator, the output voltage 

has to be controlled to maintain appropriate voltage levels for the electrical loads [169]. 

In addition to that, the voltage transient has to reach steady state within a limited amount 

of time while not exceeding the voltage limits as defined in MIL-STD-704F [25].  

The block diagram of FOC system for ACHIEVE in generating mode is presented in 

Figure 3.13. 𝐸𝑑𝑐  is controlled on the outer loop during generator mode to regulate 

changes caused by load changes. Compared with system in motoring mode that utilises 

separate controllers for current and speed control, the speed controller is replaced with 

a DC link voltage controller for system in generating mode.  
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Figure 3.13 Block diagram of FOC system for ACHIEVE in generating mode. 

The average model equation of a power converter can be represented by a complex 

power equation in the dq frame [170]: 

 𝐸𝑑𝑐𝑖𝑑𝑐 = −1.5(𝑢𝑑𝑖𝑑 + 𝑢𝑞𝑖𝑞) (3.26) 

The negative sign denotes the direction of 𝑖𝑑𝑐  when it is measured. Positive 𝑖𝑑𝑐 is 

defined as power supplied to the DC link bus while negative is towards the machine 

side. The DC link bus equation can be equated as: 

 
𝐶

𝑑𝐸𝑑𝑐

𝑑𝑡
= 𝑖𝑑𝑐 − 𝑖𝐿 

(3.27) 

where 𝑖𝐿 is the general notation for electrical loads connected to the DC link bus. 

The block diagram of DC link voltage control is depicted in Figure 3.14. 
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Figure 3.14 Block diagram of DC link voltage control. 

3.3 PWM Strategy for DTP-PMSM in ACHIEVE   

In ACHIEVE, the two sets of independent stator windings can be regarded as two 

independent three-phase machines. In Figure 3.10 and Figure 3.13, the voltage 

reference vectors 𝑢𝛼
∗ , 𝑢𝛽

∗  are obtained from current regulator and coordinate 

transformation, and PWM modulation can be carried out according to the position of 

the two vectors. This modulation strategy can learn from the traditional three-phase 

machine SVPWM, which is a relatively mature modulation scheme. The two sets of 

stator windings can be regarded as mutually independent in the control process, so the 

q-axis currents of each three-phase can be separately controlled. However, to keep the 

output power of the two sets of windings close, the q-axis currents of each three-phase 

are regarded to be identical, which simplifies the current control loop and also 

maximizes the efficiency of the system. 

In modern motor drive system, pulse width modulation (PWM) is usually used to 

control the output voltage of inverter, i.e., a series of pulse width is modulated to obtain 

the required voltage waveform. Compared with square wave inverter, PWM control can 

effectively reduce the harmonic of input voltage, improve current waveform and reduce 
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torque ripple. The conventional PWM algorithms of traditional three-phase machines 

include carrier-based pulse width modulation technology (CPWM) and space vector 

pulse width modulation technology (SVPWM). Similarly, the PWM control of DTP-

PMSM is also divided into these two types. Specifically, CPWM [171] can be divided 

into PWM with zero-sequence voltage injection [172] and sinusoidal PWM without 

zero-sequence voltage injection (SPWM) [173]. Compared with SPWM, SVPWM [174] 

has been widely used in practical system because of its higher voltage utilization and 

easy digital implementation. 

For the 3 × 𝑛  multi-phase machine with isolated neutral points, each three-phase 

winding can be modulated by independent three-phase SVPWM [175]. As shown in 

Figure 3.15, the machine in this study is driven by two drive units to generate the 

required torque. Each group of windings is excited independently with symmetrical 

three-phase voltage by VSI. Two conventional three-phase SVPWM modulators are 

used for modulation.  

 

Figure 3.15 Block diagram of machine drive architecture.  
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It should be noted that for the major 2nd-order harmonics torque ripple cancellation, 

carrier-wave phase has been shifted with 0.5 𝑇𝑠, as shown in Figure 3.16. The switching 

frequency is 40 kHz, thus the period 𝑇𝑠 is 25 𝜇𝑠. The switching signal can be obtained 

through the comparison between the duty cycle and the carrier. Then these phase-

shifted switching signals are given to two inverters to drive the motor. 

 

Figure 3.16 Carrier wave phase shift with 0.5 𝑇𝑠. 

3.4  Simulation Results 

The control of the DTP-PMSM was initially investigated through simulation by 

PLEXIM®/PLECS® [176]. The simulation models are provided in Appendix B. 

Experimental support could be found in Chapter 7. The block diagram of the drive 

system in motoring mode is presented in Figure 3.17. 
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Figure 3.17 PLECS simulation system of ACHIEVE in motoring mode. 

There are two scenarios that are discussed. The first one is shown in Figure 3.18. In this 

scenario, step changes of load torque (±20% of rated value) is applied to the DTP-

PMSM running at 12.4 krpm. Current and speed show fast dynamic response within 

0.15 s in the presence of load variation.  
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Figure 3.18 Simulation results in motoring mode under various load. 

The simulation results of the second scenario is shown in Figure 3.19. The machine 

runs at 10 krpm initially with no load. Then a step increase of speed reference is applied 

and the machine accelerates to 12.4 krpm. After an interval of 0.4 s, a reverse step 

change is applied to the speed reference. It could be seen that the dq axis currents and 

torque are properly controlled and have good dynamic response to the speed variation. 
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Figure 3.19 Simulation results in motoring mode under various speed. 

The block diagram of the drive system in generating mode is presented in Figure 3.20. 
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Figure 3.20 PLECS simulation system of ACHIEVE in generating mode. 

Figure 3.21 shows a time domain simulation of the motoring/generating power system 

with the DC link voltage controller. 
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Figure 3.21 Responses of key variables to various electrical loads 𝑖𝐿 . 

During the simulation the machine speed is set at 14.2 krpm and initially the power 

system is not subjected to any load. At 0.2 s intervals, 𝑖𝐿 was increased to 10 A, 20 A, 

30 A and 40 A respectively and then removed in reverse order. It can be seen that 𝐸𝑑𝑐 

reduces to 495 V, 500 V, 505 V and 510 V for each step increase of load respectively. 

Negative 𝑖𝑞 is observed due to the power flow direction being towards the DC bus.  The 

DC link voltage controller is tested with a full step load of 30A as this is the worst case 

scenario. This test is carried out in order to determine if the 𝐸𝑑𝑐 response complies with 

MIL-STD-704F.  
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Figure 3.22 𝐸𝑑𝑐  to a step of 𝑖𝐿 = 10 𝐴 for comparison with 540 VDC voltage transient limit from MIL-

STD-704F. 

It can be seen from Figure 3.22 that 𝐸𝑑𝑐 initially drops from 540 V to 485 V when the 

load step is applied at t = 0.02 s. It is obvious from Figure 3.22 that DC link voltage 

control response to a full load step is well within the limits specified by MIL-STD-

704F. This shows that the designed controllers are able to work properly even at the 

highest operating speed and load for this generating system.  

3.5 Chapter Summary 

This Chapter details the control strategy that is specially designed for the ACHIEVE 

motoring/generating system. The main finding of this chapter can be summarised as 

follows:  

• The structure of the machine in ACHIEVE is introduced. It is shown that due to 

the asymmetric winding structure, the mathematical model of machine could 
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not be directly transformed from six-phase stator reference to rotating dq frame. 

Hence, the conventional space vector control becomes is not directly applicable. 

To address this issue, the XYZ model is proposed which not only simplifies the 

mathematical model but also allows for the design and implementation of vector 

control.  

• Based on the motoring/generating operation, the general control requirements 

have been outlined in this Chapter i.e., speed has to be controlled in motoring 

mode while DC link power is controlled in generating mode. Different control 

strategies such as FOC, DC link voltage control have been introduced and 

applied to the motoring/generating system. 

• The PWM control strategy for ACHIEVE is proposed after comparison among 

various control schemes. The DTP-PMSM in ACHIEVE is designed to be 

driven by two drive units. Each group of windings is excited independently with 

symmetrical three-phase voltage by VSI. Two conventional three-phase 

SVPWM modulators are used for modulation.  

• The effectiveness of the control system with encoder in motoring and generating 

mode is verified through simulation by PLECS. Different scenarios have been 

discussed to observe the performance of the system under speed variation, load 

torque variation and electric load variation. This lays the foundation of the 

sensorless strategy for PMSM in the following chapters. 
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Chapter 4 The State-of-the-Art of Sensorless Control 

Strategies for PMSM 

As shown in Chapter 3, according to the principle of field oriented control, the position 

of the orientation field is required to facilitate the control algorithm. It can be measured 

by dedicated sensors or derived from the machine model and the rotor speed/position. 

All these methods require additional sensors mounted directly on the machine. This is 

highly undesirable since these sensors may also subject to quite harsh working 

conditions where the machine sits. Besides, reliability is decreased further a the 

additional wiring of these sensors is required which decreases further the reliability 

since cables and connectors are additional potential fault sources. Therefore, it is highly 

desirable to estimate the machine rotor position without mechanical sensors. As shown 

in Figure 4.1, there has been a tremendous effort to develop the sensorless control 

techniques for a wide speed range from low to high speeds in the last few decades.  

 

Figure 4.1 Development for position sensorless drives. 
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With the observability analysis performed [177], the full speed sensorless control 

strategy has been developed in academia and industry. As shown in Figure 4.2, there 

are two main categories of sensorless control schemes roughly: model-based sensorless 

control applied at high-speed range and saliency-based sensorless control applied in 

low-speed range [178]. 

 

Figure 4.2 Categories for position sensorless drives. 

The model based sensorless control could be implemented either in the stationary αβ 

frame or in the synchronous dq frame. Figure 4.3 shows the space-vector diagram of 

PMSM, which indicates the relations of coordinates reference frame used in the 

mentioned paper.  

 

Figure 4.3 Coordinates reference frame of PMSM. 
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In (4.1), 𝑥𝑎,𝑏,𝑐 represent the three phase frames, 𝑥𝑑,𝑞 represent the synchronous rotating 

dq frames, and 𝜃𝑒 is the electrical angle between them. The stationary 𝛼𝛽 frame is fixed 

to the stator winding and the 𝛼  axis coincides with the phase A axis. The frame 

transformation from three phase to dq can be interpreted into a set of mathematical 

equations. If the d-axis is aligned with phase a as a reference point for both frames, 

then:  

 
[
𝑥𝑑

𝑥𝑞
] = 𝑘𝑑𝑞 [

𝑥𝑎

𝑥𝑏

𝑥𝑐

] 
(4.1) 

 

𝑘𝑑𝑞 =
2

3
[

𝑐𝑜𝑠𝜃𝑒 cos (𝜃𝑒 −
2𝜋

3
) 𝑐𝑜𝑠(𝜃𝑒 +

2𝜋

3
)

−𝑠𝑖𝑛𝜃𝑒 −𝑠𝑖𝑛(𝜃𝑒 −
2𝜋

3
) −sin (𝜃𝑒 +

2𝜋

3
)

] 

(4.2) 

 
[
𝑥𝛼

𝑥𝛽
] = [

𝑐𝑜𝑠𝜃𝑒 −𝑠𝑖𝑛𝜃𝑒 
𝑠𝑖𝑛𝜃𝑒 𝑐𝑜𝑠𝜃𝑒

] [
𝑥𝑑

𝑥𝑞
] 

(4.3) 

The transformation that is used for this control assumes balanced three-phase 

components. Peak notation is used where the dq peak values are equal to the variable 

three phase magnitudes. The coefficient 2 3⁄  in front of the matrix in (4.2) is due to 

reason that the power calculated in the dq frame is 2 3⁄  of the power in three-phase 

frame. The inverse transformation between these three frames can be found in 

Appendix A.  

4.1 Sensorless Control Schemes for Medium- and High-Speed Range 

At the medium and high-speed electric machine operation range, the Back-EMF or flux 

linkage of the PMSM contains a large amplitude of the fundamental wave electrical 

signal, hence the position detection methods of this speed range are generally based on 
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the detection of the fundamental signal. The position/speed estimation procedure is 

presented in Figure 4.4 [109]. As shown in Figure 4.5, the position and speed estimation 

block can be divided into two parts conventionally, i.e., EMF or flux estimation and 

position/speed observer.  

 

Figure 4.4 General block diagram of fundamental model based sensorless drive system. 

 

Figure 4.5 Position and speed estimation procedure. 

4.1.1 Direct Calculation Method Based on the Mathematical Equations of Machine 

The method starts with the mathematical equation of the machine. By detecting the 

speed-related values such as voltage, current, flux linkage, back electromotive force, 

etc., the speed and position information are obtained through a direct calculation 

method. According to the different mathematical equations that are used, it is divided 
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into back-EMF estimation method, extended back-EMF method and flux linkage 

estimation method.  

4.1.1.1 Back-EMF Estimation Method 

The back-EMF estimation method directly uses the voltage equation of the fundamental 

signal of the machine to directly calculate the back-EMF under the 𝛼𝛽 axis system 

according to the parameters of the machine voltage, current, resistance and inductance, 

and then solves the rotor position through the arc tangent operation [179]. The voltage 

equations of surface-mount PMSM under 𝑑𝑞 frame is given by [180, 181]: 

 
[
𝑢𝑑

𝑢𝑞
] = [

𝑅 + 𝑠𝐿 −𝜔𝑒𝐿
𝜔𝑒𝐿 𝑅 + 𝑠𝐿

] [
𝑖𝑑
𝑖𝑞

] + [
0

𝜔𝑒𝜑𝑚
] 

(4.4) 

where 𝑢𝑑 ,  𝑢𝑞  are voltages in 𝑑𝑞  axis, respectively. 𝑖𝑑 ,  𝑖𝑞  are currents in 𝑑𝑞  axis, 

respectively. 𝑅 and 𝐿 are stator resistance and inductance, respectively. 𝜔𝑒 and 𝜃𝑒 are 

electrical angular speed and position of rotor, respectively. 𝜑𝑚 is permanent magnet 

flux linkage. 𝑠 is differential operator.  

The first term on the right side of (4.4) is the voltage drop on the machine’s impedance, 

and the second term is a back-EMF term. By applying transformation (4.3) to (4.4), the 

voltage equations under 𝛼𝛽 axis are derived as [181]: 

 
[
𝑢𝛼

𝑢𝛽
] = [

𝑅 + 𝑠𝐿 0
0 𝑅 + 𝑠𝐿

] [
𝑖𝛼
𝑖𝛽

] + 𝜔𝑒𝜑𝑚 [
−𝑠𝑖𝑛𝜃𝑒

𝑐𝑜𝑠𝜃𝑒
] 

(4.5) 
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𝑢𝛼, 𝑢𝛽 are voltages in 𝛼𝛽 axis, respectively. 𝑖𝛼, 𝑖𝛽 are currents in 𝛼𝛽 axis, respectively. 

The second term on the right side of (4.5) is back-EMF term which (4.6) can be solved 

as [182]: 

 
[
𝑒𝛼

𝑒𝛽
] = 𝜔𝑒𝜑𝑚 [

−𝑠𝑖𝑛𝜃𝑒

𝑐𝑜𝑠𝜃𝑒
] = [

𝑢𝛼 − 𝑅𝑖𝛼 − 𝐿𝑠𝑖𝛼
𝑢𝛽 − 𝑅𝑖𝛽 − 𝐿𝑠𝑖𝛽

] 
(4.6) 

According to (4.6), the rotor position can be calculated directly as: 

 
𝜃𝑒 = 𝑎𝑟𝑐𝑡𝑎𝑛 (

−𝑒𝛼

𝑒𝛽
) = 𝑎𝑟𝑐𝑡𝑎𝑛 (

−𝑢𝛼 + 𝑅𝑖𝛼 + 𝐿𝑠𝑖𝛼
𝑢𝛽 − 𝑅𝑖𝛽 − 𝐿𝑠𝑖𝛽

) 
(4.7) 

4.1.1.2 Flux Linkage Estimation Method 

The implementation process of the flux estimation method [183-185] is similar to that 

of the back-EMF estimation method. It uses the detected stator voltage and current to 

calculate the back-EMF of the machine and integrates the back-EMF to obtain the stator 

flux linkage. According to the mathematical relationship among the stator flux linkage, 

stator current and rotor position, the position, and speed of the machine could be 

obtained.  

The flux linkage can be calculated using: 

 

[
𝜑𝛼

𝜑𝛽
] = 𝜑𝑚 [

𝑐𝑜𝑠𝜃𝑒

𝑠𝑖𝑛𝜃𝑒
] =

[
 
 
 
 ∫ (𝑢𝛼 − 𝑅𝑖𝛼)𝑑𝑡 − 𝐿𝑖𝛼

𝜏

0

∫ (𝑢𝛽 − 𝑅𝑖𝛽)𝑑𝑡 − 𝐿𝑖𝛽

𝜏

0 ]
 
 
 
 

 (4.8) 

𝜑𝛼, 𝜑𝛽 are flux linkage in 𝛼𝛽 axis, respectively. Then the rotor position can be directly 

obtained as: 
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𝜃𝑒 = 𝑎𝑟𝑐𝑡𝑎𝑛 (

𝜑𝛽

𝜑𝛼
) = 𝑎𝑟𝑐𝑡𝑎𝑛 (

∫ (𝑢𝛼 − 𝑅𝑖𝛼)𝑑𝑡 − 𝐿𝑖𝛼
𝜏

0

∫ (𝑢𝛽 − 𝑅𝑖𝛽)𝑑𝑡 − 𝐿𝑖𝛽
𝜏

0

) (4.9) 

The flux estimation method is also an open-loop estimation like the previous two 

methods. The algorithm is simple, but it is only suitable for surface-mounted PMSM, 

and it is sensitive to changes in machine parameters. The position detection accuracy 

under different operating conditions also fluctuates. 

In the model based sensorless control, both the EMF or flux information could be 

directly calculated with the open loop method. They do not require much signal 

processing or calculation process and are simple to implement. However, the accuracy 

of variables detection depends on the accuracy of the machine parameters. Under 

different operating conditions such as multiple loads and variable speeds, the ambient 

temperature and the internal temperature rise of the machine will cause the stator 

resistance to change, and the saturation of the magnetic circuit also affects the stator 

inductance. These effects make it difficult to obtain higher detection precision by using 

this method. More accurate parameters could be obtained through online identification 

of machine parameters [186], thereby improving the position detection accuracy of such 

methods. However, the introduction of parameter identification increases the 

complexity of the system and the difficulty of implementation, so that the direct back-

EMF estimation method has lost the advantages of being simple and easy. 

To overcome the shortages brought about by the open loop methods, the closed loop 

methods have been developed and the control algorithms of them are constructed to 

force the estimated-measured output error to zero. Hence, the robustness and accuracy 

of the estimation system are improved. Generally, the closed loop methods are 
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categorized as: model reference adaptive system observer, observer method, and 

artificial intelligence-based estimation method, etc. 

4.1.1.3 Extended back-EMF method 

If the machine has salient pole characteristics, not only the back-EMF in 𝛼𝛽 axis is 

related to the rotor position, but the inductance in 𝛼𝛽 axis is also a function of the rotor 

position. Therefore, it is difficult to find the accurate rotor position using the back-EMF 

estimation method and it is necessary to extend the sensorless control scheme of 

SPMSMs to that of IPMSMs. To realize this idea, [181] proposes an extended back-

EMF method, which transfers the part of the inductance to the back-EMF to form an 

Extended back-EMF (EEMF).  

The voltage equation of the IPMSM on 𝑑𝑞 rotating coordinate is given by: 

 
[
𝑢𝑑

𝑢𝑞
] = [

𝑅 + 𝑠𝐿𝑑 −𝜔𝑒𝐿𝑞

𝜔𝑒𝐿𝑑 𝑅 + 𝑠𝐿𝑞
] [

𝑖𝑑
𝑖𝑞

] + [
0

𝜔𝑒𝜑𝑚
] (4.10) 

where 𝐿𝑑, 𝐿𝑞 are the inductance of 𝑑-axis and 𝑞-axis respectively.  

Transforming (4.10) into 𝛼𝛽 fixed coordinate, (4.11) is derived: 

 
[
𝑢𝛼

𝑢𝛽
] = [

𝑅 + 𝑠𝐿𝛼 𝑠𝐿𝛼𝛽

𝑠𝐿𝛼𝛽 𝑅 + 𝑠𝐿𝛽
] [

𝑖𝛼
𝑖𝛽

] + 𝜔𝑒𝜑𝑚 [
−𝑠𝑖𝑛𝜃𝑒

𝑐𝑜𝑠𝜃𝑒
] (4.11) 

Where  

 𝐿0 = (𝐿𝑑 + 𝐿𝑞)/2 (4.12) 

 𝐿1 = (𝐿𝑑 − 𝐿𝑞)/2 (4.13) 
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 𝐿𝛼 = 𝐿0 + 𝐿1𝑐𝑜𝑠2𝜃𝑒 (4.14) 

 𝐿𝛽 = 𝐿0 − 𝐿1𝑐𝑜𝑠2𝜃𝑒 (4.15) 

 𝐿𝛼𝛽 = 𝐿1𝑠𝑖𝑛2𝜃𝑒 (4.16) 

Comparing (4.11) with (4.5), the reason for the presence of 2𝜃𝑒 terms can be concluded 

as that the impedance matrix in (4.11) is asymmetrical. The impedance matrix is 

rewritten symmetrically as 

 
[
𝑢𝑑

𝑢𝑞
] = [

𝑅 + 𝑠𝐿𝑑 −𝜔𝑒𝐿𝑞

𝜔𝑒𝐿𝑞 𝑅 + 𝑠𝐿𝑑
] [

𝑖𝑑
𝑖𝑞

] + [
0

𝐸𝑒𝑥
] 

(4.17) 

where 

 𝐸𝑒𝑥 = (𝐿𝑑 − 𝐿𝑞)(𝜔𝑒𝑖𝑑 − 𝑖̇̇𝑞) + 𝜔𝑒𝜑𝑚 (4.18) 

The second term on the right side of (4.17) is defined as an Extended EMF (EEMF) by 

(4.18)[187]. It is a general form of mathematical model for all synchronous machines. 

When 𝐿𝑑 = 𝐿𝑞 , it evolves into the equation of SPMSMs. And when 𝜑𝑚 = 0 , it 

becomes the equation of Synchronous Reluctance Machines (SRMs). There is a 

differential term of 𝑖𝑞 in the EEMF. This means that even when machine speed is near 

to zero, if the q-axis current 𝑖𝑞 is varying, the EEMF 𝐸𝑒𝑥 is not zero.  

If the EEMF can be estimated, the position of magnet can be obtained from its phase 

just like EMF in SPMSMs. However, in the sensorless drive system, such 𝑑𝑞 model 

cannot be utilized because the rotor position is not detected. The mathematical model 

in the estimated rotating 𝛾𝛿  frame, which lags ∆𝜃  from the 𝑑𝑞  reference frame as 
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shown in Figure 4.6 is derived as follows by transforming (4.17) into the estimated 𝛾𝛿 

frame:  

 
[
𝑢𝛾

𝑢𝛿
] = [

𝑅 + 𝑠𝐿𝑑 −𝜔𝑒𝐿𝑞

𝜔𝑒𝐿𝑞 𝑅 + 𝑠𝐿𝑑
] [

𝑖𝛾
𝑖𝛿

] + [
𝑒𝛾

𝑒𝛿
] 

(4.19) 

where 

 
[
𝑒𝛾

𝑒𝛿
] = 𝐸𝑒𝑥 [

−𝑠𝑖𝑛∆𝜃
𝑐𝑜𝑠∆𝜃

] + (𝜔̂𝑒 − 𝜔𝑒)𝐿𝑑 [
−𝑖𝛿
𝑖𝛾

] 
(4.20) 

 

Figure 4.6 Definitions of coordinate reference frames for EEMF based sensorless scheme. 

The EEMF in the estimated rotating 𝛾𝛿 reference frame as shown in (4.20) includes the 

information of estimation position error ∆𝜃. It is utilized for the estimation of rotor 

position and speed. A least-order observer is used to estimate EEMF[187]. Figure 4.7 

shows the equivalent block diagram of the least-order observer. 
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Figure 4.7 Equivalent block diagram of least-order observer for estimation of Extended back-EMF. 

Assuming the error between the estimated speed 𝜔̂𝑒  and the actual speed 𝜔𝑒  is 

sufficiently small, the EEMF is estimated as follows: 

 
[
𝑒̂𝛾

𝑒̂𝛿
] = 𝐸𝑒𝑥 [−𝑠𝑖𝑛∆𝜃

𝑐𝑜𝑠∆𝜃
] (4.21) 

From the estimated extended EMF (𝑒𝛾 and 𝑒𝛿), the estimation position error ∆𝜃 can be 

derived through the following way: 

 
∆𝜃 = 𝑎𝑟𝑐𝑡𝑎𝑛 (

−𝑒̂𝛾

𝑒̂𝛿
) 

(4.22) 

The estimated speed 𝜔̂𝑒 and the estimated position 𝜃𝑒 are compensated by a PI type 

compensator 𝐺𝑒(𝑠) to ensure the position error maintain zero. The position and speed 

estimation algorithm are summarized as shown in Figure 4.8. Practically, the estimated 

speed is filtered through a low-pass filter to reduce the interference of noise. The filtered 

estimated speed is used to the machine control and the estimation of Extended back-

EMF. 
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Figure 4.8 Block diagram of position and speed estimation algorithm. 

The proposed algorithm is of simple structure and the process of design is clear and 

easy. The extended back-EMF method expands the back-EMF calculation method to 

salient PMSM [188], and brings about disadvantage of being sensitive to changes in 

machine parameters. 

4.1.2 Model Reference Adaptive System 

Model reference adaptive system [189] is a widely used estimation method and of its 

principle block diagram is shown in Figure 4.9.  
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Figure 4.9 Block diagram of MRAS based sensorless control system of PMSM. 

It is composed of three basic parts, namely adaptive algorithm, reference model and 

adjustable model. The voltage equation using the estimated speed as a parameter is an 

adjustable model, and the machine itself is used as a reference model. The input and 

output of these two models have the same physical meaning: the input is three-phase 

voltage 𝑢𝑎, 𝑢𝑏, 𝑢𝑐 and the output is 𝑑𝑞 axis current 𝑖𝑑, 𝑖𝑞. As shown in Figure 4.9, the 

adaptive algorithm constructs an error term 𝜀  based on the difference between the 

output currents of the reference model and the adjustable model and uses the PI 

regulator to adjust the error term to zero to obtain the estimated rotor angular speed 𝜔̂𝑒 

and integrate it to obtain the estimated rotor position 𝜃𝑒 . When the outputs of the 

reference model and the adjustable model tend to be consistent, it indicates that the 

estimated rotor angular speed 𝜔̂𝑒 and the estimated rotor position 𝜃𝑒 are also essentially 

the same as the actual rotor position. The MRAS is a closed-loop structure, which is 

proved to be asymptotically convergent by stability theory. It enjoys simple structure 

and high stability. When the adjustable model is constructed accurately, the position 
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detection accuracy of the method is high. However, the accuracy of the adjustable 

model depends on the resistance, inductance, and permanent magnet flux linkage of the 

machine, hence the method is sensitive to parameter variations. 

4.1.3 Observer Method 

According to the state equation of the actual system, an estimated system is 

reconstructed, and the relevant electrical signals in the actual one is imported into the 

estimated one. Under certain conditions, the output of the estimated system can be equal 

to the state of the actual system, which is the basic idea of the observer method. 

Currently, the main observers used for rotor position detection of PMSM are: 

• Full-order or reduced-order state observers  

• Sliding mode observers  

• Extended Kalman filters 

4.1.3.1 Full-order or Reduced-order State Observers 

The full-order state observer [190-192] realizes the observation of all state variables by 

establishing a complete differential state equation of the machine. In the early 1990s, 

American scholars have applied the full-order state observer to the rotor position 

detection of PMSM. Since this method observes all states, the model calculation is 

large, and the solution process is complicated. [193, 194] uses the minimum order state 

observer to realize the rotor position detection of the PMSM. By reducing the order of 

the state equation, the system calculation load is reduced to a certain extent. 
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4.1.3.2 Sliding Mode Observers 

Sliding mode control was first proposed by former Soviet scholars Emelyanov and 

Barbashin in the 1960s. After being developed and improved by Utkin and other 

scholars, it has gradually become a more important branch in the field of control and is 

widely used in machine control [195-197]. By the 1990s, Japanese scholar T. Furuhashi 

introduced sliding mode control theory in the observer, realized the back-EMF 

estimation of permanent magnet brushless DC machine, and then obtained the 

estimated rotor position [198]. The principle block diagram of rotor position estimation 

of PMSM based on the sliding mode observer is shown in Figure 4.10. 

 

Figure 4.10 Block diagram of SMO based sensorless control system of PMSM. 

Compared with the state observer, the sliding mode observer has the advantages of 

simple structure and high insensitivity to parameter changes. Therefore, it is widely 

used in rotor position detection of PMSM [199]. Still, for the traditional SMO, the 

switch function is used as the control function as shown in the green square in Figure 

4.10. Due to the switch time and the space lag, the SMO presents serious chattering 
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[200, 201], which result in high-frequency oscillation components in the estimated 

signal of the SMO. Due to the discrete switch control in the SMO, chattering becomes 

the inherent characteristic of the sliding-mode variable structure system, which cannot 

be completely eliminated and can only be reduced. And various novel ideas such as 

adaptive SMO and high-order SMO have been proposed [202-204] to find a trade-off 

between chattering reduction and system robustness. 

4.1.3.3 Extended Kalman Filter 

The Kalman filter is an optimal linear estimation method, first proposed by American 

scholar R. E. Kalman in the 1960s [205]. It models the system with rotor speed as one 

state variable, and the Kalman filter is used to initially predict this variable and then 

correct it in a recursive manner to achieve the final estimation [206]. The 

implementation of a discrete Kalman filter can be classified as two procedures, i.e., 

prediction and correction. Then they are circulated in a closed loop that is shown in 

Figure 4.11. The first prediction part is responsible for the state predication as its name 

suggests and the error covariance calculation. As an updating process of initial 

prediction, the second part is to correct the state using the measurement. The Kalman 

gain is then calculated, and the error covariance is also updated after the estimation. 

The detailed equations for both parts are derived in [207]. The basic implementation of 

the Kalman filter method is only applicable for a linear system, while an Extended 

Kalman filter (EKF) [114, 208-210] can handle with non-linear systems at the expense 

of increased computational load. However, this load could be reduced by integrating a 

predefined look up table [211, 212]. The EKF has poor performance in estimation at 

zero and low speed but it is suitable for application in a noisy system. 
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Figure 4.11 The operation of Kalman filter . 

Model based method can be implemented using the electromotive force (EMF) or flux 

associated with the fundamental excitation , and it can be subdivided into open loop 

ones and closed loop ones. The former is derived through the integration of the back-

EMF of the machine without any correction term while the latter makes use of the error 

between the estimated and measured quantities as feedback to increase their 

performance in turn [213]. Although model based method was proposed and 

commercialized initially, it fails in the low-speed range due to the low signal-to-noise-

ratio (SNR) that is brought about by the modelling uncertainty, the inverter 

nonlinearity, etc. 

4.2 Sensorless Control Schemes for Zero and Low-Speed Range 

To expand the sensorless control into the low- to zero-speed range, the saliency tracking 

based method is developed, including signal injection-based methods [64-112] and 

fundamental PWM excitation (FPE)-based methods [40],[113-135], which are shown 

in Figure 4.12. 
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Figure 4.12 Categories for zero to low speed range sensorless methods. 

As discussed above in Chapter 1, at zero and low -speed range (generally 0-10% of 

rated speed [214]), the sensorless schemes are mainly based on the saliency of machine, 

which can be roughly categorized into fundamental PWM excitation (FPE) method and 

HF (high-frequency) signal injection method. 

The saliency-based method utilizes saliency of machine to calculate the position 

information of the machine rotor. The saliency of machine mainly includes the 

geometric saliency caused by the salient structure of the rotor [215-217], the saturation 

saliency caused by the magnetic saturation of some sections of machine iron core [218-

220], and the hysteresis saliency results from the hysteresis of magnetically conductive 

material of machine stator [221-223]. Geometric saliency are often seen in interior 

permanent magnet machines (IPMSM), saturation saliency are usually found in 

surface-mounted permanent magnet machines (SPMSM) with high stator magnetic 

density, and hysteresis saliency are typically seen in surface-mounted permanent 
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magnet machines (SPMSM) with low magnetic density of stators. The degree of 

saliency caused by geometry, saturation and hysteresis has a strong to weak 

relationship, which means, the machine whose geometric saliency dominates often 

contains a certain degree of saturation saliency and hysteresis saliency, while machines 

dominated by hysteresis saliency usually do not contain obvious geometric saliency or 

saturation saliency [224]. 

Three main types of FPE method are: Indirect flux detection by on-line reactance 

measurement (INFORM)，Zero Sequence Current Derivatives (ZSCD) Measurements

，and Zero Voltage Vector Injection (ZVVI) Method [110]. The INFORM method 

measures the current response induced by the voltage space vectors that are applied in 

different directions and obtain rotor position information by detecting the current slope. 

It is simple to accomplish but require extra hardware devices. The principle of ZSCD 

method is to calculate the derivative of zero sequence current induced by the test vector 

signals that are injected to the machine. It has high performance but are not available 

in certain industrial applications where the zero-sequence component excitation is not 

accessible. The ZVVI method combines the derivation calculations of current and zero 

voltage vector. It is insensitive to parameters variation and has not yet been 

commercialized. 

4.2.1 High-Frequency Signal Injection Method  

HF signal injection method calculates the rotor position information by injecting a 

specific high-frequency signal into the stator winding and detecting the response to this 
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signal. According to different excitation methods, the high-frequency injection method 

can be roughly divided into [225]: 

• High-Frequency Current Injection (HFCI) Method  

• High-Frequency Voltage Injection (HFVI) Method  

o Rotating High-Frequency Signal Injection (HFSI) Method 

o Pulsating High-Frequency Signal Injection (HFSI) Method  

The difference between the HFVI method and HFCI method [122, 226, 227] is the type 

of injected signals, which mainly depends on the characteristics of the inverter. If the 

inverter is voltage sourced, it is more appropriate to use the HF voltage signal. While 

the inverter is current sourced, HF current signal is a better choice. Although the 

rotating HFCI method extracts the rotor position signal easier than the rotating HFVI 

method does, the bandwidth of the position observer of the former is smaller than that 

of the latter. In addition, since typical machine drive systems generally use voltage 

source inverters (VSI), accurate HFCI can hardly be achieved. Hence, the HFVI method 

is mainly introduced in the following content.  

According to different applicable coordinate systems, the HFVI method can be 

classified into two categories: Rotating HFSI Method and Pulsating HFSI Method. The 

Rotating HFSI Method often chooses two sinusoidal signals of equal amplitude, equal 

frequency, and phase difference 𝜋 2⁄  to be injected separately along the stationary 𝛼𝛽 

coordinate axis to generate a rotating voltage space vector. While in the Pulsating HFSI 

Method, high-frequency signals are injected along the estimated rotating d-axis to 

generate a pulsating voltage space vector. 
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The concept of high-frequency signal injection was first proposed by R.D. Lorenz in 

1993 [228]. In 1998, M.J. Corley and R.D. Lorenz realized the position observation of 

the interior permanent magnet synchronous machine at zero and low-speed by injecting 

HF signal into the voltage expressed in terms of rotating dq frame [229]. In 1999, S.K. 

Sul innovated this algorithm and use pulsating sinusoidal high-frequency signal 

injection for the first time to observe position on asynchronous machines [230]. In 2002, 

J. Holts achieved the rotor position estimation of surface-mounted PMSM by injecting 

pulsating sinusoidal high-frequency signal [231]. Around the same time, S.K. Sul not 

only successfully applied this scheme to the sensorless control of surface-mounted 

PMSM but also verified the performance even under heavy load conditions [232]. In 

2011, Yoon et al. proposed pulsating square wave injection method which can estimate 

rotor position without a low-pass filter (LPF), and thus has a larger rotor position 

observation bandwidth [233]. Table 4-1 compares the most common three methods for 

HFVI method: 

• Pulsating High-Frequency Signal Injection method 

o Pulsating Sinusoidal Injection method 

o Pulsating Square Wave Injection method 

• Rotating High-Frequency Signal Injection method 
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Table 4-1 Comparison of three common high-frequency signal injection methods [110, 225]. 

 

These methods are classified according to what kind of signal and what frames the 

signals are injected to. This rotating high-frequency signal injection is often called 𝛼𝛽 

injection because the rotating voltage signal is applied in a stationary frame. The 

voltage signal with constant voltage amplitude rotating at the injected high frequency 

can be represented as: 

 
𝑈̂𝛼𝛽 = 𝑈ℎ𝑒𝑗𝜔ℎ𝑡 = 𝑈ℎ [

𝑐𝑜𝑠 (𝜔ℎ𝑡)
𝑠𝑖𝑛 (𝜔ℎ𝑡)

] 
(4.23) 

where 𝑈ℎ is the amplitude and 𝜔ℎ is the frequency of the high-frequency voltage vector 

𝑈̂𝛼𝛽, hence three-phase voltage vector is persistently rotating as an injection signal in 

the stationary 𝛼𝛽 frame. 

Instead of injecting a rotating vector, it is also possible to apply the high-frequency 

signal in the synchronous frame in a pulsating manner, usually along the d axis [234] 

to minimize the torque ripple [235]. The HF voltage is given in the synchronous dq 

frame as: 
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[
𝑢̂𝑑ℎ

𝑢̂𝑞ℎ
] = [

𝑈ℎ𝑐𝑜𝑠 (𝜔ℎ𝑡)
0

] 
(4.24) 

As shown in Table 4-1, a comparison between them is made from various aspects. The 

scheme of pulsating sinusoidal high-frequency signal injection method is available for 

both salient and non-salient machine. And an introduction of it will be made in detail 

in the following content. 

4.2.2 Pulsating Sinusoidal High-Frequency Signal Injection Method 

This method is usually used for non-salient surface-mounted PMSM. A sinusoidal high-

frequency voltage signal is injected into the estimated direct axis to saturate the direct 

axis magnetic circuit, allowing the machine to show saturation saliency. The block 

diagram of this method is shown in Figure 4.13. 

 

Figure 4.13 Block diagram of pulsating sinusoidal high-frequency injection signal method. 

This sensorless scheme can be divided into two steps. The first step is called signal 

processing that aims to get the error signal 𝑓(∆𝜃)  from current feedback in the 
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estimated q axis. Then an observer is used to obtain the estimated speed and position 

that are used for coordinate transformation in vector control. Besides, vector control 

strategy is used to realize the cascade closed-loop control of PMSM speed and current. 

The space vector pulse width modulation (SVPWM) is used to obtain the drive signal. 

LPF is added to the dq axis current feedback loop to filter out high-frequency 

components. 

To figure out how this method works, the concept of saturation saliency is explained 

initially. Normally, the direct axis inductance 𝐿𝑑  of surface-mounted PMSM is 

approximately the same as the quadrature axis inductance 𝐿𝑞 , that is, 𝐿𝑑 ≈ 𝐿𝑞 . But 

when the magnetic circuit of the machine is saturated, the direct axis inductance will 

reduce and thus small saliency is shown, also known as the saturation saliency of 

machine [227]. Figure 4.14 is the characteristic curve of the flux linkage of the surface-

mounted PMSM direct axis magnetic circuit. If there is no current flowing through the 

direct axis, the amplitude of the flux linkage is similar to the permanent magnet flux 

𝜑𝑚 and the working point of the magnetic circuit is A. If negative direction current 

passes through the direct axis, the operating point changes to B in the linear region 

where the amplitude of the flux linkage decreases linearly with constant slope and the 

inductance remains unchanged. If positive current flows in the direct axis, the operating 

point will move to C in the saturation region where the amplitude of the flux linkage 

increases nonlinearly, and the slope and inductance decreases as current increases.  



99 

 

 

Figure 4.14 Flux characteristic curve of direct axis flux circuit of surface-mounted PMSM. 

Due to the absence of permanent magnets in the quadrature axis, the magnetic circuit 

is in the linear region if current is within the rated current, which means the quadrature 

axis inductance does not change. Hence, 𝐿𝑑 becomes less than 𝐿𝑞 and the saturation 

saliency characteristic can be observed [236]. When high-frequency pulsating voltage 

is injected, high-frequency components are generated in both voltage and current of the 

synchronous rotating coordinate system. Only considering high-frequency component 

in steady-state, the voltage formula can be rewritten as: 

 
[
𝑢𝑑ℎ

𝑢𝑞ℎ
] = [

𝑅𝑑 + 𝑗𝜔ℎ𝐿𝑑 0
0 𝑅𝑞 + 𝑗𝜔ℎ𝐿𝑞

] [
𝑖𝑑ℎ

𝑖𝑞ℎ
] 

(4.25) 

In the above formula, 𝑢𝑑ℎ and 𝑢𝑞ℎ are high-frequency voltage in the actual direct axis 

and quadrature axis, respectively. 𝑖𝑑ℎ and 𝑖𝑞ℎ are high-frequency current in the actual 

direct axis and quadrature axis, respectively. The high-frequency response of current in 

actual synchronous rotating coordinate system can be solved (4.25) from as: 

 

[
𝑖𝑑ℎ

𝑖𝑞ℎ
] =

[
 
 
 
 

1

𝑅𝑑 + 𝑗𝜔ℎ𝐿𝑑
0

0
1

𝑅𝑞 + 𝑗𝜔ℎ𝐿𝑞]
 
 
 
 

[
𝑢𝑑ℎ

𝑢𝑞ℎ
] 

(4.26) 
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According to the principle of coordinate transformation, the transformation matrix 

between the actual dq frame and the estimated dq frame can be expressed as: 

 𝑇𝜃̂→𝜃(∆𝜃) = [
𝑐𝑜𝑠∆𝜃 𝑠𝑖𝑛∆𝜃
−𝑠𝑖𝑛∆𝜃 𝑐𝑜𝑠∆𝜃

] (4.27) 

 𝑇𝜃→𝜃̂(∆𝜃) = [
𝑐𝑜𝑠∆𝜃 −𝑠𝑖𝑛∆𝜃
𝑠𝑖𝑛∆𝜃 𝑐𝑜𝑠∆𝜃

] (4.28) 

where 𝜃 is estimated rotor position, ∆𝜃 = 𝜃 − 𝜃 is error between actual rotor position 

and estimated rotor position. Combining (4.26) to (4.28), the high-frequency current 

response in the estimated dq frame is solved as: 

 

[
𝑖̂𝑑ℎ

𝑖̂𝑞ℎ
] = 𝑇𝜃→𝜃̂(∆𝜃)

[
 
 
 
 

1

𝑅𝑑 + 𝑗𝜔ℎ𝐿𝑑
0

0
1

𝑅𝑞 + 𝑗𝜔ℎ𝐿𝑞]
 
 
 
 

𝑇𝜃̂→𝜃(∆𝜃) [
𝑢̂𝑑ℎ

𝑢̂𝑞ℎ
] (4.29) 

Pulsating high-frequency voltage is injected into the estimated dq frame as: 

 
[
𝑢̂𝑑ℎ

𝑢̂𝑞ℎ
] = [

𝑈ℎ𝑐𝑜𝑠 (𝜔ℎ𝑡)
0

] 
(4.30) 

Substituting (4.25)(4.27)(4.28)(4.30) gives: 

 
[
𝑖̂𝑑ℎ

𝑖̂𝑞ℎ
]

=
𝑈ℎ𝑐𝑜𝑠 (𝜔ℎ𝑡)

(𝑅𝑑 + 𝑗𝜔ℎ𝐿𝑑)(𝑅𝑞 + 𝑗𝜔ℎ𝐿𝑞)
[
𝑅̅ + 𝑗𝜔ℎ𝐿̅ + (∆𝑅 + 𝑗𝜔ℎ∆𝐿)𝑐𝑜𝑠 (2∆𝜃)

(∆𝑅 + 𝑗𝜔ℎ∆𝐿)𝑠𝑖𝑛 (2∆𝜃)
] (4.31) 

 
=

𝑈ℎ𝑐𝑜𝑠 (𝜔ℎ𝑡 − 𝜑)

|𝛧|
[
𝑅̅ + 𝑗𝜔ℎ𝐿̅ + (∆𝑅 + 𝑗𝜔ℎ∆𝐿)𝑐𝑜𝑠 (2∆𝜃)

(∆𝑅 + 𝑗𝜔ℎ∆𝐿)𝑠𝑖𝑛 (2∆𝜃)
] 

𝑅̅ =
𝑅𝑞−𝑅𝑑

2
,Δ𝑅 =

𝑅𝑞+𝑅𝑑

2
, 𝐿̅ =

𝐿𝑞−𝐿𝑑

2
, Δ𝐿 =

𝐿𝑞+𝐿𝑑

2
, 
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|𝛧| = √(𝑅𝑑𝑅𝑞 − 𝜔ℎ
2𝐿𝑑𝐿𝑞)2 + 𝜔ℎ

2(𝑅𝑑𝐿𝑞 + 𝑅𝑞𝐿𝑑)2, 𝜑 = 𝑎𝑟𝑐𝑡𝑎𝑛
𝜔ℎ(𝑅𝑑𝐿𝑞+𝑅𝑞𝐿𝑑)

(𝑅𝑑𝑅𝑞−𝜔ℎ
2𝐿𝑑𝐿𝑞)

.  

The high-frequency current response of estimated quadrature axis can be simplified 

from (4.31): 

 
𝑖̂𝑞ℎ =

𝑈ℎ|Δ𝛧|

|𝛧|
𝑠𝑖𝑛(2∆𝜃) 𝑐𝑜𝑠(𝜔ℎ𝑡 − 𝜑 + Δ𝜑) 

(4.32) 

where  

 
|Δ𝛧| = √Δ𝑅2 + 𝜔ℎ

2Δ𝐿2 
(4.33) 

 
Δ𝜑 = 𝑎𝑟𝑐𝑡𝑎𝑛

𝜔ℎ∆𝐿

∆𝑅
 

(4.34) 

Since the frequency of the injected signal is high, the resistance value can be ignored 

when compared with the high-frequency inductance. (4.32) can be approximated as: 

 
𝑖̂𝑞ℎ ≈

𝑈ℎ∆𝐿

𝜔ℎ𝐿𝑑𝐿𝑞
𝑠𝑖𝑛(2∆𝜃) 𝑠𝑖𝑛 (𝜔ℎ𝑡) 

(4.35) 

From (4.35) it can be seen that the error information of rotor position estimation is 

contained in the high-frequency current response of estimated quadrature axis. The 

following diagram shows the signal processing that is used to extract ∆𝜃 from estimated 

quadrature axis current 𝑖̇̂𝑞. 
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Figure 4.15 Signal processing in the pulsating sinusoidal high-frequency injection signal method. 

According to previous introduction, the first thing to obtain the rotor position error 

information ∆𝜃 is to get the high-frequency component of estimated quadrature axis 

current 𝑖̇̂𝑞ℎ. As illustrated in Figure 4.15, this can be achieved by passing estimated 

quadrature axis current 𝑖̇̂𝑞  through a Band-Pass Filter (BPF) with 𝜔ℎ  as central 

frequency. In order to get rotor position error information ∆𝜃 which is free from high-

frequency component, 𝑖̇̂𝑞ℎ  is then modulated by making multiplication with signal 

2𝑠𝑖𝑛(𝜔ℎ𝑡).  

 
𝑖̇̂𝑞ℎ ∙ 2𝑠𝑖𝑛(𝜔ℎ𝑡) =

2𝑈ℎ∆𝐿

𝜔ℎ𝐿𝑑𝐿𝑞
𝑠𝑖𝑛(2∆𝜃) 𝑠𝑖𝑛 2(𝜔ℎ𝑡) 

(4.36) 

The right side of (4.39) could be rewritten through trigonometric transformation as: 

 
𝑖̇̂𝑞ℎ ∙ 2𝑠𝑖𝑛(𝜔ℎ𝑡) =

2𝑈ℎ∆𝐿

𝜔ℎ𝐿𝑑𝐿𝑞
𝑠𝑖𝑛(2∆𝜃)

(1 − 𝑐𝑜𝑠(2𝜔ℎ𝑡))

2
 

(4.37) 

The modulated signal can be simplified into the sum of two parts, i.e. the DC 

component and high-frequency component. 

               𝑖̇̂𝑞ℎ ∙ 2𝑠𝑖𝑛(𝜔ℎ𝑡) 

=
𝑈ℎ∆𝐿

𝜔ℎ𝐿𝑑𝐿𝑞
𝑠𝑖𝑛(2∆𝜃) −

𝑈ℎ∆𝐿

𝜔ℎ𝐿𝑑𝐿𝑞
𝑠𝑖𝑛(2∆𝜃) 𝑐𝑜𝑠(2𝜔ℎ𝑡) 

(4.38) 

The DC component is the first term on the right side of (4.38) which only contains the 

error between the actual rotor position and the estimated rotor position. The high-

frequency component is the second term on the right side of (4.38). By passing the 
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modulated signal through a Low-Pass Filter (LPF), the high-frequency component can 

be filtered out, leaving the DC component as the filtered signal 𝑓(∆𝜃). 

 
𝑓(∆𝜃) = 𝐿𝑃𝐹[𝑖̇̂𝑞ℎ ∙ 2𝑠𝑖𝑛(𝜔ℎ𝑡)] =

𝑈ℎ∆𝐿

𝜔ℎ𝐿𝑑𝐿𝑞
𝑠𝑖𝑛(2∆𝜃) 

(4.39) 

If ∆𝜃 is small enough, the filtered signal can be linearized as: 

 𝑓(∆𝜃) ≈ 𝑘∆𝜃 (4.40) 

where 𝑘 =
2𝑈ℎ∆𝐿

𝜔ℎ𝐿𝑑𝐿𝑞
  

After the first step i.e.,‘ signal processing’ shown in the Figure 4.15, an observer is 

applied to achieve estimation of rotor speed and position. As shown in Figure 4.16, the 

commonly used observers are based on the phase-locked loop (PLL).  

 

Figure 4.16 Phase Locked Loop based rotor position observer. 

PLL is a technology that enables the output signal to track the input signal and is also 

a negative feedback control system of the phase error. The main idea is to track and 

adjust the frequency of the output signal through the error value between the input and 

output signals. When the system reaches steady state operation, the error value between 

the corresponding signals will tend to be zero, the system no longer has a phase 

difference. As shown in (4.16), the rotor position error 𝑓(∆𝜃) ≈ 𝑘∆𝜃 is the input signal, 

and the estimated electrical angle is the output signal, 𝑘𝑃𝑝 and 𝑘𝑃𝑖 are the proportional 
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and integral coefficients of the PI controller, and 1 𝑠⁄  is the integrator. Through the PI 

control, ∆𝜃  tends to zero, so that the estimated synchronous coordinate system 

coincides with the actual synchronous coordinate system, and the target purpose of 

accurately estimating the rotor position is achieved. However, for the PLL technology 

in digital control mode, the time when the error value reaches a stable state is 

proportional to the period of the locked input signal, that is, the tracking response speed 

is slow, and there is a certain degree of lag problem. Therefore, there is a need for a 

rotor position estimator without lag. 

4.3 Sensorless Control Schemes for Full-Speed Range 

At present, there is no control method that can realize the sensorless operation of the 

permanent magnet synchronous machine in the full-speed range. By combining various 

methods suitable for low speed or medium to high speed, a hybrid method [154] has 

become a proper solution.  

The difficulty of the hybrid control method is the smooth switching between the two 

types of methods which will affect the stability of the control system. The key to the 

hybrid control method lies in the smooth switching of the two methods in the transition 

zone. The currently effective scheme is the weighted average method [237]. As shown 

in (4.17), the final estimated speed is the weighted average of the speed obtained by the 

two methods. The upper speed limit 𝑛𝑚𝑎𝑥  of the switching interval is determined 

according to the speed range applicable to the low-speed method, and the lower speed 

limit 𝑛𝑚𝑖𝑛 is determined according to the applicable range of the high-speed method. 
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The final estimated speed is the weighted average of the speed obtained by the two 

methods. 

 

Figure 4.17 Determination of weighting coefficient in closed-loop hybrid sensorless control strategy. 

 𝑛̂ = 𝜆𝑙𝑜𝑤𝑛̂𝑙𝑜𝑤 + 𝜆ℎ𝑖𝑔ℎ𝑛̂ℎ𝑖𝑔ℎ (4.41) 

𝑛̂𝑙𝑜𝑤  and 𝑛̂ℎ𝑖𝑔ℎ  are estimated speed based on low-speed and high-speed schemes, 

respectively. 𝜆𝑙𝑜𝑤  and 𝜆ℎ𝑖𝑔ℎ  are corresponding weighting factors which can be 

expressed as: 

 

𝜆𝑙𝑜𝑤 = {

1
𝑛𝑚𝑎𝑥 − 𝑛̂

𝑛𝑚𝑎𝑥 − 𝑛𝑚𝑖𝑛

0

      

𝑛̂ ≤ 𝑛𝑚𝑖𝑛

𝑛𝑚𝑖𝑛 < 𝑛̂ < 𝑛𝑚𝑎𝑥

𝑛̂ ≥ 𝑛𝑚𝑎𝑥

 

(4.42) 

 𝜆ℎ𝑖𝑔ℎ = 1 − 𝜆𝑙𝑜𝑤 (4.43) 

According to the different strategies used in the low-speed zone, can be divided into 

closed-loop hybrid sensorless control method and open-loop start-up based hybrid 

sensorless control method. 
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4.3.1 Closed-Loop Hybrid Sensorless Control Strategy 

This strategy combines algorithm based on the saliency of the machine for zero and 

low-speed with methods for medium and high-speed [110, 238, 239]. It utilizes speed 

and current closed-loop control in the whole speed range, and through the design of 

appropriate switching strategy, it enables the machine to achieve good performance of 

sensorless control in the full-speed range[237, 240, 241]. There are many studies that 

combine high-frequency signal injection method with variable sensorless schemes such 

as MRAS [241-243], observer [229, 244-246], SMO [246-248], back-EMF estimator 

[108, 249], extend Back-EMF [166, 249] etc. In [250], an INFORM estimate for low 

speed is combined with an EMF based observer.  

4.3.2 Open-Loop Start-Up Based Hybrid Sensorless Control Strategy 

The control strategy mentioned in Chapter 4.3.1 needs to estimate the actual rotor 

position by detecting the machine state variables and use it in speed and current closed-

loop for sensorless control. In some applications where the control accuracy and 

dynamic response are not high, open-loop start-up has a considerable application 

prospect, which is usually divided into V/F control and I/F control. 

4.3.2.1 V/F Start-Up Strategy 

The V/F control mode [251] ensures that the output voltage is proportional to the 

operating frequency, i.e., V/F is constant in most speed ranges. This kind of control 

method is not dependent on the machine parameters, the structure is simple, and it is 

very suitable for the application where the dynamic performance requirements are not 

high. 
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Figure 4.18 is the block diagram of V/F open-loop control of PMSM system. The given 

voltage amplitude 𝑈𝑠  is determined according to the pre-set V/F curve, and the 

reference position of machine control is obtained by integration of 𝜔𝑒. The two stator 

phase voltages 𝑢𝛼, 𝑢𝛽 are obtained by coordinate transformation, and then three groups 

of symmetrical complementary PWM signals are generated by SVPWM module. 

Finally, the inverter outputs three-phase stator voltages to control the machine. 

  

Figure 4.18 Block diagram of V/F control for PMSM. 

The core of V/F control is the open-loop V/F curve, which determines the stator voltage 

amplitude of inverter output at different speeds. The V/F curve is usually set as a 

straight line with a fixed slope to keep the ratio of voltage to frequency constant. At 

present, the V/F curve of PMSM is generally a multi-segment polyline so that users can 

flexibly adjust the dividing points on the curve according to the actual application and 

produce the most suitable V/F curve.  

4.3.2.2 I/F Start-Up Strategy 

I/F control realizes the closed-loop control of stator current based on V/F control. The 

current feedback value is constrained by the expected value to avoid over-current. The 



108 

 

control principle block diagram is shown in Figure 4.19. A current closed-loop is 

formed in dq coordinate system, and the current error is regulated by PI controller so 

that the feedback current is constrained by the current command. The position 

information used in coordinate transformation is provided by the integration of speed 

command. In this control mode, according to the change of the given angular frequency, 

the magnetic field of accelerating rotation can be generated in the air gap, and the rotor 

of the traction machine can be accelerated to start up. 

  

Figure 4.19 Block diagram of I/F control for PMSM. 

4.4 Chapter Summary  

Based on the mathematical model of PMSM, the principles, and characteristics of the 

sensorless control algorithm in different speed ranges are introduced. The main findings 

of this chapter can be summarised as follows: 

• Several practical sensorless algorithms are overviewed. The first group of 

sensorless algorithm based on machine mathematic model is suitable for 
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middle- and high-speed sections, such as back-EMF estimation method, 

observer based adaptive algorithm, etc. These methods have simple operation, 

good dynamic characteristics, low requirements for machine construction, good 

universality for different types of machines, but they are not available for low 

speed and sensitive to parameter variation.  

• The second group based on high frequency response is applicable to zero speed 

and low speed applications. They need the saliency information of machine, and 

the speed and position estimation performance are greatly affected by filter 

parameters, hardware sampling speed and other factors.  

• In addition, there is a kind of control strategy, that is, the V/F and I/F open-loop 

control, which can also realize the sensorless operation of PMSM and usually 

be applied as a start-up strategy. 

• In order to make the permanent magnet synchronous machine drive system run 

in the full speed range without mechanical sensors, it is necessary to select 

different sensorless algorithms according to the speed range, and set up a 

reasonable switch strategy, so that they can be integrated into a full speed 

scheme suitable for zero speed, low speed, and high speed operation. 

• Due to the advantages and disadvantages of different algorithms and control 

strategies, it is necessary to determine the optimal integration scheme according 

to the actual operation conditions of PMSM drive system and consider the 

switching process between different algorithms or control strategies to ensure 

the smoothness and reliability of switching. 
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The algorithm theory and performance analysis obtained in this chapter effectively 

guide the implementation technology in the follow-up research and the operation 

verification of the actual system. The next two chapters will focus on the sensorless 

algorithm which is suitable for the DTP-PMSM established in the Chapter 3 and analyse 

the critical techniques in detail. 
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Chapter 5 Model Reference Adaptive System Based 

Sensorless Control Strategy at Middle- and High-Speed 

In the previous chapter, various sensorless control strategies have been reviewed. 

Among them, MRAS is relatively robust and simple in implementation. Hence, in this 

chapter, the control scheme of MRAS is detailed and different types of MRAS structure 

are discussed and compared. The shortage of the conventional MRAS is pointed out 

and enhanced solutions are proposed.  

5.1 Conventional Model Reference Adaptive System Method 

Among all the strategies to control and estimate the speed of PMSM drives that are 

discussed in the previous chapter, MRAS is a well-established technique that has 

attracted much attention because of simplicity and direct physical interpretation [252]. 

MRAS is classified into closed loop state observer method that is shown in Figure 5.1. 

If the correction part uses model reference adaptive observer, the closed loop state 

observer transforms to a MRAS. 

 

Figure 5.1 Block diagram of closed loop state observer[253]. 
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The preliminary idea of MRAS technique [254] is to adjust the state variables of a 

system under study using two sub-models (reference model and adaptive model) and 

find out an adaptation mechanism to minimise the error between these two models in 

order to estimate a desired physical quantity. The parallel MRAS is most widely used 

at present, and its configuration is shown in Figure 5.2.  

 

Figure 5.2 Configuration of the parallel MRAS[235]. 

The reference model is based on a set of equations which does not include the parameter 

needs to be estimated. On the contrary, the adaptive model is used to observe the same 

state variables with different sets of equations that employ different inputs among 

which there are parameters to be estimated. The stability of a drive system is achieved 

by minimising the error between the two models signals based on either stator current 

[132, 255] or rotor flux [256, 257] or electromagnetic torque [258, 259], etc. A set of 

adaptive laws such as Popov’s criterion of hyperstability [260, 261], Lyapunov stability 

theorem [262, 263] and recursive least-square (RLS) algorithm [264] has been widely 

considered to minimise the error signal. One such adaptation mechanism based on the 

hyperstability concept with two blocks in the feedback systems is shown in Figure 5.3. 
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Figure 5.3 Basic structure of nonlinear feedback system[265]. 

A system is defined as asymptotically hyperstable if the linear time-invariant forward-

path transfer matrix is strictly real-positive and that the non-linear feedback (which 

includes the adaptation mechanism) satisfies Popov’s criterion for hyperstability [266, 

267].  

5.1.1 The Principle of MRAS 

In state space, the reference model can be expressed as 

 𝑋̇𝑟 = 𝐴𝑟𝑋𝑟 + 𝐵𝑟𝑢 (5.1) 

 𝑌𝑟 = 𝐶𝑋𝑟 (5.2) 

And the adjustable model can be expressed as 

 𝑋̇𝑠 = 𝐴𝑠𝑋𝑠 + 𝐵𝑠𝑢 (5.3) 

 𝑌𝑠 = 𝐶𝑋𝑠 (5.4) 

where 𝑋𝑟  and 𝑋𝑠  are the model state vectors (n×1) of the reference model and the 

adjustable model, and u is the input vector (m×1) to both models; 𝑌𝑟 and 𝑌𝑠 are the 

output vectors (r×1) of both models; 𝐴𝑟(n×n), 𝐵𝑟(n×m), 𝐴𝑠(n×n), and 𝐵𝑠(n×m) are time 

varying matrices; C(r×n) is the output matrix. 
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The system is dedicated to identify the values of 𝐴𝑟 and 𝐵𝑟 that vary during operation. 

The index of performance (IP) of each model can be a function of the output, or a 

function of the output and the states. The difference between 𝐼𝑃𝑟 and 𝐼𝑃𝑠, e, is fed to a 

block named adaptation mechanism, which modifies the parameters of 𝐴𝑠 and 𝐵𝑠 until 

they match those of the reference model so that 𝐼𝑃𝑟 and 𝐼𝑃𝑠 converge and e becomes 

zero. Given that the structure of the reference model is known, the identification issue 

is to design an appropriate adaptation mechanism to ensure the convergence. According 

to [268], the above system can be represented by an equivalent one. For example, let 

𝑒 = 𝑋𝑟 − 𝑋𝑠, then subtract (5.1) from (5.3) gives 

 𝑒̇ = 𝑋̇𝑟 − 𝑋̇𝑠 

(5.5) 

 = 𝐴𝑟𝑋𝑟 − 𝐴𝑠𝑋𝑠 + (𝐵𝑟 − 𝐵𝑠)𝑢 

 = 𝐴𝑟𝑋𝑟 − 𝐴𝑟𝑋𝑠 + 𝐴𝑟𝑋𝑠 − 𝐴𝑠𝑋𝑠 + (𝐵𝑟 − 𝐵𝑠)𝑢 

 = 𝐴𝑟𝑒 + (𝐴𝑟 − 𝐴𝑠)𝑋𝑠 + (𝐵𝑟 − 𝐵𝑠)𝑢 

For fast convergence, it is desirable for the adaptation scheme to be able to memorize 

the previous good values, and therefore one possible form of 𝐴𝑠  and 𝐵𝑠  is provided 

[268] as 

 
𝐴𝑠 = ∫ 𝑌1(𝑒, 𝑡)𝑑𝑡

𝑡

0

+ 𝑌2(𝑒, 𝑡) + 𝐴𝑠(0) (5.6) 

 
𝐵𝑠 = ∫ 𝑍1(𝑒, 𝑡)𝑑𝑡

𝑡

0

+ 𝑍2(𝑒, 𝑡) + 𝐵𝑠(0) (5.7) 

where 𝑌1 and 𝑍1 are n×n and m×n matrices respectively, which denote a nonlinear time-

varying relation between 𝐴𝑠, 𝐵𝑠 and the values of e(t). 𝑌2 and 𝑍2 are matrices of the 
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same dimensions which denote a nonlinear time-varying relation between 𝐴𝑠, 𝐵𝑠 and 

the values of e(t) and are null for e=0. 

From (5.5)-(5.7), one can obtain 

 𝑒̇ = 𝐴𝑟𝑒 − 𝑊 (5.8) 

 
𝑊 = (∫ 𝑌1(𝑒, 𝑡)𝑑𝑡

𝑡

0

+ 𝑌2(𝑒, 𝑡) + 𝐴𝑠(0) − 𝐴𝑟)𝑋𝑠

+ (∫ 𝑍1(𝑒, 𝑡)𝑑𝑡
𝑡

0

+ 𝑍2(𝑒, 𝑡) + 𝐵𝑠(0) − 𝐵𝑟)𝑢 

(5.9) 

(5.8) and (5.9) facilitate the construction of the equivalent system shown in Figure 5.4, 

which is equivalent to that in Figure 5.2. 

 

Figure 5.4 The equivalent representation of the MRAS. 
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The design of the system depends on the suitable selection of 𝑌1, 𝑌2, 𝑍1 and 𝑍2. This 

can be achieved with the concept of the hyperstability [254]. If the feedforward block 

is positive real, and the feedback block satisfies the Popov integral inequality, the 

system in Figure 5.4 can be claimed to be a hyperstable one that guarantees the 

convergence of e to zero. The Popov integral inequality given in (5.10) leads to the 

choice of the 𝑌1, 𝑌2, 𝑍1 and 𝑍2. 

 𝜂(𝑡1) = ∫ 𝑒𝑇𝑊𝑑𝑡 ≥ −𝛾0
2𝑡1

0
          for all 𝑡1 ≥ 0 (5.10) 

where 𝛾0  is a finite positive constant. Once 𝑌1 , 𝑌2 , 𝑍1  and 𝑍2  are determined, the 

adaptation mechanism and hence the MRAS, which is capable of identifying the 

parameters in the reference model, are defined. 

5.1.2 Estimation of PMSM Speed Based on MRAS 

There are usually two approaches to establish the reference model of PMSM. One is to 

use the current equation as the reference model, and the other is to use the flux linkage 

equation as the reference model. In this section, the former method is introduced. 

According to the mathematical model of PMSM in (5.11), it can be seen that the current 

equation contains speed information, so the motor can be viewed as the reference model, 

and the current model containing the estimated variables is the adjustable model. Stator 

voltage being the input, the stator current measured by the current sensor is the output 

of the reference model, and the current solved by the current equation is the output of 

the adjustable model. Under the effect of the adaptive law, current output of the 

adjustable model will track the actual current signal, and the coefficient matrix will also 
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follow the parameter matrix of the reference model. Thus, the speed to be estimated 

will track the actual speed to achieve the self-adaptation of speed identification. 

The stator current formula of PMSM under dq rotating frame is: 

 

[

𝑑𝑖𝑑
𝑑𝑡
𝑑𝑖𝑞

𝑑𝑡

] =

[
 
 
 
 −

𝑅

𝐿𝑑

𝐿𝑞

𝐿𝑑
𝜔𝑒

−
𝐿𝑑

𝐿𝑞
𝜔𝑒 −

𝑅

𝐿𝑞 ]
 
 
 
 

[
𝑖𝑑
𝑖𝑞

] +

[
 
 
 

𝑢𝑑

𝐿𝑑
𝑢𝑞

𝐿𝑞
−

𝜔𝑒

𝐿𝑞
𝜑𝑚

]
 
 
 
 (5.11) 

To apply Popov hyperstability theory to the system, (5.11) is rewritten by defining like 

(5.12)-(5.15): 

 𝑖𝑑
′ = 𝑖𝑑 +

𝜑𝑚

𝐿𝑑
 (5.12) 

 𝑖𝑞
′ = 𝑖𝑞 (5.13) 

 
𝑢𝑑

′ = 𝑢𝑑 +
𝑅𝜑𝑚

𝐿𝑑
 

(5.14) 

 𝑢𝑞
′ = 𝑢𝑞 (5.15) 

Hence, the rewritten model of (5.11) is got in (5.16) which is defined as the reference 

model in MRAS. 

 𝑑𝒊′

𝑑𝑡
= 𝑨𝒓𝒊

′ + 𝑩𝒓𝒖
′ (5.16) 

where 

 
𝒊′ = [

𝑖𝑑
′

𝑖𝑞
′ ] (5.17) 
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𝑨𝒓 =

[
 
 
 
 −

𝑅

𝐿𝑑

𝐿𝑞

𝐿𝑑
𝜔𝑒

−
𝐿𝑑

𝐿𝑞
𝜔𝑒 −

𝑅

𝐿𝑞 ]
 
 
 
 

 (5.18) 

 

𝑩𝒓 =

[
 
 
 
 
1

𝐿𝑑
0

0
1

𝐿𝑞]
 
 
 
 

 (5.19) 

 
𝒖′ = [

𝑢𝑑
′

𝑢𝑞
′ ] (5.20) 

The adjustable model in MRAS can be presented in (5.21) according to the reference 

model in (5.16). 

 𝑑𝒊̂̇′

𝑑𝑡
= 𝑨𝒔 𝒊̂̇

′ + 𝑩𝒔𝒖
′ (5.21) 

where 

 
𝒊̂̇′ = [

𝑖̇̂𝑑
′

𝑖̇̂𝑞
′ ] (5.22) 

 

𝑨𝒔 =

[
 
 
 
 −

𝑅

𝐿𝑑

𝐿𝑞

𝐿𝑑
𝜔̂𝑒

−
𝐿𝑑

𝐿𝑞
𝜔̂𝑒 −

𝑅

𝐿𝑞 ]
 
 
 
 

 (5.23) 

 

𝑩𝒔 =

[
 
 
 
 
1

𝐿𝑑
0

0
1

𝐿𝑞]
 
 
 
 

 (5.24) 

The error of the MRAS current estimator is given as 
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 𝒆 = 𝒊′ − 𝒊̂̇′ (5.25) 

Substract (5.21) from (5.16) giving 

 𝑑𝒆

𝑑𝑡
= 𝑨𝒔𝒆 − 𝑾 

(5.26) 

where 

 𝑾 = (𝑨𝒔 − 𝑨𝒓)𝒊̂̇
′ = 𝑱(𝜔𝑒 − 𝜔̂𝑒)𝒊̂̇

′ (5.27) 

 

𝑱 =

[
 
 
 
 0 −

𝐿𝑞

𝐿𝑑

𝐿𝑑

𝐿𝑞
0

]
 
 
 
 

 (5.28) 

The equivalent representation of the MRAS for speed estimation is shown in Figure 5.5. 

 

Figure 5.5 The equivalent presentation of the MRAS for speed estimation [235]. 
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Applying (5.10) to this system indicates one possible solution that can ensure the 

hyperstability [132, 269], which is 

 𝑌1 = 𝑘𝑖(𝒊
′ × 𝒊̂̇′) (5.29) 

 𝑌2 = 𝑘𝑝(𝒊′ × 𝒊̂̇′) (5.30) 

where 𝑘𝑝  and 𝑘𝑖  are positive numbers, 𝒊′ × 𝒊̂̇′  is the inner product between the 

reference rotor current vector and the estimated rotor current vector. 

 𝒊′ × 𝒊̂̇′ = 𝑖𝑑𝑖̇̂𝑞 − 𝑖𝑞𝑖̇̂𝑑 −
𝜑𝑚

𝐿𝑞
(𝑖𝑞 − 𝑖̇̂𝑞) (5.31) 

The estimated rotor speed is achieved based on the hyperstability theory. 

 
𝜔̂𝑒 =

𝑌1

𝑠
+ 𝑌2 

(5.32) 
 

= (
𝑘𝑖

𝑠
+ 𝑘𝑝)(𝑖𝑑𝑖̇̂𝑞 − 𝑖𝑞𝑖̇̂𝑑 −

𝜑𝑚

𝐿𝑞
(𝑖𝑞 − 𝑖̇̂𝑞)) + 𝜔̂𝑒(0) 

The rotor position is obtained by integrating of rotor speed. 

 
𝜃𝑒 = ∫ 𝜔̂𝑒𝑑𝑡

𝑡

0

+ 𝜃𝑒(0) (5.33) 

One practical realization of the MRAS for the speed adaptation is shown in Figure 5.6. 
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Figure 5.6 System schematic of MRAS for speed estimation.  

5.1.3 Limitation of Conventional MRAS 

The MRAS is quite simple to implement, sufficiently robust and accurate at higher 

stator frequencies. However, in most cases, MRAS shows high sensitivity to parameters 

[270]. The motor parameters are affected by the working environment. For instance, 

the temperature rises up as the machine running. Consequently, the resistance of the 

winding increases, the output energy density of rotor permanent magnet decreases, the 

demagnetization effect occurs, the PM flux amplitude decreases. If the magnetic circuit 

saturation occurs during the machine running, the inductance amplitude will decrease 

with the increase of the current [271]. These problems will lead to poor speed estimation 

performance of MRAS. Therefore, the online tuning of parameters is necessary and 

important to optimize MRAS sensorless control system. 
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5.2 Parameter Sensitivity Analysis of Conventional MRAS Based Sensorless 

Control Method 

From the previous derivation, the main parameters in the PMSM model are as follows: 

stator resistance 𝑅, permanent magnet rotor flux linkage 𝜑𝑚, direct axis inductance 𝐿𝑑 

and quadrature axis inductance 𝐿𝑞. The sensorless control of PMSM depends on the 

mathematic model containing these parameters. In general, these parameters can be 

obtained by off-line measurement. However, they will change with the variation of 

working condition and working time. The deviation of them brings about the error of 

position estimation or speed estimation in sensorless control. Errors caused by these 

offsets will reduce the efficiency of motor operation, and even lead to system instability 

when the error is too large. In this section, the parameter offset of PMSM is introduced 

in detail. 

5.2.1 Current-sensitive Parameters 

The direct and quadrature axis inductances of PMSM are directly related to the stator 

current. Different from IM, PMSM has no rotor current to counteract the 

magnetomotive force of stator current. When the current in stator winding is large, a 

strong armature magnetic field will be generated outside the excitation magnetic field 

of permanent magnet. Due to the nonlinearity of the B-H curve of the motor core 

material, when the magnetic field is strong, the core material will enter the saturation 

state and lead to the decrease of the permeability, resulting in the decrease of the 

inductance. When the hysteresis in the B-H curve is neglected, the magnetomotive force 
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generated by the current corresponds to the flux linkage, thereby the inductance and the 

current also correspond to each other [102]. 

In the general closed-loop control system of PMSM, the motor current is measured 

directly through the sensor to perform the current closed-loop control. Since the values 

of the current sensitive parameters correspond directly to the current, the best way to 

identify the current sensitive parameters is to establish the lookup tables between 

current and parameters, and then update the parameters through on-line look-up and 

interpolation. The lookup table between stator current and inductance in this study is 

shown in Table 5-1. 

Table 5-1 Lookup table between stator current and dq-axis inductance for ACHIEVE machine. 

 

5.2.2 Temperature-sensitive Parameters 

Among the parameters of PMSM, the resistivity of copper or aluminium used in stator 

windings will go up with the rise of temperature, so the stator resistance of motors will 
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increase with the rise of winding temperature. Therefore, the stator resistance is 

regarded as a temperature sensitive parameter. 

In the ACHIEVE machine, a thermocouple embedded in the stator winding is used to 

measure the resistance of the stator winding under the variation of the temperature. As 

shown in Figure 5.7, stator winding resistance is proportional to the winding 

temperature according to the relationship in (5.34) [272]. 

 𝑅𝜏 = 𝑅0 ∗ (1 + 𝛼 ∗ (𝑇 − 𝑇0)) (5.34) 

where 𝛼 is the constant determined by the material (for copper, 𝛼 = 0.393%/℃). 𝑇0 =

20℃. 𝑅0 is the resistance value measured at temperature 𝑇0. 𝑅𝜏 is the resistance value 

at temperature 𝑇(℃). 

 

Figure 5.7 Resistance of stator winding varying against winding temperature for ACHIEVE machine.  

The rotor flux linkage of PMSM is also considered as a temperature sensitive parameter, 

and the main heat sources affecting the winding and magnet are different. The 

temperature rise of stator winding mainly comes from the heat dissipation of the current 

in the conductor. In contrast, the heating up of permanent magnets is mainly due to the 
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heat dissipation of eddy current generated when various high-frequency harmonic 

magnetic fields cut the permanent magnet. Besides, the heat dissipation of permanent 

magnet is relatively serious at high speed, while that of stator winding is more serious 

at high current overload.  

Although the heat sources of these two components are different, they are not 

completely independent of each other due to the heat conduction and radiation inside 

the motor. For example, at low speed and high torque, according to the second law of 

thermodynamics, the heat dissipation of the stator winding will heat the rotor through 

thermal radiation. The PM flux of ACHIEVE machine under various stator current 

against different temperature obtained by Finite Element Analysis (FEA) is depicted in 

Figure 5.8. The remanence temperature coefficient of permanent materials used in rotor, 

such as Samarium Cobalt (Recoma 33E) in ACHIEVE is negative [144], so when the 

temperature of the permanent magnet rises, the excitation capacity of it will decrease 

hence the rotor flux will decrease as shown in Figure 5.8.  

 

Figure 5.8 PM flux under various temperature and stator current for ACHIEVE machine. 
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When the operating frequency increases, the stator resistance will also go up due to the 

skin effect in the winding wires. But the skin effect of the stator winding should not be 

obvious if the stator winding is carefully designed and manufactured. Moreover, the 

rotor flux will be reduced by the magnetic field that is induced by the eddy current in 

the stator core as the frequency increases. However, for the stator core with laminated 

structure, this effect is very small.  

5.3 Model Observability Analysis of Permanent Magnet Synchronous Motor 

Since the parameters of PMSM will vary with the change of working conditions, it is 

necessary to identify the machine parameters in real time for the machine model 

dependent algorithms such as sensorless control. Besides, parameters of PMSM can 

reflect the real-time working status of machine. For instance, the rotor flux and stator 

resistance can reflect the temperature of the rotor and stator, respectively, while the 

inductance can reflect the saturation degree of the motor core. However, the number of 

machine parameters that can be simultaneously identified in a steady state machine is 

limited without signal injection. This is because that the identification of parameters is 

based on the mathematical model of PMSM. There are only two dimensions of the 

PMSM in the steady-state, which means that when the current is observable, there are 

only two degrees of freedom to identify the parameters. When the number of parameters 

to be identified exceeds the degree of freedom, there is no unique solution. Because the 

identification of all parameters affects each other and there are infinite combinations, 

the final identification result cannot converge [102]. The observability matrix can be 

used to judge the state observability and parameter identifiability of the machine model, 

which will be applied to the system proposed in the following chapter. 



127 

 

5.3.1 Observability of MRAS Based PMSM Sensorless System with Parameters 

Identification 

The mathematic model of PMSM in 𝛼𝛽 coordinate frame is presented as: 

 𝑑𝑖𝛼
𝑑𝑡

=
𝑢𝛼

𝐿𝑞
−

𝑅

𝐿𝑞
𝑖𝛼 + (2𝐿1 (𝜔𝑒𝑖𝑑 +

𝑑𝑖𝑑
𝑑𝑡

) + 𝜔𝑒𝜑𝑚)
𝑠𝑖𝑛𝜃𝑒

𝐿𝑞
 

(5.35) 

 𝑑𝑖𝛽

𝑑𝑡
=

𝑢𝛽

𝐿𝑞
−

𝑅

𝐿𝑞
𝑖𝛽 − (2𝐿1 (𝜔𝑒𝑖𝑑 +

𝑑𝑖𝑑
𝑑𝑡

) + 𝜔𝑒𝜑𝑚)
𝑐𝑜𝑠𝜃𝑒

𝐿𝑞
 

(5.36) 

where 𝐿1 = (𝐿𝑑 − 𝐿𝑞)/2. 

If the rotor speed and position are estimated by MRAS，the following two equations 

can help to improve the degree of freedom of parameter identification. 

 𝑑𝜃𝑒

𝑑𝑡
= 𝜔𝑒 

(5.37) 

 𝑑𝜔𝑒

𝑑𝑡
= 0 

(5.38) 

Considering the identification of the rotor flux, the following equation is supplemented. 

 𝑑𝜑𝑚

𝑑𝑡
= 0 (5.39) 

Thereby, the rotor flux identification model of sensorless system is built by (5.35)-

(5.39). The steady state observability matrix can be expressed as：  
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[
 
 
 
 
 
 
 
 
 
 
 
 
 
 
𝜕ℒ𝑓

0ℎ1

𝜕𝜃𝑒

𝜕ℒ𝑓
0ℎ1

𝜕𝜔𝑒

𝜕ℒ𝑓
0ℎ1

𝜕𝜑𝑚

𝜕ℒ𝑓
0ℎ2

𝜕𝜃𝑒

𝜕ℒ𝑓
0ℎ2

𝜕𝜔𝑒

𝜕ℒ𝑓
0ℎ2

𝜕𝜑𝑚

𝜕ℒ𝑓
1ℎ1

𝜕𝜃𝑒

𝜕ℒ𝑓
1ℎ1

𝜕𝜔𝑒

𝜕ℒ𝑓
1ℎ1

𝜕𝜑𝑚

𝜕ℒ𝑓
1ℎ2

𝜕𝜃𝑒

𝜕ℒ𝑓
1ℎ2

𝜕𝜔𝑒

𝜕ℒ𝑓
1ℎ2

𝜕𝜑𝑚

𝜕ℒ𝑓
2ℎ1

𝜕𝜃𝑒

𝜕ℒ𝑓
2ℎ1

𝜕𝜔𝑒

𝜕ℒ𝑓
2ℎ1

𝜕𝜑𝑚

𝜕ℒ𝑓
2ℎ2

𝜕𝜃𝑒

𝜕ℒ𝑓
2ℎ2

𝜕𝜔𝑒

𝜕ℒ𝑓
2ℎ2

𝜕𝜑𝑚 ]
 
 
 
 
 
 
 
 
 
 
 
 
 
 

=

[
 
 
 
 

0 0 0
0 0 0

𝑐𝑜𝑠𝜃𝑒 𝑠𝑖𝑛𝜃𝑒 𝑠𝑖𝑛𝜃𝑒

𝑠𝑖𝑛𝜃𝑒 −𝑐𝑜𝑠𝜃𝑒 −𝑐𝑜𝑠𝜃𝑒

𝒪1 𝒪2 𝒪3 ]
 
 
 
 

 (5.40) 

 
𝒪1 = [

−𝑅𝑐𝑜𝑠𝜃𝑒 − 𝜔𝑒𝐿𝑞𝑠𝑖𝑛𝜃𝑒

−𝑅𝑠𝑖𝑛𝜃𝑒 + 𝜔𝑒𝐿𝑞𝑐𝑜𝑠𝜃𝑒
] (5.41) 

 
𝒪2 = [

−𝑅𝑠𝑖𝑛𝜃𝑒 + 2𝜔𝑒𝐿𝑞𝑐𝑜𝑠𝜃𝑒

𝑅𝑐𝑜𝑠𝜃𝑒 + 2𝜔𝑒𝐿𝑞𝑠𝑖𝑛𝜃𝑒
] (5.42) 

 
𝒪3 = [

−𝑅𝑠𝑖𝑛𝜃𝑒 + 𝜔𝑒𝐿𝑞𝑐𝑜𝑠𝜃𝑒

𝑅𝑐𝑜𝑠𝜃𝑒 + 𝜔𝑒𝐿𝑞𝑠𝑖𝑛𝜃𝑒
] (5.43) 

Take the third, fourth and fifth rows of the matrix in (5.40) to form a square matrix 𝒪4 

as shown in (5.44). 

𝒪4 = 

(5.44) 

[

𝑐𝑜𝑠𝜃𝑒 𝑠𝑖𝑛𝜃𝑒 𝑠𝑖𝑛𝜃𝑒

𝑠𝑖𝑛𝜃𝑒 −𝑐𝑜𝑠𝜃𝑒 −𝑐𝑜𝑠𝜃𝑒

−𝑅𝑐𝑜𝑠𝜃𝑒 − 𝜔𝑒𝐿𝑞𝑠𝑖𝑛𝜃𝑒 2𝜔𝑒𝐿𝑞𝑐𝑜𝑠𝜃𝑒 − 𝑅𝑠𝑖𝑛𝜃𝑒 𝜔𝑒𝐿𝑞𝑐𝑜𝑠𝜃𝑒 − 𝑅𝑠𝑖𝑛𝜃𝑒

] 

The determinant of 𝒪4 is solved as： 

 𝑑𝑒𝑡(𝒪4) = 𝜔𝑒𝐿𝑞𝑐𝑜𝑠𝜃𝑒 (5.45) 
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Similarly, take the third, fourth and sixth rows of the matrix in (5.40) to form a square 

matrix 𝒪5 as shown in (5.46)：  

𝒪5 =  

 [

𝑐𝑜𝑠𝜃𝑒 𝑠𝑖𝑛𝜃𝑒 𝑠𝑖𝑛𝜃𝑒

𝑠𝑖𝑛𝜃𝑒 −𝑐𝑜𝑠𝜃𝑒 −𝑐𝑜𝑠𝜃𝑒

𝜔𝑒𝐿𝑞𝑐𝑜𝑠𝜃𝑒 − 𝑅𝑠𝑖𝑛𝜃𝑒 2𝜔𝑒𝐿𝑞𝑠𝑖𝑛𝜃𝑒 + 𝑅𝑐𝑜𝑠𝜃𝑒 𝜔𝑒𝐿𝑞𝑠𝑖𝑛𝜃𝑒 + 𝑅𝑐𝑜𝑠𝜃𝑒

] (5.46) 

The determinant of 𝒪5 is solved as： 

 𝑑𝑒𝑡(𝒪5) = 𝜔𝑒𝐿𝑞𝑠𝑖𝑛𝜃𝑒 (5.47) 

It can be seen that if the machine speed 𝜔𝑒 is not zero, the rotor flux identification under 

steady-state operation is observable. More study in [102] shows that for MRAS based 

PMSM sensorless control system, two parameters cannot be identified at the same time 

during steady state operation due to lack of observability. Besides, it should be note that 

lack of observability simply prevents the design of a full-order state observer, the lack 

of identifiability prevents the design of an idenfitication mechanism.  

5.4 Enhanced MRAS Based Sensorless Control Method Considering 

Parameter Variation 

According to the analysis aforementioned, the conventional MRAS suffers from 

parameter sensitivity which will be discussed and solved in this chapter for a more 

reliable and robust drive system. As the observability analysis of the PMSM using 

MRAS, just one parameter could be identified online with the speed estimation. To 
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overcome this challenge, a cascaded MRAS system is proposed which is able to identify 

flux linkage and estimate rotor speed. 

5.4.1 Principle of Proposed Method  

The mathematical model of machine is set as the reference model of the MRAS. For 

the convenience of derivation, the current model of machine in dq frame as shown in 

(5.11) can be rewritten as: 

 𝑑𝒊

𝑑𝑡
= 𝑨𝒊 + 𝑩𝒖 + 𝐶𝒍 

(5.48) 

where 

 
𝒊 = [

𝑖𝑑
𝑖𝑞

] 
(5.49) 

 𝒖 = [
𝑢𝑑

𝑢𝑞
] (5.50) 

 

𝑨 =

[
 
 
 
 −

𝑅

𝐿𝑑

𝐿𝑞

𝐿𝑑
𝜔𝑒

−
𝐿𝑑

𝐿𝑞
𝜔𝑒 −

𝑅

𝐿𝑞 ]
 
 
 
 

 

(5.51) 

 

𝑩 =

[
 
 
 
 
1

𝐿𝑑
0

0
1

𝐿𝑞]
 
 
 
 

 

(5.52) 

 𝐶 = −
𝜑𝑚

𝐿𝑞
 (5.53) 

 
𝒍 = [

0
𝜔𝑒

] 
(5.54) 

From (5.48), an adjustable model with estimated flux and speed can be derived as： 
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𝑑

𝑑𝑡
[
𝑖̇̂𝑑
𝑖̇̂𝑞

] =

[
 
 
 
 −

𝑅

𝐿𝑑

𝐿𝑞

𝐿𝑑
𝜔̂𝑒

−
𝐿𝑑

𝐿𝑞
𝜔̂𝑒 −

𝑅

𝐿𝑞 ]
 
 
 
 

[
𝑖̇̂𝑑
𝑖̇̂𝑞

] +

[
 
 
 
 
1

𝐿𝑑
0

0
1

𝐿𝑞]
 
 
 
 

[
𝑢𝑑

𝑢𝑞
] − [

0
𝜑̂𝑚𝜔̂𝑒

𝐿𝑞

] (5.55) 

The adjustable model in (5.55) can be expressed as a nonlinear feedback system as: 

 𝑑𝒊̂̇

𝑑𝑡
= 𝑨̂𝒊̂̇ + 𝑩𝒖 + 𝐶̂𝒍̂ 

(5.56) 

where 

 
𝒊̂̇ = [

𝑖̇̂𝑑
𝑖̇̂𝑞

] 
(5.57) 

 

𝑨̂ =

[
 
 
 
 −

𝑅

𝐿𝑑

𝐿𝑞

𝐿𝑑
𝜔̂𝑒

−
𝐿𝑑

𝐿𝑞
𝜔̂𝑒 −

𝑅

𝐿𝑞 ]
 
 
 
 

 

(5.58) 

 
𝐶̂ = −

𝜑̂𝑚

𝐿𝑞
 

(5.59) 

 
𝒍̂ = [

0
𝜔̂𝑒

] 
(5.60) 

The error of the MRAS current estimator is given as: 

 
𝒆 = 𝒊 − 𝒊̂̇ = [

𝑖𝑑 − 𝑖̇̂𝑑
𝑖𝑞 − 𝑖̇̂𝑞

] (5.61) 

The state equation of the current error can be given by subtracting (5.56) from (5.48): 

 𝑑𝒆

𝑑𝑡
= 𝑨𝒊 + 𝑩𝒖 + 𝐶𝒍 − 𝑨̂𝒊̂̇ − 𝑩𝒖 − 𝐶̂𝒍̂ (5.62) 
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 = 𝑨𝒊 − 𝑨𝒊̂̇ + 𝑨𝒊̂̇ − 𝑨̂𝒊̂̇ + 𝐶𝒍 − 𝐶𝒍̂ + 𝐶𝒍̂ − 𝐶̂𝒍̂ 

 = 𝑨𝒆 − ∆𝑨𝒊̂̇ − 𝐶∆𝒍 + ∆𝐶𝒍̂ 

 = 𝑨𝒆 − 𝑾 

where 

 ∆𝑨 = 𝑨̂ − 𝑨 (5.63) 

 ∆𝐶 = 𝐶 − 𝐶̂ = (𝜑̂𝑚 − 𝜑𝑚) 𝐿𝑞⁄  (5.64) 

 
∆𝒍 = 𝒍̂ − 𝒍 = [

0
𝜔̂𝑒 − 𝜔𝑒

] (5.65) 

 𝑾 = ∆𝑨𝒊̂̇ + 𝐶∆𝒍 − ∆𝐶𝒍̂ (5.66) 

Define 

 

𝑱 =

[
 
 
 
 0 −

𝐿𝑞

𝐿𝑑

𝐿𝑑

𝐿𝑞
0

]
 
 
 
 

 

(5.67) 

Hence 

 ∆𝑨 = 𝑱(𝜔𝑒 − 𝜔̂𝑒) (5.68) 

To make the adjustment not fail as the error 𝒆 in (5.61) tends to be zero, the adaptive 

algorithm is designed in the form of PI regulator. According to the theory of Popov 

hyperstability in (5.10), the identification of rotor flux can be given in (5.69): 

 
𝜑̂𝑚 = (𝑘𝑝1 +

𝑘𝑖1

𝑠
) (𝜔̂𝑒𝐿𝑞(𝑖̇̂𝑞 − 𝑖𝑞)) + 𝜑̂𝑚(0) 

(5.69) 
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The estimated rotor speed 𝜔̂𝑒 in (5.69) is calculated in (5.70). 

 
𝜔̂𝑒 = (𝑘𝑝2 +

𝑘𝑖2

𝑠
) (𝑖𝑑𝑖̇̂𝑞 − 𝑖𝑞𝑖̇̂𝑑 +

𝜑̂𝑚

𝐿𝑞
(𝑖̇̂𝑞 − 𝑖𝑞)) + 𝜔̂𝑒(0) 

(5.70) 

Considering that MRAS is sensitive to machine parameters, a cascaded MRAS system 

is proposed. The block diagram of the proposed system is shown in Figure 5.9.  

 

Figure 5.9 Block diagram of proposed cascaded mras system for ACHIEVE system. 

The FOC based system consists of a current controller, a speed controller, and a 

cascaded MRAS observer. The current controller is a standard PI controller with 

feedforward. The speed controller is also a PI controller. The cascaded MRAS observer 

estimates rotor position, speed, and rotor flux.  

According to (5.69) and the block diagram of MRAS, it is concluded that the rotor 

speed must be known when identifying rotor flux and the rotor flux must be known 

when identifying rotor speed. In Figure 5.9, MRAS1 estimates rotor speed while 



134 

 

MRAS2 identifies rotor flux. The step-by-step identification can be described in Figure 

5.10. 

 

Figure 5.10 Process of cascaded MRAS. 

5.4.2 Simulation Results 

The simulation verification of proposed sensorless method in Figure 5.11 is carried out 

in the PLEXIM®/PLECS® environment.  
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Figure 5.11 Block diagram of MRAS based sensorless control system for ACHIEVE. 

During the simulation, machine speed is initially controlled by the given value outside 

of machine, similar to generating mode. The actual speed and position is applied in the 

FOC system. This is to avoid MRAS fails in zero- and low-speed range. It should be 

noticed that in final method, the actual machine speed and position are no longer 

employed and a hybrid sensorless method covering full-speed range is utilized. When 

the machine runs into high speed range and sensorless algorithm works properly with 

satisfactory accuracy, the system becomes working in motoring mode. The machine 

speed is controlled by the mechanical motion equation of machine in (3.24) and 

estimated rotor speed and rotor position are applied in the FOC system. Comparison 

study is made between MRAS and enhanced MRAS. Specifically, there are three 

scenarios to discuss performance under speed variation, load variation and parameter 

variation. 
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In the first scenario, the performance of two methods in terms of speed variation is 

simulated and compared. The machine runs at 10 krpm initially with no load. Then a 

step increase of 2.4 krpm is applied to the speed reference N*. After that, a step decrease 

of 2.4 krpm is applied to the speed reference N*.  

In Figure 5.12, the simulation results of MRAS control system are presented. In steady 

state, the speed estimation error is less than 5 rpm (0.05% of speed) and the rotor 

position estimation error is about 0.3 degrees which can fully meet the closed-loop 

speed regulation requirements of machine. During the dynamic response, the accuracy 

of estimation gets worse, and ripples are observed in estimated variables. For the speed 

estimation error, the maximum value (absolute value) during dynamic response could 

go up to 140 rpm ( 1.4% of speed). For the rotor position estimation error, the maximum 

value during dynamic response is around 1.1 degrees which is slightly bigger than that 

of steady state but does not effect good quality of estimate.  

In Figure 5.13, the simulation results of enhanced MRAS control system are presented. 

PM flux is estimated in this system. The flux estimation control has satisfactory 

performance for both steady state and dynamic response. The flux estimation error in 

steady state is less than 0.7%. In dynamic response, it takes 0.6 s to arrive steady state 

with less than 5% overshoot. The estimation of rotor speed and position has as good 

performance as that of MRAS control system. Hence, both methods have shown 

satisfactory performance in the presence of speed disturbances. 
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Figure 5.12 Simulation results of  MRAS under speed variation. 
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Figure 5.13 Simulation results of enhanced MRAS under speed variation. 

In the second scenario, the performance of two methods in terms of load variation is 

simulated and compared. The simulation results are shown in Figure 5.14 and Figure 
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5.15. The DTP-PMSM of ACHIEVE runs at 12.4 𝑘𝑟𝑝𝑚. At t=0.45 s, the load torque 

has a step increase from 80% to 100%. At t= 0.55 s, the load torque has a step decrease 

from 100% to 80%.  

Figure 5.14 shows simulation results of sensorless system using MRAS. The rotor 

speed estimation error N_err is around 5 rpm (0.05% of speed) in steady state but 

fluctuates between -290 rpm (-2.34%) and 270 rpm (2.18%) during dynamic response. 

The rotor position estimation error Theta_err is within [-1.9 degrees, 1.8 degrees] in 

steady state while it increases to [-2.3 degrees, 2.2 degrees] during dynamic response.  

Figure 5.15 shows simulation results of sensorless system using enhanced MRAS. The 

flux estimation error is about 0.0015 Wb (5% of flux reference) in steady state. For 

dynamic response, it takes around 0.05 s for the estimated flux to reach stable and the 

maximum flux estimation error during this period is 4.7%. The rotor position and speed 

estimation of enhanced MRAS have quite similar good performances to those of 

MRAS. The results prove that both MRAS and enhanced MRAS have good 

performance of speed estimation in the presence of load torque disturbances. 
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Figure 5.14 Simulation results of MRAS under load variation. 
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Figure 5.15 Simulation results of enhanced MRAS under load variation. 

In the third scenario, the performance of two methods in terms of machine parameter 

error is simulated and compared. The simulation results are shown in Figure 5.16 . The 
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DTP-PMSM of ACHIEVE runs at 12.4 𝑘𝑟𝑝𝑚 with no load. When the machine runs 

stably, the PM flux of machine has an error and is assumed to drop from rated value to 

half of rated value. This is just a case to verify the effectiveness of PM flux 

identification in simulation but not for practical verification because this would 

represent a catastrophic failure of the machine. The flux estimated by enhanced MRAS 

has a fast dynamic response in 0.05 s with less than 1% overshoot. The estimation 

accuracy of both methods suffer from the step change of PM flux. Especially, the rotor 

position estimation error for MRAS increases from 0.5 degree to 14 degree while for 

enhanced MRAS, the rotor position estimation error rises from -0.5 degree to 2 degree. 

Actually, in such step change scenario, the stability of conventional MRAS is lost after 

a while and consequently, the entire control system goes wrong. But enhanced MRAS 

still can work properly with satisfactory estimation error. Hence, the superiority of 

enhanced MRAS over MRAS in case of parameter variation is proved.  
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Figure 5.16 Simulation results including estimated PM flux and rotor postion estimation error. 

5.5 Chapter Summary 

Since the application of the DTP-PMSM in this study is mainly in the high-speed stage, 

the model reference adaptive method based on the machine model is introduced, and 

for its sensitivity to  machine parameters, an enhanced method with PM flux estimation 

is proposed to verify the effectiveness of this scheme. 
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In this chapter, the principle of MRAS method is reviewed. Since the major weakness 

of MRAS is the sensitivity to the parameters variation, an enhanced MRAS method 

with PM flux estimation is proposed. The main findings of this chapter can be 

summarised as follows: 

• The parameters of the designed drive system can be categorized into current-

sensitive and temperature-sensitive types. The machine inductance can be 

classified into the former while resistance is regarded as the latter. PM flux is 

more complexed since it is not only sensitive to temperature but also related to 

the winding current.  

• The number of parameter that could be online identified in a MRAS based 

sensorless PMSM system could not be more than one. This is proved by 

observability analysis of the system.  

• An enhanced MRAS method is proposed that estimates both rotor speed and 

PM flux in a cascaded MRAS loop. The principle of the proposed method is 

illustrated.  

• Comparison study has been made between MRAS and enhanced MRAS under 

different scenario, for instance, speed variation, load variation and PM flux 

variation. Both methods present good performance in the presence of speed or 

load variation. The proposed enhanced MRAS shows the priority over MRAS 

when PM flux has variation.  

In the next chapter, an I/F open loop control strategy for start-up will be proposed in 

order to achieve the full speed range sensorless control. 
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Chapter 6 Full-Speed Range Rotor Position Estimation 

Strategy 

In Chapter 4, two start-up solutions of PMSM control system are introduced. The first 

one, such as HF signal injection method, takes advantage of the saliency of the machine. 

However, its estimator performances are greatly affected by filter parameters, hardware 

sampling speed and other factors. The second one is the open-loop start-up method, 

such as V/F and I/F control. Under V/F control mode, the ratio of output voltage to 

operating frequency is generally constant. The flux of the machine should be kept 

constant when the frequency conversion is used to obtain the ideal torque-speed 

characteristics. A core question in such control design is the regulation curve of voltage 

that varies with frequency, which must satisfy the V/F curve of the machine itself. 

Otherwise, the error in the configuration of V/F curve will lead to the machine being 

out-of-step or over-current. Other shortages of this control scheme include: firstly, the 

reasonable configuration range of V/F curve of PMSM is relatively narrow, so it is 

difficult to debug the V/F curve; Secondly, this control method does not directly control 

the torque and thereby is not suitable for the variable load scenario with high dynamic 

performance requirement; Thirdly, it also has a limitation on the acceleration of start-

up and is unable to start quickly; At last, for the V/F control, the absence of current 

regulation may cause high current and torque ripples during the transition from the start-

up stage to the sensorless based Field-Oriented-Control (FOC) stage, which also 

increases the risk that FOC may not be switched in successfully [273]. To avoid 

abovementioned problems, I/F control is adopted in this research, which could control 

the current in a closed-loop control, hence effectively avoids over-current and make the 
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start-up process smooth and robust. An assumed coordinate system based I/F method 

is introduced and the analysis of its switching operation are discussed in detail in this 

chapter. 

6.1 I/F Open Loop Control as Start-Up Strategy 

As mentioned in Chapter 3, the block diagram of I/F control principle is shown in Fig 

3.10. The current is regulated by PI control in dq coordinate system, hence the over-

current is avoided. In this control mode, the rotor speed is a controlled from the outside 

of machine. The rotor position applied in the variables transformations between 

different coordinates is obtained by integration of this speed. According to the change 

of the given rotor speed, a magnetic field can be generated in the air gap to accelerate 

the rotation of the rotor. Under the I/F control, the current vector diagram of PMSM is 

shown in Figure 6.1. 

 

Figure 6.1 Current vector diagram of PMSM in I/F mode. 

According to the analysis in Chapter 2, the output torque of the machine is directly 

proportional to the quadrature axis component 𝑖𝑞 of the stator current, so the output 

torque can be controlled by the stator current. Since only quadrature axis component of 
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stator current provides electromagnetic torque, when the amplitude of the stator current 

vector is fixed, the angle 𝜃𝑠𝑟 between stator current 𝐼𝑠 and rotor flux 𝜑𝑚 determines the 

output torque, and 𝜃𝑠𝑟  is called power angle or torque angle. Under the I/F control 

scheme, the machine has the characteristics of ‘torque-power angle self-balance’. The 

following is an example of SPMSM to describe such characteristic 

When the electromagnetic torque and load torque are balanced, 𝜃𝑠𝑟 remains unchanged, 

the current vector 𝐼𝑠 and the rotor flux 𝜑𝑚 remain relatively stationary, and the rotor 

keeps synchronous rotation. However, when the load torque increases, the 

electromagnetic torque is less than the load, hence the rotor will decelerate. At this time, 

the angle 𝜃𝑠𝑟 will become larger. Larger 𝜃𝑠𝑟 means that the torque component of stator 

current increases, therefore the machine output torque increases and consequently the 

machine accelerates. At last, a new torque balance is achieved at a new 𝜃𝑠𝑟
′ , as shown 

in Figure 6.2(a). Moreover, if the load torque is less than the electromagnetic torque, 

when the rotor accelerates, theta 𝜃𝑠𝑟 decreases, and the output torque of the machine 

will decrease. Similarly, the operation of the machine will reach a new balance, as 

shown in Figure 6.2(b). These two balancing processes in contrasting directions is 

called ‘torque-power angle self-balancing’ as mentioned above [274]. It should be 

noted that if the load torque is too large to be balanced even if the stator current is 

completely quadrature axis current (𝜃𝑠𝑟 = 0.5𝜋) , the machine will not be able to 

achieve balance, because at this time the output torque is the maximum, if 𝜃𝑠𝑟 continues 

to increase, the output torque will not rise and fall, so the ‘self-balancing’ is broken, 

resulting in the being machine out-of-step. According to the theory of rotating 

machinery dynamics and differential equation of SPMSM, it is found that the power 
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angle range of SPMSM under the traditional I/F control is: [−0.5𝜋, 0.5𝜋] [275]. To 

prevent the out-of-step phenomenon mentioned above and ensure that the system can 

maintain in the power angle stability area, stator current 𝐼𝑠 should be large enough so 

that the output torque controlled by 𝜃𝑠𝑟  can keep a certain margin and responds to the 

load oscillation. Generally speaking, if the given stator current 𝐼𝑠  can make 𝜃𝑠𝑟  not 

greater than 0.25𝜋, safe and reliable operation can be guaranteed [276].  

 

Figure 6.2 Current vector diagram under load variation. 

The failure of I/F method often occurs in the following situations: failure due to large 

load torque or moment of inertia; machine out-of-step caused by the load change before 

switching to FOC; machine out-of-step result from vibration caused by the non-smooth 

switching operation. To avoid above situations, a start-up method based on assumed 

rotating coordinate system is applied in ACHIEVE to realize the smooth switching 

operation. The specific start-up process can be divided into three steps: initial rotor 

positioning, accelerated starting, and control mode switching. The start-up process 

diagram is shown in Figure 6.3. 𝑡1  is the start point, 𝑡2  is the time to switch from 
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acceleration to constant speed, and 𝑡3 is the time of switching from I/F to sensorless 

based FOC mode. The start-up process will be described in detail below. 

 

Figure 6.3 Diagram of I/F based start-up process. 

6.1.1 Initial Position Identification of Rotor  

The machine needs to locate the rotor to a predetermined position before accelerating. 

Here, a position angle generator is used to generate position signal to complete the 

current closed-loop operation. The current vector locates at a fixed position through a 

given position angle and generates a fixed position magnetic field in the air-gap. At the 

same time, the rotor approaches the magnetic field generated by the current until it 

coincides with the magnetic field axis.  

The identification process is shown in Figure 6.4. Before power is on, the position of 

the rotor could be arbitrary as shown in Figure 6.4(a). The position signal generated by 

the position angle generator is the assumed coordinate system 𝑑𝑞∗. The current vector 

locates at the quadrature axis 𝑞∗ of the assumed coordinate system in the rotor position 

identification stage, and the synchronous rotating reference frame 𝑑𝑞∗  is set to be 
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lagging the real rotor 𝑑𝑞 frame by 90 electrical degrees, as demonstrated in Figure 

6.4(b).  

 

Figure 6.4 Process of initial position identification of rotor. 

6.1.2 Acceleration Process of Rotor 

Following the initial rotor position identification, the rotor acceleration process begins. 

During this acceleration process, the current vector rotates with the assumed coordinate 

system 𝑑𝑞∗, and the stator flux generated by the current vector will drive the rotor 

permanent magnet to rotate synchronously and generate the corresponding effective 

torque. It can be seen from Figure 6.5 that the current vector will rotate gradually from 

the d-axis at the given speed 𝜔∗. There is an angle difference ∆𝜃 between the actual 

coordinate system 𝑑𝑞 and the assumed coordinate system 𝑑𝑞∗, which changes with the 

variation of load. In essence, the purpose of this control process is to control torque and 

speed by adjusting power angle, i.e., power angle control.  
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Figure 6.5 Diagram of vectors during start-up process. 

6.1.3 Analysis of State Switching Operation 

With the increase of machine speed, the Back EMF continuously increases, and MRAS 

can observe the rotor position and speed accurately. At this time, the machine control 

mode needs to be switched to the sensorless based FOC control. However, there is still 

an angle difference ∆𝜃 between the given coordinate system and the actual coordinate 

system, so the control mode cannot be switched directly, and ∆𝜃 needs to be eliminated 

before switching. In this Thesis, a switching transition scheme based on the change of 

current amplitude is adopted, that is, the value of ∆𝜃 is adjusted to zero by reducing the 

value of 𝑖𝑞
∗ . As shown in Figure 6.5, the relationship between 𝑖𝑞

∗  and 𝑖𝑞 can be described 

as: 

 𝑖𝑞 = 𝑖𝑞
∗𝑐𝑜𝑠∆𝜃 (6.1) 

The diagram of the self-adjustment process is shown in Figure 6.6. Because the position 

of the actual coordinate system 𝑑𝑞 is not available, the angle difference ∆𝜃 cannot be 
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obtained, so ∆𝜃′ (the angle difference between the assumed coordinate system and the 

estimated coordinate system) is used instead of ∆𝜃 . When ∆𝜃′  becomes zero, the 

command of control mode switching is given. At this time, the direct-axis in the three 

coordinate system (𝑑, 𝑑∗, 𝑑𝑚𝑟𝑎𝑠 ) are assumed to overlap each other to meet the 

switching conditions. The speed and position signals estimated by MRAS can be fed 

back to the control system to complete the cascaded FOC. As shown in Figure 6.7, both 

software switches are turned from 1 to 2 at the same time. 

 

Figure 6.6 Diagram of state switching operation. 

When switch 1 is shifted, the initial output value of speed loop PI controller should be 

equal to the given value of q-axis current before switching, so as to prevent failure due 

to the torque fluctuation brought by the sudden change of q-axis command current. The 

above switching method based on the change of current amplitude actually forces the 

assumed coordinate system to approach the actual coordinate system according to the 

principle of ‘torque-power angle self-balance’. By reducing the given value of 

quadrature-axis current 𝑖𝑞
∗ , the electromagnetic torque of the system machine can 

automatically adjust the power angle according to the load torque variation.  
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Figure 6.7 Block diagram of I/F start-up method. 

6.2 Simulation Results of Start-Up Strategy 

For the above start-up method of PMSM sensorless control, this section will build 

simulation model on the basis of MRAS control system that is established in Chapter 4 

for a verification. The simulation includes the accelerating and switching operation of 

start-up process. The given quadrature-axis current 𝑖𝑞
∗ , phase angle difference ∆𝜃 and 

actual rotor speed are shown in Figure 6.8-Figure 6.10. 
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Figure 6.8 𝑞∗-axis current 𝑖𝑞
∗  during start-up process. 

 

Figure 6.9 Angle difference ∆𝜃 between 𝑑𝑞 frame and 𝑑𝑞∗ frame during start-up process. 

As shown in Figure 6.10, the speed increase ratio used in this simulation is 133.3rpm/s. 

The load torque used in the simulation is known. According to the results shown in 

Figure 6.9, the average value of ∆𝜃 is around 60° during acceleration. As shown in 

Figure 6.10, the rotor speed is maintained constant by setting a constant speed reference 

command after it achieves the required value. Then, the synchronous frame 𝑞∗-axis 

current is decreases and the angle ∆𝜃  is correspondingly forced to zero. A small 
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threshold value for ∆𝜃 can be set to control the moment when the FOC scheme should 

be switched in and take over control. In this simulation, the threshold value of angle ∆𝜃 

is set to be 5 electrical degrees and the FOC takes over control at 3.4 s. In Figure 6.8, 

very small current ripple during this switching transient can be observed. 

 

Figure 6.10 Actual rotor speed during start-up process.  

It can be seen from Figure 6.9 and Figure 6.10 that the phase angle difference ∆𝜃 and 

rotor speed oscillate during start-up, which is an adaptive adjustment process of ‘torque-

power angle self-balance’ characteristics. This complex dynamic phenomenon can be 

expressed by following three formulas: 

 𝑇𝑒 = 𝐾𝑇𝑖𝑞
∗𝑐𝑜𝑠∆𝜃 (6.2) 

 𝑇𝑒 − 𝑇𝐿 =
𝐽

𝑝𝑝

𝑑𝜔𝑒

𝑑𝑡
 (6.3) 

 𝜔𝑒 − 𝜔𝑒
∗ =

𝑑∆𝜃

𝑑𝑡
 (6.4) 

(6.2)(6.3)(6.4) constitute a complex nonlinear system with phase difference angle ∆𝜃 

in 𝑑𝑞∗ and 𝑑𝑞 coordinate systems as critical variables. The change of ∆𝜃 is not only the 
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reason of electromagnetic torque variation of PMSM, but also the result of rotor speed 

and angle change caused by the mechanical response of load. It is a cyclic coupling 

process, so oscillation of phase angle and speed are produced. Although the three 

equations cannot be solved mathematically, their oscillation law can be obtained by 

numerical iteration method. As shown in Figure 6.8, it is assumed that during the 

transition period from 𝑡0  to 𝑡0 + 𝑡𝑠𝑒𝑡 , the amplitude of the current command 𝑖𝑞
∗  

decreases gradually with the slope 𝐾𝑖, which is expressed as: 

 𝑖𝑞
∗(𝑡) = 𝑖𝑞0

∗ − 𝐾𝑖(𝑡 − 𝑡0)           𝑡0 ≤ 𝑡 ≤ 𝑡0 + 𝑡𝑠𝑒𝑡 (6.5) 

According to the principle of ‘torque power angle self-balance’, with the decrease of 

current, the phase difference angle ∆𝜃  decreases correspondingly. However, the 

decrease process of ∆𝜃 is slow. It can be considered that the rotor speed has not changed 

significantly in this process. It can also be observed from Figure 6.10 that the speed 

remains almost constant from the beginning time of 1.7s to the end time of 3.2s. To 

simplify the analysis, assuming that the torque is fixed due to the constant speed, the 

torque impulse in the switching process is equivalent to the torque impulse under the 

original start-up current: 

 
∫ 𝑖𝑞

∗(𝑡)𝑐𝑜𝑠 (∆𝜃(𝑡)) ∙ 𝑑𝑡
𝑡0+𝑡𝑠𝑒𝑡

𝑡0

= 𝑖𝑞0
∗ 𝑐𝑜𝑠 (∆𝜃(𝑡0)) ∙ 𝑡𝑠𝑒𝑡 (6.6) 

The average slope of phase difference angle ∆𝜃 decrease in the process of switching is 

defined as 𝐾𝜃 = ∆𝜃(𝑡0) 𝑡𝑠𝑒𝑡⁄ , therefore:  
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 𝐾𝜃 =
1

𝑖𝑞0
∗ ∙

𝑐𝑜𝑠(∆𝜃(𝑡0)) − 1

∆𝜃(𝑡0) ∙ 𝑐𝑜𝑠(∆𝜃(𝑡0)) − 𝑠𝑖𝑛 (∆𝜃(𝑡0))
𝐾𝑖 (6.7) 

In equation (6.7), ∆𝜃(𝑡0) represents the phase difference angle between 𝑑𝑞∗ and 𝑑𝑞 

coordinate system at the beginning of the switching process. As one can see, when the 

initial phase difference angle ∆𝜃(𝑡0) and the current command 𝑖𝑞0
∗  are fixed, increasing 

the current decline slope 𝐾𝑖 can make the phase difference angle ∆𝜃 decrease faster, 

and the transition process time will be shorter. On the other hand, larger load torque has 

smaller initial phase difference angle ∆𝜃(𝑡0), which means that the transition time is 

shorter when the load is large.  

The following figure shows the simulation results of the transition process model based 

on (6.2) (6.3) and (6.4). Given different slope of current falling rate 𝐾𝑖, the change rule 

of phase difference angle ∆𝜃 is shown in Figure 6.11. 
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Figure 6.11 ∆𝜃 under different 𝑖𝑞
∗  decreasing rate 𝑘𝑖. 

It can be seen from Figure 6.11 that the decreasing process of phase difference angle 

∆𝜃 lags behind that of slope 𝐾𝑖 . This is because the response speed of mechanical 

system is slower than that of electrical one, which is closely related to the inertia of the 

system. When the current decline slope 𝐾𝑖 is near 2, the phase difference angle and 

current almost reach the switching point at the same time. At this time, when the system 

is switched to the sensorless based FOC mode, quite small current ripple and torque 

ripple can be obtained. If the current decline slope 𝐾𝑖 is set too small, the oscillation 

caused by the self-balancing process is obvious, and it is easy to cause the machine out-

of-step when it approaches the switching point. If the current decline slope 𝐾𝑖 is set too 

large, for example, 𝐾𝑖 = 3, the current will drop below the expected value before ∆𝜃 
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converges to 0°, thus causing current overshoot, torque and speed oscillation during 

switching operation.  

Equation (6.7) can be used as a reference for the design of transition process. In another 

word, for the system load torque already given, the appropriate current decline slope 𝐾𝑖 

can be set accordingly, so that the convergence process of ∆𝜃 is mild and stable, the 

current transition is smooth at the switching time, and the torque and speed almost 

remain constant. According to the mathematical relationship shown in (6.7) and the 

analysis of simulation results, the value of 𝐾𝑖  to ensure the smooth and reliable 

transition process is 𝐾𝑖 < 2.5. Another important factor in the transition process is the 

judgement of the switching point. As shown in Figure 6.7, the best switching point is 

at the time when 𝑑𝑞∗ and 𝑑𝑞 coordinate axes coincide, at this time ∆𝜃 = 0, so the zero-

crossing point of ∆𝜃 can be used as the criterion of the switching point. However, the 

actual rotor position angle during open-loop start-up is unknown, and the ∆𝜃 cannot be 

used directly as the basis of determination, while the angle ∆𝜃′ between the 𝑑∗-axis and 

the estimated rotor position 𝑑𝑚𝑟𝑎𝑠 can be used as the criterion of the switching point, 

as shown in Figure 6.6. It should be noticed that in the open-loop start-up stage, due to 

the large d-axis component of the command start-up current 𝑖𝑞
∗ , a strong magnetic 

saturation effect is formed on the d-axis, which will affect the accuracy of the machine 

parameters, resulting in the estimated position 𝑑𝑚𝑟𝑎𝑠  deviating from the real rotor 

position by a certain angle, which will reach 20° to 30° in the initial stage of start-up, 

and gradually reduce with the decrease of d-axis current component. Finally, it 

converges to zero in the vector control mode with 𝑖𝑑 = 0 to get the accurate estimation 

result. As shown in Figure 6.6, since the speed loop is bypassed during I/F open-loop 
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start-up, the initial default value of its output (q-axis command current 𝑖𝑞
∗  ) is set as 0. 

When the system switches from open-loop mode to vector control mode at the 

switching point, the initial output value of speed loop PI should be set in advance to 

prevent torque impact caused by discontinuous change of q-axis command current 𝑖𝑞
∗  

at the moment of switching. At the switching time, the initial value of 𝑖𝑞
∗  can be 

expressed as follows: 

 𝑖𝑞
∗(𝑡0 + 𝑡𝑠𝑒𝑡) = 𝑖𝑞

∗(𝑡0) ∙ 𝑐𝑜𝑠∆𝜃(𝑡0) (6.8) 

In Chapter 7, experimental work is done to verify the effectiveness of proposed strategy.  

6.3 Chapter Summary 

As previous chapter discusses the sensorless control method at middle- and high-speed, 

this chapter mainly introduces sensorless method for zero- and low-speed range to 

achieve full speed range sensorless control of ACHIEVE machine. The main findings 

of this chapter can be summarised as follows: 

• An I/F open loop control method is proposed as start-up strategy. In the analysis 

of I/F, the concept of 'torque-power angle self-balancing' is proposed in this 

research. A mathematical model is used to describe the dynamic oscillation 

process of 'torque-power angle self-balancing'. The key parameters, current 

decline rate and phase difference angle decline rate, are discussed in detail.  

• The proposed method can effectively prevent the phenomenon of over-current 

and out-of-step and has certain adaptability to the load variation in the operation 

process. 
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• The proposed method is suitable for the application where the operation 

efficiency is not very high at low speed, which is consistent with the ACHIEVE. 

• Appropriate setting of parameters can make the transition process smooth and 

reliable without big torque fluctuation and current ripple. 
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Chapter 7 Experimental Validation 

In this Chapter, the experimental rig built for the verification tests is described. This rig 

is a test version of ACHIEVE [18] system developed and kept in the University of 

Nottingham for continued experimental support of the project developments during 

periods when the actual ACHIEVE system for customer undergoes testing at the 

industrial partner facilities. The test rig allows for more extended experiment including 

advanced concepts and future ideas that are deemed too risky to be performed on the 

ACHIEVE system. Figure 7.1 shows the block diagram of the test rig. In comparison 

to the investigated motor/generator system, the role of the aircraft engine is performed 

by an Induction Machine (IM). A torque meter is connected to the DC machine which 

controls the machine speed/torque characteristics. The IM can be used to either apply 

load torque or to drive the dual three-phase ACHIEVE PMSM, depending on its 

operation mode. The dual three-phase PMSM can be viewed as two sets of three-phase 

PMSM. Each set is powered by a 2-Level SiC based converter. Two TMS320F28339S 

Digital Signal Processor (DSP) boards from Texas Instruments® are used to implement 

the designed control scheme and control the dual three-phase PMSM. A 28V DC power 

supply is utilized to power both control boards. The debugged code of sensorless 

control system is written into the flash memory of both DSP through the JTAG 

interface. Set DSP1 as the master DSP, and DSP2 as the slave DSP. The master and the 

slave communicate and synchronize PWM signals through Serial Peripheral Interface 

(SPI). The six-phase current of the machine 𝑖𝑎𝑏𝑐𝑢𝑣𝑤 is sampled by A/D of DSP1. Then 

DSP1 solves the adopted control method according to the obtained current signal and 

concludes the stator space voltage vector. After resolving of SVPMW algorithm, the 
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output switching signals of six-phases are generated by ePWM module of DSP1. As 

shown in Figure 7.1, 𝑠𝑎, 𝑠𝑏, 𝑠𝑐 are sent to the upper inverter to control ABC phases, and 

𝑠𝑢, 𝑠𝑣, 𝑠𝑤 are transferred to DSP2 through SPI and then sent to the lower inverter to 

control UVW phases. Meanwhile, if there is any fault in the system such as overcurrent, 

overvoltage or overtemperature, the fault signal will be sent to GPIO of DSP1. 

Especially, the fault signal of UVW phases are sent to DSP2 from DSP1 through SPI. 

After analysing of the fault signal, proper measures are taken to protect the system. 

During the experiment, the speed of the machine is detected and recorded in real time 

by the encoder, which can provide a comparison for the speed estimated using 

sensorless algorithm but does not participate in any feedback loop of the control system. 

The data obtained from the experiment are all offline plotted by MATLAB® to obtain 

relevant experimental waveforms. The machine is designed by the University of 

Nottingham [145] and manufactured by NEMA Ltd [277]. It is a concentrated winding 

machine with 18 Slots/12 Poles. The relevant parameters of the dual three-phase PMSM 

used by the offline detection are consistent with the previous simulation, as shown in 

Table 7-1. The stator resistance, inductance, and Back-EMF constant value in Table 

7-1 are measured.  
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Figure 7.1 Block diagram of dual three-phase PMSM hardware system in ACHIEVE. 

Table 7-1 Experimental parameters of dual three-phase PMSM for ACHIEVE. 

Parameters Value Unit 

DC voltage 540 V 

Machine stator resistance 0.171 Ω 

Machine stator inductance 530 𝜇𝐻 

Permanent magnet flux linkage 0.03 Wb 

Pole pairs 6 / 

Rated power 20 kW 

Rated speed 12400 RPM 

Switching frequency 40 kHz 
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7.1 Hardware Design and Construction  

7.1.1 TMS320F28379S DSP 

The main control chip of the dual three-phase PMSM drive experiment platform is 

TMS320F28379S DSP [278] from TI. This DSP has a 32-bit floating point CPU that 

works at 200 MHz, and has an independent Control Law Accelerator (CLA), that can 

execute code in parallel with the main CPU, thereby improving the real-time nature of 

the control system and getting better control performance. Considering harsh working 

conditions that may occur in system application scenarios, two identical DSP are used 

for control to improve reliability and redundancy of the system.  

At the same time, to speed up the processing speed of AD sampling and give full play 

to the chip performance, CLA module is used in this design. The CLA module is a 32-

bit floating-point coprocessor running independently of the main CPU. It has the same 

working frequency as the main CPU. It can execute code in parallel with the main CPU. 

It has independent registers, data, program bus and processing unit. It can be directly 

connected with ADC, ePWM and other peripheral modules. The introduction of CLA 

increases the real-time performance of the system. Besides, CLA is triggered by 

peripherals or software to execute tasks. It does not support task nesting; that is, it can 

only respond to other task requests after the current task is executed.  

In this research, the master DSP1 undertakes the majority of control task. and the CLA 

in DSP1 performs all the machine control algorithm. The operating flow is shown in 

Figure 7.2. First of all, the initialization of both CPU and CLA is done. Then the CPU 

and CLA cooperate with each other so that the workload of CPU decrease and 
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efficiency of entire DSP increases. In each cycle, the CPU samples current, DC voltage 

and temperature information twice, one at the very beginning, the other at the middle 

of the counter. Between sampling operation, CPU communicates with PC. In the 

meantime, the CLA updates machine control algorithm at the start of every cycle. The 

master-DSP1 and slave-DSP2, as mentioned above, communicate with each other via 

SPI.  

 

Figure 7.2 Operating procedure of DSP1. 

7.1.2 Signal Detection Circuit 

The entire control system needs to detect the machine speed and position to compare 

the estimated rotor speed and position with the actual values, and then check the error 

of the estimation algorithm. At the same time, a sample stator current is required to 
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achieve the closed-loop control of the current. Besides, it is necessary to detect the real-

time temperature of the motor and the control board to avoid failure caused by excessive 

heat. As shown in Figure 7.3, speed detection is done by a modular angle encoder with 

magnetic scanning which is glued to the sleeve coaxial with the rotor. The encoder is 

ERM 2400 series incremental angle encoder from HEIDENHAIN [279] as shown in 

Figure 7.4. This encoder consists of a magnetized scale drum and a scanning unit with 

magnetoresistive sensor. Their MAGNODUR measuring standard and the 

magnetoresistive scanning principle make them particularly tolerant to contamination. 

Every time the rotor rotates, the encoder outputs two signals with a phase difference of 

90 degrees, 3600 pulses per channel and a zero-pulse positioning signal. The actual 

speed and direction of the rotor are obtained by the DSP capture unit Quadrature 

Encoder Pulse (QEP), and then the actual rotor position is calculated. The temperatures 

of winding, DSP and drive board are detected by the thermocouple so that any 

overtemperature fault can be detected and reported to PC. 
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Figure 7.3 Dual three-phase machine and power electronic box in ACHIEVE. 

 

Figure 7.4 Encoder installed on the DTP-PMSM in ACHIEVE . 

7.1.3 Design of the Power Drive Module  

The design of power drive module is quite challenging since the demanded geometry 

of the converter system is unique as shown in Figure 7.5. In [280], a SiC based 2-level 

(2L) voltage sourced converter (VSC) was designed and populated based on the given 
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envelope. An exploded view showing how various Printed Circuit Board (PCB) boards 

and cooling system that will fit the envelope is illustrated in Figure 7.6. The power 

board in the exploded view of Figure 7.6 has a pair of 2L VSCs whose layout is in a 

semi-circular geometry. The power switching device of this drive platform uses Skiip-

packaged26ACM12V17 SiC MOSFET of SEMIKRON [281]. Its withstand voltage up 

to 1200 V, continuous working current can reach 60 A at 70℃ , and its working 

temperature range is [−40℃, 175℃]. The gate driver board is designed to accept 28 V 

DC input, thus can directly be connected to the centralised power network of the 

MEAs[282]. In gate board, the 28V DC are then level-shifted to generate +18 V and -

2.3 V to drive SiC MOSFETs using isolated DC/DC converters. Each of the 6 gate 

driver circuits are supplied using 6 independent isolated and regulated DC/DC 

converters. 

 

Figure 7.5 Envelope provided for converter by the aircraft manufacturer.[280] 



170 

 

 

Figure 7.6 Exploded view of voltage sourced converter including cooling system [280]. 

The power board in the exploded view has a pair of SiC based two-level VSC. Each 

VSC has a semi-circular shape as presented in Figure 7.7.  

 

Figure 7.7 SiC based 2L three-phase converter system for ACHIEVE project (a)Envelope of the 

converter highlighting its radial dimensions. (b)Axial view of the converter showing stack height of 

gate driver and power board[280]. 

7.1.4 Design of Human-Computer Interaction System 

The host computer control and display interface for the dual three-phase PMSM 

experiment platform is designed through LabVIEW software. The current signals, 
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speed signals, real-time temperature, and fault information of two sets of three-phase 

windings are read. Instructions are given to the machine from LabVIEW interface to 

make it work in specified functions, such as I/F open-loop start, speed and current 

closed loop mode, etc. 

7.2 Software Design and Construction  

The system program is written in CCS6.0 in the form of C code and burned into the 

Random Accessory Memory (RAM) or Flash memory of DSP through JTAG bus. The 

program adopts a modular design, which improves legibility and reduces the difficulty 

of program modification. The control system includes main program and interrupt 

service subprogram. The main program is mainly responsible for the initialization of 

the experimental hardware and variables, the initial detection of the rotor position, the 

setting of the initial value of the control register and the enabling of the interrupt. The 

interrupt service subroutine is mainly about the realization of the system control 

algorithm, including the I/F open-loop start algorithm at low speed and the sensorless 

control algorithm based on the motor at middle- and high-speed. At the same time, the 

measurement and calculation of the actual speed and position of the system and the 

communication between the host PC are also realized through the interrupt service 

program. 

7.2.1 Design of the Main Program  

 In this experiment, the main interrupt program to execute the motor control algorithm 

is triggered by the PWM carrier signal of DSP, that is, the main interrupt is triggered at 
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the time when each carrier counter is reset to zero, and the signals needed for the next 

cycle of inverter are calculated.  

The flow chart of the system main program in DSP1 and DSP2 is shown in Figure 7.8 

(a) and (b) respectively. Generally speaking, both main programs roughly contains three 

steps: initialization of system and variables, trigger interrupt, cycle and wait. Especially, 

there are some differences between them. For instance, DSP1 takes more roles and 

functionalities for system control and FOC operation, coordinate transformation and 

sensorless control algorithm of DTP-PMSM are put in the main interrupt Interrupt 

Service Routine (ISR) of CLA in DSP1. As contradiction, the main interrupt in DSP2 

is only SPI-ISR which is used to communicate with DSP1. Besides, DSP2 do not use 

CAN, SCI, QEP blocks because DSP1 has already taken care of these. 

 

(a) 
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(b) 

Figure 7.8 Flow chart of main program in two DSPs (a) DSP1 (b) DSP2. 

7.2.2 The Design of Interrupt Service Routines 

As shown in Figure 7.8, after the system initialization is completed, the CPU performs 

an interrupt loop waiting state, and then the program cyclically executes the interrupt 

subroutine at a certain time interval. The main interrupt which is put in CLA-ISR in 

DSP1, is the core of the whole control program, including coordinate transformation, 

voltage and current sampling, PI control, SVPWM, motor speed and position 

calculation, open-loop start-up and MRAS based sensorless algorithm. Besides, the 

PWM pulse signal is generated and transmitted to the power board to control the 

operation of the motor. The main interrupt flow chart is shown in Figure 7.9. 
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Figure 7.9 Flow chart of main interrupt in CPU1. 

After entering the interrupt service routine, the current and voltage are sampled first, 

and then the fault is detected. Fault detection includes three aspects: on the one hand, 

detection of overcurrent protection based on the current value obtained by AD 

sampling; on the other hand, detection of SPI communication; at the same time, 

detection of whether the CPU timer overflows, that is, whether it exceeds a cycle (25 

microseconds). Then, in the case of no fault, the run_state of the motor is judged, and 

then the program of different scenarios is executed. The three values of the run_state 
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represent the three operating states of the motor. The other two states are introduced 

here except for the ‘stop and wait’.  

1. Open-loop start-up (run_state=1) 

In this Thesis, the DTP-PMSM uses the I/F control in the open-loop acceleration start-

up mode. Before the start of PMSM, it is necessary to know the initial position of the 

rotor. By applying a fixed phase voltage or current vector, the rotor can be forced to 

rotate to the space where the voltage or current vector is located. In this Thesis, the 

current vector is applied for rotor initializing. The rotor will rotate to the position where 

the current vector is under the action of 𝑖𝑞 component. The details of this process are 

introduced in Section 6.1.1. In the experimental test, the machine rotor is located at the 

zero-angle position which coincides with the A-axis. The difference between this 

control mode and FOC speed PI control is that the reference value 𝑖𝑞
∗  of current torque 

component is directly given, rather than obtained through the PI output of speed loop. 

As shown in Figure 7.10, the rotor position angle used in vector control is the reference 

rotor position angle 𝜃𝑒
∗ obtained by integrating the given speed, rather than the actual 

rotor position 𝜃𝑒. In reference [273, 274], the working principle of I/F start-up in low 

speed section of permanent magnet synchronous motor is described in detail, and it is 

proved that the existence of power angle self-balance makes the I/F flow frequency 

ratio control realize the smooth starting of permanent magnet motor, so this Thesis will 

not repeat it.  
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Figure 7.10 Coordinate relationship in I/F control. 

With the increase of motor speed, the amplitude of back EMF increases gradually, and 

the estimation accuracy of MRAS algorithm can meet the needs of sensorless control. 

Then, it can be switched from I/F control to sensorless control. The process of 

transferring into sensorless control is a process of reducing the reference value 𝑖𝑞
∗  of the 

current torque component. Under the effect of the self-balance of the power angle, the 

difference 𝜃𝐿 between the actual position of the rotor 𝜃𝑒 and the reference position 𝜃𝑒
∗ 

will gradually reduce. The criteria for transferring into sensorless control is as follows: 

a) In the process of reducing the reference value 𝑖𝑞
∗  of current torque component, 

if the difference 𝜃𝐿 between the actual rotor position 𝜃𝑒 and the reference rotor 

position 𝜃𝑒
∗ is less than the set threshold value and lasts for a certain period of 

time, the switching condition is considered to be satisfied. 

b) If the reference value of the current torque component 𝑖𝑞
∗  is reduced to the lower 

limit of the set threshold value, the difference 𝜃𝐿 between the actual position 𝜃𝑒 

of the rotor and the reference position 𝜃𝑒
∗ can not be less than the set threshold 

value, the switching is considered to be failed and the shutdown error is 

reported. 

2. Speed and current closed-loop control (run_state=2) 
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The program completes the whole function of sensorless control of PMSM mentioned 

above, including extracting the information of speed and rotor position by MRAS, 

obtaining current torque component 𝑖𝑞
∗  from PI regulating output of speed loop, getting 

voltage command from PI regulating output of current loop. In the Chapter 3 and 

Chapter 5 all these have been described in detail. 

7.2.3 Experimental Rig 

The experimental rig of ACHIEVE is composed of cooling system, driving system and 

control system, as shown in the Figure 7.12. The input supply 540 VDC at the 

converter’s input is obtained by a cascade connection of two Delta-Elektronika SM500-

CP90 [283]. Each of them supplies ± 270 VDC and is rated to provide 500 V, 90 A. 

The cooling system uses oil as coolant to cool down the dual three-phase motor and the 

converter. In the drive system, the dual three-phase machine is coupled mechanically 

with the drive machine (dynamometer machine) controlled by the dedicated power 

electronic converter in all four quadrants of its torque-speed plane. The corresponding 

torque-speed characteristics of TorqueMeter system as shown in Figure 7.13 covers all 

the areas required by the designed ACHIEVE system. The control system consists of a 

host computer and a data acquisition equipment. The drive system transmits signals 

such as current, speed and temperature to the control system, and the control system 

transmits measurement commands and fault inquiry commands to the drive system. The 

completed prototype pictures can be seen in Figure 7.11.  
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(a) 

 

(b) 

Figure 7.11 Lab prototype of ACHIEVE project. (a) DTP-PMSM and prime mover;(b)power converter. 
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Figure 7.12 Schematic diagram of experimental platform for ACHIEVE project. 

 

Figure 7.13 TorqueMeter system. 

7.3 Experimental Results for Sensorless Position Control System 

In this section, experimental results for the sensorless position control system are 

presented. Different tests are designed to exhibit its stability and dynamic performance. 
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7.3.1 Comparative Study of Conventional and Enhanced MRAS 

The speed of machine is controlled by the dynameter which is operating in a constant 

speed mode 1000 rpm in Figure 7.12. The current is regulated by the current close loop 

mode using rotor position detected by the encoder. The enhanced MRAS is run to assess 

its performance and the estimation results are not used for the FOC system. The initial 

value of PM flux in enhanced MRAS algorithm is set to be 30% of its nominal value 

0.03 Wb. As shown in Figure 7.14, it takes around 0.5 s for the estimated flux Flux_est 

to identify the reference value Flux. The overshoot during this dynamic response is less 

than 7% which is satisfactory. The rotor position sensored by encoder and estimated by 

enhanced MRAS are shown in Figure 7.15. The difference between them Theta_err is 

presented in Figure 7.16. Similarly, the sensored rotor speed N and estimated value 

N_est are shown in Figure 7.17 and the speed difference between them is shown in 

Figure 7.18. It can be seen that the performance of the enhanced MRAS is excellent. 

 

 

Figure 7.14 PM flux reference and estimation value by enhanced MRAS. 
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Figure 7.15 Rotor position sensored by encoder and estimated by enhanced MRAS. 

 

Figure 7.16 Rotor position estimation error between position sensored by encoder and estimated by 

enhanced MRAS. 
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Figure 7.17 Rotor speed sensored by encoder and estimated by enhanced MRAS. 

 

Figure 7.18 Rotor speed estimation error between speed sensored by encoder and estimated by enhanced 

MRAS. 

The same experimental procedure is repeated for both conventional MRAS and 

enhanced MRAS at different rotor speed. The rotor position estimation error for the two 

algorithms at different speed are compared in Figure 7.19. The operating speed range 

covers from 100 rpm to 3000 rpm. The simulation results of these two methods are 

close to each other and the rotor position estimation error for both methods reduces as 
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rotor speed increases. In experiment process, for speed range below 100 rpm, the 

performance of these two sensorless algorithms becomes very poor and even fail at 

extreme low speed. This is consistent with previous review in Chapter 4 about MRAS 

method. Besides, the encoder of the machine as seen in Figure 7.4 is no longer available 

when the machine runs above 3000 rpm. Actually, it will be removed for middle- and  

high-speed test because there will be high risk of damage due to both limited installation 

firmness and excessive centrifugal force at high rotating speed. Therefore, the 

comparative study between the two methods is conducted for the speed range below 

3000 rpm. However, this is not an issue for validation of the machine with rated speed 

of 12400 rpm. The reason is that inherently, MRAS performs better at high speed than 

low speed. When machine speed goes beyond 3000 rpm, the speed and position 

information estimated by MRAS have sufficient accuracy for closed loop control, hence 

there is no problem at all without an encoder. 

  

Figure 7.19 Rotor position estimation error for conventional and enhanced MRAS at different rotor 

speed. 
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7.3.2 Hybrid Speed Control for Full Speed Range  

As the MRAS method does not work for zero and low speed, an I/F strategy is applied 

to start up the machine with the described switch operation to smoothly switch between 

these two methods. The flow chart of proposed hybrid control scheme is presented in 

Figure 7.20. The initialization of rotor and I/F strategy is detailed in Chapter 6. During 

this stage, the speed goes up from zero to 500 rpm in Figure 7.21 (b) and the q-axis 

current keeps at 5A firstly and then decrease to zero in Figure 7.21 (a). The error 

between actual rotor position and I/F estimation rotor position ∆𝜃 is depicted in Figure 

7.21. ∆𝜃 is set to 90 degrees initially and then decreases as the actual rotating frame 

and the I/F assumption frame becomes closer under the rule of ‘torque-power angle 

self-balance’. As indicated in Figure 7.21(a)-(c), the switching operation appears at the 

point that machine runs at 500 rpm while 𝑖𝑞 = 0 and ∆𝜃 below five degrees at the same 

time.  

 

Figure 7.20 Flow chart of hybrid control method for full speed range. 
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Figure 7.21 Experimental results for I/F start-up process including q-axis current, rotor speed from 

encoder and angle error between rotor position from encoder and I/F estimation. 

After the switching operation, the machine runs in sensorless control mode. The 

machine speed is controlled to increase to 12.4 krpm. A step change from 𝑇𝐿=0 Nm to 

5 Nm is applied to the machine running at 12.4 krpm. As presented in Figure 7.22 (a), 
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it takes around 2 s for the machine speed to make response with an overshoot under 

10%. The rated torque is applied and the corresponding six phase current and dq axis 

currents are shown in Figure 7.22 (b) and (c) respectively. Although the encoder is not 

available at this scenario and the actual rotor speed and position are not available either, 

sensorless method could be proved by the good performance of closed loop current and 

speed control. Hence, the effectiveness of proposed sensorless control system is 

verified.  

 

(a) 

 

(b) 
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(c) 

Figure 7.22 Experimental results for  high-speed operation. 

7.4 Chapter Summary 

This chapter describes the test platform in the lab and presents experimental results. 

The reported experimental results have verified the analytical results derived in this 

Thesis, namely: 

• The enhanced MRAS proposed in chapter 5 has fast response to PM flux 

variation and satisfactory performance in rotor speed and position estimation. 

• The I/F start-up strategy proposed in chapter 6 works perfectly and the switch 

operation between I/F and MRAS is quite smooth.  

• The FOC system for ACHIEVE machine that is proposed in chapter 3 shows 

good performance under load variation. 

• Both MRAS and enhanced MRAS show good performance in speed estimation 

over a wide range. In this project, it can be from 100 rpm to 12400 rpm. The 

estimation accuracy decreases as the speed goes into very low speed range. In 
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this study, the rotor position estimation error increases from 2.5 degrees to 12.2 

degrees as machine decelerates from 3000 rpm to 100 rpm. 

Generally, the experimental work results presented in this chapter are consistence with 

simulations results in previous chapters. The difference between them is that the 

comparative study between MRAS and enhanced MRAS is made for a limited speed 

range. However, as explained in 7.3.1, this does not affect the successful validation of 

machine for full speed range. 

Overall, the investigate of sensorless control for DTP-PMSM proposed by this study is 

confirmed to be a suitable solution for application in motor/generating system of future 

more-electric turboprop aircraft. It can also be of interest for general-purpose advanced 

drive control engineering. 
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Chapter 8 Conclusions and Future work  

This thesis is focused on the sensorless control design for a DTP-PMSM based 

motoring/generating system. The novelty and contribution of the thesis are summarized 

as the follows. 

8.1 Conclusions  

(1) A novel mathematical model of DTP-PMSM specifically designed for ACHIEVE 

has been built considering the unique asymmetric winding structure. The proposed 

XYZ model simplifies the mathematic model and is employed for the development of 

space vector control of the machine.  

(2) The control design process for a novel MEA motoring/generating system is 

introduced which takes into account its control requirements (speed for motoring mode, 

DC link bus for generating mode). The designed controllers can ensure stable operation 

of the system throughout the speed and load operating ranges. The effectiveness of the 

control system with encoder in motoring and generating mode is verified through 

simulation by PLECS.  

(3) An enhanced MRAS is developed to improve reliability of conventional MRAS 

during parameter variation. The proposed method estimates both rotor speed and flux 

in a cascaded loop. Comparison study has been made between MRAS and enhanced 

MRAS under different scenario, for instance, speed variation, load variation and PM 

flux variation. Both methods present good performance in the presence of speed or load 
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variation. The proposed enhanced MRAS shows the priority over MRAS when PM flux 

has variation.  

(4) An I/F method is proposed for zero and low speed range operation in order to reach 

full speed range sensorless control of ACHIEVE. A switching operation is designed to 

achieve smooth transition between I/F open-loop mode during start-up and MRAS 

closed-loop in middle- and high-speed.  

(5) The experimental test rig to verify the theoretical findings of this study is developed 

and built. The design and construction of hardware and software are introduced. A 

hybrid sensorless control system combining I/F start-up and MRAS with switching 

operation has been implemented. The feasibility of the hybrid algorithm is successfully 

verified by the experimental results.  

8.2 Future Work 

The achieved results met all key technical requirements and the research generated 

multiple possibilities for follow-on studies. The following points outline potential 

future work that could be expanded from the research presented in this thesis: 

(1) In the experimental test, it is found that conventional MRAS based on fixed PI 

regulator only has good dynamic performance in a certain speed region and is difficult 

to adapt to variable speed or load in a wide range operation. One of the potential 

solutions is to develop a self-adaptive PI controller which tunes its parameters 

adaptively according to the machine speed and load.  
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(2) Following the previous point of view, it is necessary to explore the stability range 

of the MRAS based sensorless system which has hardly been deeply dug up to now. 

The control plant model needs to be derived. This stability range requires to be analysed 

with respect to operating speed or load. Based on these, the design of the adaptive 

controller in MRAS will be more effectively and reasonably.  

(3) As illustrated in Chapter 5, enhanced MRAS has advantage of simple structure and 

easy hardware implement. However, it has a limit on the number of parameters that can 

be estimated at the same time. Hence, alternative strategies could be investigated to 

achieve multiparameter identification, such as recursive least squares (RLS) 

algorithms, neural network (NN) technology and extended Kalman filter (EKF), etc.  

8.3 Publications 

The research work given in this thesis has resulted in the following conference papers: 

[1]. Fan, L., et al., Comparative Study of Sensorless Methods Based on Sliding Mode 

Observer for Dual Three-Phase Permanent Magnet Synchronous Machine. 2021. 

[2]. Chen, Y., Bozhko, S., Fan, L., et al. Decoupled model for asymmetrical dual three 

phase permanent magnet synchronous machine. in 2019 IEEE International Electric 

Machines & Drives Conference (IEMDC). 2019. IEEE. 

[3]. Fan, L., et al. Sensorless control of dual-three phase PMSM based aircraft electric 

starter/generator system using model reference  adaptive system method. in CSAA/IET 

International Conference on  Aircraft Utility Systems (AUS 2018). 2018. IET. 
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[4]. Fan, L., et al. Comparative study of back EMF based sensorless  control methods 

for dual three-phase PMSM. in 2018 IEEE  International Conference on Electrical 

Systems for Aircraft, Railway, Ship Propulsion and Road Vehicles & International 

Transportation Electrification Conference (ESARS-ITEC). 2018. IEEE. 
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Appendix A Phasor Diagram Transformation 

The transformation between the two-phase rotating dq frames and three-phase frame is 

as follows: 

 [

𝑥𝑎

𝑥𝑏

𝑥𝑐

] = 𝑘𝑎𝑏𝑐 [
𝑥𝑑

𝑥𝑞
] (A. 1) 

where the inverse dq transformation coefficient, 𝑘𝑎𝑏𝑐 , is defined as: 

 

𝑘𝑎𝑏𝑐 =

[
 
 
 
 

𝑐𝑜𝑠𝜃𝑒 −𝑠𝑖𝑛𝜃𝑒

𝑐𝑜𝑠 (𝜃𝑒 −
2𝜋

3
) −𝑠𝑖𝑛 (𝜃𝑒 −

2𝜋

3
)

𝑐𝑜𝑠 (𝜃𝑒 +
2𝜋

3
) −𝑠𝑖𝑛(𝜃𝑒 +

2𝜋

3
)]
 
 
 
 

 (A. 2) 
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Appendix B Simulation Models 

Simulation analysis is primarily done with Plexim®/Plecs®. The following are the 

models created in Plecs to support this study. 

 

Figure B.1 Power system for motoring mode. 

 

 

Figure B.2 Power system for generating mode. 
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Figure B.3 Dual Three-Phase PMSM model. 

 

Figure B.4 Converter model. 

 

Figure B.5 SVPWM model. 
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Figure B.6 Current Loops model. 
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