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Abstract 

 
The electrification of transportation is increasingly of interest to governments around the 

world as a means of contributing to the achievement of climate change goals. Transportation is a 

significant source of greenhouse gas emissions, but it is also the backbone of the global economy 

and local mobility. Electrification is widely seen as a promising pathway to reducing greenhouse 

gas emissions from transportation while continuing to support economic growth. 

Multiphase machines have distinctive features that draw attention in the transportation 

electrification domain due to their features. Recently, powertrains based on the current-source 

inverter (CSI) are getting more attention to be a more reliable structure for Electric Vehicles (EVs) 

by replacing the dc-link capacitor with a choke inductor. This thesis combines these two 

technologies to develop a more reliable, compact powertrain for heavy-duty electric vehicles. 

First, a survey covers the recent advances in several aspects such as topology, control, and 

performance to evaluate the possibility and the future of exploiting them more in EV applications. 

The six-phase drives are extensively covered here because of their inherent structure as a dual 

three-phase system which eases the production process. The survey presents the different 

topologies used in dual three-phase drives, the modulation techniques used to operate them, the 

status of using multiphase drives in traction applications industrially, and the upcoming trends 

toward promoting this technology.  



 

v 

 

New powertrain configurations for heavy-duty electric vehicles (HDEV) are proposed based 

on current-source inverters (CSI) and asymmetrical six-phase electric machines. Since the six-

phase CSI comprises two three-phase CSIs, multiple configurations can arise based on the 

connection between the two CSIs. In this context, the proposed powertrain configurations are 

based on parallel, cascaded, and standalone six-phase CSIs. The standalone topology is based on 

separating the two three-phase converters by supplying each converter with a dedicated dc-dc 

converter. 

A new and straightforward method is proposed to extend the six-phase standalone CSI. The 

proposed technique employs the vector space decomposition (VSD) to mitigate the inverter current 

harmonics and extend the linear modulation region by about 8%. For motor drive applications, 

increasing the fundamental output component can reflect higher torque production capability for 

the same drive size, given that thermal limits are not exceeded. 

Moreover, to increase the drive's reliability, space vector modulation (SVM) techniques are 

developed to operate the six-phase CSI while reducing the common-mode voltage (CMV) content 

associated with the switching of semiconductors. The SVM techniques select the switching states 

associated with the minimum CMV value offline to eliminate the need for measurements. 

Experimental validation of the proposed algorithms is presented to operate a scaled-down 

six-phase PMSM fed by the proposed powertrain configuration. These proposed techniques make 

the CSI- based powertrain a promising solution for future HDEVs in terms of cost, performance, 

and reliability.  
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Chapter 1  

 

Introduction  

 

1.1. Motivation  

Climate change is an irrefutable fact that acquires global attention to save the future. 

Transportation electrification, such as electric and hybrid-electric vehicles, more-electric aircraft, 

and marine propulsion systems, is one of many initiatives pursued to reduce carbon emissions. 

Many challenges face electric vehicles in the competition with internal combustion engines, 

including the energy storage limit coupled with the car milage, the cost of manufacture and retail, 

and rare earth metals required for electronics and motors [1]. Hence, the research and development 

trends focus on developing less expensive vehicles with higher efficiency, reliability, and energy 

density. The reliability addressed in this context is mainly the lifetime of the components since the 

performance degrades with aging. According to [1], The U.S Department of Energy (DOE) targets 

to reduce the cost of producing electric traction motors by 30% and increase the power density by 

80% by the year 2025 compared to the targets of the year 2020 as in Table 1.1.  
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Table 1.1 DOE Targets for Electric Traction Motors [1] 

Year 2020 2025 

Cost ($/kW) 4.7 3.3 

Power density (kW/L) 5.7 50 

 

One of the research trends to close the gap in achieving these targets is multiphase drives 

(MPDs). Multiphase systems are gaining more popularity nowadays, not only in academic circles 

but also in industrial applications. For example, several multiphase drives are currently 

manufactured for electric vehicle (EV) applications by Dana TM4 [2]. One of the main merits of 

multiphase drives is splitting the drive's full power into a higher number of phases compared to 

their three-phase counterparts [3]. This feature enables the selection of semiconductors with lower 

ratings without parallel devices to achieve high current ratings, as in the traction inverter of the 

Tesla Model S [4], which is based on the three-phase topology. The increased number of phases 

reflects an increased number of degrees of freedom. This feature can be utilized in the fault-tolerant 

operation of such drives with higher torque than the three-phase counterparts [5, 6]. Furthermore, 

a high torque density can be achieved by harmonic injection to either produce more torque or allow 

higher torque production by the fundamental flux component [7, 8]. 

In addition, one of the most used multiphase drives is the six-phase one because of its 

multiple three-phase structures [9]. The symmetrical and asymmetrical configurations are two 

famous arrangements of the six-phase motor windings. The symmetrical structure has an electrical 
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displacement angle of 60Ј in space between the two sets of three-phase windings. In contrast, the 

asymmetrical ones, also referred to as semi-twelve-phase, have an angle of 30Ј. The asymmetrical 

six-phase motors have an advantage in eliminating the fifth and seven space harmonics in the 

airgap magnetomotive force [10].   

Recently, TM4© launched a manufacturing line of MPDs using three-, six- and nine-phase 

machines. Figure 1.1 shows one of the products in the line called TM4 SUMOTM4 MD. The product 

has several models with a peak power range between 162 to 265 kW and maximum torque ranges 

from 1600 to 3255 Nm. The product series is suited for medium to heavy-duty vehicles such as 

buses and delivery trucks. One electric vehicle manufacturer that uses the TM4 products is EMOSS 

company in their EMS truck series with a six-phase model up to 200 kW/2950 Nm. A nine-phase 

model up to 250kW/3400N.m.  The torque-speed characteristics of different series models are 

shown in Figure 1.2, and the six-phase models have higher curves than the three-phase ones. 

 

 

Figure 1.1 SUMOTM4 MD six-phase drive [11]. 
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Figure 1.2 Torque-speed characteristics of different models of SUMOTM4 MD series [11]. 

 

TM4 also provides another series called SUMOTM4 HD series dedicated to heavy-duty 

applications. This series uses nine-phase machines with their high voltage inverter. This series of 

models provide high characteristics such as peak power up to 350 kW, peak torque up to 3500, 

and max operating speed up to 3400 RPM. This series is integrated with Danaôs products for 

heavy-duty applications like buses and trucks. 

One of the main challenges that face a new technology such as MPD is the availability of 

well-established three-phase drives. The cost of producing new technologies is high initially  

because the traditional drives are off the shelf, and differences are not high enough as a 

breakthrough technology to force the manufacturers to produce more MPDs. The advances in 

industrial power electronics and the fact that transportation applications depend on DC-AC 

converters make MPDs more likely to be used in the future as the difference would be inverting 

from dc to any number of phases as long as the drive would be more efficient on the overall 

performance basis. 
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Another example of empowering multiphase machines in the industry is studied in [12]. The 

proposal is to study using a nine-phase traction motor in an ultra-high-speed elevator as an 

alternative to traditional three-phase PMSM. The application requires a high-power motor to 

achieve speeds such as 1000 m/min and carry a weight of 1600 Kg, equivalent to 24 passengers to 

travel 540 m. The estimated power of the motor is 1 MW, and the nine-phase alternative provides 

the opportunity to divide this high-power demand across a higher number of phases. The 

experimental tests were carried out in one of the worldôs tallest test towers, as the paper claims, 

and the results show that the proposed system is reliable and can operate to achieve the required 

standards. Due to the superior features of MPDs in terms of power density, performance, and fault-

tolerant capability, it is expected to see more manufacturers will produce MPDs for EV, ship 

applications, and electric aircraft applications. 

On the other hand, current-source inverters (CSI) are prominent in medium to high power 

converters applications such as offshore wind farms [13] and general motor drives applications 

[14]. Although voltage source inverter (VSI) systems have off-shelf availability, a powertrain 

topology based on three-phase CSI has received attention recently for electric vehicle applications. 

The attraction towards the CSI-based powertrains is due to several merits [15, 16]. The paradigm 

of this shift is the lifetime enhancement prospect by replacing the limited lifetime bank of 

capacitors in the VSI powertrain with a choke dc-inductor in CSI powertrains [17]. Other merits 

of the CSI system can be summarized as short-circuit fault capability [18], elimination of ὨὺȾὨὸ 

problems [19], motor friendly output waveforms [20], embedded voltage boosting capability [16]. 

One of the industrial medium-voltage drives is the PowerFlex 7000 AC drive, shown in 

Figure 1.3. The drive power ranges from 1.5 to 25.4 MW and supplies 2400 to 6600V AC voltage. 
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The drive controls induction machines and PMSMs by sensorless control, direct vector control, or 

full vector control. Marine applications, electrically submersible pumps, down-hole pump 

applications, conveyers, and refiners are examples of industrial use of such drive.  

 

Figure 1.3 A 4160 V drive with PWM GCT rectifier and inverter. Courtesy of 

Rockwell Automation Canada [21]. 

 

CSI-based multiphase drives have been investigated lately, including the five-phase and six-

phase ones. For example, space vector modulation (SVM) techniques are introduced to operate the 

motor with controlled harmonics as in [22] and minimized common-mode voltage (CMV) as in 

[17]. The six-phase drives are studied in [13] for the offshore wind farm applications and to address 

the mitigation of the dc-link choke ripple currents and fault-tolerant operation under open-circuit 

phase faults. The configuration in the five-phase case is discussed in [17, 22] as the legs are 

connected in parallel to the supply. Meanwhile, in the six-phase CSI case [13], the two three-phase 

CSIs are connected in the cascaded configuration. 
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The merits of multiphase systems and CSI inspire the development of a powertrain for EVs 

with high power demand, as shown in Figure 1.4. Heavy-duty EVs such as electric buses and 

trucks are good candidates for the new powertrain configuration.  

Current-
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Figure 1.4 Six-phase CSI-based powertrains. 

1.2. Research Objectives and Contributions 

While combining both multiphase and CSI technologies is promising for heavy-duty electric 

vehicles, there are several emerging challenges required to be tackled: 

1. In powertrains of electric vehicles based on VSIs, dc-link capacitor banks are bulky and 

have a limited lifetime that affects the total lifetime of the drive. CSI-based powertrains 

can be a prominent substitute for the VSI-based drive since a more reliable dc-choke is 

used as the conditioner stage between dc-dc and dc-ac conversion stages. 

2. Since one of the challenges of the EV industry is to increase the power and energy 

densities of power converters and motor drives, the multiphase features can be utilized to 

increase the torque capability of the drive without increasing its mass or volume. The six-

phase VSI-based drives have been tested for this feature. However, the potential of 

utilizing such a feature in six-phase CSI-based drives is yet to be explored in this work.   
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3. One of the reliability issues is common-mode voltage (CMV) resulting from the switching 

nature of power converters. CMV is one issue that shortens the lifetime of several parts 

of the drive. The six-phase CSIs have the potential to reduce the peak-to-peak and rms 

values of CMV.  

1.3. Contribution s and Publications 

This thesis researches a powertrain development based on six-phase current-source fed 

drives. The author contributes to several original developments, which are presented in the 

dissertation and briefly summarized as follows: 

1. Different CSI-based powertrain configurations have been proposed and developed. 

Since a six-phase inverter comprises two sets of three-phase inverters, three 

configurations: parallel, cascaded, and standalone CSI, are developed from battery 

to motor with case studies to compare the proposals. A selection of the best-suited 

configuration is also presented and built on throughout the rest of the work. 

2. A new space vector modulation technique is also developed to operate the selected 

topology based on vector space decomposition. The extra degrees of freedom in six-

phase systems prolong the dc-link current utilization with minimum harmonic 

injection. The method is based on optimizing the injected harmonics within the 

inverter constraints. This feature considers the processing speeds limit of current 

microcontrollers by easing the computational burden on the microcontroller. The 

implementation is based on look-up tables that store the values of the optimized 

harmonics versus the modulation index range, which simplifies the process. 
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3. In addition, a common-mode voltage study is conducted to relate the resulting voltage 

with the applied switching states of the inverter. Then, a novel offline selection 

method of the null-vector and active switching states is presented to reduce the 

resulted CMV of the inverter. Three proposed SVM schemes are developed based on 

the selection method. The schemes are investigated against load power factor 

variations and maximum dc-link current utilization. 

4. An experimental setup is developed to validate the feasibility of the proposed 

algorithms. 

During the time spent working on the thesis, I was also involved in other research projects. 

Below is a list of all the journal papers and conferences resulting from my work during the Ph. D.: 

Journal Papers: 

[J1]  A. Salem and M. Narimani, "A Review on Multiphase Drives for Automotive Traction 

Applications," in IEEE Transactions on Transportation Electrification, vol. 5, no. 4, pp. 1329-

1348, Dec. 2019, doi: 10.1109/TTE.2019.2956355.  

[J2]    A. Salem and M. Narimani, ñNew Powertrain Configurations Based on Six-Phase Current-Source 

Inverters for Heavy-Duty Electric Vehiclesò submitted to IEEE Access.. 

[J3]    A. Salem and M. Narimani, ñModulation Range Extension of Six-Phase Cascaded-CSI 

Using Optimal Harmonics Injectionò submitted to IEEE Open Journal of the Industrial 

Electronics Society. 
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[J4]  A. Salem and M. Narimani, "Offline-Based SVM Techniques to Reduce Common-Mode 

Voltage of Six-Phase Cascaded-CSIò in IEEE Open Journal of Power Electronics, 2022, doi: 

10.1109/OJPEL.2022.3193058. 

Conference Papers: 

[C1]  A. Salem and M. Narimani, "Fault-Tolerant Operation of Asymmetrical Six-Phase Motor 

Drives in EV Applications," 2020 IEEE Transportation Electrification Conference & Expo 

(ITEC), 2020, pp. 210-215, doi: 10.1109/ITEC48692.2020.9161760. 

[C2]  A. Salem and M. Narimani, "Nine-Switch Current-Source Inverter-Fed Asymmetrical Six-

Phase Machines Based on Vector Space Decomposition," 2020 IEEE Energy Conversion 

Congress and Exposition (ECCE), 2020, pp. 1951-1956, doi: 

10.1109/ECCE44975.2020.9235771. 

1.4. Thesis Outlines 

A brief description of each chapter is given as follows:  

Chapter 1 provides the motivation and challenges regarding multiphase drives and current-

source inverters and the potential of the combination in powertrains for heavy-duty EVs. 

Chapter 2 reviews the multiphase drives in EV applications from features and modeling 

methods of multiphase machines and converters. Meanwhile, Chapter 3 revolves around the 

converter topologies used in this domain with their modulation techniques. The research trends 

and challenges in topological advances, control methods, and wideband gap devices are discussed 

in a dedicated section. 
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In Chapter 4, an overview of the three-phase CSI-based powertrains and three new 

powertrain configurations are proposed and studied: parallel, cascaded, and standalone 

configurations, including their structure, modulation, and sizing of components. Then, a 

comparative analysis is performed in a case study. The simulation and experimental results are 

shown. 

Chapter 5 discusses the system model, and the inverter outputs are mapped into the 

equivalent subspaces using the vector space decomposition (VSD) method. The details of the 

proposed SVM technique are illustrated, and the optimization problem is to minimize the 

harmonics content while realizing the maximum linear modulation index. The effects of the 

filtering capacitors are also discussed in this section. Simulation studies to verify the proposed 

method are carried out, and the experimental results with discussions are presented. 

In Chapter 6, the analysis of the standalone-CSI topology is introduced, which focuses on 

the topology structure and analysis of all the possible switching states, and the CMV analysis is 

based on the inverter states. The CMV analysis comprises a calculation method for the total CMV 

of the stand-alone CSI (S-CSI) and classification of the allowable states of the S-CSI based on the 

resultant CMV. Incorporating the CMV analysis is a step toward developing the proposed 

schemes. A general dwell time calculation method is developed, and each proposed SVM scheme 

details. Optimum switching patterns are generated to minimize the total number of transitions per 

sampling time. Also, a quantitative evaluation is carried out to compare the proposed methods 

based on the dc-link utilization and RMS value of CMV. The experimental validation is discussed, 

including the laboratory prototype description and the system operating results under the proposed 

schemes. 
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In Chapter 7, the contents of the thesis are summarized with the work's conclusions. The 

main contributions of the thesis are illustrated. The chapter also concludes by suggesting potential 

future research that can be done based on the thesis work. 
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Chapter 2  

 

Features and Modeling of Multiphase Drives 

2.1. Introduction  

The first multiphase drive (MPD) was introduced in [23], discussing how the torque 

fluctuations in five-phase drives are lower than the traditional three-phase ones by approximately 

67%. The six-phase case is investigated in [24] as another milestone in developing industrial MPDs 

considering a six-step modulation. The rapid development of industrial power electronics and 

modulation techniques of converters encouraged more research in MPDs. The features of the 

MPDs attracted researchers to utilize them in traction applications such as electric vehicles [25-

28] and electric ship propulsion [29, 30].  

Multiphase drives (MPDs) have splendid features compared with their three-phase 

counterparts [31-35]. One feature is splitting the power across a higher number of phases; hence 

the power rating per phase is lower. Another feature is the improved magneto-motive force 

distribution in the machine's air gap, which reflects lower torque ripples. Furthermore, the degrees 
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of freedom are increased based on the number of independent phase variables of the drive, which 

provides vital features such as fault-tolerant operation [5, 36-40] and torque density improvement 

using harmonic current injection [7, 41-46]. 

Another aspect of studying MPDs is modeling, which is one of the attractive topics to many 

researchers. The main theories of modeling the dual three-phase machines are the vector space 

decomposition (VSD) [47, 48] and the double dq model theory [49]. The different theories of 

decoupling the variables of the drive system are a mandatory step in developing proper modulation 

techniques for the MPDs. 

2.2. Multiphase Drives (MPDs) Features 

MPDs have unique features compared to traditional three-phase drives. This section covers 

the recent research contributions to highlight them: 

2.2.1. Lower Power/Current Rating per Phase 

The existing electric motor drive units in the commercial electric vehicles are designed such 

that modules or discrete IGBTs are connected in parallel, as shown in Figure 2.1, to deliver the 

load current. Figure 2.1 shows the assembly of the Tesla Model S inverter components. This 

connection results in different problems like the differences in turning on/off timing due to 

manufacturing differences between the paralleled transistors and different characteristics of the 

gate driver modules. Another major problem is the different load sharing between the paralleled 

transistors. Finally, the heat dissipation of all the transistors should be managed so that no transistor 

exceeds the allowable thermal limit. In MPDs, the power is divided across many phases, and each 

phase is supplied from a converter leg using a single component instead of parallel components. 
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Using MPDs solves the problem of paralleled devices at the expense of adding more complexity 

to the assembly of the drive as the number of wires increases. 

 

Figure 2.1 Tesla Model S inverter components 1) Control board, 2) Aluminum shield, 3) Phase 

current sensor ferrite ring, 4) Gate driver board, 5) Phase busbars, 6) Heat sinks, 7) TO-247 

package IGBTs, 8) IGBT clips, 9) DC-link capacitors [50]. 

 

Figure 2.2 shows the reduction in phase current of several multiphase machines, namely, 

five-, six-, seven-, nine-, eleven- and twelve-phase machines [3]. All the phase currents are in per 

unit (p.u.) values, with the base value considered as the phase current of the three-phase case. The 

relation between the number of phases and the per-phase current is inversely proportional. The 

five-, six-, and seven-phase cases significantly reduce per-phase currents compared to the three-

phase case. The reduction in per-phase current gets smaller as the number of phases gets higher 

such as going from the eleven-phase to the twelve-phase case. The phase currents for six-phase 
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machines are half the currents of three-phase machines which can be interpreted as choosing the 

same modules used for existing three-phase drives, and instead of paralleling them to control the 

same phase, they can be controlled separately to control different phases. 
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Figure 2.2 Phase currents in p.u. for different multiphase drives (MPDs) [3]. 

2.2.2. Fault-tolerant Operation 

One of the inherent features of MPDs is the fault-tolerant operation. The increased number 

of phases provides more degrees of freedom in faulty conditions. In faulty cases, MPDs are better 

than their traditional three-phase counterparts. The drive's performance is enhanced based on the 

optimization criteria discussed in the literature. 

The faulty conditions are the machine windings faults resulting in the loss of one or more 

phases considered open-circuit faults. The fault tolerance capability of the six-phase drives has 

attracted many researchers recently; however, it is limited to component-level only. The detection 

of the fault occurrence is discussed in [51]. Six-phase machines have different winding 

configurations depending on the space angle between the two three-phase windings. The machines 

with the φπЈ are named the symmetrical six-phase machines, whereas the asymmetrical ones are 

the machines with a σπЈ of space angle difference. The asymmetrical six-phase machine, also 
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referred to as the dual three-phase machine, has advantages in terms of the space harmonics of the 

fif th and seventh harmonic in the air gap flux of the machine compared to their symmetric 

counterparts [10]. The issue of operation under fault without any hardware reconfiguration for 

different MPDs has been investigated for the first time in [40] using current-source inverters. The 

criterion for optimization was only creating a rotating magnetic field with the remaining phases. 

In reference [38], the problem has been investigated for a single open-circuit fault using a 

voltage-source inverter introducing two different optimization criteria: minimum stator winding 

losses and maximum torque. A unified analysis using the same strategies but with more than 

single-phase winding loss is discussed in [5]. An improved approach is introduced in [52] that 

suggests widening the optimization criterion to achieve minimum losses in the full torque 

operation range in the case of a single open-circuit fault. The study has been extended to be applied 

to double open circuit faults with different possible combinations of the faulty phases. Reference 

[53] investigates the converter losses in the faulty cases after applying the different optimization 

criteria introduced in the literature.  

The asymmetrical six-phase machines have two possible connections of the stator phase 

windings depending on the connection of the neutral point. Figure 2.3 shows the possible 

configurations: two isolated neutral points and a single isolated neutral point. The single-neutral 

point connection proves worthy in the fault-tolerant operation. In contrast, the two isolated neutral 

points connection has better dc-link utilization and simpler current controllers because no zero-

sequence currents can physically flow using this connection [5]. The following discussion 

concerns the faulty cases for asymmetrical and symmetrical six-phase machines. 
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Figure 2.3 (a) Single-neutral connection, (b) two-neutral connections. 

 

Fault-tolerant capability is one of the key features of MPDs to exploit this technology in 

traction industries. The different faulty cases that the asymmetrical six-phase machine with a 

single-neutral connection can operate under with optimal current control are mentioned in Figure 

2.4. The faulty phases which are open circuited after fault occurrence are colored in red in Figure 

2.4. Each case is assigned a notation nX composed of a number n represents the number of faulty 

phases, where Î ‭ ρȟςȟσ and a letter X represents different combinations of the possible faults, 

where 8 ‭ !ȟ"ȟ#ȟ$. For example, two open-circuit faults could be either from the same set (2A) 

or one from each set, as in case (2B). Figure 2.4 shows all the possible non-repeated combinations 

of the one, two, or three faulty phases. The other possible combinations are not shown here because 

they have the same characteristics. Figure 2.5 shows the maximum post-fault torque range in p.u. 

values under faulty conditions for asymmetrical machines in (a) and symmetrical ones in (b) [5].  
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Figure 2.4 Different faulty cases of asymmetrical six-phase machines. 

 
 

(a) (b) 

Figure 2.5 Maximum postfault torque range in p.u. values under different faulty cases for 

symmetrical and asymmetrical six-phase machines [5]. 

 

As shown in Figure 2.5, the connection of the neutral points of the machine winding has a 

significant effect on the post-fault torque range. It can be seen that the single-neutral connection 

results in higher torque ranges compared to the two-neutral connection. In some cases, the two-
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neutral connection can not support optimal current control, such as three-phase faults for 

asymmetrical machines and the cases (2C, 3B, and 3C) for symmetrical ones.   

It can also be noticed from the figures that the symmetrical machines are superior compared 

to the asymmetrical ones regarding the torque range under faulty conditions. However, the authors 

recommend the asymmetrical six-phase machines for EV applications for their merits in healthy 

case conditions, and the difference between torque ranges under faulty conditions is not high 

enough to choose symmetrical six-phase machines instead. However, a hybrid connection of the 

neutrals is introduced in [6] to achieve better torque-speed exploitation by combining the two 

torque-speed curves with the single and two isolated neutrals connections. 

2.2.3. Torque Density Improvement 

Torque density improvement is another exciting feature of MPDs that could provide a high-

power density motor drive for EV applications. Decomposed subplanes can model the variables of 

multiphase machines, as will be discussed in detail in the next section. One of the subplanes is 

considered the torque-producing plane, and the others as losses. In reference [41], it is proven that 

with a specific winding layout, the zero-sequence subplane can contribute to the torque production 

of the machine. The concept is that a rotating magnetic field can be produced by injecting two 90Ј 

out of phase sets of zero-sequence currents into the two three-phase sets with a unique winding 

layout.  

The harmonic injection method could increase the torque density of multiphase motor drives; 

however, two problems are associated with the third harmonic injection in six-phase drives. One 

problem is providing a neutral path for the currents to flow through. This problem is addressed in 

[41] by connecting the neutral of machine winding to the midpoint of the dc-link. Reference [44] 
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also addressed the problem of balancing the voltage of the midpoint to prevent it from drifting 

during loading using an additional proportional controller. The other problem is optimizing the 

flux pattern in the machine air gap. During loading of the machine, the angle of the third harmonic 

currents varies, leading to uneven hills of the resultant total air gap MMF. Several publications 

targeted this issue to analyze the problem and prevent it [54, 55]. The solutions proposed are based 

on artificial intelligence techniques like genetic algorithms in [54] and neural networks in [55]. 

Reference [42] also studies the optimal third harmonic amplitude injected into the current in 

a dual three-phase machine. It is dependent on the ratio of the third-harmonic back EMF to the 

fundamental back EMF. The optimal third harmonic into the current in the dual three-phase 

machine without third-harmonic back EMF is one-sixth of the fundamental harmonic. For the dual 

three-phase PM machines with the third-harmonic back EMF and two sets of windings shifted 30 

electrical degrees, the optimal third harmonic into the current is dependent on the ratio of the third-

harmonic back EMF to the fundamental back EMF. 

Another proposal of current injection is investigated in [43] that focuses on injecting 

harmonic currents of fifth and seventh order to produce a flatter top current waveform to increase 

the torque per fundamental current amperes. The only problem is that these harmonic currents are 

considered circulating currents that do not contribute to the torque production. The injected 

currents' optimization and efficiency analysis have been done in [7]. These techniques can help 

increase the torque per fundamental current amperes, provide a sound reduction in the overall size 

and weight of the motor drives, and lead the way to solve one of the main challenges in the research 

field of electrified transportation. 

Table 2.1 summarizes the possible methods to increase the torque density of asymmetrical 

six-phase machines via harmonic injection. The tooth and core flux density constraints limit the 
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increase of the produced torque in induction motors as in [41], which considers machines with a 

concentrated winding. The PMSMs are investigated in [7, 42, 43] with a possibility to increase the 

torque density beyond the values in Table 2.1. The interaction between the injected harmonic 

currents and the same components of back EMF results in additional torque production. This 

feature can be enabled in PMSM by changing the stator winding layout, resulting in the desired 

harmonic components of back EMF. However, the additional torque improvement comes at the 

cost of an inevitable increase in torque ripples. 

Table 2.1 : Comparison between Different Harmonic Injection Methods to Increase 

Torque Density of Asymmetrical Six-Phase Machines 

Machine 

Type 

Harmonic order to 

be injected 
Constraints 

Minimum average 

torque enhancement 

Possible further 

improvement 

Induction  

3rd harmonic [41] 
Peak flux density 

allowing teeth saturation 
40% 

- 

3rd harmonic [41] 

Both tooth and core flux 

density are within rated 

values 

21% 

PMSM 

3rd harmonic [42] 

Both tooth and core flux 

density are within rated 

values 

15% It depends on the 

winding layout and the 

components of the 

Back EMF 
5th + 7th harmonics 

[7, 43] 

Both tooth and core flux 

density are within rated 

values 

7.7% 

 

2.2.4. Lower Dc-link Current Ripples  

The dc-link bank of capacitors is one of the essential components in the electric vehicle's 

powertrain and the power electronic converter. The capacitor bank size is about two-thirds of the 

overall converter size. One of the reliability concerns in EVs is the dc-link capacitor bank because 

of drastic performance degradation while aging. The study [56] focuses on the different types of 

capacitors deployed in EV applications. The study also includes the required dc-link capacitance 
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for different MPDs using the coulomb counting technique to estimate the count of charges based 

on capacitor currents which can be calculated from the switching function of the inverter. Figure 

2.6 shows a comparison between the required capacitance in p.u. for different MPDs considering 

the base value of the dc-link capacitance as the one required for the three-phase case. This figure 

shows that the required capacitance decreases with the increased number of phases of the system 

up to the twelve-phase one [52].  

There is a high decrease in the dc-link capacitance compared between three-phase and five-

phase cases. The curve decreases considering the cases of six-, seven- and nine-phase drives. 

However, the capacitance required for the cases nine-, eleven- and twelve-phase machines appears 

to be the same. As shown in Figure 2.6, the dc-link capacitor values are almost reduced to half 

when a six-phase drive is considered, which could help the converter become more power-dense 

than a conventional three-phase system.  
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Figure 2.6 Required DC-link capacitance for different MPDs [56]. 
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2.3. Modeling of Multi -phase Machines  

Modeling multiphase machines is required to provide a high-performance modulation and 

control technique for MPDs. In this section, different modeling techniques, especially for six-phase 

machines, are reviewed. Six-phase machines have different winding configurations depending on 

the space angle between the two three-phase windings. The machines with the φπЈare named the 

symmetrical six-phase machines, whereas the asymmetrical ones are the machines with σπЈ of 

space angle difference. The asymmetrical six-phase machine also referred to in the literature as the 

dual three-phase machine, has advantages in terms of the space harmonics of the fifth  and seventh 

harmonic in the airgap flux of the machine compared to their symmetric counterparts [10].  

2.3.1. Double-DQ Model 

Based on the double-DQ model, the two three-phase windings in a six-phase machine are 

treated separately, and two three-phase different (Clarke) transformations are applied to the phase 

variables for each three-phase winding [49]. The ‌-axis of the stationary reference frame is aligned 

with phase-a1 of the stator winding. The transformation decomposes the six-phase variables into 

two sets of stationary reference frame variables, denoted as ‌ ‍ and ‌ ‍components, for 

windings sets abc1 and abc2, respectively:  

Ὢ Ὢ ὝȢὪ Ὢ Ὢ  (2.1) 

where f is a general symbol for all the machine variables (voltage, current, or flux) and k is the 

subscript of values 1 or 2 to differentiate between the variables of the two three-phase windings. 

The decoupling transformation accounts for the spatial 30° displacement between the two 

windings. For an asymmetrical six-phase machine, the invariant power transformation for 

windings sets abc1 and abc2, respectively, is given by: 
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(2.2) 

2.3.2. Vector Space Decomposition (VSD) 

VSD has been widely used to model multiphase AC machines [57-59]. The primary purpose 

is to decompose the machine voltages and currents from the original six-dimensional space into 

new independent subspaces. This transformation fully represents the machine dynamics and helps 

design a controller with the same structure in healthy and faulty cases. 

Based on the decomposition theory, all the machine variables in the original six-dimensional 

space are transformed into three time-orthogonal subspaces. The harmonics of the original vectors 

are mapped into three groups named ‌‍ȟὼώȟππ  Subspaces. The first group represents the 

fundamental harmonic components and the harmonics of order Ὧ ρςὬ ρ as (h = 1, 2, 3, é). 

The ‌‍ currents are the torque-producing components since they represent the fundamental 

harmonic.  

The other four vectors should be based on their orthogonality on the aforementioned ‌‍ 

subspace [47]. It is found that the harmonics of Ὧ φὬ ρ as (h = 1, 3, 5, é) spin in the same 

surface and their subspace is denoted by the ὼώ subplane. The ὼώ current components do not 

contribute to the torque production process; hence they are considered as extra losses in healthy 

case conditions and as extra degrees of freedom in faulty cases. The last group is the triplen 
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harmonics group that is defined by Ὧ σὬ as (h = 1, 2, 3, é) and mapped to the ππ  subspace. 

The current components of the ππ  subspace do not exist unless there is a physical path for 

neutral currents. Equation (2.3) shows the VSD transformation matrix for asymmetrical six-phase 

machines. 
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  (2.3) 

By applying a transformation matrix, the variables are transformed into (‌‍ὼώππ ) 

reference frame [47]. A summary comparison between double-DQ and VSD methods is shown in 

Table 2.2. 

Table 2.2 Comparison between The Decoupling Theories of a Six-Phase System 

Modeling Method Double-DQ VSD 

Approach 
The machine is considered as a 

double three-phase machine. 

The six-phase machine is 

considered as one system. 

Capturing the power-sharing of 

each three-phase set 
Yes No 

Featuring the asymmetries between 

the two sets 
No Yes 

Complexity and implementation 
Simple concept and easy to 

implement. 
More complex. 
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2.4. Summary 

This chapter presented a survey of the features and modeling of multiphase drives. The focus 

is the six-phase drives since they are the most applicable to the EV applications for the thesisôs 

subject. The features mentioned in this chapter include the power splitting across a higher number 

of phases. Comparing existing technologies and multiphase ones supports the better utilization of 

converter components, cable connections, and motor features in multiphase systems. The fault-

tolerant operation feature is also discussed, showing that six-phase drives have an extended torque 

production capability under faulty conditions with optimized copper losses. 

Moreover, the torque density improvement via harmonic currents injection are summarized 

in terms of which harmonics to be injected and the different methods employed in induction motors 

and PMSMs. The last feature discussed is reducing dc-link ripples, hence, lower dc-link 

capacitance requirements in multiphase systems. The six-phase case is highlighted as the breaking 

point in the domain of increasing the number of drive phases versus the capacitance requirement. 

The modeling methods of multiphase machines are covered in the survey to build upon in 

the next chapter to understand modulation and control strategies better. The two leading theories 

are the double-dq model and the vector space decomposition (VSD). A comparison is presented to 

show the advantages and weaknesses of both methods. The VSD method is adopted in all the 

thesisôs contributions since it has a better overall system representation.  

  



Ph.D. Thesis ï Ahmed Salem                                   McMaster ï Electrical and Computer Engineering 

28 

 

 

 

 

Chapter 3  

 

Topologies and Recent Advances in Multiphase Drives 

for EV Applications 

 

3.1. Introduction  

MPDs comprise power conversion stages that are implemented using power electronics 

converters. One of the power conversion processes is AC-DC-AC in industrial applications fed 

from the traditional three-phase mains using the pulse-width modulation-based converters. The 

literature presents the AC-AC conversions as one solution using the matrix converters. Another 

power conversion, DC-AC conversion, is applicable in EV applications where the electrical power 

source is the batteries. This chapter covers the recent advances from the topological point of view 

of the converters used in MPDs for EV applications.  
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One of the classical control techniques used to obtain the optimal performance of MPDs is 

field-oriented control (FOC). Recently, model-based control schemes such as model predictive 

control (MPC) were introduced as a simple control scheme. All these schemes and their features 

are discussed in the control section providing a trade-off in the conclusion section. A dedicated 

section in this chapter is provided to present an overview of the FOC and MPC techniques used 

with MPDs. Furthermore, the current status and examples of industrial manufacturing of MPDs 

for EV applications are revised. Lastly, the last section encounters the trends and challenges in 

research to improve and incorporate the MPDs in the EV industry. 

3.2. Six-Phase Power Electronics Converters and Modulation 

Techniques 

Electrical drives have been supplied and controlled recently using a power electronic 

converter, enabling the drive to operate in all possible regions and reach the desired speed and 

torque. Figure 3.1 demonstrates the different topologies used for MPDs that can be exploited in 

industrial motor applications. The topologies mentioned in this context are the DC-AC converters 

since the energy storage is mostly battery packs in traction applications. The topologies are 

classified into three categories based on the structure and number of levels of their respective 

output voltage.  
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Figure 3.1 Topologies of power electronics converters for MPDs 

 

The (2L-VSI) topologies are discussed in the first subsection, including the modulation 

techniques. Since the conventional (2L-VSI) topology is the one used in industry, the chapter 

focuses more on the modulation techniques and possible switching patterns. The possibility of 

reducing the number of switches is also covered in the same subsection featuring the nine-switch 

converter (NSC) and five-leg six-phase inverter. Another subsection is dedicated to the dual supply 

inverters used for open-end winding configuration, which produce more than two-level output 

voltages based on the same basic (2L-VSI) topology supplying each machining phase from both 

ends. The final subsection discusses the efforts in the multilevel inverter topologies, which are 

promising to be used in the traction application since it is expected that future cars will have higher 

dc-link voltage levels (800V) [60]. 

3.2.1. Two-level Conventional Six-phase Inverters 

The two-level six-phase is the most investigated topology in all the literature on dual three-

phase drives due to its simple structure, availability of industrial packs provided by manufacturers 

as two three-phase bridges, and the simple controllers needed to drive such converter compared to 
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other complex topologies like matrix, multilevel and open-end converters. The structure of the 

topology is shown in Figure 3.2. 

a1 b2a2c1 c2b1

Asymmetrical 

Six-phase 

Machine

-

+

Vdc

Ὓὥ1 

Ὓὥ1 Ὓὦ1 Ὓὧ1 Ὓὥ2 Ὓὦ2 Ὓὧ2 

Ὓὦ1 Ὓὧ1 Ὓὥ2 Ὓὦ2 Ὓὧ2 

 

Figure 3.2 Two-level inverter-fed six-phase machine. 

 

A.  Carrier -based PWM (CPWM) 

Like the traditional two-level three-phase inverter, the most popular carrier-based 

modulation technique of PWM (CPWM) can be exploited to operate the six-inverter. The CPWM 

technique is implemented using the reference signals generated from the control scheme and 

represents two sets of three-phase outputs shifted by 30Ј. The reference waveforms are compared 

to a carrier signal, and the output signals are used to fire the switches of the converter. The 

operation of the converter is investigated in [61] and for the high-frequency machines in [62]. 

CPWM is the most straightforward modulation technique to operate the multiphase converter. This 

simplicity and reliability are the significant advantages that make this technique suitable for EV 

applications. One of the disadvantages of CPWM is the lack of control degrees to achieve better 

performance of the converter, such as lowering the total harmonic distortion (THD) of the output 
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waveforms. Another disadvantage is the lower dc-link utilization compared to space vector 

techniques that can be compensated with the zero-sequence injection discussed in the next section. 

B.  Double Zero-Sequence Injection (DZSI) 

The concept is based on the infamous zero-sequence harmonic injection technique exploited 

with three-phase inverters to lower the THD of the output and extend the linear control region of 

the inverter. It can be implemented by adding the zero-sequence component of each three-phase 

set to their respective reference voltages. Several publications have investigated the method, such 

as developing the technique in [88], which shows that it is like the vector classification technique, 

only simpler to implement since it is carrier-based. The improvement of the harmonicsô profile is 

analyzed in [63], and a general comparison between the techniques was discussed in [64, 65]. A 

method of designing a proportional-resonant integrator to control the drive and using the injection 

technique has been introduced in [66]. 

C.  Space-Vector PWM (SVPWM) based on VSD Theory 

Several SVPWM techniques have been presented in the literature to minimize the circulating 

currents, which are considered only to contribute to the ohmic losses of the drive. The first 

SVPWM based on the theory of VSD theory was introduced in [47], which presented the 

decoupling of the machine variables discussed in the previous section. Using such transformation 

enables the control of the six-phase converter as a single unit. There are 64 different possible 

switching states referred to in this work by (V0: V63). The switching states are sorted in the same 

way introduced in the literature to avoid ambiguity. The states are numbered from 0 to 63 in a 

binary manner by considering each upper switch is a digit in a binary number by this order (Sc2, 

Sb2, Sa2, Sc1, Sb1, Sa1) which makes the 1st switching state is (000000) and the 64th is (111111).  
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The output phase voltage can be calculated based on the switching states from (3.1) for the 

two isolated neutrals connection and from (3.2) for the single isolated one. 
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 (3.2) 

Applying the transformation matrix (3) to the resulted output voltages to transfer them to the 

decoupled subplanes (ὠ ὠ), (ὠ ὠ) and (ὠ ὠ ). Figure 3.3 shows the projection of all 

the possible switching states in the three orthogonal subplanes. Regarding the πȟπ  components, 

all the vectors are mapped to the origin point in the case of the two isolated neutrals; however, in 

the single isolated neutral point connection, the vectors are mapped as presented in Figure 3.3(c). 

The vectors in the ‌‍ subplane are classified into four categories based on their magnitude. Table 

3.1 shows the four categories' respective colors plotted in Figure 3.3. 
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Table 3.1 Voltage Vectors Categories 
Magnitude Colour 

ὠ ρȢρρυ6   

ὠ πȢψρφ6   

ὠ πȢυχχ6   

ὠ πȢςωω6   

 

9

41

11

25

8, 15
42

27

10

3 , 59

1714

24,

 31

19

26

18

30
2, 58

51

16, 23

28

50
22

6, 62

20

54 48, 55

38

56

60, 4

53

36

39, 32

44

37

45

3361, 5

4946
21

34
12

35

29
1, 57

47, 40

13

43

Ŭ 

ɓ 

 

17
53

16, 23

27

52
922

45

26

36

11

54
41

18

37

1, 57

45, 48

13

49

33

51

3534

42

46

14 44

10

38

43 50

59, 3
39, 

32

58, 2

47, 40

6, 62

8, 15

30

12

4, 60

13 20

255, 61

24, 

31

2928

21

x

y

 

0+

0-

0, 9, 10, 12, 17, 18, 20, 

27, 29, 30, 33, 33, 32, 36, 

43, 45, 46, 51, 53, 54, 63

8, 16, 25, 26, 28, 32, 41, 42, 

44, , 49, 50, 52, ,59, 61, 62

24, 40, 48, 

57, 58, 60

56

1, 2, 4, 11, 13, 14, 19, 21, 

22, 31, 35, 37, 38, 47, 55

7

3, 5, 6, 

15, 23, 39

 

(a)  ‌‍ subplane (b)  ὼώ subplane (c) ππ  subplane 

Figure 3.3 All possible switching states projected to three subplanes. 

 

The SVPWM is exploited by realizing the rotating reference determined by the controller. 

The reference components are inserted into (3.3) to calculate the dwell times of the possible applied 

vectors.  
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(3.3) 

where ὠ  the superscript Ὧ‭ρȟςȟσȟτȟυ is the sequence of the applied voltage vector and subscript 

‎‭‌ȟ‍ȟὼȟώ denotes the axis to which the voltage vector is synthesized. 

Since there are four degrees of freedom in the two separated neutrals connection, four system 

equations are adopted to calculate the dwell times. For the single-neutral connection, it is proven 

in the literature that the zero-sequence voltage components are nullified without any further 

calculations based on the nature of the voltage vectors mapped to this subplane, as shown in Figure 

3.3(c). However, choosing the vectors that cancel the components of ὼώ subplane is more 

challenging. References stated several switching patterns based on the number of sectors of the 

modulation technique. The two distinctive strategies are 12-sector SVPWM and the 24-sector 

SVPWM [63]-[65]. In each sector, four different vectors with magnitude ὠ are chosen to 

synthesize the reference output by volt second concept (6). The chosen vectors have a magnitude 

of ὠ in the ‌‍ subplane. On the other hand, the 24-sector SVPWM is implemented by choosing 

three vectors of magnitude ὠ and one vector of magnitude ὠ. The method of inserting the zero-

vectors determines the continuous and discontinuous modulation scheme [67-70]. As stated in the 

li terature 24-sector SVPWM method is easier to implement using DSP microcontrollers and results 

in less THD in the output waveforms of the converter. 

Table 3.2 compares the reported switching patterns based on the 12- and 24-sector switching 

patterns for continuous and discontinuous modulations. The name of each switching pattern starts 
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with the letter C for continuous modulation and D for discontinuous one. The patterns that start 

and end with a zero-vector are denoted with the letter A, whereas notation B1and B2 to the patterns 

that only start or end with the zero-vector, respectively. The 24-sector patterns have the advantages 

of fewer transitions per one period of sampling time and more straightforward implementation 

since each switch is turned on or off one time per period compared to the 12-sector patterns with 

more than one transition per period.  

Table 3.2 Possible Switching Patterns of SVPWM Technique for Asymmetrical 

Six-Phase Based on VSD Theory 

Method Patterns 

Number of 

transitions 

(rising/falling) per 

period 

█▼◌ 

█▼◌╫╪▼▄

ᶻ

 
DSP implementation 

complexity 

12-sector 

C_A 12 1 

Complex 

D_A 8 ς
σ 

D_B1 6 ρ
ς 

D_B2 6 ρ
ς 

24-sector 

C 6 ρ 

Simple D_B1 5 υ
φ 

D_B2 4 ς
σ 

(*) Ὢ  is the average switching frequency and Ὢ  is the baseline switching frequency, which is the C_A pattern for the 12-sector switching 

patterns and the C pattern for the 24-sector ones. 

 

Implementing the 12-sector patterns on the DSP microcontroller is challenging since each 

switch might have more than one transition per period. However, implementing the 24-sector ones 

is simpler because there is a maximum of one transition per period. Figure 3.4 shows the THD of 

the output line voltage of a six-phase inverter using the different switching patterns at the same 

switching frequency at different modulation indexes. The differences are not very high. However, 
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the 24-sector continuous modulation switching pattern shows the lowest profile of THD. Based on 

the comparisons, the patterns based on 24-sector modulation prove the best options for modulating 

six-phase inverters in traction applications. The switching losses will be lower, resulting in lower 

cooling requirements and higher efficiency operation to achieve extended-range vehicles. 
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Figure 3.4 Comparison between different switching patterns on the THD of the line voltage at 

3150 Hz switching frequency. 

 

D.  Vector Classification Technique (VCT) 

This technique is mainly based on the double-DQ theory of modeling the six-phase system. 

VCT was proposed in [71] and followed by further enhancements in choosing the vectors [72] 

using a modified neural network and getting better utilization of the dc-link voltage, such as in 

[73]. Two different approaches have approached the realization of this technique, as in Figure 3.5. 

The first way is implemented by using two references rotating in the familiar hexagon representing 

all the possible switching vectors of the three-phase inverter, as shown in Figure 3.5(a). The second 

way is by rotating one of the hexagons by 30Ј and using a single reference, such as in Figure 3.5(b). 
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A study proposed in [74] compares the classification technique and the 12-sector switching 

patterns. The study shows that the classification technique is simpler to implement and gives higher 

utilization of the dc-link voltage, but the SVPWM techniques based on VSD theory achieve better 

harmonic minimization. 

 

 

(a) (b) 

Figure 3.5 Vector Classification technique realized by (a) two separate references (b) single 

reference [75]. 

 

A comparison between the modulation techniques of six-phase inverters is shown in Table 

3.3. The carrier-based modulation techniques are simple to implement and can get to high 

modulation indexes in the linear modulation region by injecting zero-sequence harmonics to the 

references. However, the SVPWM methods are superior in terms of enhancing the quality of the 
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output waveform using the redundant switching states. The SVPWM based on the VSD method is 

more complex to implement but using the switching patterns mentioned in the previous subsections 

can significantly reduce the xy currents. 

Table 3.3 Modulation Schemes of Six-Phase Two-Level Inverters 

 

CBPWM SVPWM 

SPWM DZSI VSD VCT 

Max. modulation index 1 1.154 1.154 1.154 

Redundant switching states No No Yes Yes 

Quality of output waveform Low Medium High High 

Reduction of xy currents No No Yes No 

Complexity and implementation Simple Simple Complex Medium 

 

3.2.2. Reduced Switch-count Inverters for MPDs 

Increasing the power density of power electronics converters is one of the trends in EV 

applications [76]. One of the solutions to reduce the size of the converter is using reduced switch-

count topologies. Nine-Switch Inverter (NSI) is one of the topologies that has been investigated in 

the literature as a six-phase inverter for multiphase machines [26, 77, 78]. Figure 3.6 shows the 

configuration of the inverter. The modulation techniques are discussed in [79-86], which shows 

that the maximum modulation index for supplying an asymmetrical six-phase machine is around 

81% as one of the disadvantages of this converter topology.  
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Figure 3.6 Nine-Switch Inverter topology 

The switching frequency of the middle switches is double the switching of the other 

switches, i.e., the switching losses are the same as the conventional twelve-switch topology. 

Several control techniques can be used with the topology [77, 87-89]. The Z-source NSI topology 

is comprised of Hybrid Electric Vehicle (HEV) applications [90, 91]. 

Five-leg inverter is another topology with a smaller number of switches introduced as an 

alternative to the conventional inverter for six-phase drives [92], shown in Figure 3.7. The 

topology is based on connecting one machine phase to the midpoint of the dc-link as a reference 

to the other phases. The main challenge of using such a topology is balancing the midpoint voltage 

[93]. 
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Vdc
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Figure 3.7 Five-leg inverter topology. 
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3.2.3. Dual Supply Inverters for Open-End Winding Machines 

A dual supply inverter topology is a converter topology used to supply machines with an 

open-end winding configuration. This topology is supplied from isolated dc sources, so it does not 

require a capacitor voltage balancing technique, unlike most multilevel inverter topologies. The 

cascaded H-Bridge multilevel topology is also supplied from isolated dc sources typically provided 

by custom-designed phase-shifting transformers. In EV applications, the dc source is typically a 

pack of batteries that can be rearranged and configured to supply such topologies. Lower dc-link 

voltages are one of the merits of using such a converter with an increased number of components.  

Several topologies were introduced in the literature based on the supplies used and how to 

connect them. One of them is the topology with two-sided supplies to supply two six-phase 

inverters, and each phase winding is connected to a converter output from both phase terminals, 

and it will be referred to in this work dual-supply topology I as in  Figure 3.8.  Another topology 

uses only one supply (dual supply topology II) to supply the two inverters in a five-phase drive to 

eliminate common-mode voltage employing SVPWM [94]. 

Six-Phase 

Machine

Vdc/2 Vdc/2

A1'A1

B1

C1

A2

B2

C2 C2'

B2'

A2'

C1'

B1'

 

Figure 3.8 Dual supply inverter fed open-end winding six-phase machine (topology I). 
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Reference [95] discusses a different topology with four three-phase inverters and two 

supplies connected from both sides with a capacitor commonly shared by the middle inverters 

(dual supply topology III), as shown in Figure 3.9. 
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Figure 3.9 Dual supply inverter fed open-end winding six-phase machine based on three-phase 

inverters (topology III). 

This topology is used to suppress the fif th and seventh harmonics from the output voltage to 

add one more capacitor bank. The assessment of the converter performance is discussed in [96-

98]. Reference [96] analyzes the current ripples and proposes methods to minimize them to achieve 

better drive performance. The converter can generate a three-level output better than the 

conventional two-level one in terms of the resulting ripples in the output currents. 

A comparison between the performance of symmetrical and asymmetrical six-phase drives 

with open-end configuration is discussed in [98] using different modulation techniques. The 

comparison shows that the symmetrical six-phase drives have the same results as the three- and 

five-phase drives, while the asymmetrical behave differently according to the different techniques 

applied. 

3.2.4. Multilevel Inverters f or MPDs 

Multilevel inverters are a famous solution for high-voltage, high-power motor drives. 

Several topologies are discussed in the literature with pros and cons based on cost, size, 
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performance, and complexity. The complexity of multiphase multilevel drives increases due to the 

increased number of switches and switching states. However, since there is a push to increase the 

dc-link voltage (>800V) in the next generation of EVs [60], multilevel topologies will be a good 

candidate to improve the output power quality while improving the overall efficiency with the low 

voltage power semiconductors. 

One well-known multilevel topology is the neutral-point clamped inverter (NPC). The 

research is focused up until this work on the three-level NPC inverter to supply multiphase 

machines due to the system's complexity. Figure 3.10 shows a three-level NPC-fed six-phase 

machine. 

-

+

Vdc

Sa11

Sa12

Sa13

Sa14

C1

C2

A1

B1

C1

A2

B2

C2

Six-phase 

Machine

 

Figure 3.10 NPC-fed Six-phase machine [99]. 

Like the two-level topology, the SVPWM techniques used for multilevel multiphase drives 

are classification-based and VSD-based. The vector classification technique alongside the drive's 

modeling is investigated in [100]. VSD-based models are also discussed in [58, 101]. The latter 

publication adds a decoupling especially to develop a switching pattern based on VSD. The 

number of switching states to supply a dual three-phase machine is 729 with 665 distinctive voltage 



Ph.D. Thesis ï Ahmed Salem                                   McMaster ï Electrical and Computer Engineering 

44 

 

vectors. It is quite the task to choose the optimum switching vector to ensure balancing the 

midpoint of the dc-link and minimal output circulating currents. Reference [101] demonstrates a 

switching pattern to operate the converter taking into account the elimination of the x-y voltage 

components. An improved approach is introduced in [58] that proposes a decoupled modulation 

technique to address the harmonic components from the back EMF generated because of 

unbalanced parameters of the machine and to eliminate the zero-sequence components. The 

improved technique has a significant drawback in the complexity and higher switching frequency. 

 A T-NPC topology for MPDs has also been discussed in the literature, and the modulation 

technique of the topology is investigated in [102], exploiting the voltage classification technique. 

The Direct Torque Control (DTC) control method is applied in [103] to control the drive based on 

the double SVPWM. A topology based on CHB structure to supply an asymmetrical six-phase 

machine is discussed in [104] as a medium-voltage drive. As an extension to dual-supply inverters 

topology, replacing the two-level three-phase topology with the three-level three-phase NPC is 

discussed in [105]. [106] proposes a hybrid inverter to supply one three-phase set from a 

conventional inverter and the other from an NPC inverter. Some advanced multilevel topologies 

based on FC, CHB, and active neutral-point clamped inverter (ANPC) to provide a high number 

of output levels up to 49 are introduced in [107-109]. Almost all the multilevel topologies for 

MPDs have been developed for medium-voltage industrial motor drives, and to the best of the 

authorôs knowledge, no such multilevel topologies have been used for EV applications so far. A 

summary comparison between the previously mentioned converter topologies is illustrated in 

Table 3.4. 
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Table 3.4 Comparison between Different Converter Topologies for Six-Phase Drives 

 

2-Level 

NPC Dual-Supply 

Conventional NSC 5-Leg 

Number of 

switches 
12 9 10 24 24 

Number of 

clamping diodes 
- - - 12 - 

Number of DC 

sources 

and capacitor 

banks 

Single 

source 

Single 

source 

Single 

source + two 

capacitor 

banks 

Single source 

+ two 

capacitor 

banks 

Topology I: Two 

source 

Topology II: Single 

sources 

Topology III: Two 

Sources + extra 

capacitor bank 

Access to the dc-

link midpoint 

requirement 

No No Required Required No 

Voltage 

balancing 

requirements 

No No Required Required 

Topology I: No 

Topology II: No 

Topology III: 

Required 

Voltage stress on 

each switch 
Vdc Vdc Vdc Vdc/2 Vdc/2 

Number of wires 6 6 6 6 12 

Reliability  Medium Low Low Low-Medium High 

Complexity Simple Moderate Moderate Complex Complex 

Power density Baseline Higher Higher Lower Lower 

Technology 

status for EV 

applications 

Well established and 

already manufactured 

(e.g., TM4 [11]) 

Research only 
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3.3. Control Methods 

The control techniques used to obtain the optimal performance of MPDs are the current 

control method, classical field-oriented control (FOC), and the recent model-based schemes such 

that model predictive control (MPC). All these schemes and their applications are discussed in this 

section: 

3.3.1. Harmonic currents mitigation Methods 

As discussed earlier, the currents in the xy subspace produce losses and have no contribution 

to the torque production process. These currents are produced because of the voltage harmonics 

resulting from the modulation technique or deadtime. The resulting current harmonics have a 

measurable amplitude even if the voltage harmonics are minimal due to the small equivalent 

impedance of the x-y subspace. The solutions proposed in the literature are using controllers to 

nullify these currents by applying a reference of zero-value, and the mission of the controllers is 

to track the reference. The application of PI controllers in the synchronous frame for several 

multiphase induction machines was investigated in [110]. 

The case of asymmetrical six-phase induction motors was addressed in [49] by applying dual 

PI controllers in the synchronous and anti-synchronous frames was proposed to mitigate the 

unwanted harmonics in the x-y subspace and applying resonant controllers to compensate for the 

inserted deadtime. The application of resonant controllers in the x-y subspace for the same machine 

was addressed in [111]. Applying multi -resonant control in the synchronous frames has been 

proposed in [112] to compensate for current harmonics in symmetrical multiphase machines. The 

asymmetrical six-phase PMSMs were investigated in [113] to compensate for harmonics using a 

disturbance observer based on the double dq machine model. The compensation is based on the 
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multi-resonant controllers and the VSD machine model [114]. The efficiency of many MPDs, 

including inverter losses for light load operating conditions, has been studied in [115]. The 

complexity and increased number of controllers lead to a stability issue for industrial applications 

such as EVs. 

3.3.2. Field-Oriented Control (FOC) 

FOC is one of the famous vector control schemes used in electric drives to achieve desired 

torque-speed characteristics with good transient performance. The primary key to applying FOC 

is applying the rotor angle to decompose the current components into the torque and flux 

controlling components. The rotor flux angle is estimated in the induction machine using observers 

and estimators to account for the slip between the rotor and flux speeds. For PMSM, there is no 

slip calculation, and the measured rotor angle can be applied directly to find the dq axes' current 

components and control them to the desired characteristics. The difference between applying FOC 

in three-phase drives and six-phase drives is that multiphase machines have extra subspaces 

representing losses as the x-y subspace. The control scheme should have current controllers to 

eliminate these currents. Sensorless control of five-phase machines is also discussed in [116], and 

a comparison between using PI controllers and fuzzy logic controllers is investigated in [117].  

3.3.3. Model Predictive Control (MPC) 

MPC control method was introduced in [118] to control power converters, generally 

providing a fast dynamic response. Applying such a method to control asymmetrical six-phase 

drives is discussed in [119]. The concept is that the switching pattern for each sampling period is 

determined based on optimizing a cost function that uses the model of the drive system in the 

discrete-time domain, shown in Figure 3.11.  
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Figure 3.11 Block diagram of applying MPC to six-phase drives 

All possible switching patterns are applied to the cost function to determine which one is the 

best candidate to be applied. The cost function can be used to satisfy the requirements of the drive, 

such that meeting a certain THD of the output waveform, eliminating circulating currents of the x-

y subplane, providing fault-tolerance control [120-122], control of machine torque, and even 

mixing some criteria in one cost function but with different weights according to their priority 

level.  

An exciting addition to the control method is that instead of applying one voltage vector in 

each sampling period, one can apply two of them with different weights to achieve the desired 

output in the fundamental plane and a zero-average voltage in the x-y plane well. This method is 

called the MPC, using virtual voltage vectors that have been introduced in [123]. The only 

disadvantage to applying this method compared to the former finite-control set method is the 

decreased utilization of the dc-link voltage by 7.2%. The main problems regarding applying MPC 

are the need to precisely determine the parameters of the drive and the increased time of the 

sampling period due to the large number of computations needed. A simplified MPC method is 
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developed in [124] to reduce the computational time in the microprocessor to make the method 

more feasible and practical. Table 3.5 compares FOC and MPC methods to control a six-phase 

drive.  

Table 3.5 Comparison between Different Control Methods for Six-Phase Drives 

 FOC MPC 

Use of PI or PR controllers 

Speed controllers: yes 

Current controllers: yes 

Speed controllers: yes 

Current controllers: No 

Elimination of xy subspace currents 

Yes, Using extra 

controllers for xy 

currents 

Yes, Using the VV 

method 

Transient response slow Fast 

Modulation technique CBPWM or SVPWM 

Switching signals are 

generated from the 

controller directly 

Implementation and complexity Complex Simple 

Sensitivity to systems parameters sensitive Very sensitive 

Stability study Required No 

 

FOC method has been used for decades in industrial motor drives. However, the MPC 

method is promising compared to FOC since it is simple to implement, the modulation scheme is 

already included in the control method, no need to tune the parameters of the controllers, and the 

transient response is fast compared to FOC. The MPC method trends in the control area and its 

challenges are covered in section VI. 
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3.4.  Research Trends and Challenges in the Use of MPDs in Traction 

Applications 

3.4.1. Topological Advances 

3.4.1.1.  New topologies 

The established inverter topologies for MPDs require an additional number of switches 

compared to the conventional three-phase inverters to control the inverter properly and provide the 

given features discussed in this paper. This will be more complex and expensive where the dc-link 

voltage is higher than 800V, and multilevel topologies will be very attractive to improve the torque 

and THD performance while using the low voltage power semiconductor devices. Multilevel 

topologies with reduced switch count are an exciting area of research to employ MPDs in the next 

generation of high-voltage dc-link EVs and take the benefits of high torque density and fault-

tolerant operation. 

3.4.1.2.  EVs with a highly integrated modular drivetrain  

Integrating an inverter with the machine inside the drivetrain is to minimize the connections 

from the inverter to the machine phases to overcome the disadvantage of the increased number of 

phases and thus the connecting wires. 

An asymmetrical nine-phase machine with a 20Ј phase shift between the three groups of 

three-phase windings with a highly integrated nine-phase drivetrain is shown in Figure 3.12. The 

drivetrain developed in [125] is a 60 kW with a 35 kW/L power density of the electronics part as 

a powerful solution to sizing the drive inside the vehicle. The maximum drive speed is 11500 rpm 

with a peak torque of 170 Nm. The benefits reported in [125] are the easy integration of the drive, 
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saving space in a limited environment such as EVs, and lower currents; since the drive is a nine-

phase one, the converter can be designed using lower class modules have lower prices and lower 

size. 

 

Figure 3.12 Highly integrated nine-phase drivetrain for EV applications (1) motor housing (2) 

stator (3) ferrite motor (4) bearing shield - inverter base plate (5) The inverter [125]. 

The challenges to such a topology can be in the ventilation, thermal management, and 

cooling from a mechanical point of view. From an electrical point of view, the high 

Electromagnetic Interference (EMI) and its associated problems must be studied thoroughly since 

the inverter and its driving circuits are very close to the motor in this design. 

Using the interleaving strategy in [126] could reduce the dc-link current ripples and the size 

of the dc-link capacitors. A case study presented in [126] considers a fifteen-phase integrated 

modular drive, and the reduction in the capacitor sizing is up to half of its original size. In [127], 

a general solution to the design of dc-link capacitors of integrated modular drives is introduced 

based on a multi-criteria, multi-degrees of freedom optimization problem. 
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3.4.1.3.  Integrated On-Board Battery Chargers 

An emerging research topic in EV applications is using the onboard motor and power 

electronics converters as chargers to the batteries of the vehicle to avoid the installation of 

additional converters in the off-board chargers and use just the terminals provided by the grid. The 

options are to connect a single phase for slow charging to the vehicle or the three phases for fast 

charging. The challenge is only to use the available gear to accomplish the charging process and, 

at the same time, prevent the machine from revolving. The movement can be stopped by either 

mechanical locks or special connections in the electrical power circuit. Mechanical locks are an 

issue because of the size, weight, and extra electrical losses in the machine windings. However, 

the goal is to generate a pulsating field in fast charging mode to achieve the charging without any 

movement.  

For asymmetrical six-phase drives, fast charging is implemented in two configurations. One 

of the configurations was introduced in [128], which uses a transformer with two secondary sets 

to provide a six-phase supply and a phase transposition. The drawbacks of the configuration are 

that the custom-made transformer is costly and adds to the overall size.  

A study in [129] discusses the other configuration in which the three-phase grid terminals 

are connected to the six-phase inverter as each grid phase is connected to two phases of the inverter. 

Figure 3.13 shows the connection and current flow in the different phases. It is essential to mention 

that the connections of the phase windings are altered by employing contactors to change from 

propulsion mode (two separate neutrals connection) to charging mode (special connection to the 

three-phase grid). For single-phase grid connection, the problem of rotation disappears because 

the field in the machine is pulsating because the two neutral points are connected to grid terminals, 
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as shown in Figure 3.14. The charging current is the zero-sequence component [130] and nullifies 

the other subplanes to stop revolving while minimizing the losses. 
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Figure 3.13 Fast on-board battery charger using six-phase drive [129]. 

 

Figure 3.14 Single-phase on-board battery charger using six-phase drive [130]. 

 

The control of former topologies depends on the mode of operation. The control technique 

is well established in propulsion mode, and no modification is required. The charging mode aims 

to control the currents in the machine windings to charge the battery and produce a zero-average 

torque. For fast charging, the connection of the phases to the grid terminals ensures the production 

of a pulsating field, so the system is equivalent to a three-phase rectifier connected to a grid. A 

voltage-oriented control is adopted with a minor modification of adding extra controllers in the 

anti-synchronous frame to eliminate the asymmetries in the phase currents resulting from different 



Ph.D. Thesis ï Ahmed Salem                                   McMaster ï Electrical and Computer Engineering 

54 

 

equivalent impedances of the machine. The vehicle to grid mode is the same as the charging mode 

with the opposite power flow direction. 

Although the integrated onboard battery charger idea has been developed for a six-phase 

drive, there are still some challenges that require more attention by researchers, such as lowering 

the THD of the grid currents to meet the standards, substituting the auxiliary contactors to change 

the connection of the windings, and integrating the PWM rectifier and the dc-dc converter. 

3.4.2. Control Methods 

The model-based control techniques such as MPC methods have shown better performance 

at the expense of the complexity and many computations. These issues worsen when the number 

of phases increases. The challenge facing the development of these control techniques for MPDs 

is the feasibility of implementing these controllers in the current DSP microcontrollers matching 

the speed and memory limits. Therefore, further reduction in computation while keeping the best 

performance of MPDs in EVs is a big challenge.  

These advanced control techniques need to be developed to reduce the dc-link ripple currents 

and thus reduce the dc-link capacitor values, which further improves power density.  

3.4.3. The use of Wide Band Gap Devices in MPDs 

The technology of Wide Bandgap devices is the next generation in the power electronics 

industry that will enable the manufacturing of high-power electric drives with fast siwthcing 

frequencies. Silicon Carbide (SiC) and Gallium Nitride (GaN) are the most used materials for 

WBG devices. The WBG modules are better than conventional Silicon (Si) modules in losses, 

weight breakdown voltage, switching frequency, and higher junction temperatures [131]. A case 

study is investigated in [132] to design a 1200-V, 100-A VSC with SiC-based modules. The study 
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compares SiC modules and Si modules at different operating switching frequencies in terms of the 

estimated losses. The comparison shows the prevalence of SiC modules at all frequencies and 

shows that the SiC can operate even at 50 kHz, which Si modules cannot. In [133-135], the focus 

is on the application of WBG devices in EV applications. The dv/dt issue is addressed in [136], 

and a proposed solution is included using a multistage drive circuit. 

The lower losses associated with using WBG devices increase the switching frequency to 

obtain better output waveforms, especially in low-inductance drive applications. The challenge of 

high dv/dt arises with the application of WBG devices accompanied by high switching frequency 

at high voltages. Another challenge faces by the spread of industrial manufacturing of WBG 

devices is the cost. The cost is expected to decline if the manufacturing technologies advance and 

the market demands change. 

3.5. Summary 

This chapter surveys the multiphase inverter topologies, emphasizing the ones that are used 

or good candidates in EV applications. The topologies covered are the two-level six-phase 

inverters, reduced switch-count inverters, dual supply inverters, and multilevel topologies. 

Furthermore, the most employed control schemes in multiphase drives are discussed separately. 

One of the covered control issues is the mitigation of harmonic currents in the xy subspace that 

result from the motor-converter asymmetries. The control strategies for multiphase motors such as 

FOC and MPC are also covered in dedicated subsections. The chapter extends the study to cover 

the recent research trends and challenges of employing multiphase technology in EVs. The covered 

trends are the topological advances such as multilevel topologies for high voltage dc-link drives 

(Vdc  800). The MPC method is continuously enhanced, and research attention is focused on 
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developing more robust, faster, and simpler techniques in multiphase drives. The status of the use 

of WBG devices is mentioned, and the challenges that need to be addressed to avoid the problems 

associated with them while benefiting from their better thermal performance. 
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Chapter 4  

 

 New Standalone Current-Source Inverter (CSI)-Based 

Six-Phase Powertrain 

 

4.1. Introduction  

Since both multiphase drives and CSI are suitable for medium power applications, the 

asymmetrical six-phase drives fed from a CSI focus on developing the powertrain of HDEV in this 

context. Three configurations are developed and proposed in this chapter to struct the powertrain. 

The idea behind the powertrain variations is based on the different possibilities of connecting the 

two three-phase CSIs and the dc-dc converter to be adequately sized to perform optimally. The 

proposed configurations connect the two three-phase CSIs in parallel or cascade with one dc-dc 

converter to provide a steady, controlled current. The authors also propose a different configuration 

called the standalone configuration. The standalone arrangement is based on separating the two 

three-phase CSIs so that each one of them is supplied from a different dc-dc converter. To the 
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authors' best knowledge, the different configurations (parallel, cascaded, and standalone) CSI have 

not been appropriately studied for the EV applications yet. This chapter has studied the selection 

of the most appropriate configuration that comprises both conversion stages (dc-dc converter and 

six-phase CSI). The objectives and research contributions are summarized in the following points: 

¶ A Proposal for studying three different configurations of six-phase CSI-based powertrains 

is made in dedicated subsections, including all the stages of the powertrain from the battery 

to the motor. 

¶ A detailed case study with comparison is presented and followed by a discussion about 

which configuration is the most suitable for the application of HDEV. 

4.2. Overview of Three-Phase CSI-Based Powertrains 

4.2.1. Structure 

This subsection is dedicated to studying the three-phase CSI-based powertrains, starting with 

their structure, as shown in Figure 4.1.  
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Figure 4.1 Common CSI-based three-phase powertrain structure.  
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The three-phase CSI consists of six unidirectional power semiconductors are called switches 

in this context. Every two switches are connected in series to form a converter leg. The switches 

can be reverse blocking IGBTs, IGCTs, or even IGBTs with one forward series diode to block 

reverse voltages and conduct in one direction only. A filtering stage consisting of ac capacitors is 

entailed in such topology for proper operation.  

 In CSI-based powertrains, the constant dc voltage supplied by the battery pack is converted 

to a controllable dc current via a dc-dc converter coupled with a choke inductor. Several previous 

works [4, 19] reported that the simplest topology is a bidirectional chopper converter topology. 

The converter consists of two half bridges that combine only one switch and one diode in each leg. 

The dc-dc converter connects the battery terminals to the output terminals in either positive or 

negative polarity or even disconnects the battery. The goal is to either charge, discharge, or 

freewheel the dc-link current depending on the dc-link controller's effort to regulate the current. 

The switching states and the required design of the battery voltage level should be considered to 

achieve the required dc-link current levels flowing in the dc-choke. Afterward, the power is 

delivered to the motor by dc/ac converter, the CSI with the filtering capacitors at the output. 

4.2.2. Modulation 

The modulation of three-phase CSI is covered as a step before extending it into the details 

of the six-phase topologies. 

4.2.2.1.  Three-phase CSI 

SVM modulation of three-phase CSI has been established previously, as in [137, 138]. The 

main rules that must be fulfilled while operating CSIs are listed here as: 
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¶ The output currents of the inverter must be defined regardless of the nature of the 

connection of the load. 

¶ The dc-link current cannot be interrupted due to switching actions. 

Based on these rules, only two semiconductor switches out of the total number of switches 

connected to the same dc-bus can be turned on per switching cycle. Hence, the allowable switching 

states are nine (6 active + 3 null). As shown in Figure 4.2, a three-phase CSI is implemented by 

six switches (S1 to S6). The mapping of the output currents produced by the possible nine 

combinations using the famous Park transformation from the original three-phase frame to an 

equivalent two-axis frame is shown in Figure 4.2 [137]. The calculations of the dwelling times can 

be done using [138]. 

 

4.2.2.2.  Dc-Dc converter Operation 

Based on the structure of the dc-dc converter, four switching states can be applied. The four 

states are shown in Figure 4.3, with the path of the current colored in red. The first possible state 
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Figure 4.2 Possible switching states for three-phase CSI. 
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is achieved by turning on Sa, and Sb switches simultaneously, as shown in Figure 4.3 (a). In this 

state, the chopper voltage VB that appears at the terminals of the converter equals the battery 

voltage Vdc. This mode is often called the motoring mode. The power flows from the supply to the 

inverter side in this mode. Another state can be activated by turning off both switches, forcing the 

two diodes to conduct and returning the dc-link current back to the battery, as shown in Figure 4.3 

(b), which is called the regenerative mode. The power flows from the inverter side to the battery 

to cause a charging action in this mode. Figure 4.3 (c), (d) represents a freewheeling state. The 

battery is disconnected in this mode, and the dc-link current freewheels on the side of the inverter. 

The chopper converter output voltage is described in (4.1) as a function of the switching states of 

the two switches, Sa, and Sb.  
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Figure 4.3 Possible switching states for dc-dc converter. 
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4.3. New CSI-Based Powertrain Configurations 

The three new proposed configurations are introduced in this section. The structure, 

modulation, stresses, and sizing of the semiconductors are aspects of the study of each 

configuration. The considerations regarding the dc-link inductor and simplified selection criteria 

are developed in the subsection of stresses and sizing Parallel-CSI configuration and then followed 

to deduce the stresses for the other configurations in their dedicated sections.  

4.3.1. Proposed Parallel CSI-Based Powertrain (P-CSI) (Configuration 1) 

4.3.1.1.  Structure 

The two-three phase inverters CSI1 and CSI2 are connected in parallel in this configuration, 

as shown in Figure 4.4.  
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Figure 4.4 New powertrain configuration based on six-phase parallel CSI (Configuration 1). 

 

The six legs of the inverter are all connected to the same dc-link terminals in this topology, 

which means that one dc-dc converter is needed to provide the dc current source. In this topology, 

the six phases of the motor can be connected in two arrangements: either the two isolated neutral 

points or the single isolated neutral point. However, the modulation scheme should control the 

zero-sequence currents in the single neutral point arrangement.  
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4.3.1.2.  Modulation 

Two approaches can be used to apply SVM to six-phase inverters, namely, the vector space 

decomposition (VSD) [47] method and the vector classification technique (VCT) [72].  The VCT 

method is adopted in this context for its simplicity in implementation. Following the 

abovementioned rules, just two out of the twelve switches in the six-phase inverter can be turned 

on per switching cycle. Consequently, there are only 26 = 36 available combinations for this type 

of six-phase topology. Out of the 36 possibilities, 18 states (12 active + 6 null) represent a separate 

operation of the two CSIs by turning on two switches from the same three-phase CSI wholly and 

only turning off the other CSI.  

These 18 states have an advantage over the other remaining available ones because selecting 

between these states prevents the problem of compensating for zero sequence components. The 

problem originates from the fact that while operating two phases from two different CSIs, only 

one phase is activated during the switching cycle in each three-phase group leading to possible 

zero sequence components. For this reason, these 18 states are selected, which in principle 

represent duplicating the available states in the three-phase case.  

4.3.1.3.  Stresses and sizing 

In this subsection, the stresses of the inverter semiconductors are analyzed first, followed by 

the dc-link inductor and chopper converter discussion. An assumption is implemented here that 

either the phase current or voltage ratings are halved in six-phase systems compared to three-phase 

counterparts while both systems have the same power rating.  

The stresses of the semiconductor switches of the inverter in P-CSI can be deduced from its 

operation. The switch on-state current stress is the same as the dc-link current since no current split 
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occurs in CSI at any switching state. Since only one CSI can be turned on at a time during each 

modulation cycle, the utilization of the dc-link current in the P-CSI is halved compared to the 

three-phase CSI. This point is crucial regarding the sizing of the whole powertrain components 

that employ the P-CSI. For the six-phase systems running at half the current rating of their 

equivalent three-phase counterparts, the dc-link current required in P-CSI is equal to the same as 

the one needed in the three-phase case. 

The blocked voltage stress is considered the voltage that appears between the terminals of 

the turned-off semiconductors during the states of operation. For the turned-off switches of the 

legs that have other turned-on switches, The appearing voltage is the load line-to-line voltage (Vm) 

which is the difference between the phase voltage associated with that leg and the phase voltage 

associated with the other active leg. Meanwhile, the switches in the legs that do not have any active 

switches share the line-to-line load voltage. For example, the switching state I2 is applied to CSI1 as 

shown in Figure 4.5 to show the voltage and current stresses. 
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Figure 4.5 P-CSI operating in the switching state I2 {S1+S6} for CSI1 as an example to show 

the voltage and current stresses. 

 According to Kirchhoff's Voltage Law (KVL), The Stresses on switches S2 and S5, the off 

switches in the active legs, equal the dc-bus voltage. Meanwhile, the stresses on switches S7 and 

S8, switches of an inactive leg, share the dc-link voltage as ὠ ὠ ὠ. It can be easily deduced 

also that the dc-link voltage is equal to the line-to-line voltage as ὠ ὠ . Based on the analysis, 

the highest possible blocked voltage that can appear across any switch is the maximum value of 

the line-to-line load voltage. 

The chopper converter operates to compensate for the switching nature of ὠ (is the voltage 

that appears across the input of the CSI). The blocked voltage stress for all the semiconductors of 

the chopper converter is the battery voltage. At any switching state, the two devices conducting 

are connecting the battery to the output terminals. Meanwhile, the current stress is still the dc-link 

current.  
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The inductor coil must withstand the dc-link current and the maximum expected ripple 

current regarding the dc choke. In addition, the inductance of the choke and the controllers tuning 

determine the current ripples in the dc-link current. Furthermore, the average inductor current 

should follow a dc reference with minimal current ripples at a certain steady-state operating point, 

assuming properly tuned controllers and ideal conditions. Hence, it is vital to choose a minimized 

inductance value so that the ripples are within an acceptable range and the cross-sectional area of 

the wiring of the choke coil and the overall size of the choke is also acceptable. To develop a 

simplified selection method, the voltage equation of the inductor is shown in terms of the CSI's 

input and chopper converter's output voltages as in (4.2).  

ὠ ὠ ὠ ὒ
ὨὍ

Ὠὸ
 (4.2) 

 

Since the voltage VI varies over time due to the switching actions nature of the CSI. 

Compensation is applied from the chopper converter at the other side of the dc choke voltage so 

that a zero-average voltage of ὠ can be achieved each sampling period. Hence, the excitation part, 

the left side of Eq (4.2), can be minimized, and the change in the dc-link current is minimized. 

This rule maintains the current level of the dc-link. Hence, the choke's inductance should have a 

high enough inductance to suppress the current ripples accompanying the dc-link current. The 

ripples are generated because the voltages ὠ and ὠ are not equal instantaneously. They are equal 

over a sampling period Ὕ as the controller attempts to make the average appearing voltage ὠ is 

equal to ὠ each sample. The criteria chosen in this context is a simplified approach to picking an 

appropriate value of the choke's inductance. The discretized version of (4.2) is shown in (4.3) and 

rearranged to get the expression for calculating the inductance. 
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ὠ Ὧ ὠ Ὧ ὠὯ ὒ
ЎὍ Ὧ

Ὕ
 

And after rearranging:  

ὒ
 ὠ Ὧ ὠὯ

ЎὍ ὯȢὪ
 

(4.3) 

In the next section, the case study of the proposed powertrains, some assumptions are made, 

and Eq. (4.3) is employed after modifications to estimate the inductance required for proper 

operation. An important note is that the battery voltage should be at least high enough as the highest 

possible voltage that can appear as VI. From the analysis of the P-CSI stresses earlier, the voltage 

VI is equal to the line-to-line voltage, which depends on the switching state of the P-CSI. Hence 

the battery voltage must be equal to or greater than the maximum of the line-to-line voltage of the 

motor without applying boosting capability [16]. The blocked voltage stress for all the 

semiconductors of the chopper converter is the battery voltage. At any switching state, the two 

devices conducting are connecting the battery to the output terminals. Meanwhile, the current 

stress is still the dc-link current.  

4.3.2. Proposed Cascaded-CSI Based Powertrain (C-CSI) (Configuration 2) 

4.3.2.1.  Structure 

In the C-CSI topology, the two three-phase inverters are connected in cascade as shown in 

Figure 4.6 and fed from a single dc-dc converter.  
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Figure 4.6 New powertrain configuration based on six-phase cascaded CSI (Configuration 2). 

 

The dc-current flows from CSI1 and the load group abc1,
 then to CSI2 and group abc2, then 

back to the supply. By connecting the two CSIs in this configuration, higher dc-link voltages can 

be maintained, which has proven beneficial in the case of HVDC farms. Unlike P-CSI, the six-

phase load cannot be connected in a single neutral configuration for proper operation reasons, 

explained later in the modulation section.  

 

4.3.2.2.  Modulation  

In the C-CSI topology, the two CSIs are connected in a cascade, allowing the current to flow 

from one group (CSI and load) to the other, resulting in more than two legs operating 

simultaneously. The upper CSI does not disrupt the operation of the lower CSI and vice versa if 

the dc-link current is not interrupted at the coupling point P, as shown in Figure 4.6. All the 

possible nine states of three-phase CSI can be applied to both inverters CSI1 and CSI2, enabling 

the opportunity to maximize the utilization of the dc-link current.  
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Figure 4.7 illustrates the difference in the modulation strategies between P-CSI and C-CSI 

for better understanding. A modulation method adopted from the VCT of VSI is presented and 

discussed in [13], where the two inverters are operated based on the realizing two references 

displaced by 30Ј. The SVM switching patterns are optimized to minimize the dc-link current 

ripples between the ac rectifier and motor side inverter. 

CSI2

CSI1 CSI2

Ts/2 Ts

CSI1

Ts/2 Ts

P-CSI

C-CSI

 

Figure 4.7 Time diagram to show the key difference between the modulation of P-CSI and C-

CSI. 

 

 

 

4.3.2.3.  Stresses and sizing 

The current stress is similar across all the switches in all the CSI topologies, which are equal 

to the dc-link current. However, two essential points must be highlighted here. First, the dc-link 

current required in the C-CSI topology is half the value of the one in the P-CSI case. Secondly, the 

conduction time of each semiconductor is increased compared to the P-CSI case since both CSIs 

have switches turned on all the time. Consequently, the reduced current stress and increased 

conduction instants affect the conduction loss, resulting in approximately the same power loss as 
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P-CSI. Regarding the blocked voltage on the inverter switches, like the P-CSI, the turned-off 

switches of the C-CSI must withstand the line-to-line voltage of the active phases in each CSI. For 

example, as shown in Figure 4.8, if switching state I2 is applied to CSI1 and I6 to CSI2, Vs2 becomes 

equal to VA1C1, and Vs2 equals VC2B2. 
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Figure 4.8 C-CSI operating in the switching state I2 {S1+S6} for CSI1 and I6 {S5+S4} for CSI2 

as an example to show the voltage and current stresses. 

Regarding the dc-dc converter, the switches must withstand the dc-link current, which is 

reduced to half compared to the P-CSI case. The blocked voltage is the same as the battery voltage 

VB, which is different in the case of C-CSI. Following the evaluation done in the P-CSI section, 

the battery voltage must be at least equal to the highest instantaneous value of VI. The voltage VI 

is the summation of the two voltages resulting in the input of both CSI1 and CSI2, VI1 and VI2, 

respectively. Both VI1 and VI2 are equal to the line-to-line voltage of their corresponding CSI. 
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The highest possible VI can be calculated by summing one phase from group 1 with the three 

possible voltages from group 2 individually since the other combinations will give similar results, 

just different in phase shift. For example, considering line voltage ὠ  from the first group, the 

three possible combinations are shown in Figure 4.9 with the aid of phasor diagrams. 

VA1B1

VB1C1

VC1A1

VA2B2

VB2C2

VC2A2

VA1B1+VA2B2=

1.932 VA1B1 -᷁15° 

VA1B1+VB2C2=

0.518 VA1B1 -᷁75° 

VA1B1+VC2A2=

1.414 VA1B1 4᷁5° 

 

Figure 4.9 Phasor diagram of the summations of line voltages VA1B1 and VA2B2, VB2C2, VC2A2. 

 

 The phasors are drawn assuming that the line voltage ὠ  is the reference and the other 

voltages are at the same magnitude and shifted in time by the correct phase shift in asymmetrical 

six-phase systems. Apparently, the highest combination in magnitude is the one between voltages 

ὠ  and ὠ .  

It is worth mentioning that this deduction is subject to the power factor angle and the 

switching instants. From a design perspective, the worst-case scenario must be taken into 

consideration. The occurrence of the maximum value ρȢωσςὠ  is dependent on the 

coincidence between two events. One event is that the voltage VI is at its peak value. The other is 

when the same active switching states are applied to both CSIs. Consequently, the battery voltage 
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and the semiconductor devices must be designed to be at around double the level employed in P-

CSI. The choke inductor design is also affected by this change.  

4.3.3. Proposed Standalone-CSI Based Powertrain (S-CSI) (Configuration 3) 

4.3.3.1.  Structure 

Unlike in P-CSI and C-CSI, the two three-phase CSIs are fed from one dc-dc converter, and 

they are supplied separately from a dedicated dc-dc converter as in Figure 4.10.  
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Figure 4.10 New powertrain configuration based on six-phase standalone CSI (Configuration 3). 

 

The benefits of this variation are getting a similar dc-link current utilization as the C-CSI 

while eliminating the requirement almost to double the system's battery voltage to ensure proper 

operation of the dc-dc converter. The separation of the two inverters makes the only possible 

configuration of the load connections is the two isolated neutral points as in the C-CSI. In this 

topology, the two dc-dc converters can be connected to a separate dedicated battery pack or both 

converters to one main battery pack. However, this point is not covered in this context. 

4.3.3.2.  Modulation 
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The modulation of the S-CSI is dependent on the dc-link currents to be adequately 

controlled. Assuming the two currents are held at the same level as in the C-CSI case, the exact 

strategy applied to the C-CSI topology can be used in the S-CSI. The current level needed for both 

converters would be equal to the one in the C-CSI, which is half the three-phase case. The 

controllers of the dc-dc converters work separately based on the measurements of the two dc links 

currents. The possibility to operate at different levels of dc-link currents is not covered in this 

context. 

4.3.3.3.  Stresses and sizing 

The current stress in the two CSIs is the same as in the C-CSI case, as the same dc-link 

currents are assumed to be achieved for a proper operation. The blocked voltages are again the 

same as the C-CSI since, in any active case, the maximum blocked voltage is the line-to-line 

voltage which is the difference between the phase voltage of the two active phases. As for the dc-

dc converters, the current stresses are the same as in the case of the C-CSI powertrain. However, 

the blocked voltages are different since, in this case, the two CSIs are separated. The separation 

results in lower values of the voltages VI1 and VI2 compared to the C-CSI case. Each input voltage 

to the two CSIs, VI1 and VI2, is equal to the line voltage correspondent to the applied active 

switching states. Unlike the C-CSI configuration, these two voltages are not summed up. The two 

dc-dc converters compensate them for maintaining the currents Idc1 and Idc2 with minimum ripple 

currents. Consequently, the required level of the battery voltage is the same as in the three-phase 

and P-CSI cases.  

This configuration has mixed merits from the P-CSI and C-CSI simultaneously. Still, the 

increased number of components might come across as a concern regarding the power density of 

the powertrain. However, a critical remark that must be highlighted while comparing all the 
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configurations is the sizing aspect. Since the stresses on the semiconductors are the lowest overall 

compared to P-CSI and C-CSI configurations, the need to connect switches in parallel or series to 

withstand specific stresses is eliminated. Instead, the same number of semiconductors can be used 

and controlled separately. This approach is better from a control and operation perspective because 

turning on and off switches in series or parallel has many problems. These problems arise from 

the difference in the characteristics due to the manufacturing processes and the gate drivers. These 

differences result in non-concurrent timings of turning on/off actions and the load sharing 

difference between the connected devices resulting in a challenging thermal management design 

to account for these problems. 

4.4. Case Study 

This study compares the proposed configurations with the three-phase one, considered the 

benchmark. An eight-pole PMSM rated at 150 kW peak power is used as the traction motor. The 

motor is rated at 250 V line voltage (ὠ ), 175 A phase currents (Ὅ) to develop 240 N.m torque at 

1200 RPM base speed. The assumptions made to size all the components in the powertrain are 

enlisted as follows: 

¶ The sizing in all the configurations should accommodate the power levels required by both 

supply and load sides so that every stage can work properly. 

¶ Every component is selected to withstand 150% to 200% (or the following rating of 

commercially available modules) of the voltage and current stresses. 

¶ Maximum dc-link ripple currents are at 10% of the average dc current Ὅȟ .  
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¶ The switching frequency for the chopper Ὢȟ   and CSIs Ὢȟ  in all configurations 

are fixed to 50 kHz and 10 kHz, respectively. 

¶ The maximum inductor voltage is selected based on the maximum value of the inverter 

input voltage ὠȟ  that can occur while applying VB = 0.  

¶ The filtering capacitors are the same in all the configurations since the selection is based 

on fixed features such as motor characteristics and the switching frequency of inverters. 

The sizing methodology starts by assessing the motor needs and accommodating them from 

the CSI side. Then, the dc-link requirements and finally the dc-dc converter side. The dc-link 

current and the battery voltage must be appropriately selected to deliver power to the motor at the 

rated values. Starting with the dc-link current, the utilization limits that have been discussed earlier 

are employed in this section. For P-CSI, the dc-link current must be at least double the value of 

the maximum rated motor current (ςЍςὍ υππ !). However, for C-CSI and S-CSI, the required 

dc-link value must be at least ЍςὍ ςυπ !.  

The battery voltage is discussed in the previous section, and the required voltages are at least 

ςЍςὠ χπχ 6 for the C-CSI case while Ѝςὠ συσ 6 are sufficient for the P-CSI and S-

CSI. Hence, the selected voltages are 800 for the C-CSI and 400 for both the P-CSI and S-CSI. 

Based on assumptions (1) and (2), the sizing for the IGBTs for the CSI in every configuration is 

shown in Table 4.1. 

 

 

Table 4.1 Comparison between three-phase CSI, P-CSI, C-CSI and S-CSI  
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 Three-phase CSI P-CSI C-CSI S-CSI 

Battery Voltage 400 V 400 V 800 V 400 V 

Chopper 
Components 

(4 IGBTs + 4 

diodes) 

 

Each 2 

IGBTs/diodes are 

connected in 

parallel 

 

(4 IGBTs + 4 diodes) 

 

Each 2 IGBTs/diodes 

are connected in 

parallel 

 

(4 IGBTs + 4 diodes) 

 

Each 2 IGBTs/diodes 

are connected in 

series 

 

(4 IGBTs + 4 Diodes) 

 

Each 2 IGBTs/diodes 

form a separate 

chopper 

 

Ratings 600 V, 400 A 600 V, 400 A 600 V, 400 A 600 V, 400 A 

DC-link 

Choke 

Current  500 A 500 A 250 A 250 A 

Inductance 140 µH 140 µH 532 µH 2  280 µH 

Insulation 1 kV 1 kV 2 kV 1 kV 

Inverter  
Components 

12 RB-IGBTs  

 

Each 2 IGBTs/diodes 

are connected in 

parallel 

 

24 RB-IGBTs  

 

Each 2 IGBTs/diodes 

are connected in 

parallel 

 

12 RB-IGBTs  

 

12 RB-IGBTs  

 

Ratings 600 V ï 400 A 600 V ï 400 A 600 V ï 400 A 600 V ï 400 A 

AC filter  Total Cap. 30 µF 60 µF 60 µF 60 µF 

 

 All the cases use the same ratings for fair comparison based on the required number of 

switches. As mentioned in Table 4.1, the lowest overall stresses on the inverter switches are 

associated with the S-CSI configuration. The ratings selected can completely withstand the stresses 

of the S-CSI, and in all the other cases, the stresses are higher than the selected ratings. 

Consequently, an increased number of switches is required in all the other configurations. The 

stresses in the other configurations, such as the three-phase case, are twice the rating of the selected 

current rating of the switches, so every two switches are connected in parallel. The exact sizing is 

applied to the P-CSI case since the same current stress is unavoidable.  

The voltage ratings of all the switches are based on the maximum line-to-line voltage of the 

motor. The filtering capacitors are appropriately selected to avoid placing the resonance effect with 

the motor inductances at the fundamental harmonic. The leakage inductance per phase for the 
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model is at 10 µH. The capacitance is selected to place the resonance effect at the 12th harmonic 

resulting in a 10 µF per phase based on (4.4) [139].  

ὅ
ρ

ς“Ὢ ὒ
 (4.4) 

 Regarding the dc-link inductor sizing, the selection requirements are the minimum 

inductance to meet the assumptions, withstanding the maximum instantaneous and average dc-link 

current and insulation level higher than the voltage stress across the inductor. Building on Eq (4.3), 

the selection of the dc-link inductor is executed based on (4.5) accounts for assumptions (4.3), 

(4.4), and (4.5). 

ὒ
ρπ ὠȟ
 Ὅȟ Ὢ

 (4.5) 

The inductance values are stated in Table 4.1, and the lowest values are achieved in the P-

CSI and three-phase cases. However, a higher ampacity rating is required for both cases since the 

dc-link currents must be 500 A. The maximum instantaneous current is around 550 A in the worst-

case scenario since 10% ripple currents are assumed to be achieved. As for the C-CSI, higher 

possible instantaneous dc-link inverter voltage results in a higher inductance value to maintain the 

same ripple current constraint. The S-CSI has a lower inductance value per dc-link; however, two 

inductors are required.  

The dc-dc converter switches are sized based on the stresses determined by the voltage 

battery and dc-link current. Both the three-phase CSI and P-CSI cases have the exact sizing. Four 

switches and four diodes are used to implement one dc-dc converter by paralleling every two 

semiconductors to withstand the current stress. Meanwhile, the dc-dc converter in the C-CSI case 
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is comprised of the same number of switches and diodes, but every two are connected in series to 

withstand the voltage stress. The S-CSI has two dc-dc converters. Each one is implemented by two 

switches and two diodes with ratings stated in Table 4.1.   

4.5. Experimental Results 

4.5.1. Experimental Setup 

A scaled-down prototype is used for the experimental test as illustrated in Figure 4.11 to 

verify the feasibility of the proposed modulation scheme.  
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Figure 4.11 The experimental setup to test the proposed scheme. 

The dc-dc converter is implemented using the IGB modules PM50RL1A120 from 

Mitsubishi rated at Vces = 1200V and Ic = 50A. Two switches and two diodes are utilized to 

implement the dc-dc converter from each module. A six-phase C-CSI is implemented by six half-

bridges SKM50GB12V IGBT modules connected to SKHI 22 A/B H4 gate drivers from Semikron. 
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The reverse blocking is achieved by connecting each half-bridge to a DSEI2x31-06C diode module 

one diode to clamp each IGBT to the positive and negative rails. A LAUNCHXL-F28379D digital 

signal processor generates the firing signals. A six-phase IPMSM is used as the load in the 

experiment. The parameters of the motor are enlisted in Table 4.2. The motor in the experiments 

is operated at 350 rpm, which is the same load torque of 31.6 N.m. The dc-link current is set to 8A 

for the P-CSI case and 4A for C-CSI and S-CSI. The dc voltage is set to 200V for the P-CSI and 

S-CSI cases and 400V for the C-CSI case. The loading is achieved by coupling the motor 

mechanically to a belt starter generator (BSG) from D&V Electronics (model: HT-250). The BSG 

also regulates the dc-supply by providing a battery emulator. The motor is controlled using FOC, 

and the operational mechanical point is kept the same to validate and compare the proposed 

configurations. The D&V Pro software sets the dc-supply voltage and the loading torque. 

Table 4.2 PARAMETERS OF THE MOTOR LOAD UNDER THE SIMULATION STUDY 

Symbol Parameter Value 

ὖ Rated power 3 kW 

Ὕ Rated torque 70 N.m. 

‫  Rated speed 405 rpm 

ὖ Pair of poles 17 

Ὑ Stator resistance 1.3 ɱ 

ὒ D-axis inductance 13.576 mH 

ὒ Q-axis inductance 13.926 mH 

ὒ  ὼώ inductance 4.076 mH 

‪  PM flux 0.156 Wb 

Ὢ Switching frequency 10 kHz 

ὅ Filtering capacitor 10 ‘& 
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4.5.2. Experimental results 

The motor runs at 350 rpm for the three configurations, meeting a load torque requirement 

at 31.6 N.m. by adjusting the dc voltage and dc-link current values. In the P-CSI topology, the dc-

link current is set to 8A since the dc-link utilization is limited to half the full range. The results 

acquired for the P-CSI configuration are shown in Figure 4.12. The speed and torque of the motor 

are shown in Figure 4.12(a). The dc-link current Idc and the inverter output iA1 are illustrated in 

Figure 4.12(b), which shows that the dc-link current is regulated at 8A, and the ripples are 

minimized. The motor phase currents (ia1, ib1, ia2, ib2) and phase voltages (va1, vb1, va2, vb2) are 

presented in Figure 4.12(c) and (d). The currents and voltages are nearly sinusoidal and are at the 

correct phase shifting in asymmetrical six-phase loads. The speed is settled around the reference 

point 350 rpm. The buck voltage Vb and the inverter dc-link voltage VI, i.e., the voltages before 

and after the dc-link inductor, are presented in Figure 4.12(e). The buck converter attempts to 

counter the voltage across the inductor so that the dc-link current remains constant. The results 

emphasize that this operational point could only be achieved by setting the dc-link current and 

battery voltage to the values mentioned earlier.  

Regarding the C-CSI, the battery voltage is changed to 400V, and the dc-link current is set 

to 4A. The speed and torque, in this case, are shown in Figure 4.13(a). They are similar to the P-

CSI case for a fair comparison. The dc-link current and inverter phase current for phase A1 are 

shown in Figure 4.13(b), and the difference in the C-CSI case is that the current is fixed at 4A, 

which can be fully utilized for the motor currents. The motor phase currents and voltages are shown 

in Figure 4.13(c) and (d), and they are at the same level as the ones from the P-CSI but at half the 

value required for the dc-link. The second difference is the level of the inverter voltage that appears 

in this configuration which is higher as analyzed in earlier sections. The voltages before and after 
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the inductor are shown in Figure 4.13(e), which confirms that a higher battery voltage is necessary 

to compensate for the inverter dc-link voltage, which can be at almost double the line-to-line 

voltage.  

Regarding the S-CSI, the setting is modified to be 200V for the battery and 4A to the dc-link 

voltage. As shown in Figure 4.14(a), the mechanical conditions are satisfied as in the previous 

cases. Figure 4.14(b) and (c) show both groups' dc-link currents and inverter currents. At the same 

time, Figure 4.14(d) and (e) show the motor phase currents and voltages. The figures show that 

the results are similar to the other configurations. However, the results of the two dc-dc converters 

are different in this case, as shown in Figure 4.14(f) and (g). The dc-link currents are regulated 

efficiently by the two dc-dc converters. 
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(a) Motor speed and torque. (b) Dc-link and inverter output currents in Amperes. 

 

 
 

(c) Motor phase currents. (d) Motor phase voltages. 

 

(e) Buck and dc-link inverter voltages in Volts. 

Figure 4.12 Experimental results of the C-CSI configuration at motor speed = 350 rpm at load 

torque = 31.6N.m. 
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(a) Motor speed and torque. 
(b) Dc-link and inverter output currents in 

Amperes. 

  

(c) Motor phase currents. (d) Motor phase voltages. 

 

(e) Buck and dc-link inverter voltages in Volts. 

Figure 4.13 Experimental results of the P-CSI configuration at motor speed = 350 rpm at load 

torque = 31.6N.m. 
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(a) Motor speed and torque. 
(b) Dc-link and inverter output currents in 

Amperes for group abc1. 

  

(c) Dc-link and inverter output currents in 

Amperes for group abc2. 
(d) Motor phase currents. 

  

(e) Motor phase voltages. 
(f) Buck and dc-link inverter voltages in 

Volts for group abc1. 
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(g) Buck and dc-link inverter voltages in Volts for group abc2. 

Figure 4.14 Experimental results of the S-CSI configuration at motor speed = 350 rpm at load 

torque = 31.6N.m. 

4.6. Summary 

This chapter presents a proposal to build a powertrain for HDEV based on combining six-

phase PMSMs and CSI. Three possible configurations are investigated based on the connection 

between the two three-phase groups, leading to the P-CSI, C-CSI, and S-SCI. The comparison 

between the three configurations shows that the C-CSI is more suitable for applications with high 

supply voltages, such as HVDC windfarms. The P-CSI is not a favorable configuration since it 

requires an increased number of switches to withstand the current stresses.  

The S-CSI is the most suitable configuration among the three proposals since it compromises 

the stress requirements and the number of components while maintaining the desired voltage and 

current levels in multiphase systems. The experimental results agree with the case study 

comparison since adjusted dc voltage or dc-link current are applied in the cases of C-CSI and P-

CSI, respectively, to achieve the exact operation of S-CSI.
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Chapter 5  

 

A New Space Vector Modulation technique for Six-

Phase Standalone-CSI (S-CSI) with Extended Linear 

Modulation Range   

 

5.1. Introduction  

The development of space vector modulation (SVM) techniques to utilize the features of 

such systems is one of the attractive research topics in multiphase inverters. Using VSD modeling, 

the SVM method can control the harmonics in different subspaces [68, 69, 140]. Ordinarily, the 

reduction of the harmonics is the main target of most techniques to increase the system's efficiency 

and maintain thermal limits [70].  

Moreover, in two-level VSI multiphase inverters, the modulation range can be extended 

linearly using the additional degrees of freedom [141, 142]. The penalty of such a feature is the 
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increased harmonic content in the output voltage waveform, which implicates increased losses and 

lower efficiency. This topic is exciting since the trade-off can achieve beneficial gains outweighing 

the drawbacks by optimizing the harmonic content required to achieve the extension. This 

approach has been investigated for five-phase systems [143] and six-phase ones [144-146]. In 

these methods, an objective function is defined based on the harmonic content in the extra 

subspaces, and the optimization process aims to achieve the desired modulation index in the 

fundamental subplane with the minimum possible harmonic content in the other subplanes.  

The SVM based on the VSD method has been discussed for five-phase CSI [17, 22]. In both 

works, an extension method of the dc-link current utilization is achieved by using the same ratio 

between the large and medium vectors in [22] or by injecting a third harmonic component in the 

additional subspace as in [17]. C-CSI modulation has been discussed in [13] based on the double-

dq method which is manipulated in the previous chapter. However, to the best of the authors' 

knowledge, a realization of SVM based on VSD for S-CSI and extension of dc-link utilization has 

not been investigated. The contributions of this chapter are enlisted as the following. 

The proposed method adopts the two large and two medium vectors modulation scheme to 

control the modulation index linearly from zero to the maximum. Minimized harmonic content is 

achieved using zero-average Ampere-second balance per switching sampling period by utilizing 

the analogy between VSI and CSI systems. 

An extension of the modulation index range by around 8% is targeted with minimum injected 

harmonics in the ὼώ using a new proposed approach based on stored, operating points in a look-

up table (LUT) for fast and easy implementation of the scheme.  
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The work presented in this chapter is distinguished from the VSD-based for VSIs in devising 

the modulation in the extension region. In the proposed method, a backward approach is 

developed. The desired output after harmonic injection is shaped, and the ability of S-CSI is 

checked to produce such reference. Then, the operating points are stored in a LUT to recall while 

needed to achieve a desired modulation index in the extension range. On the contrary, in the 

previous methods for VSI, the possible inverter states are studied in the extension region, and the 

schemes are based on optimizing all the possible solutions based on the geometry of the selected 

vectors. The proposed method can also be generalized easily to other multiphase CSIs based on 

each case's available degrees of freedom. Another advantage of the proposed method is that the 

dwell time calculation remains the same over the whole modulation range, unlike the previous 

extension works for VSIs. The proposal mimics the harmonic injection methods used for torque 

density improvement, such as in [33, 34], only using SVM rather than tuning several proportional-

resonant controllers as in VSI-based systems.  

5.2. Modeling of a Six-Phase S-CSI 

5.2.1. Operation of a Six-Phase S-CSI 

The structure of a six-phase cascaded CSI is shown in Figure 5.1. The S-CSI comprises two 

three-phase CSIs connected in series. The dc-link current Ὅ  passes from one inverter to the other 

one, as shown in Figure 5.1. This structure allows the modulation of the two inverters separately, 

which means full utilization of the dc-link current. 
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Figure 5.1 The standalone six-phase CSI (S-CSI) topology for 2N configuration. 

 

Two conditions of operation must be followed to operate CSIs properly. The first condition 

is that the Ὅ  must be continuous without any interruption. The second condition is to produce a 

predefined output current waveform. This condition allows only two out of the six switches to be 

turned on simultaneously in each three-phase inverter. It should be noted that the only valid neutral 

point configuration that can be applied here is the 2N configuration. There are nine possible 

switching states for each three-phase CSI [137, 147], and thus in total, there are 81 possible 

switching states for the six-phase S-CSI. The output currents produced by the possible switching 

state can be calculated using (5.1): 
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where Sj, j= {1, 2, é12} is the state of the inverter switch and Ὥ  to Ὥ  are the phase 

currents.  

5.2.2. Vector Space Decomposition (VSD) 

The VSD method decomposes machine variables (voltage, current, and flux) into three two-

dimensional subspaces. The three subspaces are orthogonal to each other; hence decoupled 

variables are mapped to each subspace. The first subspace is called the ‌‍ subspace. As in the 

Clarke transformation, the ‌‍ subspace represents all the harmonics of the order ὰ ρςὬ ρ, 

Ὤ ρȟςȟσȟȣ  which impact the electromechanical conversion process (i.e., torque producing 

harmonics). The second subspace is called  ὼώ subspace, and harmonics of the order ὰ φὬ ρ, 

Ὤ ρȟσȟυȟȣ  are mapped to it and considered as loss components.  The final subspace is the 

representation of the triplen harmonics or the zero-sequence harmonics ὰ σὬ, Ὤ ρȟσȟυȟȣ  

and is referred to as the ππ  subspace. The ὼώ and the ππ  subspaces do not contribute to the 

torque production process, and they are losses harmonics.  

A transformation matrix is deduced mathematically in [47] to transfer six-phase currents into 

the three subspaces. This transformation is based on the phase shift angle between the two-three 

phase group sets and the angles between the phases in each group and is given in (5.2):  
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  (5.2) 

The new variables are decoupled and can be controlled to achieve the desired performance, 

such as desired power transfer and power factor control for grid-tied applications or the torque-

speed references for motor drives applications.  

5.2.3. Mapping of the Current Components 

The VSD method can help to map the output current vectors into the three-decoupled 

subspaces using all the possible switching states. Since the load is connected in the 2N 

configuration, the current components in the ππ  subspace are all nullified. The current 

components are shown in Figure 5.2. These output currents components are the result of applying 

all possible switching states and can be determined by using Eq. (5.1) and (5.2). Each vector is 

referred to as Ὅ as ὴᶰρȟςȟȢȢȟψρ. 

The mapped components are classified in this context based on their magnitude in the ‌‍ 

subspace, shown in 

Table 5.1. The group Ὅ has the largest ‌‍ components and the smallest ὼώ components. The 

classified components as Ὅ  have equal magnitudes in both ‌‍ and the ὼώ subspaces. It is worth 

noting that the two groups Ὅ and Ὅ  have components that are out of phase in the ὼώ subspace, 
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which can be exploited in the modulation scheme. The vectors from the other groups have lower 

magnitudes compared to the others.  
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(a) ‌‍ subspace. (b) ὼώ subspace 

Figure 5.2 Projection of possible output states of the S-CSI structure using the VSD method. 

 

Table 5.1 CATEGORIES OF CURRENT VECTORS  

BASED ON THE STATES OF S-CSI 

Group Quantity Color 

Ὅ Ѝσ ρὍ Ѝςϳ   

Ὅ  ЍςὍ  
 

Ὅ  Ὅ   

Ὅ Ѝσ ρὍ Ѝςϳ   
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5.3. The Proposed Modulation Technique 

In this section, the proposed approach introduces two regions for the modulation index.  The 

first region (Region I) covers from zero to the highest modulation index. In this region, the VSD-

based SVM technique is employed to diminish the unwanted ὼώ harmonics and obtain sinusoidal 

output currents. The second region (Region II) is the extension region, in which the proposed 

method is applied to achieve the highest possible modulation index (1.08) while minimizing 

harmonic components.  

5.3.1. Proposed VSD-based SVM technique for S-CSI 

The ‌‍ subspace can be divided into twelve sectors. The numbering of the sectors is shown 

from I to XII in Figure 5.2(a). When a reference vector is located in each sector, the reference 

vector can be synthesized by selecting four active vectors and one null vector. In the proposed 

approach, a five-segment switching sequence cycle is also considered. The method is based on the 

analogy between VSI and CSI. Hence, two vectors are chosen from the large group (IL), and the 

other two vectors are chosen from the (IM1) group as in [146]. The large and medium vectors are 

selected such that each large vector is in the same direction as the medium vector in the ‌‍ 

subspace. Meanwhile, they are out of phase in the ὼώ subspace. One example in Sector I is shown 

in Figure 5.3. 
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Figure 5.3 The selected vectors for sector I. 

The calculation of the dwell times is given in (5.3) in the same manner as six-phase VSI 

[33]. The calculation method is based on synthesizing the selected vectors and the reference into 

their respective ‌ȟ‍ȟὼȟώ components: 
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Ὕ (5.3) 

where Ὕ is the switching period. ὸ to ὸ are the dwell times of the selected active vectors 

per sector Ὅ to Ὅ, respectively. In Eq. (5.3), the current components Ὅ , ‎ɴ ‌ȟ‍ȟὼȟώ refers to 

the axis of synthetization of the component, and Ὣᶰρȟςȟσȟτ refers to the order of the selected 

vector to represent a sector of modulation. Meanwhile Ὥ refers to the decoupled reference current 

components. Since the aim of this chapter is to apply VSD modeling to extend the maximum 
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modulation index in S-CSI, only vectors from the Ὅ and Ὅ   groups are considered in the 

following discussions. 

5.3.2. Regions of Operation 

Two regions of operation for the proposed scheme are defined and studied. This 

categorization is based on the designated level of harmonics allowed in the output currents of the 

S-CSI. The following subsections define the set limits of the output harmonics for each region, 

and it is explained how to modulate the scheme accordingly: 

4.3.2.1.  Region I (min. harmonics region) 

Undoubtedly, the lower the harmonic content in the output current can lead to higher 

efficiency and better system thermal performance. However, the harmonics could contribute to the 

output power or torque production [7, 42]. In Region I, the goal is to linearly change the modulation 

range from zero to maximum with the low content of the ὼώ subplane harmonics. This can be done 

by setting the references Ὥ, Ὥ to zero in the dwell times calculations in Eq. (5.3). The modulation 

index (m) is defined as the ratio between the amplitude of the fundamental component of the 

reference inverter currents Ὥȟ  and the dc-link current Ὅ . Hence, the six-phase reference 

currents vector, Ὥ  can be realized using Eq. (5.4): 

Ὥ
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 (5.4) 

Based on the fundamentals of pulse width modulation, as the modulation index increases, 

the null time decreases. Hence, the maximum modulation index in Region I ά
Ȣ  

 can be 
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determined by determining the equation to calculate the null time ὸ . Since the dwell times of 

the inverter are periodically repeated in every sector, studying one sector of modulation is enough 

to calculate ὸ. For instance, the following procedure obtains the null time equation in sector I. To 

determine the ὸ first, all the components on the right-hand side in (5.3) must be defined. The 

components Ὅ of the selected active vectors (ὍȟὍȟὍȟὍ ) in sector I should be substituted in 

(5.3). Then, by using the VSD transformation given in (5.2), the reference currents can be mapped 

into the decoupled reference current components Ὥ shown in (5.5): 

ừ
Ử
Ừ

Ử
ứὭ Ѝσ άὍ ÃÏÓ—

Ὥ Ѝσ άὍ ÓÉÎ—

Ὥ Ὥ π

Ὥ Ὥ π

 (5.5) 

The ππ  References are physically realized because of the neutral connection applied in 

the S-CSI. Consequently, there is no need to include the last branch of Eq. (5.5) in the following 

calculations. The reference output currents Ὥ given in (5.5) should be substituted in (5.3) to 

determine the null time equation in sector I, and it is described in (5.6). 

ὸȟ   Ὕρ  άÃÏÓ—  (5.6) 

To achieve ά
Ȣ  

, two variables in Eq. (5.6) must be determined; the values of — and 

ὸȟ  . The angle that represents the minimum null time value is — πЈ which makes the cosine 

term in Eq. (5.6) becomes maximum. By substituting for —, Eq. (5.6) becomes as (5.7).  

ὸȟ   Ὕ ρ  ά
Ȣ  

 (5.7) 
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The null time ὸȟ   at ά
Ȣ  

 reaches zero, which is the minimum realizable null time. 

By equating (5.7) to zero, the ά
Ȣ  

 deduced is equal to one. That means the ability of the six-

phase S-CSI to realize the maximum fundamental output currents (Ὥȟ ) with zero-average ὼώ 

harmonic currents. Figure 5.4 shows the null time over two sectors at the maximum modulation 

index inside Region I. It is worth mentioning that applying a zero-average Ampere balance does 

not guarantee the total elimination of the harmonic currents in the ὼώ subplane. However, a 

minimized harmonic content can be achieved by using such a technique [47]. 

0
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45

30°
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Figure 5.4 Null time at the maximum modulation index. 

4.3.2.2.  Region II (extension region) 

In Region II, the target of the proposed SVM is to take advantage of the S-CSI system and 

achieve the full dc-link utilization linearly. The proposal is to calculate and inject appropriate 

harmonic content in the ὼώ to produce a higher fundamental component than Region I. The dwell 

time calculations in (5.3) can be used without changes. Unlike the triplen harmonics, the ὼώ 

harmonics can flow without any hardware reconfiguration [43].  

The harmonics mapped to the ὼώ subspace are of the order ὰ φὬ ρ, Ὤ ρȟσȟυȟȣ  as 

mentioned in the VSD section. The general formula of the output current waveform after injecting 

the ὼώ harmonics is shown in (5.8): 
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Ὥ Ὅ άὧέί— В Ὧ ὧέίφὬ ρ— •ȟȟȟȢȢȢ

Ὧ ὧέίφὬ ρ— •     

(5.8) 

Where Ὧ is the per-unit (p.u.) value of the injected harmonics and • is the phase-shifting 

angles of the waveforms. 

To obtain the form of the ὼώ current components in the reference, every reference phase 

current in the reference vector Ὥ  stated in (5.4) should be modified to include the injected 

currents as in (5.8). Then, by applying VSD transformation and simplifying the formulas, the 

current references injected in the ὼώ subspace are shown in (5.9): 

Ὥ

Ὥ
ЍσὍ Ὧ

ὧέίφὬ ρ— •

ίὭὲφὬ ρ— •
ȟȟȟȢȢȢ

Ὧ
ὧέίφὬ ρ— •

ίὭὲφὬ ρ— •
 

(5.9) 

The next step is to determine the optimum values of the coefficients Ὧ . An optimization 

process is developed here to find these coefficients. The optimization aims to find the minimum 

harmonic content to be injected to extend the modulation range into Region II. The objective 

function έὦὮ is defined in (5.10), and it consists of the summation of the squared values of the 

coefficients.  The optimization problem is to find the minimum of έὦὮ for each modulation index 

in Region II. The constraint is also illustrated in (5.11), representing the feasibility of applying the 

dwell times. These times calculated by (5.3) must be greater than or equal to zero at the values of 

k selected by the optimization process. The optimization problem can be solved using MATLAB 

software by deploying the fmincon() function with the MultiStart option. 
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Figure 5.5 The flowchart of the optimization process to select the amplitudes and angles of the 

injected ὼώ harmonics. 

Since the formula in (5.9) is infinite, an algorithm is applied to determine a finite number of 

essential harmonics to get an applicable solution. The algorithm starts with Ὤ ρ and attempts to 
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solve the optimization with the modulation indexes beyond the limit of Region I. The optimization 

algorithm increases the values of ά until no feasible solution can be found. This approach 

determines the maximum modulation index in Region II ά
Ȣ  

 while applying a certain Ὤ. 

The algorithm stops at Ὤ σ and achieves ά
Ȣ  

ρȢπχχσ. The Ὤ σ means that the essential 

harmonics to be injected are the 5th, 7th, 17th, and 19th to ensure a feasible modulation. It is worth 

mentioning that considering cases with Ὤ σ would increase the accuracy of implementation and 

reduce the harmonic content. However, a trade-off is made to stop at Ὤ σ because of increased 

problems with higher harmonics regarding the implementation. The selection of the filtering 

capacitors and switching frequency are other motives to stop at Ὤ σ. The optimum values of all 

coefficients are shown in Figure 5.6 when the modulation index changes from ρ to ρȢπχχσ in 

Region II.  

 

Figure 5.6 The results of the optimization process with unlimited injection. 

 

As shown in Figure 5.6, the amplitudes of the optimal injected harmonics are not linearly 

increasing with the modulation index in Region II. The SVM method can be easily implemented 
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in Region II by storing the coefficients of the harmonics in the digital controller memory and 

recalling them when needed.  Based on the deduced maximum modulation indexes in each region, 

the limits of the two regions can be illustrated geometrically in Figure 5.7. The two arcs in Figure 

5.7 mark the end of the two regions. Region I realizes the references of magnitude up to ЍσὍ . 

Region II ends at the outer circle with a perimeter equal to ρȢπχχσЍσὍ . 

(55)

(61)

(37)

Ŭ

ɓ

Region II

(7)Region I

1.732 Idc

1.866 Idc

 

Figure 5.7 Linear modulation regions. 

 

All the coefficients are calculated over the modulation range in Region II to check that the 

optimization problem results are feasible. Sector II is chosen to execute the check for feasibility 

since the dwell times are periodical, and one sector is enough for the check. The calculated dwell 

times are shown in Figure 5.8. Since all the times are positive, it can be concluded that the S-CSI 

can realize the selected harmonics for injection. 
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(a) Dwell times t1, t2 per Ts (b) Dwell times t3, t4 per Ts 

 

 

(c) Dwell times t0 per Ts 

Figure 5.8 Dwell times as ratios of the sampling time over section II based on the optimized 

coefficients for the injected harmonics. 

5.3.3. Effect of Filtering Capacitors 

A critical CSI output phenomenon is the resonance between the filtering capacitors and the 

load inductance. In this section, the per-phase equivalent circuit is studied to determine the relation 

between the output current of the inverter  Ὅ  and the load current Ὅ  after the filtering stage, 
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the main reason is to get a deeper understanding of the system to avoid the resonance effect. 

Another reason is to avoid amplifying or shifting the injected harmonics in the proposed extension 

method. The equivalent circuit of the filter capacitor and the load is shown in Figure 5.9. The 

transfer function between the inverter output and the load in the ί-domain is described in (5.12) 

for the case of Ὑ ὒ loads. For steady state analysis, one can substitute ί Ὦto get the ‫ 

magnitude and angle of the transfer function Ὃ to analyze the filtering stage:  

'ί
Ὅ

Ὅ

ρ

ρ ὙὅȢί ὒὅȢί
 (5.12) 

I inv I load

C

R L

CSI

Ic
 

Figure 5.9 Per-phase equivalent circuit of the load and filtering stages. 

 

For discussion and clarification, a system running at the parameters specified in Table 5.2 is 

illustrated as an example. Given that the system under study is a medium-power load, selecting 

the switching frequency of the CSI around the 5-10kHz range is suitable for such applications 

[148]. Using (5.13), three values of the filtering capacitor ὅ are chosen such that the resonance 

frequency Ὢ  would be at the (25th, 30th, 35th) harmonics.  

ὅ
ρ

ς“Ὢ ὒ
 (5.13) 
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Table 5.2 parameters of the resistive-inductive load for filter selection study 

Symbol Parameter Value 

ὖ Rated power 250 kW 

ὠ Rated voltage 210 V 

Ὢ Output frequency 60 Hz 

Ὢ Switching frequency 5 kHz 

ὖὊ Load power factor 0.9 lag 

ὅ Filtering capacitor 30.7 ‘& 

 

The magnitude of ' vs. a frequency range up to 50 kHz is presented in Figure 5.10 using 

bode plot. Meanwhile, the transfer function G angle is shown in Figure 5.11. It can be noticed from 

Figure 5.10 that the resonant frequency is at the selected harmonics, and the frequency span can 

be divided into three sections. The first one stretches from the beginning of the range of frequencies 

up to the resonance phenomenon. The second section is the resonance bandwidth, which is 

estimated at around the 70.7% of the maximum value of ȿ'ȿ. The third section is the filtering 

section, where the high frequencies get attenuated, such as the band around the switching 

frequency. From Figure 5.11, it can be deduced that the angles of the injected harmonics are barely 

changed, which makes the proposed SVM with harmonic injection method more powerful to be 

used for S-CSI topology. 

Selecting the filtering capacitor must ensure the following point based on the previous 

discussion. The Ὢ  must be placed between the significant harmonics and the switching 

frequency harmonics. In addition, the high the value of Ὢ , leads to selecting small filtering 

capacitors, as seen in (5.13). This approach can reduce the size of capacitors and thus improve the 

system's overall lifetime. A simple solution to compensate for the filter effect on the magnitude 
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and angle of the current is to employ an observer, which is introduced in [149] for motor drives 

applications.  

5th

7th

fs17th

19th

No effect Attenuation

Resonance

 

Figure 5.10 Bode plot of the magnitude of the transfer function G. 

5th

7th
fs

17th

19th

No effect No effect

Resonance

 

Figure 5.11 The angle of the transfer function G. 

 

5.4. Simulation Studies 

A simulation study is carried out in this section by developing a simulation model of an 

asymmetrical six-phase fed by a S-CSI and then demonstrating the results. 

5.4.1. Simulation Model 

The simulation model is based on the equations of six-phase IPMSM in the synchronous 

frame as described in (5.14) [150].  
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ὺ
ὺ  

Ὑ ὒὴ ‫ὒ

‫ὒ Ὑ ὒὴ

Ὥ
Ὥ

π
‫‪

 

(5.14) 

ὺ
ὺ  

Ὑ ὒὼώὴ π

π Ὑ ὒὼώὴ

Ὥ
Ὥ  

where ὴ is a differential operator, ‫  is the electrical angular speed. Ὥ, ὺ, Ὥ, and ὺ are the dq 

current and voltage components, respectively. Ὥ, Ὥ, ὺ and ὺ are currents and voltages in ὼώ-

subplane, respectively. 

The developed torque Ὕ of the machine is described in (5.15). 

Ὕ Ѝσὖ‪Ὥ ὭὭὒ ὒ  (5.15) 

The mechanical equation that governs the rotation of the machine is: 

Ὕ Ὕ ὐ‫ ὄ‫  (5.16) 

where Ὕ is the load torque,  ὐ is the inertia and ὄ is the friction coefficient and ‫  is the 

mechanical speed of the motor. 

The control scheme is shown in Figure 5.12, including the implementation of the proposed 

scheme. The control scheme is built on the indirect field-oriented control (FOC) method d-axis 

current set to zero as the operation is in the below base speed region and filter capacitor 

compensation based on the equations in [151]. The index calculator in the block diagram is 

described in (5.17), and it is used to determine the operating point inside Region II of the inverter.  
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ὭὲὨὩὼρ
Ὥ Ὥ

ρȢπχχσЍσ Ὅ
 

(5.17) 

The output filtering capacitors are chosen to avoid resonance with the Ὠ-axis, ή-axis, and ὼώ 

inductances of the motor at one of the injected harmonics. In addition, the switching frequency is 

selected to be in the attenuation region of the filter effect. The parameters of an interior permanent 

magnet synchronous motor (IPMSM) are described in Table 5.3. The results of running the model 

to operate at base speed and 244 N.m. loading torque, then a step loading is executed to push the 

S-CSI into operating in Region II. The simulation results are shown in Figure 5.13, the motor speed 

and torque are demonstrated in Figure 5.13(a), which shows that the desired speed is achieved, 

and the motor counters the load torque developed torque.  The results show that the transition is 

seamless between the two operation points, from Region I to Region II, of the inverter modulation. 

The motor phase currents are illustrated in Figure 5.13(b). The current peaks are below the dc-link 

current before the step loading; they saturate at the dc-link level after loading. The motor phase 

voltages are illustrated in Figure 5.13(c), and the effect of the harmonics takes place after loading 

as the S-CSI enters Region II of operation. 
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Figure 5.12 Control block diagram of the motor drive simulation to test the proposed scheme.  

 

Table 5.3 parameters of the motor load under the simulation study 

Symbol Parameter Value 

ὖȟ  Rated power 150 kW 

Ὅ  dc-link current 250 A 

Ὕ  Rated torque 244 N.m. 

‫  Base speed 12̷  ̷rpm 

ὖ Pair of poles 4 

ὒ D-axis inductance 0.25 mH 

ὒ Q-axis inductance 0.27 mH 

   PM flux 0.0557 Wb 

Ὢ Switching frequency 10 kHz 

ὅ Filtering capacitor 150 ‘& 
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(a) Motor speed and developed torque. 

 

(b) Motor phase currents 

 

(c) Motor phase voltages 

Figure 5.13 The results of the IPMSM simulation model under the proposed scheme and 

controlled by FOC. The motor runs at reference speed Nr = 1200 rpm and 244 N.m. loading 

torque. A step load of 22 N.m. is applied to run the S-CSI in Region II of the modulation. 
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5.5. Experimental Results 

5.5.1. Experimental Setup 

A scaled-down prototype is used for the experimental test, as illustrated in Figure 5.14 to 

verify the feasibility of the proposed modulation scheme. A six-phase S-CSI is implemented by 

six half-bridges SKM50GB12V IGBT modules connected to SKHI 22 A/B H4 gate drivers from 

Semikron. The reverse blocking is achieved by connecting each half-bridge to a DSEI2x31-06C 

diode module one diode to clamp each IGBT to the positive and negative rails. A LAUNCHXL -

F28379D digital signal processor generates the firing signals. A six-phase IPMSM is used as the 

load in the experiment. The parameters of the motor are enlisted in Table 5.4. The motor in the 

experiments is operated at 350 rpm at different load torques to change the modulation index of the 

S-CSI. The loading is achieved by coupling the motor mechanically to a belt starter generator 

(BSG) from D&V Electronics (model: HT-250). The BSG also regulates the dc-supply by 

providing a battery emulator. The dc-link current is fixed at 4A, and the S-CSI controller 

determines the control of the output. Two cases are captured and compared in this context to 

validate the proposed scheme.  
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Figure 5.14 The experimental setup to test the proposed scheme. 

 

Table 5.4 Parameters of the motor load under the simulation study 

Symbol Parameter Value 

ὖ Rated power 3 kW 

Ὕ Rated torque 70 N.m. 

‫  Rated speed 405 rpm 

ὖ Pair of poles 17 

Ὑ Stator resistance 1.3 ɱ 

ὒ D-axis inductance 13.576 mH 

ὒ Q-axis inductance 13.926 mH 

ὒ  ὼώ inductance 4.076 mH 

‪  PM flux 0.156 Wb 

Ὢ Switching frequency 10 kHz 

ὅ Filtering capacitor 10 ‘& 
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5.5.2. Experimental Results 

The tests performed in this section include running the inverter at ά  ρ and ά  ρȢπχσ. 

The experimental results of running the setup at ά  ρ are shown in Figure 5.15. This test shows 

the performance of the proposed scheme in Region I of the modulation. The waveforms shown are 

the load currents in Figure 5.15(a), where phase currents ὥȟὦȟὥ, and ὦ) appear on the 4-

channel scope measured using hall-effect current sensors. The currents are sinusoidal, and the 

harmonic spectrum of Ὥ  is shown in Figure 5.15(b) using the Fast Fourier Transform function in 

MATLAB. As expected, the spectrum shows low harmonic content as the operation is in Region 

I of the modulation. The load phase voltage is demonstrated in Figure 5.15(c) and its spectrum in 

Figure 5.15(d), which contains low harmonic content.   

 The results of the S-CSI running in Region II are illustrated in Figure 5.16. The waveforms of 

the output currents have a nearly flat-top shape because of the harmonic injection, as in Figure 

5.16 (a). The cost of extending the modulation index appears in the harmonic spectrum of the load 

currents and voltages, as in Figure 5.16 (b). The 5th and 7th harmonics are higher than the injected 

values since the capacitor selected resonates with the load inductance in the ὼώ subspace at the 8th 

harmonic w, amplifying the 5th and 7th harmonics by a small factor as shown previously in Figure 

5.16(c). However, the higher-order harmonics, such as the 17th and 19th harmonics, are diminished 

because of that capacitor selection. The load voltage is shown in Figure 5.16(d), and it can be 

noticed that the voltage harmonics are not significant to the fundamental voltage harmonic as in 

Figure 5.16(e).  
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(a) Machine speed and torque. 

 

(b) Load phase currents (ὥȟὦȟὥ, and ὦ) 

 

(c) Harmonic spectrum of the phase ὥ current. 
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(d) Load phase voltages (ὥȟὦȟὥ, and ὦ) 

 

(e) Harmonic spectrum of the phase ὥ  voltage. 

Figure 5.15 Experimental results of running the setup at ά  ρ at ‫ συπ ὶὴάȟὝ
σρȢφ ὔȢάȢ 
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(a) Machine speed and torque. 

 

(b) Load phase currents (ὥȟὦȟὥ, and ὦ). 
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(c) Harmonic spectrum of the phase ὥ current. 

 

(d) Load phase voltages (ὥȟὦȟὥ, and ὦ). 

 

(e) Harmonic spectrum of the phase ὥ voltage. 

Figure 5.16 Experimental results of running the setup at ά  ρȢπχχσ at ‫ συπ ὶὴάȟὝ

στȢφ ὔȢάȢ 

MATLAB analyzes the harmonics of the currents and voltages to process the recorded data 

points of the waveforms. The formula for calculating the THD of the measured currents is defined 

in (5.18).  




















































































