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Abstract

Traction motors, specifically in underground shuttle vehicles, often operate in harsh
conditions including steep grades, heavy payloads and high ambient temperatures.
These motors require maximum torque density as well as cool and robust operation
in order to optimise the overall process and to avoid the current requirement for
a duty cycle. The contribution of this research is the design of a new traction
motor, a Reluctance Synchronous Machine (RSM), via the 2-D Finite Element
Method (FEM) as the primary engineering design tool to replace the commonly used
Induction Machine (IM). The electromagnetic and mechanical design of the RSM
are performed in commercially avaliable FEM software packages FLUX and ANSYS
respectively. The electromagnetic design uses the PyFLUX command language and
Python scripting to vary five rotor geometric parameters in a linear progression to
find where maximum average torque and minimum torque ripple occurs for each
parameter. The mechanical strength of the RSM rotor is defined by two geometric
parameters whose final values are chosen via a case study based design in ANSYS.
The newly designed RSM runs much cooler than the original IM and develops
only 8.4% less torque than the IM. As a result, it should not require a duty cycle
and will be capable of a higher rating and thus more torque can be delivered to
the end process (up to 42% more) while the motor remains in the same motor
frame size. Furthermore, there is a large area of research pertaining to the overall
electromagnetic design method used. This includes the use of optimisation algo-
rithms, integrated rotor-stator design, mechanical support placement and grading,
various torque ripple reduction techniques and the inclusion of permanent magnets

or composite powder metals for the RSM rotor.
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Chapter 1

Introduction and Background

An introduction to underground shuttle vehicles is given with specific interest in the
replacement of the traction motors that drive them with a Reluctance Synchronous
Machine ([RSMI) along with a general problem statement, the proposed hypothesis

and solution formulation as well as a guide to the rest of the dissertation.

1.1 Brief background and general problem statement

A shuttle vehicle is a mobile, traditionally electrically powered vehicle used to
transport coal in an underground mine from the continuous miner at the coal face to
the primary haulage medium (conveyor belt). It is a critical link in the coal mining
process and no coal can be mined if the shuttle vehicle is not available. A typical
shuttle vehicle is made up of four motors - a three-phase ([B=®)) pump motor, a B=9l
conveyor motor and two B=®| traction motors [1]. The traction motors are typically
interfaced to a traction reducer (gearbox) which is then coupled to the axle to drive
the wheels of the shuttle vehicle. Power is delivered to the shuttle vehicle from
aB=] trailing cable wound onto a cable reel on-board and sourced from a stationary
electrical power centre. The trailing cable is reeled in and out as the shuttle vehicle

moves between the continuous miner and conveyor belt [2].

The traction motors that drive underground shuttle vehicles are the primary focus
of this research. These motors are subject to harsh operating conditions including
steep grades, heavy payloads and high ambient temperatures typical to the mining
industry. It is imperative to have the right choice of traction drive and to optimise

this drive as this will aid in the optimisation of the overall mining process.
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Traditionally, DC machines have been used as the drive of choice for shuttle vehicle
traction motors owing to their simple control and exceptional torque capability [1].
In recent years, [Mk have become the drive of choice for shuttle vehicles due to the
reduction in cost of power electronics and a sufficient understanding of AC motor
control [3]. Additionally, the use of AC motor control allows for an increased power
density as a result of the smaller AC motor when compared to the DC motor.
The Joy Optidrive™ system using an AC Variable Speed Drive (VSD) to drive
an[[Mlon a shuttle vehicle is a well known example of this. However, a major problem
associated with the use of an[[Ml as the traction motor in a shuttle vehicle is the heat
generated from current flowing in the rotor bars. This problem is exacerbated by the
fact that it is totally enclosed (for robustness in the harsh mining environment). The
only way heat is dissipated from the rotor bars is via radiation. The heat needs to
radiate through the air-gap, to the stator core, to the motor housing and then finally
to the surrounding environment. This equates to a series of thermal resistances
and thus the heat generated by the rotor heat source (the rotor bars) is dissipated
slowly to the surrounding environment. This problem is further exaggerated by high
loading and sometimes overload conditions at which the shuttle vehicles operates.
As a result, the traction motor rating is valid only for a finite amount of time (a

duty cycle).

A new type of traction drive, a [RSM drive, has the ability to offer performance
superior to an [[Mlin a traction application. The [RSMI does not have any rotor bars
like the [Ml and thus does not suffer from the same heating problems. It uses a stator
identical to that of the [Mlbut has a different rotor topology that develops reluctance
torque as opposed to the typical armature reaction torque in the [Ml The [BSMI is
valid for both constant torque and constant power applications and thus has a wide
speed range with associated flux-weakening capability [4]. This makes it an ideal
candidate for traction vehicle applications where a wide speed range is required [].
Despite the favourable characteristics of the [RSMI drive, it has not yet been adopted
in industry to replace the [Ml on a wide scale. A possible reason for this suggested
by Haataja in [6] is that so many factories around the world have geared themselves
towards [Ml manufacturing. Changing the industrial process line is difficult as well
as expensive and thus companies have shied away from the [RSMl and stayed with
the well known, robust [M] as the dominant industrial solution. This is one of the
largest obstacles impeding the adoption of the [RSM] drive. Historically poor power
factor and mechanical strength issues have also attributed to the BSMInot yet being

adopted in industry on a wide scale in the past.
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1.2 General hypothesis and solution formulation

It is important to define any initial assumptions before moving forward with the

design of the ESMl The design assumptions are listed below:

e The rated speed of the RSM]is the same as the original [Ml- 1500 rpm. Thus,
a 4-pole [BSMI rotor is assumed.

e The stator of the existing [Ml will not be changed. Only a [RSM rotor design

will be pursued and not a combined rotor-stator design.

e Due to ease of manufacturing, a Transversely Laminated (1) [RSMl rotor
topology will be used.

The primary performance criteria of a traction motor is torque. Included in this
criteria is overall torque quality which includes the maximisation of average torque
and minimisation of torque ripple. Furthermore, an important aspect that should
be evaluated during the [RSM] design is the mechanical strength of the rotor when

trying to maximise overall electromagnetic performance.

The Finite Element Method (EEM]) is used as a primary engineering design tool
for the design of the [RSMl rotor. With the advent of powerful hardware capable of
performing [FEMI calculations very quickly it is possible to do the electromagnetic
design at component level with [FEM directly. The [RSM] electromagnetic design
will be performed in a commercially available [FEM software package - FLUX®,
Once the electromagnetic design is completed in FLUX®, the mechanical strength
of the design is investigated via [FEMI case studies in ANSYS®. Analysis of all
relevant data collected from modelling and design is performed in Octave. These
software packages are available for the Machines Research Group (MRG) (part of
the School of Electrical and Information Engineering (EIE])) at the University of the

Witwatersrand (WITS).

After the BSM rotor has been designed, [EEM] simulation results of the original [M]
manufactured by Transvaal Electric (Pty) Ltd (IVE]) and the newly designed [RSM]
are compared to verify whether the [RSMlis a viable alternative solution in a traction

vehicle application like an underground shuttle vehicle.
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1.3 Dissertation layout

The dissertation is made up of six chapters including the current introductory
chapter. The chapter directly following this is a detailed account of [RSM funda-
mentals including a brief history, the analytical model and [RSM] control topologies.
Thereafter the design procedure followed to design the [ESMI using [EEM] as an
engineering design tool is given. This includes the electromagnetic and mechanical
design of the RSMl Once this design is completed, a chapter comparing the [EEM]
simulation results of the designed [RSM] and original [M] is presented. Suggestions
for future research on the [BSMl design are then detailed in a separate chapter.
This is followed by a concluding chapter summarising the findings of the research.
Appendix [A] includes an example Python file that is used for the electromagnetic
design of the RSMl Appendix [Bl contains the geometric details of the final [RSM]
design. Appendix[(Jcontains the technical details of the original [Mlthat is envisaged
to be replaced by the [RSMI design. Finally, Appendix [0 lists the published work

relevant to this dissertation.



Chapter 2

Reluctance Synchronous
Machine (RSM) Fundamentals

2.1 VSDs in brushless AC drives

applications have traditionally been dominated by DC technology with their
low-cost control electronics, four-quadrant operation and reasonable dynamic per-
formance [3]. The disadvantages of a DC drive are the expensive DC motor, low
power to volume ratio (as a result of added components like commutator segments
and brushes), considerably higher maintenance requirement and it being a known
source of Electromagnetic Interference (EMI). In the past 25 years, when high
dynamic performance is required, AC drives have begun to dominate over their
DC counterparts [4, [12]. This is as a result of the increased capability of digital
hardware to allow for on-line machine parameter estimation and thus increased

performance [3].

With regards to AC technology, the Permanent Magnet Synchronous Machine
(BENMSM)) is generally accepted as the ideal drive solution by virtue of its synchronous
operation, high efficiency and torque ability [12]. The downside to this drive solution
is the cost of magnetic material as well as manufacturing complications [12]. The
industry standard [M] when run with a requires the use of complicated vector
control (as a result of slip) and powerful processing capabilities to perform real time
calculations of the [Ml model to obtain good performance [3]. The absence of slip in
the [RSM] as a result of its inherent synchronous operation allows for a simpler control
system [13, [14, [16]. The [ESM] drive is becoming an increasingly attractive candidate
in the brushless AC drive field as an optimised [RSM] exhibits easy control and high
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torque density without the temperature problems suffered by [Mk especially at low
speeds [9, 11].

2.2 RSM as an industrial solution

In recent years there has been a considerable increase in the demand for controlled
drives from industry. Industrial applications requiring constant torque often adopt
the [PMSMI drive owing to it’s high torque capability with minimal rotor losses [1].
When constant power operation is required (flux-weakening), the [M] drive is com-
monly adopted since the ability of the [PMSMI to be flux-weakened is limited in
comparison [4]. When constant torque and constant power operation is required
the [ESMl is a viable alternative to both the above mentioned AC drives with good
torque density and high speed operation [, §]. The [RSMl has been gaining interest
from researchers as a result of this comparable torque and wide speed range, its
simple production and assembly process (assuming a [TT] rotor), minimal rotor
losses (cold rotor as a result) and higher efficiency when compared to the widely
used and widely accepted [Ml [4]. The primary performance index of the application
in mind (traction vehicle) is torque density [9]. The [RSM design will prioritise this

performance requirement.

An electrical machine that is commonly associated with the [RSMI is the Switched
Reluctance Machine ([SRM]) owing to the similar manner in which they develop
torque - via reluctance torque. Average torque capability in the PMSM] and SRM] is
normally higher than that of the [RSM] although torque ripple and associated noise
and vibration is considerably larger in the [10-12]. This inherent noise and
vibration can largely be overcome by the use of the [RSM] which uses a typical B=®
AC machine stator to allow for a smoother air gap permeance function and thus

considerably less torque ripple.

With regards to efficiency, it has been found that the [ESM] runs much cooler than
the [Ml] and thus a higher efficiency is expected with less energy being lost to the
surrounding environment [4]. It also has a lighter rotor for a given rotor volume (as
a result of no rotor bars) which results in a lower inertia and thus a faster transient
response to speed changes [13]. Additionally, the [M] drive is often derated as a
result of the non-sinusoidal voltages and currents that result when driven by a
modern [6, 14]. The harmonics in the non-sinusoidal stator currents induce

currents in the rotor cage that do not contribute to average torque and thus heat the
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motor more than if it were run with a purely sinusoidal excitation. This phenomenon
does not exist in the [ESM] as it does not contain a rotor cage. The only heat on
the [BSMI rotor is as a result of non-zero rotor iron losses which are present on
the Ml rotor too. According to [15], the Harmonic Voltage Factor (HYE) as defined
by NEMA 30.01.2 and TEC 60034-17 can result in a typical derating of the [[Ml of
up to 10% since [Mk are not traditionally designed for operation but instead
for Direct On-line (DOTJ) start-up.

2.3 RSM brief history and background

The typical [ESM has a typical B=®] stator similar and in most cases identical to
a typical B=® [M] stator. The stator winding is distributed in order to produce as
close to a sinusoidal Magneto-motive Force (MMFE]) wave travelling around the air-
gap as possible [4]. In the stator design, all but the first and triplen harmonics
are reduced. As is well known, the presence of triplen harmonics in the phase

distribution increases the first harmonic amplitude of the rotating [MMF wave.

The RSMI concept is relatively old with the first introduction being in 1923 by
Kostko [12]. The second generation of [RSMl was in the late 1960s which utilised a
segmental rotor construction, otherwise known as a Transversely Laminated ((I'LJ) ro-
tor [12]. The third generation of [ESMlintroduced the Axially Laminated Anisotropy
(ATAl rotor [12]. As seen in Figure the [ATLA] rotor has magnetic lamina-
tions sandwiched between non-magnetic layers (slot insulation, aluminium, copper,
injection moulded plastic). This enables the guiding of flux lines in the D-axis
and minimises Q-axis flux from flowing [18]. The stacks (often referred to as rain
gutters) are connected by pole holders (bolts) to the central part which the shaft
is connected to 4]. The [T rotor as shown in Figure is simple to construct
as it uses the traditional punched or laser cut laminations cut in a specific way to
obtain the preferred flux paths with tangential webs and radial ribs left to connect
the rotor together for mechanical stability [19]. The [ALAl rotor seems attractive as
it allows for a better saliency than the [[Trotor but lacks in mechanical strength and
ease of construction [19]. The [[T rotor is the best suited [RSM] rotor for industrial
manufacturing [20]. The [ATAl rotor has a higher saliency ratio as a result of Q-axis
magnetising inductance in the [IT] rotor being higher than in the [ALAl rotor (as
a direct result of tangential webs and radial ribs in the [TT] rotor) [6]. However,
the[AT Al rotor has increased rotor losses and torque ripple as a result of the increased

rotor magnetic reaction to stator slot harmonics [21]. Additionally, the [T rotor is
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more reliable and stable at high speeds and allows for rotor skewing if secondary
effects like torque ripple are to be taken care of [18,22]. It also allows for lower rotor

losses at high speeds owing to no rotor barriers directly on the rotor surface [19].

As revealed in Figures R.1(a)] and R.1(D)] the rotor of the [RSM is what sets it
apart from other brushless AC machines like the [Ml, Synchronous Machine (SM])
and [PMSMl The [RSM] uses the inherent reluctance difference on the D and Q-axes

clearly seen in Figures [2.1(a)| and 2.1(b)| to develop reluctance torque. Reluctance

torque is developed as a result of the known tendency of the rotor to line up along
a position of least reluctance [12, 23]. The equiflux plot of a [[T][RSMl shown in
Figure 22 with the appropriate stator current excitation, reveals graphically how
the flux lines that result cause a torque to be developed that would attempt to
accelerate the rotor in an anti-clockwise direction trying to align it with the position

of least reluctance.

A few industrial solutions of the synchronous [[Ml have also been realised where a
typical Ml rotor is fabricated but punching or milling of the rotor is performed after
fabrication to create saliency [13, 23, 24]. These rotors have been known to have
very poor power factors and low saliency ratios. This could be one of the reasons

that industry has often shied away from the idea of the [RSMl in the past.

The performance of line-start [ESMk (a [RSM] with a rotor cage) has been regarded
as inferior to other AC machines with regards to power factor, efficiency, pull-out
torque and torque density [12, 22, 25]. Also, the [RSMl with a cage winding means
that the advantage it had over the [[M] with regards to heat from the rotor bars
is lost. In recent years, the ability of the [RSM to be accurately controlled with
a makes the rotor cage or damper winding redundant [18]. This also makes
the [RSM] auto-synchronous (with no concern for pull-out) and the associated control

of the [BSMI can ensure the optimum current angle at all loads and speeds [24].

2.4 Analytical model

In order to obtain a sufficient understanding of the operation of the [RSMI the well

known analytical model will be presented [26, 27]. Using the equivalent circuits in

Figure 2.3(a)] and Figure 2.3(b)| the equations modelling the [RSM] are presented:

di d
Vds = Rsids + Lsaﬁ - W)\qs + %

pr (2.1)
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Q-axis

(a) One pole of a typical ALA rotor (b) One pole of a typical TL rotor

Figure 2.1: Two fundamental rotor topologies for RSMs with 4-pole rotors

. digs d\gm
V;]s = Rszqs + Lsad—; +wAgs + dqt

. . 1 dAam
1ds = Udm + R—[—w)\qs + d—i]
. . 1 d\gm
lgs = lgm + R—[W)\ds + d(; ]

where
Vys = Stator voltage in the D-axis

Vy4s = Stator voltage in the Q-axis
i4s = Stator terminal current in the D-axis
igs = Stator terminal current in the Q-axis
tgm = D-axis magnetising current
igm = Q-axis magnetising current
Ags = D-axis stator flux linkage
Ags = Q-axis stator flux linkage
Adm = D-axis magnetising flux linkage
Agm = Q-axis magnetising flux linkage
R, = Stator per phase resistance
R,;, = Equivalent iron loss resistance
Ls, = Stator per phase leakage inductance

w = Electrical angular velocity

The flux linkages and electromagnetic torque can be expanded upon as:

10
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’j 7 \3’7}‘7)3~“”
7 ==Ll

Figure 2.2: Equiflux plot of RSM illustrating reluctance torque

Ads = Lsolas + Aam (2.5)

Ags = Luoigs + Agm (2.6)
Aim = Lamidm (2.7)

Agm = Lmiqm (2.8)

Ty = %()\dsiqm — Agstdm) (2.9)

where
Ly, = D-axis magnetising inductance

Ly = Q-axis magnetising inductance
T.; = Electromagnetic torque

P = Number of pole pairs in the machine

11
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R Lss WAgs

Z.ds

idm

Vds Ldm

(a) D-axis model of RSM
R Lss WAgs

(b) Q-axis model of RSM

Figure 2.3: D and Q-axis equivalent circuits of RSM

The relation between the terminal current space vector ig,s and the magnetising
current space vector iqym, is shown in Figure B4l As the core loss resistance R,,
approaches infinity (core losses are disregarded) the two current space vectors (igqs
and %44m) become identical. By considering equation and Figure 24 the electro-
magnetic torque can be interpreted as the interaction between the stator flux linkage
space vector \gqs and the magnetising current space vector ¢4qy,. It should be noted
that the terminal current space vector igys as seen from the terminals of the [RSM]
is not the current vector that directly governs torque development. Instead, the
current space vector iggy, (which lags the terminal current space vector iq,s) along

with the stator flux linkage space vector Agqs directly govern torque production.

The coupling between the electromagnetic system (detailed in equations ZZTHZIl) and

the mechanical system is made in [28] by the following:

Jeqdw | Beq

Tel:Tmech+ P dt P w

(2.10)

where

12
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Q-axis

Ydgs
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Figure 2.4: Phasor diagram of RSM including iron losses

Tinech = Mechanical load torque
Jeq = Combined moment of inertia of machine and load

By, = Combined friction coefficient of machine and load

Under full-load, most [ESMk become magnetically saturated as a result of the
combined effect of saturation predominantly in the rotor mechanical supports and
stator teeth [1&]. This saturation causes a magnetising inductance variation in both
the D and Q-axes (exaggerated in the D-axis). This causes discrepancies between
the BSM] model and the actual machine [29]. Even if a linear model is not assumed,
it is difficult to estimate the saturation characteristic without actual measurements
on the real machine. Saturation predominantly occurs on the D-axis as a result of
the magnetic path being predominantly iron [4, 25]. There is very little saturation
on the Q-axis as a result of the magnetic path being predominantly air |4, 25]. Thus,
the relation between Ays and igy,, (which determines Ly,,) is often approximated by
a linear one [4], meaning L, can typically be considered approximately constant

under all loading conditions. The D-axis saturation is taken into account via the

13
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non-linear relation between A\gs and i4,. This means that L, is not constant but
rather a state dependant variable that can easily decrease at rated or above rated
conditions [18]. The differences in saturation characteristics on the D and Q-axes
makes control of the respective currents more complex [26]. In addition to this,
cross-coupling between the D and Q-axes can occur and this can further complicate
control accuracy. The effect of cross-saturation is ignored for this dissertation but

the phenomenon has been dealt with extensively [6, 3(].

The magnetising saliency ratio, which excludes leakage inductance L., is defined

in [12] as:

£ = (2.11)

where

& = Magnetising saliency ratio

As has been shown [16, [1§], an increased saliency ratio results in increased overall
performance of the RSMl The true saliency ratio of the [RSMl should include the

swamping term that leakage inductance adds [13]:

_ Ldm + Lsa

$= Tom+ Lo

(2.12)

where

& = True saliency ratio

Another characteristic value closely related to the saliency ratio £ is the torque

index (. The torque index ( is defined as:

¢ = Lgm — Lgm (2.13)

This is an important parameter as maximising it will allow for maximum torque
density in the[BSMl This can be realised by considering equation Z9 and simplifying
the model by assuming zero iron losses and neglecting stator leakage inductance.

This will result in the following:

3P . .
Tel = TCstqu (214)
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Alternatively, using simple trigonometry as:

3P o
T = ngzqssm@ﬂi) (2.15)

It can be seen from equation T4 and ZT5l that if a constant current space vector 4gqs
with associated constant current angle 6; was driving the [RSM], the only parameter
defining the torque capability is the torque index . The higher the torque index
the higher the torque capability of the [BESMI

2.5 Control fundamentals

Although control of the [RSMlis not the primary focus of this dissertation, a specific
control type is used during the [ESM] design presented in chapter Bl and thus a basic
understanding of how a typical BSMlis controlled is presented. A well designed [RSM]
rotor with a poor control system will never result in the desired performance for the

end application.

2.5.1 Ideal RSM control

The [RSMl is current controlled in order to obtain torque control 4]. Vector control
of the D and QQ-axis currents is a mature technique in AC drives and it allows
for controller simplicity and inherent inverter protection in the form of current
limiting [4, 18]. With the control of the [RSMl in the rotor DQ reference frame
there is an obvious requirement for the commanded D and Q-axis currents to be
transformed back onto the stationary reference frame and into meaningful B=$l
quantities. This requires rotor position information in the form of optical encoders
or magnetic resolvers in order to perform the required transformations. Any angular
errors introduced by these devices can negatively affect control as the required
current space vector will not be realised. A constant angular offset could be
present due to resolver/encoder assembly, the demodulation of resolver signals
could introduce angular errors proportional to speed and angular ripple could be
introduced dependant on angular position [4]. Thus, it should be kept in mind that
the detection of rotor angle via optical encoders or magnetic resolvers is a possible

source of inaccuracy and even robustness in the [RSM] control system. This is the
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primary reason for researchers pursuing sensorless control of the [BSMl in recent
years [29, 31-33].

The main control parameter in the control of a [RSMI is the current space vector
angle 6; as shown in Figure Z41 and contextualised in the ideal case of equa-
tion where iron losses are ignored. In this ideal case where iron losses are
neglected and no saturation is considered, there exists the following well known

control topologies [1&]:

e Maximum Torque Control (MTQ); 6; = 7.

Maximum Rate of Change of Torque Control (MBCT); 6; = tan—1(&).

e Maximum Power Factor Control (MPEC); 6; = tan~! (/)

e Maximum Efficiency Control (MEQ); 6; = 7.

Constant Current in Inductive Axis Control ([CCTAT); Constant current in the

D-axis is maintained and torque is changed by varying Q-axis current.

It has been shown by Betz et al. in [1&] that at lower speeds, is superior to
the Constant Angle Control (CAT]) topologies listed (MITC MRCTC MPEC [MEC)
with regards to rate of change of torque but at higher speeds the [CACT] topologies are
superior to In order to optimise the overall [RSM] drive in the widest range
possible, investigations have been performed into the possibility of shifting from one
control topology to the other when it seems feasible (if better performance will be
attained) [34]. The difficulty in this is a smooth transfer from to and
vice-versa. Conceptually, the switch from to can be made when a
certain performance criteria, like the rate of change of torque, in the is greater

than the rate of change of torque in the [CCTAC] [34].

2.5.2 Parameter effects on RSM control

From the control topologies listed in section EL5Tl it is clear that there exists
a sensitivity of the control schemes to errors in saliency ratio £&. Thus, it is
important to have a good estimation of Lg,, and Lg,, in order to make sure the
correct current angle ; is chosen to result in the relevant control outcome [18, 134].
The inductances Lg,, and Ly, can be determined off-line and stored in Look-Up

Tables ([LUTk) or their estimation can be performed online [18,130]. The latter allows
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for decoupling between the controller and machine and thus the controller can be
used on any other [RSM] with a similar power rating. The sensitivity of performance
to errors in the determination of the inductances has been investigated in [34] and

in most cases performance degrades if Lgy,, and L, are not correctly estimated.

For on-line parameter estimation, most estimation schemes use the basic Recursive
Least of Squares Estimator (BLSE) [34]. In the [RLSH, an error is constructed
from the difference between a feedback quantity i4s and an estimated value of this
parameter i, generated from the [RSMl parameters being estimated [34]. This error

is then used to drive a [RLSH to update the estimated parameter values of interest.

In the work by Niazi in [3(], the parameter estimator has D and Q-axis stator
currents as well as speed fed to it to determine estimates of the inductances. These
estimates are fed to a maximum torque per ampere controller along with a reference
current magnitude from an outer speed loop. The controller then decides on the
relevant values of D and Q-axis currents required to obtain maximum torque. This
is based on a small perturbation of the current angle 6; to find where maximum
torque (for the specified current magnitude) will occur. The controller outputs are
reference D and Q-axis voltages. These reference voltages are then synthesised into

the required three phase voltages via Space Vector Modulation (SVM]).

2.5.3 Effects of iron loss and saturation

Ideally, as the [RSM] rotor rotates synchronously with the main (fundamental) flux
waveform, the rotor sees a DC flux and thus no frequency modulation is seen by
the rotor. However, with the interaction of stator slots and rotor barriers, higher
frequency asynchronous waves rotate at a different speed to the main flux and thus
rotor losses are induced [18, [19, 26]. If the stator slots are semi-closed and rotor
barrier placement properly designed, these losses can be confined to the rotor surface

and thus kept fairly small [35].

The stator winding losses in the [RSM] are proportional to the square of the stator
current and the core losses proportional to the square of the back Electromotive Force
(EME) in each axis. At lower speeds, BSMI losses are dominated by winding losses
and at higher speeds core losses become dominant [36]. These two loss mechanisms
are often overlooked when analysing [RSMl performance and control. However, it is
important to consider them as the effect that iron loss especially has on the control

of the [BRSM] (especially at high speeds) cannot be neglected if optimum performance
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is desired [, [19]

Accurately modelling iron loss is a complex task involving non-linear and distributed
parameter phenomena [4]. More specifically, the calculation of iron losses requires
the knowledge of the flux density at individual locations in the machine [37]. The
study performed in [37] found that losses were induced in the rotor as a result
of the pulsating nature of the permeance air-gap function changing for different
rotor positions. In [3&], core losses are accounted for from the air-gap flux density
waveform. The associated power losses were calculated for different excitation
frequencies based on manufacturer data and the air-gap flux density waveform. It
was found that [FEMI results closely resembled measured laboratory results whereas
analytical solutions deviate significantly. This reveals the clear advantage that [EEM]
has over the traditional analytical and empirical methods to accurately model

complex phenomena and thus have better control of the [RSML

The classical [RSM] control topologies introduced in sub-section EZ50] have current
angle choices #; that do not account for iron losses and saturation. If these two
phenomena were accounted for, the resulting expressions for current angle 6; for
the different control strategies would change. The expressions become very complex
functions of the motor parameters. In the following, general effects on 6; are noted

instead of introducing these complex relations:

o MTCE

— When considering the effect of saturation, the non-linear relation be-
tween Ags and ig,, is taken into account [7]. The choice of the terminal
current space vector iq,s that results in the magnetising current space
vector 444y, should be made so that the iron does not saturate signifi-
cantly [18, 26]. Also, iron loss is dependant on operating frequency due
to the speed voltage terms in the [RSMl model shown in Figure and
Figure If frequency is higher, the current through R, is larger and
thus core losses are larger. As a result, the choice of current angle 6; would
be higher in order to allow for the magnetising current space vector igqm,
to have an angle with the D-axis that allows for maximum torque per

ampere.

— A current angle range of 55° > 6; > 65° is quite suitable for MTQ [22].

o MRCTA
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— The large current angle chosen for this control topology also results in
little saturation in the D-axis and thus the effects of saturation are not

noticed. Thus, the deviation of §; from the ideal value is minimal [18, 27].

— Values of the current angle are typically around 6; = 80° without con-
sidering the effects of saturation and iron loss. When including iron loss

and saturation a slightly larger current angle is typically chosen.
o MPEC]

— The current angle chosen in this topology does not vary considerably
from the value under ideal conditions nor does it vary considerably for
different loads [27]. Essentially, the large current angle that is chosen in
this type of BSM] control results in little saturation in the D-axis and thus

the effects of saturation are not noticed.

— A current angle slightly higher than the ideal case should be chosen as a

result of the effect that iron loss has on the terminal current space vector.
o MET

— The choice of current angle for [ME( is a function of the operational
speed [39]. This can be understood by considering the two dominant loss
mechanisms in the [RSM - copper losses and core losses. Copper losses
remain essentially constant for a defined load but core losses increase as
a function of speed as a result of more current being pushed through
resistor R, via the [EMH sources in the equivalent circuits. At lower
speeds, MEO approaches the [MTO topology and at higher speeds MEC
approaches the MRCT( topology [39].

— A specific torque at any operating point (speed) can be achieved with
a variety of igs, and 445 combinations but overall efficiency would vary
widely J4(]. Intuitively, there exists a combination of igs and iy, at any
torque and operating speed that would yield optimum efficiency (mini-
mum copper and core losses) [39]. This optimum efficiency is acquired by
measuring the input power and perturbing i4s to seek where input power
is minimised for that particular operating point [4(]. This is similar to

the control algorithm adopted by Niazi in [3(].

— Saturation and iron loss have a significant effect on current angle choice.

Current angle values in the range of 75° > 6; > 80° are typical [1§].

Generally speaking, when saturation and iron loss is accounted for, the current

angle #; chosen for the relevant control strategy is typically a function of operating
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speed and is chosen to be sufficiently large so as to avoid saturation in the D-axis,

especially at higher loads [217].

2.6 Summary

In many industrial applications (including traction vehicles) DC machines have
been replaced by Induction Machines ([Mk), even though [Mk have disadvantages
including a hot rotor and relatively complex control algorithms. The Reluctance
Synchronous Machine (BSMJ) is suggested as a new traction vehicle industrial drive
as a result of its comparable torque performance, easy control and cooler steady
state operating temperature. The two most commonly used [RSM] topologies are
the Transversely Laminated (') and Axially Laminated Anisotropy (ALAI) rotors.
The [ATAI rotor traditionally presents better electromagnetic performance but is

more difficult to manufacture and lacks mechanical strength.

A model of the [RSMI is presented in the form of detailed equivalent circuits and
analytical equations. The model provides an essential foundation for the under-
standing of the fundamental operation of the BSMl An important result from the
analytical model is that a higher saliency ratio £ and torque index ¢ will allow for

better performance especially with regards to torque production.

Control of the [ESM requires accurate control of the current space vector angle 6; to
obtain a specific control goal. The well known control schemes include Maximum
Torque Control (MTC]), Maximum Rate of Change of Torque Control (MBCTC), Max-
imum Power Factor Control (MPEC), Maximum Efficiency Control (MEC) and Con-
stant Current in Inductive Axis Control (CCIAC]). The choice of control scheme can
be made based on loading and speed as a result of the control schemes delivering bet-
ter performance at different operating points. The variation of machine parameters
can degrade control performance as accurate control is often dependant on parameter
estimation. Furthermore, there is a large difference in the resultant current angle
choice in most of the control schemes if iron losses and saturation are taken into

account.
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Chapter 3

RSM Finite Element Modelling and

Design Procedure

3.1 FEM background

A working knowledge of the Finite Element Method (EEM]) is essential before the
design of the [BSM is presented. In the sections that follow, the aim is not to
teach [FEMI but rather to provide a basic background on [FEMI and its application
in electrical machine analysis. If a more thorough treatment of the topic is required

good references are available [41-44].

3.1.1 Basics of FEM

[FEM] is a numerical technique which uses a divide and conquer approach to solve a
spatial problem. It takes a large problem space and breaks it down into a number of
smaller problems called finite elements (via the use of meshing). A meshed domain
traditionally consists of triangular elements with vertices called nodes. An example
of this is shown in Figure Bl The first emergence of [FEM in engineering was in
the 1940s but it was only applied ten years years later for the first time in aeronauti-
cal design and structural analysis [41]. The analysis when using [FEM] is distributed
in space and thus the required computation time is considerable especially when a
large number of finite elements are defined. Digital hardware that is required to
run [EEM] simulations needs to be quite powerful in order to reduce simulation time.
In recent years, increased hardware ability has resulted in a significant increase in

the use of [FEM in the design and analysis of electromagnetic devices (including
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electrical machines). It has become a widely accepted machine design tool and has
the advantage of taking into account distributed electromagnetic phenomena like
magnetic saturation, leakage flux, iron losses and cross-magnetisation [fl]. Aspects
of machine design that were previously accounted for via analytical methods and
empirical formulae can now be taken into account accurately via the use of numerical

methods like [FEML

Zoomed view of unmeshed domain Zoomed view of meshed domain

\4(127112)

Element
A

Nodes

\%

Figure 3.1: Example mesh with four nodes and one complete element

3.1.2 Electromagnetic application of FEM

When using [FEM] in the study of electromagnetic devices, the distribution of the
electric and magnetic fields in the structure under study are determined [41]. The
magnetic and electric vector fields are computed by starting with the well known

fundamental vector field equations developed by Maxwell:

oD

curlH=J + e (3.1)
curlE = —%—]? (3.2)
divB = 0 (3.3)
divD = p (3.4)
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where
H = Magnetic field strength

J = Current density

D = Electric field displacement

E = Maxwell’s electric field (sum of the Coulomb and induced field)
B = Magnetic flux density

p = Density of electric charge

All the vector fields given in equations BJIHZ4 can be dependant on position and
time. The constitutive relationships in equations BXBH3. 1 along with the continuity
equation for the vector fields are:

B = uH (3.5)
D =¢E (3.6)
J=0E (3.7)
div = —% (3.8)

where
u = Magnetic permeability

e = Electric permittivity

o = Electric conductivity

One of the biggest advantages of using [FEM] is that the defined materials can be
non-homogeneous and non-linear. A non-homogeneous material has co-efficients p, €
and o that are different in each axis and at each position in the defined space. A
materials’ non-linear behaviour is accounted for by the same co-efficients. When a
material is non-linear, the co-efficients become a function of the magnetic field or
electric field. In other words, the magnetic permeability becomes a function of H (so
that saturation can be accounted for) and e and o become functions of Maxwell’s

electric field E.

To determine a unique solution of the geometry, the relevant boundary conditions

of the [EEMI problem space should be defined. Boundary conditions define the
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value of the magnetic vector potentials on the boundaries of the geometry. There
are typically two types of boundary conditions - the Dirichlet’s condition and the
Neumann’s condition [41]. The Dirichlet’s boundary condition sets the value of the
magnetic vector potential on the boundary of interest equal to a constant value.
A common Dirichlet’s condition is the homogeneous Dirichlet’s condition. The
homogeneous Dirichlet’s condition sets the value of the magnetic vector potential
on the chosen boundary to zero. In this condition, the flux lines run parallel to the
boundary and no flux lines cross the boundary. A Neumann’s condition corresponds
to the derivative of the magnetic vector potential being given a specific value at
the boundary of interest. A homogeneous Neumann’s boundary condition has the
derivative of the magnetic vector potential set equal to zero. This essentially means

that the flux lines are forced to be perpendicular to the boundary of interest.

3.1.3 Magnetostatic field problem

A magnetostatic application as detailed in [41] is expanded upon in the following.
By using the equations given in section the magnetostatic application can be
defined by the following:

curlH=1J (3.9)
divB = 0 (3.10)
B = uH (3.11)

The vector fields in equations B.OHZ.TT] are not time dependant as a result of the

application being static. A magnetic vector potential A can be defined:

B = curlA (3.12)

Thus, the field problem is taken from equations B9, B-1T] and and is defined as:

B 1
curlH = curl— = curl—curlA =J (3.13)
7 u

24



3. RSM FINITE ELEMENT MODELLING AND DESIGN PROCEDURE

If a 2-dimensional (=10 geometry is assumed, the current density J has only a z-axis
component J = [0,0, J,]. The magnetic vector potential A is parallel to the current
density vector J and thus also only has a z-axis component A = [0,0, A,|. Taking
these simplifications into account and assuming a homogeneous material (p, = p, = p),

equation B.I3] is expressed as a Poisson’s equation:

A, PA.

52 T g = H (3.14)

With the imposed current density at the relevant positions in the defined space, the
solution to the differential equation in equation BI4lis found. The current density is
the source (as defined by the user) and the magnetic vector potential is the unknown.
It must be noted that the magnetic permeability ;1 can define the non-linear nature of
a material in the geometry and is dependant on the magnetic field intensity which is
in turn dependant on the current excitation level. Once equation B4 is solved (the
magnetic vector potential is known at each node), a typical linear interpolation of
this potential in each element of the geometry is used so that the potential at any

point in the geometry can be determined.

Quantities of interest like the flux density and magnetic field strength are derived
from the solved magnetic potential at each node in the geometry. Also, the magnetic
forces that act on an object in the geometry can be calculated by the Maxwell stress
tensor or the virtual work principle [41]. In the Maxwell stress tensor method,
a line that encloses the object of interest is defined and the two components of
force calculated using the relevant components of the magnetic field (normal and
tangential). Maxwell’s stress tensor method only requires one field computation.
This is in contrast to the virtual work method which inherently requires two field
computations. The virtual work method calculates the force of interest by calcu-
lating the change in magnetic co-energy with respect to a change in position of the

object of interest while maintaining the same excitation [453].

3.2 RSM electromagnetic design

3.2.1 Background

When the electrical machine designer is interested in accurate non-linear magnetic

behaviour as well as fringing effects, overloading and flux path deviations from the
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ideal well known analytical magnetic circuit models (presented in chapter B), a design
should be performed using [FEMI. It should be noted that although the application
of the [RSM] design presented is an underground shuttle vehicle, the design procedure
results in a [BSMl rotor that can be used in any traction vehicle application. This is
as a result of maximum torque being the primary design criteria and any traction

vehicle requires this maximum torque density.

The geometric parameters that will be optimised in the [RSM rotor design are
shown in Figure and briefly summarised in Table BJl The mechanical strutting
parameters [, (length of the radial ribs) and Iy, (length of the tangential webs)
are not optimised electromagnetically since optimum electromagnetic performance
is attained when these values are zero. However, this is contradictory to mechanical
requirements as the rotor would have no way of holding itself together and would
disintegrate. Thus, I, and [, need to be non-zero and are changed purely for
investigative purposes in the electromagnetic design procedure. The mechanical

design detailed in section B3 will determine the appropriate widths of these supports.

Table 3.1: Parameters to be changed during electromagnetic design procedure.

Parameter Description
Ny Number of rotor barriers
o bbw . . .
b= Rotor insulation ratio
bbw + blw
W, Position of first rotor barrier
T . .
a=— Pole pitch to pole span ratio
Tp
g Air-gap length

3.2.2 Hardware and software requirements

In order to run the relevant [EEM] simulations, a workstation with sufficient com-

puting power is required to minimise computation time. The [MRGI currently uses a
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Figure 3.2: Geometric parameters of a TL RSM rotor

workstation running Windows Server 2003 standard x64 Edition with Service Pack 2
installed. The workstation has a 3.10 GHz Intel Core 2 Quad Q9300 processor with
a 64 KB memory cache. In order to do quick [EEM] calculations a significant amount
of RAM is required. The workstation has 4 GB of installed RAM. For display
purposes, an NVIDIA GeForce 7300 GS is installed. [FEMl simulations are performed
on the workstation via a remote desktop connection. This allows for the many users

within the research group to work with the same workstation simultaneously.

In terms of software requirements, two software packages are used. For the elec-
tromagnetic [FEM] design procedure, FLUX® from Cedrat is used. Extensive post-

processing and data handling is carried out in Octave.

3.2.3 Electromagnetic design procedure

In order to design the [RSM] rotor, the most important performance criteria for the
application should be prioritised. In this design, the traction motor end application
requires torque density to be prioritised [9]. The torque requirement should not only
be the maximisation of average torque but should also include the minimisation

of torque ripple. Thus, the rotor is rotated through a predefined angle with a
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specified excitation and torque determined at each angular position. An example
of a full torque waveform is shown in Figure . From this, it can be seen
that the torque waveform repeats itself every 30° and thus there are 12 peaks per
revolution. This result is very advantageous as the number of [FEMI calculations can
be reduced substantially. During the design, the rotor is rotated by 30° as shown in
Figure to fully account for the torque ripple. The rotation of the rotor is done
with a constant chosen current vector angle of §; = 60° to allow for as close to MTC]
as possible [20, 28]. The torque at each rotor position is calculated in FLUX®
via the virtual work principle. The method used to extract average torque and
torque ripple has been used by a number of other authors [6, 130, 46]. The mean
electromagnetic torque and torque ripple as defined graphically in Figure are

defined mathematically as:

N
> T
Tmean - a:(])v (315)
T, — Toni
Tripple = w x 100% (3.16)
mean

where
Trnean = Mean torque of torque waveform

a = ayg, element in torque waveform
T, = Value of torque at the a;, position in torque waveform
N = Total number of elements in torque waveform
Trnae = Maximum torque in torque waveform
Tnin, = Minimum torque in torque waveform

Tyippie = Calculated torque ripple

The overall electromagnetic design procedure follows the flow diagram in Figure B4l
It investigates the geometric parameters effect on torque production in a linear
progression. This is not an optimum global multi-variable design but a design
to investigate the effects that the parameters listed in Table Bl have on average
torque and torque ripple. In the design, one parameter is varied and the torque
waveform analysed over the defined rotor angle. The mean torque and torque ripple
are then determined using equations and BT6l Thereafter, the parameter value
which results in maximum average torque and minimum torque ripple is normally
chosen. This value of the relevant parameter is then utilised for the rest of the design
procedure that follows where the process is repeated until all parameter values have

been chosen accordingly. The order in which the design proceeds is the number of
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Figure 8.3: Example torque waveforms as a function of rotor angle

rotor barriers (IV,;) and insulation ratio () together, the position of the first rotor
barrier from the D-axis (WW),), the pole pitch to pole span ratio («) and finally the
length of the air-gap (g).

3.2.4 Electromagnetic design implementation in FLUX®

The electromagnetic design is implemented using Python scripts incorporating generic
Python and the built in PyFLUX command language in FLUX®. The use of the
FLUX® 3-dimensional [B=D) beta solver allows for all required model development,
solving and post-processing to be incorporated into one integrated development
environment. This also allows for insight into the relevant PyFLUX commands

required for solving and post-processing. The geometry of the [RSMI is developed
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Figure 8.4: Linear progression approach for design procedure

parametrically to allow for quick changes when required. The three stator windings
have two parallel paths. Each of the relevant coil conductor areas in the geometry
are assigned as stranded coil conductors with the relevant number of turns and

imposed currents defined by three I/O parameters as follows:

. T
I, = I,sin((260 + ei)ﬁ) (3.17)
2
I = I, sin((20 + ei)& + Eﬂ) (3.18)
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T, (3.19)

I = Ipsin((26 +6,) oo — =

where
I.qteqd = Rated current of original induction machine

I
I, = IM and RSM individual stator winding peak current = %ted\/i

The rated current I, eq = 93 A. The peak current is half the typical value as a
result of the stator windings being made up of two parallel paths. The reason for
the double rotor angle argument in the three phase currents is because the stator is
designed for four-pole operation and thus the rotor angle needs to be converted to
an electrical value. The current angle 6; included in the three phase currents will
set the current space vector angle from the D-axis (6; = 60°). The stator and rotor
are assumed to be homogeneous but non-linear and are assigned as M400-50A steel.
The shaft is assumed non-magnetic (vacuum) and the rotor barriers are assigned as
a vacuum. An active core depth of 325 mm is used. The boundary condition of the
geometry is defined as a homogeneous Dirichlet’s boundary condition on the outer

stator periphery.

The [RSM] problem is solved in a magnetostatic application as it allows for quick
computation time and reasonable results. The use of a magnetostatic solver for the

design of the [RSM rotor has previously shown promising results [, 21, 30)].

Separate FLUX® projects are created for each design step (each geometric param-
eter) and Python files utilised to change the parameter during the design as shown
in Figure A distinct modular approach to these files allows reuse of the Python
file structure with only slight modifications required for the relevant geometric
parameter being changed. An example Python file used during the electromagnetic

design is given in Appendix [A] (for geometric parameter W)p).

The non-linear behaviour of the [RSM requires a non-linear solver to solve the [EEM]
problem. The non-linear solver used in FLUX® uses the well known Newton-
Raphson Method [47]. Solving via the Newton-Raphson Method means that the
system of equations defined by the [FEM] formulation is solved iteratively by perform-
ing a linearisation of the non-linear system at each iteration. This linearised system
is then solved using an iterative linear solver. The linear solver used in FLUX® is
the Generalised Minimum Residual Method (GMEES) as introduced by Saad and
Schultz in M4&] with an Incomplete LU factorisation with Threshold ([LIIT)) pre-

conditioner as introduced by Saad in [49]. The various solving parameters are made
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available to the user in FLUX® but can be left as an automatically selected default
value. The user selected precision for the solver is 0.001 and the ICUT
pre-conditioner has a tolerance of 0.001. The maximum number of iterations for the
linear solver is dependant on the model (degrees of freedom) which has a strong link
with the defined mesh. Once the linear system is solved at a particular iteration, the
non-linear solver steps in again with a better estimation of the system unknowns.
It then linearises the system around this new estimation and the linear solver will
step in again and solve the new linearised system. This process continues until
the non-linear solver converges and the solving will stop once the estimation of the
system unknowns is determined to within a predefined user selected precision. It is
important to define a finite number of iterations as the Newton-Raphson Method
is an open method that can easily diverge and enter into an infinite loop and not

actually solve the problem.

3.2.5 Magnetisation curve for electromagnetic FEM simulations

The inclusion of the magnetisation curve of the steel used for the stator and rotor
allows for the designer to account for non-linear magnetic behaviour. The material
entered in FLUX® is M400-50A steel. Tt is modelled by entering the discrete data
pairs of magnetic flux density and magnetic field intensity (B,,, H,) that define the
materials’ magnetic behaviour into a table. These data points are then used to do
an isotropic spline fit. An example of this for M400-50A steel is shown in Figure
along with the original discrete data pairs entered in FLUX®,

3.2.6 Mesh for electromagnetic FEM simulations

The mesh used in the electromagnetic design has been chosen carefully so as to
maximise accuracy in the most important areas of the geometry. An example of the
mesh is shown in Figure Bl There are just under 2400 elements in this geometry
with just over 52000 nodes. The most important sections in the geometry are the air-
gap, the mechanical supports (radial ribs and tangential webs), the stator teeth and
the rotor flux guides. The increased mesh density around the more important parts

of the geometry is clearly seen in the zoomed views of the geometry in Figures|3.8(a)
and 3.8(b)
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Figure 3.5: Modular structure of Python files used for electromagnetic design
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Figure 8.6: Magnetisation curve used for electromagnetic FEM
3.2.7 Electromagnetic FEM design results

The results from the electromagnetic design procedure are now presented. Analysis
of the results reveals some interesting insight into the effects the five geometric

parameters have on torque production.

Variation of N,;, and

It has been shown by Matsuo and Lipo in [12] that a crucial parameter requiring

significant attention in a [ESMl rotor design is the rotor insulation ratio:

bbw
= 3.20
ﬁ bbw + blw ( )

where
by, = Individual rotor barrier width

by = Individual flux guide width

In this design procedure the number of rotor barriers investigated ranges from 1
to 30 along with an insulation ratio varying between 0.01 to 0.95. Mean torque and
torque ripple versus insulation ratio plots for a range of rotor barriers are shown in

Figure

34



3. RSM FINITE ELEMENT MODELLING AND DESIGN PROCEDURE

h&kx

N
""'ﬁii RN & SOE80) Ko/

W
N

<

5 S
SRS SOX0
XX DR

L

&t
i
V’

7

VA
v
75

£X

N4
4

0
O
KRG
W
AV

</

N
s
e
N
AV
p
s

0

N
ORI
REINL

vy

N

X

4l

/7 ALY
NS

%

5

N

4[}
&
o~

VoS
/X

Vave

2
¢/
X

%
5,

|

YA
N

SO 45'4‘
RN\ VAN
RGN

) *"«‘i BENPRAR )Y
“"AX%QAVAVA(A\
S Av‘)’
"'ﬂlg‘

@
4
)

Figure 3.7: Example of the mesh used in electromagnetic simulations

It can be seen from Figure that maximum mean torque occurs around 3 = 0.3
to 0 = 0.4 for rotor barrier numbers of five or more. The torque developed
seems to saturate after barrier numbers higher than 10 are used. This seems
to agree well with the findings in ].  With more rotor barriers present, the
rotor becomes mechanically weak without any added electromagnetic performance
advantage. A higher number of rotor barriers will make manufacturing difficult
and more costly as a result of the intricate rotor design. Therefore, a rotor barrier
number around five or six seems feasible for this rotor size and would allow for high
average torque (comparable to maximum average torque when N,;,=30) while still
maintaining mechanical strength. An insulation ratio of § = 0.3 is chosen as a result
of the average torque developed being at a maximum for a rotor barrier number of
five and six. The final rotor barrier number is decided upon by looking at the torque
ripple plots in Figure . The torque ripple for a rotor barrier number of five is
around 30% whereas the torque ripple for a rotor barrier number of six is almost a

third of that at around 10%. As a result, a rotor barrier number of six is chosen.

The values of insulation ratio that result in maximum average torque require a valid
explanation. When the rotor insulation ratio is small it allows for more steel to
be available for flux to travel in the D-axis and thus increases L, to result in an

increase in torque E] However, there is a limit to the value of 3 where this stops
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Figure 3.8: Zoomed views of electromagnetic mesh

happening as a result of the reduction in barrier thickness which causes Lg,, to

increase and thus torque would decrease. In [12], a value of § = 0.33 was chosen

and in [4€] the optimal value for 8 = 0.4 was chosen. In [6], the width of the flux
barriers and flux guides are set equal to each other and thus a value of 8 = 0.33 is

used. These results reinforce the choice of 8 = 0.3 in the current design.

When choosing N, and 3, Bomela and Kamper showed in B] that by making the
rotor barrier pitch (y) wider than one stator slot pitch (x), low-order harmonics
of flux are attenuated and flux pulsations are avoided which would in turn reduce
torque ripple. The rotor barrier pitch with Ny, = 6 and W), = 20 mm is v = 4.6°.
The stator slot pitch of the original stator is kK = 7.5°.

Thus, the chosen rotor
barrier number of six results in a rotor barrier pitch that is not wider than one

stator slot pitch. A rotor barrier number of five would result in a rotor barrier pitch

of around v = 5.5%, a rotor barrier number of four would result in v = 6.8° and
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finally a rotor barrier number of three would result in v = 9.1°. Thus, only when
the rotor barrier number is decreased to three will the rotor barrier pitch be larger
than the stator slot pitch. However, as shown in Figure |3.9(a)l with a rotor barrier
number of three, the mean torque is considerably less than the mean torque with a
rotor barrier number of six. More importantly, by considering Figure torque
ripple with a rotor barrier number of three is substantially higher than with the
chosen rotor barrier number of six. Perhaps a better approach would be to redesign
the stator so as to increase the number of stator slots and thus decrease the stator
slot pitch. A brief discussion on this is given in the following paragraph and is

discussed further in chapter

In the work by Vagati et al. in [2(], an analytical approach to the minimisation
of torque ripple is given. It is shown that with n, separation points per pole
pair on the [RSMI rotor and with n, stator slots per pole pair, the choice of n,
should be n, = ng £+ 4 as a first step to minimising torque ripple. As an example,
a 4-pole 48 slot stator should have a [RSMI rotor with n, = 20/28. The worst
case would be when n, =ns (n, = 24) [21]. For the chosen number of rotor
barriers (N, = 6), n,, = 30 which is close to one of the suggested values of n,, = 28.
If the analytical solution presented in [2(]] were to be used as the primary design
choice - the stator could be redesigned to have ng = 26/34 and therefore a 52 or 68
slot stator could be chosen. However, the work performed in [20] was only a first step
to torque ripple minimisation and it is believed that the extensive [FEMI simulations

performed constitute a more thorough approach.

Variation of W,

With the number of rotor barriers set to six and 8 = 0.3, « = 1 and g = 0.8 mm,
the first barrier position W, is changed in the range W), = 15 mm to W, = 70 mm.
Torque and torque ripple versus rotor barrier position W), are shown in Figures|3.10(a)
and As W, increases there is an initial increase in mean torque but
thereafter as the the rotor barriers move towards the Q-axis average torque decreases.
A possible reason for this is as a result of less flux being linked with the high
permeance D-axis as the rotor barriers move away from the D-axis and towards the
Q-axis with the increase in W),. This results in a decrease in D-axis inductance and an
increase in Q-axis inductance which would decrease the torque index which directly
affects torque development. Maximum mean torque occurs around W, = 20 mm
and minimum torque ripple at around W, = 25 mm. A value of W, = 20 mm

is chosen as mean torque is considered a more important performance criteria as
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Figure 3.9: Mean torque and torque ripple versus beta for a range of rotor

barriers

opposed to torque ripple. Torque ripple is a secondary performance criteria and
can be reduced substantially using various design techniques, a few of which are

introduced in chapter Bl

Variation of o

As can be seen in Figure B2, the parameter « is the geometric parameter that defines

the amount of cut-out on the rotor. A rotor cut-out should significantly increase the
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Figure 3.10: Torque versus position of first rotor barrier W),

reluctance in the Q-axis while leaving the D-axis reluctance relatively constant (up
to a certain point). The parameter « is varied from 0.3 to 0.98. The reason for not
decreasing a below 0.3 is that it cuts out so much of the rotor that the overall rotor

structure becomes infeasible (the amount of cut-out goes beyond the radial width

of the shaft). In Figures B.11(a)| and [3.11(b)} torque and torque ripple versus pole

pitch to pole span ratio plots are shown. As seen from these figures, maximum mean
torque as well as minimum torque ripple occur around o = 0.85. A value of o = 0.85

is chosen for the rotor cut-out.
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Variation of g

The nominal air-gap length of the original [M] is 0.8 mm. The air-gap width for
the new [RSM] is varied from g = 0.4 mm through to g = 1.2 mm. The torque
versus air-gap length is shown in Figure As expected, mean torque increases
significantly as the air-gap length decreases. This is as a direct result of the D-axis
inductance increasing as it is inversely proportional to air-gap width. The Q-axis
inductance does not increase significantly with the decrease in air-gap width as it
already has a very large effective air-gap on the Q-axis as a result of the numerous
rotor barriers. Torque ripple increases as the air-gap length decreases as a result of
the increased interaction between the stator slots and rotor barriers as they approach
one another. Before opting for a smaller air-gap, consideration should be given
to whether a significantly smaller air-gap is obtainable considering manufacturing
tolerances. After consultation with the original M| manufacturer, a conservative

design choice is made to leave the air-gap at the nominal value of ¢ = 0.8 mm.
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Figure 3.12: Torque versus air-gap length

Variation of [, and [,,

Purely for investigative purposes, the mechanical support parameters l;,, and [, are

varied. The parameters are varied between 0.01 mm (almost zero) and 4 mm. Torque

versus ly, and [, plots are shown in Figures 3.13(a)| and [3.13(b)] As expected,

mean torque decreases as [y, and [, increase. An interesting result is how torque
ripple increases when Iy, is close to zero as a result of an increased magnetic reaction
between the stator slots and rotor barriers. This is similar to what occurs in the [ATA]
rotor where the rotor barriers are directly on the rotor surface. The torque ripple
that results has often been cited as a problem in the [ATA] rotor [21]. The same
effect is not noticed when [, is close to zero as these supports do not lie on the
rotor surface and thus do not affect torque ripple in the same way. Traditionally, as
a rule of thumb, a few [ESM] designers have chosen the length of l;,, and [, to be
a multiple of the lamination thickness [, 3(]. Initial electromagnetic design choices

of l;y = 2 mm and [, = 2 mm (four times lamination thickness) are chosen.

3.2.8 Final electromagnetic design

The final choices for the geometric parameters after the electromagnetic design
are shown in Table One pole of the final electromagnetic design is shown in
Figure BT4l The final electromagnetic design develops an average torque of 377 Nm
with a torque ripple of 11.6%.
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Figure 3.13: Torque versus lengths of rotor supports

Table 3.2: Final values of geometric parameters after electromagnetic design

Parameter | Value

Ny 6
Ié; 0.3

W, (mm) 20
e 0.85
g 0.8

lt (mm) 2

lyy (mm) 2
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Figure 3.14: Cross section of RSM rotor after electromagnetic design

3.3 Mechanical FEM case studies

In [23], analytical equations modelling the stresses present in a modified [M] rotor
were presented. The equations present a very rough estimate of the stresses that
would be present in the rotor structure. The usefulness of these calculations are
limited and not sufficient to determine the localised stresses present in very im-
portant parts of the [RSMI rotor like in the tangential webs and radial ribs. Thus,
mechanical [EEMlis carried out with the designed [RSMlrotor presented in Figure B.14]
as a starting point to verify mechanical strength when rotating at rated or above
rated speed and when undergoing transient torque changes. An example of this is
presented by Sibande et al. in [14] where mechanical [EEM was performed to verify
the strength of a newly designed [RSM] rotor with added Permanent Magnets (PMk).

There is a clear offset between electromagnetic and mechanical requirements with
regards to the mechanical support parameters Iy, and l... Electromagnetically
speaking, they should be zero to maximise saliency but for mechanical support,
they need to be non-zero. To investigate the necessary widths of [, and [, that
result in a mechanically strong rotor, Z=Dimechanical [FEM analysis in ANSYS® g

performed.
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3.3.1 Types of mechanical analyses

The scalar von Mises stress plot is used to analyse the mechanical strength of
the RSM rotor. It is traditionally used to predict yielding of structures and is
thus quite applicable for this analysis. The mechanical properties of the material
used (M400-50A steel) are a Poissons ratio of v = 0.29 and a Youngs modulus

of Ey, = 200 GPa. The mechanical analysis is based on three case studies:

e Case I: Analysis of the original electromagnetic designed RSM rotor.
e Case II: Case I with rounded barrier edges.

e Case III: Case II with wider mechanical supports.

3.3.2 Types of loads

The mechanical loads chosen for the rotor are mechanical angular velocity and angu-
lar acceleration inertia loads. The mechanical angular velocities simulated are twice
rated speed wy, = 1007 rad/s (3000 rpm) and rated speed w,,, = 507 rad/s (1500 rpm).
The angular acceleration load is chosen so as to simulate a mechanical torque
requirement on the rotor. It is based on a simplification of equation where

the equivalent friction coefficient is ignored and mechanical speeds are considered:

dw,

Tel - Tmech = Jeq?

(3.21)

where

Wy, = Mechanical angular velocity

The mechanical angular velocity is related to the electrical angular velocity by the
well known relation wy,, = % Using equation BZI] a reasonable case to consider
would be when the [RSM] is developing no electromagnetic torque (Ty; = 0 Nm)
and the mechanical torque requirement is twice the rated torque. Thus, if an
approximation of the rated output torque of the RSM is used (=~ 400 N.m), the
mechanical torque requirement would be T},0c.n, = 800 Nm. Thus, the left hand side
of equation B2Tl is simply 800 Nm. An approximation of the moment of inertia is
chosen based on a cylindrical billet of steel (J.q ~ 0.4 kg.m?). From these values,

the angular acceleration load is approximated as 2000 rad/s?.
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3.3.3 Mechanical FEM design results

The highest mechanical stresses in the rotor occur on the innermost radial rib. This
is as a result of the innermost radial rib being required to hold in the largest mass
of the rotor. In the next sections the results from the three case studies will focus

on this innermost radial rib.

Case 1

The von Mises stress contour plot of the [ESM] rotor with straight edges at twice
rated speed (3000 rpm) is shown in Figure B.15(a)l The exaggerated displacement
of the [RSMI rotor can be clearly seen in Figure . A zoomed view of the
innermost radial rib is shown in Figure As expected, the stresses in the
rotor are pronounced around the straight edges of the rotor barriers with the highest
stress of 198 MPa being on the innermost rotor barrier. Clearly, the straight edged
rotor barriers are a problem mechanically and the general shape of the rotor barrier

edges should be changed.

Another important mechanical aspect to consider is the physical distortion of the
rotor. The contour plot of the physical distortion of the [RSM| rotor shown in
FigureBI6lshows that the maximum mechanical distortion of the rotor is 8.6 um and
occurs in the rotor barriers. The slight asymmetrical nature of the rotor distortion
is as a result of the angular acceleration load imposed on the rotor concurrently with
the angular velocity load. The angular acceleration load is imposed so as to attempt

to accelerate the rotor in the anti-clockwise direction.

Case 11

The original electromagnetic [RSM rotor geometry is adjusted so that the rotor has
rounded barrier edges. It is expected that the maximum stress in the rotor should
decrease substantially. The stress contour plot for the new rounded barrier edge
rotor is shown in Figure . A zoomed view of the innermost radial rib is shown
in Figure [3.17(b)] As expected, the maximum stress on the innermost barrier has
reduced substantially to 95 MPa. This is less than half the maximum stress present
in Case I. This is a very promising result since the rotor has become significantly
stronger after merely changing the shape of the rotor barrier edges and not actually

widening the mechanical supports.
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(a) von Mises stress contour plot for Case I

(b) Zoomed view of von Mises stress contour plot for Case
I

Figure 3.15: von Mises stress plots for Case I

A contour plot of the displacement of the rotor is shown in Figure The
maximum mechanical distortion of the rotor is 8 um and occurs around the same
location as in Case I (in the rotor barriers). Only a slight reduction in displacement
is noticed between Case I and II. This is more than likely due to the mechanical
support widths not being increased. It is only the shape of the rotor barrier edges

that have been changed.
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Figure 3.16: Displacement contour plot for Case I

Case II1

The geometry in this analysis is based on the geometry in Case II but with wider
tangential webs and radial ribs. The lengths of Iz, and [, have been doubled to
4 mm. The stress contour plot is shown in Figure with a zoomed view of the
innermost radial rib shown in Figure The stresses have reduced significantly
to around 60 MPa. It is interesting to note how the stress distribution between the
rotor barriers has decreased significantly. This is very important as these areas will

be stressed the most during operation and will fatigue over time.

With the wider mechanical supports, the displacement contour as seen in Figure B2
reveals a maximum displacement of the rotor of 5.8 ym. This is considerably lower
than Cases I and II and reveals the increase in mechanical rigidity of the rotor as a

result of the wider mechanical supports.

Discussion of mechanical FEM results

The material used in the[RSMlrotor (M400-50A steel) has a yield strength of 320 MPa.
If a safety factor of ten is chosen (harsh mining environment) then the maximum
stress that should be present in the rotor should be 32 MPa. Based on the operating
stresses revealed in Cases I - 111, Table is drawn up. As can be seen in Table B3]
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(a) von Mises stress contour plot for Case II

(b) Zoomed view of von Mises stress contour plot for Case
1T

Figure 3.17: von Mises stress plots for Case 11

a safety factor of 5.39 is the highest safety factor attained when at twice rated
speed. This may seem disheartening but an angular velocity inertia load of twice
the rated speed has been imposed. This case will not always occur and it is more
likely that this is a special case and on average the machine will operate closer
to rated speed. Simulations of Cases I-III with a more likely angular velocity of
rated speed wy, = 507 rad/s (1500 rpm) have been performed with interesting
results as shown in Table As can be seen, the mechanical safety factor is larger
than ten for Cases II and III. After consultation with the motor manufacturer, a
conservative [RSM rotor construction with rounded barrier edges and mechanical

supports ly, = 4 mm and [, = 4 mm is chosen (Case III).
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Figure 8.18: Displacement contour plot for Case II

A cross section of the final RSM rotor design with the required manufacturing
geometric artefacts (key-way and axial bars) is shown in Figure BZI1 The full

geometric details of the final BSMl are revealed in Appendix [Bl

3.4 Inductances of the final RSM design

The inductances Lgy, and Lgy, of the final [RSMlcan be determined directly from [EEM
calculations by analysing the fundamental component of the air-gap flux density
waveform with the relevant D or Q-axis current excitation B, m] Equiflux plots
of when D and Q-axis excitation is present are shown in Figures [3.22(a)] and [3.22(b)|

respectively. The inductances can be determined by using the following equations:

K\wN1,DlpeBig

Lim = , 3.22
Kle DlFequ
Lom = 2
= R e (3.23)
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(a) von Mises stress contour plot for Case 111

(b) Zoomed view of von Mises stress contour plot for Case
111

Figure 3.19: von Mises stress plots for Case 111

where
K,, = Fundamental winding factor

N7 = Number of turns per phase
N, = Number of parallel circuits per phase
D = Stator bore diameter
lpe = Effective stack length
B4 = Fundamental component of D-axis air-gap flux density waveform

By, = Fundamental component of Q-axis air-gap flux density waveform

Examples of the D and Q-axis air-gap flux density waveforms over one pole pair
are shown in Figures [3.23(a)] and [3.23(b)] Superimposed on top of the air-gap flux
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Figure 3.20: Displacement contour plot for Case III

Table 3.3: Stresses and safety factors for three mechanical FEM investigations

w = 1007 rad/s | Goal | Case I | Case II | Case III
a = 2000 rad/s? | value
Syield (MPa) 320 320 320 320
Sop (MPa) 32 198 94.7 59.4
Nop 10 1.62 3.38 5.39
w = 507 rad/s
a = 2000 rad/s?
Syield (MPa) 320 320 320 320
Sop (MPa) 32 54.7 24.8 16
Nop 10 5.85 12.9 20

density waveforms are the fundamental components of the D and Q-axis waveforms.
The D and Q-axis magnetising inductances (Lgy, and Lg,,) are determined for a
range of D and Q-axis current excitations ranging from 10 A to 150 A rms so that
the inductance variation as a result of saturation can be revealed. The inductances
are plotted as a function of the relevant D and Q-axis excitation in Figure As
can be seen, the magnetic steel saturation results in a decrease in inductance on
both axes as current excitation increases with this effect being exaggerated on the

D-axis. The torque index ¢ of the final RSM] design, calculated using equation EZT3],
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3. RSM FINITE ELEMENT MODELLING AND DESIGN PROCEDURE

Figure 3.21: RSM cross section after electromagnetic and mechanical design

as a function of current excitation is shown in Figure .25

3.5 Electromagnetic performance of RSM case studies

Brief electromagnetic [FEM studies are presented analysing the electromagnetic
performance of the mechanical case studies presented in section The first
electromagnetic study will compare the torque performance of Case I (the electro-
magnetic [RSM design) with Case II to investigate the effect of rotor barrier shape
on electromagnetic performance. The second study compares Case II and Case 111
to investigate the electromagnetic effect of the mechanical support widths being

widened.

3.5.1 Comparison of Case I with Case 11

As can be seen from Figure B20] where torque developed by Case I and Case IT are
compared, the torque performance remains relatively the same. The mean torque
changes from 377 Nm in Case I to 373 Nm in Case II, a change of only 1%. The
torque ripple changes from 11.6% in Case I to 9.9% in Case II which shows a slight

reduction in torque ripple. This could be as a result of the smoother barrier edges in

52



3. RSM FINITE ELEMENT MODELLING AND DESIGN PROCEDURE

A
|

@é;
b =

\
i

)
0
i

/’

S

e
//

7

<

G e

(a) Purely D-axis excitation (b) Purely Q-axis excitation

Figure 8.22: Equiflux plots with D and Q axis excitation

Case II allowing flux to flow more easily from the stator to the rotor. This effect can
be seen graphically by the equiflux plots shown in Figure where the rounded
barrier edges (Figure [3.27(b))) allow for the flux to flow past them much easier than

the straight barrier edges (Figure [3.27(a)]).

3.5.2 Comparison of Case II with Case III

Case III has mechanical supports Iy, and [, set to 4 mm which is double the widths
of the mechanical supports in Case II. The electromagnetic performance of Case 111
is expected to degrade as a result of a lower reluctance path now available on the Q-
axis as a result of the wider mechanical support widths. The expected performance
degradation is verified in Figure B228l A 16% reduction in mean torque from 377 Nm
in Case II to 325 Nm in Case III is noted. The offset between electromagnetic design
requirements (maximum mean torque) and mechanical requirements (safety factor)
is clearly seen here. Although better electromagnetic performance may have been
attained with smaller mechanical supports (Case II), the rotor would not be strong
enough mechanically to withstand the stresses it would experience. As a result,

wider mechanical supports are chosen in the final [RSM] design (Case III).
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Figure 3.23: Flux density waveforms with D and Q-axis excitation

3.6 Summary

A brief Finite Element Method (EEMI) background has been given revealing the
basic idea of how [EEMI approaches a large spatial problem by breaking it down
into finite elements and then solving a set of matrix equations (possibly non-linear)
using numerical methods. A magnetostatic application is used for the design of
the [ESM] and thus background knowledge on magnetostatic [FEEM] is given.

The electromagnetic design is performed using FLUX®. The design investigates
the effects that five geometric parameters have on torque production. This design
procedure calculates torque at each rotor position over a predefined rotor angle

with the relevant stator current excitation. The average torque and torque ripple
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Figure 8.25: Torque index of final RSM rotor

are extracted from the resultant torque waveform. The five geometric parameters
varied are number of rotor barriers N, rotor insulation ratio 3, the position of the
first rotor barrier from the D-axis W), rotor pole pitch to pole span ratio a and
air-gap length g. The geometric parameters are varied in a linear progression (one
at a time). The choices for the final values of the geometric parameters are made
by choosing where maximum mean torque and minimum torque ripple occurs. A
rotor barrier number of six is chosen along with a rotor insulation ratio of 8 = 0.3.
The rotor cut-out value of a = 0.85 allowed for good torque production and low
torque ripple. Even though significantly more torque would be produced if a smaller

air-gap was chosen, the air-gap length was left at the nominal value of 0.8 mm.
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Figure 3.26: Comparison of torque with straight and rounded barrier edges

The two mechanical support geometric parameters Iy, and [, are determined in a
mechanical [FEM] investigation in ANSYS®. The mechanical [FEMI investigation is
based on the maximum von Mises stress present in the rotor at rated speed and twice
rated speed with an additional angular acceleration load imposed. Three case studies
were investigated. It was found that safety factors of ten or more were attained with
rounded barrier edges and wider mechanical support widths of 4 mm when at rated
speed. A conservative choice of mechanical support widths of 4 mm was made for
the final [RSMI rotor. The obvious trade-off between electromagnetic performance
and mechanical stability is clearly revealed in the electromagnetic [FEM] analysis
of the three geometries outlined in the mechanical case studies. Wider mechanical
support widths result in a more mechanically stable BSM] rotor but result in reduced

average torque ability.
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(b) Zoomed view of equiflux plot for Case II

Figure 3.27: Equiflux plots for Cases I and II
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Figure 8.28: Comparison of torque with different mechanical support widths
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Chapter 4

Comparison of RSM and IM

Simulation Results

A comparison between [FEMI simulation results for the final [ESMl design and the
previous solution (the [M]) is presented in this chapter. The prioritised performance

criteria, torque, is the focus of the simulation results presented.

4.1 RSM and IM cross sections

The technical details of the original [M] are given in Appendix A cross section
of the modelled original [Ml is shown in Figure EEIl The final [RSM] design after the
electromagnetic design and mechanical case studies is presented again in Figure

for convenience.

4.2 RSM and IM comparison

In [50], a range of simulations were performed on the [Mlin FLUX® with laboratory
tests to backup simulation results. The calculated torque from [FEM] simulations for
the MMl with I,.4;q = 93 A is around 355 Nm. When operating at the same current
level, the [ESM] develops an average torque of 325 Nm (8.4% less than the [M]). It
should be noted that if the [M] is run from a modern (as is the case for the
underground shuttle vehicle), it needs to be derated. The designed [RSMI does not
need to be derated in the same way as the [Ml as it does not contain a rotor cage.

As a result, it could in fact develop more torque than the [Ml if this derating was
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4. COMPARISON OF RSM AND IM SIMULATION RESULTS

Figure 4.1: Cross section of original IM

taken into account. Also, the primary reason for the torque generated by the [RSM]
being lower than the [Ml is as a result of the increased width of the mechanical
supports ly, and [ to 4 mm in the final design. With the mechanical supports
set at 2 mm (mechanical case studies I and II), the torque generated is 377 Nm
and 373 Nm respectively (6.2% and 5% higher than the [Ml respectively). The offset

between electromagnetic performance and mechanical strength is clearly seen here.

4.3 RSM and IM comparison with RSM operating at
MTC

The torque developed by the BSMl with a current angle of §; = 60° may not result
in accurate MTC This can be better understood by considering a normalised torque
versus current angle curve for the designed [RSM] as shown in Figure As can be
seen, around 96% of maximum mean torque is developed at a current angle of 60°.
Maximum mean torque actually occurs around a slightly smaller current angle of 53°.
Thus, if a current angle around 53° was chosen, the [RSM]in Case III would be able
to generate up to 340 Nm of torque. This essentially halves the percentage by which
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Figure 4.2: Cross section of final RSM

the [RSM] lags the Ml in terms of torque development from 8.4% down to 4.2%.
This observation reinforces the notion that a well designed [RSM] will not necessarily
result in an optimised overall [RSMI drive if the control system is poorly designed

and does not operate at maximum torque per ampere at all operating points.

4.4 RSM and IM thermal comparison

The rated value of an electrical machine is directly proportional to the operating
temperature and tolerance of the insulation [3, 6]. The study performed by Bogli-
etti et al. in [3] uses thermal simulations in MOTOR-CAD® to reveal the fact
that a [RSMl does run considerably cooler than an [[M] as previously hypothesised in
chapter I Thus, if desired, the user could increase the amount of current flowing
in the stator windings of the [RSMI until the steady state temperature of the [RSM]
reached that of the [Ml It was found in [5] that the stator windings of the [RSM]
could carry as much as 140% of the current that the [Ml could when at the same
operating temperature. Thus, the rated value of the [RSMl would be higher than the
original [[M] as a result of more current being allowed to flow in the stator windings.

An electromagnetic [FEM] investigation is performed with 140% of the rated current
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Figure 4.3: Typical RSM torque versus current angle curve

flowing in the stator windings of the [RSMl The current angle is left at 60° and
the resultant torque waveform is shown in Figure EE4l As can be seen, the average
torque is just above 500 Nm which is 42% higher than the [Ml at rated current.
Thus, the [ESM] has a higher rated torque density than the [Ml as it is capable
of developing more torque than the [Ml while maintaining approximately the same
weight and remaining in the same motor frame size. This is especially important
in a traction vehicle application where high torque density of the traction motor is
a primary requirement. If the analytical square relation between the stator current
and the torque were obeyed (with constant inductances), as defined in equation ZZTH,
the torque would increase by 96% to 637 Nm. The disagreement with this can be
attributed to the rotor and stator iron being driven into saturation at this overload
condition. Thus, the simplified analytical relation in equation (which assumes
constant inductances) is not obeyed as a result of the torque index decreasing when
more current is supplied. This effect can be clearly seen in Figure where the

torque index decreases as the current level increases.

4.5 RSM and IM comparison considering saturation

Continuing from the previous section, another observation can be made with regards
to the operating point of the steel in the stator and rotor of the [RSMlI Consider
the torque index of the designed [RSM] presented in Figure When operating at
rated current of 93 A rms the [RSM] steel is operating slightly in saturation. This
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Figure 4.4: Torque of final designed RSM with 140% rated current

can be seen by the reduced torque index when the current is at 93 A rms. At this
current, the torque index is 15.8 mH which is 17.6% less than the maximum torque
index of 19.2 mH. If one were to match the [ESMl rotor and stator in the design and
as a result operate closer to the maximum torque index when at rated current, the
average torque will increase as a result of the increased torque index. A best case
scenario would be when the torque index is at its maximum when running the [RSM]
at rated current. If this were to occur for this [RSM] and equation T4l was used
for simplification purposes, the torque generated by the final [RSM] design (Case 1)
would be 394.4 Nm if the typical current angle of §; = 60° is used. This is 11%
more torque than the [Ml Furthermore, if a current angle that would result in [MTCl
was used (0; = 53°) then the [RSMl would be able to generate around 411 Nm of
torque (15% more than the [Ml). The [RSM design seems promising in that it can
deliver equivalent or better performance than the [[Ml if a different rotor or stator
steel were used or if an integrated rotor stator design were to be performed. An

integrated rotor stator design is suggested in chapter [l as an area of future research.

4.6 Summary

The average torque that the final [ESM] design develops (after electromagnetic and
mechanical design) is less than the original [M] by 8.4%. This gap could be halved
to 4.2% if a new current angle is chosen that would allow for true[MTC Additionally,
if the [Ml is run off a it needs to be derated and thus the [RSMl could achieve
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higher torque. The [ESM] is capable of developing more torque than the [Ml if one
were to look at the situation from a thermal point of view. The [ESMl runs much
cooler than the [[M] and thus more current can be placed in the stator windings until
it reaches the same steady state thermal operating point as the [Ml An example
study revealed that with 140% rated current, the [RSMl develops 42% more torque
than the [M] when at rated current. Furthermore, when at 100% rated current, if a
new type of steel were used or an integrated rotor stator design was performed for
the [RSM], the torque could be higher than the [Ml by as much as 15%. All of these
results are promising as the [BSMl rotor will give the traction motor on the shuttle
vehicle equivalent or more torque ability than the [[M] does while still remaining in

the same motor frame size.
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Chapter 5

RSM Research Suggestions and Future
Work

Traditionally, suggestions for future work and improvements are included in the
concluding chapter of the dissertation. However, the amount of possible future
research on this topic validates the requirement for a complete chapter dedicated
purely to these topics. The topics for future research are not only suggested but

also briefly expanded upon to assist future researchers.

5.1 RSM design improvements

The [RSMI design presented in this dissertation is a first pass design that investigates
the effects that various parameters have on torque development. There is a consid-
erable amount of work that can be done on the design of the [RSMI to improve the

design process.

5.1.1 Direct use of optimisation algorithms in FEM design

In the design procedure presented in chapter Bl a first pass design has been presented
where a linear progression through all the relevant geometric parameters has been
made. A new design procedure which accounts for the mutual effect of different
parameters to achieve the best performance possible could be performed. This can

be done in many ways, one of which is presented in the following.

In the work by Kamper et al. in [51], an optimisation algorithm is used to find a
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multidimensional input vector [X]| which contains the machine input variables to be
optimised (stator and rotor geometric parameters) that will allow for optimisation of
an output function value [Y] (torque, efficiency, power factor). With each iteration,
the design algorithm determines the new vector direction of the search in the
multidimensional space [X]. Line minimisation of the relevant geometric parameters
is performed to maximise or minimise the function value chosen. In order to bracket
the minimum or maximum of the function value [Y], the input vector [X] is changed
in relatively large steps in a certain direction. The last three values of [X] are used
to curve fit a second order polynomial. From this, the maximum or minimum is

found by determining where the derivative is zero.

5.1.2 Integrated rotor-stator design

A major assumption made in chapter [Il was that the same stator that was used
in the original [Ml will be kept for the [RSMl In order to allow for a more fair
comparison between the [RSMl and the [[M], the stator of the original [Ml should be
redesigned so that a stator that is optimised to work with a [RSMl results. Thus, the
assumption made in chapter [l could be relaxed and an integrated rotor-stator design
should be implemented since an optimal [RSM] rotor may not have an optimised and
matched stator [1]. The best performance of the [RSMl will be extracted only if
an integrated rotor and stator design is performed. The use of an optimisation
algorithm as introduced in section BTl could be used. The multidimensional
input vector [X] could include not only rotor geometric parameters but also stator

geometric parameters.

5.1.3 Air-gap length

Although a conservative length of air-gap is chosen in the final [ESM] design, in
order to increase the D-axis inductance of the [RSM], the length of the air-gap should
be reduced relative to the original [M [6, 9]. This effect is clearly illustrated in
Figure The shorter air-gap should not be an issue as the traction vehicle
motor has a relatively short stack length and thus dynamic or static eccentricity
is not envisaged to be a considerable problem. The reduction of the air-gap does
however increase the rotor iron losses on the rotor surface and mechanical windage

losses as a result of the rotor being closer to the stator.

As a result of the suggested smaller air-gap, a suggestion made by Haataja in [6] is
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to include semi-magnetic slot wedges in the stator slots. This would reduce lower
order air-gap flux density harmonics which would reduce rotor iron losses and also

smoothes the air-gap to reduce windage losses.

5.1.4 Choice of rotor barrier shape

In the [BSMI design presented, simple arcs were assumed for the shape of the rotor
barriers. This seemed to be reasonable as the flux lines plotted in Figure
seem to line up reasonably well with the rotor barrier shape. However, in order to
maximise the D-axis inductance the flux barriers should be shaped in the same way as
the D-axis flux would naturally flow. Complementary to this is that the flux barriers
should be at right angles to the Q-axis flux so as to minimise Q-axis inductance. The
general shape of the rotor barriers can be determined by introducing a pure steel
rotor without flux barriers and investigating by [EEMI the trajectory of the D-axis
field lines with pure D-axis excitation [d]. An example of this is shown in Figure Bl
From this, the barriers of the [RSMl rotor are placed to follow the D-axis field lines
as best as possible. From Figure Bl it can be seen that the innermost barriers will
have an almost gutter like shape but moving outwards towards the edge of the rotor
the barriers would approach more of an arc shape. In [9], the flux barrier shape was
based on a parabola as this is very easy to implement and a reasonable rotor barrier
shape is attained. Thus, the shapes of the rotor barriers can be based on a parabolic
shape that changes depending on where a rotor barrier layer is located on the rotor

surface.

5.1.5 Rotor mechanical supports

The widths of the radial ribs can be graded outwards to be representative of the
different mechanical stresses in the rotor [9, [19]. Also, tangential web widths can
be decreased while moving from the D-axis towards the Q-axis [2(]. An example of

this grading of the mechanical supports is shown in Figure

By not placing the radial ribs directly on the Q-axis the performance of the BSMlmay
improve as a result of Q-axis flux not having a direct path to flow though. Instead,
two radial ribs can be placed off the Q-axis as shown in Figure A disadvantage
of this configuration is a more intricate rotor design (where each barrier is divided
into three pieces). This could drive up manufacturing costs and even weaken the

mechanical strength of the rotor. However, with the mechanical [FEM software
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Figure 5.1: Pure steel rotor to investigate shape of D-axis flux lines

available (ANSYS®), the mechanical strength of the new rotor can be investigated
quickly. The rotor may even turn out to be stronger as a result of the number
of ribs doubling and also the position of the ribs (further away from the center)
being required to hold in less rotor mass. As mentioned previously and as shown
in Figure B3, the radial rib widths can also be graded outwards. At the outermost
barriers, the radial ribs can even be excluded as a result of the smaller stresses when

compared to the innermost barriers that need to hold in a much larger rotor mass.

5.1.6 Inclusion of rotor cage in RSM rotor

The inclusion of a rotor cage in the [TTJ[RSMI rotor barriers as shown in Figure B2
would allow for damping of transient high torques and also allow for [DOI]starting ﬂa]
It should also improve overall mechanical strength of the rotor especially at high
speeds by binding the rotor structure together. The disadvantage of including a
rotor cage on the [BSM rotor is the loss of the major primary advantages the [RSM]
has over the [Ml That is, a cold rotor allowing the [RSM] to run cooler and thus be
more efficient as well as allow for a higher rating. Additionally, the [RSMl does not
need to be derated when run with a like the M
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Figure 5.2: RSM rotor with graded mechanical supports

5.1.7 Torque ripple reduction

Sources of torque ripple in an electromechanical drive system can have electrical
and mechanical origins. Electrically, stator slot and rotor barrier harmonics along
with current time harmonics related to the control system cause torque ripple.
Mechanically, ripple loads and mechanical vibrations add to overall torque ripple.
In the sub-sections that follow some suggestions for torque ripple reduction are put

forward.

Rotor skewing

By incorporating rotor skewing into the design of the [RSMl torque ripple can be
reduced [17]. A concern introduced by many authors is the reduction in rated
torque capability of the [RSM] if rotor skewing is introduced. As revealed in [17],
this is unjustified if one were to consider a typical torque versus current angle curve
for a [RSM] as shown in Figure E3 A zoomed view of this curve around maximum
torque (where one would want to be be operating) is shown in Figure As can be
seen, the torque as a function of current angle is quite flat. Thus, for the different
torque values at slightly different rotor positions when accounting for skew in the

typical way, the sum of the torque generated by a set of k sub-machines displaced
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Figure 5.3: TL RSM rotor with radial ribs in new positions (off the Q-axis)

by a fraction of the skew angle divided by k, the average torque does not drop
considerably but the torque ripple does.

Stator winding chording

With regards to the stator, the harmonic [MMF waves in the air-gap move asyn-
chronously with the rotor which results in torque ripple. To reduce this effect, the
lower order harmonics (5th, 7th, 9th) should be reduced via reducing the relevant
winding factors through chording of the stator winding as is typically done during
the design of a B=Pl AC winding [17]. It should also be noted that in some cases this
stator chording has little effect on torque ripple if a small enough rotor barrier pitch is
chosen. This would result in the attenuation of the ability of the asynchronous [MME

waves to induce torque ripple by reaction with the rotor in the typical way [17].

Asymmetric RSM rotor design

An interesting approach taken by Sanada et al. in [52] is to design the [RSMI rotor
asymmetrically so as to reduce torque ripple. In this approach, each rotor barrier is
numbered according to it’s associated pole number. Each rotor barrier edge in the

first layer of rotor barriers is then shifted by a defined angle:
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Figure 5.5: Zoomed view of typical RSM torque versus current angle

nkKk
P = ﬁ (5'1)

where
1, = Asymmetrical angle shift of ny, pole barrier

n = Relevant pole number in asymmetrical rotor design

The next layer of rotor barriers are moved by an angle relative to the inner rotor
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barrier angle shift v,,. The asymmetrical nature of the rotor construction reduces
torque substantially but results in a loss of the dynamic rotor balance. This is easily

rectified by simply rotating adjacent laminations by 90° or 180°.

Online torque ripple reduction

In [53], online methods to reduce torque ripple have been performed where a desired
torque reduction is chosen and the various gains in the control system designed
around this. A torque signal is obtained from the speed feedback signal. This signal
is fed back to obtain a current signal which is subtracted from the Q-axis current
reference. A correctly designed compensation system allows for robustness against

changes in electrical and mechanical parameters.

5.1.8 Permanent magnet assisted RSM

The problem with the conventional [TT] [ESMI rotor is that at higher speeds the
power factor reduces significantly. The Permanent Magnet assisted Reluctance
Synchronous Machine ([PMa-BSMI) should improve power factor at higher speeds
and increase average torque ability as suggested by a number of authors [14, 28, 30].
The[PMlmaterial (which could be cheap ferrite magnets or more expensive rare earth
magnets) can be placed as shown in Figure By introducing a small amount of
these [PME into the rotor barriers of the traditional [THIRSMI one can improve overall

performance at all speeds.

In [14], the choice of the amount of [PM] material to use in the rotor barriers is
based on the design procedure presented in sub-section BTl where the permanent
magnet dimensions in the rotor barriers were input variables in the input vector [X]
and the output function value [Y] was the magnet volume with torque and voltage
constraints placed on the design optimisation. The [PMl material used was a type of
epoxy bonded Neodymium Iron Boron (NdFeB) magnet material which is not brittle,

is easily shaped to fit into the rotor barriers and is protected against corrosion.

5.1.9 Composite powder metal RSM rotor

The conventional use of laminations for the [IT] rotor has the disadvantage of

requiring mechanical support in the form of radial ribs and tangential webs. In [54],
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Figure 5.6: TL RSM rotor with embedded permanent magnets

the idea of using a composite powder metal for the [RSMI rotor is suggested. The
advantages of using a composite powder metal rotor are that it will have the
advantage of a high saliency ratio (similar to the[ALAlrotor) but with the mechanical
integrity of the [I'T rotor to allow for high operating speeds. The composite powder
metal rotor consists of two metals of approximately the same density and sintering
temperature. One of the metals is ferromagnetic and the other is non-ferromagnetic.
The two metals are put together in the ideally layered configuration (similar to
the [ATL Al rotor). The composite powder metal [RSM could provide an alternative for
obtaining better performance without the use of [PMk.

5.1.10 3-D FEM analysis

The inclusion of 3-D [EEM] can help to take into account various effects that
B-DIIFEMI cannot account for. These effects include end-turn leakage flux and accu-
rately determining eddy currents (with rotor laminations being taken into account
correctly). Rotor misalignment which results in static and dynamic eccentricity can
also be taken into account accurately. However, the disadvantages of complex model
development and high computation costs (as a result of a very high number of mesh
elements) pushes designers towards using 2=DI[FEM] for prototype development. The
use of BEDIFEM] only justifies its use when further in depth investigations are required
by the designer to refine the prototype design.
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5.2 Summary

Future work includes many aspects pertaining to the design of the Reluctance
Synchronous Machine (BESMI) including a better design procedure using optimisation
algorithms, integrated rotor-stator design, variation of the air-gap length and the
changing of flux barrier shapes to match the natural shape of D-axis flux lines. Ad-
ditional design improvements could also include secondary aspects like torque ripple
reduction via rotor skewing, stator chording and asymmetric rotor design. Even after
these design improvements, online torque ripple reduction can be integrated into the
overall control system. The inclusion of a rotor cage in the [RSM] rotor can also help
to improve dynamic response to transient shock load requirements but would result
in the loss of the cold rotor advantage the [RSMl has over the Induction Machine ([M]).
A Permanent Magnet assisted Reluctance Synchronous Machine (EMa-BESMI) would
result in higher average torque and power factor than the typical [RSMI but requires
the use of expensive Permanent Magnets (PMk). A possible alternative to this is the
use of composite powder metals to develop a[BSMlrotor. Finally, Finite Element
Method ([EEMI) analysis can be used by the designer to refine the [RSM] design if
required but drawbacks include complex model development and high computation

time.
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Chapter 6

Conclusion

Underground shuttle vehicles are essential in the underground coal mining process.
The Induction Machine ([[M]) traction motors that drive these shuttle vehicles run
very hot and it is suggested that they be replaced by a new type of motor, the Re-
luctance Synchronous Machine ([BSMI). A Transversely Laminated () [RSM] rotor
topology is suggested as a drop-in replacement for the [Ml rotor with the [M] stator

remaining intact.

[ESMI control requires accurate control of the current space vector angle from the D-
axis. The four well known control schemes are Maximum Torque Control (MTCI), Max-
imum Rate of Change of Torque Control (MBCTC), Maximum Power Factor Control
(MPEC), Maximum Efficiency Control (MEC) and Constant Current in Inductive
Axis Control ([CCIAT). The current angle choice is different in each of these
topologies as a result of the different control goals. In the electromagnetic design of
the RSMI, [MTQ is chosen since torque is the most important performance criteria
in a traction vehicle application. The design presented can be used in the design
of a [RSMI for any traction vehicle application since the design procedure chooses
maximum average torque and minimum torque ripple as the output design criteria.
The electromagnetic design of the [RSM is performed using a commercially avail-
able electromagnetic Finite Element Method (EEM]) software package - FLUX®.
The design investigates the effects that five geometric parameters have on torque
production. The geometric parameters are varied in a linear progression and a
final electromagnetic design is attained by choosing where maximum average torque
and minimal torque ripple occurs for each geometric parameter. Two final geometric
parameters that determine mechanical strength are chosen via mechanical [FEM] case
studies in ANSYS® after the electromagnetic design. Widths for the mechanical

supports were chosen conservatively to allow for good mechanical strength.
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6. CONCLUSION

The final [RSMl design develops 8.4% less torque than the original [M when operating
at rated current. However, the [[Ml is often derated due to it being run with a [VSDJ
and thus the [BSMl should be able to generate more torque than the [Ml Also,
if the [RSM] were operated at exactly maximum torque per ampere then it would
develop only 4.2% less torque than the [MlI Furthermore, the [RSMl is capable of
carrying more current in the stator windings (without overheating) and thus develops
more torque than the [Ml for the same motor frame size. It has been shown that
the [RSM] can develop more than 40% more torque than the Ml while still operating
at the same temperature. It has also been shown that if the [RSM] were to operate
with less saturation and thus a higher torque index, it could develop up to 15%
more torque than the [Ml even if only rated current were to be supplied to the RSMIL
The designed [BSMk’ ability to develop torque comparable to the original [M] at
rated current and in some cases more torque than the original [M] makes it a viable

alternative in traction vehicle applications.
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Appendix A

Example Python File used in

electromagnetic design

An example Python file that is used during the electromagnetic design procedure
can be found in Listing [AXJ]l The example Python file in Listing [AZ1] is the Python
file used to vary the geometric parameter W,, Each of the Python files used in
the electromagnetic design have the same fundamental file structure as that of
Listing [A1] and are only changed slightly to reflect the different parameter being
changed
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10

11

12

13

14

15

16

17

18

19

20

21

Listing A.1: Example Python file used during electromagnetic design

#! Preflu2D 10.2

Setup Solving Process

#Define rotor range and resolution
minRotorPos = 0.0;

maxRotorPos = 30.0;

#Define solving parameters
rotorStep = 1.0;
precisionValue = 0.01;

IterationValue = 20;

#Name the scenario relevant to parameter being changed

scenarioName = 'RSM-Design—NRB-WP’ ;

Scenario (name=str (scenarioName ))

Scenario [str (scenarioName )].addPilot (pilot=MultiValues(parameter=VariationParameter [ "ANGPOSROTOR’ |

intervals=[IntervalStepValue(minValue=minRotorPos, maxValue=maxRotorPos, stepValue=rotorStep)

#Define the solving options
SolvingOptions| 'SOLVING.OPTIONS’ | . newtonRaphsonParameters=

1))
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30

31

32

33

34

35

36

37

38

39

40

41

42

43

ParametersNewtonRaphson ( precision=precisionValue , maximumIterationNumber=IterationValue ,
relaxationFactorComputationMethod=

ParametersNewtonRaphsonRelaxationFactorComputationMethodAutomatic())

Solve the problem domain, parameterised#

#Define array of wvalues for parameter to be varied (WA{p})
wpArray = [15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70];

#In order for a geometric parameter to be changed the mesh needs to be deleted
deleteMesh ()

#Start of loop that runs through array of geometric parameter values for W.{p}
for i in wpArray:

#S0 the mesh is deleted for mnext parameter to be changed

deleteMesh ()

#The value in the array is assigned to a dummy variable

wpValue = i;

#The parameter is changed in the geometry

ParameterGeom [ wp’ ]. expression=str (wpValue)
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51

52
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55

56

57

58

59

60

61

62

63

64

65

#Mesh the geometry again so it is ready for solving
meshLines ()

meshFaces ()

#Solve the project
Scenario [str (scenarioName )]. solve (projectName="RSM-Design—-NRB-WP.FLU ")

#Post—processing

#Name the torque so that it can be assigned to a torque waveform and file name
torqueName = ’torque-NRB-WRP-WP’+str (wpValue );

#FExtract the torque wversus rotor angle waveform

EvolutiveCurve2D (name=str (torqueName ) ,

evolutivePath=

EvolutivePath (parameterSet=[SetParameterXVariable (paramEvol=VariationParameter [ ’ANGPOSROTOR’ | ,
limitMin=minRotorPos , limitMax=maxRotorPos)]) , formula=[’TorqueElecMag (ROTOR) ’])

#Show the torque waveform in FLUX

Curve2d[str (torqueName )]. visible=0

#FExport the torque waveform to a text file with the relvant file name

CurveVariation2D [ str (torqueName )] . export TXT (txtFile=str (torqueName ), mode="REPLACE_FILE ")

#Edit text file for interpretation by Octave

fileName = torqueName+” .txt”;
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fileIN = open(str(fileName), "1r”)
lineList = fileIN .readlines ()
lineCount = 0;
for line in lineList:

lineCount = lineCount+1;
Filelength = lineCount;
setStart = 0;

setEnd = 0;
for i in range(Filelength):
if lineList[i]J=="__Column.l ... Column.2. . c.cceon \n’
setStart = i+1;
if lineList[i]=="Mean_values:\n’:

setEnd = i —2;
numSteps = setEnd—setStart+1;
outfile = open(str(fileName), "w+”)
for i in range(numSteps):
outfile.write(lineList [setStart+i]);
outfile.close ()
fileIN . close ()

#Delete old results so same scenario can be used with new geometric parameter value W.{p}

Scenario [ str (scenarioName )]|. deleteAllResults ()
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saveProject ( '/RSM-Design—NRB-WP.FLU ")

closeProject ()
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A. EXAMPLE PYTHON FILE USED IN ELECTROMAGNETIC DESIGN
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Appendix B

Geometric details of the RSM design

B.1 Stator geometric details

The geometric details (in millimetres) of one stator slot are shown in Figure Bl As
can be seen, the air-gap is left at the nominal value of 0.8 mm. A cross section of a
full stator lamination is given in Figure B2l As can be seen, a 48-slot semi-enclosed
stator is used. The required stator mechanical supports include the weld recesses (6

equally spaced around the stator outer periphery) as well as the stator key-way.

]
s
| 4.76
X
1.5
A | — 3
S 3.2 |

Figure B.1: Geometric dimensions of one stator slot
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B. GEOMETRIC DETAILS OF THE RSM DESIGN

219.07

355.6

Figure B.2: Geometric dimensions of stator lamination

B.2 Rotor geometric details

The geometric details (in millimetres) of the final RSMlrotor are shown in Figure [B:3
The geometric values shown here correlate with the final [ESM design after the

electromagnetic [FEM] design and mechanical case studies were performed.

B.3 Final stator and rotor

The cross section of the final [RSM] rotor inside the original 48-slot stator is shown
in Figure B4

88



B. GEOMETRIC DETAILS OF THE RSM DESIGN

Figure B.3: Geometric details of final RSM rotor lamination
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Appendix C

Technical details of original IM

A cross section of the modelled original [M] is repeated in Figure for conve-
nience. The technical details of the original Ml used for the traction motor in the

underground shuttle vehicle are given in Table [CJl

Table C.1: Original Ml technical specifications

Parameter Value
Number of stator slots 48
Number rotor bars 38
Air-gap length (mm) 0.8
Circuits in parallel 2
Span 1-10
Conductors in parallel 5
Number of turns per phase 9
Frequency (Hz) 50
Poles 4
Phase voltage (V) 440
Phase current (A) 93
Nominal speed (rpm) 1478
Nominal torque (Nm) 355
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C. TECHNICAL DETAILS OF ORIGINAL IM

Figure C.1: Cross section of modelled original IM
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