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ABSTRACT

Transportation electrification is a necessary step for a sustainable and clean
energy future. As land vehicles and trucks are responsible for 82% of trans-
portation emissions, electric vehicles (EVs) must become more affordable to
replace conventional cars and reduce emissions. High power density, high
efficiency, inexpensive drivetrains operating over a wide torque/speed range
are critical for EVs. Most modern EVs use permanent magnet (PM) motors
which rely on rare-earth material to achieve high energy efficiency. However,
rare-earth magnets are expensive, have low recycling rates, and have high
risk of price volatility. An induction machine (IM) is a magnet-free motor
which offers a cost-effective, rugged and reliable alternative to permanent
magnet motors. IMs have been widely established in EVs and are still used
in modern designs. The magnetic pole count of an IM can be electronically
varied by controlling a high number of stator currents as the cage-rotor nat-
urally follows the stator. Variable-pole operation extends the speed range of
an IM, a feature which is attractive in EV applications. Conventionally, pole
count has been linked only to the machine operating speed, with a high pole
at low speed and low pole at high speed. In this thesis, we show that pole
count is a degree of freedom that can be used to improve drivetrain efficiency.
Pole count must be selected based on both the required torque and operating
speeds if the goal is to minimize losses or stator current. Low pole counts
are more efficient than high pole counts at producing low and intermediate
torque levels. By exploiting this property, experimental average power loss
reduction and torque-per-ampere improvements of 1/3 and 2X were achieved
at partial loading condition, where an EV operates for a predominant period
of the time. We also show that power electronics converters for variable-pole

IMs are more efficient than 3-phase fixed-pole converters.
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CHAPTER 1

INTRODUCTION

Land vehicles and trucks are responsible for 82% of the transportation sector
greenhouse gases emissions [1]. Electrifying land transportation is a promis-
ing step towards a sustainable low emission future [2]. Electric vehicles (EVs)
reduce emissions by roughly 15 % compared to internal combustion engine
(ICE) cars. The emission gap between ICE cars and EVs is expected to
become larger with the increase of clean energy [3]. However, EV sales are
still low compared to ICE cars as less than 3 % of cars purchased in the U.S
in 2019 are electric [4]. Energy efficient and cost effective electric motors,
drives and batteries are needed for EVs to compete with conventional cars.

Currently, permanent magnet (PM) synchronous motors are the most pop-
ular in traction applications because of their high power density and efficiency

[5]. However, the major problem of PM technologies is the usage of rare-earth

26 %

46 %

u——

Stator mRotor mMagnet = Miscellaneous

Figure 1.1: U.S. Department of Energy 2025 EV electric motor cost
breakdown targets [7].



magnets which are expensive, have low recycling rates, and have high risk
of price volatility [6]. The U.S. Department of Energy (DOE) is pushing to
reduce rare-earth magnet usage in its 2025 EV drivetrain targets [7]. Figure
1.1 shows the DOE 2025 cost breakdown targets of an EV electric motor.
The magnet cost target is limited to 4 % of the total motor material cost,
while rare-earth magnets exceed 50 % of a typical PM motor cost [8]. To
meet these targets, designers have three alternatives: 1) reducing the usage
of rare-earth magnets, 2) replacing rare-earth with ferrite magnets, or 3) us-
ing motors which are inherently magnet-free like induction machines (IMs)
and synchronous reluctance machines (SRMs) [6, 9].

IMs are the main competitor to PM motors as they are the second most
widely used motors in EVs [5]. IMs are fully established as viable alterna-
tives for EVs [10, 11, 12| and are still being used in modern designs like the
2019 Audi e-tron [13]. IMs have advantages over PM motors in terms of
ruggedness, fault tolerance, reliability, high overload capability, and cost ef-
fectiveness. Although PM motors have a higher peak efficiency than IMs, IMs
can match PM motor efficiency in actual driving scenarios [11]. Power dense
designs can be achieved with IMs because EV motors operate at high speeds.
Unlike PM motors, the magnetic pole count of an IM is not constrained by
any physical magnet and can be changed on-the-fly [14, 15, 16].

Fundamentally, torque capability of a machine is determined by the air-
gap flux density, surface current density and machine dimensions irrespec-
tive of the magnetic pole count. However, operational torque capability can
be improved by varying the pole count [15]. For example, the red-dashed
curve in Fig. 1.2 shows a typical torque-speed characteristic of a six-pole
IM. Beyond the base speed, denoted by w;, in Fig. 1.2, the machine under-
goes flux-weakening due to a limited dc-link voltage that feeds the power
electronics converter. At high speeds beyond wy, the machine torque capa-
bility is eventually limited by its breakdown torque. Designing fixed-pole
IMs with minimal leakage inductance and overmodulated power electronics
improves high-speed torque capability at the cost of efficiency and power
density [12, 17, 18]. Alternatively, if the same six-pole machine of Fig. 1.2
can be reconfigured on-the-fly to a lower pole count, such as four or two,
its high-speed torque capability is improved by pushing the effective base
speed to higher speeds, making it attractive for EVs, which require a wide

operating speed range.
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Figure 1.2: Torque-speed characteristics for 2-, 4-, and 6- pole
configurations of a given IM as obtained from finite element analysis. The
machine is nominally designed for 6-pole. wy is the 6-pole base speed. At
high speeds beyond wy, switching to lower pole counts such as four and two
improves operational torque capability.

Prior research has shown that variable-pole IMs can meet the requirements
of wide speed range applications by utilizing a high pole count at low speeds
and low pole count at high speeds [14, 15, 16, 19, 20, 21]. The authors of [16]
designed a variable-pole IM for an automotive integrated starter to deliver
high starting torque while still maintaining a cruising torque capability at
high speeds. One of the most comprehensive pole-changing works, presented
in [14, 20], explores the effect of winding and inverter configuration on pole-
changing. In [15, 19], a 4-/2-pole IM was designed to maintain its rated
power capability over a wide speed-range. To date, the operating pole count
is solely based on operating speed irrespective of the torque required. In
other words, the machine is always assumed to be delivering the rated torque
and the pole count with the highest torque capability is selected at each
speed. However, this assumption is rarely valid for EVs. In any realistic

drive cycle, the machine delivers a partial torque most of the time and is
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rarely used at its full rated capability [22, 23]. Therefore, it is crucial to
select the operating pole count based on both torque and speed to maximize
operational efficiency. To illustrate, consider the operating points A and B
in Fig. 1.2. Both A and B are at the same speed but only a small torque is
required at point B compared to A. At point A, it is easy to select the pole
count based on the methods established in the literature as only 6-pole has
enough torque capability. However, all pole configurations can deliver the
torque required at point B. This thesis proposes a method of selecting the
pole count to improve the operational efficiency of the variable-pole IMs over
the entire torque/speed range [24, 25]. The effect of pole-changing on the
design, efficiency and size of the multiphase converter driving the variable-

pole IM is also investigated [26]. The major contributions of this thesis are:

e A pole-selection method is proposed for variable-pole IMs that takes
into consideration both torque and speed. The pole count is seen as a
degree of freedom that can be used to optimize an objective function.
This work has been published in [24] and accepted for publication in
25].

e A steady-state “per-slot” model that explicitly considers each slot cur-
rent is developed [24, 25]. The model works for all pole-changing tech-
niques and captures any n-phase/p-pole excitation. The model is used
to analyze the effect of pole count on the variable-pole IM current,

voltage and magnetic flux.

e The pole count is used as a decision variable to maximize drivetrain effi-
ciency and minimize stator current over the wide operating torque/speed
range of an EV motor [24, 25].

e Variable-pole IMs require a co-design of the machine stator winding and
power electronics converter. As a high number of power electronics ac
ports is needed to vary the IM pole count [14], this thesis investigates
the effect of the number of ac ports on the converter efficiency and
its dc link capacitor sizing [26]. It also explores how varying the IM
pole count benefits and constrains the drive design and operation. This

work has been accepted for publication in [26].

Chapter 2 explains electronic pole-changing from both machine and power

electronics perspectives. Chapter 3 shows the effects of pole count on current
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and flux density. A generalized “per-slot” model that explicitly captures pole
count p is derived and is the basis of the analysis used in this thesis. Chapter 4
explains how to select the IM pole count by considering both required torque
and operating speed. An optimization seeks the pole count that minimizes an
objective function. Strategies such as maximum torque per ampere (MTPA)
and minimum loss operation are implemented for the variable-pole IM. The
goal of these strategies is to select the pole count that minimizes power
losses and stator current. Chapter 5 investigates power electronics converter
design for variable-pole IMs. Efficiency and dc link capacitor sizing of drive
are considered. A variable-pole IM requires a high number of ac ports in the
power electronics converter. A higher number of power electronics devices
reduces voltampere (VA) rating of each device. Thus, chapter 5 essentially
compares two design strategies, namely, using either a low number of power
electronics semiconductors with high VA rating or a high number devices with
low VA rating. Chapter 6 presents the experimental setup which consists of a
toroidally wound IM driven by an 18-phase GaN-based drive. Experimental
results are provided to validate the analysis. Chapter 7 summarizes the thesis

and outlines future work.



CHAPTER 2

ELECTRONIC POLE-CHANGING

The main goal of this chapter is to explain how an IM magnetic pole count
can be varied. Both the machine and power electronics perspectives are
considered. The analysis assumes a cage-rotor IM. In a squirrel-cage IM, the
rotor pole count naturally follows the stator and is not constrained by any
magnet [27]. Thus, the pole count of the IM is determined by the stator
excitation. Changing the pole count of a PM machine requires magnet re-
excitation [28], which is not feasible in EVs. Part of this chapter has been
accepted for publication in [26].

Figure 2.1: IM stator model with @), slots. Each slot current is explicitly
captured to model different winding configurations and pole changing
techniques. The core stack length is [.



2.1 Electronic Pole-Changing from a Machine
Perspective

Figure 2.1 shows a stator structure with @ slots where each slot current
is considered as an input variable ¢, i3 ... ig,. The stator slots represent
a discretization of space with step size of é—“ The magnetomotive force
(MMF) can be controlled at @, discrete points through the slot currents.
The following constraint among pole count p, number of stator slots @)s,

phase number n, and number of slots per pole per phase ¢ must always hold:

_ Qs
p

gxn

(2.1)

Equation 2.1 shows that either the phase number n or the number of slots
per pole per phase ¢, or both, must be changed to vary the stator pole count.
Pole phase modulation (PPM) is an electronic pole-changing technique that
varies the pole count by adjusting the stator excitation phase number. In
PPM, q is kept constant and considered as a hardware constraint. The pole
count is inversely proportional to the phase number in PPM, as seen in Eq.
2.1. This technique was introduced in [16] and has been widely adopted
in the literature [14, 20, 21, 24]. The main advantage of PPM over other

pole-changing methods is the utilization of higher phase numbers to create
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Figure 2.2: Airgap flux density is shown in (b) as a function of the
mechanical angle when the 36-phase slot current pattern shown in (a) is
created. The IM is assumed to have 36 stator slots. The airgap flux density
is obtained from finite element analysis (FEA).
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Figure 2.3: The airgap flux density is shown in (b) as a function of the
mechanical angle when the 18-phase slot current pattern shown in (a) is
created. When the phase number is decreased from 36 to 18, the pole count
increases from two to four (compared to Fig. 2.2) as there are two identical
18-phase patterns.

near-sinusoidal airgap MMF'. Higher phase numbers have a higher winding
factor [29]. Using PPM, the current excitation i; in a slot j when ¢ =1 (all

slots are independently controlled) is given by

ij(t,p) = V2Isin(wet + %) (2.2)
where [ is the RMS current, and w, is the fundamental frequency.

Figures 2.2 and 2.3 show the airgap flux density in a 36-slot IM for different
slot current patterns, as obtained from finite element analysis (FEA). This
example illustrates PPM with individual control over each slot current (¢ =
1). When the phase number is decreased from 36-phase to 18-phase, the pole
count increases from two to four as there are two identical 18-phase patterns.
Since Figs. 2.2 and 2.3 are also showing return currents, the phase number
in these figures is double the one obtained from Eq. 2.1. The phase number
given in Eq. 2.1 only accounts for half of the machine slots as the excitations
in the remaining slots, known as return conductors, are easy to determine
due to symmetry. When the number of controllable machine terminals is
smaller than @)y, a series or parallel grouping of slots is needed. An example
of series grouping of two adjacent slots is shown Fig. 2.4. The currents 2;
and 75 are no longer independent when they are grouped in series. In this

case, one of the currents, e.g. i1, is a controllable current while the other one



. Slot1 _ Slot2.
RELYo'a'a oWl Vo' 'o'g Wl

1 1 =1 2 ,f‘"‘/

Figure 2.4: When slot conductor are grouped in series or parallel at a

winding design stage, their currents are no longer independent. An example
of two series grouped slot conductors is shown. The currents ¢; and 75 must
have the same magnitude but their sign depends on the physical connection.

19 follows it. Equation 2.2 only applies for the controllable slot currents iy,
i3 ... ig,. The remaining slot currents 49, i4 ...ig,—1 are calculated from the
controllable currents. The number of controllable slot currents depends on

the stator winding design.

2.2 Electronic Pole-Changing from a Power Electronics
Perspective

Figure 2.5 shows a simplified schematic of the EV electric drivetrain. The
power electronics converter is fed from a constrained dc bus. The number
of power electronics ac ports n;,, must match the stator winding input ter-
minals. From a power electronics perspective, a higher number of ac ports
is needed to control more slot currents independently [26]. Thus, the stator
winding and power electronics converter must be co-designed for variable-
pole IM. In this section, the impact of the number of ac terminals on the
pole-changing capability is investigated when PPM is used. From a power
electronics perspective, the stator winding can be interpreted as a black box.

The machine pole count p as a function of the inverter phase number m is



Vdc 23y,

Figure 2.5: A variable-pole IM requires a high number of machine terminals
driven independently by the power electronics inverter. n;,, is the number
of ac inverter terminals which must match the number of machine stator
terminals.

given by:

n.
_ Ninw,, 2.3
p=—""p (2.3)

where P, is the minimum pole count dependent on the stator winding
design. The inverter phase number m can be different from the machine
phase number n for the same pole count. This distinction is very important
especially when the converter is divided into modules, which is discussed in
chapter 5. For example, going back to Fig. 2.2, a 36-port inverter operates at
36-phase as seen in the current excitation while the machine phase number is
18-phase. The inverter phase number m typically ranges from 3- or 6-phase
to nn-phase. The maximum pole count p,,.. is determined at the minimum
phase number. At the minimum pole count p,.;,, the phase number is set
to its maximum which is equal to the number of inverter legs n;,,. For a
three-phase drive, both the minimum and maximum phase number are three
which leads pnaz = Pmin. Thus, to electronically vary the pole count of
a machine, more than three ac ports are required in the power electronics
drive [14, 19, 26]. Although a single-phase pattern can be repeated twice in
3-phase drive, it is not desired as single-phase operation cannot rotate the
magnetic field and has power ripples at double the fundamental frequency.
These single-phase power ripples must be filtered through bulky capacitors

in the power electronics drive [30].
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CHAPTER 3

VARIABLE-POLE IM PER-SLOT MODEL

This chapter explains the effects of the IM pole count on flux and current
density. A “per-slot” IM model that explicitly captures the effect of pole
count on machine performance is derived next. Each slot current iy, i3 ... ig,
in Fig. 2.1 is explicitly modeled as input. This framework captures any n-
phase/p-pole excitation without limiting the pole changing technique. The
model forms the basis of the analysis done in this thesis. This chapter is
adapted from [24, 25].

3.1 Effect of Pole Count on Flux Density and Current
Density in a Variable-Pole IM

The value of electronic pole-changing to improve machine performance is
counter-intuitive because fundamentally torque production in an IM is inde-
pendent of pole count. Torque produced by an electric machine T, is given
by [31]:

T, = k?BngVrotornmotorCOS(Cbgap) (3-1)

where K is the surface current density, B, is the peak fundamental airgap
flux density, V,otor is the rotor volume, cos(¢gq,) is airgap power factor, Nyotor
is the motor efficiency, and k is a constant. The rotor volume V. can be
used to get a first order approximation of the machine volume. Basically, Eq.
3.1 shows that for the same K, and V.., torque production is independent
of pole count p, assuming the airgap flux density B, is the same for all pole
counts. For a fixed-pole IM, the machine is designed to deliver similar B,
irrespective of its pole count. However, a variable-pole IM does not require all
pole counts to have the same rated torque capability, as discussed in Chapter
1.

An FEA analysis has been performed on an IM nominally designed for six

11
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Figure 3.1: FEA simulations of a 36-slots-IM with individual slot current
control. The core flux density is limited to 1.7 T for all pole counts. The
flux density colormap is shown for (a) 2-pole, (b) 4-pole, (c¢) 6-pole, (d)
8-pole, (e) 10-pole and (f) 12-pole. B, is the peak fundamental airgap flux
density.
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Figure 3.2: FEA simulations of a 36-slots-IM for the same conditions as
Fig. 3.1. The magnetizing current density colormap is shown for (a) 2-pole,
(b) 4-pole, (c) 6-pole, (d) 8-pole, (e) 10-pole and (f) 12-pole.
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poles to capture the effects of pole count on electromagnetics and B,. The
machine dimensions and winding are kept the same for all pole counts. The
pole count is varied by controlling the slot currents through PPM. The stator
and rotor cores are made of M19-24G core material and their flux density is
limited to 1.7 T to avoid deep saturation. Figures 3.1 and 3.2 show FEA flux
and magnetizing current density colormaps. In Figs. 3.1-a and 3.1-b, the 2-
and 4-pole configurations are constrained by stator and rotor yoke flux limits
and have peak airgap flux densities of 0.35 T and 0.65 T, respectively. To
extract more flux density from these lower pole counts, the stator and rotor
yokes thickness can be increased [32]. However, this constrains the machine
design and is not necessary for variable-pole IMs as lower pole count are used
to improve high-speed torque capability and are not required to deliver the
full rated torque. The yoke flux density B, is inversely proportional to the

pole count p:
_ B, D

v ?kisdcs

where D is the rotor diameter, d.s is the core stator length as shown in Fig.

(3.2)

2.1, and k;, is the ratio of the effective motor axial length to its actual axial
length [31]. The same equation can be derived for the rotor yoke flux density
by replacing d.; with the rotor yoke length. As seen in Fig. 3.1 and Eq.
3.2, the yoke flux density decreases as the pole count increases for the same
airgap flux density B,. The peak airgap flux density B, increases with pole
count until 8-pole, as seen in Figs. 3.1 (a-d). With higher airgap flux density,
higher torque can be extracted from the machine with the same rotor bar
current. Alternatively, lower rotor bar current can be used to produce the
same torque with a higher airgap flux density. Beyond eight poles, Figs.
3.1-e and 3.1-f show that tooth flux density constrains the peak airgap flux
density although the yoke is well below saturation. The tooth flux density
is directly proportional to the airgap flux density and is independent of the
pole count p.

While Fig. 3.1 suggests that higher pole counts are better as they allow
higher airgap flux density, the magnetizing current must also be taken into
consideration to understand the complete trade-off between magnetic flux
density and the current density. Figure 3.2 shows that higher pole counts
trade off their higher airgap flux density for a higher no-load (magnetizing)

current. Even for the same airgap flux density, higher pole counts require
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more magnetizing current as seen by comparing 8- and 10-pole in Figs. 3.1
and 3.2. Assuming the core is not saturated, the peak magnetizing current

I, as a function of p and B, is

mgB,

" QK" o

In(Bg, p)
where ¢ is the airgap length, pg is the free space permeability, N is the
number of turns in each slot, and k£, is the winding factor. As seen in Eq.
3.3, a higher magnetizing is required for the same airgap flux density with a
higher pole count. Lower pole counts produce their flux more effectively with
smaller no-load magnetizing current. A lower magnetizing current yields a
better power factor and smaller no-load losses. At light loads where a partial
flux density is needed, lower pole counts have a major advantage of smaller
magnetizing current and losses.

In summary, Figs 3.1 and 3.2 showed the tradeoffs between magnetizing
current and flux densities in variable-pole IMs. No single pole configuration
is best in terms of both magnetic and no-load current density. These insights
are used in the following chapters to derive techniques to select the pole count

in applications with broad operating regime like EVs.

3.2  Per-Slot Model of Variable-Pole IM

The “per-slot” steady-state model is derived in this section. Pole count p is
modeled as an explicit variable. A multi-phase excitation can be transformed
to a stationary reference frame of o —  components [29]. In the per-slot
model, the Clarke matrix transforms each of the (), slot variables to o — 3
subspaces, where each pole count p is associated with its own subspace.
The remaining subspaces are the zero-sequence components. For example,

the transformation matrix of a Qs-slot IM when each slot is individually
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controlled using PPM (q=1) is

1 cosd cos26 ... cos(Qs—1)d
0 sind sin20 ... sin(Qs—1)4
1 cos26 cosdd ... cos(Qs—1)20
0 sin26 sindd ... sin(Qs— 1)20
1 cos3d cos6d ... cos(Qs—1)36
0 sin3d sin6d ... sin(Qs— 1)30
i 1 1 1 1 |
where ¢ is given by
2m
0= — 3.5
Q. 3

The first 2 rows of matrix (3.4) correspond to 2-pole a — 3 components.
Rows 3 and 4 where ¢ is replaced by 20 correspond to 4-pole. Rows 5 and
6 where 0 is replaced by 3§ correspond to 6-pole. The matrix K(p,n, Q)
is orthogonal. This implies that the subspaces of different pole counts are
orthogonal to each other. Physically, this means that a 2-pole current exci-
tation creates a 2-pole pattern only and does not affect the 4-pole subspace.
Since the transformation models each slot explicitly, any n—phase/p—pole
configuration is captured in this framework. The transformation is used to
generate voltage, current and flux a — § components. A standard oo — 3 to
d — q transformation is used to rotate the stationary coordinates to the rotor
flux reference frame [33]. The rotation operation preserves the vector ampli-
tude. Once in a d — q reference frame, any well-established d — ¢ model of
an IM can be used for further analysis, while explicitly outlining the impact
of pole count on the parameters and variables. The standard steady-state
d — ¢ model in the rotor-flux reference frame of an IM [33] is rewritten here

to match the notation and definitions of the per-slot model:

Vds — Rsids — we)\qs (36)
Vgs = Rslgs + Welds (3.7)

0= R;«iiir (3.8)
0= Rl +w.\, (3.9)
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Aas = Lyias (3.10)

Ags = Laigs + Linil, (3.11)
' = Lonias (3.12)

Agr = Luigs + L1, (3.13)
e = gwm + w, (3.14)

Here, rotor parameters and variables are referred to the stator. For example,
L/ and R, are the rotor self-inductance and resistance referred to each stator
slot, respectively. 4y, and 4, are rotor d-axis and q-axis currents referred to
the stator, respectively. w, is the slip frequency in electrical rad/s. Ay and
Ags are stator d- and g-axis flux linkages, respectively. X, is the rotor flux
linkage referred to the stator. w,, is the rotor speed in mechanical rad/s. i4s
and i, are the stator d- and g-axis currents, respectively. vy, and vy, are the
stator d- and g-axis voltages, respectively. L,, is the magnetizing inductance
of each stator slot. L, is the self-inductance of a stator slot, which includes
leakage and magnetizing components, and Ry is the stator slot resistance.
The equivalent magnetizing inductance L,, in the “per-slot” model relates
the airgap flux linkage with the magnetizing current of a single slot and

depends on the pole count p

Qs
L, = 2 (3.15)
where C' is given by:
DIN?k2
T R (3.16)
g

where [ is machine stack length, shown in Fig. 2.1. The magnetizing induc-
tance L,, is inversely proportional to the square of pole count, which implies
that the magnetizing current increases with pole count as was shown in Eq.

3.3. The amplitude of d — ¢ vectors is related to the slot quantities by:

Xos+ X5 = (%le (3.17)
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where X, can be the peak slot voltage, current or flux linkage. Finally, the

machine torque is given by:

1 C
T, = - dslas 3.18
p1+0r2dzq ( )

where o, models the rotor leakage [33]. The ratio % is roughly proportional
to the airgap flux density. 4 is roughly proportional to the rotor bar current.
Equation 3.1 can be derived from Eq. 3.18 by ignoring the leakage term. The

stator and rotor copper losses in the per-slot d — ¢ model are given by:

2

Pocoper = - Rllas + 1) (3.19)
2 02

Pr,copper = —R, —r (320)

Qs "(1+0,)?

where P; copper and P copper are the total stator and rotor copper losses. Core

losses P, are estimated using the Steinmetz equation [34]:
Piore = Chf BY + C.f*B? (3.21)

where B is the peak flux density, v in an empirical constant, f is the fun-
damental frequency in Hz, and C} and C, are hysteresis and Eddy current

constants extracted from the core material datasheet, respectively.

3.3  Approximate Variable-Pole IM model

In this section, the per-slot model is simplified to an approximate model.
Although the approximate model is less accurate, its simplicity is useful to
get insights on the effect of pole count on stator current and machine losses.
Stator resistance R; and stator and rotor leakages are ignored. Following

these assumptions, A\gs and ig4s simplify to

Qs V
Ag = —— .22
ds 9 We (3 )
R 7 T
s = ——— 3.23
v We QCp ( )
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where V' is the per-slot peak voltage. The d-axis current is the same as
the magnetizing current. As shown in section 3.1, the magnetizing current

increases with the pole count p. For a given —:J/ ratio, magnetizing current 7,4
e
v

we?

is proportional to p?. With the same magnetizing current is reduced by a
factor of nine when the pole count is changed from 6- to 2-pole. Thus, lower
pole counts cut down magnetizing current significantly. The approximate

g-axis current 7, is given by

e (20) - (L) 21

where [ is the peak slot current. Replacing the approximate currents iy, and

igs in Eq. 3.18 and setting o, to zero, the approximate torque equation is

Vool N\ (V1N
n=Laf(%n) - (L) 35

If we ignore the magnetizing current component in the square root term of

given by

3.25, the torque simplifies to

Q. VI
T = 2
e = P (3.26)

From Eq. 3.26, it can be seen that torque is proportional to the pole count
p when the magnetizing current component is small enough. However, as
p is increased, the magnetizing current significantly increases. The higher
magnetizing current of higher pole counts limits the available headroom to
inject a torque producing current component ¢,. Even if the machine is
unsaturated, the magnetizing current can become so high with high pole
counts such that it exceeds the stator current limit. In this case, torque
producing current component 7,, can no longer be injected and switching to
a higher pole count is not useful. An option to limit the magnetizing current
is to reduce the stator flux by decreasing the wl ratio. With flux weakening,
the torque capability of the IM decreases as seen in Eq. 3.25. Under flux
weakened conditions, lower pole counts are much more effective in producing

flux as they require a smaller magnetizing current.
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CHAPTER 4

OPERATIONAL POLE SELECTION
STRATEGIES

In this chapter, pole selection methods are proposed to optimize two separate
characteristics, which are stator current and machine losses. In the first
two sections, the approximate IM model is used to demonstrate the first
order effects of pole counts on machine losses and stator current. Then, an
optimization problem is formulated using the generalized per-slot model. The
goal is to determine the operating region where each pole minimizes stator

current and power losses. This chapter is reprinted from [24, 25].
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Figure 4.1: Stator current (A) versus torque (Nm) for a given IM operated
with four or six poles for any speed where the inverter voltage limit is not
constraining.
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4.1 Maximum Torque Per Ampere (MTPA): Ideal
Case

The goal of this MTPA strategy is to minimize the stator current required to
produce a given torque [35, 36]. For the ideal case, the approximate IM model
is used. Equation 3.25 is used to calculate the minimum current required to
produce a torque while constraining the w% ratio. In the ideal case, the w%
ratio is proportional to flux linkage, as seen in Eq. 3.22. Figure 4.1 shows
the required IM stator current for various torque requirements. For a torque
below point A, the 4-pole configuration requires less current compared to
6-pole. Recall that the lower pole count minimizes magnetizing current and
the effect of magnetizing current is dominant at light loads. Beyond point
A, the 6-pole count requires less stator current as it trades off its higher
magnetizing current 74, for a lower g-axis current i,. At high torque, the

effect of magnetizing current is small and the g-axis component ¢4 is more

T T I T I I
700 | |=4-Pole I I -
===(-Pole I I
600 | <€ Zone | }:QZoneg:‘_Z ono 2 1
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Figure 4.2: Power Losses (W) versus torque (Nm) for a given IM operated
with four or six poles for any speed where the inverter voltage limit is not
constraining.
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dominant. The intersection point A is defined as “pole transition point” for
the MTPA strategy.

4.2 Minimum Loss Operation: Ideal Case

The objective of minimum loss operation is to minimize machine losses.
MTPA minimizes stator copper losses but does not necessarily minimize the
overall machine losses. The objective function is the summation stator cop-
per, rotor copper and core losses given in Eqs. 3.19-3.21. Figure 4.2 shows
the machine power losses for different torque requirements. For torque be-
low point B, a 4-pole is more efficient at producing its torque. Once torque
exceeds point B, 6-pole configuration has lower losses. For low torque lev-
els in zone 1, a low pole count minimizes magnetizing current iy, and core
losses as the frequency is lower for the same speed. To meet the high torque
requirements in zone 3, a higher pole count trades off its higher magnetizing
current for a lower 7,5, which tends to minimize the rotor and stator copper
losses. In zone 2 of Figs. 4.1 and 4.2, MTPA and ML yield different pole
count selection. Although 4-pole configuration minimizes stator current in

zone 2, it is less efficient than 6-pole.
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Figure 4.3: Torque capability (Nm) versus stator current (A) for pole
counts from 2 to 12 poles.
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4.3  Overload

Figure 4.3 shows the torque capability of pole counts from 2 to 12 as a
function of stator current for the same machine. For a rated current of 15
A, the highest torque is produced by an 8-pole and there is no benefit of
using higher pole counts. The 10- and 12-pole configurations are limited by
tooth saturation and require a huge magnetizing current, as seen in Figs.
3.1 and 3.2. If pushing short transient overload of 25 A is allowed, 10-pole
configuration produces the highest torque. Thus, pole-changing can improve

overload capability.

4.4 Non-Ideal Case: Optimization Problem
Formulation

In this section, an optimization problem is formulated to select the pole count
that minimizes an objective function for a given torque 7, at a mechanical
speed w,,. The objective function depends on the strategy and is expressed

in terms of the i4; and i,,. For example, the MTPA objective function is
f(idsa Z'qs) = Zc2ls + 225 (41)

The model of section 3.2 is used to derive the constraints. The equality
constraints ensure that the machine is delivering the required torque T,, at
a speed of w,,. The inequality constraints ensure that the current, voltage
and flux limits are not violated. The decision variables are the pole count p

and currents iqs and 44:
T
z= [p » @‘qs] (4.2)

The optimal solution seeks the pole count p* and its corresponding optimal

excitation electrical excitation (i, 7 ). The model of section 3.2 is used to

obtain the constraints and express in terms of the decision variables. The
optimization problem is formulated as
min f(z)
xT

subject to:
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. Equality constraint linking the mechanical speed w,, to the slip and

electrical frequencies

; -
p Rr lqs
We — =W — =

sm = =0 (4.3)

. Equality constraint that ensures the required torque 7, is delivered

1 C
T, — -
pl+o;

igsigs =0 (4.4)

. Inequality constraint that limits the machine and drive currents

Qs

i?ls + ng S (TjTated)Q (45)

. Inequality constraint limiting the machine voltage to its rated value set
by the dc bus and PWM strategy

(Rsids - wekLsiqs)2 + (Rsiqs + WeLsids)2 S (

G bwea? (40

. Inequality flux linkage constraint to limit tooth and yoke flux densities

(Lsids)2 + (kLsiqs)Q S (%S\Tated)2 (47)

Table 4.1: Variable-Pole IM equivalent circuit parameters

Poles 2 4 6 8
R, () 0.284 0.284 0.284 0.284
Ls; (mH) 455 11.7 543 3.24
L, (mH) 451 11.3 501 282
L (mH) 499 137 6.62 4.03
R (©2) 0.352 0.206 0.179 0.170

Table 4.2: Variable-Pole IM current, voltage and flux limits

Quantity Value
Per-Slot voltage limit (V) 20
Per-Slot current limit (A) 20
Flux-linkage limit (Wb-t)  0.08
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where fmted, thed and thed are the peak rated slot current, voltage and flux
linkage, respectively. k is a constant that reflects stator and rotor leakage.
Flux linkage constraint can be adjusted to reflect partial saturation [37]. Ma-
chine parameters depend on the pole count p. For example, the magnetizing
inductance L, varies with the square of the pole count, as seen in Eq. 3.15.
Rotor parameters vary with pole count since the end-ring currents depend on
pole count [31]. Stator resistance does not depend on pole count. Different
pole counts may operate at different points on the B-H curve and this may

change the leakage, especially once the core is pushed closer to saturation.

4.5 Case Study: Results and Discussion

Consider the IM with the per-slot parameters given in Tables 4.1 and 4.2. The
optimization problem is solved over a wide range of torque and speed points
to provide a map of pole count choices. Figures 4.4 and 4.5 show the optimal

pole colormap for MTPA and minimum loss operation, respectively. For both
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Figure 4.4: Optimal pole colormap based on MTPA.

24



60T - 8-Pole
50
’;_:: | - 6-Pole
é, 40
b ]
54 30
g 4-Pole
20
10 2-Pole

0 1000 2000 3000 4000 5000 6000
Speed (rpm)

Figure 4.5: Optimal pole colormap based on minimum loss operation.

strategies, the optimal pole count is gradually shifted from 2- to 4- to 6- to
8-poles as the torque increases from zero to full value. As expected from the
insights built using the approximate model, lower pole counts are the choice
to produce partial torques as they require a smaller magnetizing current ;.
Each pole count loses torque capability and becomes less attractive above
its base speed. Higher pole counts have a lower base speed because they
operate at a higher frequency for the same mechanical speed and are more
constrained by the dc bus voltage V;.. Beyond base speed, the inverter ac
voltage is held constant which leads to a decrease in magnetizing current
iqs and airgap flux density B,. The decrease in ¢4, must be made up for
by an increase in 74,. Thus, in flux weakening, higher pole counts lose their
main advantage, which is a reduced 7,,. This is why higher pole counts are
not attractive at high speeds. Moreover, the effect of the leakage inductance
becomes dominant at high speeds. A shift to lower pole counts is inevitable
as the machine speed increases. Both strategies have similar colormaps with

different boundary regions for each pole count.
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Figures 4.6 - 4.7 show the torque-per-ampere and machine power loss plots
under stall conditions. Pole transition points are indicated in Figs. 4.6-b and
4.7-b. Pole counts with lowest power losses and highest torque-per-ampere
are chosen. Optimal pole colormaps are built by doing the same analysis
shown in Figs. 4.6 - 4.7 over the entire speed range. It can be seen in Fig.
4.7 that the torque-per-ampere saturates at high torque values. This suggests
that increasing the pole count indefinitely is not very useful because of high
magnetizing current and tooth saturation. The torque-per-ampere of each
pole configuration has an optimum point beyond which it starts dropping,
as seen in Fig. 4.6. The torque capability of each pole count is limited after
optimum point. Although the small 74, of lower pole counts can be made up
for by a higher i,, in the ideal analysis, this does not apply when leakage
inductance is considered as it constrains machine breakdown torque. Figure
4.8 shows the torque-per-ampere and power losses at a speed of 1500 rpm.
At this speed, 6- and 8-pole configurations are flux weakened and lose their
advantage as their magnetizing current drops. Thus, these higher pole counts
must make up their decreased flux with an increased rotor bar current. At
1500 rpm, 6- and 8-pole do not minimize losses or maximize torque-per-
ampere for any torque. Thus, lower pole counts are the choice to produce
partial torques and cruise at high speeds. Higher pole counts are only used
if a high torque is required at low speeds.

Figure 4.9 shows 445 and i, at stall for variable-pole operation. At each
pole transition point, a tradeoff between 74, and i, is observed. Ideally,
unconstrained MTPA sets i¢4; = 4. Eventually, each pole count becomes
flux constrained (i4s cannot be increased further) and the increase in torque
is obtained through i,s. Each pole transition point brings back the operation
to an ideal MTPA solution (i4s = i4s) for a certain range. The minimum loss
strategy uses different current values compared to MTPA for most operating
points, because MTPA and ML have different objectives.
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CHAPTER 5

POWER ELECTRONICS CONVERTER
DESIGN

The benefits of pole-changing from a machine perspective were shown in the
previous chapter. This chapter investigates the design of power electronics
drives for pole-changing IMs. An inverter with high number of ac ports
Niny 1S Tequired to vary the IM pole count. Inverters with three or more ac
terminals are known as multiphase drives. Multiphase drives can be divided
into modules whose dc sides are series stacked or parallel stacked [38, 39], as
shown in Fig. 5.1. The number of modules with series stacked dc sides is
defined as n, while the number of modules with parallel stacked dc sides is
defined as n,. The first section highlights the constraints imposed by pole-

changing on inverter modularization. Then, the effect of the number of ac

Module 1 Module 1
+ n, ___é + n, :é
- n | = .
Ve Ve
Module 2 Module 2
A IR N Eé
- — in -— _— n
a) Series dc side b) Parallel dc side

Figure 5.1: Multiphase drives can be divided into modules with their dc
sides connected in (a) series or (b) parallel. ng is the number of modules
with series stacked dc sides while n, is the number of parallel stacked dc
sides. In this figure, (a) is an example of n, = 2 while (b) corresponds to
n, = 2.
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terminals on efficiency and capacitor sizing is investigated. This chapter has

been accepted for publication in [26].

5.1 Modular Multiphase Drives and Pole-Changing

In Chapter 2, the relation between inverter phase number m and pole count
p was given in Eq. 2.3. For the case where ny, = n, = 1 (no modularization),
Eq. 2.3 is still valid. However, when n, # 1 or n, # 1, Eq. 2.3 is extended

to determine the phase number of each individual inverter module m,;,0q

Ninv Pmin
Mo = —nw Pmin (5.1)
NngNy P
When there is no modularization n, = n, = 1, Eq. 5.1 is identical to

Eq. 2.3. Module phase number m,,,q is smaller than overall inverter phase

number m which can be problematic. Lower bound on inverter phase number

I I, Module 1 ; o i
= « P w N

-l>-2 i2 l6 l5
g I:I 2-pole/9-phase
Vdc . &

_ . i ig 0

Module 3
I3 |:|
C3 J— r\j i6 N. . . . . . .
T , |:| N Y Iy,l5,1g
- -—>19—|_|— 6-pole/3-phase

Figure 5.2: 9-leg inverter divide into ny = 3 modules. At 2-pole, the
inverter phase number is m = 9 while the phase number in each 3-leg
module is m,,,q = 3. At 6-pole, the inverter phase number is m = 3 while
the phase number in each 3-leg module is m,,,q = 1. Each inverter module
operates as single-phase at 6-pole. Thus, 6-pole operation is not possible in
this inverter configuration.
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m is 3-phase to create a rotating magnetic field in the machine and avoid
pulsating power. However, since inverter module phase m,,,q is smaller than
m, single phase operation can result in modules. Single-phase operation is
undesired in power electronics modules as it requires bulky energy storage,
complicates control and requires a full-bridge topology. Figure 5.2 shows a 9-
leg inverter divided into three series stacked modules ny = 3. Current vectors
corresponding to the same 3-leg module have the same color. At 2-pole, the
overall inverter is creating a 9-phase pattern m = 9 while each individual 3-leg
module is seeing a 3-phase excitation m,,,q = 3. At 6-pole, the net excitation
is a 3-phase m = 3. However, each inverter module must be operated as a
single-phase m,,q = 1, as seen in Fig. 5.2. The currents in each module do
not sum to zero which violates the fundamentals of the Y connection. Thus,
6-pole configuration is not possible. One possible solution is to use full bridge
converters. However, power ripples at double the fundamental frequency
will exist in each module and buffering this power ripple is challenging [26].
Dividing inverter into modules can limit the flexibility of pole-changing if
each inverter module is not operating as a multiphase converter at all pole
counts. Phase numbers m,,,.q = 1 and m,,,,q = 2 must be avoided for all pole

counts p.

5.2 Switch VA Rating in Modular Multiphase Drives

The breakdown voltage rating Viqting, current rating Iqsng, and voltampere
rating V' A,quing of a single switch in the modular multiphase drive of Fig. 2.5

are given by

Vie
V;"ating - SV nd - \/ESVV;lotCS (52)
2v3S Smo orlls
Irating = ﬁSIIsloth = \/_ ! tor™? (53)
ninvvdc
Smotor
V Arating = 2V3Sy Sy (5.4)

mnuv
where C; and C), are the number of series and parallel connected motor slots,
respectively, Sy and S; are voltage and current safety margin factors, Vi
and I, are the RMS voltage and current of a single IM slot, S0 is the

total motor input apparent power, and the inverter is assumed to be operated
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with space-vector modulation scheme. To deliver the same apparent power
Smotor With given n;,, and V., there is a tradeoff between voltage and current
rating. A decrease in switch voltage rating must be compensated for by an
increase its current rating and vice versa. The only way to decrease each

switch VA rating is to increase the switch count, as seen in Eq. 5.4.

5.3 Switch VA Rating Effect on Switching and
Conduction Losses

Figure 5.3 shows conduction loss (W) and switching energy (mJ) as a function
of switch VA rating, defined as the product of its voltage and current rating.
Wide bandgap devices GaN and SiC are considered. In general, conduction

losses and switching energy increase with switch VA rating, as shown in Fig.

5.3. This leads to two design strategies:

e Use a low number of switching devices, with high VA rating, at the
cost of high loss per device.

e Use a high number of switching devices, with low VA rating and low

loss per device.

With lower number of devices, pole-changing capability is restricted. The

higher flexibility to vary pole count with high number of switching devices
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Figure 5.3: (a) Conduction losses (W) and (b) switching energy (mJ) of

wide bandgap switching devices generally increase with respect to the
switch kVA rating.
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improves operational machine and drive efficiencies at partial loads. Lower
rated devices have a larger headroom to trade off switching losses with a
higher switching frequency to reduce the size of passive components. Figure
5.3 suggests that GaN devices have superior switching characteristics com-
pared to SiC. However, GaN is currently available in lower VA rating to
meet the requirement of 3-phase high power drives. With higher number of
inverter ac ports n;,,, GaN can be deployed in high power drives to benefit

from its fast switching capability.

5.4 Effect of Number of ac Ports on Inverter Losses

In this section, the effect of number of inverter ac ports n;,, on total drive
losses is investigated. Analytical loss estimate expressions of total drive con-

duction P,.,,q and switching loss Py, are given by:

2
2Rd8 Smotorns

cond = C RdsI slotine = ————=75 5 (55>

2
Ninv ‘/dcma

2 SWH~MmMo OT‘ sSw 1 sSw TTVC muv
po — 2 JuuSusortun | L fuuQerVacn

5.6
3T Mg 2 Ng (5:6)

where Ry, is the switch on-state resistance, m, is the space vector modulation

index, tg, is the total switching time, fs,, is the switching frequency, and @,

125 kVA
o1
+ — 1 11 i
2 12 ,:'. 3 igef i1 i ‘.\\\
aY 3 G ] @O / o\
800 V 3] &
. e d
— . = =
_ — E 1n~ v “\‘ OO @Gi,"
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Figure 5.4: Design example: a 125 kVA motor is driven by an inverter fed
from an 800 V dc bus. The inverter is switching at fs, = 50 kHz. The
number of inverter legs n;,, is a design variable.
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is the reverse recovery charge. The parameters Ry, ts, and @), are implicit
functions of the device rating. The drive design example of Fig. 5.4 is
considered. The goal is to determine the impact of the number of inverter ac
ports n;,, on drive efficiency. The motor is rated for an input apparent power
of Siotor = 125 kVA. The drive is fed from an 800 V dc bus and is switching
at 50 kHz. The goal is to compare drives with higher number of inverter
legs n;,, with a conventional 3-phase drive. All losses are calculated at rated
condition using Egs. 5.5-5.6 and at a junction temperature of 150 °C. As
shown in Fig. 5.5, three design alternatives are considered: (a) three-phase
conventional SiC-based drive, (b) 18-leg SiC-based drive n;,, = 18 and (c)
36-leg GaN-based drive divided into two series stacked modules (n;,, = 36
and ng = 2). Tables 5.1 and 5.2 compare the three alternatives in terms of
number of power electronic switches, kVA rating of individual switch, total
conduction loss, total switching loss and total drive losses [26, 40, 41, 42].
As the switch count increases, switching loss decreases because lower VA
rated devices can switch faster and handle smaller power transients. The
switching loss in the 3-phase can be decreased by using a lower switching
frequency at the cost of larger passives and higher harmonic distortion in the
motor current. The lowest conduction loss is achieved by the 18-leg drive.
Conduction loss is less sensitive than switching loss to the drive architecture.

Both the 18- and 36-leg drives are much more efficient than the conventional

Table 5.1: Switch part number, switch count, voltage rating, current rating
and kVA rating are indicated for the three design alternatives in Fig. 5.5
26, 40, 41, 42].

Design Switch part number Switch count Vigung  lraung Switch EV A, qung

(a) SiC BSM300D12P2E001 6 1200 V. 300 A 360 kVA
(b) SiC C2M0040120D 36 1200V 60 A 72 kVA
(c) GaN TP65H035WSQA 72 650 V. 472 A 30.7 kVA

Table 5.2: Total drive power losses for the three design alternatives in Fig.
5.9.

Design Conduction loss (W) Switching loss (W) Drive losses (W)

(a) 570 W 575 W 1145 W
(b) 325 W 300 W 625 W
(©) 569 W 121 W 690 W
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Figure 5.5: Three power electronics drive alternatives are shown.
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series stacked modules (n;,, = 36 and n, = 2).
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3-phase fixed-pole drive. Moreover, the 18- and 36-leg drives can vary the
IM pole count to improve operational efficiency and increase machine speed

range.

5.5 dc Link Capacitor Sizing for Variable-Pole IM

The dc link capacitor is an essential component of the power electronics drives
as it reduces ripple current and voltage spikes caused by switching [43]. This
section sizes the dc link capacitor for a modular multiphase inverter driving
a variable-pole IM, assuming space-vector modulation is used. The module

capacitance C for a given peak to peak dc bus voltage ripple AV}, is

= e ()] 67)
where 7,, is a maximum ripple term which depends on the module phase
number my,q [44]. For phase numbers higher than 3-phase, 7,, decreases
and less dc bus voltage ripple is present. Beyond 6-phase, the ripple voltage
only decreases marginally as phase number is increased. In variable-pole IMs,
the pole count is varied by changing the phase number. Thus, the capacitor
should be sized at the pole count for the worst-case voltage ripple. The

maximum energy stored in all combined module capacitors F. is given by

Smotor ‘/;lc m}?X f’pp [mmod (p)]

AV

Fo= 4 TPPy2
¢ \/gfswAVZDp ( 2Vdc )

(5.8)

Figures 5.6 and 5.7 show the energy storage (J) and power (kW) ratings of
dc link capacitors for all three drive alternatives shown in Fig. 5.5. The ca-
pacitors are sized to limit the peak to peak dc bus voltage ripple to 5%. The
18- and 36-leg drives utilize higher module phase numbers m,,,q compared
to the 3-phase drive and require a smaller capacitance power and energy rat-
ings at all pole counts except 12-pole. At 12-pole, the 18-leg and modular
36-leg drives excite a repeating pattern of 3-phase systems which significantly
increases the power and energy ratings of the capacitor. The difference in
capacitor sizing is marginal for pole counts which require a higher phase

number than three. It is reasonable to drop 3-phase operation in drives with
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high number of ac ports as 12-pole does not provide any machine benefits

and constrains capacitor sizing. If 3-phase operation is avoided in drives
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with high number of ac ports, dc link capacitor energy and power ratings
are reduced by roughly 60% and 17%, respectively. Capacitors are bulky
components of EV drives and reducing their size improves converter power
density [43]. In addition, capacitor power losses are reduced when the ca-
pacitor’s power rating is decreased, which further improves power conversion
efficiency and simplifies capacitor cooling. The reduction of capacitor volume
and increase in its temperature range are crucial to physically integrate the

electric machine and its power electronics [38, 39).
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CHAPTER 6

EXPERIMENTAL SETUP AND RESULTS

This chapter presents the experimental setup used to validate the theoretical
analysis. Then, experimental test results for both machine and power elec-
tronics are provided and discussed. The experimental results are reprinted
from [24, 25, 26].

6.1 Experimental Setup

Figure 6.1 shows the experimental 36-slot toroidally wound IM [14]. The
prototype has 72 terminals which allows us to externally access each slot
conductor, as shown in Fig. 6.1-b. Any winding configuration can be emu-
lated by connecting slots in series or parallel. Toroidal windings are utilized

because they are more flexible in pole-changing applications than conven-

B B
EH Do
B &
B =
E E
B E
= =

a) Machine side view b) Individual slot access

Figure 6.1: 36-slot toroidally wound IM with external access to each of its
slot windings. Each machine slot can be externally accessed through the
72-terminals shown in (b) [14].
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Figure 6.2: Experimental setup. A 36-slot toroidally wound IM is driven by
two 9-phase GaN-based inverter modules. The control board commands the
inverter excitation pattern and varies the IM pole count.

tional single- or double-layer windings. In single- or double-layer windings,
the return path of each slot coil is forced through another slot, which reduces
the number of independent currents and constrains pole changing. The re-
turn path of a toroidal coil is placed on top of the slot and does not impose
any constraint on other slot currents. Figure 6.2 shows the experimental

setup. The machine is driven by a GaN-based 18-port inverter consisting of

+ o— w
— =22 N

p— by
_)_°rwv\_°rwwn_.N2
N |35 @ 32 . o238

Figure 6.3: Inverter modules and machine configuration schematic. Each
index difference of “1” corresponds to 10° mechanical angle between the
physical windings. Both inverters are fed from the same dc bus.
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two identical 9-phase modules. GaN Transphorm TP65H035WS devices are

used. Every pair of adjacent machine slots is connected in series to match

the number of stator terminals with inverter ac ports. The experimental

43



machine and drive configuration is equivalent to having an 18-slot IM with
control of each slot current, as shown in Fig. 2.1. The control PCB processes
18 differential current measurements and converts them to single-ended ana-
log inputs. Three analog multiplexers interface 18 current measurements
with the Cyclone DEO-Nano FPGA, which has 8 analog channels. RC filters
are used to reduce measurement noise. FPGA commands the pole count and
voltage and transmits PWM signals to each 9-phase unit. A dynamometer
loads the IM and is controlled using LabVIEW to command the load torque.
The machine speed, torque, and output power are determined via LabVIEW.
The instantaneous and average machine input power (drive output power)
are computed in the control board using the 18-phase current measurements
and reference voltages. Table 6.1 provides experimental machine dimensions
and testing limits.

Figure 6.3 shows the inverter and machine connection schematic. Every
pair of adjacent machine slots is externally connected in series through the
accessible terminals, shown in Fig. 6.1-b. Each inverter connects to slots
which are mechanically spaced by 40° to form multiphase balanced loads
at 2-, 4- and 6-pole. More modules with fewer ac ports per module is not
possible because 6-pole configuration will require single-phase operation in
each module. Figure 6.4 shows currents in one 9-leg module at 2-, 4- and
6-pole. The electrical phase shift at 2-pole is equal to the mechanical spacing
of 40°. At 4-pole, electrical phase shift is 80°. Three-phase operation with
120° phase shift leads to 6-pole operation.

Table 6.1: Experimental machine dimensions and testing limits

Quantity Value
Per-Slot voltage limit (V) 10
Per-Slot current limit (A) 4.5

Flux-linkage limit (Wb-t) 0.036
Total number of stator slots, () 36

Airgap, g (mm) 0.6
Rotor radius, r (mm) 50
Stack length, 1 (mm) 71

Number of turns-per-slot, N 46
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Figure 6.5: Experimental (a) MTPA and (b) minimum loss operation
colormaps. Experimental tests were done at speeds ranging from 100 to
3300 rpm with a step size of 400 rpm. The boundary points are linearly
connected to generate the experimental optimal region for each pole count.

6.2 Experimental Results: Loss Minimization and
MTPA

This section provides experimental results to validate the proposed pole se-
lection methods. Figure 6.5 shows the experimental optimal pole colormaps
based on MTPA and minimum-loss operation. The boundary region of each
pole count is obtained by experimenting at speeds ranging from 100 to 3300
rpm, with a step size of 400 rpm. At speeds below 900 rpm, pole count
is gradually shifted from 2- to 4- to 6-pole as torque increases from 0.1 to
3.3 N-m. Lower pole counts are preferred over 6-pole to produce light and
intermediate torque. At high speeds, higher pole counts are constrained by
the inverter voltage and must be flux weakened. Beyond 1700 rpm, 6- and
4-pole are in deep flux weakening and lose their torque capability. Thus, a
2-pole configuration is used for any speed beyond 1700 rpm. Figures 6.6-6.7
show the experimental torque-per-ampere and machine power losses at four
different speeds (500, 900, 1300 and 1700 rpm). At 500 and 900 rpm, the
torque-per-ampere and power losses of successive pole counts intersect at the
pole transition points A to D and A’ to D’. Losses and torque-per-ampere of
2- and 4- pole are better than 6-pole at light and intermediate torque values.
Using 6-pole is only justified at high torque levels and low speeds. Beyond
1300 rpm, the 6-pole count has higher losses and current than all other con-

figurations due to deep flux weakening. At these high speeds, 6-pole must
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Figure 6.6: Experimental torque-per-ampere as a function of torque for
different pole configurations at speeds of (a) 500 rpm, (b) 900 rpm, (c) 1300

rpm and (d) 1700 rpm. The points A, B, C, D and E are the pole transition
points marked in Fig. 6.5(a).

make up for its reduced magnetizing current i4s with higher 7., which leads
to a drop of its torque-per-ampere and increase in power losses. At 1300
rpm, pole count is varied from 2- to 4-pole at points E and E’. At 1700 rpm,
2-pole has higher torque-per-ampere and smaller power losses at all torque
levels, and thus it is used regardless of the torque level. Experimental results
validate that pole selection should be based on both torque and speed to
minimize machine losses and stator current.

Figure 6.8 shows power loss reduction and torque-per-ampere improve-
ment achieved by using the proposed pole selection method compared to
linking the pole count only to the machine operating speed. In conventional
speed-based pole selection approaches, 6-pole is used below 1300 rpm, 4-
pole is used between 1300 and 1700 rpm, and 2-pole is used beyond 1700
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Figure 6.7: Experimental power losses as a function of torque for different
pole configurations at speeds of (a) 500 rpm, (b) 900 rpm, (c¢) 1300 rpm and
(d) 1700 rpm. The points A’, B’, C’, D’ and E’ are the pole transition
points marked in Fig. 6.5(b).

rpm. Conventional pole selection method does not consider the torque re-
quired when selecting pole count. In our proposed pole-selection methods,
higher pole counts are only used when a high torque is required and lower
pole counts are favored to produce light and intermediate torque. Power
loss and torque-per-ampere reductions are most significant at partial loads.
This is because the proposed methods select lower pole counts under partial
loading conditions, whereas conventional methods select the pole count with
the highest torque capability. Near rated conditions, improvements of the
proposed method become zero as both methods yield the same pole count
selection. The proposed method improves efficiency, reduces stator current

at partial loads and maintains the same losses as conventional methods near

47



T I 70

---@---500 rpm =@ 500 rpm
=9 —8—900 rpm ;\g 60 —&—900 rpm | |
= 1300 rpm < 1300 rpm
g g
g = 50
& 200 S
2 g
E 4 40
p 150 gﬂ
E g 30
o 100 o
g 820
- 10

) ——————————teoeee sV 0 00008 R e
0 0.5 1 1.5 2 25 3 35 0 0.5 1 1.5 2 25 3 35
Torque (N.m) Torque (N.m)
a) b)

Figure 6.8: (a) Torque-per-ampere percentage improvement and (b) power
losses percentage reduction as function of torque (N-m) when comparing
the proposed MTPA and loss minimization approaches with conventional
speed-linked pole selection methods. Improvements are most significant
under partial loading conditions and converge to 0 at high loads as both
methods yield the same pole count selection near rated conditions.

rated condition. Average torque-per-ampere improvements of 2X and power
loss reduction by 1/3 are experimentally achieved when partial torques are

produced.

6.3 Experimental Results: Power Electronics Drive

Drive power losses for 2- and 4-pole are shown in Fig 6.9 as torque is increased
from 0.1 to 2.1 N-m at 900 rpm. The power electronics converter operates
more efficiently with a 2-pole configuration at partial torques (lower than
1.1 N'm). Beyond 1.1 N-m, the converter is more efficient when 4-pole is
used. MTPA and minimum loss operation minimize the stator current and
power processed by the drive. Thus, using the proposed pole selection meth-
ods not only minimizes machine losses, but also reduces power electronics
losses. Figure 6.10 shows the worst case dc bus voltage ripple of one of the
9-leg modules for 2- and 6-pole. The load current, switching frequency and
capacitance values are the same for both 2- and 6-pole. As shown in Fig.
6.4, the currents in a 9-leg module form a 9-phase pattern at 2-pole, and a
repeating 3-phase pattern at 6-pole. The 6-pole configuration has 2.6 times

more voltage ripple compared to 2-pole as it uses three-phase.
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Variable-pole operation minimizes the drive power losses under all
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Figure 6.10: Experimental dc bus voltage ripple (mV) at 2-pole/9-phase
and 6-pole/3-phase. The ceramic capacitance is 54 pF and the electrolytic
capacitance is 0.8 mF. The load current is 2.51 A in both cases. The
switching frequency is 20 kHz. The 6-pole configuration requires
three-phase operation and has larger voltage ripple.
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CHAPTER 7

CONCLUSION AND FUTURE WORK

7.1 Conclusion

Electronically varying the IM pole count can be exploited to minimize driv-
etrain losses in dynamic applications like EVs. Conventionally, variable-pole
IMs were used to extend the machine speed range by using high pole counts
at low speeds and low pole count at high speeds. Pole selection was solely
based on the operating speed. In this thesis, we extended pole-selection
strategies for variable-pole IMs to consider both torque and speed. Lower
pole counts minimize magnetizing current and core losses and are more effi-
cient at producing light and intermediate torques. High pole counts are only
used when high torque is required. Experimental loss reduction and torque-
per-ampere improvement of 1/3 and 2X were achieved at partial loading by
utilizing the proposed pole-selection method, rather than just selecting pole
count with highest torque capability at a given operating speed. Losses are
most significantly reduced at partial loading, where an EV drivetrain oper-
ates for the predominant period of the drive cycle. This thesis also discussed
the design of modular multiphase drives for EVs. In addition to providing
the flexibility to vary IM pole count, modular multiphase drives are more
efficient and compact than conventional 3-phase drives. A power electron-
ics converter with 18 ac ports has roughly half the losses of a 3-phase drive
and can decrease dc link capacitor power and energy ratings. This thesis
work opens up the opportunity to design cost effective, energy efficient and

compact rare-earth-free EV drivetrains.
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7.2 Future Work

Possible future work may include the following;:

e Compare energy efficiency of variable-pole IM for EVs with fixed-pole
IMs and PM motors.

e Co-design IM and power electronics drive. Conventionally, electric ma-
chine and drive are designed independently. In this thesis work, we
showed that variable-pole IMs and their modular multiphase drives are
extremely interdependent. A generalized framework was provided to
model the impact of machine on power electronics. In the future, a co-
design of both variable-pole IM and its power electronics will be done

to achieve high system-level efficiency and power density.

e Investigate transient and dynamic performance. A smooth on-the-fly
pole count transition will be done. Drive cycle simulations may be done

to investigate how variable-pole IMs perform in real driving scenarios.
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APPENDIX A

9-PHASE INVERTER PCB LAYOUT

Figure A.1: 9-phase inverter module PCB top layer layout.
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APPENDIX B

9-PHASE INVERTER PCB: TOP VIEW
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Figure B.1: Top view of 9-phase inverter module.
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APPENDIX C

CONTROL BOARD PCB LAYOUT

Figure C.1: Control board PCB top layer layout.
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APPENDIX D

CONTROL BOARD PCB: TOP VIEW
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Figure D.1: Top view of control board PCB.
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