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ABSTRACT

This dissertation includes a review of various motor types, a motivation for selecting the switched
reluctance motor (SRM) as a focus of this work, a review of SRM design and control optimization
methods in literature, a proposed co-optimization approach, and empirical evaluations to validate

the models and proposed co-optimization methods.

The switched reluctance motor (SRM) was chosen as a focus of research based on its low cost,
easy manufacturability, moderate performance and efficiency, and its potential for improvement
through advanced design and control optimization. After a review of SRM design and control
optimization methods in the literature, it was found that co-optimization of both SRM design and
controls is not common, and key areas for improvement in methods for optimizing SRM design
and control were identified. Among many things, this includes the need for computationally
efficient transient models with the accuracy of FEA simulations and the need for co-optimization
of both machine geometry and control methods throughout the entire operation range with multiple

objectives such as torque ripple, efficiency, etc.

A modeling and optimization framework with multiple stages is proposed that includes robust
transient simulators that use mappings from FEA in order to optimize SRM geometry, windings,
and control conditions throughout the entire operation region with multiple objectives. These
unique methods include the use of particle swarm optimization to determine current profiles for
low to moderate speeds and other optimization methods to determine optimal control conditions
throughout the entire operation range with consideration of various characteristics and boundary
conditions such as voltage and current constraints. This multi-stage optimization process includes
down-selections in two previous stages based on performance and operational characteristics at
zero and maximum speed. Co-optimization of SRM design and control conditions is demonstrated
as a final design is selected based on a fitness function evaluating various operational
characteristics including torque ripple and efficiency throughout the torque-speed operation range.
The final design was scaled, fabricated, and tested to demonstrate the viability of the proposed

framework and co-optimization method.



Accuracy of the models was confirmed by comparing simulated and empirical results. Test results
from operation at various torques and speeds demonstrates the effectiveness of the optimization
approach throughout the entire operating range. Furthermore, test results confirm the feasibility of
the proposed torque ripple minimization and efficiency maximization control schemes. A key
benefit of the overall proposed approach is that a wide range of machine design parameters and
control conditions can be swept, and based on the needs of an application, the designer can select
the appropriate geometry, winding, and control approach based on various performance functions

that consider torque ripple, efficiency, and other metrics.
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CHAPTER ONE: INTRODUCTION

Motivation for Research

Electrified powertrains have become common in the automotive industry for many reasons
including reduced emissions, diversification of energy sources for transportation, and improved
performance. In recent years, many governments, manufacturers, consortiums, and other
organizations have made significant commitments to promote the transition to electric vehicles. A
multi-national agreement was signed in 2016 between eight major nations - Canada, China, France,
Japan, Norway, Sweden, the United Kingdom and the United States (U.S.) — that pledged to
increase the share of electric vehicles in government fleets [1.1]. The U.S. government owns more
than 650,000 vehicles and purchases about 50,000 per year, and an executive order was issued in
December 2021 to end purchases of gas-powered vehicles for use in U.S. government fleets by
2035 [1.2]. Other initiatives made by the U.S. government include incentives for customers who
purchase electric vehicles and a nearly $5 billion investment in a national electric vehicle (EV)
charging network [1.3]. Other nations such as Norway and China have implemented similar
purchase incentives, offer discounted traffic and parking costs, and support the electrification of
public transportation fleets [1.4]. These countries and many others such as Denmark, Iceland,
Ireland, Israel, South Korea, Netherlands, Portugal, Scotland, Singapore, and Spain have
established timelines for reaching 100 percent electrified sales, 100 percent zero-emission

vehicles, and net-zero emissions.

Many automotive manufacturers have set goals to significantly increase the electrification of their
product lineups over the next 10-15 years [1.5, 1.6]. BMW estimates approximately half of its
global sales will be battery powered by 2030. Ford launched the F-150 Lightning in Spring 2022
that has a range of 230 miles with a base price less than $40,000 and is investing $22 billion in EV
research and production capabilities through 2025. General Motors (GM) announced plans to
invest $35 billion into electrification through 2025, stop selling vehicles with gas and diesel
engines by 2035, and transition all models of the Cadillac brand to be fully electric by 2030. Honda
intends to sell only hybrid EVs (HEVSs) and EVs in Europe after 2022 and by 2030, 40 percent of

its North American vehicle sales are anticipated to be powered by batteries or hydrogen fuel cells,



with 2040 being targeted for all Honda vehicles being fully electric. Hyundai announced that it
would invest $7.4 billion through 2025 to produce EVs in the U.S. and plans to broadly expand its
HEYV and EV product line through the 2020’s, including some fuel cell-based powertrains. Jaguar
Land Rover, Mazda, and Mercedes-Benz anticipate having battery electric versions of all their
models by 2030, with a significant pledge by Mercedes-Benz to invest $47 billion into
electrification through 2030. Nissan has been one of the early leaders in the EV market with the
Nissan LEAF and plans to have eight EVs by the end of 2023. Stellantis (formerly Fiat Chrysler)
plans to invest $35.5 billion in EV’s through 2025, with an all-electric Ram 1500 and performance
car planned for release in 2024. Toyota has sold more than 18 million hybrids and plug-in hybrids
since 1997 [1.7] and plans to have 70 electrified models by 2025 with 15 of those being battery
EVs. Volkswagen announced an investment of $86 billion into electrification through 2025, and
by 2030 anticipates EVs reaching 70 percent of its sales in Europe and 50 percent of its sales in
the U.S. and China. Volvo projects that half of its global sales will be fully electric by 2025, and

plans to for all powertrains to be electric by 2030.

In addition to being used for vehicle propulsion, electric machines are implemented in secondary
systems such as power steering assist, air conditioning compressors, and oil pumps, and the
number of electric machines on modern vehicles has increased significantly, even on platforms
without hybrid or electric powertrains [1.8-1.9]. Many electric machines in HEV and EV
powertrains function as both a motor and generator, and in this context, electric machines may be

referred to as electric motors since this is the most commonly used term used for electric machines.

Almost all mass-produced HEVs and EVs have permanent magnet (PM) motors with Neodymium
Iron Boron (NdFeB) magnets [1.10-1.12]. Although these magnets have the compound formula,
“NdFeB”, the actual molecular formula is BFe1sNd;. Other rare-earth elements such as
Dysprosium (Dy) are added to improve resistance to corrosion, and more importantly, to improve
performance at elevated temperatures and to reduce sensitivity to demagnetization, also known as
coercivity. Research on alternatives [1.13-1.14] to rare-earth permanent magnet (PM) motors
indicates that they are not easily surpassed in terms of efficiency, power density, and specific
power. Therefore, almost all HEVs and EVs use them. However, the cost of rare-earth PM material

accounts for at least 30% of the entire motor cost [1.15] and in the past 10-15 years, there has been



volatility in the price and availability of rare-earth materials like neodymium, dysprosium, and
praseodymium that are used in PM motors. As a result, there have been significant efforts made
by automotive manufacturers and researchers in seeking motor technologies without rare-earth
permanent magnets that facilitate cost stability and effectiveness as HEV and EV markets continue
to expand [1.16-1.18].

High grade NdFeB magnets are often used for hybrid and electric vehicle propulsion motors, and
they can contain between about 8.5 and 11% Dy by mass [1.19]. The trend of rare earth magnet
raw material price is generally considered to be comprised of Praseodymium Neodymium (PrNd)
mischmetal, DyFe alloy, and Terbium (Tbh) metal price trends, as shown in Figure 1.1 [1.20] for a
time period between 2009 and 2022. Significant price increases occurred in 2011, as DyFe prices
reached over $2,000 per kg and PrNd prices reached about $240 per kg. The selling price of DyFe
increased by more than a factor of 20, while PrNd prices increased by a factor of 10 in about a 1.5-
year span. Although prices reduced and stabilized by 2015, they stabilized at relatively higher
values when compared to levels prior to 2011. Prices of PrNd steadily increased beginning in 2020,
and reached over $200 per kg in March 2022, near the peak levels in 2011. Considering these
pricing trends, implications of price volatility can be realized when considering the Toyota Prius
and Nissan LEAF total motor magnet mass of 0.8 and 1.9 kg [1.21], respectively. Using quantities
for the Nissan LEAF and assuming 8% Dy, raw magnet material costs are roughly $105 versus
$745 when using prices in 2015 versus peak prices in 2011, respectively. This raw material cost
does not include the cost of processing, sintering, grinding, and installation of the magnets in the
motor. Efforts are being made to reduce the amount of Dy in high grade NdFeB magnets. For
example, a new grain boundary diffusion process is being used to reduce the amount of Dy by 30-
40% while maintaining the same coercivity [1.22].

Other types of PMs are being researched, such as AINiCo and ferrites, which have low energy
products, and consequently, they are challenging candidates for use in high power density traction
drives. Using magnets with lower coercivity requires thicker magnets to avoid demagnetization
[1.23]. Therefore, power density and mechanical integrity are a challenge with low coercivity
magnets because more magnet volume and mass is required, and the structure for retaining

magnets is often more complex [1.24-1.25] as speed limitations are reached more readily than with
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magnets with higher coercivity and lower size and mass. Samarium Cobalt magnets have the
highest coercivity and energy product of all the NdFeB magnet alternatives, but when compared
to NdFeB, they only have about 50-75% of the performance with only a slight cost advantage
[1.26].

While the primary motivation for non-PM motors is the high and unstable price of rare-earth
materials, there are other negative aspects related to the operation of PM motors. For variable
speed and variable load applications like EV and HEV propulsion, the residual induction of the
PMs yields a disadvantage in terms of core losses, since the magnitude of the rotating flux density
in the stator is always present even if no current is applied [1.27]. The same residual induction of
the PMs results in challenges with back-EMF, as field weakening or voltage phase advance is
required to drive current in the windings at high speeds [1.28]. Therefore, PM motor operation at
low and moderate loads and high speeds can result in lower efficiencies than other alternatives that
do not have residual magnetic fields from PMs [1.29]. Another issue associated with back-EMF is
the fault mode of powertrains in which the electric motor is always connected to the drive wheels.
In the event of a winding or converter failure on platforms that have the drive motor directly linked
to the drive train, induced back-EMF voltage can act as an energy source until the vehicle comes

to a stop, and this can lead to worse fault conditions due to uncontrolled current in the windings.

Alternatives to Rare-Earth PM Motors and their Drive Requirements

Induction motors have been used in industrial applications for over a century. They produce torque
as currents in the stator windings react with the magnetic field created by rotor currents, which are
induced as a result of the rotor not being synchronized with the rotating stator magnetic field. Due
to the asynchronous relationship between the rotating magnetic fields of the stator and rotor of an
induction motor, more core losses are typically generated in the rotor versus synchronous motors
[1.30]. Resistive losses associated with current in the rotor conductors further inhibit the potential
of the induction motor to achieve high efficiencies [1.31]. Industrial motors rated for high
efficiency typically involve the use of more copper in the stator windings, and/or more material
(@luminum or copper) in the rotor to reduce the resistance of the rotor bars [1.32]. This often



increases the volume and cost of the motor, and peak efficiencies are typically below 94% [1.33]
(for motors sized for vehicle propulsion), and efficiencies are relatively low at low and moderate
speeds and load levels. While induction motors are a valid solution for vehicle propulsion, they
generally have greater manufacturing complexities and lower efficiencies when compared to other
motor types. Rotor conductors are typically made by either die casting or brazing bar conductors,
and both approaches involve specialized manufacturing processes to ensure reliability at high-
speed operation. Requirements associated with the retention of rotor bars during rotation and for
differing coefficients of thermal expansion also introduce mechanical limitations and reliability
issues. Fully electric vehicles facilitate the ability to achieve acceptable efficiencies with induction
motors, as the motors can be made larger since space is not as limited due to the absence of the
combustion engine. While more copper mass is generally required for higher efficiency operation,
the price of copper is much more stable relative to rare earth magnet prices.

Switched reluctance machines (SRMs) are often reported to have higher efficiency and power
density than induction motors since there are no rotor conductor losses, but high torque ripple and
acoustic noise levels are inherent negative characteristics associated with the fundamental way
torque is produced [1.34-1.35] in a SRM. A conventional SRM geometry with 12 stator poles and
8 rotor poles is shown in Figure 1.2 (a). Torque ripple arises from the transition of torque
production from one set of active stator teeth to the next. Automotive manufacturers have invested
significant resources to decrease vibration and acoustic noise levels generated from conventional
vehicles with combustion engines, and therefore there is concern regarding the utilization of an
electric motor which adds additional challenges in these areas. Even the low torque ripple levels
of a PM motor are studied and mitigated [1.36], as vibrations are transferred throughout various
transmission components and ultimately to the passenger. The reduction of torque ripple in SRMs

has been a key focus of research since the beginning of their commercial viability.

Another challenge for the implementation of SRMs is that they require unconventional power
electronic converters/drives, as opposed to conventional variable frequency inverters that are used
for PM motors and induction motors. The most commonly used type of converter is an

asymmetrical half-bridge converter, as shown on the right in Figure 1.2. Although power modules
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Figure 1.2 (a) SRM with 12 stator poles and 8 rotor poles and (b) asymmetrical half-bridge 3-phase
SRM inverter.



with this configuration are not widely commercially available, only 2 switches and 2 diodes are
required per phase for unidirectional current flow, so device and module costs in large custom
productions would be similar to that of a conventional inverter. In comparison to drives for other
motor types, slightly larger DC link capacitances and power devices are typically required to
protect the battery from current ripple and harmonics associated with the transient nature of SRM
operation [1.37]. Additionally, the control of SRMs can be quite challenging and may require
current sensors and position sensors with higher bandwidths [1.38] compared to that of a PM
machine with an equivalent speed range. Nonetheless, while these challenges inhibit prototyping,
many of these issues can be mitigated prior to mass production, where the cost of unconventional
converter and controller development becomes less significant. Since SRM rotors are not complex
and do not need to retain magnets or conductors, they have outstanding mechanical integrity and
greatly facilitate high-speed operation, which can be particularly effective in increasing power
density [1.39, 1.40]. The inherent torque ripple and acoustic noise of the SRM may hinder
integration in small and medium sized passenger vehicles, but these characteristics may be less of
a concern in other platforms and applications such as large passenger and freight vehicles, off-road

machinery, and small economic vehicles with low-cost powertrains.

Synchronous reluctance motors are quite different from SRMs and have the advantage of utilizing
a conventional variable frequency inverter, and within the past decade, industrial motor
manufacturers started marketing synchronous reluctance motor solutions which are purportedly
more efficient than induction motors of the same size and application [1.41]. SRMs also operate
synchronously, and could be referred to as synchronous reluctance, but the transient nature of the
SRM control scheme is quite different than controls for the relatively smooth and balanced rotating
field of most synchronous reluctance motors. A primary drawback of synchronous reluctance
motors is the inferior mechanical integrity of the rotor, which limits maximum operating speed,
and therefore reduces opportunities for power density improvements [1.42-1.44]. The rotor must
be designed to guide the magnetic field with maximum magnetic saliency, and this typically
involves large openings within axially stacked lamination stampings, or complicated mounting
techniques for laminations that are stacked radially [1.45], such as those shown in Figure 1.3
[1.46]. Stray magnetic flux across these members results in a lower saliency ratio, and therefore

lower torque capability, when compared to a similarly sized SRM.
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Figure 1.3 Synchronous reluctance rotors: (a) lamination with flux barriers, (b) isolated segmental lamination,

and (c) axial laminations (right) [1.39].



Synchronous reluctance torque is a considerable contributor to the overall torque in most interior
PM motors used in EVs and HEVs today. One advantage of the synchronous reluctance motor
rotor is that weak non-rare earth magnets can be used in the rotor without subjecting them to
magnetic fields that would otherwise demagnetize them in conventional PM motor arrangements.
Some Chevrolet Volt designs include a generator with a ferrite magnet assisted synchronous
reluctance motor [1.47]. Full optimization of these types of motors can be difficult since many
geometric features are present in the design. Additionally, a multi-physics simulation approach
that includes detailed mechanical stress analysis is required since there is a key tradeoff between
mechanical integrity and magnetic performance [1.48]. For example, small support pieces are
often required in locations that contribute to lower inductance and saliency ratios, and therefore
lower reluctance torque capability. Some comparisons [1.49] show that the peak efficiency of a
synchronous reluctance motor is 3-5% higher than a similarly sized induction motor, but 3-5%
lower than a PM motor. Recent research efforts on synchronous reluctance motors have been
aimed at improving efficiency and reducing the torque ripple [1.50-1.52]. Since the tractive effort
of this type of motor is based on reluctance torque, it is susceptible to torque ripple, but typically
not at the magnitude of SRMs.

Brushless field excitation (BFE) techniques have been used to supplement weak non-rare earth
PMs or to serve as a replacement for a magnetic field source in designs that do not use PM material.
This technique has been applied to various types of motors and is typically achieved by either
supplying additional flux directly from a stationary coil, or using a receiving coil, rectifier, and
windings located on the rotor. The former commonly involves complex magnetic flux paths and
additional air gaps, as shown in Figure 1.4 [1.53]. In many cases, these features of the magnetic
circuit can lead to an increase of stray paths for magnetic flux, and therefore inhibit the capability
to achieve high efficiency and power density, particularly when losses and size of the coil are
considered. It is common for these types of motors to require materials with the capability to
transfer flux in three-dimensions. These materials, such as soft-magnetic composites (SMCs),
typically reach magnetic saturation at a low flux density, and have higher core losses than electrical

steel for low frequencies.
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Figure 1.4 Example of BFE motor [1.46].
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In most cases, brushless field excitation (BFE) techniques allow for variable control of the
magnetic field, which has some advantages in comparison to the residual magnetic field generated
by PMs. Research has shown that this field control facilitates the possibility to eliminate or
mitigate field-weakening control requirements and therefore can yield a broad range of high
efficiency operation [1.54]. The additional volume, cost, and power loss of transmission coils,
receiver coils, controls, and electronics when targeting power density, efficiency, and cost metrics
are a key consideration for the viability of this approach. Furthermore, the wound-field rotor
approach has the additional challenge of reliability concerns for coils and electronics that rotate,
resulting in considerable speed limitations. While there are challenges with both BFE techniques,
they have potential for vehicle propulsion applications, especially since they can be applied to

various types of motors.

There has recently been a considerable amount of research into flux-switching motors (FSMs) and
examples of FSM configurations are shown in Figure 1.5 [1.55]. FSMs typically have a simple
rotor that is similar to that of SRMs, and PMs in the stator, as indicated by a green color. A key
advantage of this motor type is that this configuration allows for large magnets to be incorporated
into the design without concern for retaining rotating magnets. Additionally, the applied magnetic
field is in the same direction of the PM magnetic field, whereas conventional PM motors involve
the application of a field that opposes the PM field in the rotor. Therefore, PMs in this
configuration are less susceptible to demagnetization, and the use of non-rare-earth magnets such
as AINiCo, Ferrites, and Dy-free NdFeB is greatly facilitated. Recent publications [1.56] indicate
that an efficiency above 94% is possible, which is very close to conventional IPM motor peak
efficiencies. However, these designs used high efficiency steel and very thin laminations because
FSMs have inherently high fundamental electrical frequencies. For example, the designs shown in
Figure 1.5 have 14 and 10 rotor poles, and based on the operation of the motor, this is equivalent
to the number of pole pairs in a conventional PM motor. Most PM motors in EV and HEVs have
4-6 pole pairs. Therefore, this motor not only inherently has a large amount of core losses, but
requirements of the inverter are also similar to that of an SRM. High frequency power electronics
and controller bandwidths are typically required for this type of motor, and this may hinder

acceptability in applications with power levels above 30kW. For example, the 14-pole and 10-
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Figure 1.5 Example of flux-switching motors [1.48].
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pole designs shown below have fundamental electrical frequencies of about 1.4 kHz and 1.0 kHz,

respectively, for operation at 6,000 rpm.

Summary

Governments, automotive manufacturers, consortiums, and other organizations have recently
made strong commitments regarding the pursuit of passenger vehicle electrification, and many are
targeting the 2030’s for the total elimination of gasoline and diesel powertrains. Most of the largest
automotive manufacturers have announced plans for significant investments in research and
product development as well as production facilities for HEVs and EVs. Nearly all HEV and EV
powertrains currently use PM motors with neodymium magnets, but recent price trends, volatility,
and growing demand result in concern for cost stability as 100 percent electrification is being

targeted in 10-15 years.

A brief assessment of alternatives to rare-earth PM motors was conducted for motor types that are
commonly researched by leading organizations and academic institutions. A comparison of the
characteristics and parameters of various electric motors is provided in Table 1.1. Of all the
alternatives, it is difficult to achieve the same power density, specific power, and efficiency as a
PM motor. Induction motors have complicated manufacturing processes, moderate efficiency, and
limited operation speed associated with rotor bars. Synchronous reluctance motors have
considerable geometric complexities that lead to challenges in modeling, design optimization, and
mechanical robustness. BFE approaches offer additional operational capability and potential net-
efficiency improvements, but the size, cost, and reliability of additional excitation components
may negate these advantages. SRMs have very low cost, moderate efficiency, and excellent
mechanical robustness, but have inherent torque ripple, acoustic noise, and controller complexity
that is the focus of most SRM research. SRMs and some FSMs require unconventional inverter
configurations. Some FSMs may utilize conventional inverter configurations, but often require

higher switching frequencies relative to PM or synchronous reluctance counterparts.

Thesis Objectives and Outline

While the SRM is not the ideal solution for all applications, its simplicity, robustness, and low cost
make it a viable solution for some powertrain and ancillary needs. This work is fully applicable

to various applications such as vehicle propulsion, residential appliances, industrial processes, oil
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Table 1.1 Comparison of various motor technologies.

Rare Earth | Induction Switched Synchronous | Flux
Permanent | Motor Reluctance | Reluctance Switching
Magnet Motor
Motor
Cost ($/kW) $$$ $$ $ $$ $$
Power
density Highest Moderate Moderate Moderate Moderate
(KWI/L)
Specific
power Highest Moderate Moderate Moderate Moderate
(kW/kg)
(Eozf)lmency High Low Good Good Good
Dlig'rﬁiizd Good Good Challenging Good Challenging
tl\)/ilﬁ?;factura Mature Mature Easy Moderate Difficult
Inverter and
Controls Conventional | Conventional | Unconven. Conventional | Unconven.
Requirements
Potential for
improvement
for Moderate Minimal Significant Significant Significant
automotive
applications
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extraction/processing, earth moving equipment, and electrified agricultural equipment and
implements. The focus of this dissertation proposal is on the establishment and demonstration of
a design framework for co-optimization of geometric features, windings, and control of SRM that

minimize torque ripple and maximize efficiency.

Fundamentals of SRM design, operation, and control methods are discussed in Chapter 2 along
with a detailed review of new and advanced design and control optimization methods. A novel
optimization and modeling approach is presented in Chapter 3 that uses a unique method to
perform co-optimization of both SRM design and control by determining control conditions at low
and high speeds without extensive FEA time domain simulations. In Chapter 4, this SRM
optimization technique is implemented with consideration of the entire torque-speed operation
range as a detailed design process is proposed and demonstrated and a final design is selected for
testing. In Chapter 5, the process of scaling, fabricating, and testing the final design is discussed.
A summary and conclusions are provided in Chapter 6 along with a discussion of the applicability

and limitations of the proposed design and control co-optimization method.
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CHAPTER TWO: FUNDAMENTALS OF SRMS, CONVERTERS, AND
CONTROL METHODS
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Abstract

After a brief historical background of the SRM is provided, fundamentals of SRM operation
including the physical principles on which it operates, basic equations, converter topologies, and
control techniques are discussed. A review of both new and well established methods for design

and control optimization is given, and the deficiencies of existing methods are identified.

SRM History and Usage

The SRM dates to the 19" century and its first documented use was for locomotive propulsion in
Scotland in 1838. To achieve reasonable performance, SRMs must have position and speed
dependent commutation and current regulation. Therefore, the SRM only began to be a viable
motor technology in the late 1970s and 1980s when microprocessors and power electronics started
becoming commercially available. Due to their simple construction, SRMs have been used in a
wide range of low-cost applications such as vending machine dispensers and parking brake
engagement for passenger vehicles. Since SRM rotors do not contain magnets or windings, they
have the simplest construction and are the most mechanically robust of all electric machines, and
this facilitated their use in high-speed applications such as commercial hand dryers and vacuum
cleaners. Furthermore, due to the ability of many SRM configurations to continue to operate with
a fault in one of the phases, they have been used in rugged applications such as agriculture, mining,
earth moving, or deep-well drilling where there is a need for the machine to continue to operate
after a phase fault occurs.

Fundamentals of SRM Operation

Torque production in SRMs is based on reluctance torque which is developed by magnetically
salient teeth made of soft-magnetic material on both the rotor and the stator. The magnitude of the
torque is directly related to magnetic saliency, and stator teeth are energized to attract the nearest
rotor tooth, and they must be de-energized upon alignment to avoid negative torque. Conventional
SRM windings are referred to as concentrated windings, as each stator pole is formed by a single
coil wrapped around a single stator tooth, as opposed to distributed windings that are common in

multi-phase machines, which span multiple teeth to form a stator pole. An example of an SRM
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with 12 stator teeth and 8 rotor poles (referred to as 12-8) is provided in Figure 2.1. Three rotor
positions are shown beginning with the four stator teeth and orange windings of phase ‘a’ being
unaligned with the rotor teeth. With the positive angular speed defined to be in the
counterclockwise direction, current applied to phase ‘c’, indicated by the blue windings, produces
positive torque at this position. As rotor position increments counterclockwise from the unaligned
position shown in Figure 2.1(a), phase ‘a’ current produces positive torque until the rotor teeth are
in alignment with the stator teeth of phase ‘a’ as shown in Figure 2.1(c). An intermediate position
is shown in Figure 2.1(b) where stator and rotor teeth corresponding to phase ‘a’ are overlapping
and positive torque is being produced by phase ‘a’, but rotor teeth corresponding with phase ‘c’
are past alignment and negative torque is produced by phase ‘¢’ if current is applied.

Torque production and operational characteristics of the SRM can be derived by applying
Faraday’s law. If mutual coupling between phases is neglected, the phase voltage can be expressed
by

N dy(i, 0)

= Ri
1% l dt

d6 dt (2.1)

_ di
:Rl+Linc'%+e'a)

where i is the current, R is the resistance, y is the flux linkage, and Linc is the incremental
inductance associated with coils in a phase. Angular position and angular speed are represented by
theta and omega, respectively. In the last term, e represents what is referred to as the pseudo back-
emf. Flux linkage and Linc are dependent on both phase current and rotor position. An example of
flux linkages at various current levels versus rotor position for three phases is shown in Figure 2.2.
The flux linkage plot for phase ‘a’ is labeled according to the alignment of the phase ‘a’ stator
teeth and corresponding rotor teeth. In the aligned position, flux linkage is higher because the rotor
has high magnetic permeability and completes the magnetic circuit, whereas a low level of flux

linkage is associated with the unaligned position.
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Figure 2.1 SRM simulation showing flux density vectors and contours of magnetic vector potential for phase-a

(a) unaligned, (b) intermediate, and (c) aligned rotor positions.
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Figure 2.2 Flux linkage versus position for various currents for three phase SRM.
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Torque production in SRMs can be analyzed by using a co-energy method, which as shown in
Figure 2.3 can be visually represented by graphing flux linkage versus current for each phase for
various rotor positions. The energy stored in the system from the phase is obtained by integrating
current with respect to the flux linkage, and mutual coupling between phases is neglected, the
stored energy associated with a single phase is
v
Weorea = | 10,6 ai 22)

The co-energy in the system is defined by integrating flux linkage with respect to current:
1
w.= [ w0 di 23)
0

In a magnetically linear system, the co-energy is equal to the stored energy in the system,

but in nonlinear systems, they are unequal. Although the co-energy has no direct physical meaning,
it can be indirectly used to calculate forces in electromagnetic systems. The relationship between
co-energy and stored energy encompasses the relationship between the energy applied, stored, and
converted in systems capable of electromagnetic and/or electromechanical energy conversion. As
an example, the red point represents an operating point of phase ‘a’, and the co-energy at this point

is expressed by

Ia

Wa_cl = lpa(iar 9) dia (2-4)
0

Similarly, the co-energy at an operation point of a different position is

Ia

Wa ez = Ya(ig, 0 + A0) dig (2.5)
0

Instantaneous torque can be defined as the partial derivative of co-energy with respect to position:

_ owe(,9) (2.6)
a0
Using equations (2.4) and (2.5), (2.6) can be discretely evaluated:
Wa c2 Wa cl
= - - 2.7
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An example of an SRM torque profile is provided in Figure 2.4. Phase ‘a’ produces positive torque
across rotor angles between 0 and 180 degrees, and the torque produced by applying a constant
current to phase ‘a’ over this range is indicated by the red trace. Phase ‘b’ produces positive torque
between 120 and 300 degrees, and the combined torque with constant current applied to phases ‘a’
and ‘b’ is indicated by the green trace. Similarly, phase ‘c’ produces positive torque between 240
and 60 degrees, and the total torque resulting from constant current applied to phases ‘a’ and ‘¢’
is indicated by the blue trace. This example illustrates the reason why torque ripple is difficult to
avoid in SRMs. The challenge is that in addition to the torque profile being irregular for a given
current, this profile changes with current amplitude, especially for saturable designs at higher
currents when considerable portions of the steel laminations operate in regions of nonlinear

permeability.

Torque ripple propagates to the components connected to the SRM, and in many applications, it is
desirable for it to be minimized. Vibrations occur as a result of the forces contributing to torque
production as well as strong radial magnetic forces that coincide with the interaction between stator
and rotor teeth. These vibrations are one of the main contributors to the acoustic noise of an SRM.
Another contributor to acoustic noise is related to a phenomenon called the Barkhausen effect,

which is produced by steel laminations as varying fields are applied to the rotor and stator.

Dynamic operation of SRMs is generally similar to that of all electric machines as it relates to the
maximum torque versus speed profile shown in Figure 2.5. At low speeds, a torque limit is
associated with the maximum current capability (a.k.a rated current), irated that is largely based on
the resistive losses generated in the windings and the characteristics of the thermal management
system that transfers heat from the system. For dynamic operation, the second and third terms in
the voltage equation (2.1) are the incremental inductance and pseudo back-emf components, and
they are dependent on partial derivatives of flux linkage with respect to current and position,
respectively. Both terms reflect an increase in the voltage required to achieve a given current as
rotational speed increases. The pseudo back-emf term increases directly with speed, and the
inductance term increases indirectly with speed due to the partial derivative of current. Ata certain
speed, the rated current and therefore maximum torque is no longer achievable due to the

maximum supply voltage available, and this is referred to as base speed.
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As opposed to most multiphase electric machines, the phase windings in conventional SRMs are
not connected in a wye or delta configuration. The phases are powered individually since current
does not typically flow in alternating directions through the winding as it does in most electric
machines. Therefore, SRMs are compatible with a wide range of converter technologies, and many
examples are shown in the diagram in Figure 2.6 [2.1]. The most commonly used converter in
SRMs is the asymmetric half bridge converter shown in Figure 2.7. Similar to conventional voltage
source inverters, it has two switching devices and two diode components per phase. Since the
phase windings are not interconnected in SRMs, there is no alternate path for current to flow when
the conventional phase leg with anti-parallel diodes is considered. Therefore, diodes are
asymmetrically situated such that current in each phase can flow to the DC-link when both

switches transition from an on to off state.

The asymmetric half-bridge converter allows for the three primary operation states shown in
Figure 2.8. With both upper and lower switching devices on, the DC-link voltage is applied to the
phase winding. When both switching devices are in an off state and current is still present in the
winding, a negative voltage with a magnitude matching the DC-link voltage is effectively applied
to the windings until current reduces to zero and the diodes are no longer forward biased. A free-
wheeling state is possible when one switching device is on and the other is off. This is sometimes
referred to as a zero-volt loop as approximately zero volts is applied to the winding. When the
free-wheeling mode is incorporated into a switching scheme, it is referred to as soft chopping.
When the switching scheme only involves both switching states being on or off, it is referred to as
hard chopping. The exemplar waveforms in Figure 2.8 [2.1] indicate that soft chopping can lead
to reduced current ripple, as the free-wheeling state allows for the phase current to be more readily

maintained once a target current is reached.

The most commonly used control techniques used with SRMs are hysteresis band current control
and voltage duty cycle control. Current control is particularly applicable at low and moderate
speeds when the motor impedance is low and current quickly changes as a result of commutation.
It consists of a target current and current band above and below the target current that the measured

current is allowed to deviate, as shown in Figure 2.9. Both techniques involve the use of on and
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off angles, 6,, and 6,5, which represent when a phase should become active and inactive,

respectively. These same angles can also be described by the advance angle, 8,4, and the dwell
angle, 6,,,. The advance angle is the angle at which a phase transitions from an “off” to “on” state
with respect to the unaligned rotor position, and the dwell angle correlates with the angular range
in which a phase is active. The dwell angle remains the same whether the “on” transition is

represented directly or indirectly by the advance angle.

Representing the transition angles with advance and dwell angles can be more intuitive as these
angles are defined over the torque and speed operating range since average torque closely
correlates with the dwell angle, and the requirement for the advance angle to increase varies
considerably with speed. For hysteresis band current control, the target current and current band
are often defined over the torque-speed operation region by lookup tables or other representative
functions. At moderate and high speeds, the voltage control method is often used as SRM
operation becomes voltage limited and the duty cycle of the single pulse waveform is varied to
control torque or power output. The advantage of using these control techniques is that the
voltage method can be implemented with the same basic control structure as the hysteresis band
controller, as lookup tables or other functions are used to define the angles throughout the
operating range. This conventional controls approach is suitable for some cases, and it has been
implemented in many applications. However, the current profile resulting from hysteresis band
control at low speeds and the uncontrolled current profile resulting from a single voltage pulse at
high speeds does not facilitate mitigation of torque ripple or acoustic noise. Therefore, a review

of advanced torque ripple and acoustic noise mitigation methods was conducted.

SRM Geometries and Control Methods

A wide range of research has been conducted to develop and optimize SRM geometries and control
methods to reduce torque ripple, acoustic noise, minimize losses, and other operational
characteristics. Due to the nonlinearity of the SRM magnetic circuit with respect to both current
and position, and an irregular torque profile (Figure 2.4), it is a challenging optimization problem
for both SRM design and control techniques. Discussion of SRM research is divided into the
following three sections: machine design, advanced control methods, and the last section focuses

on references that address both machine design and control.
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SRM Design

The FEA method is considered the most accurate motor modeling method for most motors,
including the SRM. It was not until the 2000’s when computational speeds and memory capacity
enabled broad optimization based fully on FEA machine models, and even among recent papers,
it is difficult to find publications that involve the optimization of more than 5 machine parameters.
Trade-offs and advantages of alternative machine design optimization methods that minimize or
eliminate FEA calculations are discussed in the following, and a majority of the references were

selected based on the inclusion of FEA results for validation.

Key aspects and features sought out in machine design literature review were the inclusion of
nonlinear magnetics, optimization of multiple parameters or objectives, consideration of voltage
limitations, advanced optimization algorithms, and/or methods to reduce computational demand
and facilitate broad optimization. References involving optimization of both machine and controls
are discussed in the last section of the literature review.

Detailed analytical and FEA-based optimization of rotor and stator tooth widths and back iron
thickness for maximization of torque density and minimization of acoustic noise is discussed in
[2.2]. Analytical models are used to assess the impact of various input design parameters such as
rotor radius, stator yoke radius, stack length, and stator pole width output parameters such as rotor
hoop stress, current density, inductance overlap ratio, acoustic noise, and torque ripple. Amongst
all reviewed literature, this is one of the few references that considers mechanical stresses. For
mitigation of acoustic noise, the paper discusses the importance of decreasing the radial force
harmonics acting on the stator and making the natural mode frequencies of the stator geometry as
high as possible, and if possible, primary modes should be made higher than the audible frequency
range (>20kHz). It is noted that a thicker stator yoke yields higher modal frequencies, but there is
a trade-off between yoke thickness and power density based on iron utilization (from a magnetic
standpoint) and winding thermal considerations. For torque ripple mitigation, the paper discusses
the trade-off between decreasing torque ripple and increasing average torque as increasing the
number of phases and poles, and increasing rotor and/or stator tooth widths yields lower torque
ripple, but also lower average torque. Various geometric design ratios are established and general

ranges are provided for achieving low acoustic noise and torque ripple based on analytical models.
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Optimization is not discussed in detail and the objective function is set to maximize mean torque.

The maximum torque versus speed curve for a resulting design is provided.

Examples of SRMs in various applications are provided in [2.3]. The authors describe how aligned
inductance is more straightforward to represent with analytical models and discuss various
analytical calculation methods for the unaligned position such as the dual-energy method based on
quadrilateral discretization of the slotted region. They note that computations should include the
partial linkage effect, where all turns of a coil do not link the same flux, and by using FEA they
can be calculated by [ A - dl, where A is the average magnetic vector potential across the conductor
cross-section and it is integrated along the axial direction of the machine (dl). They point out the
importance of including end effects, particularly at the unaligned position where flux can travel in
the axial direction which can increase the unaligned inductance by 20-30 percent. The paper
includes results of unaligned inductance estimation using end-effect factors that splits the
calculation into two parts: Ly = Luo X (eu + fu), where ey = Lend/Luo represents the self-inductance
(Lend) of the end windings, expressed as a fraction of the uncorrected 2D unaligned inductance,
Luo. fu is a factor that accounts for axial fringing fu = (dr + Lsi)/Lsw«, Where dr is the rotor slot depth,
and with the aligned position, a similar factor is used but air-gap length is substituted for dr. While
these 3D end effects are important for final modeling, they comment that the optimization of stator
and rotor lamination shapes with 2D FEA is still feasible since end effects would be comparable
for each design. A key point they make is that for intermediate positions, calculation of the
individual magnetization curves is not practical by analytical methods and that FEA methods
should be used.

The effectiveness of genetic algorithms (GA) vs. particle swarm optimization (PSO) is compared
in [2.4] regarding optimization by maximizing average torque and minimizing torque ripple with
two geometric variables: stator and rotor pole width. An analytical model is used with ANN to
determine a reduced solution space prior to FEA modeling used in the PSO and GA optimization.
It is shown in Figure 2.10 that the PSO algorithm converges much more quickly than that of the
GA and yields an optimal solution that has slightly higher average torque and lower torque ripple.
The optimization is carried out with static FEA without consideration of voltage impacts. Since
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discussion of control is not provided, it is implied that ideal commutation was assumed, and
constant current is assumed for any position where positive torque is produced by a single phase.
This results in a design that is optimized at zero speed but is not necessarily optimal at other speeds.
A multiple objective evolutionary algorithm is implemented in [2.5], and rotor and stator pole arcs
are optimized with the consideration of average torque, torque ripple, and copper loss, using non-
dominated sorting GA 11 (NSGA-II) with well distributed pareto fronts demonstrating trade-offs
between objectives. Using the same 8/6 machine as [2.4], PSO is compared with differential
evolution (DE) methods with a nearly ten times decrease in execution time for the PSO to generate

the Pareto-optimal front.

The authors in [2.6] use PSO with a third order response surface (RS) to predict the impact of
variations in 7 independent design variables for multiple objective optimization of various
operational characteristics with a significant reduction in required FEA simulations compared to
other 1st and 2nd order RS methods. They review various designs of experiment and stochastic
evolutionary methods, including a 1% order RS approach requiring FEA simulation for each
variation and a 2nd order RS approach that has limited accuracy with increasing number of design
variables. Therefore, they proposed and demonstrated an approach that uses definitive screening
of designs (DSD) to perform sensitivity analyses to identify significant design variables and reduce
the number of design variables accordingly. The DSD approach uses FEA to analyze parameter
sensitivity, as shown in Figure 2.11, with (2N +1 = 29 cases) versus (2" + 2N + 1 = 16413 cases)
for central composite design (CCD) to construct the RS. Using DSD, the number of variables was
reduced from 14 to 7. To improve the accuracy of the RS models, optimal third order RS models
were constructed with Audze-Eglais Latin hybpercube designs (AELHD) using 240 experiments.
PSO is used both in the selection of significant regression terms as well as the multiple objective
optimization generating a Pareto front based on torque ripple, specific torque (Nm/kg), and
efficiency, as shown in Figure 2.12. It can be seen that efficiencies above 90% are achieved with
torque ripple ranging from 15-20%. Maximum torque density is achieved with efficiencies ranging
between 88-90%. The primary benefit of the approach is that multi-objective multi-dimensional
optimization is performed based on RS formulated by FEA instead of FEA directly, leading to a
significant reduction in computational time. This method must be implemented with caution, as

the formulation and accuracy of the RS may not be appropriate depending on the characteristics
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of the actual response surface and the ability of the 3" order RS to accurately represent it. The
improved accuracy of the proposed method is evaluated and demonstrated against other RS
methods by comparing the coefficient of determination (R?) and root-mean-square error values for
torque ripple, mean torque, and efficiency RSs for each method. Dynamic operation was not
considered during this optimization, as the only control parameter mentioned is the chopping
current, which implies that the current magnitude was assumed to rise and fall instantaneously at

the unaligned and aligned positions, respectively.

A combined magnetic equivalent circuit (MEC) and FEA approach for modeling the SRM is
presented in [2.7]. Comparisons between the MEC-FEA hybrid model and FEA indicate close
agreement in flux linkage for low excitation levels, with increasing error in regions where magnetic
saturation occurs, and the higher errors occur at an intermediate position (between aligned and
unaligned positions) near the aligned position. Mutual coupling is not accounted for, and while
this approach is suitable for some design efforts, the MEC model may need to be significantly
modified if geometric features vary far from initial assumptions. Further, more fidelity in the flux
linkage mapping may be needed in efforts to minimize torque ripple.

Multi-physics multi-objective design optimization of a bearing-less SRM is discussed in [2.8],
where six variables are optimized: stator inner diameter (ID), stator and rotor pole widths, total
air-gap flux density, and the ratio of power and flux density generated by motor windings and
suspension windings that are used to suspend the motor shaft with electromagnetic forces. During
the optimization, 48 particles iterated 180 times to obtain the Pareto front, and convergence was
reached at the 175th iteration. Although there is some mention of time transient stepping, there is
no mention of the control method used nor is there detail regarding the impacts of voltage
limitations, which is perhaps the most important consideration for SRM operation. A lumped
parameter equivalent circuit thermal model is used to model the heat transfer characteristics. There
is only a mention of a single speed and power specification, and it is therefore assumed that the
optimization is for only one operation point. Hysteresis and eddy current losses are post processed
from the time-domain simulation based on transient iron loss using the flux density of each mesh.

Torque ripple is not addressed in the paper. The Pareto front is graphically portrayed in Figure
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2.13 with the reciprocal of torque density (kg/Nm) versus the reciprocal of efficiency, and a

maximum efficiency of about 70% and inverse torque density 22.2 kg/Nm is demonstrated.

A comprehensive review of various configurations of mutually coupled SRMs (MCSRM) is
provided in [2.9]. This type of mutually coupled SRM is mainly sought after due to the possibility
of being driven by conventional voltage source inverter (VSI). Various winding configurations,
including single versus double layer windings and short pitched versus full pitched are discussed.
Copper loss, iron loss, power factor, efficiency, torque ripple, and torque density are compared for
these various winding configurations, and iron loss, copper loss, efficiency, torque density, and
torque ripple are compared for various excitation methods. The single layer full pitch MCSRM
yielded the highest torque density and lowest torque ripple, and not the highest iron loss and copper

loss.

The double layer, short-pitched MCSRM achieved the highest efficiency but also the highest
torque ripple, while the single layer short pitch MCSRM generally resulted in quality metrics
between the former two. Regarding excitation methods, bipolar 180 provides the highest torque
density, moderate torque ripple, while unipolar 180 provides the lowest torque ripple and highest
efficiency. Various modeling methods are discussed including lookup tables and an approach that
reduces system dimensions by translating the three phase variables to the rotating frame, resulting
in dg components. Although some parameters for the reference machine are provided, non-
normalized torque metrics are not discussed, and therefore it is difficult to compare conventional
SRM performance with the optimized designs. Furthermore, the speed or torque level at which the
performance and operational metric comparisons are performed, and the influence of speed upon

these metrics is not addressed in detail.

SRM Control

Key aspects and features sought out in a review of SRM control literature were consideration of
nonlinear machine characteristics, optimization of multiple parameters or objectives such as torque
ripple, consideration of voltage limitations, predictive control, advanced optimization algorithms,
self-learning, online optimization, methods to reduce machine model complexity, and evaluation
of controller effectiveness across the entire torque-speed operation region. References involving

optimization of both machine and controls are discussed in the last section of the literature review.
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The limitations of conventional proportional-integral-derivative (PID) control are discussed in
[2.10], and feedback linearization is used to develop expressions of flux linkage and torque with
position, speed, and current as state variables. This decouples the effect of voltage on torque to
simplify the control problem. In comparison to [2.10], [2.11] applies feedback linearization to a
reduced order model with two timescales (mechanical and electrical). Position control is
implemented with PID direct torque control (DTC) using measured position and current.
Experimental results do not show close correlation between simulated and measured position and
speed. Both [2.10] and [2.11] are particularly suited for applications such as direct drive robotics,

while applicability over a wide speed and torque range is not addressed.

A method is presented in [2.12] where self-learning of SRM characteristics is implemented before
the controller is put into service. The SRM is used as its own loading machine to characterize
torque vs. current and position in static (net-zero torque) and dynamic inertia-position tests.
However, mutual coupling is not accounted for, and linear assumptions are made to determine

optimal current in magnetic saturation.

Random perturbation is used in [2.13] to modify conventional switching angles during online
control to reduce acoustic noise. Bi-cubic spline interpolation is used in [2.14] to represent
nonlinear experimental data for decoupled linear systems for torque ripple minimization. In [2.15],
offline generation of coefficients using bi-cubic spline interpolation of flux linkage vs. current
mapping is applied for online computation of flux linkage and torque using measured voltage and
current. Results show an increase of 35% and 50% rms current for torque ripple reduction of 60%
and 90% for a given torque. These methods do not consider mutual coupling or voltage/speed

limitations.

Torque ripple reduction is achieved in [2.16] through current control simplification and improved
current tracking by separating the reference current into three sections: rising, falling, and primary.
Mutual coupling is considered, and the impacts are described as having a negative impact on
operation. Reference [2.17] extends the current control simplification proposed in [2.16] to

applications needing high performance motion control. Components of Fourier series expansion
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are used in [2.18] to represent an inductance profile. The method assumes linearity, no mutual

coupling, and the limitation of applicability beyond base speed is acknowledged by the authors.

In [2.19], the simultaneous optimization of switching angles is achieved through brute force
calculation of torque, torque ripple coefficient, and drive efficiency for all turn-on turn-off angle
combinations. Optimization is achieved in a somewhat manual manner as 2D isovalues of these
quantities are plotted for various angles for a given speed, as shown in Figure 2.14 (a-c). While
the tradeoff between efficiency and torque ripple is demonstrated, no cost function or optimization
function is used in determining optimal conditions, as a weighting method would be needed. A
comparison is made between simulation and test data in Figure 2.14(d) showing simulated
efficiency contours and measured efficiency points for a targeted 102 kW for an EV propulsion
drive. A peak efficiency of 91.6% was measured versus 93% simulated at about 53 kW and 10,000

rpm.

Since common SRM control methods use either precalculated parameters or direct torque control,
both of which rely on torque and flux as a function of current and position, [2.20] compares
methods for determining flux linkage maps with static FEA and dynamic measurements, where
phase inductance and flux-linkage are reduced by eddy current effects in the winding.
Conventional hysteresis current control method is used while focus is placed on the impacts of
flux linkage determination by comparing direct transient FEA simulation (considered the
baseline), model-based simulation using static FEA flux-linkage mapping, and dynamic flux
linkage mapping (emulated measurement in FEA). Winding eddy current effects have little direct
impact on torque mapping; however, the eddy effects on flux-linkage mapping and corresponding
current/voltage behavior do impact the torque as the controller is implemented. Results indicate
less than a 2% difference in torque from baseline for both static and dynamic characterization
methods at low speeds, while estimated torque using static FEA is 15% lower than baseline
compared to only 1.5% less than baseline with the FEA emulated dynamically measured flux
linkages. Therefore, the dynamic flux linkage mapping approach was shown to be more effective
in predicting high-speed operation than that of direct static FEA flux linkage mapping, as eddy
effects resulting from current displacement yield lower phase inductance and allow current to rise

faster, yielding higher torque for a given voltage.
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Figure 2.14 Simulated (a) torque, (b) drive efficiency, and (c) torque ripple for various turn-on and turn-off

angles, and (d) a comparison of simulated and measured efficiencies across operation region [2.19].
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A speed control algorithm is proposed in [2.21] using two-phase excitation to ensure convergence
of currents and speed to targeted reference values with consideration of mutual coupling between
phases and therefore facilitates minimization of torque ripple and acoustic noise. Past work with
torque distribution functions linearly deenergize and linearly energize adjacent phases during the
commutation interval neglecting the effects of mutual coupling. A state space model of the SRM
with consideration of mutual coupling was implemented with the current of adjacent phases and
speed as state space variables, and corresponding control vectors were analytically determined
such that asymptotic stability is achieved and is evaluated using a PI controller. Speed tracking is
successfully demonstrated at one speed, but performance at various points in the torque-speed
operation region are not discussed, which is particularly of interest at high speeds where voltage

limitations occur.

Reference [2.22] extends the work in [2.21] to consider the important dependency and nonlinearity
of self and mutual inductances as a function of position and current. Design of a feedback
linearization controller (FLC) and sliding mode controller was performed using a transformed
dynamic model to simplify the state equations. The sliding mode controller is designed with two
sliding surfaces, and controllers are defined such that the state variables (which are indirectly phase
currents and speed) achieve asymptotic convergence. A comparison showed that the FLC
controller tracked speed more quickly, but the SMC maintained speed better after load transients,
and both performed considerably better than the linearized PI controller. While the approach used
to achieve robust speed control is appealing, it is not clear how the self and mutual inductances
were derived and represented (e.g., look-up table or curve-fitting for example), and more
importantly, details are not discussed regarding the true challenge in SRM control, namely the
position dependent control of current and torque. While torque ripple is mentioned, it is not
addressed in the formulation of the control problem. Furthermore, as speed tracking is important
in some applications, it is not typically a challenge in vehicle propulsion due to acceleration

limitations associated with the large mass/inertia of vehicles and friction between tire and road.

A type of predictive control is implemented in [2.23], where the on-time PWM pulse is calculated
for a given reference current in each time step using the machine inductance profile (L(i,4)) to

predict the required flux linkage and pulse duration. It is shown that this method results in close
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tracking of a reference current profile with a minimal error. The maximum error is observed during
the activation of a phase where the reference current has the most significant rate of change and
tracking is limited by measurement noise and error from current and position sensors. This method
is useful in the implementation of current profile tracking, as shown in Figure 2.15 but may be
limited at high speeds and high loads when single pulse or multiple pulse operation may need to
be implemented due to voltage limitations, or for cases where operational frequency is similar is
closer to that of the switching frequency. The method does not directly (and does not claim or
intend to) consider voltage limitations, and a separate method for deriving current profile with

consideration of voltage constraints must be implemented.

A control method is proposed in [2.24] that uses a fixed frequency switching scheme with feed-
forward voltage control using an asymmetrical half bridge drive for each phase. The paper
addresses the fact that the proposed method is particularly applicable at low speeds where torque
ripple minimization is implemented, and conventional multi-pulse control is implemented at
higher speeds. A voltage reference is determined by the phase voltage equation and flux linkage
curves. Predictive control based on flux linkage estimation compensates for the control interval
delay, as shown in Figure 2.16. As a result, the average applied voltage during one control interval
can vary from -Vdc to +Vdc based on the feed-forward voltage calculation (as opposed to +/-Vdc
with hard chopping and +/-Vdc and 0 V with soft chopping). The resulting current ripple is
compared with two level hysteresis band (2LHB), or hard chopping, and three level hysteresis
band (3LHB), or soft chopping. The resulting RMS error in the current is 0.189 A at a current
magnitude of 2 A for the proposed technique versus 0.446 A and 0.465 A for 2LHB and 3LHB
switching schemes, respectively. Further, the number of switching events was 186 versus 258 and
230, and converter losses were 63.3 W versus 77.1 W and 76.1 W when comparing the proposed
method with 2LHB and 3LHB switching schemes. The resulting acoustic noise spectrum is shown
to be much lower, particularly for higher frequencies, as expected since a fixed carrier frequency

is used in the proposed approach versus the hysteresis switching schemes.

Elitest mutated multi-objective PSO in used in [2.25] to determine parameters for an adaptive

sliding mode speed controller and switching angles for conventional hysteresis control. A multi-
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Figure 2.15 Switched current waveform and current reference for (a) conventional soft chopping and (b)

predictive control with fixed frequency [2.23].
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objective cost function includes integral squared errors of speed and torque ripple. While the
approach is clever, only simulations results are presented, and it is not clear if it is intended or able
to be implemented for online optimization, offline optimization, or just simulation wherein a
lookup table and functions are used in deployment. Furthermore, the output of the optimization is
switching angles and current reference values for conventional hysteresis control, which has
limited ability to minimize torque ripple since torque ripple reduction requires complex current

waveforms.

A fixed frequency sliding mode current controller with consideration of magnetic saturation and
mutual coupling is proposed in [2.26] that is based on an equivalent circuit model of the SRM.
Experimental results include switching waveforms and a comparison of RMS current error and
RMS torque error between 1) a sliding mode controller with 20 kHz switching frequency/40 kHz
sampling and 2) a hysteresis controller at 10-30 kHz switching/40kHz sampling and 3) a hysteresis
controller at 10-30kHz switching and 200 kHz sampling. The sliding mode current control
significantly outperforms the hysteresis controller with 40 kHz sampling and has comparable
results with the hysteresis controller with 200 kHz sampling across the entire operating speed range
at two different torque levels. The sliding mode current controller is proposed as the inner loop of
a torque ripple minimizing control scheme. Little detail is provided regarding torque ripple
optimization, as the focus of the paper is on current tracking, and a simple linear TSF is used for
instantaneous torque control in both simulation and experiment. While the approach shows similar
performance can be achieved with much lower FPGA sampling frequency, predictive control
methods may offer an advantage at higher speeds, as considerable tracking error is present at high

speeds, particularly near the on and off transition points.

A novel torque sharing function is proposed in [2.27] to minimize torque ripple, copper loss, and
maximum absolute value of the rate of change of the flux linkage (RCFL or MR). The objective
function involves the sum of currents raised to an undetermined constant power, g, instead of
averaged square value of current, with boundary conditions g>2 and g—oo. For this study, the
absolute value of RCFL (Whb/rad) was minimal for r = 4, where r = g/(g-2) — g = 2.5. As shown
in Figure 2.17(a), the discrete calculation of the TSF for any position is based directly on the ratio
of inductances that are a function of position. The optimal TSF is chosen to attain secondary
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objectives of minimizing copper loss and max flux change. The approach neglects magnetic
saturation. The control scheme uses a TSF to generate torque reference for each phase, then a
torque to current block to generate the current reference, with current controlled with a classical
hysteresis controller. A plot of torque ripple vs. speed shown in Figure 2.17(b) indicates that the
proposed method yields comparable torque ripple levels at low speeds (20-30%) but is much lower
at high speeds (less than 40%) compared with linear (85%), sinusoidal (75%), and cubic (68%)
TSF methods. At a given torque level, current is lower at 3.9 Arms for the proposed method versus
5.4, 5.8, 5.8 Arms for the cubic, linear, and sinusoidal TSF methods, respectively.

Optimization based on differential evolution is implemented in [2.28] to generate optimal current
profiles based on minimization of harmonics in the torque ripple and sum of radial forces for
acoustic noise minimization. The authors note that the TSF is difficult to define for cases when
one phase may be producing negative torque. They also note that two-step excitation (where a
second step is applied to cancel vibration from the first vibration) and spreading PWM spectrum
across the frequency range for vibration reduction may not avoid resonant frequencies throughout
the operating speed range. They propose minimizing radial forces based on a nonlinear model,
where radial forces are calculated using a Maxwell stress tensor method which integrates the

difference of square radial and tangential flux density across a tooth surface at the air gap.

Similar to torque, radial force is also a function of position and current. The authors point out that
the SRM is more prone to low frequency vibration due to resonance with radial force harmonics.
To minimize FEA computational requirements, torque and radial forces are represented as the
product of the square of the phase current and torque and force factors that are a function of
position and current, and these factors are approximated by curve fitting to FEA. Ultimately, the
approach is to inject appropriate harmonics in the phase current waveforms to meet tradeoff
objectives. However, one key potential limitation of this approach may be the ability to inject
higher harmonics at higher speeds where voltage limits are encountered. An optimization function
is used to minimize the sum of weighted torque and sum of radial force harmonics. The
optimization is subjected to a torque ripple constraint, current rating, and maximum change in flux

linkage vs. position, which are grouped together as a penalty function. While this indirectly
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considers voltage limitations by minimizing RCFL, it is not an implicit consideration of voltage
limits. The initialization procedure for the DE involves a randomization and the cost function is
used to determine the first-generation design variable vector. The number of generations in this
study was 40, number of individual designs was 40, and number of variables was 13. Simulation
results are shown for a speed that is not mentioned, and it is shown in Figure 2.18 that radial force
ripple (the variation of the instantaneous sum of radial forces with rotor position) is reduced from
71% to 46% using the optimized current profile with a 240° conduction angle versus conventional
duty cycle control (“non-optimized current profile”) and to 15.8% by increasing the conduction
angle of the current profile to 270°, but at the expense of 14.5% higher copper losses and increased

torque ripple.

A sliding mode control technique is applied in [2.29] to achieve robust speed control and mitigates
"chatter" phenomenon that can occur in sliding mode controllers through the use of adaptive fuzzy
compensation. This avoids potential additional energy consumption, reduced hardware lifetime,
and less control accuracy. As shown in Figure 2.19, the adaptive fuzzy control (AFC) is based on
speed error, and a torque command is output to a TSF controller using a cubic polynomial function
with the torque command shared evenly across all phases. This is a clever implementation for
robust speed control, but does not address issues with torque ripple, and is more suitable for
applications requiring robust speed control such as in some industrial applications, whereas in
direct drive propulsion applications, speed tracking is generally not a challenge due to vehicle

inertia and torque limits related to tire-road friction.

The authors in [2.30] discuss how there are performance improvement limitations of previously
proposed online TSF methods compared to conventional (offline) TSFs. They present a method
in which the conventional TSF is optimized to minimize evaluation criteria, and the optimizing
parameters are applied to a corresponding online TSF with a modified current control algorithm.
They point out that previous work with linear, cubic, cosine, exponential, and modified TSF lack
the ability to track phase current at elevated speeds due to voltage limits. They reference [2.26]
regarding the impact of absolute rate of change of flux linkage (ARCFL), and for conventional

TSFs two modes exist during phase commutation. For mode | (start of commutation), ARCFL of
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the incoming phase is higher than the outgoing phase and ARCFL of outgoing phase becomes
much higher than the incoming phase in mode Il (at the end of phase commutation). Thus, the

outgoing phase determines the maximum ARCFL and maximum TRFS (torque ripple free speed).

Therefore, a modified online TSF method is introduced that minimizes the maximum ARCFL and
maximizes the TRFS region by using a Pl compensator to minimize error between reference torque
and estimated torque, with the output of the PI compensator added to the phase that has a lower
ARCEFL (because it is therefore more controllable), which is the outgoing phase in mode | and
incoming phase in mode Il. This permits better torque tracking and therefore the ability to
minimize torque ripple. The online control method, shown in Figure 2.20, uses current lookup
tables i(6,7) for a given reference torque, and torque lookup tables z (6,i) are used for torque
estimation based on current measurement. The online method is shown to reduce the ARCFL
considerably and increases the average torque and reduces the torque ripple from 40% to 20% in
the most improved case. However, torque ripple still increases with speed due to saturation of the
current controller, and torque tracking at high speeds is slightly less than conventional TSF
methods. This is improved by defining a fitness function which sums the normalized ARCFL and
square of current (to which copper loss is proportional), both of which have weighting factors, and
GA based optimization is used to find the angle of phase activation (&) and the overlapping angle

between phases () that minimizes the fitness function.

The two components of the fitness function are defined as functions of the reference torque, Gon,
and 6. Optimization using various type of TSFs was compared, with torque ripple reaching
41.91% for the unoptimized TSF, and 22.74%, 12.53% and 12.25% for the optimized offline TSF,
optimized online TSF, and optimized online TSF with modified hysteresis current control,
respectively. No detail was given regarding what the modification is; it is perhaps just soft
switching. A comparison is provided across speed with the same torque reference, and the
optimized online TSF achieves higher torque at elevated speeds and considerably lower torque
ripple. The approach does not include mutual coupling, though its incorporation seems possible.
While variation of control parameters across torque-speed range is mentioned, the control block

diagram does not show higher level control or how this is handled. As authors note, the method
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may be better suited for advanced current control schemes such as PWM current control and model
predictive current control. Of all reviewed control-based literature, this may be the one that most

readily addresses limitations of dc link voltage/speed, and current control loop time delay.

Authors in [2.31] note the challenge and need for an expert user during the design and
implementation of fuzzy logic and proposes a P1 based control scheme for speed control and torque
ripple minimization using a hybrid many optimizing liaison gravitational search algorithm
(MOLGSA) with an outer speed loop and inner current control loop with intelligent selection of
turn on and turn off angle. The approach resulted in a reduction of torque ripple, integral square
of speed error, and current by 12.8%, 58%, and 16.7% compared to GSA. It is mentioned that PSO
resembles a genetic algorithm (GA) in that it involves initialization of a population of random
solutions and then to find optimal solutions by updating generations; however, PSO has no
evolution operators such as cross-over and mutation. A simplified PSO called "social only" has
been previously proposed and named "many optimizing liaisons (MOL)” and is reported to have
improved performance and is easier to tune. The MOLGSA combines the exploitation ability of
MOL/PSO with the exploration ability of GSA. This paper uses a hybrid MOL and GSA
(MOLGSA) to determine 6 optimal parameters: turn-on and turn-off angles, current P1 gains, and
speed PI gains with a fitness function defined as the sum of the integral squared error (ISE) of
speed and torque ripple. A block diagram of the proposed controller is shown in Figure 2.21,
where the output of the MOLGSA supplies the appropriate controller gains. The best values of
Kispeed, KpPspeed, Kicurrent, KPpcurrent, 6bn, @and &bt for minimal torque ripple with MOLGSA are 0.1,
9.9, 0.1, 29.8, 48.3°, and 81.0°. The best average torque ripple achieved with MOLGSA was
45.9% versus 46.2% with MOL and 74.8% with GSA. This appears to be determined at one speed,
and how these vary vs. torque and speed is not addressed. Furthermore, while it is a good exercise
to determine PI gains in simulation, Pl gains often need to be adjusted as a result of noise and

discontinuities arising from position and current measurement.

A fuzzy-logic control strategy is used in [2.32] for an integrated starter generator, and control is
based on generated power error and its derivative. As shown in Figure 2.22, a table is used to
determine the 6 switching angle, and fuzzy logic generates the turn on angle. The error in power

and the change in error are subjected to membership functions with 9 classification levels from
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negative large error to positive large error. Detailed discussion of results is not provided, but the

implementation of the fuzzy logic control method was described in informative detail.

A method to represent flux linkage and torque by the sum of sine and cosine components
(coefficients) of the waveform harmonics is proposed in [2.33]. Close matching with FEA is
achieved by reconstruction of flux with harmonic orders 0, 1, 2, and 3 and harmonic orders 1, 2,
and 5 for torque. The bar plots of flux linkage and torque harmonics for various current excitations
shown in Figure 2.23 provides insight into harmonic content and impacts from nonlinear magnetic

behavior.

SRM Design and Control Optimization

Overall, very few references were identified that involved optimization of both machine design
and controls. A mutually coupled (MC) SRM design is presented in [2.34] that

permits bi-polar trapezoidal and sinusoidal excitation from a conventional VSI. As shown in
Figure 2.24, similar performance and efficiency is demonstrated in comparison with conventional
SRM and to the 2010 Prius PM motor, yet the SRMs have stack lengths of 85 and 87 mm,
respectively, vs 50 mm for the PM motor. Efficiencies range from 89.4% to 93.9% at peak loading
from base speed to maximum speed. Torque ripple reduction is not a significant focus of the paper,
and significant torque ripple is incurred at base speed (160 to 260Nm for 205 Nm avg). Compared
to conventional SRM, torque ripple is shown to decrease by 7% and 10% for bi-polar trapezoidal
and sinusoidal excitation, respectively. However, it is not mentioned that sinusoidal drive imposes
some limit to torque ripple reduction method, compared with conventional SRM drive with
independent phase control. The results are encouraging for cases where torque ripple is of minimal
concern.

An approach involving axially skewed rotor poles and instantaneous torque control with sinusoidal
TSF is presented in [2.35]. This design requires 3D FEA due to skewing of the rotor poles, and
therefore significant computation is required for each design point. The skew angle was swept
from 0 to 27 degrees, and the nominal pole arc was 27.1 degrees. The smallest torque ripple was
found with a skew angle of 17.5 degrees, and based on magneto-static results (where it is presumed

ideal current commutation was assumed), a reduction from 32 to 26% from the conventional un-
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skewed rotor to the skewed rotor. The machine design optimization appears to be only
magnetostatic, where impacts of voltage limitations are not addressed. Operation was simulated
using instantaneous torque control with an outer speed PI loop and a torque sharing function that
provides individual phase torque reference, and a corresponding current reference is determined
by a look-up table i(&,7). The importance of anti-windup in the speed controller is noted, and time-
based simulation results show unskewed vs. skewed torque ripple is 29.7% versus 20.2%, with
average torque being 7.9 Nm versus 6.2 Nm at a given speed. These metrics indicate the trade-off
of average torque versus torque ripple, but it is not discussed, and this is a key item to address
since skewing will reduce the ratio of aligned and unaligned inductances — the key drive of torque
in the SRM. Authors note future work on more sophisticated optimized machines through 3D FEA
and better torque control. Overall, very limited analysis is performed through simulation as only
one speed and operation point is discussed in moderate detail, and other corresponding operational
details such as efficiency and controller performance are not addressed.

Analytical expressions are developed for acoustic noise in [2.36], and dynamic motor models of
the SRM are proposed that involve magnetic pressure lookup tables for conventional and mutually
coupled SRMs. The magnetic pressure is the calculated air-gap radial magnetic force per unit area
from FEA. This is a function of rotor position and is ultimately transformed into spatial orders and
temporal harmonics by using two-dimension fast Fourier transformations. Expressions describing
the vibration modes of the stator core with windings and frame effect, and furthermore, expressions
for displacement amplitude, modal sound power, and modal radiation efficiency are developed to
estimate sound power. Dynamic motor models, shown in Figure 2.25, rely on lookup tables to
calculate the current, torque, and magnetic pressure as a result of applied voltage. Studies indicate
that the MC SRM emits less noise than the conventional SRM, especially at low speeds. It is noted
that the conventional SRM configuration is able to produce more torque at high speeds, which may
be partially due to the geometry being optimized for conventional excitation. Experimental results
indicate relatively close agreement between predicted and measured acoustic noise. While the
paper does not address control mitigation methods in detail, it is included in this section since the

approach involves time-domain modeling for acoustic noise based on detailed machine FEA.
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Three popular multi-objective optimization algorithms (GA), DE, and PSO are systematically
evaluated in [2.37] on the design of a 6/4 SRM with seven independent variables and an objective
to obtain a strong nonlinear multi-objective Pareto front. To quantify the quality of the Pareto
fronts, five quality indicators are used to compare the effectiveness of the algorithms. The three
performed similarly for both small and large amounts of candidate designs; however, DE tended
to perform better with respect to convergence speed and Pareto front quality with moderate
numbers of candidates. Five machine design parameters (stator bore diameter, stack length, rotor
and stator angular pole width, and current density) are evaluated using a linear analytical model,
then control variables én and &, and then the saturated inductance profile is adjusted according
to the current profile, and ultimately the pareto front is observed with respect to torque density and
efficiency, as shown in Figure 2.26. The approach was sufficient for comparison of the three
optimization algorithms and for the selection of high-level geometric parameters; however, this
approach lacks the fidelity of true machine design optimization due to linear assumptions. Further,

details of control and time-based transient performance predictions are not discussed.

Summary

Machine design optimization efforts identified in the literature primarily focus on the reduction of
torque ripple and/or acoustic noise. Other design targets include efficiency, torque density, or
specific torque (torque per active mass). The most common optimization variables selected to
reduce torque ripple through hardware design are the rotor and stator pole angular widths. Some
researchers include stator and rotor back-iron thickness in their optimization studies, and a few
references investigated pole tip shaping, while others researched impacts of axially skewing the
rotor laminations. While some references discussed details associated with the trade-off between
torque ripple and average torque, many did not address this important consideration. In general,
design changes that reduce torque ripple often reduce the magnetic saliency, and therefore reduce
the average torque rating. Further, most design optimization efforts did not consider the dynamic
impacts of changes in geometric variables, which is particularly important for determining the
peak torque envelope — one of the key design considerations for many applications, particularly
vehicle propulsion. It is more straightforward to perform magnetostatic optimization and consider

dynamic operation separately for various types of electric machines that are sinusoidally excited
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and more continuous in nature versus the discontinuous and nonlinear behavior of the SRM with
both current and position. Mutually coupled SRMs use the same geometry but different winding
scheme to facilitate the use of conventional three-phase voltage source inverters and sinusoidal
excitation. However, moving to this excitation scheme increases end-turn length and more
importantly, limits the ability to control phase current individually, and therefore limits the
implementation of advanced current profiling for torque ripple reduction. Nonetheless, the
configuration may be preferred in some applications where the ability to use a conventional drive

outweighs these concerns.

Methods to decrease computational demands of machine design include the use of magnetic
equivalent circuits and other closed-form analytic equations to represent machine behavior. While
these methods may be good for down-selecting from a broad set of machine considerations, they
likely do not have the fidelity needed to perform detailed optimization. Further, their accuracy may
deteriorate considerably if advanced or novel features are incorporated into the SRM geometry.
Promising methods include FEA-based parameter sensitivity studies and other order reduction
methods to reduce the number of optimization variables and the solution space prior to

commencing comprehensive FEA-based optimization.

Torque ripple minimization through controls optimization has been researched considerably more
than that of SRM hardware design optimization. A vast range of methods have been proposed,
including feedback linearization, sliding mode controllers, torque sharing functions, self-training
techniques, fuzzy logic controls, advanced neural networks, and many more. Current profiling can
yield significant improvements in torque ripple and acoustic noise reductions for much of the
operation range. Current profiling is simple in principle, as the current waveform can be shaped
to generate near zero torque ripple. However, in application, determination and regulation of the
ideal current waveform can be difficult due to the highly nonlinear behavior of torque as a function
of current and position. Additionally, for high loads at elevated speeds, voltage limits are
encountered, and this mitigation technique becomes limited. A few references include the most
interesting approach that considers the absolute rate change of flux linkage as a part of the control
system, and therefore voltage limitations and associated controllability are indirectly addressed.

Additionally, a few other references present predictive control methods accounting for control loop
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delays and other discontinuous considerations, which is particularly important at high speeds
where voltage limits are approached and the operational frequency becomes closer to the sampling
or switching frequency, which may be a limitation due to microcontroller/FPGA or power

electronics, respectively.

Similar optimization algorithms have been implemented in both machine design and controller
optimization. In general, PSO methods have been reported to be more successful than GA-based
algorithms for machine design optimization, while other algorithms such as NGSAIl and DE

approaches display better performance than PSO for controls optimization.

The literature review has shown that hardware optimization is performed without full
consideration of the dynamic operation of the SRM, particularly as it relates to voltage constraints
and the impact of geometric parameter variations on the trade-off between torque ripple and the
maximum torque versus speed profile. One key reason for this is the vast computational
requirements associated with geometric parameter optimization, even if 2D FEA is used. Further,
complex control schemes that span the entire operation region are often not feasible to implement
for each geometric variation. Online control optimization methods attempt to achieve torque ripple
minimization without lookup tables but are limited in the fidelity of the machine model due to
memory and computational limitations of the microprocessor/FPGA. Offline control methods can
be based on more accurate machine models, but are susceptible to deviations from assumptions in
the machine model, such as variances in manufacturing, material properties, etc. Therefore, it is
proposed that optimization of the machine is performed with respect to the full dynamic range of
the SRM with consideration of voltage limits. Additionally, both offline and online control
optimization is proposed to allow for detailed machine models to be leveraged in offline
computations, while online learning techniques can update control reference tables based on

observer-based computations in practice.

Furthermore, a modeling and optimization framework is proposed that facilitates the co-
optimization of SRM design and controller current profiles, while providing the capability to carry
out optimization with respect to system parameters and characteristics such as acoustic noise,

machine efficiency, converter DC-link current ripple, etc. A list of proposed features and common
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deficiencies observed in the literature review for various research focus areas is provided in Table
2.1. Very few references use more than two of the proposed features in Table 2.1, and no references

were found that include all of the proposed features.
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Research Focus

Table 2.1 Deficiencies of State-of-the-Art Approaches.

Proposed

Approach

Deficiencies Identified in Literature

Machine Model

Controls
Optimization

Optimization

Area

Optimization

Objective

Operation Range

Nonlinear

Offline  and
online

Both controls

and machine

Multiple
Obijective

Control
strategies for
low and high

speeds.

Linear models are not sufficient for the optimization of geometry or
controller for reduced torque ripple and other system parameters.

Offline: pre-computed control parameters often lack compensation
for gaps between simulation and application
Online: computationally limited and effectiveness without offline

optimization.

Optimization of the machine or controls alone is greatly inferior to

solutions from combined optimization.

Methods lacking a co-optimization approach often lack the ability to
optimize system parameters such as machine efficiency, converter

efficiency, etc.

Many proposed control approaches are only applicable to specific

speed ranges (low or high) or otherwise have limited effectiveness.
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Abstract

A new modeling and optimization approach is proposed for co-optimization of both switched
reluctance machine (SRM) design and control across the entire torque-speed operation range. A
unique method uses static finite element analysis (FEA) results to determine optimal control
conditions for discrete speeds, torques, and torque ripple levels, and the associated voltage profiles
are computed using steady state equations without time-domain simulations. Particle swarm
optimization is implemented to determine optimal current profiles with the consideration of
voltage limits, torque ripple, and other system parameters. For moderate to high speeds where the
SRM is near voltage limit conditions, a method was developed to determine optimal control
conditions based on a performance function with weighted scalars for torque ripple and efficiency.
Further, a machine design optimization method is proposed that leverages outputs from control
optimization determines quality metrics for each design based on efficiency and torque ripple
across the operation region of the SRM. A key benefit of the overall proposed approach is that a
wide range of machine design parameters and control conditions can be swept and based on the
needs of an application, the designer can select the appropriate geometry, winding, and control
approach based on various performance functions that consider torque ripple, efficiency, and other

metrics.

Overview

The limited accuracy associated with applying closed form solutions for performing SRM design
optimization have been demonstrated in the literature. Advanced optimization of SRM hardware
requires FEA-based modeling to account for operational intricacies of SRMs such as non-linear
magnetics and irregular excitation. Since determination of optimal SRM control parameters across
the operation region is a complex process, common SRM design methods implemented in
literature involve optimization of operational metrics such as torque and torque ripple targets under
static conditions. This is largely due to the significant computational requirements associated with

transient FEA simulations. A framework is proposed in this chapter that consists of co-
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optimization of both SRM design and control using static FEA-based machine models with steady
state modeling for optimization with respect to voltage and other system parameters throughout

the torque-speed operation region.

Proposed Modeling and Optimization Framework

The proposed modeling and optimization framework, shown in Figure 3.1, includes FEA-based
machine modeling while addressing computational constraints of transient FEA. This framework
includes many simulation tools that can be used in various ways to achieve design and control
optimization and a proposed process is discussed later. These tools make use of magnetostatic FEA
to map flux linkage and torque as a function of current and rotor position. According to (2.1),
partial derivatives of the flux linkage can be used in the voltage equation to represent dynamic
operation of the SRM. Code-based voltage fed and steady state current fed machine models were
developed to perform dynamic simulations using outputs from magnetostatic FEA. Machine
design optimization is based on results from the current and voltage fed models where the
maximum torque envelope, optimal current profiles, control conditions, and other operational
characteristics are determined across the entire torque-speed operation region with consideration
of voltage and torque ripple constraints. Operational constraints related to low and high-speed
control parameters are directly addressed by this framework, allowing for machine design
optimization to be carried out with consideration of dynamic operation without timely FEA
transient simulations. Simulink models were developed to emulate on-line control methods and to
provide the capability to include other system components such as source and converter models.
The Simulink model can call the voltage fed machine model or directly link with Ansys to perform
transient FEA co-simulation. This co-simulation link is used to validate the code-based voltage
fed model and to aid in parameter correlation between post processed magnetostatic results and
direct transient FEA, such as with core loss or radial force estimation for qualitative acoustic noise

assessments.

As management of torque ripple is particularly important for rotor positions where multiple phases

produce torque, the multi-phase voltage equation (3.1) with consideration of mutual coupling was
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Figure 3.1 Proposed modeling and optimization framework that includes existing and novel modeling tools,
optimization code, and their interconnections used for development and validation of unique multiple objective

optimization of SRM design and control.
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implemented in a code-based current fed model. Diagonal elements of the matrix with flux linkage
partial derivatives in the second term correlate with the incremental inductance, and the off-
diagonal elements correlate with the incremental mutual inductance between phases. Flux linkage
data output from magnetostatic FEA are combined into a four-dimensional matrix (3.2), as they

are defined across variations of all three phase currents and rotor position.

A code-based voltage fed transient model, implemented using (3.3), computes the incremental
current over time as a result of an applied voltage. Implementation of (3.3) is not as straightforward
or efficient as (3.1) since the inverse of the impedance matrix must be computed, and in some
cases, singularities may result from certain flux or current conditions. Countermeasures were
implemented by applying approximations to avoid taking the inverse of sparse matrices that result
in errors during the inverse calculation without considerable impact on the overall computation.
Furthermore, the voltage fed equation (3.3) must be solved discretely in the time domain and in
the case of voltage pulse excitation, initial conditions are difficult to predict, requiring multiple
cycles to be carried out until a condition of steady state is determined. This process was automated
with code, and the voltage fed simulator was used for determination of optimal control conditions
for moderate to high speeds where the SRM is near voltage limits, while the current fed simulator

was used to determine optimal current profiles for low to moderate speeds.

[0y, 0y, 0] oY,
, _ di, 0, 0i, _ 30
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Magnetostatic FEA Model

With broad parametric optimization in mind, many efforts were made to facilitate efficient FEA
calculations for each design. It can be assumed that a maximum of two phases operate
simultaneously based on flux linkage and torque profiles shown in Figures 2.2 and 2.3 respectively.
Furthermore, only 120 degrees of the electrical cycle needs to be mapped since the characteristics
of three-phase SRM repeat on this interval. Even so, a coarse mapping with 10 current levels for
each of the two phases and 12 positions (10-degree steps over 120 degrees) yields 1200 cases. This
correlates with a computational time of several hours to several days for typical high performance
desktop computers depending on mesh density, computational power, and the ability to solve cases
in parallel. An SRM with 12 stator teeth and 8 rotor teeth was selected as the base design as it is a
three-phase machine which simplifies implementation of the SRM drive compared to machines
with a greater number of phases. Further, the selection of the number of rotor teeth is a trade-off
among several considerations including higher operational frequencies and thus higher core losses
associated with a greater number of rotor teeth versus higher torque ripple with fewer rotor teeth.
An example of the geometry and mesh density is provided in Figure 3.2. A quarter model was
setup with symmetrical boundary conditions to decrease computational time. Two dimensional
magnetostatic FEA simulations were carried out in Ansys, and while there are built-in tools for
calculating winding flux linkage in transient FEA packages, they are not available in most
magnetostatic FEA environments. Therefore, to avoid transient FEA, a method was developed to
calculate flux linkage for each case. The relationship between the magnetic field, H, and the vector

potential of the magnetic field, A, can be described by

The flux passing through a surface is expressed by the surface integral
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Figure 3.2 Example 12-8 SRM (a) stator, rotor, and winding geometry, (b) FEA mesh for solving Maxwell’s

equations, and (c) magnetic vector potential used for determining flux linkage.
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Azf VxAda (3.5)
S

Stokes theorem can be applied and flux can be expressed as an integral of the contour enclosing

the surface:
A= f AdS (3.6)
Cc

Assuming directions of the flux vectors are only in a two-dimensional plane (which is already
assumed in 2D FEA), in the x-y plane of the Cartesian coordinate system, for example, and
considering a rectangular-shaped contour orthogonal to that plane, flux linkage between the two

sides oriented in the z-direction can be defined as
A= 1(A,; —Ay) (3.7)

where | is the length of the contours in the z direction and A,z and A1 are the vector potentials of
the magnetic field at points along the z-oriented sides of the contour. For 2D FEA, A; is computed

as a part of the solving process and is already provided as an output.

In the case of a concentrated winding on an SRM stator tooth, (3.7) can be extended to calculate
flux linkage in the coil by computing the surface integral of the z-component of the vector potential

across each cross-section of a coil:

1 1
P =N = Ntl< f A,dS — f AZdS> (3.8)
Acoilz S2 Acoill S1

where Nt is the number of turns, Acoilz and Acoiiz IS the cross-sectional area of each half of the coil,
and | is equal to the stator stack length. This method was implemented and verified by calculating
torque using the co-energy method described by (2.6) and comparing with the calculated torque
result from FEA.

In addition to outputting torque and flux linkage, other parameters can be output for post
processing of various dynamic behavior and parameter related operation constraints. For example,

radial forces in specific locations were mapped for post processing and qualitative analysis of
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vibration and acoustic noise. The FEA model is parametrically defined such that the cross-
sectional area of the coil changes appropriately with parameterized features such as stator tooth
width. Coil cross-sectional area is output for each design since current capacity (and therefore
maximum torque capability) is dependent on the cross-sectional area of the coil and the allowable
current density. These limits are applied in post processing and considered as a part of the machine

design optimization process.

Calculation of Winding Parameters for Transient Simulations

A formula was derived to calculate the appropriate number of turns, Ntwrms, and strands, Nstrands,
based on an assumed slot fill factor, FF, a given wire cross-sectional area, Awire, COil cross-sectional
area, Acoil, number of parallel branches in a phase, Npar, targeted nominal current density, Jo, and

phase current rating, Ipn:

N ; Iph FF
strands — neares Awire ]0 Npar (39)
AcoiN.
Niyrns = nearest (M) (3.10)
ph

Values for Nstrands and Niwrns are the nearest integer of the ratio defined in parentheses. Conventional
stators wound with stranded wire typically have a fill factor in the range of 0.25 to 0.5. Wire cross-
sectional area, Awire, IS determined by the gauge of wire and coil cross-sectional area, Acoil, iS
determined by area available in the slot for a coil. The 12-8 SRM analyzed in this work has a total
of four coils per phase, therefore Npar can be 1, 2, or 4. The targeted nominal current density
correlates with the anticipated losses and selected cooling approach, and phase current rating may
be selected based on thermal limitations of the SRM or the current rating of the devices in the

motor drive.

Calculation of Phase Resistance and Resistance Losses

The resistance of the phase windings can be approximated based on geometric parameters and

winding specifications. First, the temperature-dependent resistivity of copper is defined by:

p(T) = paoec(1+ a(T — 20 °C)) (3.11)
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where T is the average operational temperature of the windings, « is the temperature coefficient of
copper per °C, and the resistivity of copper at 20 °C, pao-c, is 1.724x10® Q-m. The DC resistance
of a copper wire per unit length can be defined by:

p

R, = 3.12
t Awire ( )
and the DC resistance of a coil can be defined as:
Nturns
Rcoil = N 2RL(lstack + Zlext + larc) (3-13)
strands

where lstack is the axial length of the stator, lex: is the average distance the end-turns extend beyond
the stator prior to bending, and larc is the arclength of the end-turn. The total DC resistance of a
phase given by:

Rcoileer

R = — 3.14
phase Npar ( )

where Nser is the number of coils in series per phase.

A New SRM Core Loss Calculation Method Based on Mapped Flux Linkage

A method was developed to approximate core losses in the proposed current fed and voltage fed
transient models using flux linkages mapped in magnetostatic FEA. Using the stator sections
defined in Figure 3.3, the flux density for each tooth can be approximated by using the mapped
flux linkage versus position and current, and then dividing by the cross-sectional area of the tooth.

For example, the average flux density in tooth 1 of phase A can be defined by:

_ lpAl (ia' ib' iC' ge)
BAl -

(3.15)
NtWStooth lstack

where Wstooth IS the average stator tooth width and lstack is the stack length. Flux linkage in the back-
iron segments can be correlated to tooth flux linkages by implementing a method similar to
Kirchoff’s current law. For example, the flux linkage in back-iron segment ‘CB1’ can be expressed

by two different equations:

Yegr = VYer — Yaca (3.16)

and
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Figure 3.3 Stator and rotor sections identified to calculate transient core losses using flux linkages mapped

during magnetostatic simulations.
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Yepr = Y1 — Ypar (3.17)

After expressions for the back-iron segment flux linkage are derived, they can be equated and
combined with other back-iron segment flux linkage definitions to redefine each of them with
respect to only stator tooth flux linkages. Then, the flux density is obtained by dividing by the
cross-section area perpendicular to the direction of the average flux density vector, and expressions

for the first three segments are:

Va1 — Y1+ Y1

B, .. =
act 2NtWyoke Lstack (3'18)
Va1 + Y51 — Y1
Brai = 3.19
pat 2NtWyoke Lstack ( )
—Ya1 + Y1+ Y1
B = 3.20
¢Bl 2NtWyoke lstack ( )

Therefore, mapped coil flux linkages are used to directly approximate flux density in various
sections of the stator core without direct dependence on position. Expressions for average flux
density in the rotor core are position dependent and average flux density in the rotor teeth can be

expressed by:

_ Ya—Pptyy

BRT1 - 2N¢WRtoothlstack (321)
Yt Pp—ihy

BRTZ - 2N¢WRtoothlstack (322)

where Wriooth IS the average width of the rotor tooth, and ., ws, and y, are flux linkages defined

with respect to a rotating reference frame:

Y. (06, <120

W, =49, (120 <6, < 240°) (3.23)
Y, (240 <6, < 360°)
Y,  (0<6, <120

g =P, (120 < 6, < 240°) (3.24)
Y, (240 < 6, < 360°)

and
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Ye (0<6, <120°
Yy, ={¥. (120 <6, <240°) (3.25)
Y, (240 <6, < 360°)

Similarly, the average flux density in the rotor back-iron segments can be defined as:

Bru1 = Brrz — Brr1 (3.26)

Bruz = Brr1 — Brr2 (3.27)
With flux densities in rotor and stator defined as a function of stator coil flux linkages, core losses
can be computed with the time-domain equations implemented in Ansys Maxwell [3.1], where
hysteresis loss is defined as

2 2\2
A (3.28)

dBy|F
dt

2
By|B

X

dt

dB,
7 dt

H,

+ |,

pr(t) =

where the suggested value for g is 2 in [3.1], and magnitudes for the magnetic fields Hx, Hy, and

H; are determined by

H,, = —k,B,, (3.29)
T

Eddy current loss is defined as
1 . (de)Z dB,\’ (dBZ)2 230
Pe®) = ke \G) Y\ ) T & (3:30)

and excess loss is expressed as

0.75
1 (/dBn\? (dB)\* (dB,\?

S - 4 331
Pe(t) Ceke{<dt) +<dt> +(dt) (3:31)

The loss equations were modified to be of a singular dimension based on the assumed radial
direction of flux vectors in the rotor and stator teeth and assumed circumferential direction of flux
vectors in the rotor and stator back-iron. A comparison study was conducted to analyze the
accuracy of the proposed loss approximation method by simulating the same geometry, operating
conditions, and control technique in transient electromagnetic FEA and the proposed code-based
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transient simulation environment. Time-domain core loss waveforms from simulations discussed
in more detail in Chapter 4 are shown for back-iron segment ‘AC1’ shown in Figure 3.4(a) show
very close agreement between FEA and the proposed method. However, comparison of core losses
in tooth ‘A1’ shown in Figure 3.4(b) show greater error. This error is likely due to localized
transients in the magnetic field near the airgap that cannot be accounted for using coil flux linkage
mapping which captures only average flux density. Future work can be done to improve this
approach by using correlation factors based on rotor rotation, or a more accurate approach using
spatial mapping of the flux density for areas near the airgap where the error of the flux linkage-
based approximation method is higher. Nonetheless, the time-average of the approximated total
core loss is close to FEA and combined with the considerable computational advantages of the
proposed transient environment, loss estimation can be performed as a wide range of hardware and

control parameters are swept and optimized.

Machine Design Optimization Process

The proposed multi-stage machine design optimization process is shown in Figure 3.5. Two down-
selection stages are implemented to reduce the solution space prior to implementation of the more
computationally intensive off-line control optimization that uses a current-fed steady state model
to determine optimal current-profiles throughout the operation region. Stages in the flowchart are
color-coded according to the areas identified in the torque-speed operation map included with the
flowchart. Following the determination of fixed and variable design parameters, two primary
stages are implemented to yield a down-selection of viable designs. In the first stage, static FEA
is performed for at least two current values to determine torque and current density associated with
single phase operation at coarse position increments over the 180-degree positive torque
production stroke. Simulations are carried out at the zero-speed condition with one current value
corresponding to near maximum torque and the other current value corresponding to a moderate
torque to help determine an initial solution space (geometric variables for a set of designs), adjust
nominal parameters if necessary, iterate on the initial design set, and establish a fundamental
understanding of the sensitivity of geometric parameters in relation to operational quantities such
as average torque, torque ripple, and current density. The latter is particularly important to provide
insight in the formation of the optimization fitness function that is implemented in various stage

of the design process.

86



Figure 3.4 Comparisons of approximated and transient FEA core loss for the stator back-iron segment (a), stator
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Figure 3.5 Proposed stages within overall SRM design and control optimization approach include two geometry
down-selection stages at maximum performance for zero and maximum speed prior to the more

computationally intensive off-line control optimization performed in Stage 3.
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In the second stage, maximum speed performance of the reduced design set is analyzed using flux
linkage and torque mapping from more refined static FEA simulations. This step facilitates
selection of various winding configurations, refinement of geometric parameters, more exploration
of the solution space as necessary, and further reduction of the design set prior to multi-objective
co-optimization of design and control parameters for the remaining operation region using the

proposed framework.

After design exploration and down-selection in Stages 1 and 2, more detailed flux and torque maps
are generated with static FEA which are used by a function in Stage 3 that generates optimal
current profiles with respect to torque ripple and voltage constraints. Other steps in Stage 3, as
shown in Figure 3.6, includes the generation of operation envelopes for each design variation and
determining the value of each design based on a performance function, then potentially further
design exploration depending on design goals and the current status of the design set. After control
optimization is completed in Stage 3, the value of each machine design is determined by a
performance function evaluating operational metrics such as efficiency and torque ripple at various
points throughout the torque-speed range. The solution space is expanded as necessary in Stages
2 and 3 based on machine performance values, and new points in the solution space may be
identified by using an evolutionary algorithm such as particle swarm optimization if the number

of design parameters is high or if machine performance function is complex.

Novel Method to Generate Current Profiles for Torque Ripple Mitigation

A new method for determining optimal current profiles for torque ripple mitigation was developed
and can be implemented during Stage 3 control optimization efforts. Optimal current profiles for
torque ripple minimization are generated using four-dimensional interpolation of the torque
matrix. For zero torque ripple, current combinations are computed directly from the 4D torque
matrix at each position. An example of current, voltage, flux-linkage, and torque waveforms
associated with minimal current (k=1) with zero torque ripple is shown in Figure 3.7. In contrast
to methods reviewed in the literature, multiple current profiles are selected that match the targeted
torque and torque ripple allowance, and then are sorted with respect to maximum torque per

ampere (MTPA). This can be described by an array of current profiles:
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Figure 3.6 Current profile optimization can be implemented in Stage 3 as arrays of voltage-constrained current
profiles are generated for each torque and speed condition and this stage also includes machine design
optimization that uses key points from the operating envelopes to gauge the value of each design and generate

new design variations using particle swarm optimization.
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Figure 3.7 Exemplar current profiles generated by the proposed control optimizer demonstrate that zero percent
torque ripple can be achieved under some conditions, and associated voltage, flux, and torque waveforms

demonstrate that the control optimizer incorporates transient modeling capability based on static flux mapping.
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Iprofile = i(Tavg; T, k, 0) (3.32)

where 74,4 is an array of targeted average torques over an electrical cycle, 7, is an array of
allowable torque ripple values, 6 is an array of positions at which the profile is defined, and £ is
the sorted index based on MTPA, with the highest MPTA current profile at £ = 1. An example of

the first 30 current profiles without voltage constraints is shown in Figure 3.8.

For non-zero torque ripple, particle swarm optimization (PSO) is used to generate a range of
current profiles that meet a targeted torque and torque ripple value. Particles (current values) are
defined at each position, and a weighting vector is applied with non-uniform velocity limits during
particle velocity calculations according to the TPA at each position such that particles in areas of
high TPA have increased mobility in the positive direction and particles in areas of low TPA have
increased mobility in the negative direction. The fitness function minimizes the sum of the phase
currents. One key advantage of this method is that an arbitrary torque waveform does not need to
be assumed, such as in TSF approaches, as the PSO algorithm determines the optimal waveform

based on machine characteristics.

These profiles are used by a function that sweeps winding configurations and uses the current fed
model to determine the required voltage associated with each winding configuration (shown in
Figure 3.9), current profile, and various speeds. Similar to the current-based torque ripple
optimization method, PSO is used to minimize voltage peaks and the sum of the three phase
currents. An example of swarm progression during voltage-constrained current profile
optimization for various PSO iterations is shown in Figure 3.10. Particles in the swarm trend
toward lower performance metrics of minimizing normalized maximum absolute voltage and

normalized total current.
This function outputs a new list of current profiles that satisfy voltage constraints and are defined

for various torque-speed combinations. This can be described as an array of voltage constrained

current profiles for each winding configuration:
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Figure 3.8 Exemplar current profiles generated by the optimizer without voltage constraints that generate a
targeted torque and torque ripple. The first index represents the optimal profile without voltage constraints and

other indices (2-30) are used as initial solutions as voltage constraints are implemented.
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Figure 3.9 Winding configurations considered during optimization.
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Figure 3.10 Exemplar swarm progression for various PSO iterations during voltage-constrained current profile

optimization.
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i_vprofile = i(Tavg» Tr, W, k' 9’ Nt' Nstr’ Npar) (333)

where additional dimensions are included for w, the rotational speed of the rotor, Nt, the number
of turns in each coil, Nsr, the number of strands in each turn, and Npar, the number of parallel
branches, which in this case is either 1, 2, or 4. An example of the voltage (per turn), flux linkage,
and torque associated with a voltage-constrained current profile is shown in Figure 3.11.

In addition to generating voltage constrained current profiles across the torque-speed range for
winding parameters, a maximum torque versus speed envelope is defined for each torque ripple
value based on voltage and current constraints. Similar to the current profile arrays, an array of

maximum torque envelopes can be described as
Teny = T(Tr, @, Ni, Ny, Npar) (3-34)

The maximum torque envelope calculation is implemented during the generation of voltage
constrained current profiles, in which the current profile with the highest MTPA is selected until
voltage constraints are reached. Then, the current profile with the highest MTPA value that also
meets voltage constraints is selected. If these conditions are not met for a given torque and

allowable torque ripple target, there is no additional entry in the i_v,,,f;. array in the 7,,,
dimension, and the previous successful increment of 7,4 is stored in a torque envelope array, and

the optimizer proceeds to the next speed. Torque envelopes and other operational data for each

machine design variation are fed to the machine design optimizer.

Conclusions

A framework and method to perform systematic co-optimization of SRM design and control been
proposed and demonstrated. Transient models rely on torque and flux-linkage lookup tables from
2D FEA to yield a decrease in computation time by a factor of at least 100 times in comparison
with 2D transient FEA. This reduction in computational time greatly facilitates broad sweeps of
both machine design and control parameters, and the implementation of this framework is detailed
in Chapter 4.
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Figure 3.11 Example of voltage-constrained current profile shows that the optimizer generates smoother

reference waveforms to remain within voltage limits.
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Abstract

A new modeling framework and optimization process for co-optimization of both switched
reluctance machine (SRM) design and control across the entire torque-speed operation range was
presented in Chapter 3. In this chapter, a baseline electric machine is selected to aid with the
establishment of performance targets and nominal design specifications, optimization is
implemented under zero and maximum speed conditions to perform design down-selection, and
the proposed optimization framework is implemented to demonstrate multiple objective
optimization of SRM design and control with consideration of several machine characteristics

throughout the entire operation region. Portions of this chapter will be published in [4.3].

Overview

The optimization framework presented in Chapter 3 is implemented as SRM geometry, and control
is optimized with multiple objectives. The Nissan LEAF primary traction drive electric machine
is used as a baseline reference since detailed design, performance, and operational metrics are
publicly available [4.1]. While the goal of this work is not to surpass the performance and
efficiency of the baseline design, it serves as a good reference for application requirements such
as maximum torque versus speed and continuous power capability. Further, other design metrics
such as the stator outer diameter (OD), stator length, operation voltage, and current density are
adopted for the nominal SRM design. The effectiveness of the proposed optimization framework
is demonstrated as a wide range of design variables are considered, and impacts of various design
constraints such as torque ripple are realized as performance across the entire torque-speed

operation range is assessed.

Baseline Electric Machine

The 2012 Nissan LEAF primary traction drive electric machine was selected as a baseline
reference since detailed design, performance, and operational metrics are publicly available [4.1].
It was also chosen because it is the sole source for propulsion power for an electric vehicle (EV)
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and therefore has a continuous operation capability that is more broadly applicable to other vehicle
types and other applications. In contrast, electric machines in hybrid electric vehicles (HEV) share
the burden of propulsion with combustion engines and as a result often have nonintuitive peak and
continuous power capabilities that may not be as broadly applicable to other vehicle architectures
and applications.

Key performance, geometric dimensions, and winding design metrics of the 2012 Nissan LEAF
are shown in Table 4.1. The published rated torque and power of the LEAF electric machine is
280 Nm and 80 kW, respectively, with a maximum operation speed of 10,390 rpm. The phase
current rating is 442 Arms, and with 4 parallel coils, the current rating for each coil is 110.5 Arms.
Each slot has 8 turns of 15 strands of wire, yielding a total of 120 wires per slot. With a 20 AWG
wire size, the total cross-sectional area of copper in the slot is 62.28 mm?2. Therefore, the current
density using only copper cross-sectional area (“copper current density”) is 14.2 Arms/mm?, and
current density using the entire slot area is about 9 Arms/mm?. Typical current densities achieved
in electric machines with various cooling methods are shown in Table 4.2 [4.2]. Current density is
a key metric regarding the thermal loading of the machine, and typical values can be used as a
reference for specifying a targeted current density without comprehensive consideration of the heat
transfer characteristics of the system. The measured torque-speed efficiency map, shown in Figure
4.1, indicates a broad operation region above 90% efficiency. Empirical testing also indicates that
the published rated power of 80 kW was achieved continuously at 7,000 rpm with the maximum
stator temperature remaining below 150°C.

Fixed and Nominal SRM Design Parameters

Based on design and operational parameters of the LEAF electric machine, fixed parameters
throughout the entire optimization process include a targeted rated power of 80 kW, rated torque
of 280 Nm, maximum speed of 10,000 rpm, DC link voltage of 375 Vdc, an air gap of 0.5 mm,
and a stator outer diameter of 200 mm. Nominal and potentially variable parameters include a rated
phase current of 450 Arms, and a stack length of 151 mm. These fixed parameters and other
nominal design parameters are summarized in Table 4.3. Similar to the LEAF, the cooling
approach for the SRM was selected to be a liquid-cooled jacket with circumferential coolant paths

for a water-ethylene glycol mixture that is typically used in EVs and HEVs. Therefore, a targeted
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Table 4.1 2012 Nissan LEAF design and operational parameters.

Parameters Value

Rated Power 80 kW

Rated Torque 280 Nm
Maximum Speed 10,390 rpm
Stator OD 200 mm
Stator Inner Diameter 131 mm
Rotor OD 130 mm
Stack Length 151 mm
Poles 8

Strands per coil 15

Turns per coil/slot 8

Wires per slot 120

Wire size 20 AWG
Wire Area in slot 62.28 mm?
Current Rating 442 Arms
Current Rating Per Coil 110.5 Arms
Current Density (copper only) 14.2 Arms/mm?
Current Density ~9 Arms/mm?
Nominal DC link Voltage 375 Vdc
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Table 4.2 Typical current densities in electric machines with various cooling methods.

Current Density
Cooling Type [A-RMS/mm?]
Convection air cooling 2-4
Forced air cooling 4-8
Water stator jacket 6-14
In-slot direct cooling 10-25
Direct immersion and spray cooling 8-28

Max test condition

80 kw

4073436370261

S E5 L I
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Speed (RPM)

Figure 4.1 Measured Nissan LEAF electric machine performance curve and efficiency contour map.
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Table 4.3 Nominal and fixed parameters for SRM optimization.

Parameter Value
Rated Power (fixed) 80 kw
Rated Torque (fixed) 280 Nm
Maximum Speed (fixed) 10,000 rpm
Stator Outer Diameter (fixed) 200 mm
Air Gap (fixed) 0.5 mm
Number Stator Teeth (fixed) 12

Number or Rotor Teeth (fixed) 8

Stack Length (nominal) 151 mm
Phase Current Rating (nominal) 450 Arms

Copper Current Density (nominal)

15 Arms/mm?

Current Density (nominal)

9 Arms/mm?

DC link Voltage (fixed)

375VDC
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current density of 9 Arms per mm? was selected with the LEAF as a basis. This target is in the
middle of the range of typical current density values (6-14 Arms per mm?) found in water jacket-

based cooling systems listed in Table 4.2.

Stage 1 SRM Design Studies and Zero-Speed Down-Selection with Static FEA

An SRM with 12 stator teeth and 8 rotor teeth, referred to as a 12/8 design, was selected since it is
a 3-phase machine that can be driven by three switching devices and three diodes, similar but in a
different arrangement to a conventional 3-phase drive. Further, the number of rotor teeth was
selected as a compromise between the effective high torque ripple associated with smaller numbers
of rotor teeth, and the high operational frequencies and losses associated with higher numbers of
rotor teeth. The six geometric parameters identified for the first step of optimization are shown in
Figure 4.2. The stator OD is fixed at 200 mm, while the stator ID varies based on the rotor OD and
a fixed air gap of 0.5 mm. Stator yoke thickness and stator 1D determines the depth of stator slots.
Rotor tooth length determines the length of the rotor tooth between the OD of the rotor back-iron
and rotor OD. Widths of stator and rotor teeth are determined by the stator and rotor tooth width

factors according to:

Tl
Wsr = DSIFSEkSTW (4.1)
w1
Wgr = Dgo Fz krrw (4.2)
S

where wsr is the stator tooth width, Ds) is the stator ID, Ns is the number of stator teeth, kstw is the
stator tooth width factor, wrr is the rotor tooth width, Dro is the rotor outer diameter, and krtw IS
the rotor tooth width factor.

The first down-selection is implemented by performing static FEA at zero-speed to determine
torque and other performance metrics as parameterized geometries are varied. Since it is important
to consider the impact of geometry changes on winding cross-sectional area and the corresponding
current density, the FEA model is setup to calculate the cross-sectional area of the winding for
each geometry and output it for post-processing. The values shown in Table 4.4 indicate the range

of each parameter in the solution space prior to the first down-selection. As discussed in more
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Width Factor

Figure 4.2 Geometric parameters selected for initial optimization.

Table 4.4 Range of geometric parameters in solution space prior to first down-selection.

Parameter Value
Rotor OD 110-130 mm
Stator Yoke 7-19 mm
Stator Tooth Width Factor 0.9-1.2
Rotor Tooth Width Factor 0.8-1.2
Rotor Tooth Length 10-30 mm
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detail later, these ranges are a result of iterations on a smaller initial solution space made to ensure
maximum performance conditions were reached within the solution space prior to the first down-

selection.

All simulations in the first stage involve the application of a constant single-phase current as the
rotor is incremented between zero to 180 electrical degrees and the corresponding locked rotor
torque is calculated. Exemplar results for current levels of 2,000 ampere-turns (A-T) and 5,000 A-
T are shown in Figures 4.3 and 4.4, respectively. Single phase torque profiles are shown for all
three phases and the summation of these curves yields the 3-phase torque calculated from a single-
phase torque profile. This is in close agreement with actual 3-phase simulations for both excitation
levels, indicating that the principle of superposition applies even for cases with high magnetic non-
linearity. Therefore, a significant reduction in the number of simulation cases can be achieved by

applying this principle to approximate three-phase torque.

While winding configuration details such as the number of turns and number of strands in parallel
for each conductor have an impact on winding impedance and therefore transient operation,
performance under zero-speed static conditions can be fully assessed without detailed winding
information specified. For example, the 5,000 A-T condition equally represents multiple winding
configurations such as 100 A with 50 turns or 50 A with 100 turns. This approach is implemented
in various stages of the overall optimization framework, as it greatly reduces the amount of FEA
cases required for design and control optimization since electromagnetic characteristics of the
machine can be obtained in FEA without specifying detailed winding characteristics, and the

winding can be optimized by post-processing static FEA results.

The graphs in Figure 4.5 show the average torque and ratio of average torque to current density
ratio (“TCD ratio”) evaluated at current levels of 2,000 A-T and 5,000A-T for the range of
geometric parameters described in Table 4.4. Average torque represents the total three-phase
torque computed using the superposition principle with single-phase FEA results. The TCD ratio
is an effective way to gauge torque performance while also considering implications of heat

generated in the winding. Geometries with higher torque tend to have lower TCD ratios, and
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Figure 4.3 Single phase, calculated three-phase, and actual three-phase locked rotor torque profiles for 2,000 amp-
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Figure 4.4 Single phase, calculated three-phase, and actual three-phase locked rotor torque profiles for 5,000 amp-

turns indicate that the 3-phase torque profile can be calculated using only the single phase torque profile.
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Figure 4.5 (a) Average torque and (b) ratio of average torque to current density resulting from static FEA for 863

geometry variations.
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geometries with high TCD ratios tend to have lower torque. Current density and coil cross-
sectional area are plotted in a similar manner in Figure 4.6. Geometries with high torque
correspond with small coil areas and therefore also correspond with higher current densities, while
geometries with high TCD ratios tend to have large coil areas and lower current density.

Average torque is plotted versus rotor OD and stator yoke thickness for current levels of 2,000 A-
T and 5,000 A-T in Figures 4.7 and 4.8, respectively. These scatter plots show the considerable
impact of rotor OD and stator yoke thickness on average torque and include points for all

combinations of geometries.

Similar plots are shown in Figures 4.9 and 4.10, but with TCD ratios plotted versus stator tooth
width factor and stator yoke thickness. A comparison of the average torque and TCD ratio plots
provides more insight into the tradeoffs between average torque and TCD ratio. These plots were
generated for all geometric parameters after each manual iteration of the solution space to

determine if and how the solution space should be expanded.

The sensitivity of torque and TCD ratio to variations in each geometric parameter across the ranges
listed in Table 4.4 is shown in the bar plots in Figures 4.11 and 4.12, respectively. As shown by
the exemplar green features in Figure 4.10(b), peak profiles for maximum torque and TCD ratio
were determined by obtaining the maximum value across all discrete values of each geometric
parameter, then sensitivity was determined by the difference between maximum and minimum
values along this peak profile. Stator yoke thickness has the most significant impact on both torque
and TCD ratio for both excitation levels of 2,000 A-T and 5,000 A-T. Rotor OD is the second most
influential parameter on torque for both excitation levels and on TCD ratio at the 2,000 A-T
excitation level, but the least influential parameter on TCD ratio at 5,000 A-T. Stator tooth width
factor and rotor tooth width factor have similar influence on both performance metrics, and rotor
tooth length generally has the least overall impact. The significant differences between sensitives
at different excitation levels is a result of magnetic non-linearity and is discussed in more detail

later.
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Figure 4.6 (a) Current density and (b) cross-sectional coil area resulting from static FEA for 863 geometry variations
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Figure 4.7 (a) Average torque for 2,000 A-T versus rotor OD and (b) stator yoke thickness resulting from static

FEA for 863 geometry variations.
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FEA for 863 geometry variations.
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Since average torque and TCD ratio are the two main performance metrics being observed during
the zero-speed static analysis, scatter plots were generated with color mappings of geometric
parameters and other design metrics. Scatter plots with color mappings of rotor OD and stator yoke
thickness are shown for 2,000 A-T and 5,000 A-T in Figures 4.13 and 4.14, respectively. These
plots offer a good visual indicator of the trade-off between torque and TCD ratio and how design
variables and metrics correlate with them. They also indicate why having a single performance
goal of maximum torque or maximum TCD ratio is not likely the best approach for design
optimization. For example, the case with a maximum TCD ratio is associated with a much lower
torque for a given current than the case with maximum torque. The case with maximum torque
correlates with a low TCD ratio. A compromise between these two performance metrics is likely
the best solution for most applications, and application requirements will likely determine which
IS most important. These performance trade-offs are largely associated with the cross-sectional
area of the winding versus cross-sectional area of the stator and rotor magnetic circuit, where
increased winding area reduces heat generated for a given current and increased stator and rotor

sizes yield higher magnetic saliency and therefore higher torque for a given current.

The trade-off between winding area and stator thicknesses is indicated on the scatter plots of TCD
ratio versus torque in Figures 4.15 and 4.16 for excitation levels of 2,000 A-T and 5,000 A-T,
respectively. The average torque values and TCD ratios for all designs were normalized, and a
performance function was used to determine the value of each design. The red trace indicates the
threshold for down-selection and after iterative expansion of the solution space, down-selected
geometries were identified and are indicated with red circles. Leading candidates for both
excitation levels of 2,000 A-T and 5,000 A-T are numbered according to their index and
corresponding geometric parameters and performance metrics are summarized in Tables 4.5 and
4.6, respectively. While detailed requirements of an application will drive design decisions, the
approach used in this work is to identify designs with intermediate values of torque and TCD ratio
such as geometry indices 647 and 648 for high excitation levels as indicated in Figure 4.16.
Geometries associated with maximum TCD ratio are shown in Figure 4.17, and geometries
producing maximum torque are shown in Figure 4.18. Steel in the stator and rotor is operating near

saturation for high excitation levels, and therefore the relative torque-current ratio is lower,
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Figure 4.13 (a) Scatter plot of torque-current density ratio versus average torque for 2,000 A-T with colormap

of rotor OD [mm] and (b) stator yoke thickness [mm] resulting from static FEA for 863 geometry variations.
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numbered and down-selected geometries identified with red circles.
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numbered and down-selected geometries identified with red circles.
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Table 4.5 Leading candidates and associated geometric parameters for 2,000 A-T.

Average

Rotor | Stator Rotor Stator Torque-

Geom. | Tooth | Tooth | Rotor | Tooth Yoke | Average | Current

Index, [ Width [ Width oD Length | Thick. | Torque, Density
kG Factor | Factor | [mm] [mm] [mm] | Tayg [Nm] Ratio
468 11 11 110 15 9 71.1 31.7
563 11 1 120 20 9 74.8 30.5
540 11 11 120 15 9 79.5 30.0
552 11 11 120 15 11 84.4 28.9
624 1.1 1.1 130 15 11 94.6 26.2
420 1.1 1.1 130 15 13 97.3 23.9
264 1.1 1.1 130 15 15 98.6 21.2
276 11 1.1 130 15 17 99.8 18.5
288 1.1 1.1 130 15 19 101.0 15.9

Table 4.6 Leading candidates and associated geometric parameters for 5,000 A-T.

Average

Rotor | Stator Rotor Stator Torque-

Geom. | Tooth | Tooth | Rotor | Tooth Yoke | Average | Current

Index, [ Width [ Width oD Length | Thick. | Torque, Density
kG Factor | Factor | [mm] [mm] [mm] | Tayg [Nm] Ratio
560 1 1 120 20 9 160.2 26.1
632 1 1 130 20 9 188.4 25.6
647 1.1 1 130 20 11 203.7 24.6
648 1.1 1.1 130 20 11 218.3 24.4
432 1.1 1.1 130 20 13 225.1 22.4
300 11 11 130 20 15 231.2 20.1
312 1.1 1.1 130 20 17 237.6 17.7
324 1.1 1.1 130 20 19 242.4 15.3
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Figure 4.17 Geometries associated with maximum torque-current density ratio for (a) 2,000 A-T and
(b) 5,000 A-T.

(@ (b)

Figure 4.18 Geometries associated with maximum torque for (a) 2,000 A-T and (b) 5,000 A-T.
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particularly in geometries with reduced steel thickness. This generally results in lower TCD ratios

for high excitation levels.

If a target is set of 9 Arms/mm? for the nominal current density for the intermediate torque of 200
Nm, the corresponding TCD ratio is ~22 Nm Al mm?, and this is achieved with the nominal stack
length. If the nominal current density of 9 Arms/mm? is targeted for the rated torque of 280 Nm,
the associated TCD ratio should be about 31 Nm At mm?, and the scatter plot in Figure 4.19 shows
that the previously identified leading candidates meet this condition if the stack length is scaled by
1.3t0 196.3 mm.

The down-selection resulted in 98 geometries that were studied for further insight into metrics that
will help with design decisions and also to identify other parameters that might be useful in
successive steps of the optimization process. This includes calculation of forces and mechanical
stiffness for incorporation of acoustic noise modeling and a correlation study of flux density and

core loss for core loss estimation during transient optimization.

Stage 1 Electromagnetic Force and Mechanical Deformation Correlation Studies with

Down-Selected Geometries

Electromagnetic forces were calculated at both excitation levels for the down-selected geometries,
and an example of edge force vectors on a stator tooth is provided in Figure 4.20. An example of
the net radial and tangential forces on a stator tooth through one single-phase stroke is provided in
Figure 4.21. The net radial force is a radial inward force on the stator tooth, and the net tangential
force is directly associated with torque production. The maximum net radial and tangential force
over the 180-degree torque production stroke is color mapped on a plot of TCD ratio versus
average torque in Figure 4.22. It can be seen that the maximum radial forces are generally
considerably higher than the tangential forces. These forces cause the tooth and stator back-iron to
deform, and the amount of deformation depends on the stiffness of the stator, which varies with
each geometry. Further, higher amounts of deflection correlate with higher levels of acoustic noise,

which is one of the main negative characteristics of the switched reluctance motor.
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Figure 4.19 Scatter plot of torque-current density ratio versus average torque for 5,000 A-T with color map of

current density after scaling stack length by a factor of 1.3.
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Figure 4.21 Example of average radial and tangential tooth forces for 2,000 and 5,000 A-T from transient

FEA.
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Figure 4.22 (a) Scatter plot of torque-current density ratio versus average torque for 5,000 A-T with color map
of maximum radial force [KN] and (b) maximum tangential force [kN] over the 180-degree torque production

region of a single phase.
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The stress-strain curve of M270-35A electrical steel, a commonly used grade for SR motors, is
shown in Figure 4.23. A parameterized mechanical model was developed to calculate structural
deformation associated with radial and tangential loading, as shown in Figures 4.24 and 4.25,
respectively. Exemplar radial and tangential deformation results for the thinnest stator geometry
are shown in Figure 4.26, as the resulting deformation is plotted versus applied load. Even for the
thinnest stator geometry, the maximum induced principal stress in the steel is below 35 MPa, which
is well within the linear elastic region of the material, and therefore simulation of only one loading
point is required for each geometry to determine the stiffness of the framework. This is particularly
useful for simulations involving various loading conditions such as in the implementation of an

acoustic noise model.

Radial and tangential stiffness values for each geometry are color mapped in the scatter plot of
TCD ratio versus torque in Figure 4.27. This plot shows that geometries with high TCD ratios have
considerably lower values of mechanical stiffness due to the thinner structural members of the
stator. The color maps in Figure 4.28 show the radial and tangential deformation associated with
an excitation level of 5,000 A-T. Interestingly, radial and tangential deformation is nearly the same
for each case although radial loading values are much higher. This is a result of the radial stiffness

generally being much higher than the tangential stiffness for all geometries.

Stage 2 and 3 Simulations and Down-Selections

Stage 2 simulations rely on the voltage fed model to determine operational metrics at maximum
speed, and the waveforms shown in Figures 4.29 and 4.30 provide a comparison of transient FEA
and the proposed code-based voltage fed model, respectively, at maximum speed near maximum
power using the same control conditions. While winding resistance loss calculations are
straightforward, core losses were approximated by developing expressions for stator back-iron,
stator tooth, rotor back-iron, and rotor tooth flux density as a function of flux-linkage, and the time
domain core loss equations described in Chapter 3 were implemented. Comparing results of FEA
and the voltage fed model, the average torque is 158 Nm and 160 Nm, the torque ripple is 49.3%
and 48.9%, and the efficiency is 76.0 and 74.2%, respectively.
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Figure 4.23 Stress-strain curve for M270-35A electrical steel.
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Figure 4.24 Example of (a) radial loading vector and (b) corresponding deformation colormap calculated using

static mechanical FEA.
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Figure 4.25 Example of (a) tangential loading vector and (b) corresponding deformation colormap calculated

using static mechanical FEA.
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Figure 4.26 Example of (a) radial deformation versus applied radial force and (b) tangential deformation

versus applied tangential force calculated using static mechanical FEA.
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Figure 4.27 (a) Scatter plot of torque-current density ratio versus average torque for 5,000 A-T with color map
of radial stiffness [kN/mm] and (b) tangential stiffness [kN/mm] shows that the geometries with higher TCD
ratios are associated with considerably lower levels of mechanical stiffness.
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Figure 4.28 (a) Scatter plot of torque-current density ratio versus average torque for 5,000 A-T with color
map of radial deformation [mm] and (b) tangential deformation [mm] shows that the geometries with higher
TCD ratios are associated with considerably higher deformations, which correlate with higher acoustic noise

levels.
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Figure 4.29 Phase ‘a’ voltage, three-phase currents, three-phase flux-linkages, and torque waveforms from FEA

transient simulations at 10,000 rpm.
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Figure 4.30 Phase ‘a’ voltage, three-phase currents, three-phase flux-linkages, and torque waveforms from code-
based voltage-fed transient simulations at 10,000 rpm.

126



Close agreement with transient FEA was achieved across the entire torque-speed region. Using a
mid-performance desktop PC, transient FEA solve times ranged from ~1-3 minutes per point with
16 cores while the voltage fed model solve time ranged from 0.5-3 seconds with a single core.
Machine mapping with magnetostatic FEA consumed about 2 hours for Stage 2 and 6 hours for
Stage 3. The short solve time greatly facilitates comprehensive optimization of control conditions

throughout the torque-speed range.

For Stage 2 simulations at maximum speed, torque, efficiency, and torque ripple were determined
as various types of single pulses were applied to the windings. Using conventional SRM control
terminology, the advance angle, @, is the amount of angular advance of the phase turn-on state (or
the rising edge of the pulse in this case) with respect to the aligned condition of the stator and rotor
teeth, and the dwell angle, 8, is the angular duration over which the phase is in the on-state.

Similar down-selection methods were used for Stages 2 and 3. Optimal control conditions were
determined (in Stage 3 simulations with conventional control) by sweeping 6a and 6q at a given
speed and reference current, then interpolating the resulting map for each targeted torque level. As
an example, contours of average torque, torque ripple, and efficiency are shown for various
combinations of #, and 6q at 10,000 rpm and reference current of 400 A in Figures 4.31 (a), (b),
and (c), respectively. A red contour for an average torque of 130 N-m is superimposed onto the
torque ripple and efficiency contour plots in Figures 4.31 (b) and (c), respectively. For any control
method, the impact of various control conditions can be visualized by plotting efficiency versus
torque ripple, such as in Figure 4.32, where the plot includes results from various combinations of

0a and 64 that produce 130 N-m for each given reference current.

A performance function can be used to determine which control conditions to use at each operation
point. For this example, a simple performance function to determine the value of various control

parameters was defined as

Pctrl = keff—ctrl ﬁ + (1 - keff—ctrl)(l - Tripple) (43)
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Figure 4.31 Average torque, torque ripple, and efficiency contour maps for advance and dwell control angle sweeps

with code-based transient simulations at 10,000 rpm.
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where 77 and 7., are efficiency and torque ripple arrays normalized with respect to the control
conditions at each torque-speed point, and k..., IS @ weighting factor varying from 0 to 1, with
0 correlating with full prioritization of torque ripple minimization and 1 correlating with full
prioritization of efficiency maximization. The red trace in Figure 4.32 indicates the optimal
efficiency and torque ripple relationship determined by evaluating the performance function as
kesr—ceri Yanges from 0 to 1. Therefore, control conditions can be selected based on the evaluation
of the performance function at each operation point as k. r_.,; is selected based on requirements
of the application. The approach for Stage 2 is similar but has only one reference current

(maximum current) and relies on more coarse torque and flux linkage maps from static FEA.

The control performance function was implemented at many points throughout the torque-speed
operation region and contour plots of 0a, 64, and iret With k¢ ¢_ ¢, = 0 are shown in Figures 4.33(a),
4.33(b), and 4.33(c), respectively, for all torques and speeds. Similarly, contour plots of 8a, 64, and
Iref With ke rr_cerp = 1 are shown in Figures 4.33(d), 4.33(e), and 4.33(f), respectively for all torques
and speeds. In general, minimum torque ripple control conditions correlate with more overlap
between phases with a lower peak current while maximum efficiency control conditions correlate

with less overlap and higher current across positions with higher torque-per-ampere.

To determine the value of each geometry across multiple points in the torque-speed plane, a

performance function such as the following can be defined:

Prg = keff—Ts1 n + (1 - keff—Tsl) (1 o T”PPle1) +

Keprors, M2 + (1= kegrs,) (1= Trippre, ) + - (4.4)

keff—TSm m + (1 - keff—TSm) (1 - Tripplem)

where n,-1_m and Tripple ,_; are efficiency and torque ripple arrays normalized with respect
to all geometries at each torque-speed point, p, and keff_TSp=1—>m are weighting factors ranging
from 0 to 1, with keff_TSp = 0 correlating with full prioritization of torque ripple minimization
and keff_TSp = 1 correlating with full prioritization of efficiency maximization. The weighting

factor can be selected based on the importance of torque ripple or efficiency in different areas of
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the torque-speed range. For example, torque ripple minimization is more important for low speeds
as vibrations can be felt more easily by the passenger, whereas torque ripple minimization at higher

speeds is less important due to natural inertia related damping and road vibration.

For demonstration purposes, down-selections in Stage 2 were performed using three combinations
of Kefpctrt = kepr—1s =0, 0.5, and 1. As a part of Stage 3, the resulting three geometry solutions
were simulated with the voltage fed model with detailed torque and flux-linkage mapping from
2D FEA as control parameters were swept at each torque-speed point to generate a full mapping
of efficiency and torque ripple. Efficiency contour plots for geometry 2 shown in Figures 4.34 and
4.35 correlate with k.rr_cy = 0 and 1, respectively, as the performance equation (4.4) was
maximized at each point throughout the entire torque-speed range. Similarly, torque ripple contour
plots in Figures 4.36 and 4.37 correlate with k,s¢_..; = 0 and 1 throughout the entire torque-speed

range, respectively.

Efficiency and torque ripple for all three geometries at the 500 rpm, 230 Nm operation point
(indicated by one of the red circles in the contour plots) is shown in Figures 4.38(a) and 4.38(b),
respectively, for k.rr_cry = 0, 0.5, and 1. For almost all control conditions, efficiency is
maximized and torque ripple is minimized with geometry 2. Analogous to what is indicated in
Figures 4.15 and 4.16, geometry 1 is a machine with more winding area, geometry 3 is a machine
with less winding area and thicker iron segments, while geometry 2 is a compromise between the
two. The torque-speed performance equation (4.4) was implemented while including all three
points indicated by red circles on the contour plot and the resulting performance of all three
geometries is plotted versus k,¢¢_rs for kerr_cry =0, 0.5, and 1, in Figures 4.39(a), 4.39(b), and
4.39(c), respectively. With the exception of a few conditions, it can be seen that the evaluated
value of geometry 2 is greater than that of the other geometries. This demonstrates how the
proposed framework can be used to achieve co-optimization of both machine and control
conditions. The final optimal solution (geometry 2) correlates with Dro = 130 mm, Wsyoke = 11

mm, kstw = 1.1, krtw = 1.1, and lrtgoth = 20 mm.
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Summary and Conclusions

The benefits of a three-stage co-optimization process were demonstrated using static FEA torque
and flux linkage mapping with custom code-based transient models that enable advanced
evolutionary control optimization algorithms to be implemented with broad parameterized sweeps
of machine design parameters. Static FEA simulations were performed in Stage 1 at zero-speed
conditions to determine an initial solution space, adjust nominal parameters as necessary, and
establish a fundamental understanding of the correlation between various geometric parameters
and operational quantities such as average torque, torque ripple, and current density. Exemplar
performance functions were implemented to perform optimization of control conditions and the
machine design with weighting factors that allow the designer to balance priority between torque
ripple minimization and efficiency maximization. A design was selected for testing based on

performance function evaluation.
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CHAPTER FIVE: PROTOTYPE FABRICATION AND EXPERIMENTAL
EVALUATION
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Abstract

A new modeling framework and optimization approach is proposed in Chapter 3 for co-
optimization of both switched reluctance machine (SRM) design and control across the entire
torque-speed range. Design down-selection was performed based on control and machine
performance functions in Chapter 4. The final design is scaled in preparation for empirical
validations of custom modeling codes and control performance functions. Fabrication, test setup,
and test results are discussed in this chapter as modeling results are validated and the effectiveness

of the proposed approach is confirmed.

Overview

A final design was selected in Chapter 4 based on performance function evaluations as broad
sweeps of geometric parameters and control conditions were conducted. To reduce the cost and
challenges of fabricating and setting up a large SRM for prototype testing, the final design was
scaled to a 5 hp (3.7 kW) power level. After scaled design parameters are established, control
optimization in Stage 3 is implemented to generate reference control conditions for the scaled

prototype across the torque-speed operation range.

Fabrication and testing of the SRM prototype provides an evaluation of model accuracy and
validation of the control optimization process. Accuracy of the models is evaluated by comparing
simulated and empirical results. Testing at various torques and speeds demonstrates the
effectiveness of the optimization approach throughout the entire operating range. Furthermore, test
results confirm the feasibility of the proposed optimization approach that gives the machine and
control designer the ability balance torque ripple minimization and efficiency maximization

according to the needs of the targeted application.

Scaling for Prototype

The cost to fabricate a protype motor is largely impacted by the cost of having steel laminations

laser cut for the stator and rotor cores. This cost is driven by the amount of time the laser cutting
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machine spends cutting the material, which is roughly proportional to the size of the machine.
Furthermore, a large machine also constitutes more challenging requirements regarding lifting,
safety containment, power supply, and drive hardware. The overall scope of this work is to
demonstrate a co-optimization technique and the ability of an on-line controller to regulate the
optimized waveforms, and this can be demonstrated regardless of machine size and performance.
Therefore, to reduce prototyping costs and avoid other unnecessary challenges, the final design
was scaled to a smaller size and a summary comparison of the original and scaled geometric
parameters is provided in Table 5.1. Many of the parameters were determined based on the
selection of the housing, bearing, and cooling system of the Hyundai Sonata Hybrid Starter-
Generator to be used rather than designing and building a motor entirely from scratch. Key
parameter changes include the reduction of the stator OD from 200 mm to 127.91 mm, rotor OD
from 130 mm to 83.14 mm, stator/rotor stack length from 196.3 mm to 76.2 mm, rotor tooth length

from 20 mm to 12.99 mm, and stator yoke thickness from 11 mm to 7 mm.

A summary comparison of original and scaled operational parameters of the final design selection
is provided in Table 5.2. Key operational parameter changes include a reduction of the dc-link
voltage from 375 V to 340 V, maximum power from 80 kW to 3.7 kW, and maximum torque from
280 Nm to 15 Nm. The reduction of maximum speed from 10,000 rpm to 6,000 rpm reduces
balancing, alignment, and safety containment requirements. The phase current rating was lowered
from 450 Arms to 12.5 Arms based on ratings of the selected power stage. The targeted fill factor
was reduced from 0.6 to 0.35 because smaller motors typically have reduced fill factors as smaller
slots present more difficulty for wire installation and slot liners have a similar thickness even
though the slot size is considerably smaller. For these reasons, the targeted fill factor was reduced
considerably to mitigate risk of progress delays during motor fabrication.

Based on the targeted current density, fill factor, and phase rating, equations (3.9) and (3.10) were
used to assist in determining the appropriate winding configuration. To reduce complications
during the winding process, an option was chosen with single strand of 20 AWG, versus multiple
strands which add more difficulty during the winding process. The configuration with 54 turns, no

parallel coils (Npar =1), and four series coils (Nser = 4) per phase was selected.
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Table 5.1 Comparison of original and scaled geometric parameters of final design selection.

Airgap 0.5 mm 0.32 mm
Stator OD 200 mm 127.91 mm
Stator ID 131 mm 83.78 mm
Stator and Rotor Length 196.3 mm 76.2 mm (37)
Rotor OD 130 mm 83.14 mm
Rotor ID 23.01 mm 22.99 mm (0.905”)
Coil Area 215.62 mm? 83.84 mm?
Rotor Tooth Factor, RTF 1.1 1.1
Stator Tooth Factor, STF 1.1 1.1
Rotor OD, ROD 130 mm 83.14 mm
Rotor Tooth Length, RTL 20 mm 12.99 mm
Stator Yoke Thickness, Syoke 11 mm 7 mm
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Table 5.2 Comparison of original and scaled operational parameters of final design selection.

Vdc 375V 340 V
Maximum Power 80 kw 5hp (3.7 kW)
Maximum Torque 280 Nm 15 Nm
Maximum Speed 10,000 rpm 6,000 rpm

Peak Phase Current 900 A 25 A (drive rating)
Phase Current Rating 450 Arms 12.5 Arms
Copper Current Density 15 Arms/mm? 23 Arms/mm?
Current Density 9 Arms/mm? 8.05 Arms/mm?
Fill Factor, FF 0.6 0.35
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Prototype Fabrication

Stator and rotor cores, shown in Figure 5.1, were fabricated by a laser cutting vendor using 0.35mm
thick (29 gauge or 0.014”) M270-35A grade electrical steel. Slot liners made of Nomex 410
insulation paper were cut and installed prior to installation of the copper windings. Each coil
consists of 54 turns of a single strand of 20 AWG magnet wire. A total of 12 coils were fabricated
and installed, with four coils connected in series for each phase of the SRM. A thermistor was
installed in the motor winding end-turns near a slot for temperature feedback. The stator and
windings were vacuum impregnated with Dolph’s CC-1105 varnish, as shown in Figure 5.2. A
comparison of the motor before and after varnish is shown in Figures 5.3 (a) and (b), respectively.
Varnish or potting processes are always used for electric motors to help secure the windings, avoid
winding degradation and failure due to vibration, and to promote heat transfer between wires and
the stator itself. As shown in Figure 5.4, the stator was pressed into the housing and the rotor
laminations, bearings, and custom spacer were installed on the rotor shaft. The rotor assembly was
installed inside the stator (Figure 5.5(a)), and the motor was fully assembled (Figure 5.5(b)).

Test Setup

The SRM prototype was installed with a dynamometer test setup, shown in Figures 5.6 and 5.7, so
empirical validations can be performed. Motor efficiency was calculated using the ratio of
mechanical power measured with a torque and speed meter to input electrical power measured
with voltage and current transducers. Instantaneous torque waveforms were processed to
determine torque ripple and average torque. An SRM drive, shown in Figure 5.8, based on the
architecture shown in Figures 2.7 and 2.8, was constructed using two conventional power modules
since three-phase power modules with asymmetric half bridges are not available. A control board
with a Texas Instruments C2800 digital signal processor was modified and programmed to
implement and compare conventional SRM hysteresis control and the proposed predictive control
methods. The SRM control board includes signal conditioning to facilitate three-phase current
feedback from current transducers, and a separate resolver board is used for position feedback
from a position resolver mounted on the SRM shaft. The control loop was executed at a rate of 40
kHz.
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Figure 5.1 SRM prototype stator and rotor laminations.

Figure 5.2 Varnish and vacuum impregnation process.
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(b)

Figure 5.3 SRM stator (a) before and (b) after varnish.

Figure 5.4 SRM stator pressed into housing and rotor fully assembled.
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@) (b)

Figure 5.5 (a) SRM rotor assembly installed and (b) motor fully assembled for testing.
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Figure 5.6 Setup implemented for SRM design and control empirical evaluation.
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Figure 5.8 SRM prototype and SRM drive.
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Test Results

Locked rotor torque measurements were made by using a mechanism to lock the SRM rotor shaft
at various positions as DC current was applied. The measured locked rotor torque was about 2-5%
lower than original FEA simulations depending on current level. Following locked rotor testing,
static FEA simulations were conducted to assess torque and flux linkage as the airgap was varied
in small increments and results are shown in Figure 5.9. An increase of the airgap by ~0.1 mm in
FEA simulations resulted in a close match with experiments, as shown in Figure 5.10. This could
be attributed to slight discrepancies between specified dimensions that were simulated and actual
dimensions after laser cutting. Other causes for the discrepancy could be due to localized heating
and associated degradation of magnetic properties that occurs as a result of laser cutting. Both
phenomena would have the greatest impact at the airgap. Simulations were repeated with the new
torque and flux-linkage mapping from 2D static FEA, and torque-speed maps of efficiency, torque

ripple, and control conditions were generated for the k. s_.¢- = 0 and 1 conditions.

In general, minimum torque ripple control conditions correlate with more overlap between phases
with a lower peak current while maximum efficiency control conditions correlate with less overlap
and higher current across positions with higher torque-per-ampere. Simulated and measured
voltage, current, and torque waveforms at 1,000 rpm and 8 Nm with k,¢_c.q = O (the minimal
torque ripple control condition) are provided in Figures 5.11 and 5.12, respectively. While both
oscilloscope waveforms and DSP waveforms are taken at the same torque and speed, it is important
to note that the time scales for the oscilloscope data in the top plot and the DSP data in the bottom
plot are not synchronized. Monitoring of the real time analog output of the torque transducer
resulted in accurate average torque which matched the OEM torque readout. However, torque
ripple was much lower than predicted as most torque transducers are not intended to measure
instantaneous torque. Therefore, the experimental instantaneous torque was approximated by
interpolating the simulated three-phase locked rotor torque based on measured three-phase currents

and position.

Simulated and measured voltage, current, and torque waveforms at 6,000 rpm and 6 Nm with

kefr-ceri = 1 (the maximum efficiency control condition) are provided in Figures 5.13 and 5.14,
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<
= 400 T T T T T
2 ool AN IR 1
8 J l. | | Ia—scope x10
2 b SO N SOOI S A S
% 0 M '”lp,. ..'.l,. e ."1.', HH uuu |
%-200 b
o)
£ 400 ‘ ! | ! |
g 0 0.005 0.01 0.015 0.02 0.025
- TlmeScope [s]
Z 20 ‘ . . :
g A ia-DSP
o 15} i
i) ' b-DSP
T 10 lc-DsP 4
C
© TorqueDSP
< 5 =\
-— |
§ o b 1 __ J J )
5 0 0.005 0.01 0.015 0.02 0.025
© Time . [s]
DSP
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Figure 5.14 Measured SRM voltage, current, and experimental torque at 6,000 rpm and 6 Nm with kepp_cery = 1.
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respectively. A slight variation is noticed when comparing the peaks of current waveforms, and
this is attributed to the control loop frequency of 40 kHz. At 6,000 rpm the fundamental frequency
of the phase voltage and current is 800 Hz, leading to a change in electrical position of ~7.2 degrees
for every control loop cycle. Therefore, the actual applied pulse length differs slightly from cycle
to cycle due to the random time difference between a phase ‘on’ or ‘off” transition (i.e. based on
the real position) and the measured position/current, time for processing, and corresponding update
to the output state from the microprocessor. This behavior is also observed in simulation, in which
the same control loop frequency was used. Even so, there is no significant impact noticed with

machine operation. Overall, simulated waveforms match closely with measured waveforms.

Simulated and experimental torque ripple contours throughout the torque-speed range with
keff—ceri = O are provided in Figures 5.15 and 5.16, respectively. Similarly, simulated and
experimental torque ripple contours throughout the torque-speed range with k.rr_cp = 1 are
provided in Figures 5.17 and 5.18, respectively. For both control conditions, experimental torque
ripple ranged from 8 to 15% higher than simulated torque ripple, and this discrepancy might be
attributed to timing and switching characteristics of the DSP and power stage, instantaneous speed

variation, and noise on the sampled current and position feedback.

Simulated and measured efficiency contour maps with k. ¢r_.., = 0 are provided in Figures 5.19
and 5.20, respectively. Figures 5.21 and 5.22 show simulated and measured efficiency contours,
respectively, for k.r_..y = 1. Close agreement can be observed throughout most of the torque-
speed range. Discrepancies might be attributed to variations in winding temperature and loss

predictions in the simulation.

Summary and Conclusions

The final solution from Stage 3 simulations discussed in Chapter 4 was scaled, fabricated, and
tested to demonstrate the advantages of the proposed control and design optimization process as
tests were conducted with control conditions with different optimization targets. The proposed
framework was used to generate control conditions for two sets of tests, one with the optimization

target minimum torque ripple and the other targeting maximum efficiency. Accuracy of the models
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was confirmed by comparing simulated and empirical results, with experimental torque ripple
within 8-15% of simulated torque ripple, and measured efficiency within 3% of simulated
efficiency throughout much of the entire operation range. Test results from operation at various
torques and speeds confirm the ability to balance design and control conditions with respect to
different optimization targets.
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CHAPTER SIX: CONCLUSIONS AND FUTURE WORK

Abstract

After a summary and conclusions from the preceding chapters are provided, the applicability and
limitations of the proposed approach is discussed. Finally, contributions of this work are listed and

suggestions for future work are provided.

Summary and Conclusions

The preceding chapters include an introduction and motivation for this research, a review of SRM
design and control optimization methods in the literature, a proposed simulation framework and
co-optimization approach, and scaled experimental evaluation to validate the models and
demonstrate flexibility in control optimization. The motivation for researching alternatives to PM
motors and a review of viable options is provided in Chapter 1. The SRM was chosen as a focus
of research based on its low cost, easy manufacturability, moderate performance and efficiency,
and its potential for improvement through advanced design and control optimization.
Comprehensive comparisons of new and prevalent SRM design and control optimization methods
are provided in Chapter 2. It was found that co-optimization of both SRM design and controls is
not common, and key areas for improvement in methods for optimizing SRM design and control
were identified. Among many things, this includes the need for computationally efficient transient
models with the accuracy of FEA simulations and the need for co-optimization of both machine
geometry and control methods throughout the entire operation range with multiple objectives such

as torque ripple, efficiency, etc.

An optimization framework and multi-stage process is presented in Chapter 3 that includes robust
transient simulators that use mappings from FEA in order to optimize SRM geometry, windings,
and control conditions throughout the entire operation region with multiple objectives. Custom
modeling codes use static finite element analysis (FEA) results to determine optimal current
profiles and conventional control conditions for discrete speeds, torques, and torque ripple levels.
Transient models rely on torque and flux-linkage lookup tables from 2D FEA to yield a decrease
in computation time by a factor of at least 100 times in comparison with 2D transient FEA. This
reduction in computational time greatly facilitates broad sweeps of both machine design and

control parameters. A method for current profile optimization was proposed that uses particle
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swarm optimization to determine optimal control waveforms. Further, a general approach was
proposed for evaluating the value of any control approach throughout the entire operation range
with consideration of various characteristics and boundary conditions such as voltage and current

constraints.

The Nissan LEAF primary traction drive electric machine was selected as the baseline reference,
and a 12-8 SRM, nominal parameters, fixed parameters, and variable geometric parameters were
identified for detailed optimization. In an exemplar implementation of the proposed framework
and optimization process, a total of ~900 combinations of geometric parameters including stator
tooth width, stator yoke thickness, rotor tooth width, rotor tooth length, and rotor outer diameter
were analyzed in the first sweep and down-selections were implemented based on TCD ratio and
average torque. Static FEA simulations were performed in Stage 1 at zero-speed conditions to
determine an initial solution space, adjust nominal parameters as necessary, and establish a
fundamental understanding of the correlation between various geometric parameters and
operational quantities such as average torque, torque ripple, and current density. Exemplar
performance functions were implemented in Stages 2 and 3 to perform optimization of control
conditions and the machine design with weighting factors that allow the designer to balance
priorities between torque ripple minimization and efficiency maximization. A design was selected

for testing based on performance function evaluation.

The final design was scaled, fabricated, and tested to demonstrate the advantages of the proposed
control and design optimization process as tests were conducted with control conditions with
different optimization targets. The proposed framework was used to generate control conditions
for two sets of tests, one with the optimization target minimum torque ripple and the other targeting
maximum efficiency. Accuracy of the models was confirmed by comparing simulated and
empirical results, with experimental torque ripple within 8-15% of simulated torque ripple, and
measured efficiency within 3% of simulated efficiency throughout much of the operation range.
Test results from operation at various torques and speeds confirm the ability to balance design and
control conditions with respect to different optimization targets such as torque ripple and

efficiency.
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Applicability and Limitations of the Proposed Framework and Optimization Process

The proposed framework is particularly applicable when there are stringent design requirements
such as high-power density, high-efficiency, minimal torque ripple, and/or minimal acoustic noise.
A key consideration in the applicability of the proposed approach is the time associated with
mapping. During mapping with magnetostatic 2D FEA, cases were solved in parallel and with 16
parallel solvers, the average solve time for each point was about 10 seconds. Examples of the
number of sample points and total simulation time for mapping during Stages 1, 2, and 3 are
provided in Table 6.1. Computational times vary with processing power and memory depth, and
values in Table 6.1 correlate with that of a mid-range high-performance desktop computer which
has 8 cores, 16 processors, and 64 GB of RAM. Additionally, all conditions consider mutual
coupling, which involves a variation in multiple currents versus just one. It takes about 3.5 days to
generate flux-linkage and torque maps for 1000 geometries as a function of 5 positions and 6
current combinations. A uniformly spaced grid was used during these mappings (labeled as ‘Stage
3 Grided’ in Table 6.1). The number of cases can likely be reduced significantly by having the
map defined by more points in highly non-linear portions of the map and interpolating in more
linear areas of the map, and computational time is estimated for this approach (labeled ‘Stage 3
Scatted’ in Table 6.1).

An example of the number of control conditions that would be needed for a typical control
optimization effort in Stage 3 is provided in Table 6.2 for conventional control and for a control
optimization approach with iterative solving, each with a total of 9800 and 100,000 cases,
respectively. A summary of total solve time (including mapping time) for Stage 3 control
optimization efforts is provided in Table 6.3 for 2D FEA and the proposed approach. Once flux-
linkage mapping is complete, transient simulation time for the proposed method is much quicker
as it takes about 1 second per case, whereas transient FEA takes about 1-3 minutes (an average of
about 120 seconds) per case, roughly a factor of at least 100 times longer. It is important to note
that the transient FEA software ran on 16 processors, whereas the code used in proposed approach
was not parallelized and ran on only 1 processor. The transient code can be parallelized without
extensive efforts by having multiple cases solved in parallel (versus parallelizing the solver itself).

Two columns are shown for the proposed approach, the one that was implemented in Chapter 4
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Table 6.1 Mapping time required for various proposed Stages.

Stage 3 | Stage 3
Stage 1 | Stage 2 | Gridded | Scattered
No. of Sample Points For Mapping
Phase Currents 2 4 10
Total Currents 8 64 216 25
Positions 5 10 13 13
Total Points 40 640 2808 325
Map Time
1 Geometry [Hours] 0.11 1.78 7.8 0.9
10 Geometries [Hours] 1.11 17.78 78 9.03
100 Geometries [Days] 0.46 7.41 32.5 3.76
1000 Geometries [Days] 4.63 74.07 325.0 37.62

Table 6.2 Example of number of control conditions desired for Stage 3 control optimization simulations for different

control techniques.

Iterative
Conventional | (e.g. Current
Control Profiling)
Current or Torque Ref. 20 20
Control variable 1 7 500
Control variable 2 7
Speeds 10 10
Control Combinations 9800 100000
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Table 6.3 Computational time required for various quantities of geometries with 2D Transient FEA, the proposed

code with gridded sample points/not parallelized, and proposed code with scattered sample points/parallelized code.

Proposed Proposed
(Gridded, Not (Scattered,
2D Transient FEA Parallelized) Parallelized)
Conv. Conv. Conv.
Control Iterative Control Iterative Control Iterative
1 Geometry [Hours] 326.7 3,333.3 10.5 35.6 1.1 2.6
10 Geometries [Hours] | 3,266.7 33,333.3 105.2 355.8 10.7 26.4
100 Geometries [Days] | 1,361.1 13,888.9 43.8 148.2 4.5 11.0
1000 Geometries [Days] | 13,611.1 138,889.9 438.4 1482.4 44.7 110.0
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(‘Gridded, Not Parallelized’), and the other for a scattered mapping and parallelized transient code
(‘Scattered, Parallelized’).

The time required (including mapping time) to determine optimal control conditions across the
torque-speed region was about 6 hours using the proposed approach, whereas 2D transient FEA
would take 327 hours (~14 days). Further, it is estimated that using a scattered mapping approach
and parallelized transient code would reduce the total control optimization solve time from 6 hours
to 1 hour. With this speed, it is feasible to perform this type of mapping for 100 geometries, in
about 4 days. Computational time for the 2D FEA method and the proposed method scales directly
with the number of geometries. The plots in Figures 6.1 and 6.2 show the total transient solve time
(including mapping) versus the number of control and speed cases for 2D transient FEA and the
proposed approach. For case numbers below ~100, transient FEA is the more efficient method
when compared with the proposed approach implemented in Chapter 4. However, with scattered
mapping and parallelized code, transient FEA only achieves less simulation time if there are only
25 cases or less. Even with conventional SRM control methods, the number of cases required for
control optimization is far greater than 100, and therefore the proposed simulation structure is more
advantageous regarding total solve time for machine design and control condition optimization.
Furthermore, advanced control schemes, such as the proposed current profile optimization for
minimal torque ripple, often require iterative simulations to determine optimal control conditions.
Overall, it has been demonstrated that this approach has accuracy comparable to that of transient

FEA while facilitating large scale design and control co-optimization.

Contributions

Contributions associated with the work described in this dissertation include:

1. A framework that includes an interconnected suite of SRM simulation tools including
magnetostatic FEA, transient FEA, mechanical FEA, and the proposed control optimizers that
use current fed or voltage fed modeling methods greatly facilitating various types of control
and design co-optimization.

2. Flux linkage mapping technique using magnetic vector potential and ampere-turns with post

process scaling according winding configuration.
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3. The use of the torque to current density ratio (“TCD ratio”) and average torque at zero speed
and corresponding performance function to indirectly consider impacts of coil cross-sectional
area, steel saturation, and winding heat loss in the broad solution space of Stage 1.

4. A current profile optimization technique that uses particle swarm optimization to determine
and balance the effectiveness of current profiles regarding torque ripple and efficiency with
the consideration of voltage constraints throughout the torque-speed region. One key
advantage of this approach is that the PSO code can determine the optimal torque waveform
for non-zero torque ripple conditions versus a predefined torque waveform shape that is often
assumed in torque ripple minimization schemes such as in torque sharing function methods.

5. Derivation of explicit formulas to determine winding properties including the number of
strands in parallel per coil, Nstrangs, and the number of turns per coil, Ntwrns, based on assumed
and targeted values for slot fill factor, FF, a given wire cross-sectional area, Awire, COil cross-
sectional area, Acoil, number of parallel branches in a phase, Npar, targeted nominal current
density, Jo, and phase current rating, Iph.

6. A core loss approximation method for the proposed modeling environment using only mapped
flux linkages from static electromagnetic FEA sweeps.

7. A systematic design and control optimization method based on weighted fitness functions that
provide the ability to balance torque, torque ripple, efficiency, and other metrics throughout
the entire operation range for various types of control approaches including conventional
control and current profiling methods.

8. A unique design process that involves down-selection steps prior to implementation of a new
design and control optimization step allowing a wide range of design parameters to be

considered in the initial solution space.

Proposed Future Work

Items recommend and being considered for future work include:

1. Improved core loss approximation using spatial-based flux mapping during flux linkage and
torque mapping. While the proposed loss calculation method for stator and rotor back-iron
losses closely matched transient FEA, some error was observed in tooth loss calculations as

the mapped flux linkage did not capture localized flux density transients that occur near the
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interface of stator and rotor teeth. To address these issues, a spatial-based mapping technique
is proposed that maps flux density on a basis that is more coarse than the base mesh, but enough
detail to represent localized rotating vectors and other anomalies.

. Acoustic noise mitigation using the proposed framework. The initial mapping required for
acoustic noise modeling was demonstrated in Chapter 4, as radial forces were mapped during
2D magnetostatic simulations and mechanical deformation, and stiffness were determined for
each geometry using mechanical FEA. Using the mechanical stiffness, mapped forces, and
other system physical properties, sound power calculations can be implemented during Stage
3 and acoustic noise mitigation can be achieved through co-optimization of both design and

control in a similar manner in which torque ripple was minimized in Chapter 4.
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