ABSTRACT

DAS, PARTHA PRATIM. Investigations on Multilevel Six-Phase Motor Drives With
Nonsinusoidal Back EMF for Fault-Tolerant Transportation Applications . (Under the
direction of Dr. Subhashish Bhattacharya).

Global climate change concern and its resulting emphasis on reducing greenhouse
gas emissions are increasing focus on the electrification of the transport sector. However,
reliability remains a main concern in replacing gasoline engines with electric motor drives.
Multiphase motor drives can be a solution to the reliability issue for their capability to
operate seamlessly in the event of one or multiple-phase failures. Multiphase machines
generally refer to machines with more than three phases. Six-phase machines are the
most common multiphase machines for their simple constructions. In this work, a low
inductance six-phase Permanent Magnet Synchronous Machine (PMSM) is considered for
fault-tolerant transportation applications. To drive a low inductance six-phase PMSM, a
high-switching frequency inverter is needed. Gallium Nitride (GaN) devices are considered
for high-switching frequency inverters for their better material properties than Silicon
(Si) and Silicon Carbide (SiC) devices. However, GaN devices are currently limited by
their voltage ratings. A Three-Level (3L)-Active Neutral Point Clamped (ANPC) inverter
topology is considered to enable high DC bus voltage operation, lower effective dv/dt,
and higher efficiency at high switching frequency compared to Two-Level (2L) inverters.

Two types of winding configurations are possible for six-phase PMSMs. They are
Asymmetrical Six-Phase (ASP) and Symmetrical Six-Phase (SSP) PMSM. A compre-
hensive comparison is made in this work between 3L-ANPC inverter-based three-phase,
ASP, and SSP PMSM drives to highlight their benefits. 3L-ANPC-based ASP and SSP-
PMSM drives have 34% and 56% lower DC bus capacitor requirements than three-phase
PMSM drives, respectively. In addition, the SSP-PMSM drives have 11.1% higher torque
generation capability than ASP drives in the case of a one-phase open circuit fault. The
three-phase PMSM can not generate any torque without additional circuits in the case
of a one-phase open circuit fault. In this work, an SSP-PMSM drive is considered for
lower DC bus capacitor requirements for drives and higher fault-tolerant capability. Dif-
ferent modeling methods of SSP-PMSM are presented in this work. Techniques are also
proposed to determine different motor parameters. The proposed techniques are used to
determine different parameters of the considered SSP-PMSM of this work.

In order to operate a 3L-ANPC inverter-based six-phase drive, a suitable Pulse Width



Modulation (PWM) technique is needed. A six-phase 3L-ANPC inverter has 3% = 729
possible voltage vectors. Implementation of 729 voltage vectors in any platform is chal-
lenging. In addition, the implementation changes for ASP and SSP types loads. Moreover,
a common neutral point for all six phases leads to circulating currents. Capacitor voltage
balancing is also needed for 3L inverters. Capacitor voltage balancing and addressing
the circulating current problem further increases the implementation complexity. In this
work, a generalized SVPWM technique is proposed for the six-phase 3L inverters that
is implementable using two three-phase 3L Space Vector PWM (SVPWM) blocks. The
SVPWM technique also ensures DC bus capacitor voltage balancing and minimizes cir-
culating current.

The presence of low-order harmonics is common in the back EMF of PMSMs with
low slot and high pole numbers. In this work, a 24-slot 8-pole SSP-PMSM is considered
that has all odd order harmonics in the back EMF. The back EMF harmonics generate
low-order harmonic currents that increase torque ripples for SSP-PMSM. Furthermore,
Zero-Sequence Current (ZSC) is also observed if all six phases are connected to a common
neutral point. ZSC does not affect the torque ripple but reduces the system efficiency.
A special technique is required to reduce ZSC for variable speed drives as direct AC
component to Synchronous Reference Frame (SRF) DC transformation is not possible
for ZSC. In this work, a voltage injection-based current harmonics reduction method is
proposed. The injected harmonic voltage coefficients are calculated from the harmonic
estimations of back EMF and updated using closed-loop harmonic compensators to im-
prove steady-state performance. For ZSC reduction, third harmonics power controller,
and for 6n 1 (n=1,2,...) order harmonic current reduction, SRF current controllers are
proposed in this work.

This work also investigates the postfault operation of 3L-ANPC inverter-based SSP-
PMSM drives. The implementation of the postfault operation commonly has two parts.
They are (a) fault detection and localization and (b) software and hardware reconfig-
uration for postfault operation. An online open phase and open switch fault diagnosis
technique is proposed in this work. The Open Circuit Faults (OCFs) are commonly de-
tected by observing the postfault characteristics of the drive. Due to the high number of
phases and active switches per phase of 3L-ANPC inverter-fed six-phase PMSM drives,
OCF detection is complicated as postfault characteristics change depending on the loca-
tion and type of faults. In this work, OCFs are divided into three categories depending
on the location of the fault. The different fault groups are detected and localized using

three types of average current values. The use of different fault groups and three types



of average current values enable phase and switch OCF detection and localization of
3L-ANPC inverter-based SSP-PMSM drives.

After fault detection and localization, postfault operations are implemented to in-
crease the reliability and reduce downtime of SSP-PMSM drives. Maximum Torque (MT),
Minimum Loss (ML), and Single Three-Phase (STP) operations are commonly used for
the postfault operations of six-phase drives. The maximum possible torque and speed in
these operations are generally limited by voltage, current ratings, and the neutral point
configuration of the motor. In this work, an operational technique is presented that uses
software and hardware modifications to increase healthy and postfault torque-speed op-
erational limits of 3L-ANPC inverter-driven SSP-PMSM. The torque and speed limits in
different operational techniques are determined based on the voltage, current constraints,
and neutral point configuration of the SSP-PMSM. In this work, a unified operational
technique is proposed by combining healthy, MT, ML, and STP operations to increase
the operational limits. In addition, a postfault operational technique is also presented
that enables full torque operation below 0.5p.u. speed.

All the proposed techniques have been validated in a GaN device-based 3L-ANPC
inverter-driven low-inductance SSP-PMSM. All the control algorithms are implemented
in the TT DSP TMS320F28379D. The experimental results are found to be in good

agreement with the mathematical models.
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Chapter 1

Introduction

1.1 Introduction

Greenhouse gas emissions and their e ect on global warming are among the environ-
mentalist's most signi cant concerns in this century [1]. One of the biggest sources of
greenhouse gas emissions is the transport sector. In 2022, the greenhouse gas emissions
in the USA by di erent sectors are shown in Fig.1.1 [2]. In the USA, the transportation
sector is responsible for nearly 28% of greenhouse gas emissions, which is the highest
among all sectors [2]. The transportation sector is responsible for nearly 15.5% of green-
house gas emissions worldwide [3].

Light-duty vehicles are one of the most used transportation methods in the USA.
Consequently, light-duty vehicles are responsible for the highest greenhouse gas emissions
among all kinds of transportation in the USA. The greenhouse gas emissions by di erent
modes of transportation in 2022 are shown in Fig.1.2 [2]. In 2022, light-duty vehicles
were responsible for nearly 58% of greenhouse gas emissions among all the modes of
transportation.

Figure 1.1. Sector-wise greenhouse gas emission of the USA in 2022.



Figure 1.2: Greenhouse gas emission by di erent modes of transportation in 2022 in the
USA.

Figure 1.3: EV sales and forecast of EV sales from 2016 to 2028 in the USA.

Electri cation of the transport sector is one way to reduce greenhouse gas emissions.
Consequently, a lot of current research focuses on the electri cation of the transport
sector. The last decade has seen an increase in Electrical Vehicle (EV) (light-duty vehicle)
sales. In the last eight years, EV sales have increased by nearly ten times [4]. The EV
sales are forecasted to increase more than twice by 2028 in the USA [4]. EV sales and
forecast of EV sales from 2016 to 2028 in the USA are shown in Fig.1.3. Similarly, the
focus is also increasing on designing and commercializing Electric Vertical Take-O and
Landing (eVTOL) or air taxis and More Electric Aircraft (MEAS) to reduce greenhouse
gas emissions further [5, 6].

The main focus of this work is on the control of drives for electric vehicle applications.
However, the same can be considered for eVTOLs and MEAs. In the next section, the
main components of EVs are discussed.

1.2 Components of an EV

The basic electrical components of an EV are shown in Fig. 1.4. Electric motors are used
in EVs to drive the vehicle. An inverter or a converter generally controls the motor. The



Figure 1.4. Basic components of an EV.

Figure 1.5: Di erent kinds of components of EV.

power to the inverter is supplied from a battery bank. The battery bank is charged from
a grid using a charger. Possible di erent kinds of components of an EV are shown in
Fig.1.5. The red color parts are used in this work. Variations of each of these components
are possible. All the components are discussed in this section.

1.2.1 Charger

Chargers are used to charge the EV battery from the grid. One of the most critical re-
quirements for a charger is isolation from the main grid. Depending upon the placement
location of the charger, they are divided into two categories: on-board and o -board
charger. An on-board charger remains in the vehicle. Generally, they have inbuilt isola-
tion in the converter. On-board chargers are usually of low power. Generally, on-board
chargers are single-phase. However, both three-phase and single-phase on-board chargers
are available in the literature [7]. On the other hand, o -board chargers are generally
three-phase and used for fast charging. Frequently, a line frequency transformer is used
to provide isolation in the o -board chargers [7].



1.2.2 Battery

An essential part of an EV is its battery. The battery gets power from the charger and
stores it. While running, batteries supply power to the traction drive [8]. Three of the
most used batteries are mentioned in Fig.1.5. Other kinds of batteries are also available
in the literature. Lithium-ion batteries are the commonly used batteries in low-duty EVs.

The focus of this work is on drives. So, batteries and chargers are not further discussed
in this work.

1.2.3 Motor

A motor converts electrical energy to mechanical energy. Mechanical energy is used for
driving an EV. A few of the essential properties of motors for EVs are as follows [9].

~ High instant power and high power density.

" High torque at starting.

" Wide speed range with constant torque and constant power range.
~ High e ciency with wide speed range.

" High reliability.

Di erent kinds of motors are available in the literature. A list of a few of the electric
motors is shown in Fig.1.6. Their uses in di erent EVs are also given in Fig.1.6 [9, 10].
Discussions about di erent kinds of motors are provided in the following section.

DC Motor

One of the oldest developed motors is the DC motor. Two kinds of DC motors are
coomonly used in the literature.

1. DC motors with brush.

2. Brushless DC motor (BLDC).

DC motors with brushes are generally not preferred in an EV for their bulky construction,
low e ciency, and high maintenance [9]. However, BLDCs are commonly used in electric
scooters [11]. BLDCs are also used in very light-duty EVs. However, for high-power
drives, AC motors are preferred over DC motors for their better e ciency and higher
power density [9].

Three main kinds of AC motors are available in the literature. They are as follows.



Figure 1.6: Dierent kind of electric motors and their use in EVs.

Induction Motor

Induction motors are a very widely used and matured technology in drive systems. They
are mainly popular for their ruggedness, high reliability, and low cost. However, their
bulky size, poor power factor, and low e ciency are the reasons behind their minimal
use in EV drive systems [9].

Switch Reluctance Motor

The switch reluctance motor is another kind of AC motor that has gained popularity for
its rugged construction, high reliability, and low cost. However, switch reluctance motors
have high acoustic noise, high torque ripple, and low power factors. These disadvantages
outweigh their advantages. Hence, switch reluctance motors are rarely used in EV drives

[9].
Synchronous Motor
One of the most popular motors for EVs is the synchronous motor. Two kinds of syn-
chronous motors are available in the literature. They are as follows.
1. DC excited synchronous motor.

2. Permanent Magnet Synchronous Motor (PMSM).

Among synchronous motors, DC-excited synchronous motors are primarily used for very
high-power applications. Their high maintenance and bulky nature are drawbacks of
DC-excited synchronous machines for EV applications.



Figure 1.7: Dierent kinds of PMSMs.

PMSMs are commonly preferred in EVs due to their high power density and e ciency
[9]. Di erent kinds of commonly used PMSMs are shown in Fig.1.7. The main drawback
of the PMSMs is their high cost due to the use of rare earth permanent magnets. However,
PMSMs can have high e ciency, high power density, and smooth torque. PMSMs also
need low maintenance. The advantages of PMSMs outweigh the disadvantages of high
cost. The Interior PMSMs (IPMSM) and inset PMSMs can have high power density.
However, designing IPMSMs and inset PMSMs is challenging, especially for high-power
density drives. In this work, a Surface PMSM (SPMSM) motor with a quasi-regular
polygon rotor is considered for high power density and simple design. The details of the
motor are provided in Chapter-3.

1.2.4 Inverter

A variable frequency variable voltage source is required to control an AC machine in
EVs. From the battery, a variable frequency variable voltage source is generated using an
inverter. Di erent kinds of inverters are available in the literature and shown in Fig.1.8.
The red color types are considered in this work. In this work, a single-stage voltage source
inverter is considered for its higher e ciency and power density. The number of levels,
devices, and phases are discussed in the following section.

The focus of the work is on the operation of the inverter for e cient and reliable
control of EV drives.



Figure 1.8: Di erent kinds of inverters.

1.3 Current Trends of EV Drives

Recent research focuses on increasing the power density of EV drives. The Department
of Energy (DOE) USA set its 2025 target to increase the electric traction drive system's
power density to 33kW/L compared to 4kW/L in 2020 [12]. From the EV model discussed
in [13,14], decreasing the car's size and weight signi cantly reduces the torque and power
requirement. Consequently, increasing power density (kW/kg & kW/L) can increase the
range and decrease the cos®/fnile) of EVs. The reduction in power requirement can
also reduce the size of the battery. High power density can also help package the drive
inside the vehicle, leveraging its low volume and weight. Hence, improving the power
density becomes a primary target for EV drives. The recent trend of electric motors
and inverters has also changed to improve power density. The recent trend in the use of
electrical motors and inverters is discussed in the following sections.

1.3.1 Electrical Machine Trends

Electrical motors are one of the main components of EV drives [15]. Hence, many research
studies are focused on increasing the e ciency and power density of motors for EV
drives [16,17]. The high power density and high-e ciency motors provide reduced volume



and weight, which has great potential to reduce the cost of the overall system [18].
Permanent magnet machines are the most suitable candidates for increasing the power
density of a motor [15]. The design trends of PMSMs over the years have focused on
increasing the number of poles while maximizing speed to increase the power density of
these machines. The high pole number e ectively reduces the end turn length and the
number of magnetic materials that help in increasing e ciency and reducing the cost of
the motors [15]. Low-inductance motor drives are becoming popular for increasing power
density and e ciency [17]. A typical example of a low-inductance motor is a slotless
motor, which is preferred for aerospace and EV applications [15,17,19]. SPMSMs are
also popular high-power-density applications. SPMSMs generally have low inductance
due to their e ective high air gap [17, 20].

The maximum speed at which a given motor can provide su cient power depends
on the bus voltage and the back electromotive force constant. In general, reducing the
leakage inductance of a machine increases its constant-power speed range relative to
its base speed as the drop across the inductor decreases. This is a desirable feature for
high-speed traction motors [17]. A low-inductance SPMSM is considered in this work.
Controlling low-inductance machines requires a high switching frequency inverter or ex-
ternal inductors [17]. External inductors reduce the power density (KW/L & kW/kg).

So, high switching frequency drives are considered in this work to drive low-inductance
motors. The device trends of the high switching frequency drives are discussed in the
next section.

Figure 1.9: Material properties of Si, SiC, and GaN devices.



Figure 1.10: FOM of Si, SiC and GaN devices.

1.3.2 Semiconductor Device Trends

Silicon (Si) or Wide Band Gap devices (WBG) devices are normally used in EV drives.
One Si device has a bandgap of 1.11eV. Currently, Si devices are being replaced by WBG
devices. WBG devices have a higher bandgap than Si devices. Two main kinds of WBG
devices are used in the literature. They are Silicon Carbide (SiC) and Gallium Nitride
(GaN) devices. The di erences in the material properties of Si, SIC, and GaN devices
are shown in Fig.1.9 [21,22]. The WBG devices have better material properties than Si
devices, as shown in Fig.1.9.

The Figure Of Merit (FOM) is another parameter commonly used to compare devices.
FOM is de ned by (1.1) [23] [17]. The device performance improves with decrements of
FOMs. FOMs of commercially available Si-super junction, SiC, and GaN devices are
shown in Fig. 1.10 [24{28]. The FOM of Si-super junction devices is 8-10 times higher
than SiC devices. The FOM of SiC devices is 6-9 times higher than GaN devices.

WBG devices are considered in this work for high switching frequency drives for their
better material properties and lower FOM. As shown in Fig.1.10, GaN devices have bet-
ter FOMs than SiC devices. Hence, Gan devices are considered for EV drive applications.
However, the advancement of SiC devices can allow high-switching frequency operation
of SIiC devices. The fast SiC devices can also be used for this application. Currently,
available GaN devices are limited by their voltage and current rating. Currently, commer-



Figure 1.11: Popular topologies for motor drives. (a) Two-level inverter topology. (b)
Three-level active neutral point clamped topology.

cially available highest voltage-rated GaN High-Electron-Mobility Transistors(HEMTS)
are 650V [24]. Currently, the 270V-800V battery voltage is being used for EV applica-
tions [29,30]. Hence, multilevel topology is needed to operate a DC bus above 400V using
GaN devices. Current trends in inverter topology are discussed in the next subsection.

A detailed list of GaN devices is provided in Appendix F. More detailed comparison
of SIC and GaN devices can be found in [31].

1.3.3 Inverter Topology Trends

Currently, Two-Level (2L) inverter topology is commonly used in EV drives [29, 30].
The circuit diagram of the 2L inverter topology is shown in Fig.1.11(a). In 2L invert-
ers, each device needs to block the DC bus voltage. Hence, the device voltage rating
should be higher than the DC bus voltage. Currently, the commercially available highest
voltage-rated GaN High-Electron-Mobility Transistors(HEMTS) are of 650V [24]. Hence,
alternate topology is required to use GaN devices for EV drives where the battery voltage
is higher than 400V.

Moreover, in the 2L inverter, the pole voltage Yom, p=r,y,b) switches betweenVy.=2
and Vy.=2. The use of a WBG device in a 2L inverter generates high dv/dt at the
motor terminal. The dv/dt can be higher than 2V =s [32]. The high dv/dt can result
in insulation damage due to partial discharge and high EMI and can also increase eddy
current and skin e ect losses [15,32,33]. In addition, the high dv/dt can excite a capacitive
coupling path, which results in a high bearing current [17]. The high-bearing current can
damage the bearing of the motor [34].
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To avoid the aforementioned problems, the Three-Level (3L) inverter typologies are
becoming popular for EV and aerospace applications [33,35{37]. In [38], a detailed com-
parison is done between 2L and 3L inverters for traction drive applications. In [39], it
is shown that a 3L inverter can have 50% better THD than 2L inverters. In [37], it is
shown that at a high-switching frequency range, the GaN-based 3L ANPC inverter has
better e ciency than the SiC-based 2L inverter. The GaN-based 3L inverter has 1.64%
higher e ciency for urban drive cycle and 0.92% higher e ciency for highway drive cycle.

In [31], it is shown that the 3L-ANPC inverter can limit limit the transient peak below
NEMA standered. Hence, in this work, a 3L-ANPC inverter is considered.

The circuit diagram of a 3L Active Neutral Point Clamped (ANPC) inverter is shown
in Fig.1.11(b). In 3L inverter topology, each switch blocks/y.=2 voltage. Hence, GaN
HEMTs can be used for DC bus voltage above 400V. It is also shown in [37] that the
GaN-based 3L inverter has better e ciency compared to the 2L SiC-based inverter for
high switching frequency applications. In ANPC topology, The pole voltage switches
between 0,Vy4=2 and 0, Vy.=2. Hence, the switching stress becomes half at the motor
terminal, resulting in a low partial discharge e ect, low EMI e ect, and low bearing
current. For these reasons, 3L topology is being preferred for EV and MEA applications
[33,35{37]. [33,35,36] shows that 3L inverters can also enable higher power density, high
e ciency, and lower cost. The 3L-ANPC topology can also enable the limp-home mode of
operation. In case of any device failure, the drive can be operated at a lower speed/power
level in the limp-home mode of operation. The limp home mode of operation is crucial for
EV, eVTOL, and MEA applications to reduce downtime and avoid catastrophic failures.

In this work, a GaN-based 3L-ANPC topology is considered for driving a SPMSM.

1.4 Challenges of EV Drives

One of the main concerns of electric vehicles is their reliability. A survey was published
in 2023 based on the consumer report of 330,000 vehicles [40]. The failure rate compared
to gasoline cars is shown in Fig.1.12. In the rst three years, battery EVs and plug-in
hybrid EVs face 79% and 146% more problems than gasoline cars.

The most common failures in variable speed drives are observed in power electronics,
which can be as high as 38% to 60% [41,42]. An industry-based survey in 2011 on the
reliability of power electronics converters reported that 31% of failures are related to
semiconductor devices, and 15% of failures are related to gate drivers [43].

The common faults increase downtime and reduce the safety and reliability of EV
drives. Multiphase machines can be a solution to the reliability problem of EV drives.
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Figure 1.12: Average di erence of problem rates over the last three model years com-
pared to gasoline cars.

The multiphase machine generally refers to machines with more than three phases. Mul-

tiphase machines have the capability to operate seamlessly in lower power/torque in the

event of one or multiple phase failures [44]. The per-phase power electronics requirement
of the multiphase machine is also lower, which reduces the paralleling requirement of

semiconductor devices. A brief discussion about the multiphase machines is provided in
the next section.

1.5 Multiphase Machines for Fault-Tolerant EV Drives

Multiphase machines can be a solution to the reliability issue of electric drives. The
inherent capability to operate seamlessly in a lower power/torque level in the event
of one or multiple phase failures is the reason for the popularity of multiphase drives.
Currently, researchers are focusing on the design, control, and operation of multiphase
drives for EV, MEA, and aircraft applications [44{46]. DANA TM4 has developed six-
phase drive heavy-duty electric vehicle applications [47]. Tron-e uses a six-phase PMSM
drive for their electric bus [46, 48]. GE also developed an advanced multiphase motor
drive for ship propulsion [49]. The multiphase motor drives also reduce the per-phase
power electronics requirement. Details about it are discussed in the next chapter.

The division of PMSMs based on the number of phases is shown in Fig.1.13. PMSM
can be mainly divided into three categories by the number of their phases [50] [51].

1. Three-phase

2. Multiphase

12



Figure 1.13: Types of PMSM based on number of phases.

1.5.1 Three-Phase PMSM

Three-phase PMSMs are the conventional PMSMs. In 3-phase PMSM, three-phase wind-
ings are spatially shifted by 2=3 rad. The winding diagram of a three-phase motor is
shown in Fig.1.14(a). In case of one-phase failure, the three-phase PMSMs generally come
to a standstill. Multiphase PMSMs are used to avoid this problem.

1.5.2 Multiphase PMSM

Any machine that has more than three phases is known as a multiphase machine. Mul-
tiphase machines can be divided into two categories. They are as follows.

1. Prime number of phase (5,7,...)
2. 3n (n=2,3,.))

" asymmetrical 3n phase PMSM

" Symmetrical 3n phase PMSM

Prime Number-Phase PMSM

Any PMSM that has a prime number of phases (5,7,11,..) is under this category. 5 and 7-
phase machines are popular examples of the prime number of phase machines. Each phase
is spatially shifted by 2=n rad, where n (n=5,7,...) is the number of phases. All the phases
are generally connected to a common neutral point. An example winding diagram of a
ve-phase machine is shown in Fig.1.14(b) [52]. The advantages of this kind of machine
are the absence of low-order torque ripple and high fault-tolerant capability [53] [54].
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Figure 1.14: Winding diagram of di erent kinds of motors.

However, this kind of machine su ers from its complicated structure and less exibility
due to one neutral point. The DC bus utilization of these machines is also lower [55].
Moreover, this kind of machine needs new development costs. 3n machines avoid the
above-mentioned problems.

3n Phase PMSM

Any PMSM that has 3n (n=2,3,..) number of phases is in this category. As the machine
has 3n number of phases, they can be considered as nX3 phase machines. The drive can
also be considered as n three-phase drive to reduce new development costs [56]. Two
types of 3n-phase machines are available in the literature. They are (a)asymmetrical and
(b) symmetrical 3n-phase machines. In asymmetrical 3n-phase machines, n, three phases
are spatially shifted by 5~ rad. Whereas in a symmetrical 3n phase machine, n three-
phase are spatially shifted byg—n rad [57]. Example winding diagrams of asymmetrical
and symmetrical six-phase machines are shown in Fig.1.14(c) and (d) [56].

Increasing the number of phases increases the fault-tolerant capability. However, in-
creasing the number of phases also increases the control and design complexity. The
six-phase machine is one of the most commonly used multiphase machines [44,45,56]. In
this work, a six-phase PMSM is considered for EV drives. Both symmetrical and asym-
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metrical six-phase machines are possible. A detailed comparison of asymmetrical and
symmetrical six-phase drives and their comparison with three-phase drives is provided in
the next chapter.

1.6 Scope of This Thesis

As discussed in Section 1.4, reliability is a challenge for electric transport systems. A
six-phase machine is used in this work to increase reliability against common failures.
A detailed comparison is made between asymmetrical and symmetrical six-phase drives
in Chapter-2. From the comparison, a Symmetrical Six-Phase (SSP) PMSM drive is
considered in this work for transportation applications. In continuation with the recent
motor trends, a low inductance motor is considered for high power density. For driving the
low inductance SSP-PMSM, a high switching frequency, GaN-based 3L-ANPC inverter
is considered. This thesis focuses on the control and operation of a 3L-ANPC-driven six-
phase drive in healthy and postfault conditions. The following are the aims and focuses
of this thesis for achieving reliable, healthy, and postfault operations.

~

The aim of this work is to select a suitable six-phase motor for transportation ap-
plications. A comparative study of asymmetrical and symmetrical six-phase drives
is conducted to select a suitable motor. The six-phase drives are also compared
with three-phase drives. From the comparison, a six-phase machine is selected for
transportation applications.

A mathematical model is needed for controlling the six-phase motor. The aim is
to do a suitable modeling of the selected six-phase PMSM. To use the model, the
corresponding parameters are needed. The other aim of the work is to determine
the parameters of a motor for use in the machine model.

For controlling the motor using a 3L-ANPC inverter, a suitable PWM technique
is needed. The aim of this work is to develop the PWM technique for operating
3L-ANPC-driven six-phase PMSM.

A suitable control technique is needed for operating the motor. The aim of this work
is to design a suitable control technique for e cient control of the 3L-ANPC-driven
six-phase PMSM.

To increase the reliability and implementation of suitable postfault control, a fault
detection and localization technique is needed. The aim of this work is to propose
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a fault detection localization technique for 3L-ANPC-driven six-phase PMSM.

The reliability can be increased, and the downtime can be reduced by incorporat-
ing postfault control of a drive. The aim of this work is to develop a method for
determining postfault operating points. An operation technique is also needed to
incorporate the postfault operating points.

The nal aim of this work is to develop an operation technique for the healthy
and postfault operation of the 3L-ANPC-driven six-phase PMSM. The operating
technique should enhance the speed torque region in both healthy and postfault
operations.

1.7 Thesis Organization
The thesis is organized as follows.
Chapter-1: Introduction

Chapter-1 describes the current EV market and the important components of EVs.
Chapter-1 also describes the current trends in motor, inverter, and semiconductor device
trends. The main challenge of EV drives is reliability. To increase reliability, a 3L-ANPC-
driven six-phase PMSM drive is considered for transportation applications. The scope
and organization of the thesis is also de ned.

Chapter-2: Comparisons of six-phase and three-phase drives

In Chapter-2, a detailed comparison of asymmetrical and symmetrical six-phase PMSMs
is presented. They are also compared with three-phase PMSM in terms of torque ripple,
DC bus voltage requirement, DC bus capacitor requirement, common mode voltage at
the motor terminal, and fault-tolerant capabilities. Finally, one of the PMSMs is selected
for EV drive applications.

Chapter-3: Six-phase machine modeling and parameter estimation

The six-phase PMSM modeling techniques are described in Chapter-3. A method to
determine the electrical and mechanical parameters of the six-phase PMSM is also pro-
posed in this chapter. The parameters are determined for the six-phase PMSM used
in this work. The parameters that were determined were also compared with the FEA
simulation results.
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Chapter-4: Generalized space vector PWM technique of six-phase inverters

A suitable PMW technique is needed to control the drive. A generalized PWM tech-
nigue for 3L-ANPC inverter-based six-phase drives is provided in Chapter-4. The PWM
technique is validated in both asymmetrical and symmetrical six-phase inverters.

Chapter-5: Vector control of six-phase PMSM and harmonics compensation

In Chapter-5, the vector control technique of the six-phase PMSM is described. The con-
sidered motor has nonsinusoidal back EMF that generates harmonic currents. A harmonic
current minimization technique of six-phase PMSM drives is also proposed in Chapter-5.

Chapter-6: An online open circuit fault diagnosis technique for six-phase
PMSM Drives

In chapter-6, the open-circuit fault detection technique of 3L-ANPC-driven six-phase
PMSM is proposed. The proposed technique detects and localizes faults.

Chapter-7: Operation of six-phase PMSM drives in healthy and postfault
operation

Chapter-7 describes the postfault operation and control technique. This chapter describes
a method to determine the postfault operating points and operations limits. Finally, a
control technique for operating a six-phase PMSM is presented in this chapter. In this
chapter, the operational technique to enhance the torque-speed region is also discussed.
The proposed technique enhances torque-speed region in both healthy and postfault
operations.

Chapter-8:Conclusions and future works

Chapter-8 summarizes the work done. It also discussed the contribution of the thesis.
The future scopes of work are also discussed in Chapter-8.

1.8 Conclusions

This chapter provides an introduction to the thesis. Greenhouse gas emission and their
e ect on global warming are increasing the use of EVs. However, reliability is a challenge
for replacing gasoline cars with EVs. Six-phase PMSM is considered in this work for EV
drives for their fault-tolerant capabilities. The six-phase drive is capable of operating
seamlessly in the event of one or multiple phase failures. For driving a six-phase PMSM,
a 3L-ANPC inverter is considered for lower e ective dv/dt, higher e ciency, and power

17



density. For the 3L-ANPC inverter, GaN devices are considered to have better material
properties and lower FOM.

Two types of six-phase machines are available in the literature. They are asymmetri-
cal and symmetrical six-phase motors. A comprehensive comparison between them and
comparison with three-phase motor drives are provided in the next chapter.
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Chapter 2

A Comprehensive Comparison of
Six-Phase and Three-Phase Drives

2.1 Introduction

As discussed in the previous chapter, a GaN-based 3L-ANPC inverter is selected to drive
a six-phase PMSM. Two types of winding con gurations exist for six-phase PMSMs.
They are asymmetrical and symmetrical six-phase PMSM. The spatial distribution of
the windings of three-phase, Asymmetrical Six-Phase (ASP), and Symmetrical Six-Phase
(SSP)-PMSMs are shown in Fig.2.1.

In the case of conventional three-phase PMSMs, three phases, R, Y, and B, are spa-
tially shifted by 120°. Similarly, in the case of six-phase machines, RYB and UVW phases
are spatially shifted by 128. However, in the case of the ASP-PMSM, the angles between
RU, YV, and BW are 30°, whereas, for the SSPM, the angles between RU, YV, and BW
phases are 60

Based on the neutral point connection, two types of winding con gurations are pos-
sible for both ASP-PMSM and SSP-PMSM. If the neutral point of RYB phasesN 1) is
connected with the neutral point of UVW phases I 2), the con guration is designated
as 1N con guration. If N1 and N2 are separate, the con guration is designated as 2N
con guration [51, 56].

The spatial distribution of the windings and the neutral point con gurations have
di erent e ects on the inverter design and the performance of the motor drive. The
following parameters are considered for analysis and comparison.

~ Torque ripple
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Figure 2.1: Spatial winding distribution of three-phase, asymmetrical, and symmetrical
six-phase PMSMs.

DC bus voltage requirement

" DC bus capacitor requirement
~ Common mode voltage

" Fault tolerant capability

" Inverter e ciency

In the following sections, three-phase, ASP, and SSP-PMSM drives are compared in terms
of each parameter. The per-unitized values are with respect to three-phase values unless
mentioned otherwise.

2.2 Torque Ripple

A PMSM can have low-frequency and high-frequency torque ripples. The high-frequency
torque ripple is generated due to the switching frequency ripple of the current. The
switching frequency ripple in high-switching frequency drives is small, and it is ignored
in this work. The low-frequency torque ripple is generally ofréorder of the fundamental
frequency, where n= 1,2,... The low-frequency ripple is generated due ta 6 1 order
current harmonics and Permanent Magnet (PM) ux linkages (nonsinusoidal back EMF).
The torque equation of a three-phase PMSM and six-phase PMSMs are given as (2.1)
and (2.2), respectively [58]. Detailed derivations of the six-phase torque equations are
provided in Chapter-3 and 5. In (2.1), pman and pmgn are the d and g-axis ux linkages
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(a) (b)

Figure 2.2: (a) Measured R phase back EMF of the SSP-PMSM. (b) The frequency
spectrum of the back EMF at the speed of the motor (6750RPM or 450Hz). The back
EMF contains all odd-order harmonics. Only one phase back EMF is shown. All other
phases also have identical back EMF.

due to the PM. n=1 for RYB phases and n=2 for UVW phasesL 4 and L nq are the d
and g axis mutual inductances, respectivelyy, andiq, are the d-and g-axis currents, and

P is the number of poles. The phase components are converted to d-g axis components
using (2.3) and (2.4). =30 for ASP-PMSM and =60 for SSP-PMSM.

T :3P( pmdliq1+(|—md Lmq)iqlidl pmqlidl) (21)
3P . . . . . .
T= 7(( pmd1+* pmd2)(igr + iq2) * (Lmd  Lmg)(igr + ig2)(idg1 + id2) (2 2)
2 S(( [)qu 1+ S(pmq ZZ(i)dl + idsz()) 32 3
Cco CO! r 3 co r =
gfdlg- 72 sm( ) sin(r &) sin( r+ % )ggf g (2.3)
f()l 1 1 fb
2t 2 cos( ) cos( 2 )y cos( r+ 2 ) 32f 3
q2 r r 5 r+t 55 u
fief= 28 sn(, ) sn(r Z ) sin(r+ 2 )18 (2.4)
3
fo2 1 1 1 fw

Any harmonics component in pmdn, pmgn, ldan, @ndlq, generates harmonics torque or
torque ripple. In this work, a GaN-based high-switching frequency (50kHz) inverter is
considered. Elimination of lower-order harmonic current is possible using a high-switching
frequency inverter. A proposed method is discussed in Chapter-5. However, torque ripple
can still exist if the permanent magnet ux linkage has lower-order harmonics or has
nonsinusoidal back EMF. An example back EMF of the motor (considered motor of the
thesis) is shown in Fig.2.2. The back EMF voltage waveform at 4500RPM is shown in
Fig.2.2(a). The FFT of the back EMF is shown in Fig2.2(b). The back EMF has all
odd-order harmonics.

21



Table 2.1: Measured back EMF harmonics parameters of the SSP-PMSM.

Parameter m (g\?vt;) 3 (rad) (g\?vb) 5 (rad) (rrnn\;Vb) 7 (rad)
34 0.55 0.1
Value 50(pu) | ggpuy | © ©.011p.u) | © ©0.002p.u) | ©

From the back-EMF, the PM ux linkage of the p phase p = r;y; b; u;v;w) is given
as (2.5). In (2.5), m, m3 ms and 7 are the PM ux linkages of fundamental, 3rd,
5th, and 7th harmonic components, respectively.3, s, are ; are the phases of 3rd,
5th, and 7th harmonic components, respectively. Higher than 7th-order harmonics are
ignored due to their low values. The measured values of di erent ux linkage components
are given in Table 2.1. In (2.5), , is the rotor's electrical position with respect to the R
phase magnetic axis\ p is the spatial angle of the p phase.

pm = msSin(r \p mssin@B(r \p) 3)

mssiN(3(+ \p)  5) mrsin(@(r \p )

Using (2.3), (2.4), and (2.5), pmd12 and pmq12 are given as (2.6). is the spatial
angle between the RYB and UVW phases.

(2.5)

pmd1 = %( m m5CO6 ¢ 5)+ m7cog6 7)
maz= 2(m  msCOS6(+ )+ &)+ mroof6(, ) 1)
) 2.6)
pmgl = E( m5Sin (6 r 5) m73in(6 r 7)
raz= S(msSNO(r ) s miSn@( ) )

For the same torque, if the ux linkage is the same, the phase current of the three-
phase PMSM should be double that of the six-phase PMSM. (Due to the half number
of phases.) Hence, for torque ripple consideration, the three-phase-PMSM is considered
to have 2p.u. phase current. ASP and SSP-PMSM are considered to have 1p.u. current
in each phase. Moreover, for torque ripple consideration, the led weakening is not con-
sidered. Hence, for three-phase PMSM;.3pn = Op:u: and iq.3pn = 2p:u:. For ASP and
SSP-PMSMSsig; = ig; = 0p:u:andiqg = ig = 1p:u:

The harmonics torque ripples of the three-phase, ASP, and SSP-PMSMs are given as
(2.7). The torque ripple of three-phase PMSM and SSP-PMSM are the same. However,
the torque ripple due to the 5th and 7th harmonic ux linkage in ASP-PMSM is zero.

In ASP-PMSM, the 5th and 7th harmonics torque ripples due to the RYB and UVW
phases cancel each other.
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Figure 2.3: Torque ripple for the back-EMF of Fig.2.2(a) for (a) three-phase PMSM
(b) ASP-PMSM (c) SSP-PMSM. The torque ripple of three-phase and SSP-PMSM are
the same. The torque ripple due to the 5th and 7th harmonics ux linkage is zero in
ASP-PMSM.

P .
Tripplleithree  phase = 35( ( mscod6 ¢ s5)*+ m7C096 +  7))ig13ph
Tripplle:ase pmsm =0 (2.7)
P ) .
Tripplle:ssP~ PMSM = 35( ( mscog6 ¢ 5)* m7C096 ¢ 7)(igr + iq1)

A per-unitized plot of the torque for the considered motor is shown in Fig.2.3. The
torque is per-unitized with respect to three-phase values. The torque ripple for three-
phase and SSP-PMSM are the same. The torque ripple for ASP-PMSM is zero. The same
method can be followed to determine the torque ripple for anyn6 1 order harmonics
ux linkages. When n is odd, the torque ripple becomes zero in ASP-PMSM. The ripple
is the same in three-phase and SSP-PMSMn6 1 order harmonics generate the same
ripple in all three kinds of PMSM whenn is even.

2.3 DC Bus Voltage Requirement

In this section, the maximum possible modulation indexN] nax ) in the linear modulation
zone and minimum DC bus voltage requirement for driving three-phase, ASP, and SSP-
PMSMs are discussed. The maximum possible modulation indek {.« ) is de ned as
(2.8). In (2.8), V, is the phase voltage peak, anWy..min IS the minimum DC bus voltage.

Vim

Mmax = ==
max O:svdc;min

(2.8)

For any inverter, the minimum DC bus voltage requirement for operation in the linear
modulation region is the peak of the maximum line-to-line voltage [55]. In the DC voltage
requirement calculation, dead band drops and semiconductor device drops are ignored.
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Figure 2.4: Voltage phasor diagram of (a) three-phase inverter, (b) ASPI, and (c) SSPI.

The balanced voltage equations of three-phase and six-phase inverters are given as (2.9).
In (2.9), v, is the voltage of the p phase, wherp = r;y;b;u;v, and w. Vy, is the phase
voltage peak. =30 for ASP-PMSM and =60 for SSP-PMSM. The voltage phasor
diagram of the three-phase inverter, ASP-Inverter (ASPI), and SSP-Inverter (SSPI) are
shown in Fig.2.4. The loads are considered to be balanced.

=) Vb= Vmsin(, 4—)

X 3 34 (2.9)
Vu = Vmsin( ) W= Vpsin( ¢ 3 ) Vw = Vmsin( 3 )

Vi = Vmsin( () vy = Vpsin( ¢

Three-Phase Inverter

In the case of the three-phase inverter, the line-to-line voltage peaks across any two
phases are the same. The RY phase line-to-line voltage is given as (2.10).

2—) = p§Vmcos( ; (2.10)

Viy = Vi Wy = Vpsin( () Vmsin( 3

3)
The line-to-line voltage peak and the minimum DC bus voltage requirement Psﬁvm.
The minimum DC bus voltage and maximum modulation index are given as (2.11). The

maximum modulation index in the linear modulation zone is 1.15.

P_ V,
Vigmn = 3Vm  Mmax = m =1:15 (211)

Asymmetrical-Six-Phase Inverter(ASPI)

For the six-phase inverter, it is considered that all six phases are connected to a common
neutral point. The phasor diagram of an ASPI is shown in Fig.2.4(b). From the phasor
diagram, the maximum line-to-line voltage appears across 15phase-shifted phases like
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R and V. The RV phase line-to-line voltage is given as (2.12).

p_
. . 1+ 3 5
Viv = Vi W = Vpsin( ;) Vmsin( , 5 6) = ﬁei—vmcos( ; E) (2.12)

The minimum DC bus voltage and maximum modulation index are given as (2.13).
The maximum modulation index in the linear modulation zone is 1.03.

P_
+
Viemin = ﬂsivm =1:931%y Mmax = _Vm _1.03 (2.13)
2 0:E'Vdc;min

Symmetrical-Six-Phase Inverter (SSPI)

The phasor diagram of an SSPI is shown in Fig.2.4(c). From the phasor diagram, the
maximum line-to-line voltage appears across 18phase-shifted phases like R and V. The
RV phase line-to-line voltage is given as (2.14).
2 =) =2Vpsin (2.14)
3 3

The minimum DC bus voltage and maximum modulation index are given as (2.15).
The maximum modulation index in the linear modulation zone is 1.

Viv = Vi W = Vpsin( )  Vmsin( ¢

— — Vm —1-
Vdc:mln —2Vm Mmax - 0:5Vdc;min =1: (215)

In the 2N con guration of the six-phase motors, RYB and UVW phases are consid-
ered as two sets of separate three-phase windings. The line-to-line voltage is considered
separately for each set of three-phase winding. Hence, the minimum DC bus requirement
and maximum modulation index in the linear modulation zone are the same as those of
three-phase inverters.

2.4 DC Bus Capacitor Requirement

The considered system is assumed to be connected to a battery with DC bus capacitors.
Hence, the DC bus capacitor sizing depends on the allowable DC voltage ripple limit.
In a 3L inverter, mainly two types of ripples are present. They are (a) 3rd harmonic
ripple and (b) switching frequency ripple. Out of these two, the third harmonics ripple

is dominant and is visible at the half-DC bus of 3L inverters. It can lead to neutral
point unbalance, which can generate lower-order harmonics in the output voltage. In this
section, mathematical modeling is done for both third harmonics and high-frequency
ripple to determine the DC bus capacitor requirements of di erent inverters.
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€Y (b)

Figure 2.5: Circuit diagram of 3L-ANPC inverter with RL load with (a) three-phases
and (b) six-phases.

2.4.1 3rd Harmonic Ripple

For mathematical modeling of the 3rd harmonics ripple, a 3L three-phase inverter is
considered and analyzed. Once the model is derived for the 3L three-phase inverter,
the model is further extended for six-phase inverters. The considered system is shown in
Fig.2.5(a) [59]. Di erent current nomenclatures are shown in Fig.2.5(a). The positive and
negative DC bus currents are designated ags and i,, respectively.i, and i, are given as
(2.16). di is the duty ratio of the jth switch of the k phase.

ip = dy i, + dlyiy + dipip

(2.16)
in = Ogrir + d4yiy + dapip
ViretPu = Msin (wt)
. 2
Vyretpu = Msin (It 3) (2.17)

. 2
Voretpu = Msin (it + ?)

Let us consider the per unitized reference voltages of the three-phase as (2.17). M is
the modulation index. Changes in voltage references with changes in phase references for
M=0.7 are shown in Fig.2.6(a). Using (2.17)d is calculated.

For example, the duty ratios of the R phase devices are given as (2.18) and (2.19).

8

<

Y \Y >0
le = rrefPU rrefPU . (218)
-0 otherwise
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i = VirefPU  VirefPU 0 (2.19)
: otherwise

Similarly, other duty ratios can be calculated from the reference voltages. Only the
marked 128 is considered for the voltage ripple calculation, as the voltage ripple repeats
the same way every 120 The current quotation from Kirchho 's current law (KCL)
at the DC bus bar terminal is given as (2.20). Similarly, from KCL, the neutral point
current is given as (2.21). C is the capacitance of each half of the DC bus, ands the
neutral point current. It is considered that thei, is equally distributed betweenC; and

C, capacitors.

ip+in+i,=0 (2.20)
. . . dVCl . .
i; = i1 i2=2C it =2ig = 2 (2.21)
. 1. .
icp = é(|p +ip) (2.22)
For 3¢ 6 and 120 150@,
ico = M?(sin(!t )ir + sin(lt + %)ib sin(t %)iy) (2.23)
For 60° 120,
icp = Iv%(sin(!t Yir  sin(lt %)iy sin(lt + %)ib) (2.24)

Using the above equations, is given as (2.23) for 30-60and 120 150@. i, is given
as (2.24) for 68-12C. From (2.21), the capacitor voltage is given as (2.25).

4

1 .
Veo = 6 Iczdt (225)

An example condition is considered where each phase has a 5A RMS current. The
inverter is operated with a unity power factor load at a modulation index of 0.7. 104©
capacitor is used in each half of the DC bu€; = C, = C = 1040F . The voltage
and current from the model for the 3L three-phase inverter are shown in Fig.2.6(b). The
capacitor has a voltage ripple of 24V.

The same model is used for the capacitor voltage ripple calculation of six-phase in-
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Figure 2.6: (a) Three-phase per unitized reference voltages at a modulation index of

0.7. (b) Bottom capacitor (C,) current (I.;) and voltage ripple (V.. ripple ) for the 3L-
three-phase inverter. Operating condition: Line current: 5A(RMS). Modulation index:0.7.

Power factor:1.C, = C, = 1040 F . Capacitor voltage ripple:24V.

(@) (b)

(c) (d)

Figure 2.7: (a) Bottom capacitor C,) current (I,) for ASPI. (b) Bottom capacitor
(C,) voltage ripple (V) for ASPI. (c) Bottom capacitor (C,) current (I.,) for SSPI. (d)
Bottom capacitor (C,) voltage ripple (V) for SSPI. Operating condition: Line current:
5A(RMS). Modulation index:0.7. Power factor:1.C; = C, = 1040F .
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verters. The voltage ripple for RYB and UVW phases are calculated separately and added
to get the e ective capacitor ripple voltage and current. Fig.2.7(a) shows the capacitor
current due to RYB and UVW phases and the e ective current for ASPI. The capacitor
voltage ripple is shown in Fig.2.7(b). The capacitor has a peak-to-peak voltage ripple of
34V.

Fig.2.7(c) shows the capacitor current due to RYB and UVW phases and the e ective
current for the SSPI. The capacitor current from the RYB and UVW phases cancel
each other. Hence, no 3rd harmonics current ows into the capacitor. Similarly, the
voltage ripple for RYB and UVW phases cancel each other. The voltage ripple is shown
in Fig.2.7(d). Hence, in the SSPI, no third harmonics ripple is present in the DC bus
capacitor.

Continuous voltage balancing is needed to remove the 3rd harmonic ripple of 3L
inverters. Modi cations in the Pulse Width Modulation (PWM) technique are generally
used for voltage balancing, which increases PWM implementation complexities. However,
the third harmonics ripple does not decide the capacitor requirement. The capacitor
requirement is decided by switching frequency ripple. The switching frequency ripple is
discussed in the next subsection.

2.4.2 Switching Frequency Ripple

As discussed earlier, the considered system is assumed to be connected to a battery
with DC bus capacitors. Hence, the DC bus capacitor sizing depends on the allowable
DC voltage ripple limit. The DC bus capacitor switching frequency ripple is commonly
considered for determining DC bus capacitor requirement [60]. In this section, modeling
is done for switching frequency capacitor voltage ripple of three-phase, ASP, and SSP
inverters.

Three-Phase Inverter

The three-phase active power is given as (2.26Yy. and | 4. are the DC source voltage
and current. Vpn and Iy, are the RMS phase voltage and current,, and |, are the
phase voltage voltage and current peak. M is the modulation index = O:gq}dc). is

the phase angle of the current. From (2.26), the average DC source current is given as
(2.27). It is considered that the DC source does not supply any harmonic current to the

DC bus.

3 3
P = Vgclde = 3VpnlpnCos = 5lemcos = 21Mvdclmcos (2.26)
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Figure 2.8: C; capacitor current and volatge ripple in three-phase inverter for 66120
voltage phase.

lgc = gMI m COS (2.27)

The three-phase per unitized reference voltages and load currents are given as (2.28)
and (2.29), respectively.vyerpy IS the per unitized reference voltage of p phase &
r;y;b). An example of the per unitized reference voltage at 0.7 modulation index is
shown in Fig.2.6(a). From Fig.2.6(a), for 60-120, the switching waveform is shown in
Fig.2.8. V1 and V2, are the carrier signals that generate gate signals f&.s, and Sg.ep
(p = r,y; b) devices, respectivelyd, (p = r;y;b) is the per unitized reference voltage of
the p phase. The switching frequency is assumed to be much higher than the fundamental
frequency of the voltage, and the reference voltages are considered constant during the
switching period.

dr = Viretru = Msin( () dy = Vyrefpu = Msin (¢ 2*)

. 3 (2.28)
dp = Voretpu = Msin (¢ 3)

i = lmsin(, ) iy = Imsin( %) b= Imsin( %) (2.29)

In Fig.2.8, di erent times are calculated and given as (2.30)[, is the switching time
(Tew = 1=f4,, fsw:switching frequency). The calculated voltage ripple is given as (2.31).
A constant is de ned asK cqp.p for ripple determination and is given as (2.31).

T1= Vietpu Tsw  To=(1  Vietpu ) Tsw (230)
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Figure 2.9: Variation of the maximum value of capacitor ripple constanti cap.rpi) With
modulation index and current phase for three-phase inverter.

Vor = lacTo - 3MImcos (1 Vietpu ) = Koo I'm
cl C 4ACT . cap;rpl 7Cf - (231)
K - 3Mcos (1 VirefPU )
cap;rpl  — 4

Similarly, Kcap;pi Values are calculated for phase range 360, 60 -120, and 120-
150. The three-phase capacitor voltage ripple repeats after every 120’he calculated
maximum K ¢, Value for di erent modulation index and current phases are plotted
in Fig.2.9. The maximum value of the capacitor ripple constantK cap;pi) is 0.45 for
three-phase inverters.

ASPI

The six-phase power (for both ASPI and SSPI) is given as (2.32). From (2.32), the DC
source current is given as (2.33).

3
P = Viclde = 6VpnlphC0S =3VpImcos = éMvdc|mcos (2.32)

lgc = gMI m COS (2.33)

The same method as the three-phase inverter is followed to calculate the capacitor
voltage ripple constant of a six-phase inverter. The voltage and current equation for
six-phase inverters are given in (2.34) and (2.35), respectively. For ASPI= 30 . The
reference voltage for an example 0.7 modulation index is shown in Fig.2.10(a). Like the
three-phase inverteK c5p.rp1 repeats every 120 Hence,K cqp;pi N€€ds to be calculated for
only 120 . However, in the 120 window from 45 to 165, six di erent unique segments
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Figure 2.10: (a) Six-phase per unitized reference voltages at a modulation index of 0.7
for ASPI. (b) C; capacitor current and voltage ripple in ASPI for 105120 voltage phase.

of voltages are there. They are 45 60,60 90,90 105,105 120,120 150,
and 150 165. Each segment needs a separate calculation. Voltage ripple generation in
an example condition of 105 120 is shown in Fig.2.10(b).

. . 2
dr = Vietpu = Msin () dy = VyrefPu = Msin ( ¢ 3)

. 4 .
dp = Vpretpu = Msin ( ¢ ?) du = Vurefpu = Msin ( ) (234)
. 2 _ 4
dv = Vyretpu = Msin ( 3 ) dw = Varetpu = Msin ( 3 )

ir = Imsin( ) iy =lImsin(, %) ip= Imsin( %)
(2.35)

. . . . 2 . : 4

iy = Imsin( ; ) iy = Ipsin( 3 ) iw =Imsin( 3 )

In Fig.2.10(b), Ty duration is calculated and given as (2.36). The calculated voltage
ripple is given as (2.37). TheK cap:rpi IS given as (2.37).

To=(1 Vuetru )Tsw (236)
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Figure 2.11: Variation of the maximum value of capacitor ripple constanti cap;pi) With
modulation index and current phase for ASPI.

_ IdcTO _ 3MI m COS (1 VurefP U ) _ Im
Vc1 - - - Kcap;rpl ~f
C 2CT s Clow (2.37)
K _ 3M Ccos (1 VurefP U )
cap;rpl — 2

The calculated maximumK a4, Value for di erent modulation indexes and current
phases are plotted in Fig.2.11. The maximum value of the capacitor ripple constant
(K Cap;rp|) iS 0-6-

SSPI

Similar to the ASPI, the ripple is also calculated for SSPI. The six-phase power and the
DC source current for the SSPI are given as (2.32) and (2.33), respectively.

The per unitized reference voltage and current equations are given as (2.34) and (2.35),
respectively. For SSPI =60 . The reference voltage for an example 0.7 modulation index
is shown in Fig.2.12(a). For a six-phase inverteK c.p.p repeats after every 6Q Hence,

K cappi Ne€ds to be calculated for only 60 In the 60 window (from 60 to 120), two
di erent uniqgue segments of voltages are there. They are 60 90 and 90 120. For
an example condition of 60 90, the voltage ripple generation is shown in Fig.2.12(b).

However, unlike the ASPI, in Fig.2.12(b), voltage fall happens fofy + T3 time du-
ration. The I¢; during the T3 duration is I4. |, and during Ty duration is 4. The
calculated values ofT; and T, are given as (2.38).

T3 = (VrrefPU VurefPU )Tsw TO = (l VrrefPU )Tsw (238)

The calculated voltage ripple is given as (2.39). Th& ¢cap;pi IS given as (2.39). The
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Figure 2.12: (a) Six-phase per unitized reference voltages at a modulation index 0.7 for
SSPI. (b) C; capacitor current and voltage ripple in SSPI for 96120 voltage phase.

Figure 2.13: Variation of the maximum value of capacitor ripple constant{ cap;ipi) With
modulation index and current phase for SSPI.
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Figure 2.14: Capacitor ripple comparison of three-phase, ASP, and SSP inverters.

calculated maximumK ¢, Value for di erent modulation indexes and current phases
are plotted in Fig.2.13. The maximum value of the capacitor ripple constant(cap:rpi) IS
0.4.

_ (IdcT0)+(|dc |r)T3) _ I'm
Vo1 = = Kcap;rpl ~F
¢ Clsu (2.39)
3Mcos (1 V,
Kcap;rpl = ( 2 urefP Y ) + COS( r )(VrrefPU VurefPU )

For comparison, the maximum per-unitized value oK cap,pn for di erent inverters
is shown in Fig.2.14. The values are per unitized with respect to three-phase values.
The ripple values are plotted for the same power. Hence, it is considered that the phase
currents of six-phase inverters are 1p.u. The phase current of the three-phase inverter is
considered to be 2p.u. The capacitor ripple is the lowest in the SSPI.

2.4.3 Results and Discussion

Fig.2.15 shows simulation results of the three-phase inverter, ASPI, and SSPI. The re-
sults are at 5Hz fundamental frequency with 10kHz switching frequency. The inverter is
operated at 0.7 modulation index, and the line current is 5A (RMS). Unity power factor
load is considered. Each half of the dc bus has 1080 capacitance C; = C, = 1040F ).
The simulation result of the three-phase inverter is shown in Fig.2.15(a). The three-phase
inverter has 24V peak-to-peak voltage ripples in botlC; and C, capacitors. The ripple
increases and becomes 33V in the case of ASPI. The simulation result of the ASPI is
shown in Fig.2.15(b). However, the DC bus capacitor voltage ripples for RYB and UVW
phases cancel each other in the case of SSPI. Hence, only the switching ripple is observ-
able in the SSPI. The capacitor has a switching ripple of 0.26V. The simulation result of
the SSPI is shown in Fig.2.15(c).

Fig.2.16 shows the experiment results of the three-phase inverter, ASPI, and SSPI.
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Figure 2.15: Capacitor voltage ripple. (a) Three-phase inverter. Capacitor voltage ripple:
24V. (b) Asymmetrical six-phase inverter. Capacitor voltage ripple: 33V. (c) Symmetrical
six-phase inverter. Capacitor voltage ripple: 0.26V. Test condition- Modulation index:0.7.

Power factor:1. Line current: 5A(RMS).
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Figure 2.16: Capacitor voltage ripple. (a) Three-phase inverter. Capacitor voltage ripple:
24V. (b) Asymmetrical six-phase inverter. Capacitor voltage ripple: 34V. (c) Symmetrical
six-phase inverter. Capacitor voltage ripple: 0.23V. Test condition-Modulation index:0.7.
Power factor:1. Line current 5A(RMS).

The same operating condition as the simulation is also generated in the experiment.
(Test condition: Modulation index:0.7. Power factor:1. Line current 5A(RMS)). The ex-
perimental results of the three-phase inverter are shown in Fig.2.16(a). The DC bus
capacitors have 24V peak-to-peak ripple. The experimental result of the ASPI is shown
in Fig.2.16(b). The DC bus capacitors have a voltage ripple of 34V. The capacitor ripple
decreases in the SSPI. The experimental result of the SSPI is shown in Fig.2.16(c). The
DC bus capacitors have a voltage ripple of 0.23V.

Fig.2.17 compares the capacitor voltage ripple at di erent modulation indexes for
three types of inverters. Fig.2.17(a) compares the capacitor voltage ripple achieved from
the model, simulation, and experiment for the three-phase inverter. Both simulation and
experimental results have< 5% error compared to the ripple achieved from the mathe-
matical model. Fig.2.7(a) compares the capacitor voltage ripple achieved from the model,
simulation, and experiment for the ASPI. Like the three-phase inverter, the capacitor rip-
ples from the model have< 5% error compared to the simulation and experiment results
for ASPI. Fig.2.7(c) compares the capacitor voltage ripple achieved from the model, sim-
ulation, and experiment for the SSPI. The capacitor ripples from the model have 10%
error compared to the simulation and experiment results for SSPI.
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Figure 2.17: Capacitor voltage ripple variation comparison at di erent modulation in-
dex. (a) Three-phase inverter. (b) Asymmetrical six-phase inverter. (c) Symmetrical six-
phase inverter. Test condition-Power factor:1, Line current 5A(RMS).

2.5 Common Mode Voltage

The advances in high-switching frequency drives come with a problem of bearing damage.
One of the main reasons for the bearing failure is the common mode current. The common
mode current ows through the capacitor coupling path of the bearing and shaft of the
motor to the ground. The Common Mode Voltage (CMV) is the primary source of the
common mode current [34,61,62].

Many methods have been developed in the literature to reduce CMV [61]. In this
section, CMVs of three-phase inverter, ASPI, and SSPI are discussed.

The circuit diagram of a three-phase and six-phase 3L-ANPC inverter supplying an
RL load is shown in Fig.2.5. The CMV appears between the neutral point and the
midpoint of the DC bus. Fig.2.5(a) shows the circuit diagram of the three-phase inverter.
The CMV of the three-phase inverter is given as (2.40). The CMV of the six-phase
inverter is given as (2.41). In (2.40) and (2.41)ypm is the pole voltage of the p phase
(p= ry;b;u;v;&wW). Vem1 and Ve are the three-phase CMVs of RYB phases and UVW
phases, respectively.
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Figure 2.18: CMV generation of three-phase inverter. The CMV has a variation of 3E
in each switching cycle.

_ Vim t Vym + Vpm
chl - y (2.40)
3
_ Vim t* Vym * Vpm + Vum + Vym + Vum _ Vem1 t Vem2
Vem = y g = Vomi? (2.41)

For the determination of the CMVs, the graphical method is used. Fig.2.18 shows the
CMV generation for a three-phase inverterV,,; and V2, are the carrier waveformsV,,;
and V2, generate gate signals foB;.5, and Szep (P = 1;y; &b) devices, respectivelyd,

(p = r;y; &b) is the per unitized reference voltage of the p phase. The switching frequency
is assumed to be much higher than the fundamental frequency of the voltage, and the
reference voltages are considered constant during the switching period. Fig.2.18(y) shows
the pole voltages of three phases. The three-phase CMV,.{1), calculated using (2.40),

is shown in Fig.2.18(d). For CMV calculation, a variable EE = V%) is used [62]. The
three-phase CMV has a peak value of 2E and varies betweerE and 2E. In every
switching cycle, CMV has a variation of &.

Fig.2.19(a) shows the graphical representation of CMV generation for ASPI. Fig.2.19(a)(d)
shows the CMVs from the RYB and UVW phases. The six-phase CMV, calculated
from(2.41), is shown in Fig.2.19(a)(e). In ASPI, the CMV has a variation of 3E in a
switching cycle.

The CMV can be reduced by using interleaved carrier signals for RYB and UVW
phases. Fig2.19(b) shows the graphical representation for CMV reduction using inter-
leaved carrier signals. In Fig2.19(b), two sets of carrier signals are us&,; and V2,
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Figure 2.19: CMV generation of ASPI (a) with a common carrier and (b) with the
interleaved carrier signals for RYB and UVW phases. The CMV has a variation of 3E in
each switching cycle with common carriers. With interleaved carrier signals, the variation

reduced to E in each switching cycle.

(@) (b)

Figure 2.20: CMV generation of SSPI (a) with a common carrier and (b) with the
interleaved carrier signals for RYB and UVW phases. The CMV has a variation of 3E in
each switching cycle with common carrier signals. With interleaved carrier signals, the

variation reduced to O.
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Figure 2.21: CMV comparison in di erent con gurations.

generate the gate pulses for RYB phases. 18phase shifted carriersv,, and V2, are
used for gate signal generation of UVW phases. The resulting pole voltages for RYB and
UVW phases are shown in Fig2.19(b)(y) and Fig2.19(b)(z), respectively. The CMVs from
the RYB and UVW phases are shown in Fig2.19(b)(d). The six-phase CMV is shown in
Fig2.19(b)(e). The CMV has a variation of 1.5E in each switching cycle.

Fig.2.20 shows the graphical representation of CMV generation for the SSPI. Like the
ASPI, the CMV has a variation of 3E in each switching cycle without interleaved carrier
signals. The graphical representation is shown in Fig.2.20(a). However, when interleaved
carrier signals are used, the CMV for RYB phases cancels the CMV for UVW phases.
The e ective CMV becomes zero. The graphical representation is shown in Fig.2.20(b).

Fig.2.21 shows the CMV comparison of di erent inverters. The values are per-unitized
with respect to three-phase inverter values. The SSPI with interleaving has the lowest
CMV.

2.5.1 Results and Discussion

The CMV values are experimentally validated. For experimental validation, RL load
is used. The load has a 1mH inductor in series with 20 resistor in each phase (star

Figure 2.22: CMV of three phase inverter.
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Figure 2.23: CMV of six phase inverter. (a) ASPI without interleaving. (b) ASPI with
interleaving. (c) SSPI with interleaving. (d) SSPI with interleaving.

con guration). The experiment is done at 50kHz switching frequency and 50Hz funda-
mental frequency. The inverter is supplied from a 400V DC source and operated at 0.7
modulation index with sinusoidal PWM.

Fig.2.22 shows experimental results for the three-phase inverter. The CMV has a peak
value of 2E and a peak-to-peak value of 3E.

Fig.2.23 shows the experimental results of CMV generation for six-phase inverters.
Fig.2.23(a) shows the experimental result for ASPI without interleaving. The CMV has
a peak value of 2E. The peak is reduced using interleaving. Fig.2.23(b) shows the exper-
imental result with interleaving. The peak has reduced to 1.5E.

The SSPI, without interleaving, generates a peak CMV of 1.5E. The peak-to-peak
value of the CMV is 3E. The experimental result is shown in Fig.2.20(a). The interleaving
reduces the CMV to a lower value. The experimental result with interleaving is shown
in Fig.2.20(b). Even though the theoretical CMV should be zero, in Fig.2.20(b), a small
CMV (< 40V) is observable due to switching transients.

2.6 Fault Tolerant Capability

In this section, the fault-tolerant capability of three-phase, ASP, and SSP-PMSMs are
compared using the values available in the literature. A detailed discussion of the fault-
tolerant capability of the considered motor is provided in Chapter 7. Table 2.2 compares
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Table 2.2: Maximum torque limit for one phase open-circuit fault of three-phase, ASP,
and SSP-PMSMs.

Types of PMSM 1IN con guration 2N con guration
Three-phase-PMSM 0 0

ASP-PMSM 0.694p.u. 0.577p.u.
SSP-PMSM 0.771p.u. 0.5p.u.

the postfault torque limit for one-phase open circuit fault [56]. In the case of three-phase
PMSM, a single-phase fault can bring the motor to a standstill. Additional hardware is
needed for postfault operation. In the case of ASP-PMSM, for a single-phase open circuit
fault, the maximum torque limit is 0.694p.u. and 0.577p.u., in 1N and 2N con gurations,
respectively. In the case of SSP-PMSM, for a single-phase open circuit fault, the maximum
torque limitis 0.771p.u. and 0.5p.u., in 1N and 2N con gurations, respectively [56]. Hence,
the SSP-PMSM has a higher fault-tolerant capability than ASP and three-phase PMSMs.
SSP-PMSM can generate 0.771p.u. torque for a single-phase fault in the 1N con guration
of the motor.

2.7 Inverter E ciency

Commercially available GaN devices are currently limited by their current ratings. One
of the highest-rated commercially available discrete GaN devices from the GaN system,
GS6651d =B, has a 47A current rating at 108C case temperature. Here, an example
case of a 50kW inverter is considered. To supply 50kW with an 800V DC bus, each
phase needs to carry nearly 54A RMS or 76.4A peak current for a three-phase inverter.
Two devices need to be paralleled to supply 54A RMS in the case of the 3L-three-phase
inverter. On the other hand, the line current requirement is 27A RMS for six-phase
inverters. Hence, the same power can be delivered with a single device.

The paralleling of GaN devices is challenging as parasitic gate and power loop induc-
tances need to be matched and minimized for parallel devices. A detailed discussion on
the paralleling of GaN devices is provided in Appendix-D. The ideal paralleling should
not have any e ect on switching losses. However, in real systems, any mismatch in par-
asitic inductances can result in an increase in switching losses. To understand the e ect
of paralleling GaN devices, one half-bridge board is designed with four parallel GaN de-
vices. DPTs are done on the sample board to calculate switching losses. The details of
the design are provided in Appendix-D. Similarly, DPTs are also done in half-bridges
with two devices in parallel and for a single device for switching loss evaluation. The
switching loss evaluation using the DPTs is discussed in the following subsection.
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Figure 2.24: (a) Top view of a designed half-bridge board with four 650V/60A
(GS66516T) GaN devices in parallel. (b) Top view of the designed half-bridge board
with two 650V/60A (GS66516B) devices in parallel.

(@) (b)

Figure 2.25: DPT result of a single device at 400V/40A. (a) Turn-o waveform. Turn-o
loss: 23] (b) Turn-on waveform. Turn-on loss: 187 .

2.7.1 Switching Loss Evaluation Using Double Pulse Test

Two half-bridge boards are designed with parallel 650V/60A GaN devices. The rst
half-bridge has four Gan devices in parallel (Appendix-D). The top view of the board
is shown in Fig.2.24(a). The other half-bridge is designed with two parallel GaN devices
on an Insulated Metal-core Substrate (IMS) PCB. The top view of the half-bridge with
two devices in parallel is shown in Fig.2.24(b). The half-bridge board of Fig.2.24(b) is
used for loss evaluation of a single device and two parallel devicegsen = 6V; Vys.off =
4V;Rason =12 ;Rasort = 2).

Fig.2.25 shows the switching waveform of a single device at 400V/40A. One device of
two parallel devices of Fig.2.24(b) is assembled and tested for a single device test. The
turn-o waveform at 400V/40A is shown in Fig.2.25(a). The turn-o loss is 23J . The
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Figure 2.26: DPT result at 400V/80A with two devices in parallel. (a) Turn-o wave-
form. Turn-o loss: 52 J (b) Turn-on waveform. Turn-on loss: 545 .

@) (b)

Figure 2.27: DPT result at 400V/160A with four devices in parallel. (a) Turn-o wave-
form. Turn-o loss: 115J (b) Turn-on waveform.Turn-on loss: 1528 .

turn-on waveform is shown in Fig.2.25(b), and the turn-on loss is 187 .

The fully assembled board of Fig.2.24(b) is used for two parallel device tests. The
board is tested at 400V/80A. The turn-o waveform with two devices in parallel is shown
in Fig.2.26(a), and the turn-on waveform is shown in Fig.2.26(b). In this case, the total
turn-o loss is 52J , and the turn-on loss is 549 .

The board of Fig.2.24(a) is used for four parallel device tests. The board is tested at
400V/160A. The turn-o waveform with four devices in parallel is shown in Fig2.27(a).
The turn-o and on waveforms are shown in Fig.2.27. In this case, the total turn-o loss
is 115J , and the turn-on loss is 1528 . All the loss values are shown in Table 2.3 for
comparisons.

The loss comparisons in the entire operating current zone are shown in Fig.2.28.
To compare at the same current, the switching loss results of the half-bridge with four
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Table 2.3: Switching loss comparisons for di erent paralleling conditions.

Operating point Turn-o loss( J ) Turn-on loss(J ) Lost:(lj ) switching
400V/40A (Single device) 23 187 210

400V/80A (two parallel) 52 545 597

400V/160A (four parallel) 115 1528 1643

(@) (b) ()

Figure 2.28: (a) Change in turn-o loss with the current. (b) Change in turn-on loss
with the current. (C) Change in total switching (turn-on + turn-o ) loss with current.

parallel devices are compared with two times the switching loss results of the half-bridge
with two devices in parallel and four times the switching loss results of a single device.
Fig.2.28(a) shows the change in the turn-o losses with the current, and Fig.2.28(b)
shows the change in the turn-on losses with the current. Fig.2.28(c) shows the change
in the total switching losses (turn-on loss + turn-o loss) with the current for the three
combinations. It is observed that the increase in the number of devices in parallel is
increasing the switching losses. These loss data are used to estimate the e ciency of 50kW
three-phase (two parallel devices) and six-phase (single device) inverters. For inverter
switching and conduction loss calculation, the method of [37] is followed. For conduction
loss calculation, the junction temperature is considered to be at 1%D. The Rgson Of
GS6651d =B is nearly 2.1 times theRyson 0f GS66516 =B at 25°C [24]. HenceRgson =
2:1X 25 = 525m is considered for conduction loss calculation. The small change in
switching loss with junction temperature is ignored for e ciency estimation. Considered
switching frequency is 50kHz.

The estimated switching, conduction, total losses, and e ciency estimation are shown
in Table 2.4. The estimated six-phase e ciency is applicable for both ASPI and SSPI.
For e ciency estimation, it is considered that the inverter is operating at a 1.15 (max)
modulation index with a unity power factor. The estimated e ciencies of ASPI and SSPI
are 0.12% higher than three-phase inverters.
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Table 2.4: E ciency comparison of three-phase and six-phase inverters.

Six phase inverter (single| Three phase inverter (two
Component . )
device) parallel device)
Line current (RMS) (A) 27 54
Switching loss (W) 9.18 70.39
Conduction loss (W) 459.27 459.27
E ciency (%) 99.06 98.94

Figure 2.29: Comparison of 3L inverter fed three-phase, ASP and SSP-PMSM drives.
All values are per unitized with respect to three phase values.

2.8 Conclusions

A detailed comparison is presented in this chapter for 3L inverter-fed three-phase, ASP,
and SSP-PMSM drives. Fig.2.29 shows the comparison results as discussed in the earlier
sections.

The torque ripple for the 5th and 7th harmonics back EMF is determined. The torque
ripple of three-phase and SSP-PMSM drives are the same for the same power. However,
the torque ripple for RYB and UVW phases cancel each other for ASP-PMSM drives.
Hence, the 5th and 7th harmonic back EMFs do not generate any torque ripple in ASP-
PMSM drives.

In this chapter, models are developed for the determination of third harmonic and
switching frequency DC bus ripple of three-phase and six-phase inverters. The models
are veri ed with simulation and hardware results. It is found that the DC bus capacitor
requirements for ASP and SSP-PMSM drives are 34% and 56% lower than three-phase
drives.

The peak-to-peak CMV is the same for three-phase, ASP, and SSP-PMSM drives.
The CMV can be reduced by giving 180phase shift (interleaving) between the carrier
signals of RYB and UVW phases. The interleaving can reduce the CMV of ASP-PMSM
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drives by 50%. The CMV becomes zero for SSP-PMSM drives when interleaving is used
for the RYB and UVW phases.

The minimum DC bus voltage requirements for ASPI1 and SSPI are 3% and 15% higher
than a three-phase inverter when the motors are connected in thé\1lcon guration.
However, if the motors are connected in theN con guration, the RYB and UVW phases
can be considered two separate three-phases. In the 2on guration, the minimum DC
bus voltage requirements for three-phase, ASP, and SSP-PMSM drives are the same.

For a single-phase open circuit fault, three-phase drives need additional hardware for
postfault operation. However, reduced torque operation is possible for six-phase drives
without additional hardware. In the case of one one-phase open circuit fault, the torque
output capability reduces by 30.6% and 22.9% for ASP-and SSP-PMSM drives, respec-
tively.

An inverter loss analysis is done for 50kW three-phase and six-phase inverters. In
the case of the three-phase inverter, two-parallel GaN devices are considered. For a six-
phase inverter, the per-phase power electronics requirement is half of the three-phase
inverter. Hence, the six-phase inverter can supply the same power without paralleling
multiple devices. The paralleling increases switching losses. The switching loss increases
by nearly 7.7 times. The increase in switching losses reduces the system e ciency by
0.12%. Consequently, the three-phase inverter has 0.12% lower e ciency than the six-
phase inverters.

In this work, an SSP-PMSM drive is considered for lower DC bus capacitor require-
ment, higher fault-tolerant capability, and lower CMV than three-phase and ASP-PMSM
drives.

In the next chapter, di erent modeling techniques of SSP-PMSM are discussed. A
method is also discussed to determine di erent parameters of SSP-PMSM for the model.
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Chapter 3

Modeling and Determination of
Parameters of Six-Phase PMSMs

3.1 Introduction

In the previous chapter, comparisons of three-phase, ASP, and SSP-PMSM drives are
provided. From the comparison, an SSP-PMSM is selected for its high-fault tolerant
capability and low DC bus capacitor requirement for drives. A mathematical model is
needed to control SSP-PMSMs. In this chapter, modeling methods of SSP-PMSM are
presented. Methods to estimate parameters for the model are also presented.

For six-phase machine modeling, two main approaches are available in the literature.
They are as follows.

1. Vector Space Decomposition (VSD)-based modeling [51].
2. Dual Three-Phase (DTP)-based modeling [63, 64].

One of the most popular methods of six-phase machine modeling is the vector space
decomposition method. VSD-based modeling was rst proposed in [51] for ASP-Induction
Motors (IM). In VSD transformation, six-phase current components are converted to
three orthogonal subspacesl g, x Yy,andz; 2z, Thed qaxes are responsible for
power transfer.x y and z; z, are non power transfer planes. The; 2z, axis can
only be excited if a six-phase motor is in the 1N con guration. The same method is used
in [65] for a symmetrical six-phase machine modeling.

DTP-based modeling is one of the oldest methods to model 3n-phase (n=2,3,4,...)
machines [64]. In this method, any 3n-phase machine is considered as n three-phase
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machine [63,64]. The main advantage of this kind of method is the possibility to control
six-phase machines as two three-phase machines.

In this work, the DTP-based modeling approach is considered. A method is also
discussed to generate a VSD-based model from a DTP-based model.

3.2 Dual Three-Phase (DTP) Modeling of SSP-PMSM

The input voltage of a six-phase machine is given as (3.1). Hergis the k phase voltage.
rs is the stator resistance of each phasg, is the k phase current, and  is the k phase
ux linkage. Here, p is the derivative operator. The ux linkage of each phase is given
as (3.2). The values of each inductance are also given in (3.3)-(3.€)X r;y; b; u; v;w),

(j = nry;b;u;v;wbut other than k.). ¢ is the permeability of the air. Ny is the number
of turns per coil. | is the rotor position. gmax, & Gmin are the maximum and minimum
air gap lengths without a magnet.r is the radius of the rotor, andl is the length of the
motor. In this work, the mutual leakage ux is ignored.

Vk = Isik+ p k. [k=ry;biuv;w] (3.1)

2 3 2 32 3 2 3
rs Lirs I-rys L rbs Lrus Lrvs Lrws Ir Sm( r)
ys Lyrs I—yys I—ybs I—yus I—yvs I-yws iy Sin( r %)
bsf _ Lbrs I—bys Lobs Lbus Lovs L bws ib sin( r 4?) (3 2)
- . m . .
us Lurs I—uys Lubs Luus Luvs L uws Iy Sm( r §)
Vs I-vrs Lvys vas Lvus vas vas iv Sin( r )
ws Lwrs Lwys Lwbs Lwus Lwvs Luwws iw Sin( r %)
Liks = Lis + Los  Loscog2 ;2\ k) (33)
1 1
Los= ofINZ + 3.5
o8 0 S 8 Omin Omax ) ( )
1 1
Las= ofINZ2 3.6
2 0 s 8 Omin Omax ) ( )

By replacing (3.3) and (3.4) in (3.2), the ux linkage matrix is given as (3.7).
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2 3 2 32 3
rs Lis + Los %Los %Los LosCOY(3) Loscod%) Loscod%) Iy
ys %Los Lis + Los %Los L oscoy §) LOSCOS(§) Loscod%) iy
bs — %Los %Los Lis + Los Loscoi%) LOSCOS( §) LOSCOS(§) ib
us LoscOS 3)  LosCO3)  LosCOS(3%)  Lis+ Los FLos ZLos i
vs LoscoS 2-) LosCoY 3)  LosCOH3) 3Los Lis + Los ZLos iv
ws Loscos( %) LosCoy 3) LosCoy 3) 3Los 3Los Lis + Los iw3
cod2 ;) cof2, %) coq2, %) coy2, ) cod2, %) coq2, 3
cos2, %) cof2, %) cod2, &) cod2, ) cox2, %) coy2, L
L cof2 . %) cos2, &) coq2, &) cof2, %) co2: 5) cod2, %) 3.7)
8 cog2 , z) cof2, 3) cox2, 3) cod2: %) coy2, %) cos2, & '
cof2, %) coq2, %) cog2, L) cod2, %) cog2, &) cog2, &
cof2; %) cos2, %) cod2, %) cof2, &) cox2. &) cod2, i)
2 3 7 3
Iy sin( r)
ly sin(+ %)
I sin(r %)
Iy sin(r 3)
ly sin(r )
lw sin( T)

By simplifying, the ux linkages of RYB and UVW phases are given as (3.8). In (3.8),
a=¢d%.

3 . . . 3 i . . .
rs T ayst a2 bs = (Lis + ELOS)(II‘ + aly + az|b) éLZSeIZ r(ir + a-2|y + aip)

#26 TLoslius + aivs + ivs)  SLos@@ Dyt @iyt ai) o me
(3.8)

3 . . . 3 i . . .
us+ @ vs + % s =(L+ él—os)“u + aly + 3-2|W) E'—Zse| 2 g (iu + a%iy + aiy)

#oe 1TLas(is + aly + %) SLos@ iy + @iyt ain) o melr D

The ux linkage of the RYB phases is given as (3.9). Similarly, the ux linkage of the
UVW phases is given as (3.10).

3 3 i 3 i 3 i .3 i
rybs :(Lls + éLos)lrybs él-Zs:el2 ' Irybs + ELoségluvws E'—Zsé(2 ' i)luvws JE mel ' (39)

3 3 2 .

3 i _ P _
uvws :(Lls + ELos)luvws *L2se| A 3)|uvws + él—ose I3 Irybs El—Zse| 3)|

uvws

(3.10)
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The ux linkages are converted to the d-g-0 axis. (3.11) is used for the d-g-0O axis

transformation of RYB phases. (3.12) is used for the d-g-0 axis transformation of UVW
phases.

Zf 2 coy ;)  cog 2) coy + 2 321‘ °

ql r r 3 r 3 r
§tab= 38 sn() sn(, %) sin(o+ 2)801,8 (3.11)

for 1 1 1 fp

2 3 2 3 5 32 3
fo2 1 co r 3) co r %) coy r ) _ fu

ftob= 38 sin(. 5 sin( ) sin( 58S (3.12)
f oo 1 1 1 fuo

d-g axis ux linkages of RYB phases are given as (3.13). d-q axis ux linkages of
UVW phases are given as (3.14). The zero-axis ux linkages of RYB and UVW phases
are given as (3.15). The g-d axis components of the RYB phase are subscriptedjdsl.
Similarly, g-d axis components of the UVW phases are subscripted @2. The zero-axis
components of RYB and UVW phases are subscripted as 01 and 02, respectively.

3 3 3 3 .
qdl = (L + E'—os)lqdl ELZSqul + éLos|qd2 E'—Zslqdz J 7m (313)
3 3 3 3 .
qd2 = ( Lis + ELos)lqdz §L25|qd2 + él—oslqdl ELZSqul J 7m (314)
o1 = Lisloz 02 = Lisloz (3.15)

For simpli cation, Lmg, Lmg, Las, Lgs, @nd mg variable are used. They are de ned as
(3.16).

3 3
Lmg = E(LOS-'- L 2s) Lmg = é(l—os L 2s)

Las = Lis + Limd Lgs = Lis + Limg (316)

m
md — —5°
2

By simplifying, the ux linkages of the d and g-axis are given in (3.17)-(3.22).

di = Lasidi + Lmdid2 + md (3.17)
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d2 = Lasid2 + Limdid1 + md (3.18)

a1 = Lasiqr + Lmgiqz (3.19)
92 = Lagsigz+ Lmgiq (3.20)
o1 = Lision (3.21)
02 = Lisioz (3.22)

The voltage vectors of RYB phases and UVW phases are given as (3.23) & (3.24).
Viybs = Tslrybs T P rybs (3.23)

VUVWS = rsiuvws + p uvws (324)

Converting voltage vectors into the d-g domain, the d-g and zero-axis voltage vectors
are given as (3.25).

Var = Isigr+ P qu+'e a1
Vg2 = l'siqZ"'p @t 'le a2

Va1 = fsiga+ P a1 'e q1

_ (3.25)
Va2 = fsid2+ P a2 e g2
Vo1 = fsiot+ P o1

Vo2 = fsioz + P o2

The power delivered to the machine is calculated using voltage vectors and current
vectors. The active power delivered to the machine is given as (3.26).

P =3[Vq1l g1 + Vg2l g2 + Vailar + Vizl g2]
= 3[rs(i§1 + iéz +i5+05)+ ' ( diigr+ d2igz qiidt q2ide) (3.26)

+(igaP g1+ ig2P g2+ ia1P g1+ id2P d2)]

Out of all the components of (3.26), the 1st term is responsible for stator copper loss.
The third term is the stored energy in the inductors. The 2nd term is responsible for
torque generation. The generated torque is given as(3.27).

T:3§((|d1|q1+ld2|q2)(|-ds Lgs)+ m(igr+ige)+(Lmd Lmg)(ig1ige + id2iq1))

= 3%( mligr+ ig2) + (Lmd  Lmg)(iqr + ig2)(id1 + id2))

(3.27)
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Figure 3.1. d-q equivalent circuit of SSP-PMSM using DTP-based modeling. (a) g-axis
equivalent circuit. (b) d-axis equivalent circuit. (c) Zero-axis equivalent circuit.

The equivalent circuit model of SSP-PMSM is shown in Fig.3.1. In Fig.3.1; =
md=Lmg. The zero-axis equivalent circuit only exits in the motor's 1N con guration. In
the 2N con guration, the zero-axis equivalent circuit should be ignored.

3.3 Vector Space Decomposition (VSD) Modeling of
SSP-PMSM

In the VSD-based modeling approach, six-phase variables are represented in three-orthogonal
two-dimensional subspaces nametl g, x y,andz; z,. Each variable in VSD-based
modeling is given as (3.28).

fag=far+fax fg=Ffa+fep fx=Ffqg fg (3.28)

fy= fa+fa fu=Ffa fo=1fe
Only the d and g axes are responsible for power transfer. Tke y andz1 z2 axes

are nonpower transfer planes. The voltage equations in VSD-based modeling from (3.25)
and (3.28) are given as (3.29).
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