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ABSTRACT 

 

CHANDRA SEKHAR GOLI.  Investigation of a Doubly Salient Special Machine with 

Permanent Magnets in Stator for Electrical Vehicle Traction Applications 

 

 (Under the direction of DR. MADHAV MANJREKAR) 

 

An in-depth analysis of a distinctive machine topology characterized by a doubly 

salient structure and integrated permanent magnets within the stator is presented in this 

dissertation. The machine exhibits exceptional power density performance of upto 

50kW/L, capable of operating at a rated torque of 95Nm at a rated speed of 12,500rpm, 

and maximum speed of 37,500rpm with a specific focus on its relevance to electric vehicle 

traction applications. The machine comprises 12 stator segments and coils configure for 

three-phases, interspersed with 12 PMs in the stator, along with a reluctance-type rotor 

featuring 10 protrusions equivalent to 20 electric poles. 

An analytical model for this novel machine configuration is developed using 

lumped parameter magnetic equivalent circuits (LPMEC), encompassing stator segments, 

permanent magnets (PM), toroidal windings, air gap, and a reluctance-type rotor. In 

contrast to prior analytical methods, the proposed methodology thoroughly investigates 

spatial harmonics, elucidating the non-saliency behavior of the machine. The LPMEC 

model is employed to compute critical parameters such as flux linkages, open circuit back 

EMF, and inductances with respect to the rotor position. These outcomes are validated 

through finite element analysis. Intriguingly, despite its inherently doubly salient structure, 

the proposed machine exhibits characteristics similar to a non-salient machine such as 

surface permanent magnet machine. This behavior is substantiated by the scrutiny of spatial 

harmonics.  
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For comprehensive evaluation, a high-fidelity model-based motor drive system is 

developed. A field-oriented control approach is adopted to regulate torque and speed across 

a broad spectrum encompassing constant torque and field weakening regimes. Further, a 

complex vector current (CVC) regulation strategy is introduced to account for the 

substantial variations in inductances with rotor position. Unlike classical current regulation 

strategies in synchronous reference frames, the CVC strategy is more robust despite 

uncertainties related to the estimation of d-q inductances of plant model, thus enhancing 

the stability of the control system. 

In-depth comparative analysis between the classical synchronous reference frame 

proportional integral current control and CVC regulation strategies is conducted. A detailed 

stability analysis reveals the robustness of the CVC regulation strategy without the need 

for decoupling feed-forward voltages compared to the classical proportional integral 

current regulation strategy with decoupling voltages. The efficacy of these regulation 

strategies is validated through extensive simulations in the continuous domain and 

substantiated through controller hardware in the loop (CHIL) experiments. 

Experimental tests have been conducted to validate the analytical outcomes and 

proposed control methodologies employing an open frame laboratory prototype (OFLP) of 

the proposed machine and SiC based traction inverter.  
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CHAPTER 1: INTRODUCTION 

1.1.  Introduction 

This chapter presents a brief introduction and organization of the dissertation. The 

motivation behind this dissertation is presented in section 1.2. The organization of the 

dissertation has been discussed in section 1.3. 

1.2. Dissertation Motivation 

With increasing penetration of electric vehicles, electric motor technologies have also 

seen rapid evolution. A handout [1] from the U.S. Department of Energy (DoE) has listed 

key targets for traction motor and Power Electronics Inverter Module (PIM) of the electric 

drive system for the years 2020 and 2025 have been shown in TABLE 1.1. 

TABLE 1.1: DOE TARGETS FOR TRACTION MOTOR AND PIM 

DoE Targets 
Cost ($/kW) Power Density (kW/L) 

2020 2025 2020 2025 

Traction 
Motor 

4.7 3.3 5.7 50 

PIM 3.3 2.70 13.4 100 

Over the decades, there haven’t been significant improvements in energy storage 

technologies in electric vehicle traction applications. Introducing a high power dense 

traction motors in order to increase the mileage which reflects as a better utilization of 

energy delivered from the battery may have significant impact on adaptability of electric 

vehicles for transportation applications.  

In this regard, a special doubly salient machine with permanent magnets in stator, 

capable of very high power density up to 50kW/L has been investigated in this dissertation. 

The proposed doubly salient permanent magnet machine (DSPM) is based on the concept 
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of parallel path magnetic technology introduced by Charles Joe Flynn [64]. A three-phase 

DSPM machine with 12 slots, 12 PM, and reluctance type rotor with 10 pole protrusions 

equivalent to 20 electric poles has been analyzed in this dissertation.  

Despite the doubly salient structure, the proposed DSPM has a non-salient behavior 

similar to surface permanent magnet machine (SPM). A detailed analysis reported in this 

dissertation addresses the non-salient behavior of machines with doubly salient structures 

such as proposed DSPM and flux switching permanent magnet machine (FSPM). A model-

based motor drive system with maximum torque per Ampere (MTPA) and field weakening 

control algorithms is presented in this dissertation considering non-linear characteristics of 

flux linkages. A complex vector current regulation strategy with improved transient 

response and less peak overshoot has been developed to account for substantial variation 

in the estimated inductances of the proposed DSPM.  

Thus, analytical modeling, model-based motor drive system development, and complex 

vector current regulation strategy have been thoroughly investigated for the proposed 

machine. Controller hardware in loop (C-HIL) has been employed to verify the control 

algorithms. An open frame laboratory prototype (OFLP) of the machine has been built to 

perform experimental tests to validate the analytical results and control algorithms.   

1.3.Organization of Dissertation 

A brief overview of the organization of the thesis has been discussed in this section.  

Chapter 1: Introduction 

This chapter has been focused on detailing the importance of high-power dense traction 

motors and the motivation behind this dissertation is discussed in Section 1.2. The 

organization of the dissertation has been presented in Section 1.3.  
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Chapter 2: Literature Review  

A literature review and landscaping of traction motors and traction inverters has been 

presented in this chapter. Targets for key design matrices of traction motor and power 

inverter module are introduced in Section 2.1. Landscaping and review of popular 

topologies of traction motors in commercially available electrical vehicles are discussed in 

Section 2.2. Design trend in rotor and stator of the traction motors is presented in Section 

2.3 and Section 2.4. Landscaping and review of traction inverters have been reported in 

Section 2.5. Topology and control methodology are discussed in Section 2.6. Selection of 

components to improve power density of traction inverters is discussed in Section 2.7. 

Chapter 3: Doubly Salient Machines 

Several topologies of doubly salient machines are introduced in section 3.1. Magnet 

free doubly salient machines such as flux switching machine and switched reluctance 

machines are discussed in Section 3.2 and Section 3.3. Doubly salient machine with 

permanent magnets such as Lipo’s classical DSPM with PMs in back iron is presented in 

Section 3.4. Another classical DSPM employing PPMT invented by Charles J Flynn is 

discussed in Section 3.5. Focus of this dissertation, analysis of a three-phase doubly salient 

permanent magnet machine employing PPMT and explanation of rotating magnetic field 

employing winding function theory are detailed in Section 3.6.  

Chapter 4: Analysis of a Mechanically Doubly Salient Electric Machine Using FE 

and Lumped Parameter Magnetic Equivalent Circuit Models 

Analysis of the proposed special DSPM employing lumped parameter magnetic 

equivalent circuits (LPMEC) and finite element method is detailed in this chapter. The 
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process of employing LPMECs to the DSPM is introduced in Section 4.1. Analysis of 

magnetic equivalent circuits is presented in Section 4.2. Non-saliency behavior of the 

proposed DSPM is investigated in Section 4.3. 

Chapter 5: Model-Based Motor Drive Development 

Model-based motor drive development is presented in this chapter. A workflow 

detailing several steps in implementing model-based motor drive development is 

introduced in Section 5.1. Modeling of the proposed high power dense DSPM machine is 

presented in Section 5.2. Control methodology employing high-fidelity plant model, 

maximum torque per Ampere (MTPA) and flux weakening control strategies are discussed 

in Section 5.3. Stability analysis of the implemented control strategies by means Bode plot 

is reported in Section 5.4. 

Chapter 6: Complex Vector Current Regulation Strategy 

Complex vector current (CVC) regulation strategy for the special DSPM motor drive 

system is discussed in this chapter. Significance of CVC regulation strategy, effect of 

bandwidth, and empirical tuning of proportional and integral controllers are introduced in 

Section 6.1. Analysis of conventional synchronous reference frame proportional integral 

control strategy (SRF-PI) and CVC regulation strategy are discussed in Section 6.2 and 

Section 6.3. Stability analysis of SRF-PI and CVC regulation strategies is reported in 

Section 6.4.  

Chapter 7: Simulation & C-HIL Results 

Continuous domain simulation results and discrete domain controller hardware in loop 

(C-HIL) are presented in Section 7.1. Simulation results of model-based motor drive 
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system are reported in Section 7.2. Comparative analysis of SRF-PI and CVC regulation 

strategies and their respective simulation results are discussed in Section 7.3. C-HIL results 

of comparative analysis of SRF-PI and CVC regulation strategies are reported in Section 

7.4. 

Chapter 8: Experimental Validation of Control Algorithms 

This chapter focuses on presenting the details of the experimental setup and validation 

of torque control algorithms to assess the performance of the open frame laboratory 

prototype (OFLP) of the proposed high-power density motor. It covers the specifics of the 

motor dynamometer experimental setup, the design of experiments aimed at identifying 

the plant model of the OFLP, and the implementation of torque control algorithms. 

Chapter 9: Conclusions 

This chapter consists of a conclusive discussion on the outcomes of analysis of the 

proposed special motor drive system for electric vehicle traction applications. State of the 

art of traction motors and inverters, investigation of non-saliency behavior of the proposed 

special DSPM, verification of model-based control algorithms, and validation of the 

respective control algorithms employing continuous domain simulations, C-HIL, and 

experimental tests on OFLP of the motor are detailed in this section.   

All the references used in this dissertation have been listed in bibliography. 

Chapter 10: Future Works 

Future works relevant to the presented dissertation topic are listed in this chapter 

followed by bibliography and publications.  
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CHAPTER 2: LITERATURE REVIEW OF TRACTION MOTORS AND INVERTERS 

2.1. Introduction 

With increasing penetration of electric vehicles, electric motor and inverter 

technologies have also seen rapid evolution. Review and landscape of several topologies 

of traction motors and traction inverters employed in electrical vehicle traction applications 

are reported in this chapter.  An emphasis has been made to showcase trends in volumetric 

power density and gravimetric power density of traction motors and traction inverters since 

they directly affect end product weight, packaging, and efficiency. A handout [1] from the 

U.S. Department of Energy (DoE) has listed key targets for traction motor and Power 

Electronics Inverter Module (PIM) of the electric drive system for the years 2020 and 2025 

have been shown in TABLE 2.1. 

TABLE 2.1: DOE TARGETS FOR TRACTION 

MOTOR AND PIM 

DoE 
Targets 

Cost ($/kW) 
Power Density 

(kW/L) 

2020 2025 2020 2025 

Traction 
Motor 

4.7 3.3 5.7 50 

PIM 3.3 2.70 13.4 100 

 

2.2. Landscaping and Review of Traction Motors 

A study and classification of motor topologies based on permanent magnet use, the 

location of the permanent magnets inside the motor, magnetic and reluctance components 

of torque, and design trends in rotor and stator have been discussed. Several key Original 

Equipment Manufacturers (OEM) products have been used in this analysis and thus, this 
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chapter provides a useful reference for understanding the product evolution and forecasting 

future trends. 

Design matrices of traction motors employed in electric vehicles have been 

reviewed in several papers. Comparison of design matrices of traction motors employed in 

several types of electric vehicles has been discussed in previous literature [2]. The 

differences between AC motors, DC motors and their suitability towards electric vehicle 

traction applications and their adoption in battery-operated electric vehicles and hybrid 

electric vehicles have been evaluated in the existing literature. Comprehensive data of drive 

cycle capabilities of different traction motors have been reviewed in [3], [4], and [23] 

consists of the comparison of synchronous motors, internal permanent magnet synchronous 

motors, and induction motors. The efficiency and cost factors of DC motors, induction 

motors, switched reluctance motors, permanent magnet-based motors, and flux switching 

motors for traction applications have been reported in [5].  However, the existing literature 

review of different topologies of traction motors is not extensive and design matrices have 

not been profiled.  A study of torque capabilities of several types of permanent magnet 

synchronous motors employed in traction applications has been reviewed in this chapter.  

Volumetric power density and gravimetric power density of traction motors have been 

profiled. An extensive list of specifications of traction motors used in Battery Operated 

Electric Vehicles (BEV), Hybrid Electric Vehicles (HEV), Plugin Hybrid Electric Vehicles 

(PHEV), and Fuel Cell Electric Vehicles (FCEV) have been listed in TABLE 2.2. 

Permanent Magnet Assisted Synchronous Reluctance Motor (PM-SyRM), Induction 

Motor (IM), and Internal Permanent Magnet Synchronous Motor (IPMSM) are popular 

among electric vehicle traction applications. 
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TABLE 2.2: SPECIFICATIONS OF COMMERCIALLY AVAILABLE TRACTION MOTORS  
EV 

Type 

Motor Type Power  

(kW) 

Torque 

(N.m) 

Speed  

(peak 

RPM) 

VPD  

(kW/L) 

GPD 

(kW/kg) 

Jaguar I-Pace 2019 [6] BEV PM-SyRM 294 696 13000  6.37 7.73 

Nissan Leaf 2019 

[6][17] 

BEV PM-SyRM 110 320 10400  2.619 - 

Tesla M3 2018 [6] BEV PM-SyRM 

IM 

Rear:285 

Front: 145 

750 

(total) 

18100  Rear: 

10.27 

Front: 

8.977 

Rear:9.21 

Front:6.22 

Chevy Bolt 2017 [7] BEV PM-SyRM 150 360 8810  3.49 4.44 

Toyota Prius 2017 [8] PHEV PM-SyRM 53 - 17000  5.7 5.69* 

Audi e-Tron SUV 2016 

[8] 

PHEV IM, 

IM 

Front: 135 

Rear: 165 

Front: 309 

Rear: 355 

6000 - - 

BMW i3 2016 [8] BEV PM-SyRM 125 250 11400  9.1 3.58 

Chevy Volt 2016 [8] PHEV PM-SyRM 112 400 - - 3.07 

Cadillac CT6 2016 [9] PHEV IPMSM 2x75 - - - - 

Honda Accord 2014 [4] HEV IPMSM 125 110 8000 8.5 2.9 

Chevy Spark 2014 [7] BEV PM-SyRM - 540 (peak) 4500  - - 

Nissan Leaf 2012 [9] BEV PM-SyRM 80 280 10390 - 1.42 

Sonata HSG 2012 [8] HEV IPMSM 30 45 15000 7.42 1.9 

Toyota Prius 2010 [8] HEV IPMSM 60 (peak) 207 (peak) 13500 4.8 1.6 

Lexus 2008 [8] HEV IPMSM 110 

(peak) 

300 (peak) 10230 6.6 2.5 

Toyota Camry 2007 [8] HEV IPMSM 70 (peak) 270 (peak) 14000 5.9 1.7 

Honda Accord 2006 [8] HEV IPMSM 12.4 136 6000 -- - 

Toyota Prius 2004 [8] HEV IPMSM 50 400 6000 3.3 1.11 

Nissan Hypermini 2003 

[8] 

FCEV IPMSM 24 130 6700 - 0.4 

GM EV1 1999 [22] BEV IM 102 149 7000 - - 

*hybrid system net power density, IM: Induction Motor 
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Wound field induction motors are known for poor power factor and low power density 

because of the presence of copper winding on the rotor in addition to the stator of the motor. 

Classical wound field machines have been designed to operate from pure AC may often 

need power electronic converters to control speed and torque. The field winding is 

eliminated by inclusion of permanent magnets in the electric motors come with the 

advantages of high volumetric power density (VPD) and gravimetric power density (GPD). 

Improvement in power factor, high torque per Ampere capability and extended constant 

speed region operation of permanent magnet motors fit them well for electric vehicle 

traction applications.  

 Permanent magnet motors cannot be operated from direct AC and the presence of power 

electronic converters is unavoidable to initiate the operation of the motor. However, speed 

and torque control of induction motor is much simpler compared to permanent magnet-

based motors may still find it as one of the suitable candidates for electric vehicle traction 

applications. A trend in VPD in kW/L and GPD in kW/kg of the traction motors to timeline 

has been shown in Figure 2.1 and Figure 2.2. Area of the bubble in the graphs is 

proportional to the power rating of the traction motor. High VPD and GPD have been 

observed in battery-operated electric vehicles (BEV). A trend in the adoption of PM-SyRM 

over IPMSM has been observed among BEV and PHEV automakers in recent years. 

Various topologies of traction motor have been detailed in further sections that will 

declassify the advantages of PM-SyRM.  
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Figure 2.1. Trend in volumetric power density of commercially available traction motors 

from the year 2004 to 2020. 

Figure 2.2. Trend in gravimetric power density of commercially available traction motors 

from the year 2003 to 2020. 
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2.2.1. Topologies of Motors 

Classic topology of synchronous motor and induction motor has armature winding on 

stator and field winding on the rotor, operates on the principle of rotating magnetic field. 

Rotating magnetic field set up by alternating current in stator locks the poles set up by field 

winding on the rotor at synchronous speed in case of synchronous motor. Poles set up by 

the field winding on the rotor of the induction motor always try to align with rotating 

magnetic poles set up by stator and rotates at a speed less than synchronous speed.   There 

hasn’t been a significant change in the winding topology of induction motors over the 

years. The operating principle of PM-SyRM and IPMSM is same as classic synchronous 

motor except filed winding is replaced by permanent magnets. Permanent magnet-based 

motors which operate on the principle of operation same as synchronous motor are often 

called as Permanent Magnet Synchronous Motors (PMSM). PMSM is available in different 

topologies may be classified under synchronous motors. The steady-state torque equation 

of PM-SyRM and IPMSM can be well understood by going through the geometry of 

different topologies of synchronous motors as shown in Figure 2.4. Surface Permanent 

Magnet Motor (SPM), IPM, and PM-SyRM may be sub-classified as PMSMs. Non-salient 

pole synchronous motor, salient pole synchronous motor, and synchronous motor are 

classic topologies of synchronous motor.  

Classic topologies of synchronous motor have distributed winding on the stator and 

concentrated winding on the rotor except for synchronous reluctance motor. The stator 

winding of SPM and IPM may be sinusoidally distributed or concentrated winding based 

on the application. PM-SyRM has sinusoidally distributed winding on the stator [11]. The 
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field winding is replaced by permanent magnets in the case of SPM, IPM, and PM-SyRM.  

The nomenclature used in this chapter has been listed in TABLE 2.3. 

 

Figure 2.3. Classification of different topologies of traction motors. 

 

TABLE 2.3: NOMENCLATURE  

Parameter 𝐸𝑥𝑝𝑙𝑎𝑛𝑎𝑡𝑖𝑜𝑛 

𝑇 𝑂𝑢𝑡𝑝𝑢𝑡 𝑡𝑜𝑟𝑞𝑢𝑒 in N.m 

𝑃 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑜𝑙𝑒𝑠 

𝑉𝑠 Source Voltage to the motor 

𝐸 Induced EMF in Volts 

𝑋𝑑𝑠 Reactance along direct axis in ohms 

𝑋𝑞𝑠 Reactance along quadrature axis in ohms 

𝜔 Mechanical speed in rad per sec 

𝛿 Rotor angle or torque angle 
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Figure 2.4. Schematics of geometry of different topologies of synchronous motors.  

SPM is analogous to a non-salient pole synchronous motor since the cylindrical rotor 

provides a uniform air gap. Permanent magnets are placed on the surface of the cylindrical 

rotor for SPM. It must be noted that width of the permanent magnet is considered an air 

gap. The direct axis is defined along the north pole and the quadrature axis is defined along 

with the south pole setup by field on the rotor. Reluctance is proportional to the width of 

airgap, inductance and inductive reactances are inversely proportional to the width of 

airgap and hence reactance along direct and quadrature axis is equal in the case of non-

salient pole synchronous motor and SPM i.e. 𝑋𝑑𝑠 = 𝑋𝑞𝑠.   

  IPM is analogous to a salient pole synchronous motor. Flux set up by the field 

winding along direct axis has minimum reluctance path since the air gap is minimum and 

flux along quadrature axis has maximum reluctance path since the air gap is maximum in 

case of salient pole synchronous motor. Thus, inductance and inductive reactance along 

the direct axis is more than the quadrature axis i.e. 𝑋𝑑𝑠 > 𝑋𝑞𝑠. Similarly, the flux path along 
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the direct axis of IPM experiences more reluctance since the width of the permanent magnet 

and length of airgap offer higher reluctance. Flux path along quadrature axis of IPM 

experiences low reluctance since it has core only along the length of the air gap. Thus, 

𝑋𝑞𝑠 > 𝑋𝑑𝑠 in the case of IPM.  

PM-SyRM is analogous to synchronous reluctance motor with multiple air barriers 

offering a high reluctance path [28] [29] [30]. The synchronous reluctance motor has no 

back EMF due to the absence of the field winding of the rotor. Flux path along the direct 

axis of synchronous reluctance motor experiences low reluctance path compared to flux 

along quadrature axis i.e. 𝑋𝑞𝑠 > 𝑋𝑑𝑠. Similarly, flux along the direct axis has multiple 

permanent magnets embedded in air barriers in addition to the length of airgap experiences 

high reluctance path compared to flux along quadrature axis. Thus, 𝑋d𝑠 >> 𝑋q𝑠 since the 

width of multiple permanent magnets offers more reluctance compared to IPM or classic 

synchronous reluctance motor [36]. The difference between reactances along the direct and 

quadrature axis has a greater influence on the torque produced by PMSM.  

The generic equation of torque (1) produced by the synchronous motor has magnetic 

and reluctance components that may apply to different topologies of the synchronous 

motor. The difference in magnetic and reluctance components of the torque is based on the 

shape of the rotor, place of permanent magnets, and air barriers [12] [13].  

𝑇 ≅ − (
3𝑃

2𝜔
) [(

𝑉𝑠𝐸

𝑋𝑑
) 𝑠𝑖𝑛𝛿 + (

1

2
)

𝑉𝑠
2(𝑋𝑑 − 𝑋𝑞)

𝑋𝑑𝑋𝑞
𝑠𝑖𝑛2𝛿] (2.1) 

First-term of generic torque equation (1) is called magnetic torque and the second 

term is called as reluctance torque. Thus, reluctance torque is negligible in the case of non-

salient pole synchronous motor and SPM. Salient pole synchronous motor, IPMSM, and 



15 
 

 

PM-SyRM have both magnetic and reluctance torque due to the difference between 

reactances along the d-axis and q-axis. Synchronous reluctance motor has no magnetic 

torque since no back EMF is induced due to the absence of field winding. 

Thus, the torque produced by PM-SyRM outperforms other topologies of PMSM 

[10]. Torque capability curves of different topologies of synchronous motors have been 

shown in Figure 2.5. The synchronous motor with internal permanent magnets and air 

barriers i.e PM-SyRM is capable of delivering more torque by harnessing the reluctance 

component of the torque with an increase in saliency. 

 

Figure 2.5. (a). Generic characteristic curve of torque versus rotor angle (b). Torque 

capability curve of non-salient pole synchronous motor or SPM with similar reactances 

𝑋𝑑𝑠 = 𝑋𝑞𝑠 (c) Torque capability curve of salient pole synchronous motor (d) Torque 

capability curve of synchronous motor with internal permanent magnets and air barriers. 
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TABLE 2.4: COMPARISON OF DIFFERENT VARIANTS OF MOTORS 

Motor 

Type 
𝑋𝑑𝑠 𝑣𝑠 𝑋𝑞𝑠 𝑇𝑒𝑚 𝑇𝑟𝑒 Winding Type 

No-salient 

pole 
𝑋𝑑𝑠 =  𝑋𝑞𝑠 High 0 Distributed 

Salient 

pole 
𝑋𝑑𝑠 >  𝑋𝑞𝑠 High Low Distributed 

SPM [31] 𝑋𝑑𝑠 =  𝑋𝑞𝑠 High Low Distributed/ 

Concentrated 

IPM 𝑋𝑞𝑠 >  𝑋𝑑𝑠 High Moderately 

High 

Distributed/ 

Concentrated 

PM-SyRM 𝑋𝑞𝑠 >>  𝑋𝑑𝑠 High Very High Distributed 

BLDC - High Zero Concentrated 

 

2.2.2. Design Trend in Rotor 

The size and number of permanent magnets embedded inside the rotor of PMSM 

have a significant influence on torque and the overall cost of the motor [10]. To deliver the 

same torque, the size and number of permanent magnets used in IPMSM are more 

compared to the PM-SyRM. An alternative method to decrease the cost of the motor while 

increasing the torque is by providing air barriers on the rotor. Thus, air barriers on the rotor 

of PM-SyRM [26] [27] increase the reluctance torque which helps in achieving the cost 

targets [15]. Teardown reports [16], [17] of Toyota Prius by ORNL have been shown in 

Figure 2.6, and TABLE 2.5 as an example to show a trend in adapting air barrier design of 

the rotor to improve the volumetric power density and gravimetric power density while 

cutting the costs per kilowatt. Further, a reduction in the size and number of PMs on the 

rotor increased the speed specification of the motor. A similar type of design has been 

adopted by other manufacturers was reported by Munro Associates [10] has been shown in 

the Figure 2.7. Chevy Volt has adapted semi-circular type of barriers [25], slots are filled 
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with ferrite magnets while the remaining have V or U-type air barriers, and slots are 

partially filled with high flux dense Neodymium (NdFeB) magnets. 

 

Figure 2.6. Design trend in rotor of Toyota Prius over the years from 2002 to 2017 []. 

 

Figure 2.7. Design trend in air barrier type rotors of PM-SyRM [].  
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TABLE 2.5: DESIGN SPECIFICATIONS OF ROTOR OF 

TOYOTA PRIUS 

 Stack Length 

(Inches) 

Power 

(kW) 

Speed 

(RPM) 

Toyota Prius 

2002 

3.5 33 6000 

Toyota Prius 

2004 

 

3.3 50 6000 

Toyota Prius 

2010 [13] 

 

2 60 13000 

Toyota Prius [4] 

2017 

2.4 53 17000 

 

2.2.3. Design Trend in Stator 

No significant change in the winding topology on the stator side of the motor over 

the years except for the adaption of advanced technology to wound the stator to increase 

the slot fill factor [37-39]. Distributed winding is more popular among traction motors, but 

the power density has to be compromised when compared to concentrated winding because 

of end winding. Concentrated winding results in non-sinusoidal induced voltage would 

limit the application of SPM motors. However, fractional slot type of concentrated 

windings would introduce a non-linearity by increasing inductance along direct axis would 

result in induced voltages near to sinusoidal [18]. An example of design trend in stator 

windings has been shown in Figure 2.8. 

Design of concentrated winding by modular approach [17], distributed winding of Bar-

Wound type [18][24], and 3D printed coils [19][20] have been reported as the proven 

methods to increase the power density, and mass production of the stators can be expedited 

as well. An efficient cooling methodology that aids the capabilities of current density and 

electric loading of the motor [32]-[35], [40] would further improve the power density of 
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the motor.  Typical values of current densities of PMSM under continuous operation have 

been shown in TABLE 2.6. 

 

 

 

Figure 2.8. Design trend in stator windings of PMSMs for electric vehicle traction 

applications. 

More insights into doubly salient machines such as flux switching machine (FSM), 

switched reluctance machine (SRM), and doubly salient permanent magnet machine 

(DSPM) are detailed in Chapter 3. 
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2.3. Landscaping and Review of Traction Inverters 

The current state of the art of traction inverters has been reviewed in this section. A 

handout [1] from the U.S. Department of Energy (DoE) has listed key targets for traction 

motor and Power Electronics Inverter Module (PIM) of the electric drive system for the 

years 2020 and 2025 are shown in TABLE 2.1. DoE targets for key electrical and thermal 

specifications have been listed in TABLE 2.6 and TABLE 2.7. 

TABLE 2.6:  DOE TARGETS FOR KEY ELECTRIC 

SPECIFICATIONS [1] 

Peak Power (kW) 200 

Continuous Power (kW) 110 

Battery Operating Voltage (𝑉𝑑𝑐) 850-1100 

Voltage Rating (V) 1200 

Maximum Device Current (A) 200 

Maximum Current (A) 800 

Switching Frequency (kHz) 30-50 

Maximum Efficiency  >98 

Power Factor >0.6 

 

TABLE 2.7:  DOE TARGETS FOR KEY THERMAL 

SPECIFICATIONS [1] 

Maximum Junction Temperature (℃) 250 

Ambient Operating Temperature (℃) -40 to +125 

Storage Temperature (℃) -40 to +125 

Maximum Cooling System Flow Rate 

(lpm) 

10 

Maximum Coolant Inlet Temperature (C) 85 

Maximum Inlet Pressure (Psi) 25 

Maximum Inlet Pressure Drop (Psi) >98 

Volume (liters) 2 

Mass (kg) 4 

 

This reference may provide an opportunity for the research community of Original 

Equipment Manufacturers (OEM) and academia to enhance the infrastructure of electric 
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mobility. These targets have been set to envision an extended range in mileage of the 

electric vehicles by improving the performance of the various components involved in 

electric vehicle traction applications at the device level. 

   Several reviews of state of the art of traction inverter have highlighted the necessity 

of wide bandgap (WBG) devices to meet the higher switching frequency requirements have 

been focused on either all-electric or plug-in hybrid or hybrid vehicles [41], [42]. Different 

topologies of traction inverters and power electronic components employed in battery-

operated electric vehicles and hybrid electric vehicles at General Motors have been 

reviewed in numerous papers [43-45].  However, a trend in key design matrices of traction 

inverters hasn’t been reviewed extensively in the existing literature.  An extensive list of 

specifications of traction inverters employed in Battery Operated Electric Vehicles (BEV), 

Hybrid Electric Vehicles (HEV), Plugin Hybrid Electric Vehicles (PHEV), and Fuel Cell 

Electric Vehicles (FCEV) have been reviewed in this chapter. Key specifications of electric 

vehicles listed in TABLE 2.8 have been profiled based on Volumetric Power Density 

(VPD) and Gravimetric Power Density (GPD) as shown in Figure 2.9 and Figure 2.10. 

Area of the bubble in the plot is proportional to the power rating of the traction inverter. A 

power factor of 0.6 has been considered to estimate the kW rating of the traction inverter. 
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TABLE 2.8: SPECIFICATIONS OF COMMERCIALLY AVAILABLE TRACTION INVERTERS 
 EV 

Type 

Motor 

Type 

Power 

(kW or 

kVA) 

DC 

Link 

Voltage 
(V) 

VPD 

(kW/L) 

GPD 

(kW/kg or 

kVA/kg**) 

Device Cooling 

Methodology 

Jaguar I-Pace 

2019 [6] 

BEV PMSynRM 300* kW 500 32.68 36.45 Si IGBT Water-Glycol 

Nissan Leaf 
2019 [6] 

BEV PMSynRM 140* kW 450 4.21* 12.55 Si IGBT Water-Glycol 

Tesla M3 

2018 [6] 

BEV PMSynRM 

IM 

344* kW 430 27.4* 71.51** SiC 

MOSFET 

Water-Glycol 

Chevy Bolt 
2017 [7] 

BEV PMSynRM 153 kVA 350 19.61* 15.93* Si IGBT Water-Glycol 

Toyota Prius 

2016 [8] 

PHEV PMSynRM 162.2* 

kW 

600 11.5 16.7 Si IGBT - 

Audi e-Tron 
2016 [6] 

PHEV IM, 
IM 

75* kW 600 9.375 7.5 Si IGBT Double Sided 
WEG 

BMW i3 2016 

[8] 

BEV PMSynRM 125 355 9.375 14.1 Si IGBT - 

Chevy Volt 
2016 [9] 

PHEV PMSynRM 180* 360 17.3* 21.7** Si IGBT Double Sided 
WEG 

Cadillac CT6 

2016 [10] 

PHEV IPMSM 215* 360 23* 16.5** Si IGBT Double Sided 

WEG 

Tesla S 2015 
[10] 

BEV - 320* kW 430 47-50* 52-55* Si IGBT - 

Honda Accord 

2014 [8] 

HEV IPMSM - 700 - - Si IGBT - 

Chevy Spark 

2014 [7] 

BEV PMSM 140 kVA 350 10.68* 10.29** Si IGBT - 

Toyota Camry 

2013 [8] 

HEV PMSynRM - 650 11.5 12.7 Si IGBT WEG 

Nissan Leaf 

2012 [10] 

BEV PMSynRM 80 kW 375 7.1 4.94 - - 

Sonata HSG 

2012 [8] 

HEV PMSM 23 kW 270 7.3 6.9 Si IGBT Ethylene 

Glycol 

Toyota Prius 

2010 [16] 

HEV IPMSM - 650 5.9 6.9 Si IGBT Water-Glycol 

Lexus 2008 

[16] 

HEV IPMSM - 650 10.6 7.7 Si IGBT Double Sided  

W-G 

Toyota Camry 

2007 [8] 

HEV IPMSM 70 

kW(peak) 

650 11.7 9.3 Si IGBT Water-Glycol 

Honda Accord 
2006 [8] 

HEV PMSM 12 kW - 2.4 2.9 Si IGBT Air cooled 
Heat Sink 

Toyota Prius 

2004 [16] 

HEV IPMSM 50 kW 500 3.8 4.5 Si IGBT Water-Glycol 

-unknown, *estimated, IM: Induction Motor, PMSynRM: Permanent Magnet Assisted Synchronous Reluctance 

Machine, IPMSM: Internal Permanent Magnet Machine, W-G: Water-Glycol, WEG: Water-Ethylene-Glycol 
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Figure 2.9. Trend in volumetric power density of commercially available traction 

inverters from the year 2004 to 2020 [2-16]. 

 

Figure 2.10. Trend in gravimetric power density of commercially available traction 

inverters from the year 2004 to 2020 [2-16]. 
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 2.3.1. Selection of Topology of Traction Inverters 

The way the traction inverter's circuit is set up depends on how the motor's coils are 

arranged. For a motor with open-ended winding and six terminals out, a dual inverter setup 

is often chosen [46]. In the case of switched reluctance motors, an asymmetrical bridge 

inverter topology is used [47]. If the goal is to power AC traction motors, the classic three-

phase traction inverter topology is a good fit. Using fewer switching devices in a three-

phase inverter can enhance Volumetric Power Density (VPD) and Gravimetric Power 

Density (GPD) but opting for a dual inverter setup with an optimized design can double 

these measures [48]. 

The way the system is controlled is illustrated in Figure 3 and involves several 

levels. There's an outer loop for speed, another loop for torque, and inner loops for current. 

Two established methods for controlling speed below the rated level are Maximum Torque 

Per Ampere (MTPA) and Field Weakening (FW) control [49-51]. To determine the motor's 

torque constant in N/m and speed constant in V/rpm, tests like the static torque test (locked 

rotor test) and back EMF test (open circuit test) are conducted on the traction motor. These 

constants are then used in the MPTA and FW control algorithms. 

Traction motors need to work effectively across a wide range of speeds, especially 

in the constant power region. This means that when the fundamental frequencies at which 

traction motors operate are higher, the traction inverters need to switch at higher 

frequencies too. To ensure stability while the motor operates at various speeds and torques, 

it's important to set the right sampling rates for the phase currents. Since the fundamental 

frequency of traction motors is higher than that of conventional motors, it calls for 

increased switching frequencies. This, in turn, necessitates higher sampling rates for the 
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current measurements and the subsequent control loops that manage the motor's 

performance. 

The choice of sampling rates is a crucial part of designing the control system for 

the motor's speed and torque. It's essential for the motor to remain stable and responsive. 

The required sampling rates for different control loops in the speed and torque design must 

align with the sampling frequencies defined in equations (2.2) to (2.6). These equations 

essentially provide the guidelines for determining the appropriate sampling frequencies to 

achieve reliable and effective control of the traction motor. 

Current loop sampling frequency(𝑓𝑖)= 𝑓𝑠𝑤 (2.2) 

Speed loop sampling frequency(𝑓𝑛)=
1

5
× 𝑓𝑠𝑤 

(2.3) 

Current loop cross over frequency(𝑓𝑐𝑟𝑖)== 
1

10
× 𝑓𝑠𝑤 (2.4) 

Speed loop cross over frequency(𝑓𝑐𝑟𝑛)== 
1

10
× 𝑓𝑐𝑟𝑖 (2.5) 

Torque loop cross over frequency(𝑓𝑐𝑟𝑛)== 
1

10
× 𝑓𝑐𝑟𝑖 (2.6) 

MTPA and FW controllers generate a pair of d-axis and q-axis currents which will 

be fed to the inner current control loop. Inner current controller loops must be sampled at 

the switching frequency of the inverter. A flag has been set to choose the reference signals 

of currents either from the MTPA controller or FW controller based on the speed and torque 

requirements. The inner current controller chooses the reference currents generated by the 

MTPA controller for below-rated speeds or else reference currents generated by the FWA 

controller will be fed to the inner current controller. Characteristics of permanent magnet-
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based traction motor are defined by current and flux dependent instantaneous voltage 

equations (2.7) and (2.8).   

 

Figure 2.11. Simplified schematic of speed and torque control block diagram of traction 

inverter. 

2.3.2. Review of Traction Motor Drive Control Methodologies 

A review of traction motor drive control methods is presented in this section. Based 

on saliency of the motor, different torque or current control methods are employed. From 

the plant model of the PMSM, voltages in synchronous reference frame are expressed as, 
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𝑣𝑑
𝑒 = 𝑅𝑖𝑑

𝑒 − 𝜔𝑒𝐿𝑞𝑖𝑞
𝑒+

𝑑

𝑑𝑡
(𝐿𝑑𝑖𝑑

𝑒) (2.7) 

𝑣𝑞
𝑒 = 𝑅𝑖𝑞

𝑒 + 𝜔𝑒𝐿𝑑𝑖𝑑
𝑒+

𝑑

𝑑𝑡
(𝐿𝑞𝑖𝑞

𝑒) + 𝜔𝑒𝜓𝑝𝑚 (2.8) 

At steady state, the rate of change of flux linkages (transient voltages) and drop due 

to resistance are neglected. Thus, DQ voltages are approximated as, 

𝑣𝑑
𝑒 = −𝜔𝑒𝐿𝑞𝑖𝑞

𝑒 (2.9) 

𝑣𝑞
𝑒 = 𝜔𝑒(𝐿𝑑𝑖𝑑

𝑒 + 𝜓𝑝𝑚) (2.10) 

Thus, magnitude of terminal voltage of the motor is expressed as,  

�̂�𝑠 = √(𝜔𝑒𝐿𝑞𝑖𝑞
𝑒)2 + (𝜔𝑒(𝐿𝑑𝑖𝑑

𝑒 + 𝜓𝑝𝑚))2 
(2.11) 

An expression for mechanical speed considering number of poles is expressed as, 

𝜔𝑚 = 𝜔𝑏𝑎𝑠𝑒 = (
2

𝑃
)

𝑉𝑚𝑎𝑥

√(𝐿𝑞𝑖𝑞m
𝑒 )2 + (𝐿𝑑𝑖𝑑m

𝑒 + 𝜓𝑝𝑚)2
 

(2.12) 

The torque for the PMSM with saliency such as IPM and PM-SyRM is expressed 

as, 

𝑇𝑒 =
3

2
𝑃(𝜓𝑝𝑚𝑖𝑞

𝑒 + (𝐿𝑑 − 𝐿𝑞) 𝑖𝑑
𝑒𝑖𝑞

𝑒) (2.13) 

Similarly, the torque for PM based machines with non-saliency such as surface 

permanent magnet machine (SPM) and flux switching permanent magnet machine (FSPM) 

is expressed as, 
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𝑇𝑒 =
3

2
𝑃(𝜓𝑝𝑚𝑖𝑞

𝑒 + (𝐿𝑑 − 𝐿𝑞) 𝑖𝑑
𝑒𝑖𝑞

𝑒) ≈
3

2
(

𝑃

2
) (𝜓𝑝𝑚𝑖𝑞

𝑒) (2.14) 

The torque capability of the motor is limited by the current carrying capability of 

the inverter and thermal rating of the motor whichever is lower, expressed as a current 

constraint (2.15). The rated current of the inverter is usually 2 to 3 times of the electric 

machine’s capability during acceleration. 

𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑐𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑡: 𝑖𝑞
𝑒 = √𝐼𝑠

2
− 𝑖𝑑

𝑒2
  & 𝐼𝑠 ≤ 𝐼𝑚𝑎𝑥 

 (2.15) 

 For the machines with saliency, the maximum torque is achieved by controlling 

both q-axis current and d-axis current (negatively). A maximum torque per Ampere current 

control strategy [57] is employed in the case of IPM and PM-SyRM. Constant torque angle 

control in which d-axis current is zero is employed for machines without saliency such as 

SPM and FSPM [57-59].  

From the expressions of mechanical speed and electromagnetic torque, the speed is 

limited by maximum voltage across the inverter terminals or phase voltage of the motor. 

An alternative way to increase the speed without increasing voltage is by injecting d-axis 

flux linkages against PM flux linkages to weaken overall flux in the airgap. Thus, speed 

control above rated speed is achieved by increasing d-axis current negatively without 

increasing voltage across inverter or motor terminals i.e induced EMF reaches maximum 

voltage and remains constant at rated speed. Speed control below rated speeds is achieved 

by maintaining constant ratio of voltage and resultant flux linkages. This type of field 

weakening control strategy is also called maximum torque per flux (MTPF) control. The 
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voltage constraint of the electric machine drive system is expressed as (2.16) is a modified 

form of (2.12). 

𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝑐𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑡: 
((

𝜓𝑝𝑚

𝐿𝑑
)+𝑖𝑑

𝑒)

2

𝑉𝑠
2

(𝜔𝑒𝐿𝑑)2

+
𝑖𝑞

𝑒2

𝑉𝑠
2

(𝜔𝑒𝐿𝑞)2

= 1 & 𝑉𝑠 ≤ 𝑉𝑚𝑎𝑥 

(2.16) 

 Characteristic current of an electric machine with PMs is expressed as (2.17), a 

ratio of flux linkage constant and d-axis inductance. It is a key specification of 

demagnetization index, defines maximum allowable current along d-axis without affecting 

performance of PM.  

𝐶ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐 𝐶𝑢𝑟𝑟𝑒𝑛𝑡: 𝐼𝑐ℎ,𝑑 =
𝜓𝑝𝑚

𝐿𝑑
 

(2.17) 

 Considering constraints of current, voltage, and characteristic current, speed and torque 

control capability curves of the motor drive system has been plotted as shown in figure 

2.11. Maximum torque is achieved along the MTPA and MTPF curve of the plot. Infinite 

speeds are possible for machines with characteristic current is less than maximum but 

constrained by mechanical abilities of the electric machine. In this regard, maximum torque 

per voltage control is implemented in the filed weakening regime by maintaining d-axis 

current as constant to avoid infinite speed operating point [60]. 

For the machines with non-saliency behavior, the current and speed circles are 

resembled in circular shape. Maximum torque is achieved by constant torque angle control 

along q-axis and field weakening is achieved by MTPF and MTPV control strategies 

depending on the magnitude of characteristic current [60]. More insights into the current 

control strategies are detailed in Chapter 5 and Chapter 6. 
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Figure 2.12. Plot of  𝑖𝑑
𝑒  versus 𝑖𝑞

𝑒  illustrating constraints, speed, and torque capabilities for 

the PMSM (IPM or PM-SyRM): MTPA trajectory for speeds below rated speed and 

MTPF field weakening trajectory for the speeds above rated speed [57-59]. 

   A summary of generation of reference currents for salient and non-salient pole 

PMSMs is reported in TABLE 2.9. and TABLE 2.10. In a model-based approach, the 

reference currents reported in the tables are generated as look-up tables considering the 

effect of saturation of flux linkages using post-processing features of finite element 

analysis software such as design of experiments (DoE). Thus, a high-fidelity control 

trajectory is achievable employing model-based design methodology.  
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TABLE 2.9: EXPRESSIONS FOR REFERENCE CURRENTS EMPLOYING MTPA CONTROL 

 SPM/FSPM [58-59] IPM/PM-SyRM [57] 

𝑖𝑑
𝑒  0 

𝛹𝑝𝑚 − √𝛹𝑝𝑚
2 + 8(𝐿𝑞 − 𝐿𝑑)2𝐼𝑠

2

4(𝐿𝑞 − 𝐿𝑑)
 

𝑖𝑞
𝑒 𝐼𝑠 

√𝐼𝑠
2 − 𝑖𝑑

2 

 

TABLE 2.10: EXPRESSIONS FOR REFERENCE CURRENTS EMPLOYING FW CONTROL 

 SPM/FSPM [58-59] IPM/PM-SyRM [57] 

 CCCP [57] CVCP [58] VCLMT [57] 

𝑖𝑑
𝑒  −

𝐼𝑠

𝜔𝑒

√𝜔𝑒
2 − 𝜔𝑏𝑎𝑠𝑒

2 
𝜔𝑏𝑎𝑠𝑒

𝜔𝑒

𝛹𝑝𝑚

𝐿𝑑

−
𝛹𝑝𝑚

𝐿𝑑

 

 

−𝛹𝑝𝑚𝐿𝑑 + √(𝛹𝑝𝑚𝐿𝑑)2 − (𝐿𝑑
2 − 𝐿𝑞

2) (𝛹𝑝𝑚
2 + 𝐿𝑞

2𝐼𝑚𝑎𝑥
2 − (

𝑣𝑚𝑎𝑥

𝜔𝑒
)

2

)

(𝐿𝑑
2 − 𝐿𝑞

2)
 

𝑖𝑞
𝑒 

𝜔𝑏𝑎𝑠𝑒

𝜔𝑒

𝐼𝑠 
𝜔𝑏𝑎𝑠𝑒

𝜔𝑒

𝐼𝑠 √𝐼𝑠
2 − 𝑖𝑑

2 

CCCP: Constant Current Constant Power, CVCP: Constant Voltage Constant Power, and VCLMT: Voltage & Current Limited 

Maximum Torque 

2.3.3. Selection of Components for Traction Inverter 

Busbars: The power loop inductance of the traction inverter plays a crucial role in 

determining the switching frequency and consequently affects the control of the vehicle's 

speed. This inductance can introduce delays in the turn-on and turn-off times of the 

switching devices. Even a small delay in these times, particularly in MOSFETs, can 

negatively impact the inverter's performance at higher frequencies [52]. To address this 

issue, using laminated busbars separated by insulating material can be quite effective. 

These busbars help significantly decrease the loop inductance, which, in turn, improves the 

controller's stability and enhances power density. These busbars can be tailored to match 

the specific packaging needs of the traction inverter. An example of a custom laminated 



32 
 

 

busbar developed by Rogers Corp, Inc., is depicted in Figure 2.12. This innovation has 

successfully reduced the power loop inductance to 12 nH [53]. 

Power Modules: When selecting power modules, it's important to opt for those that exhibit 

minimal ringing in switching voltages. These modules should also be capable of 

functioning at higher switching frequencies to produce elevated fundamental frequencies. 

Furthermore, they should accommodate higher rated current and voltage in order to align 

with the targets set by the DoE. Having over-current, over-voltage, and temperature sense 

terminals on these power modules would be beneficial when assembling the components 

[54] as one package. The overall design and size of the power modules, including the gate 

driver, should prioritize being compact while meeting the objectives for high power 

density. 

Capacitors: When choosing capacitors, it's important to focus on their ability to effectively 

manage the fluctuations in current and voltage, particularly in the presence of spatial 

harmonics during both motoring and regeneration modes. To align with the Volumetric 

Power Density (VPD) and Gravimetric Power Density (GPD) targets, capacitors should be 

designed with minimal volumetric size and weight. Additionally, the form factor of the 

capacitor has a significant impact on how the entire traction inverter is packaged. To avoid 

issues like bondage failures caused by improper soldering, capacitors with screw-type 

connections that can be fitted onto customized busbars are recommended. For automotive 

applications, polypropylene capacitors of coaxial type are a suitable choice. These 

capacitors offer advantages like high peak ripple absorption, lightweight design, and 

compact size, making them well-suited for automotive applications. 
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Coolant: For high-power traction motors, liquid cooling is essential. A mix of Glycol, 

Ethylene, and Water is often pumped through cooling plates to keep the power modules at 

the right temperature during heavy use. Using micro-finned cooling plates improves heat 

absorption by creating more surface contact with the power modules. Opting for double-

sided cooling instead of single-sided can further boost cooling capacity and enhance 

Volumetric Power Density (VPD) and Gravimetric Power Density (GPD). An example 

from Wolfspeed, a dual inverter for traction applications (Figure 2.13), demonstrates the 

effectiveness of double-sided cooling, achieving a power density of 72.5 kW/L [55]. 

 

Figure 2.13. Conceptual 3D image of ROLINX CapLink busbars customized for 

WolfSpeed XM3 Power Modules [55]. 

 

Figure 2.14. Conceptual 3D images of micro-finned cold plate and Wolfspeed XM3 Dual 

power core inverter [56]. 
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CHAPTER 3: DOUBLY SALIENT MACHINES 

3.1. Introduction 

Chapter 3 provides a detailed analysis of mechanically doubly salient machines that are 

shown in figure.3.1. and figure.3.2. In particular, magnet-free doubly salient machines, 

such as the flux switching machine and the switched reluctance machine, are discussed in 

Sections 3.2 and 3.3. Additionally, two different variants of doubly salient machines with 

permanent magnets, including the doubly salient permanent magnet machines introduced 

by Thomas Lipo and Charles Joe Flynn, are presented in Sections 3.4 and 3.5. The analysis 

and principle of operation of a special doubly salient permanent magnet machine, which 

employs parallel path magnetic technology and is the focus of this dissertation, are detailed 

in Section 3.6. 

 
(a) 

 
(b) 

Figure.3.1. FEA schematics of magnet-free mechanically doubly salient machines 

(a). Flux switching machine (b). Switched reluctance machine. 

Definition of doubly saliency has been attributed to the mechanically doubly salient 

shape of the stator and rotor with protrusions and depressions around the inner and outer 
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circumference of the respective cores. The analysis of these doubly salient machines is 

used to explain the principle of operation of a special doubly salient machine in Section 

3.6, using frequency domain methodology.  

 
(a) 

 
(b) 

Figure.3.2. FEA schematics of mechanically doubly salient machines with permanent 

magnets (a). Doubly salient permanent magnet machine (b). PPMT machine. 

3.2. Flux Switching Machine 

In 1999, Charles Pollock proposed a flux switching machine (FSM) with a 1-phase, 4-

slot, and 2-rotor protrusion design [61]. The FSM's topology is depicted in figure 3.3, and 

it features a DC field winding and an armature winding, both housed in a pair of slots in 

the stator. This particular FSM topology is considered a DC motor without magnets or 

brushes because the stator carries both the DC and armature windings and does not require 

brushes or a commutator to feed or collect current from the stationary armature winding. 

The slots in the FSM are positioned at 90° intervals spatially and labeled S1, S2, S3, 

and S4. A DC current is used to excite the field winding, while a bipolar or alternating 

current of square shape is used to excite the armature winding. The DC field winding is 
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embedded in slots S1 and S3, which are 180° apart, while the armature winding is located 

in slots S4 and S2, also 180° apart. As a result, the FSM features two fully-pitched, 

concentrated-wound coils. The FSM's rotor has two pole protrusions, which are equivalent 

to four magnetic poles. 

 

Figure.3.3. 2D FEA schematic of FSM with 4 slots to house field winding and 

armature winding in stator and 2 rotor protrusions.  

3.2.1. Principle of operation of the FSM 

Open circuit flux linages with armature winding while field winding is excited with DC 

current for various rotor positions has been shown in figure.3.4. The flux created by the 

DC field winding follows a low reluctance path through the salient pole protrusions of the 

rotor and links with the armature winding via the airgap. The maximum flux linkages with 

the armature winding occur at positions 1 and 3 when rotor pole P1 aligns with the teeth of 
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the stator segment, while the minimum flux linkages occur at position 2 when rotor pole 

P1 aligns with slot S3 of the DC field winding in the stator. Figure 3.5 shows the properties 

of the flux linkages with the armature winding for different rotor positions. As a result, the 

rate of change of flux linkages with the armature winding generates induced voltages or 

back EMF. 

During full-load operation, the armature winding is excited with bipolar or alternating 

current of square shape. The fully-pitched DC field winding and concentrated armature 

windings generate magnetomotive forces perpendicular to each other, producing a 

torsional force on the rotor and causing it to rotate in the respective direction. Figure 3.6 

shows the exciting current through the armature winding, the properties of the flux linkages 

with the armature and DC field windings, the back EMF with the armature winding, and 

the respective torque versus rotor position. 

The flux linkages with the armature winding have been observed to be bipolar. 

However, the transition of the excited armature winding current from positive to negative, 

with high di/dt, results in large spikes in back EMF, which is not safe for bearings. Despite 

significant torque ripple, an average positive torque of 7.44 Nm has been observed. 
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Figure.3.4. Model of FSM for 2D FEA and properties of flux linkages with armature 

winding at different rotor positions. 

 

Figure. 3.5. Plot of flux linkages vs rotor position, depicting properties of flux linkages 

with armature winding under open circuit condition.  
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Figure.3.6. Plots of current through armature winding, full load flux linkages with 

AC/armature winding and DC field winding, back EMF, and torque versus rotor position 

for the FSM. 

 

 



40 
 

 

3.3. Switched Reluctance Machine 

The switched reluctance machine (SRM) is considered a magnet-free mechanically 

doubly salient machine because of the saliency in both the stator and rotor. Figure 3.7 

shows a 3-phase SRM with 6 slots in the stator and 4 rotor protrusions. The stator slots are 

denoted as S1, S2, ..., S6, and they are placed spatially 60° apart from each other around 

the inner circumference of the stator core. Each phase has two concentrated wound coils 

connected in series, which are denoted as A1, A2, B1, B2, C1, and C2. The two coils under 

each phase are wound around the teeth of the stator in opposite directions to each other to 

accumulate the flux linkages with the coils under the respective phase [62].   

 

Figure.3.7. 2D FEA schematic of three-phase SRM with 6 slots and 4 rotor protrusions. 

3.3.1. Principle of operation of the SRM 

The working principle of an SRM is based on the change in magnetic reluctance that 

occurs depending on the rotor position. The concentrated coils of an SRM are wound in a 
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manner that generates a magnetomotive force and corresponding flux in the radial 

direction. Unlike DC machines, synchronous machines, and FSMs, the SRM doesn't have 

a separate field winding. Each phase of the SRM is excited for 120° electrical to avoid 

mutual flux linkages with other phases. 

Properties of flux linkages versus rotor position for coils under phase-A are shown in 

Figure 3.8. The coils under phase-A are excited for 120° electrical, as shown in Figure 3.9. 

The flux linkages and airgap flux density in the airgap due to coils A1 and A2 under phase-

A are minimum at rotor positions 1 and 3, where pole P1 aligns with slot S1 and slot S2. 

The flux linkages and airgap flux density in the airgap due to coils A1 and A2 under phase-

A are maximum at rotor position 2, where pole P1 aligns with slot S3 and slot S4. A plot 

of flux linkages with phase-A versus rotor position is shown in Figure 3.10. Thus, the flux 

linkages and airgap flux density due to the respective phase depend on the change of the 

magnetic reluctance with respect to the rotor position. 

The three-phase current excitations, flux linkages with coils under respective phases, 

back EMF due to the rate of change of flux linkages, and respective torque versus rotor 

position are shown in figure.3.11. A sudden transition in current excitation and respective 

flux linkages is reflected as a spike in the back EMF. Despite the ripple in the magnitude 

of the torque, an average positive torque of 4.2 Nm has been observed. 
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Figure.3.8. Model of SRM for 2D FEA and properties of flux linkages with coils A1 and 

A2 under phase-A at different rotor positions. 

 

Figure.3.9. Plot of current through coils A1 and A2 under phase-A versus rotor position 

for the SRM. 

 

Figure.3.10. Plot of flux linkages with coils A1 and A2 under phase-A versus rotor 

position for the SRM. 
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Figure.3.11. Plots of three-phase currents, full load flux linkages with three-phases, back 

EMF, and torque versus rotor position for the SRM. 
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3.4. Doubly Salient Permanent Magnet Machine 

A DSPM machine with three phases, six slots to house six coils in the stator, four rotor 

protrusions, and two PMs in the back iron of the stator was introduced in [63], as shown in 

figure 3.12. This topology of DSPM was intended to replace the field winding in the stator 

of FSM with PMs. The two PMs are placed in the back iron of the stator core, with one PM 

placed 180° apart from the other. The stator slots are denoted as S1, S2, ..., S6, and they 

are placed spatially 60° apart from each other around the inner circumference of the stator 

core. Each phase has two concentrated wound coils connected in series, which are denoted 

as A1, A2, B1, B2, C1, and C2. The two coils under each phase are wound around the teeth 

of the stator in opposite directions to each other to accumulate the flux linkages with the 

coils under the respective phase. The PMs have been placed spatially 180° apart, separate 

coils A1, B1, C1 and coils A2, B2, C2 spatially. 

 

Figure.3.12. 2D FEA schematic of three-phase DSPM with 6 slots and 4 rotor 

protrusions. 
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3.4.1. Principle of operation of the DSPM 

The working principle of the DSPM can be understood by observing the flux linkages 

of the coils of the respective phase with respect to the position of the rotor, as shown in 

figure 3.13. The coils A1 and A2 under phase-A experience maximum flux linkages and 

contribute to the maximum airgap flux density at positions 1 and 3 where pole P1 aligns 

with the teeth of the stator core under coils A1 and A2. The coils A1 and A2 under phase-

A experience minimum flux linkages and contribute to the minimum airgap flux density at 

position 2 where pole P1 partially aligns with slots S2 and S4. The properties of flux 

linkages with coils under phase-A via the airgap and the low reluctance path created by 

salient poles versus the rotor position are shown in figure 3.14. Thus, flux linkages are 

unipolar or homopolar irrespective of the position of the rotor. 

Under full load operation, a quasi-trapezoidal excitation, as shown in figure 3.15, has 

been applied to the three phases. The resultant flux linkages with respective phases, the 

respective back EMF, and torque have been shown in the same figure. A transition in 

excited currents from positive to negative magnitude reflects a sudden drop in flux 

linkages, and a spike in the respective back EMFs has been observed. Despite the ripple in 

the magnitude of the torque, an average positive torque of 15Nm has been observed. 
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    Figure.3.13. Model of DSPM machine for 2D FEA and properties of flux linkages with 

coils A1 and A2 under phase-A at different rotor positions. 

 

Figure.3.14. Plot of flux linkages with coils A1 and A2 under phase-A versus rotor 

position for the DSPM. 
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Figure.3.15. Plots of three-phase currents, full load flux linkages with three-phases, back 

EMF, and torque versus rotor position for the DSPM. 
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3.5. Doubly Salient Permanent Magnet Machine employing PPMT 

Parallel Path Magnetic Technology (PPMT) was introduced by Charles Joe Flynn in 

[64]. Analysis of a linear actuator and a rotary electric machine employing PPMT has been 

detailed in this section. 

 3.5.1. Principle of Operation of Linear Actuator and DSPM Machine employing 

PPMT 

The principle of operation of the novel motor employing PPMT has been discussed 

with respective electric power and torque equations. The PPMT uses permanent magnets 

and field coils also called steering coils to form a magnetic circuit. Flux setup by permanent 

magnets in the magnetic circuit is controlled by steering coils. A basic PPMT actuator as 

shown in figure.3.16 and figure.3.17 has been considered to explain the PPMT. 

 
Figure.3.16. Flux path in the magnetic 

actuator with steering coils off [64]. 
Figure.3.17. Flux path in the magnetic 

actuator with steering coils energized 

[64]. 
 

Case 1: Steering coils off 

Flux setup by permanent magnets finds the paths to external core 1 and external core 2 

through the internal core and small air gap as shown in figure.1. Magnetomotive force ‘F’ 

experienced by external core 1 or external core 2 is proportional to the flux ‘∅’ delivered 

by a permanent magnet may be expressed as, 
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𝐹 ∝ ∅ ∝ 𝐵𝑃𝑀𝐴 (3.1) 

Thus, magnetomotive force is proportional to the product of flux density of permanent 

magnet ‘𝐵𝑃𝑀’ and cross-sectional area of the core ‘𝐴’.  

Case 2: Steering coils on 

Steering coils are excited in a way to steer the effective flux into the external core 1 

through airgap and no flux steers into external core 2. Thus, the magnetomotive force 

experienced by the external core 1 is proportional to the effective flux delivered by two 

permanents and two steering coils may be expressed as, 

𝐹 ∝ ∅ ∝ (2𝐵𝑃𝑀 + 2𝐵𝑐𝑜𝑖𝑙)𝐴 (3.2) 

 Thus, the maximum flux will be steered into external core 1 when flux setup by 

steering coil 1 is equal to flux set up by the permanent magnet.  

𝐵𝑃𝑀 = 𝐵𝑐𝑜𝑖𝑙 (3.3) 

Thus, 

𝐹 ∝ ∅ ∝ (4𝐵𝑃𝑀)𝐴 

 

(3.4) 

Therefore, one unit of flux density in case 1 is reflected as 4 units of flux density in 

case 2. 

3.5.2. Application of Parallel Path Magnetic Technology (PPMT) 

Based on PPMT, a single-phase motor topology has been shown in figure.3.18. It 

consists of 15 poles on the rotor core, 6 coils, and 6 permanent magnets of opposite poles 

in the stator core. The stator core is similar to the internal core (fig.3.16.), the rotor core is 
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similar to the external core and the coil is similar to the steering coil used in the previous 

analysis.  

The coils are excited in a way to steer the flux into the rotor to provide unidirectional 

torque and hence the rotor rotates. 

 

Figure 3.18. Schematic of a 6 coil, 6 permanent magnet, single-phase motor [64]. 

Case 1: coils are not excited 

Permanent magnets set up the flux through three pairs of rotor poles and thus the 

rotor is locked in position as shown in figure.3.19. 

Case 2: coils are turned on 

Coils are excited in a way that the effective flux steers through minimum reluctance 

path setup by three different pair of rotor poles as shown in figure.3.20. Thus, the rotor 

rotates in the counter-clockwise direction.  
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Figure.3.19. Flux path in the single-phase 

PPMT motor during no excitation current 

through coils.  

 
Figure.3.20. Flux path in the single-phase 

PPMT motor when the coils are excited 

and forces the rotor to rotate in CCW 

direction.   
 

 
Figure.3.21. Flux path in the single-phase 

PPMT motor when coils are turned off 

and rotor poles are slightly aligned.  
 

 
Figure.3.22. Completely aligned position 

of the rotor with flux path setup in the 

stator of the single-phase PPMT motor 

when coils are turned off. 
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Case 3: coils are turned off 

Three different pairs of rotor poles are in a slightly aligned rotor position inherited from 

the previous state rotate to achieve more alignment with respect to flux path as shown in 

figure.3.21.  

Case 4: coils are turned off 

Thus, the rotor continues to rotate till it achieves full alignment with flux path setup by 

permanent magnets as shown in figure.3.22. 

Case 5: coils are excited in opposite polarity 

Coils are excited in an opposite polarity such that the flux path aligns with another three 

different pairs of rotor poles of minimum reluctance path as shown in figure.3.23. Thus, 

the rotor experiences magnetomotive force and hence continue to rotate in the counter-

clockwise direction.  

Case 6: coils are turned off 

Three different pairs of rotor poles are in a slightly aligned position inherited from the 

previous state rotates to achieve more alignment with respect to flux path as shown in 

figure.3.24.  

Thus, the rotor continues to rotate till it achieves full alignment with stator flux as 

shown in the figure.3.19 (case i) and the cycle continues.  
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Figure.3.23. Flux path in the single-phase 

PPMT motor when the coils are excited 

with a current of opposite polarity and 

forces the rotor continues to rotate in 

CCW direction.   
 

 
Figure.3.24. Flux path in the single-phase 

PPMT motor when coils are turned off 

and rotor poles are slightly aligned.  
 

 

 

Figure.3.25. Waveform of the current excitation and sequence of events from case 1 to 6. 
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3.5.2. Analysis of Single-phase PPMT Motor 

 

Figure.3.26. Schematic of quarter 

symmetry of single-phase PPMT motor.  

 

Figure.3.27. Effective flux path in the core 

of stator, rotor, permanent magnet and 

airgap of single-phase PPMT motor. 

𝑎𝑟𝑒𝑎 𝑜𝑓 𝑎𝑥𝑖𝑎𝑙 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑖𝑙: 𝐴𝑐𝑜𝑖𝑙 = 𝑙 × ℎ (3.5) 

𝐹𝑙𝑢𝑥 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑖𝑙: 𝐵𝑐𝑜𝑖𝑙 =
𝜇𝑛𝑖

𝑙𝑓𝑙𝑢𝑥
 (3.6) 

where, 

𝑙 = 𝑠𝑡𝑎𝑐𝑘 𝑙𝑒𝑛𝑡𝑔ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑜𝑡𝑜𝑟 

ℎ = 𝑟𝑎𝑑𝑖𝑎𝑙 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑖𝑙 

𝑙𝑓𝑙𝑢𝑥 = 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑓𝑙𝑢𝑥 𝑝𝑎𝑡ℎ 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑡𝑎𝑡𝑜𝑟 𝑐𝑜𝑟𝑒 𝑎𝑛𝑑 𝑟𝑜𝑡𝑜𝑟 𝑐𝑜𝑟𝑒 (𝑙𝑐) +

𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑎𝑖𝑟𝑔𝑎𝑝 (𝑙𝑔) + 𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑝𝑒𝑟𝑚𝑎𝑛𝑒𝑛𝑡 𝑚𝑎𝑔𝑛𝑒𝑡 (𝑙𝑤−𝑝𝑚)  

𝑖 = 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑡ℎ𝑒 𝑐𝑜𝑖𝑙 

𝜇
= 𝑝𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑜𝑣𝑒𝑟𝑎𝑙𝑙 𝑓𝑙𝑢𝑥 𝑝𝑎𝑡ℎ (𝑖. 𝑒 𝑐𝑜𝑟𝑒, 𝑎𝑖𝑟, 𝑎𝑛𝑑 𝑝𝑒𝑟𝑚𝑎𝑛𝑒𝑛𝑡 𝑚𝑎𝑔𝑛𝑒𝑡) 

𝑛 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑢𝑟𝑛𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑖𝑙 

Flux setup by the coil: ∅𝑐𝑜𝑖𝑙 = 𝐵𝑐𝑜𝑖𝑙 × 𝐴𝑐𝑜𝑖𝑙 =
𝜇𝑛𝑖

𝑙𝑓𝑙𝑢𝑥

(𝑎+𝑏)

2
ℎ (3.7) 
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The topology of the PPMT motor has 6 coils per phase. Thus, flux setup by coils under one 

phase may be expressed as, 

∅𝑝ℎ𝑎𝑠𝑒 = 6
𝜇𝑛𝑖

𝑙𝑓𝑙𝑢𝑥
𝑙ℎ =

𝜇𝑁𝑖

𝑙𝑓𝑙𝑢𝑥
𝑙ℎ (3.8) 

where, 

𝑁 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑢𝑟𝑛𝑠 𝑝𝑒𝑟 𝑝ℎ𝑎𝑠𝑒 = 6𝑛 

 

Similarly, flux set up by a permanent magnet may be expressed as, 

∅𝑝𝑚 = 𝐵𝑟𝐴𝑝𝑚 (3.9) 

where, 

𝐵𝑟

= 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑓𝑙𝑢𝑥 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑝𝑒𝑟𝑚𝑎𝑛𝑒𝑛𝑡 𝑚𝑎𝑔𝑛𝑒𝑡 (𝑜𝑏𝑡𝑎𝑖𝑛𝑒𝑑 𝑓𝑟𝑜𝑚 𝑐ℎ𝑎𝑟𝑒𝑐𝑡𝑖𝑟𝑖𝑠𝑡𝑖𝑐𝑠) 

𝐴𝑝𝑚 = 𝑎𝑥𝑖𝑎𝑙 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑝𝑒𝑟𝑚𝑎𝑛𝑒𝑛𝑡 𝑚𝑎𝑔𝑛𝑒𝑡

= (𝑟𝑎𝑑𝑖𝑎𝑙 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 × 𝑎𝑥𝑖𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ) 

Flux linkages: 

[
𝜆𝑎

𝜆𝑝𝑚
] = [

𝐿𝑎𝑎 𝐿𝑎−𝑝𝑚

𝐿𝑝𝑚−𝑎 𝐿𝑝𝑚
] [

𝑖𝑎

𝑖𝑝𝑚
] (3.10) 

where, 

𝑖𝑝𝑚 = 𝐹𝑖𝑐𝑡𝑖𝑡𝑖𝑜𝑢𝑠 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑢𝑒 𝑡𝑜 𝑝𝑒𝑟𝑚𝑒𝑛𝑡 𝑚𝑎𝑔𝑛𝑒𝑡 

𝐿𝑝𝑚 = 𝐹𝑖𝑐𝑡𝑖𝑡𝑖𝑜𝑢𝑠 𝑖𝑛𝑑𝑢𝑐𝑡𝑎𝑛𝑐𝑒 𝑜𝑓 𝑝𝑒𝑟𝑚𝑎𝑛𝑒𝑛𝑡 𝑚𝑎𝑔𝑛𝑒𝑡 

A permanent magnet can be modeled as a fictitious winding of one turn. Thus, the 

magnetomotive force of permanent magnet may be expressed as, 
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1 × 𝑖𝑝𝑚 = 𝐻𝑐𝑙𝑝𝑚 = 𝐵𝑟𝐴𝑝𝑚𝑅𝑝𝑚 (3.11) 

where, 

𝐻𝑐 = 𝐶𝑜𝑒𝑟𝑐𝑖𝑣𝑒 𝑓𝑜𝑟𝑐𝑒 𝑜𝑓 𝑝𝑒𝑟𝑚𝑎𝑛𝑒𝑛𝑡 𝑚𝑎𝑔𝑛𝑒𝑡 

𝑅𝑝𝑚 = 𝑅𝑒𝑙𝑢𝑐𝑡𝑎𝑛𝑐𝑒 𝑜𝑓 𝑝𝑒𝑟𝑚𝑎𝑛𝑒𝑛𝑡 𝑚𝑎𝑔𝑛𝑒𝑡 

 

Voltage Equation: 

 
Figure.3.28. Generic characteristic of 

permanent magnet.   

 
Figure.3.29. Geometry of permanent 

magnet. 

 

𝑣 = 𝑟𝑖 +
d

dt
(𝜆 + 𝜆𝑝𝑚) 

 

(3.12) 

Power Equation: 

A generic simplified form of instantaneous power by neglecting winding resistance may 

be expressed as [63], 

𝑝 = 𝑖𝐿
𝑑𝑖

𝑑𝑡
+ 𝑖2

𝑑𝐿

𝑑𝑡
+ 𝑖

𝑑𝜓𝑝𝑚

𝑑𝑡
 

(3.13) 

Another form of representation of (13), 

𝑝 =
1

2
𝑖2

𝑑𝐿

𝑑𝑡
+ 𝐿𝑖

𝑑𝑖

𝑑𝑡
+

1

2
𝑖2

𝑑𝐿

𝑑𝑡
+ 𝑖

𝑑𝜓𝑝𝑚

𝑑𝑡
 

(3.14) 
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where,  

𝜓𝑝𝑚 = 𝑓𝑙𝑢𝑥 𝑙𝑖𝑛𝑘𝑎𝑔𝑒𝑠 𝑑𝑢𝑒 𝑡𝑜 𝑝𝑒𝑟𝑚𝑎𝑛𝑒𝑛𝑡 𝑚𝑎𝑔𝑛𝑒𝑡 

 

  By replacing 𝑑𝑡 =
𝑑𝜃

𝜔𝑟
, 

𝑝 =
𝑑

𝑑𝑡
(

1

2
𝐿𝑖2) + [

1

2
𝑖2

𝜕𝐿

𝜕𝜃
+ 𝑖

𝜕𝜓𝑝𝑚

𝜕𝜃
] 𝜔𝑟 

(3.15) 

𝑝 =
𝑑

𝑑𝑡
(𝑊𝑓) + [𝑇]𝜔𝑟 

(3.16) 

where, 

 𝑊𝑓 = 𝑎𝑟𝑚𝑎𝑡𝑢𝑟𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑓𝑖𝑒𝑙𝑑 𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑒𝑟 𝑝ℎ𝑎𝑠𝑒 =
1

2
𝐿𝑖2 

𝑇 = 𝐼𝑛𝑠𝑡𝑎𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑇𝑜𝑟𝑞𝑢𝑒 𝑝𝑒𝑟 𝑝ℎ𝑎𝑠𝑒 =
1

2
𝑖2

𝜕𝐿

𝜕𝜃
+ 𝑖

𝜕𝜓𝑝𝑚

𝜕𝜃
 

 

 

 

𝑇 = 𝑅𝑒𝑙𝑢𝑐𝑡𝑎𝑛𝑐𝑒 𝑇𝑜𝑟𝑞𝑢𝑒 + 𝑀𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑇𝑜𝑟𝑞𝑢𝑒 = 𝑇𝑟 + 𝑇𝑚 (3.17) 

𝑇𝑟 =
1

2
𝑖2

𝜕𝐿

𝜕𝜃
 

(3.18) 

𝑇𝑚 = 𝑖
𝜕𝜓𝑝𝑚

𝜕𝜃
 

(3.19) 

Considering permanent magnet as a fictitious winding with fictitious current and 

inductance, two-phase instantaneous torque equation may be expressed as [63],   

𝑇 =
1

2
[𝑖]𝑇

𝜕[𝐿]

𝜕𝜃
[𝑖] 

(3.20) 

Similarly, two-phase instantaneous armature reaction field energy may be 

expressed as [63] 

𝑊𝑓 =
1

2
[𝑖]𝑇[𝐿][𝑖] 

(3.21) 
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where, 

[𝑖] = [
𝑖𝑎

𝑖𝑝𝑚
] 

 

(3.22) 

[
𝜆𝑎

𝜆𝑝𝑚
] = [

𝐿𝑎𝑎 𝐿𝑎−𝑝𝑚

𝐿𝑝𝑚−𝑎 𝐿𝑝𝑚
] [

𝑖𝑎

𝑖𝑝𝑚
] 

(3.23) 

 

Thus, substituting (25) and (26) in (22) results in the following expression, 

 

 

𝑇 = [
1

2
(𝑖𝑎

2 𝜕𝐿𝑎𝑎

𝜕𝜃
)] + (𝑖𝑎𝑖𝑝𝑚

𝜕𝐿𝑎−𝑝𝑚

𝜕𝜃
)+

1

2
𝑖𝑝𝑚

2  
𝜕𝐿𝑝𝑚

𝜕𝜃
 

 

(3.24) 

Thus, the instantaneous torque equation of the PPMT motor consists of three terms. The 

first terms consist of torque due to variation of self and mutual inductances of the motor 

phases also called reluctance torque. Interaction of magnetic field due to permanent 

magnets and current through stator windings results in the second term. The third term is 

solely due to variation in self-inductance with the respective permanent magnetic field [66]. 

Various components of instantaneous torque from (3.24) may be expressed as, 

𝑅𝑒𝑙𝑢𝑐𝑡𝑎𝑛𝑐𝑒 𝑇𝑜𝑟𝑞𝑢𝑒 =
1

2
(𝑖𝑎

2 𝜕𝐿𝑎𝑎

𝜕𝜃
) 

(3.25) 

𝑀𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑇𝑜𝑟𝑞𝑢𝑒 = 𝑖𝑎𝑖𝑝𝑚

𝜕𝐿𝑎−𝑝𝑚

𝜕𝜃
 

(3.26) 

𝐶𝑜𝑔𝑔𝑖𝑛𝑔 𝑇𝑜𝑟𝑞𝑢𝑒 =
1

2
𝑖𝑝𝑚

2  
𝜕𝐿𝑝𝑚

𝜕𝜃
    

(3.27) 
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3.5.3. Analysis of Single-Phase PPMT Machine using FEA 

A single-phase PPMT machine with two slots to house two coils in the stator, five rotor 

protrusions, and two PMs separating two stator segments was introduced in [64], as shown 

in figure 3.30. The stator slots are denoted as S1 and S2 and they are placed spatially 180° 

apart from each other around the inner circumference of the stator core. The two coils A1 

and A2 under each phase are wound toroidally along the axial direction to generate 

magnetomotive force in counter clock wise direction. The PM1 and PM2 generates 

magnetomotive forces in counter clock wise and clock wise directions. 

 

Figure.3.30. 2D FEA schematic of single-phase PPMT machine with 2 slots, 2 PMs and 5 

rotor protrusions. 



60 
 

 

 

3.5.4. Principle of Operation of Single-Phase PPMT Machine using FEM 

The working principle of the single-phase PPMT machine can be understood by 

observing the flux linkages of the coils with respect to the position of the rotor, as shown 

in figure 3.31. The coils A1 and A2 under the single-phase experience maximum flux 

linkages and contribute to the maximum airgap flux density at positions 1 and 3 where 

poles P3, P4 and P1, P5 aligns with the teeth of the stator core. The coils A1 and A2 under 

the single-phase experience minimum flux linkages and contribute to the minimum airgap 

flux density at position 2 where poles are not aligned or partially aligned with teeth of stator 

core. The properties of flux linkages with coils A1 and A2 via the airgap through the low 

reluctance path created by salient poles versus the rotor position are shown in figure 3.32. 

Thus, flux linkages are observed to be bipolar. 

Under full load operation, a bipolar or alternating square shape current has been applied 

to coils A1 and A2 of the phase [64], as shown in figure 3.33. The resultant flux linkages 

with the coils A1 and A2, the respective back EMF, and torque have been shown in the 

same figure. A transition in excited currents from positive to negative magnitude reflects a 

sudden drop in flux linkages, and a spike in the respective back EMFs has been observed. 

Despite the ripple in the magnitude of the torque, an average positive torque of 4Nm has 

been observed. 
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    Figure.3.31. Model of single-phase PPMT machine for 2D FEA and properties of flux 

linkages with coils A1 and A2 of respective phase at different rotor positions. 

 

Figure.3.32. Plot of flux linkages with coils A1 and A2 versus rotor position for the 

single-phase PPMT. 
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Figure.3.33. Plots of single-phase current, full load flux linkages with coils A1 and A2, 

back EMF, and torque versus rotor position for the single-phase PPMT motor operation. 
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3.6. Analysis of a Three-Phase Doubly Salient Permanent Magnet Machine 

employing PPMT 

A special doubly salient permanent magnet machine employing PPMT is introduced in 

this dissertation, as shown in figure 3.34. The stator of the studied electric machine includes 

12 modules of concentrated coils in toroidal shape, which are separated by permanent 

magnets of opposite polarity inserted in the core, and a rotor with a castellated core 

structure. This topology is designed to have three phases, 4 coils per phase, 12 PMs, and a 

10-pole reluctance type rotor with double saliency. Magnetic field distribution for the 

proposed machine is shown in the same figure.  

 

Figure.3.34. Model for 3D FEA and example magnetic field distribution for generator 

operation of the three-phase special modular machine with 12 concentrated coils and 12 

PM in the stator. The reluctance rotor has 10 core protrusions, equivalent to a 20 

consequent magnetic pole arrangement. 
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3.6.1. Principle of Operation of Three-Phase Doubly Salient Permanent Magnet 

Machine employing PPMT using FEM 

The working principle of the proposed special machine can be understood by observing 

the flux linkages of the coils of the respective phase with respect to the position of the rotor 

using finite element method, as shown in figure 3.35. A half symmetry of the machine 

geometry is considered to analyze principle of operation. The coils A1 and A2 under phase-

A experience maximum flux linkages and contribute to the maximum airgap flux density 

at positions 1 and 3 where pole P3 aligns with the teeth of the stator segment S4. The coils 

A1 and A2 under phase-A experience minimum flux linkages and contribute to the 

minimum airgap flux density at position 2 where pole P3 aligns with airgap of the stator 

segment S4 and at and position 4 where pole P3 aligns with teeth of the stator segment S5. 

The properties of flux linkages with coils under phase-A via the airgap through the low 

reluctance path created by salient poles versus the rotor position are shown in figure 3.36. 

Thus, the flux linkages are bipolar and sinusoidal in shape. These results have been verified 

using lumped parameter magnetic equivalent circuits which will be detailed in Chapter. 4. 

Under full load operation, three-phase sinusoidal currents have been applied, as shown 

in figure 3.37. The resultant flux linkages with respective phases, the respective back EMF, 

and torque have been shown in the same figure. A transition in excited currents from 

positive to negative magnitude is smooth because of the sinusoidal shape, reflects as 

sinusoidal flux linkages and sinusoidal back EMFs. A spike in magnitude of back EMFs 

has been reported in previous sections for FSM, SRM, DSPM, and single-phase PPMT 

because of non-sinusoidal excitation. An average electromagnetic torque of 41Nm has been 

observed from the FEM results. 
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Figure.3.35. Model for 2D FEA and properties of magnetic flux linkages employing FEM 

with coils of Phase-A from PMs for the proposed DSPM at different rotor positions. 

 

Figure.3.36. Plot of flux linkages with coils under phase-A versus rotor position for the 

proposed DSPM at different rotor positions using FEM and MEC. 
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Figure.3.37. Plots of three-phase currents, full load flux linkages with three-phases, back 

EMF, and torque versus rotor position for the proposed DSPM. 
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3.6.2. Principle of Operation of Three-Phase Doubly Salient Permanent Magnet 

Machine employing PPMT using Frequency Domain Analysis 

This section presents a study on the winding functions and their respective 

magnetomotive force (MMF) functions for the proposed doubly salient permanent magnet 

machine. The MMF functions of the permanent magnets (PMs), stator winding, and airgap 

permeance functions are analyzed in the frequency domain to identify the spatial harmonics 

responsible for the torque production mechanism [66]. In machines with a doubly salient 

structure, the production of torque is proportional to the airgap flux density resulting from 

the PMs and the windings in the stator [66]. However, it is important to note that while 

these theoretical MMF functions help identify spatial harmonics that contribute to torque, 

they may not provide a detailed picture of the magnitudes of the torque [62]. To evaluate 

the overall performance of the proposed machine, the finite element method and lumped 

parameter magnetic equivalent circuits have been utilized, and will be further elaborated 

in Chapter 4. 

The proposed machine consists of 12 toroidal coils and 12 PMs, resulting in the creation 

of multiple poles in the stator. As a result, this machine exhibits MMF functions with 

multiple harmonics. Frequency domain analysis has been employed to identify the spatial 

harmonics that are multiples of the fundamental frequency of the airgap permeance 

function, which corresponds to the 10 pole protrusions. 

Magnetomotive Force due to permanent magnets (Fpm): 

The proposed special machine is equipped with 12 PMs of opposite polarity, which are 

placed equidistantly between the stator segments. The MMF due to the PMs in the counter-
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clockwise direction is considered positive, and vice versa. The top portion of figure 3.38 

displays a normalized function of PM MMF, Fpm, for the 12 PMs. Fourier transform is 

then conducted to identify the harmonic components of the PM MMF, Fpm waveform, as 

shown in the middle portion of figure 3.38. Additionally, the bottom portion of figure 3.38 

displays two lower-order spatial harmonics, namely the 6th and 18th, which are 

superimposed on the PM MMF, Fpm waveform. 

 

Figure.3.38. Illustration of plots of normalized PM MMFs versus rotor position for 

the special DSPM with 12 slots, 12 PM, and 10 pole protrusions (top), spatial harmonic 

content of the PM MMFs (middle), and superimposed two lower order spatial harmonic 

content of PM MMFs vs rotor position (bottom). 
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Airgap Permeance Function: 

The airgap permeance is a function of space and time as the rotor rotates. The airgap 

permeance for 10 protrusions and 10 depressions of the salient reluctance type rotor is 

depicted in the top portion of figure 3.39. The high and low permeances reflect the rotor 

position at which the airgap is at its minimum and maximum, respectively. The Fourier 

transformation tool is employed to identify the harmonic components of the airgap 

permeance function, as shown in the middle portion of figure 3.39. Additionally, the 

bottom portion of figure 3.39 displays two lower-order spatial harmonics of the airgap 

permeance function, namely the 10th and 20th. 

Airgap Flux Density due to PMs (Bpm): 

The airgap flux density due to PMs alone, denoted as Bpm is a product of the overall 

PM MMF, Fpm in the airgap and the permeance of the airgap. Consequently, an airgap flux 

density function is obtained, as shown in the top portion of Figure 3.40. By performing 

Fourier transformation, the harmonic components are identified and shown in the middle 

portion of figure 3.41 for the first 200 components. Additionally, the bottom portion of 

figure 3.42 presents two lower-order spatial harmonics, namely the 4th and 6th, which are 

superimposed on the airgap flux density function. 

Turns Functions: 

One of the distinctive features of the proposed DSPM machine is the presence of 

toroidal coils wound axially on the H-shaped stator segment, which generates MMF in a 

counter-clockwise direction. Although the coil winding appears similar to a concentrated 

winding, the turns are spatially distributed over 20 degrees. Therefore, in terms of turns, it 
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resembles a fractional wave winding pattern that is spread out over 20 degrees. Figure 3.43 

depicts a 2D FEA schematic of the stator segment and the pattern of the turns. 

 

Figure.3.39. Illustration of plots of normalized airgap permeance function versus 

rotor position for the special DSPM with 12 slots, 12 PM, and 10 pole protrusions (top), 

spatial harmonic content of the airgap permeance function (middle), and superimposed 

two lower order spatial harmonic content of airgap permeance function vs rotor position 

(bottom). 
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Figure.3.40. Illustration of plots of normalized airgap flux density function Bpm versus 

rotor position for the special DSPM with 12 slots, 12 PM, and 10 pole protrusions (top), 

spatial harmonic content of the airgap flux density function Bpm (middle), and 

superimposed two lower order spatial harmonic content of airgap flux density function 

Bpm vs rotor position (bottom). 
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Figure.3.44 illustrates the turns function for the toroidal coil. The turns function is 

determined by considering the orientation of the turns in the top and bottom portions. The 

turns function is deemed positive for the conductor that carries current inwards (into the 

page), which is situated in the top portion of the stator segment, and approaches zero for 

the conductor that carries current outwards (out of the page), located in the bottom portion 

of the stator segment. As a result, the coil with seven turns has seven positive and zero 

pulses throughout the spatial span of 20 degrees. 

The turns function of a coil with spatially distributed turns contains a large number of 

high spatial frequency harmonics due to its pulsating shape with a high frequency. To 

facilitate harmonic analysis, an approximate lumped model of the toroidal coil is presented 

in figure.3.45. The turns function is simplified by considering the lumped conductor in the 

top and bottom portions as a single positive pulse spread spatially over 20°, as shown in 

figure.3.46. This approach is extended to the turns for each phase, where four coils are 

connected in series, as shown in figure.3.47. 

Winding Functions: 

The turns functions were adjusted to realize winding functions for each phase according 

to the definition of generalized winding function in [67], may be expressed as (3.28). This 

adjustment ensured that each winding function had an even symmetry and zero average, as 

shown in figure.3.46. Once the winding functions were obtained, they were used to 

calculate the airgap MMF, Fw by considering the instantaneous three-phase currents. 

N(∅) = n(∅)−< n(∅) > (3.28) 
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Figure.3.43. 2D model of a toroidal coil with stator segment, showing pattern of 

spatially distributed turns for a span of 20°. 

Figure.3.44. Illustration of turns function for a toroidal coil with spatially distributed 

turns for a span of 20°. 

 



74 
 

 

 

Figure.3.45. 2D model of a toroidal coil with stator segment, showing pattern of 

lumped model of a turn for a span of 20°. 

 

Figure.3.44. Illustration of turns function for a toroidal coil with lumped model of a 

lumped model of a turn for a span of 20°. 
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Figure.3.45. 2D FEA schematic of stator segments with toroidal coils, illustration of spatially distributed turns functions, and 

approximated lumped turns functions for coils under each phase. 
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Figure.3.46. Illustration of plots of turns functions and winding functions versus rotor 

position for each phase for a span of 360° (mech). 

Airgap MMF due to Stator Winding (Fw): 

The airgap MMF due to the stator winding, denoted as Fw, is the product of the winding 

functions and instantaneous currents of the respective phases. The three-phase airgap MMF 

is defined as sum of the individual airgap MMFs from each phase, 

Airgap MMF, Fw = Fa + Fb + Fc = Na(∅)ia + Nb(∅)ib + Nc(∅)ic (3.29) 

Figure.3.47 shows the instantaneous winding functions and currents of respective 

phases, as well as the resulting three-phase airgap MMF. To identify the harmonic 

components in the three-phase airgap MMF, Fw, a Fourier transform is performed. The 

analysis reveals lower order spatial harmonics of 6th and 18th. These harmonics are then 

superimposed on the three-phase airgap MMF, Fw, as shown in figure.3.48. 
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Figure.3.47. Illustration of plots of winding functions, instantaneous currents, and airgap 

MMF, Fw versus rotor position for a span of 3600° (elec). 
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Figure.3.48. Illustration of plots of normalized airgap MMF, Fw versus rotor position 

for the special DSPM with 12 slots, 12 PM, and 10 pole protrusions (top), spatial 

harmonic content of the airgap MMF: Fw (middle), and superimposed two lower order 

spatial harmonics content of airgap MMF, Fw vs rotor position (bottom). 
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Airgap Flux Density due to Stator Winding: 

The airgap flux density due to the stator winding, Bw, is obtained by multiplying the 

three-phase airgap MMF, Fw, with the airgap permeance. The plot of airgap flux density, 

Bw, versus rotor position is shown in figure 3.49. Fourier transform is performed on Bw 

waveform to identify the first fifty harmonic components, which are shown in the third plot 

from the top in the figure 3.49. Two lower-order spatial harmonics are superimposed on 

the airgap flux density Bw, as shown in the bottom plot of the figure 3.49. 

Spatial Harmonics in Airgap MMFs and Airgap Permeance: 

The primary spatial harmonic component of the PM MMFs, Fpm and winding MMF, 

Fw waveforms is the sixth harmonic for the 12-PM, 12-slot, and 10-pole DSPM, as shown 

in the figures 3.38 and 3.48. The order of this primary spatial harmonic in the respective 

MMFs is equal to half of the number of permanent magnets and half of the number of slots 

that are circumferentially magnetized or electromagnetized. The primary spatial harmonic 

component of the airgap permeance waveform for the proposed DSPM is equal to the 

number of protrusions on the salient rotor, which is 10, as shown in the figure.3.39." 

Spatial Harmonics in Airgap Flux Densities: 

Spatial harmonics of the 4th and 16th orders are observed in the airgap flux densities Bw 

and Bpm waveforms for the 12-PM, 12-slot, and 10-pole DSPM, as shown in the figure.3.49 

and figure.3.40. These harmonic components result from the frequency modulation of the 

winding airgap MMF function, Fw with 12 slots or the magnet airgap MMF function, Fpm 

with 12 PMs and the airgap permeance function with 10 rotor pole protrusions. 
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Figure.3.49. Illustration of plots of normalized airgap MMF, Fw versus rotor position for 

the special DSPM with 12 slots, 12 PM, and 10 pole protrusions (top), airgap permeance 

versus rotor position (2nd from the top), airgap flux density due to winding: Bw versus 

rotor position (3rd from the top), and superimposed two lower order spatial harmonic 

content of airgap flux density, Bw vs rotor position (bottom). 

 

The 4th spatial harmonic component in the airgap flux densities, Bw and Bpm waveforms 

is due to the difference between the 10th harmonic in the airgap permeance waveform and 
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the 6th harmonic in the respective MMFs, Fw and Fpm waveforms. Similarly, the 16th spatial 

harmonic in the airgap flux densities Bw and Bpm is due to the addition of the 10th harmonic 

in the airgap permeance waveform and the 6th harmonic in the respective MMFs, Fw and 

Fpm waveforms. 

Thus, 4th and 16th spatial harmonics of winding airgap flux density Bw and magnet 

airgap flux density Bpm are in synchronous, rotate at the same temporal frequency in the 

same direction. Interaction of 4th and 16th harmonics of winding airgap flux density Bw and 

magnet airgap flux density Bpm, produce a non-zero average torque.  The average of these 

two spatial harmonics of order 4th and 16th is synchronous with primary spatial harmonic 

component of the airgap permeance waveform. 

Thus, the 4th and 16th spatial harmonics in the winding airgap flux density, Bw and 

magnet airgap flux density, Bpm are synchronous and rotate at the same temporal frequency 

in the same direction. The interaction of these two harmonics produces a non-zero average 

torque. The average of these two spatial harmonics of order 4th and 16th is synchronous 

with the primary spatial harmonic component of the airgap permeance waveform.  

More insight into the electromagnetic performance of the proposed DSPM is detailed 

in Chapter 4 of this dissertation. 
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CHAPTER 4: ANALYSIS OF THE MECHANICALLY DOUBLY SALIENT 

ELECTRIC MACHINE USING FE AND LUMPED PARAMETER MAGNETIC  

EQUIVALENT CIRCUIT MODELS 

4.1. Introduction 

Analysis of the proposed special machine topology, which features a doubly salient 

structure and permanent magnets in the stator and provides very high power density 

performance has been presented in this chapter. An analytical model for the proposed 

machine has been developed using lumped parameter magnetic equivalent circuits 

(LPMEC) of the stator segments, permanent magnets (PM), toroidal windings, air gap, and 

reluctance-type rotor. Previously published analytical techniques have not thoroughly 

explored spatial harmonics, which is done in the proposed methodology, yielding a high-

fidelity model. The machine analyzed is highly suited for electric vehicle traction 

applications and consists of 12 stator segments and coils, separated by 12 PMs in the stator, 

and a reluctance-type rotor with 10 protrusions. The LPMEC model has been analyzed to 

compute flux linkages, open circuit back EMF, and inductances with respect to the rotor 

position, and these results have been verified using finite element method. The analysis 

shows that despite its doubly salient structure, the proposed machine exhibits the 

characteristics of a non-salient machine, and this behavior has been validated by analyzing 

spatial harmonics and static torque test. 

Electromagnetic fields of an electric machine can be determined analytically using 

various methods such as magnetic equivalent circuits (MEC) [67], Carter factor relative 

permeance model [68], complex relative permeance model [69], and conformal mapping 
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[70]. Application of MEC to determine magnetic fields of induction machine, switched 

reluctance machine, internal permanent magnet machine, and flux switching machines were 

reported in [71]-[74].  

The LPMEC methodology presented in [69] and [74] for FSPM has been employed to 

analyze performance of the proposed DSPM considering PMs in stator. The proposed 

DSPM consists of 12 coils and 12 PMs in the stator, and a reluctance-type rotor with 10 

protrusions, which is equivalent to 20 electrical poles. This three-phase machine has rated 

torque and speed ratings of 41 Nm and 5000 rpm respectively. A 2D FEA schematic of the 

proposed machine, example of magnetic field distribution, and an open frame laboratory 

prototype (OFLP) were  shown in Figure 4.1, Figure 4.2, and Figure 4.3.  

4.2. Analysis of Magnetic Equivalent Circuits 

Design matrices listed in TABLE 4.1 have been used to solve the magnetic equivalent 

circuits. Nomenclature listed in TABLE 4.2 has been used throughout the chapter. Stator tooth 

reluctance 𝑅𝑠𝑥𝑡𝑥, stator tooth leakage reluctance 𝑅𝑚𝑠𝑥𝑡𝑥, circular core reluctance 𝑅𝑠𝑖𝑥, and 

PM reluctances 𝑅𝑝𝑚  have been expressed as (4.1) to (4.4). MMF due to PM 𝐹𝑝𝑚  and 

concentrated coil 𝐹𝑤  are expressed as (4.5) and (4.6). Reluctances of airgap has been 

realized by employing flux tubes shown in Figure 4.7.  

 The LPMECs for the DSPM have been realized by considering the MMF of coils and 

PMs, as well as the reluctances of the airgap, stator teeth, stator back iron, PMs, rotor poles, 

and rotor back iron. An operating point of PM has been considered as per the characteristic 

of BH curve of Arnold N42H magnet as shown in Figure 4.5. Flux density of stator and 
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rotor core has been chosen iteratively to solve the magnetic circuits as per the BH curve of 

M19 steel shown in Figure 4.6. 

 

Figure 4.1. Model for 2D FEA schematic of the three-phase special modular machine with 

12 concentrated coils and 12 PMs in the stator and 12 protrusions in the rotor. 
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Figure 4.2. Example magnetic field distribution for the motor operation of the three-phase 

special modular machine with 12 concentrated coils and 12 PMs in the stator and 12 

protrusions in the rotor. 

 

 

Figure 4.3. Open frame laboratory prototype of the three-phase special modular machine 

with 12 concentrated coils and 12 PMs in the stator and 12 protrusions in the rotor. 
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Figure 4.4. 2D schematic of FEA illustrating dimensions of stator segment and 

PM. 

The flux tube methodology reported in [69] was employed to determine the reluctances 

of the airgap, inner and outer flux leakage paths of stator segments and PMs, the circular 

part of the stator segments, and the rotor. These flux tubes fall under the category of one of 

those five variants shown in Figure 4.7.  Design matrices of the stator segment and PM have 

been used to model the MEC for several rotor positions, as shown in Figure 4.4. and Figure 

4.8. An LPMEC for the DSPM at a rotor position of 0° was shown in Figure 4.9. The effect 

of saturation of stator teeth and rotor pole tips has been neglected under open circuit 

conditions.  
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TABLE 4.1: DESIGN MATRICES OF STATOR SEGMENT AND PM OF DSPM 

Stack Length L 101.66mm 

Tooth width wt 8.38mm 

Effective tooth length lt 23.33mm 

Leakage tooth length llt 8.24mm 

Inner radius of core r1 71.12mm 

Outer radius of core r2 78.26mm 

Arc length θ 14.4mm 

Width of PM wPM 4.8mm 

Radial Length of PM lPM 25.86mm 
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Figure 4.5. Plot of BH curve of Arnold N42H PM showing operating point of the PM. 

 

Figure 4.6. Plot of BH curve of stator and rotor core material M19 showing linear portion 

that has been used to adopt the operating points iteratively to solve LPMECs. 
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Figure 4.7. Schematic of possible shape of fluxtubes between the stator teeth and pole 

protrusions [69]. 

 

 

 



90 

 

 

TABLE 4.2: NOMENCLATURE 

𝑅𝑠𝑜𝑙 Outer leakage reluctance due to flux path in the airgap 

between upper section of teeth of stator segment  

𝑅𝑚𝑜𝑙 Outer leakage reluctance due to PM self-linkage flux path in 

the airgap 

𝑅𝑚𝑠𝑥𝑡𝑥 Leakage reluctance of xth stator segment of xth teeth of upper 

section 

𝑅𝑠𝑥𝑡𝑥 Reluctance of xth stator segment of xth teeth 

𝑅𝑠𝑥𝑡𝑥𝑝𝑥 Reluctance between xth stator segment of xth teeth and xth 

pole 

𝑅𝑠𝑖𝑥 Reluctance of circular section of the xth stator segment 

𝑅𝑟𝑖 Reluctance of circular section of the rotor back iron 

𝑅𝑝𝑚 Reluctance of PM 

𝑅𝑟𝑝 Reluctance of rotor pole protrusion 

𝐹𝑝𝑚 MMF of PM 

𝐹𝑤 MMF of coil 

𝑁 Number of tuns of a coil 

𝛹𝑥 Flux linkage of respective path or phase 

𝐿𝑥𝑥  & 𝐿𝑥𝑦 Self and mutual inductances 

𝐿𝑑  & 𝐿𝑞 Inductances of d-axis and q-axis 

𝐿𝑜  & 𝑀𝑜 Offset values of self and mutual inductances 

𝐿1, 𝐿2, 𝐿3 … Harmonic components of self-inductance 

𝑀1, 𝑀2, 𝑀3 … Harmonic components of mutual inductance 
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𝑅𝑠𝑥𝑡𝑥 = 𝑅𝑠2𝑡2 = 𝑅𝑠2𝑡1 = 𝑅𝑠1𝑡2 = 𝑅𝑠1𝑡1 = 𝑅𝑠6𝑡2 =
𝑙𝑡

𝜇0𝜇𝑟𝑐𝑤𝑡𝐿
 (4.1) 

𝑅𝑚𝑠𝑥𝑡𝑥 = 𝑅𝑚𝑠2𝑡2 = 𝑅𝑚𝑠2𝑡1 = 𝑅𝑚𝑠1𝑡2 = 𝑅𝑚𝑠1𝑡1 = 𝑅𝑚𝑠6𝑡2 =
𝑙𝐿𝑡

𝜇0𝜇𝑟𝑐𝑤𝑡𝐿
 (4.2) 

𝑅𝑠𝑖𝑥= 
𝜃

𝜇𝑜𝜇𝑟 𝑙𝑛(
𝑟2
𝑟1

)𝐿
 

(4.3) 

 𝑅𝑝𝑚 =
𝑙𝑝𝑚

𝜇0𝜇𝑟𝑝𝑚𝑤𝑝𝑚𝐿
 (4.4) 

𝐹𝑝𝑚 =
𝑤𝑝𝑚𝐵𝑟

𝜇0𝜇𝑟𝑝𝑚
 (4.5) 

𝐹𝑤 = 𝑁𝐼𝑥 
(4.6) 
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Figure 4.9. Circuit schematic of a portion of LPMEC for the proposed DSPM at a 

rotor position of 0°. The figure illustrates the following components: 1. Outer 

leakage reluctances, 2. Stator upper teeth leakage reluctances, 3. Reluctances of 

PM and stator back iron in series with respective MMFs, 4. Stator segment teeth 

reluctances, 5. Inner leakage reluctances of PM and stator teeth, 6. Airgap 

reluctances, 7. Reluctances of rotor pole protrusions, 8. Reluctances of rotor back 

iron. 
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4.3. Investigation of Non-Salient Behavior Using LPMEC, FEM, and Experimental 

Results 

 The LPMEC was solved for several rotor positions to determine flux linkages with coil 

A1 and A2 of phase-A, considering half symmetry. Open circuit flux linkages, back EMF, 

self-inductance, and mutual inductances of phase-A, and dq inductances were empirically 

solved for several rotor positions using equations (4.7) to (4.13), respective plots were 

shown in Figure 3, Figure 10, Figure 11, and Figure 12. It has been identified that the 

presence of spatial harmonics in the self and mutual inductances is almost negligible in 

machines with a doubly salient structure, such as the proposed DSPM and FSPM, as shown 

in Figure 13. According to (4.12) and (4.13), the difference between Ld and Lq is negligible 

due to the lower magnitude of harmonics in the self and mutual inductances. On the other 

hand, in IPM machines, the magnitude of the harmonics in the self and mutual inductances 

is high and contributes towards saliency, resulting in synchronous reluctance torque [75]. 

𝑂. 𝐶 𝑓𝑙𝑢𝑥 𝑙𝑖𝑛𝑘𝑎𝑔𝑒𝑠 𝑜𝑓 𝑝ℎ𝑎𝑠𝑒 − 𝐴, 𝛹𝑎𝑃𝑀 = 2(𝛹𝑎1 + 𝛹𝑎2) (4.7) 

𝑂. 𝐶 𝑏𝑎𝑐𝑘 𝐸𝑀𝐹 𝑜𝑓 𝑝ℎ𝑎𝑠𝑒 − 𝐴, 𝐸𝑎 = 𝜔
𝑑𝛹𝑎𝑃𝑀

𝑑𝜃
 

(4.8) 

 𝐿𝑎𝑎 =
𝛹𝑎

𝑖𝑎
; @ 𝑖𝑏 = 𝑖𝑐 = 0, 𝑃𝑀 = 𝑎𝑖𝑟 

(4.9) 

 𝐿𝑎𝑏 =
𝛹𝑎

𝑖𝑏
; @ 𝑖𝑎 = 𝑖𝑐 = 0, 𝑃𝑀 = 𝑎𝑖𝑟 

(4.10) 

𝐿𝑎𝑐 =
𝛹𝑎

𝑖𝑐
; @ 𝑖𝑎 = 𝑖𝑏 = 0, 𝑃𝑀 = 𝑎𝑖𝑟 

(4.11) 

𝐿𝑑 = (𝐿0 − 𝑀0) − (0.5𝐿1 + 𝑀1) − (0.5𝐿2 + 𝑀2) ⋯ (4.12) 
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𝐿𝑞 = (𝐿0 − 𝑀0) + (0.5𝐿1 + 𝑀1) + (0.5𝐿2 + 𝑀2) ⋯ (4.13) 

Considering the non-saliency behavior as reported in Figure 14., the electromagnetic toque 

is expressed as (4.14).  

𝑇 =
3

2
𝑃𝛹𝑝𝑚𝑖𝑞 

(4.14) 

 

 An experimental static toque test has been conducted to identify the torque capability of 

the OFLP [76]. A comparison of electromagnetic torque performance of the proposed 

DSPM using LPMEC, FEM, and experimental static torque setup was reported in Figure 

15. A peak torque has been observed at 90º; thus, no presence of synchronous reluctance 

torque has been observed from analytical and experimental validation. 

 

Figure 4.10. Open circuit back EMF of the DSPM from FEM and LPMEC. 
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Figure 4.11. Plots of self-inductance Laa phase-A vs rotor position. 

 

Figure 4.12. Plots of mutual inductances Lab and Lac of phase-A vs rotor position. 
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Figure 4.13. Plots of harmonic spectrum of self and mutual inductances for phase-

A. 

 

Figure 4.14. Plots of dq inductances Ld and Lq vs rotor position. 
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Figure 4.15. Plots of torque versus rotor position employing LPMEC, FEM, and 

experimental static torque test at id=0A and iq=140A. 

Lumped parameter magnetic equivalent circuits (LPMEC) were established for the 

doubly-salient special machine with PMs in the stator, yielding open circuit flux linkages, 

back EMF, self and mutual inductances, and dq inductances that were found to be in close 

agreement with results from finite element analysis. The non-saliency behavior of machine 

with doubly salient structure was also identified by investigating the presence of spatial 

harmonics in self and mutual inductances. The negligible harmonics in the self and mutual 

inductances of the proposed DSPM result in almost negligible equivalent saliency and 

synchronous reluctance torque. The LPMEC method used in this chapter helped in 

understanding the key performance indices of the proposed DSPM by iteratively adapting 

the relative permeability of the core from the BH curve.  

The experimental static torque test of the open frame laboratory prototype (OFLP), finite 

element method (FEM), and analytical LPMEC resulted in identical torque versus rotor 
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position plots. A peak torque of 41 Nm at 90º electrical was reported, further confirming the 

non-salient behavior observed through the study of spatial harmonics. An improvised 

method to determine complex flux density in radial and tangential direction for the proposed 

machine employing conformal mapping will be reported in subsequent works. 
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CHAPTER 5: MODEL BASED MOTOR DRIVE DEVELOPMENT 

Analytical modeling and evaluation of field-oriented control for a high-power density 

three-phase doubly-salient special machine are presented in this chapter. The special 

machine contains 12 modular concentrated coils and 12 PMs in the stator and 10 pole 

protrusions in the rotor. The machine has been designed to operate at a rated torque of 

42Nm at a base speed of 5000rpm. A generalized dynamic torque equation and an 

analytical model for the proposed special machine are established. The dynamic model has 

been used to realize an equivalent circuit by applying the synchronous reference frame 

theory. A high-fidelity plant model of the special machine has been developed using FEA 

software, and the machine characteristics have been imported into motor drive simulation 

software for speed control analysis. A field-oriented control technique for the special 

machine in synchronous reference frame has been implemented to regulate the speed over 

a wide range in both constant torque and field weakening regimes for electric vehicle 

traction applications. Stability analysis for the controller has been presented and verified 

by simulations in continuous domain. 

5.1. Introduction 

Non-salient behavior of the motor has been studied based on prior work [76].  A 

field-oriented control technique for the special machine has been developed similar to 

surface permanent magnet motor. Constant torque angle or maximum torque per Ampere 

(MTPA) and constant current constant power (CCCP), or constant voltage constant power 

(CVCP) control algorithms can be employed to the proposed motor drive system [57]. FEA 

simulation software has been used to analyze the electromagnetic performance and to 

develop a high-fidelity plant model for the proposed special machine. The high-fidelity 
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plant model has been imported into power electronics and drives simulation platform to 

implement the field-oriented control algorithms. 

 

Figure 5.1. Schematic of workflow of model-based motor drive development. Step 1: 

Exporting high-fidelity plant model of the machine from FEA software to simulation 

platform. Step 2: Validation of control algorithms employing controller hardware in loop 

strategy (C-HIL) using TI DSP F28379D and Typhoon HIL 604. Step 3: Experimental 

validation of control algorithms for the OFLP of the motor and SiC based traction 

inverter drive system employing F28379D. Step 4: Optional co-simulation strategy to 

validate control algorithms. 
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5.2. Modeling of High-Power Density PM Motor 

 The behavioral characteristics of the special machine have been recognized to be similar 

to those of non-salient motors despite the double-saliency structure. This observation is 

based on the results of back EMF and static torque tests reported in [76], in which a 

sinusoidal back EMF and sinusoidal torque with a peak at 90° (electrical) were presented. 

Thus, the rotor torque in this machine is a combination of (a) electromagnetic torque caused 

by the interaction between the flux set up by three-phase currents and PMs and (b) cogging 

torque due to PMs alone [65] as expressed in (5.1). Due to the sinusoidal nature of the back 

EMF, the airgap flux linkages, and the rotor position-dependent electromagnetic torque, 

synchronous reference frame theory has been applied to the plant model. 

 The flux lines from the permanent magnets between the modular coils in the stator link 

with three-phase windings through a low reluctance path offered by the rotor. Thus, the flux 

linkages due to permanent magnets are a function of the rotor position as expressed in (5.2). 

The total flux linkages with the three-phase windings are due to the three-phase currents 

and permanent magnets are expressed as in (5.3). Thus, the three-phase voltages are 

expressed as a rate of change of total flux linkages, in addition to the voltage drop due to 

the winding resistance as expressed in (5.4). The three-phase voltages are transformed into 

the synchronous frame by applying Clarke’s transformation and Park’s transformation as 

detailed in [77] to establish (5.5). 

𝑇 = (𝑖𝑎𝑖𝑝𝑚
𝜕𝐿𝑎−𝑝𝑚

𝜕𝜃
+ 𝑖𝑏𝑖𝑝𝑚

𝜕𝐿𝑏−𝑝𝑚

𝜕𝜃
+ 𝑖𝑐𝑖𝑝𝑚

𝜕𝐿𝑐−𝑝𝑚

𝜕𝜃
)+

1

2
𝑖𝑝𝑚
2 𝜕𝐿𝑝𝑚

𝜕𝜃
 (5.1) 
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[𝛹𝑎𝑏𝑐−𝑝𝑚] = [

𝛹𝑎−𝑝𝑚

𝛹𝑏−𝑝𝑚

𝛹𝑐−𝑝𝑚

] =

[
 
 
 
 

𝑐𝑜𝑠 𝜃𝑟

𝑐𝑜𝑠 (𝜃𝑟 −
2𝜋

3
)

𝑐𝑜𝑠 (𝜃𝑟 +
2𝜋

3
)]
 
 
 
 

𝛹𝑝𝑚 (5.2) 

𝜆𝑡𝑜𝑡𝑎𝑙 = [
𝐿𝑎𝑎 𝐿𝑎𝑏 𝐿𝑎𝑐

𝐿𝑏𝑎 𝐿𝑏𝑏 𝐿𝑏𝑐

𝐿𝑐𝑎 𝐿𝑐𝑏 𝐿𝑐𝑐

] [
𝑖𝑎
𝑖𝑏
𝑖𝑐

] + [

𝛹𝑎−𝑝𝑚

𝛹𝑏−𝑝𝑚

𝛹𝑐−𝑝𝑚

] =  [𝐿𝑎𝑏𝑐] [𝑖𝑎𝑏𝑐] + [𝛹𝑎𝑏𝑐−𝑝𝑚] (5.3) 

[𝑣𝑎𝑏𝑐] = 𝑅 [𝑖𝑎𝑏𝑐] +
𝑑

𝑑𝑡
([𝐿𝑎𝑏𝑐] [𝑖𝑎𝑏𝑐] + [𝛹𝑎𝑏𝑐−𝑝𝑚]) (5.4) 

[
𝑣𝑑

𝑒

𝑣𝑞
𝑒] = [

𝑅 0
0 𝑅

] [
𝑖𝑑
𝑒

𝑖𝑞
𝑒] + [

𝐿𝑑
𝑒 0

0 𝐿𝑞
𝑒 ]

𝑑

𝑑𝑡
[
𝑖𝑑
𝑒

𝑖𝑞
𝑒] + [

0 −𝜔𝐿𝑞
𝑒

𝜔𝐿𝑑
𝑒 0

] [
𝑖𝑑
𝑒

𝑖𝑞
𝑒] + [

0
𝜔

]Ψ𝑝𝑚 (5.5) 

By neglecting the winding resistance and assuming the rate of change in the currents in 

(5.5) as negligible under steady-state conditions, the output power and torque are expressed 

as in equations (5.6) and (5.7). An equivalent circuit of the proposed special machine has 

been realized from the expression (5.5) is shown in Figure 5.2. 

𝑃𝑜 =
3

2
[𝑣𝑑

𝑒 𝑣𝑞
𝑒] [

𝑖𝑑
𝑒

𝑖𝑞
𝑒] =

3

2
𝜔(𝑖𝑑

𝑒𝑖𝑞
𝑒(𝐿𝑑

𝑒 − 𝐿𝑞
𝑒 ) + Ψ𝑝𝑚𝑖𝑞

𝑒) (5.6) 

𝑇𝑒 =
P𝑜

𝜔𝑚
=

3

2
𝑃(𝑖𝑑

𝑒𝑖𝑞
𝑒(𝐿𝑑

𝑒 − 𝐿𝑞
𝑒 ) + Ψ𝑝𝑚𝑖𝑞

𝑒) ≈
3

2
𝑃Ψ𝑝𝑚𝑖𝑞

𝑒 (5.7) 

A high-fidelity plant model has been developed using JMAG-RT. Using parametric 

sweeps, the currents versus inductances mappings as shown in Figure 5.3 were derived. 

These mappings were imported into PSIM software as 2D-lookup tables. The currents in 

synchronous frame are results of absolute power-invariant conversion [78]. These Currents 

may need to be scaled as amplitude invariant depending upon the transformation strategy. 
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Figure 5.2. Schematic of the dq equivalent circuit of the proposed special machine in 

the synchronous reference frame. 

 

Figure 5.3. d-axis and q-axis currents versus inductance mapping of the special machine 

imported from high-fidelity plant model. 
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5.3. Control Methodology Employing High-Fidelity Plant Model 

Field-oriented control methodologies of surface PM machine (SPM) apply to the special 

machine considering the non-salient behavior. Thus, speed regulation in constant torque 

regime till base speed is achieved by applying constant torque angle control by commanding 

zero d-axis current. Constant voltage and constant power (CVCP) control methodology has 

been applied in the field weakening regime to regulate the speeds above the base speed [58], 

[59]. The parameters from the high-fidelity plant model of the motor have been imported 

into the controller to consider the variation of inductances with respect to the currents in the 

synchronous reference frame. The overall control methodology is shown in Figure 5.4. 

consisting of a plant model, speed controller, field-oriented current controller, and high-

fidelity characteristics of currents versus inductance block. The plant model realized from 

(5.5), (5.6), and (5.7) consists of cross-coupling between the d-axis and q-axis. Outputs of 

the current controllers have been adjusted to cancel out the effect of cross-coupling by 

embedding decoupling terms. It must be noted that the JMAG-RT tool applies power 

invariant form to transform the three-phase currents into the synchronous frame, but PSIM 

uses power variant form. Thus, a scaling factor of √(2/3) has been applied to the magnitudes 

of dq currents entered in the lookup tables. 

5.3.1.  Boundary Conditions 

The machine has been designed to operate at a rated RMS current of 98.4A to deliver a 

torque of 42Nm at a base speed of 5000rpm and at a maximum RMS current of 124A at 

maximum speed. The inductances at the rated operating point are found to be Ld
e ≈ Lq

e 

=116µH. The flux linkage constant Ψ𝑝𝑚 = 0.022 has been determined from the back EMF 

test. Equation (5.5) has been modified to express the electrical speed as in (5.8). The 
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expression of speed in (5.8) has been adjusted to define voltage constraint is expressed in 

(5.9) which is an equation of circle because of non-saliency Ld
e ≈ Lq

e as shown in Figure 

5.4. The current limiting circle is defined by the maximum current carrying capacity of the 

winding as expressed in (5.10). The saturation limits of the speed controller and current 

controllers have been chosen to operate within the current and voltage limits defined by the 

constraints in (5.8) and (5.10). The critical speed 𝜔𝑐 for the CVCP control methodology is 

determined by (5.11) [79]. 

𝜔𝑒 = 𝑝𝜔𝑚 =
𝑉𝑠 = 𝑣𝑚𝑎𝑥

√(𝐿𝑞𝑖𝑞m
𝑒 )2 + (𝐿𝑑𝑖𝑑m

𝑒 + 𝜓𝑝𝑚)2
 (5.8) 

((
𝜓𝑝𝑚

𝐿𝑑
) + 𝑖𝑑

𝑒)

2

𝑉𝑠
2

(𝜔𝑒𝐿𝑑)2

+
𝑖𝑞
𝑒2

𝑉𝑠
2

(𝜔𝑒𝐿𝑞)2

= 1 

(5.9) 

𝐼𝑠
2

= 𝑖𝑑
𝑒2

+ 𝑖𝑞
𝑒2 ≤ 𝐼𝑚𝑎𝑥 (5.10) 

𝐼𝑓
𝛹𝑝𝑚

𝐿𝑑
> 𝐼𝑚𝑎𝑥; 𝜔𝑐 =

𝑉𝑚𝑎𝑥

𝑝(𝛹𝑝𝑚 − 𝐿𝑑𝐼𝑚𝑎𝑥)
 (5.11) 

𝑖𝑑𝑟𝑒𝑓
𝑒 =

𝜔𝑏𝑎𝑠𝑒

𝜔𝑒

𝛹𝑝𝑚

𝐿𝑑
−

𝛹𝑝𝑚

𝐿𝑑
 (5.12) 

𝑣𝑠 = √𝑣𝑑
𝑒2

+ 𝑣𝑞
𝑒2

 (5.13) 

5.3.2. Constant Torque Angle or MTPA Control 

The proposed machine has been operated in constant torque angle mode or MTPA mode 

for regulating speeds below the rated speed as reported in [57] based on (5.8). The speed 

controller generates a reference current 𝐼𝑠. The current 𝑖𝑞𝑟𝑒𝑓
𝑒 = 𝐼𝑠 because 𝑖𝑑𝑟𝑒𝑓

𝑒 = 0 in the 

constant torque regime. Thus, the torque is proportional to 𝑖𝑞𝑟𝑒𝑓
𝑒  and speed is regulated in 

accordance with (5.8). The operating point of the machine follows the MTPA trajectory in 

this regime as shown in Figure 5.4. 
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Figure 5.4. Current and voltage constraints of the proposed machine: MTPA trajectory for 

speeds below rated speed and field weakening trajectory for the speeds above rated speed 

[57]. 

5.3.3. Field Weakening Control 

At base speed, the machine reaches the maximum voltage and current capability of 

the drive as defined in (5.8). The controller has leverage over the d-axis current only to 

regulate the speeds above the rated speed. Therefore, a negative d-axis current will be 

introduced against PM flux to weaken the overall flux linkages with the stator winding 

following the expression formulated by applying the CVCP control strategy [59]. The 

voltage output of the current controllers defined in (5.13) has been monitored to compare 
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with the maximum voltage capability of the traction inverter. The multiplexer chooses input 

1 (𝑖𝑑𝑟𝑒𝑓
𝑒 = 0) or input 2 as defined in (5.12) based on the magnitude of the voltage. The 

maximum speeds  𝜔𝑐 for different voltages are calculated and shown in TABLE 5.1. 

 

 

 

 

 

 

 

 

 

 

Figure 5.5. Speed versus torque plots showing the mapping of the power invariant d-axis 

currents in the constant torque and field weakening regime generated by JMAG-RT. 

TABLE 5.1. CRITICAL SPEED OF THE MOTOR DRIVE SYSTEM [58], [79] 

Parameters 𝐕𝐦𝐚𝐱 𝐍𝐜 

𝐿𝑑
𝑒 ≈ 𝐿𝑞

𝑒 =116µH, 

𝐼𝑟𝑎𝑡𝑒𝑑 =98.4Arms, 

𝐼𝑚𝑎𝑥 =124Arms, and 

𝛹𝑝𝑚 =0.022Vpeak/krpm 

135Vac 9125 rpm 

270Vac 18250 rpm 
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Figure 5.6. Speed versus torque plots showing the mapping of the power invariant q-axis 

currents in the constant torque and field weakening regime generated by JMAG-RT. 

5.4. Stability Analysis 

The overall control strategy shown in Figure 5.7. has been simplified to analyze the 

stability of the motor drive system, as shown in Figure 5.8. The effect of the cross-coupling 

has been canceled out by the decoupling block. Considering low values of inductances from 

the plant model, series path proportional integral (PI) controllers have been chosen to have 

more leverage over the placement of poles and zeros precisely [80]. 
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The integral constant of the current controller has been chosen as 𝑘𝑖 =
𝑅𝑠

𝐿𝑞
 to cancel out 

the pole and zero to result in a closed-loop current transfer function 𝐺𝑐(𝑠) as shown in the 

Figure 5.8 [80]. Thus, the overall composite transfer function of the q-axis closed-loop 

system by neglecting the friction coefficient 𝐵 and considering the speed filter as 𝐻(𝑆) is 

expressed as (5.15). The control parameters have been tuned according to the expressions 

reported TABLE 5.2. in which 𝛿 is called damping factor, and the constant 𝑘 is expressed 

as (5.14). The time constant of the filter 𝜏=2.2ms, an inertia of 0.00179kg-mm2 and 10 pole 

pairs have been chosen to determine the proportional and integral constants of speed and 

current controllers 𝑘𝑝𝑠, 𝑘𝑖𝑠, 𝑘𝑝, 𝑎𝑛𝑑 𝑘𝑖 for several values of 𝛿. The sampling time 𝑇𝑠 has to 

be chosen for discrete time domain analysis. A Bode diagram has been plotted to identify 

the stability margins. The system is stable for all values of 𝛿 except 𝛿 ≤ 1. The stability 

margins and crossover frequencies as shown in Figure 5.9. have been reported in TABLE 

5.3. Simulation results are reported in Chapter 7. 

𝑘 = 1.5 × 𝑛𝑜. 𝑜𝑓 𝑝𝑜𝑙𝑒 𝑝𝑎𝑖𝑟𝑠 × 𝑖𝑛𝑒𝑟𝑡𝑖𝑎 (5.14) 

𝐺𝑐(𝑠) = 𝐺(𝑠)𝐻(𝑠) ≈
𝑘𝑘𝑝𝑠𝑘𝑖𝑠 (1 +

𝑠
𝑘𝑖𝑠

)

𝑠2 (1 +
𝐿𝑞

𝑘𝑝
𝑠) (𝜏𝑆 + 1)

 
(5.15) 

TABLE 5.2. EXPRESSIONS FOR PROPORTIONAL AND INTEGRAL CONSTANTS 

Current Controller Speed Controller 

10𝐿𝑞

𝛿𝜏
< 𝑘𝑝 <

𝜋𝐿𝑞

𝑇𝑠
 𝑘𝑖 =

𝑅𝑠

𝐿𝑞 ≈ 𝐿𝑑
 𝑘𝑝𝑠 =

1

𝛿𝑘𝜏
 𝑘𝑖𝑠 =

1

𝛿2𝜏
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TABLE 5.3. SYSTEM CHARACTERISTICS FOR VARIOUS VALUES OF DAMPING 

FACTOR 

δ Phase 

Margin 

(degrees) 

Gain 

Margin 

(dB) 

Phase 

Crossover 

Frequency 

ωpc 

(rad/s) 

Gain 

Crossover 

Frequency 

ωgc 

(rad/s) 

Stability 

1000 89.9 103 5340 0.455 yes 
200 89.4 88.9 5340 2.27 yes 
100 88.8 62.8 5340 4.55 yes 
50 87.7 76.9 5320 9.09 yes 
10 78.5 62.8 5320 45.5 yes 
5 67.3 56.5 5240 91 yes 

2.5 46.2 49.3 4890 182 yes 
1 - - - - no 
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CHAPTER 6: COMPLEX VECTOR CURRENT REGULATION STRATEGY 

A complex vector current (CVC) regulation strategy for a high-power dense proposed 

special machine with 12 modular concentrated coils and 12 PMs in the stator and 10 pole 

protrusions in the rotor is presented in this chapter. The special machine has been designed 

to operate at a rated torque of 41Nm at a base speed of 5000RPM. A plant model of the 

special machine has been developed using FEA software. The phase flux linkage and 

inductance have substantial variations with the rotor position and therefore variations and 

possible errors are expected for the estimation of d-q inductances. Classical current 

regulation strategy in synchronous reference frame with or without decoupling is not 

capable of stable operation if uncertainty in the estimation of d-q inductances has been 

considered to determine proportional and integral constants of the controller. Thus, 

considering a wide range of uncertainty in the estimation of d-q inductances, the CVC 

regulation strategy has been employed for this special machine. A comparative analysis of 

classical and CVC regulation strategies has been presented in this digest for both maximum 

torque per ampere and field weakening control regimes to regulate the torque or speed over 

a wide range for electric vehicle traction applications. A detailed stability analysis reveals 

that the CVC regulation strategy is more robust compared to the classical proportional 

integral current regulation strategy in synchronous reference frame with decoupling. The 

performance of these two current regulation strategies has been validated by simulations 

in continuous domain and verified by employing controller hardware in the loop (CHIL). 
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6.1. Introduction 

The three-phase topology of the special machine with 12 PMs and 12 concentrated 

modular toroidal coils (4 coils in series per phase) in the stator and 10 rotor pole protrusions 

as shown in Figure 5.4 has been considered in this chapter. The phase flux linkage and 

inductance have substantial variations with the rotor position and therefore variations and 

possible errors are expected for the estimation of d-q inductances. In this regard, the CVC 

regulation strategy has been analyzed to address robustness of the controller with errors in 

estimation of d-q inductances. In a classic proportional integral current control strategy in 

synchronous reference frame (SRF-PI) detailed in Chapter 5, proportional and integral 

constants (kp=�̂�×ωbw & ki=�̂�×ωbw) and decoupling voltages (ω�̂�dIq & ω�̂�qId) are sensitive to 

the estimates of plant model [81]. 

Any error in the estimation of inductances of the plant model results in improper 

placements of complex zeros created by the SRF-PI current controller with decoupling. 

Thus, the complex zeros created by SRF-PI and complex poles of the plant model will not 

be canceled out. The effect of cross-coupling voltages will become obvious and may result 

in unstable operation or limit the speed or torque capability of the motor drive system within 

a small bandwidth. In this regard, to address the error in the estimation of inductances, 

without losing the speed or torque capabilities of the proposed machine, a complex vector 

current (CVC) regulation strategy has been employed A comparative analysis of SRF-PI 

and CVC current regulation strategies have been detailed in this chapter. 
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6.2. Synchronous Reference Frame Proportional Integral (SRF-PI) Current Control 

Strategy 

The plant model of the proposed machine in synchronous reference frame is expressed 

as (6.1) either in scalar or complex vector form.  A modified form of complex vector 

representation of the plant model, considering back EMF compensation is expressed in time 

domain and frequency domain as (6.2). A control schematic of SRF-PI current regulation 

strategy in complex form is shown in Figure 6.1. Thus, the transfer function of complex 

vector plant model is expressed as (6.3) has a pair of complex conjugate poles at 𝑆𝑝1,2 =

−
𝑅

𝐿
± 𝑗𝜔.   

[
𝑣𝑑

𝑒

𝑣𝑞
𝑒] = [

𝑅 0
0 𝑅

] [
𝑖𝑑

𝑒

𝑖𝑞
𝑒] + [

𝐿𝑑
𝑒 = 𝐿 0

0 𝐿𝑞
𝑒 = 𝐿

]
𝑑

𝑑𝑡
[
𝑖𝑑

𝑒

𝑖𝑞
𝑒] + [

0 −𝜔𝐿𝑞
𝑒

𝜔𝐿𝑑
𝑒 0

] [
𝑖𝑑

𝑒

𝑖𝑞
𝑒]

+ [
0
𝜔

] Ψ𝑝𝑚 

or 

 𝑣𝑞𝑑
𝑒 = 𝑅𝑖𝑞𝑑

𝑒 + 𝐿
𝑑

𝑑𝑡
(𝑖𝑞𝑑

𝑒 ) ± 𝑗𝜔𝐿𝑖𝑞𝑑
𝑒 + 𝜔Ψ𝑝𝑚 

 

 

 

(6.1) 

 

𝑣𝑞𝑑
𝑒 = 𝑅𝑖𝑞𝑑

𝑒 + 𝐿
𝑑

𝑑𝑡
(𝑖𝑞𝑑

𝑒 ) ± 𝑗𝜔𝐿𝑖𝑞𝑑
𝑒  

or 

𝑉𝑞𝑑
𝑒 (𝑆) = (𝑅 + 𝐿𝑠 ± 𝑗𝜔𝐿)𝐼𝑞𝑑

𝑒 (𝑆) 

 

(6.2) 

 

𝐼𝑞𝑑
𝑒 (𝑆)/𝑉𝑞𝑑

𝑒 (𝑆) =
1

𝑅 + 𝐿𝑠 ± 𝑗𝜔𝐿
 

complex conjugate poles 𝑆𝑝1,2 = −
𝑅

𝐿
± 𝑗𝜔 

 

(6.3) 

The speed dependent decoupling voltages are embedded to move the complex conjugate 

poles to real poles and the respective transfer function is expressed in (6.4) with poles at 

𝑆𝑝1,2 = −
𝑅

𝐿
± 𝑗𝜔 ∓

𝑗𝜔�̂�

𝐿
.  
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𝐼𝑞𝑑
𝑒 (𝑆)

𝑉𝑞𝑑
𝑒∗(𝑆)

=
1

𝑅 + 𝐿𝑠 ± 𝑗𝜔𝐿 ∓ 𝑗𝜔�̂�
 

poles 𝑆𝑝1,2 = −
𝑅

𝐿
± 𝑗𝜔 ∓

𝑗𝜔�̂�

𝐿
= −

𝑅

𝐿
 if �̂� = 𝐿 

(6.4) 

 

 

Figure 6.1. Control block diagram of SRF-PI current regulation strategy with decoupling 

and back EMF compensation in complex vector representation. 

Thus, the complex conjugate poles will be transitioned into real poles if estimated 

inductance �̂� = 𝐿. The PI controller is tuned as 𝑘𝑝 = �̂� × 𝜔𝑏𝑤 and 𝑘𝑖 = �̂� × 𝜔𝑏𝑤 to have 

zeros at 𝑆𝑧1,2 = −𝑅/�̂�. Thus, real zeros created by PI controller cancels the real poles of 

plant only if �̂� = 𝐿. Any deviation in estimation of inductance will not cancel out the poles 

and presence of cross-coupling voltages is imminent. A control block diagram of SRF-PI 

current regulation strategy with decoupling and back EMF compensation has been shown 

in Fig. 4. The closed loop transfer function is expressed as (6.5).  

𝐼𝑞𝑑
𝑒 (𝑆)

𝐼𝑞𝑑
𝑒∗ (𝑆)

=
𝑘𝑝𝑠 + 𝑘𝑖

𝐿𝑠2 + (𝑅 ± 𝑗𝜔(𝐿 − �̂�) + 𝑘𝑝)𝑠 + 𝑘𝑖

 (6.5) 

Thus, multiple loops in the classical SRF-PI current control strategy are dependent on �̂� 

will have adverse effect on overall performance of the controller in case of errors in the 
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estimated values of inductances. For Bode plot analysis, the control transfer function (6.5) 

of classical SRF-PI is transformed into stationary reference frame by substituting s=s-jω 

[82] and expressed as (6.6). 

 

𝐼𝑞𝑑
𝑠 (𝑆)

𝐼𝑞𝑑
𝑠∗ (𝑆)

=
𝑘𝑝𝑠 + 𝑘𝑖

𝐿𝑠2 + (𝑅 ± 𝑗𝜔(𝐿 − �̂�) + 𝑘𝑝)𝑠 + 𝑘𝑖 ∓ 𝜔2�̂� − 𝑗𝜔(𝑘𝑝 + 𝑅)
  (6.6) 

 

6.3. Complex Vector Current (CVC) Control Strategy 

 In CVC control strategy, controller has been simplified further by eliminating estimated 

inductance dependent decoupling voltage terms. A simplified complex vector 

representation of CVC control strategy has been shown in Figure 6.2.   

 

Figure 6.2. Control block diagram of CVC regulation strategy with back EMF 

compensation. 

 The control parameters in CVC are tuned to have complex conjugate zeros 𝑆𝑧1,2 =

−
𝑘𝑖

𝑘𝑝
+ 𝑗𝜔 = −

�̂�

�̂�
± 𝑗𝜔 to cancel out the complex conjugate poles of plant model 𝑆𝑝1,2 =
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−
𝑅

𝐿
± 𝑗𝜔. Thus, overall closed loop transfer function of the CVC current control strategy is 

expressed as (6.7).  

𝐼𝑞𝑑
𝑒 (𝑆)

𝐼𝑞𝑑
𝑒∗ (𝑆)

=
𝑘𝑝𝑠 + 𝑘𝑖 + 𝑗𝑘𝑝𝜔

𝐿𝑠2 + (𝑅 ± 𝑗𝜔𝐿 + 𝑘𝑝)𝑠 + 𝑘𝑖 + 𝑗𝑘𝑝𝜔
 (6.7) 

For Bode plot analysis, the control transfer functions (6.7) of CVC control strategy is 

transformed into stationary reference frame by substituting s=s-jω [82] and expressed as 

and (6.8). 

𝐼𝑞𝑑
𝑠 (𝑆)

𝐼𝑞𝑑
𝑠∗ (𝑆)

=
𝑘𝑝𝑠 + 𝑘𝑖

𝐿𝑠2 + (𝑅 ± 𝑗𝜔𝐿 + 𝑘𝑝)𝑠 + 𝑘𝑖 − 𝑗𝜔𝑅
 (6.8) 

 

6.4. Stability Analysis of SRF-PI and CVC Control Strategies 

 The proposed special machine with 10 pole protrusions, equivalent to 20 electrical poles, 

can operate at a rated and maximum fundamental frequency of 833.33Hz and 2833.33Hz 

corresponding to a rated and maximum speed of 5000RPM and 17000RPM. As the 

fundamental frequency reaches to 2833.33Hz, the controller bandwidth has been chosen as 

833.33Hz and 3000Hz to account for the maximum fundamental frequencies corresponding 

to constant torque and field weakening regimes. Stationary reference frame equivalents of 

synchronous reference frame transfer functions (6.6) and (6.8) have been used to analyze 

the frequency response as reported in Figure 6.3 and Figure 6.4. Continuous domain 

simulation results and discrete domain C-HIL results are reported in Chapter 7.  
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CHAPTER 7: SIMULATION & C-HIL RESULTS 

7.1. Introduction 

This chapter is focused on presenting the continuous time-domain simulation results 

and validation of control algorithms employing C-HIL detailed in Chapter 6 and Chapter 

7. Speed and torque control strategies employing model-based workflow are reported in 

Section 7.1. Continuous domain simulation results of comparative analysis of SRF-PI and 

CVC regulation strategies are reported in Section 7.2. Discrete time-domain simulation 

results employing C-HIL using TI DSP Delfino F28335 and Typhoon HIL 604 are reported 

in Section 7.3.  

7.2. Simulation Results of Model Based Motor Drive System 

Continuous domain simulations have been performed using PSIM considering the 

current versus inductance mapping and cross decoupling to account for the flux linkages 

for the specifications of the proposed motor drive system reported in TABLE 7.1. The 

speed controller and current controllers have been tuned precisely with anti-windup feature 

to limit the current and voltages within the safe limits of the motor drive system. 

TABLE 7.1. SPECIFICATIONS OF THE SPECIAL MOTOR DRIVE SYSTEM. 

𝐕𝐝𝐜 

(𝐕) 

𝐟𝐬𝐰 

(𝐤𝐇𝐳) 

𝐈𝐫𝐚𝐭𝐞𝐝 

(𝐀) 

𝐈𝐦𝐚𝐱 

(𝐀) 

𝐓 

(𝐍𝐦) 

𝐍𝐫𝐚𝐭𝐞𝐝 

(𝐫𝐩𝐦) 

𝚿𝐩𝐦 

𝐕(𝐩𝐞𝐚𝐤)
/𝐤𝐫𝐩𝐦 

𝐏 𝐉 

(𝐤𝐠 − 𝐦𝐦𝟐) 

500 20-40 98.4 124 42 5000 0.022 20 0.00179 

The constant torque angle or MTPA and field weakening control algorithms have been 

implemented for a speed range of 17000rpm as shown in Figure 7.1. The control algorithms 

have been verified at switching frequencies 20-40kHz over a wide speed range in both 
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constant torque and constant power regimes. Successful validation of motor control at 

42Nm output torque has been performed upto the rated speed of 5000rpm. The constant 

power regime has been identified in the field weakening region between 5000rpm and 

17000rpm at reduced output torque levels. Presence of cogging torque has been reflected 

as a ripple in the torque and currents. An improvement in torque and current ripples has 

been observed at higher switching frequencies in both operating regions as shown in Figure 

7.2. and Figure 7.3. 

 

Figure 7.1. PSIM simulation results of the proposed special motor drive system 

transitioning from MTPA region to field weakening region for a change in speed from 

2000rpm to a maximum speed of 17000rpm at a switching frequency of 40kHz. 
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7.3. Simulation Results of Comparative Analysis of SRF-PI and CVC Regulation 

Strategies 

Continuous domain simulations have been done to validate the performance of SRF-PI 

current regulator with decoupling and CVC regulation strategy for both MTPA or constant 

torque and field weakening regimes. All the case studies have been reported for estimated 

inductances of L̂ = 0.8L, L, and 1.2L. A step change in q-axis current has been introduced 

while operating the machine at a rated speed of 5000RPM in MTPA region. In the MTPA 

regime, the q-axis currents have been tracked perfectly with more significant peak 

overshoots and more settling time employing SRF-PI current regulation strategy with 

decoupling voltages for an estimated inductance as shown in Figure 7.4. There is no 

presence of peak overshoots in CVC regulation strategy despite deviation in estimated 

inductance as reported in Figure 7.5. A step change in d-axis current has been introduced 

while operating the machine at a constant torque of 5Nm in the field weakening regime. In 

field weakening regime, employing SRF-PI current regulation strategy with decoupling, 

the d-axis currents have been tracked perfectly but the motor has been pushed to operate at 

either reduced or over speeds for deviations in estimated inductance as shown in Figure 

7.6.  In case of CVC regulation strategy, the speed response is almost identical despite the 

deviation in estimated inductance as shown in Figure 7.7. 
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Figure 7.4. Simulation results of the proposed special motor drive, employing SRF-PI 

current regulation strategy with decoupling at a rated speed of 5000RPM, bandwidth of 

3kHz, and switching frequency of 30kHz for a change in q-axis current from 0 to 135A 

in MTPA region. High peak overshoot is result of larger bandwidth.  
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Figure 7.5.  Simulation results of the proposed special motor drive system, employing 

CVC current regulation strategy at a rated speed of 5000RPM, bandwidth of 3kHz, and 

switching frequency of 30kHz for a change in q-axis current from 0 to 135A in MTPA 

region. 
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Figure 7.6. Simulation results of the proposed special motor drive, employing SRF-PI 

current regulation strategy with decoupling at a torque of 5Nm, bandwidth of 3kHz and 

switching frequency of 30kHz for a change in d-axis current from -100A to -125A in 

field weakening regime. 
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Figure 7.7. Simulation results of the proposed special motor drive, employing SRF-PI 

current regulation strategy with decoupling at a torque of 5Nm, bandwidth of 3kHz and 

switching frequency of 30kHz for a change in d-axis current from -100A to -125A in 

field weakening regime. 
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7.4. C-HIL Results of Comparative Analysis of SRF-PI and CVC Regulation Strategies 

Controller hardware in the loop has been employed to verify SRF-PI current regulator 

with decoupling and CVC regulation strategy for the MTPA regime. Typhoon HIL 604 and 

TI DSP F28335 Delfino are used to implement power stage of the motor drive system and 

control algorithms at 500Vdc and a switching frequency of 40kHz. The controller is 

configured to implement torque control strategy by regulating the q-axis current through a 

serial communication interface. The current regulators are empirically tuned to have a 

bandwidth of 834 Hz corresponding to a rated speed of 5000rpm. Series path proportional 

integral controllers are employed to regulate the currents. Trapezoidal rule is applied to 

discretize the integrators at the specified sampling frequency.   

In the SRF-PI current regulation strategy, peak overshoots and settling times are 

significantly high for both q-axis and d-axis currents, also reflected as high ripple content 

in the torque as reported in Figure 7.8. Thus, the presence of poor transient behavior in the 

SRF-PI current regulation strategy is due to decoupling voltages. In the CVC regulation 

strategy, peak overshoots and settling times are significantly low for both q-axis and d-axis 

currents, reflected as low ripple content in the torque, despite variation in the estimated 

inductances as reported in Figure 7.9. Thus, the transient behavior of the proposed doubly 

salient motor drive system is improved by the CVC regulation strategy. 
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Figure 7.8.  Experimental validation using CHIL for the proposed special motor drive, 

employing SRF-PI current regulation strategy with decoupling voltages at a rated speed of 

5000rpm, bandwidth of 834Hz, and switching frequency of 40kHz for a change in q-axis 

current from 30A to 125A, reflected as a change in the torque from 10Nm to 40Nm in the 

MTPA regime. 
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Figure 7.9.  Experimental validation using CHIL for the proposed special motor drive, 

employing CVC regulation strategy at a rated speed of 5000rpm, bandwidth of 

834Hz, and switching frequency of 40kHz for a change in q-axis current from 30A to 

125A, reflected as a change in the torque from 10Nm to 40Nm in the MTPA regime. 
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CHAPTER 8: EXPERIMENTAL VALIDATION OF CONTROL ALGORITHMS 

8.1. Introduction 

This chapter focuses on presenting the details of the experimental setup and validation 

of torque control algorithms to assess the performance of the open frame laboratory 

prototype (OFLP) of the proposed high-power density motor. It covers the specifics of the 

motor dynamometer experimental setup, the design of experiments aimed at identifying 

the plant model of the OFLP, and the implementation of torque control algorithms. 

8.2. Open frame laboratory prototype of the high power density motor 

An open-frame laboratory prototype (OFLP) of the high-power density motor has been 

constructed to validate its performance using the dyno setup. A portion of the stator slot 

segment is illustrated in Figure 8.1, displaying the respective nomenclature of the design 

matrices. The design matrices for the OFLP are documented in TABLE 8.1. Figure 8.2 

shows an image of the OFLP, featuring stator segments embedded with toroidal windings, 

permanent magnets (PMs), and a reluctance type. An inset picture of a modular stator 

segment embedded with a toroidal coil, with two terminals out, is presented in Figure 8.2. 

The terminals of each toroidal coil are connected accordingly, resulting in a topology of 

three-phase 12 slots or coils, with 4 coils per phase in a star configuration. The stator 

segments are separated by placing PMs of opposite polarity between them. 
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Figure. 8.1. 2D schematic of FEA illustrating dimensions of stator segment and 

PM.  

TABLE 8.1: DESIGN MATRICES OF STATOR SEGMENT AND PM OF DSPM 

Stack Length L 101.66mm 

Tooth width wt 8.38mm 

Effective tooth length lt 23.33mm 

Leakage tooth length llt 8.24mm 

Inner radius of core r1 71.12mm 

Outer radius of core r2 78.26mm 

Arc length θ 14.4mm 

Width of PM wPM 4.8mm 

Radial Length of PM lPM 25.86mm 
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Figure 8.2. Open frame laboratory prototype of the three-phase special modular machine 

with 12 concentrated coils and 12 PMs in the stator and 12 protrusions in the rotor. 

8.3. Experimental setup of the OFLP integrated with dynamometer test bench. 

An experimental test bench setup has been established, featuring a dyno integrated 

with the OFLP. The schematic of the experimental test setup is illustrated in Figure 8.3. 

This configuration includes two electric machines, each equipped with its dedicated drive 

system. The first machine is a 3-phase induction machine with a rated operating point of 

36Nm at 3525RPM, driven by a 3-phase AC/DC/AC YASKAWA drive. The induction 

machine drive setup operates at a specified speed condition, serves as a prime mover to 

spin the OFLP. The second motor drive system consists of an OFLP integrated with a 

SiC traction inverter, powered by a 300V DC power supply. The OFLP motor drive 

system is designed for torque control mode, while the induction machine drive system 

operates at the desired speed. 
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Figure. 8.3. Schematic of the experimental dyno test setup of the OFLP of the proposed 

special double salient machine operating as a generator at unity power factor. 

 

Figure. 8.4. Picture of the experimental setup of the OFLP integrated with dynamometer. 
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Figure. 8.5. Picture of  SiC inverter and embedded systems hardware.  

 

(a)  

 

        (b) 

     

              (c) 

Figure. 8.6. Incremental bearingless encoder installation (a) Baumer ITD69H00, (b) 

Encoder ring installed on motor shaft, (c) Shaft mounted encoder ring with sensor head 

mounted to motor frame. 
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8.4. Design of Experiments 

The following design of experiments have been conducted on the OFLP of the motor 

using the dynamometer setup, 

1. Open circuit test to validate performance of back EMF and to determine flux linkage 

constant 𝛹𝑝𝑚 (V/rpm): 

 

Figure. 8.7. Schematic of the experimental dyno test setup of the OFLP of the proposed 

special double salient machine operating as a generator under open circuit. 

2. Static torque test to validate performance of torque: 

 

Figure. 8.8. Picture of static torque test setup to lock the rotor. 
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Figure. 8.9. Schematic of circuit for static torque test. 

3. Unity power factor test with resistive load to identify plant model and to calibrate 

controls: 

 

Figure. 8.10. Schematic of the experimental dyno test setup of the OFLP of the proposed 

special double salient machine operating as a generator at unity power factor. 
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Figure. 8.11. Picture of the experimental dyno test setup of the OFLP of the proposed 

special double salient machine operating as a generator at unity power factor. 

 

Figure. 8.12. Schematic of per phase vector diagram of the OFLP as a generator driving 

a resistive load at unity power factor. 
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4. Validation of control algorithms within dynamometer capabilities (3600RPM, 

30Nm). 

8.5. Experimental Results 

 

Figure. 8.13. Simulated and experimental open-circuit back EMF for phase-A open 

ended winding (left). Experimental open-circuit back EMF for line voltages between 

phases in star connection topology (right). 

 

Figure. 8.14. Test and FEA simulation results for static torque versus rotor position. 
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TABLE 8.2. EXPERIMENTAL DATA FROM A UNITY POWER FACTOR 

GENERATOR TEST, EMPLOYED FOR INDUCTANCE IDENTIFICATION. THE 

AVERAGE INDUCTANCE VALUE SATISFACTORILY COMPARES WITH THE 

VALUE ESTIMATED BASED ON FEA SIMULATIONS. 

Speed (RPM) 3500 3000 2400 2000 

Frequency (Hz) 588 499 400 332 

Load Current (A) 65 60 52 45 

Terminal voltage per phase: 𝑉𝑎(V) 41.3 36.12 29.9 27.76 

Induced voltage per phase: 𝐸𝑎 (V) 52.3 43.6 34.8 30.1 

Reactance per phase: 

𝑋𝑠 =  𝑋𝑑 = 𝑋𝑞  (Ω) 

0.439 0.364 0.291 0.243 

Inductance per phase 

𝐿𝑠 =  𝐿𝑑 = 𝐿𝑞  (𝜇H) 

116.25 116.10 116.20 116.5 

 

 

Figure. 8.15. Experimental waveform of mechanical and electrical equivalence of rotor 

position of the OFLP.  
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Figure. 8.16. Experimental waveforms of alignment of back EMF and rotor position to 

achieve maximum flux linkage operating point of the OFLP. 

 

Figure. 8.17. Experimental waveforms of q-axis current and respective three-phase 

currents of the OFLP at 1500RPM, 7.5Nm. 
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Figure. 8.18. Experimental waveforms of change in three-phase currents of the OFLP 

for the commanded q-axis current of 30A. 

 

Figure. 8.19. Experimental waveforms of three-phase currents of the OFLP for the 

commanded q-axis current of 98.4A. 
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Figure. 8.20. Speed and torque profile readings from Magtrol as applied to the special 

DSPM prototype with respect to time. 
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CHAPTER 9: CONCLUSIONS 

State of the art and trend in design matrices of traction motors and traction inverters 

employed in commercially available electric vehicles have been reviewed. The volumetric 

power density in kW/L and gravimetric power density in kW/kg of the traction motors and 

traction inverters have been profiled. Torque production mechanism of electric machines 

with saliency and non-saliency have been reviewed.  

Several topologies of electric machines with mechanically doubly salient structures 

have been analyzed. Analysis of a special machine topology, which features a doubly 

salient structure and permanent magnets in the stator and provides very high power density 

performance has been presented in this dissertation. The machine analyzed is highly suited 

for electric vehicle traction applications and consists of 12 stator segments and toroidally 

wound concentrated coils, separated by 12 PMs in the stator, and a reluctance-type rotor 

with 10 protrusions equivalent to 20 electric poles.   

Despite the mechanically doubly salient structure, the proposed machine has non-

salient behavior. An emphasis has been made to investigate the non-salient behavior of the 

special machine. Lumped parameter magnetic equivalent circuits (LPMEC) were 

established for the doubly-salient special machine with PMs in the stator, yielding open 

circuit flux linkages, back EMF, self and mutual inductances, and dq inductances that were 

found to be in close agreement with results from finite element analysis.  

The non-saliency behavior of machine with doubly salient structure was also identified 

by investigating the presence of spatial harmonics in self and mutual inductances. The 

negligible harmonics in the self and mutual inductances of the proposed DSPM result in 
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almost negligible equivalent saliency and synchronous reluctance torque. The LPMEC 

method used in this digest helped in understanding the key performance indices of the 

proposed DSPM by iteratively adapting the relative permeability of the core from the BH 

curve. 

The experimental static torque test of the open frame laboratory prototype (OFLP), 

finite element method (FEM), and analytical LPMEC resulted in identical torque versus 

rotor position plots. A peak torque of 41 Nm at 90º electrical was reported, further 

confirming the non-salient behavior observed through the study of spatial harmonics.  

A non-salient dq equivalent circuit was established and verified using experimental 

results of open circuit and static torque tests reported in prior work. A high-fidelity plant 

model of the machine was developed using JMAG-RT to develop a model-based motor 

drive system. The plant model was then imported into PSIM simulation software in the 

form of lookup tables. Considering the non-salient behavioral characteristics of the 

proposed motor, constant torque angle (𝑖𝑑
𝑒 = 0) or MTPA control and constant voltage 

constant power (CVCP) control methodologies were implemented to regulate the speeds 

over a wide range to suit electric vehicle traction applications. The decoupling voltages 

were introduced at the output of the current controller to cancel out the effect of the cross-

coupling in the plant model. 

The speed and dq currents were observed to track the reference signals in both constant 

torque and field weakening regimes over a wide speed range (3x base speed) till 17000rpm. 

Improvements in torque and current profiles were achieved by operating the proposed 

motor drive system at higher switching frequencies. Thus, the proposed doubly salient 
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machine of very high-power density (50kW/L) was characterized as non-salient motor 

similar to surface permanent magnet motor and operated over a wide speed range. 

A complex vector current (CVC) regulation strategy for an open frame lab prototype 

of special high-power dense three-phase doubly-salient machine with 12 coils, 12PMs, and 

10 rotor protrusions was analyzed. An error in the estimation of inductance �̂� was 

anticipated because the FEA software has considered the proposed non-conventional 

special machine as a non-salient synchronous machine, such as PMSM.  

A complex vector representation of the plant model with complex conjugate poles at 

𝑆𝑝1,2 = −
𝑅

𝐿
± 𝑗𝜔 was considered to implement the CVC regulation strategy with back 

EMF compensation and no decoupling feed forward voltages. A comparative analysis of 

the CVC regulation strategy with classical PI current regulation strategy in synchronous 

reference frame (SRF-PI) with decoupling voltages was discussed. The decoupling 

voltages translate the complex conjugate poles of plant into real poles i.e at 𝑆𝑝1,2 = −
𝑅

𝐿
 

and zeros of the controller were adjusted accordingly at 𝑆𝑧1,2 = −
𝑘𝑖

𝑘𝑝
= −

𝑅

�̂�
. In contrast, in 

the CVC regulation strategy, the zeros created by the controller were at 𝑆𝑧1,2 = −
𝑘𝑖

𝑘𝑝
+

𝑗𝜔 = −
�̂�

�̂�
± 𝑗𝜔 with no decoupling feedforward voltage loops, canceled the complex 

conjugate poles 𝑆𝑝1,2 = −
𝑅

𝐿
± 𝑗𝜔 effectively for �̂� = 𝐿.   

From stability analysis, simulation results, and experimental validation employing 

controller hardware in the loop, the CVC regulator tracked change in reference currents 

precisely with faster settling time and less peak overshoot compared to SRF-PI with 

decoupling feedforward voltages despite errors in estimated values of inductances. An 
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improved transient behavior of the current and torque responses for the proposed special 

doubly salient machine was achieved with CVC regulation strategy. 

Analytical outcomes and proposed control methodologies employing an open 

frame laboratory prototype (OFLP) of the proposed machine and SiC based traction 

inverter were validated by employing experimental tests. The currents of the proposed 

DSPM were observed to track the reference signals in the synchronous reference frame 

employing model-based approach. 
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CHAPTER 10: FUTURE WORKS 

The doubly-salient machines will be explored further in four different aspects listed below, 

1. Dual rotating reference frames:  In the analysis of winding function theory, two distinct 

spatial harmonics contribute to the formation of a rotating magnetic field. By 

considering lower and higher-order spatial harmonics, two separate rotating reference 

frames emerge. A specialized dq-axis theory will be explored to address the dual 

rotating reference frame theory associated with doubly-salient machines. 

2. Magnet free machines: Considering the global crisis in the procurement of rare earth 

magnets, magnet free topologies will be developed with doubly-salient structures.  

3. Control of DC Field: Decentralized DC field current regulation strategies will be 

explored to effectively control the flux associated with specific coils. 

4. Multiple stator DSPM: As the proposed DSPMs exhibit lower torque performance 

compared to SPM and FSPM, a new topology involving multiple stator modules 

stacked along the axial length of the rotor will be investigated to enhance torque 

performance. The topology of DSPMs with multiple stators will be studied. 
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