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Asymmetric Flux Barrier and Skew Design
Optimization of Reluctance Synchronous Machines
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Abstract—In this paper, an investigation into an alternative
topology for reluctance synchronous machine rotor flux barriers
is presented. The investigated topology employs a high number
of flux barrier variables with an alternative asymmetric rotor
structure. The focus in this paper is on maximizing average torque
and minimizing torque ripple, using finite element-based design
optimization, in order to study the possibility of achieving accept-
ably low torque ripple. A subsequent investigation into the effect
of rotor skew on the proposed optimized design to reduce torque
ripple even further is also conducted, as well as the manufacturing
and testing of the proposed flux barrier prototype.

Index Terms—AC motors, asymmetric flux barrier, asymmetric
pole structure, finite-element analysis, optimization algorithms,
rotor skew, synchronous reluctance machine.

1. INTRODUCTION

WITH the increasing emphasis on efficiency and cost
reduction, the interest in reluctance synchronous ma-
chines (RSMs) has grown during the past decade. This interest
is driven not only by the robustness, efficiency, and simplicity
of RSMs but also by the fact that the cost of rare-earth magnets
is increasing and their market stability is decreasing.

The main focus of most RSM design optimization, depend-
ing on application, is on maximizing average torque (7'4),
within the limits of an allowable volume, and minimizing
torque ripple (Tr). The latter is conventionally achieved by
rotor skewing and stator cording in order to reduce the air-
gap harmonics that produce a high Tr. In this paper, the
possibility of both maximizing 74 and minimizing T’z without
implementing rotor skew techniques to achieve acceptable T
values is investigated. A further investigation into the effect of
rotor skew on the proposed topology to reduce T’r values even
further is also presented.

A large part of the design of RSMs is focused on the rotor
creation and, more specifically, the type of flux barrier topology

Manuscript received October 29, 2014; revised February 11, 2015; accepted
April 2, 2015. Date of publication May 5, 2015; date of current version
September 16, 2015. Paper 2014-EMC-0667.R1, presented at the 2014 Inter-
national Conference on Electrical Machines, Berlin, Germany, September 2-5,
and approved for publication in the IEEE TRANSACTIONS ON INDUSTRY
APPLICATIONS by the Electric Machines Committee of the IEEE Industry
Applications Society. This work was supported by ABB Corporate Research,
Sweden.

The authors are with the Department of Electrical and Electronic Engi-
neering, Stellenbosch University, Stellenbosch 7602, South Africa (e-mail:
eduanhoward @telkomsa.net; kamper @sun.ac.za; sgerber @sun.ac.za).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TIA.2015.2429649

(a) (b) (©)

Fig. 1. Rotor flux barrier profiles of four-pole RSMs in the literature.

and its creation procedure. With the latter in mind, two creation
techniques are summarized by Vagati et al. [1], the first of
which implements the generalized lumped-parameter modeling
of the rotor magnetic circuit and the second is a numeric design
optimization of a rotor flux barrier structure.

The second procedure is implemented in this research. This
procedure is based on a predetermined basic barrier structure
with a fixed number of variable parameters, such as barrier tip
angle and barrier width. These parameters are numerically op-
timized by implementing a finite element (FE) method package
that calculates each iteration’s relevant machine performance
parameters, for example, torque and torque ripple. Examples of
this design procedure can be found in [2]-[5]. The advantage of
this approach is that the optimization inherently takes complex
phenomena, such as torque harmonics and cross saturation, into
account.

In RSM design, three basic rotor topologies have emerged with
combinations and small variations between specific research
projects. These three shapes are illustrated in Fig. 1.

The first of these topologies, shown in Fig. 1(a), is created by
implementing straight lines to create the flux barriers. Examples
of these are presented in [3] and [6]. The second topology, (b),
is created by implementing circles to generate the respective
flux barriers with examples provided in [2], [7], and [8]. The
third topology, (c), implements second-order polynomials, as
illustrated in [9].

In all of the above, the basic shape of the flux barriers is pre-
determined. The question may then arise as to what barrier shape
would emerge if an optimizer is given more freedom to shape the
barrier. In this paper, a combined topology that integrates both
topology types (a) and (c) in Fig. 1 is presented. This allows a
much wider variation in the shape of the flux barriers within the
rotor design parameters. The proposed topology can conform to
either topology (a) or (c), or a combination of the two.

An additional topological feature that has been investigated
in the literature is the barrier tip, with authors implementing a
variety of shapes. An ideal shape is yet to emerge. In this paper,
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Fig. 2. Four-pole asymmetric structure illustrating the different pole topologies
with (a) asymmetric rotor structures about the d-axis with symmetric g-axis,
(b) asymmetric rotor structures about the g-axis with symmetric d-axis, and
(c) asymmetric rotor structures about the q- and d-axes.

Fig. 3. (a) 24-slot RSM with specifications in Table I, ROp = 39.7 mm,
ROj; = 12.5 mm, a stack length of 122 mm, and an air-gap length of 0.3 mm.
(b) 36-slot RSM with specifications in Table I, ROp = 52.2 mm, RO; =
21.5 mm, a stack length of 133.5 mm, and an air-gap length of 0.35 mm.

the barrier tips are generated using cubic splines. This gives the
optimizer the ability to produce a variety of barrier tip shapes
during optimization.

To further increase the freedom of the optimizing algorithm,
an asymmetric pole structure (ASPS) is proposed. A common
approach to implement an ASPS is illustrated in Fig. 2(a),
where the rotor topology is asymmetric about the d-axes but
symmetric about the g-axes. Examples of this RSM design are
illustrated in studies [10]-[13]. An alternative asymmetric rotor
is illustrated in Fig. 2(b), where the topology is symmetric about
the d-axes and asymmetric about the g-axes. In this paper, an
ASPS, as illustrated in Fig. 2(c), is implemented, in which the
d-axes and g-axes are lines of asymmetry. This results in a rotor
with four identical poles and allows a quarter section of the
machine to be modeled, compared to the half sections required
in the case of Fig. 2(a) or (b).

The topology proposed in this paper may have a variation in
machine performance, depending on the direction of rotation and
mode of operation (motor or generator). For this paper, a unidi-
rectional machine application is assumed, with possible indus-
trial applications, including pumps, fans, and conveyor drives.

This paper consists of six sections. In Section II, the para-
meters of the suggested topology are described in detail. In
Section III, the optimization process and strategies that were
implemented, along with an illustration of the results that were
achieved, are discussed. The effect of rotor skew on the opti-
mized asymmetric rotor topology is investigated in Section IV.
For the purpose of validation, experimental results achieved
with a selected rotor are presented in Section V. Finally, the
findings of this paper are summarized in Section VI.
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Fig. 4. Flux barrier creation variables with subscript G, the global axis, and L,
the two local axes.

/%P5SP

Fig. 5. Flux barrier point width variables.

II. TOPOLOGY CREATION

For the suggested model, two existing stators were selected
to investigate the newly suggested rotor flux barrier topology.
The first is an existing 24-slot induction machine stator, and
the second is an existing 36-slot stator from an RSM machine
optimized for topology (b) in Fig. 1 by Kamper et al. [2]. The
selected stators, along with the rotor topologies, are illustrated
in Fig. 3. As can be seen in the figure, the central support web
commonly implemented [2], [7], [8], [14], [15] in the barrier
creation for rotor rigidity has been omitted. This omission is in
order to increase the saliency ratio and, hence, the performance
of the machine, as suggested in [9].

A. Barrier Construction

An illustration of the new proposed flux barrier topology is
shown in Figs. 4 and 5. The main parameters of the topology
are points P; to Ps with symmetric points P;s and Psg
created around the respective local y-axes, Y7,; and Yz5. These
points are then -order polynomial fittings to create the barrier
“midline.” The fittings consist of Pryr1 through points P, P,
and P;s and Pryre through points Psg, Py, and Ps. Finally,
a horizontal line, connecting the respective polynomial vertex
points P, and Py, concludes the barrier “midline” construction.
The width of the barrier is defined by Pysp, Pssp, and Pssp,
as shown in Fig. 5, with the fitting procedure for the midline
repeated for both the top and bottom barrier lines.

The curve fitting consists of a second-order polynomial

p(x):co+cl~x+02~x2 (1)

with the coefficient matrix of the coefficients p in the
Vandermond matrix format [16] with the solution square error
of the fitting minimized by

j=0
E=>"Ip(x;) —y;l*. 2)
k
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Fig. 6. Bezier cubic spline fitting of section A:A in Fig. 5.

(a) () © (d)

Fig. 7. Five examples of the possible flux barrier tip shapes, with a multitude
of in-between variations that could be achieved with the variables in Fig. 6.

©)

Coordinates of points P; and P;5 consist of a constant preset
radius Rrrx and an angle «, as indicated in Fig. 4. The coor-
dinates of the y-axis vertex point of the two fitted polynomials
consist of a vertical displacement R and a lateral displacement
angle (3 specifying the displacement to vertex points P, and Py,
respectively. Concluding the barrier construction, five variables
(namely, ar, 8L, R, Pssp, and Ppgp) are used to create one
barrier for the symmetric case, with the addition of three
variables (ar,, 81, and Pss)) for the asymmetric case.

B. Barrier Tip Construction

Due to the extreme sensitivity of Tr in RSMs as the low
percentage T values are approached, as presented in [12], the
end tip shapes of the barriers are additionally adjusted with the
addition of more variability for the optimization algorithm to
utilize. Fig. 6 is an illustration of one barrier tip with its location
in section A:A in Fig. 5. In this figure, the original barrier lines
are visible and annotated by the barrier top limit (Bry,), the
barrier lower limit(By ), and the barrier end limit(Bgy,).

In order to reduce the sharp force concentrating areas at the
tips of the barriers and to give the optimizer more variability
in the most sensitive Ty area, a Bezier cubic spline fitting is
utilized. This spline fitting consists of four points: a start point,
P, or Py, ; astopping point P;; and two points indicating the
departure angles from the start point to the end point, points
Sw1 and Sgo or points Sp; and Sr2. The locations of P;,, and
Py, onthe By, and By, lines are determined by the angle x.
Fig. 7 illustrates five examples of flux barrier tips that could
be achieved by the optimizer, with a multitude of variations
possible between Fig. 7(a) and (e).

With these added variables, each symmetric barrier now
consists of eight variables (namely, ag, Br, R, Pssp, Pisp, X
S1p, and Sop). Each variable consists of a matrix containing
each respective barrier’s correlating variable, as illustrated in

3753

TABLE 1
STATOR SPECIFICATIONS OF THE 24-SLOT AND 36-SLOT MACHINES
(Ng7—THE NUMBER OF SERIES TURNS PER PHASE)

Stator Rated Machine Specifications

\% I fe STy STo Nsrt J
Stator || [V] [A] [Hz] [m] [m] [A/mm?]
24-Slot || 400 3.5 50 008 0.3 132 +6.4
36-Slot|| 150 42 50 0.1051 0.2032 36 +6.4

(3) for the symmetric barrier case, with n being the number
of barriers implemented. Four barriers are chosen for the final
design in order to reduce T’r as much as possible, as illustrated
in [11], where an increase in barriers indicates a decrease in Tr

R Q(R)1 Q(R)n
Br B(r)1 B(Ryn
R 1 .o "
P3sp _ P(Ssp)l E P(3sp)n (3)
Plsp P(lsp)l B P(lsp)n .
X X1 - Xn
Sip Sapn S1Pyn
| S2p | [Sern S@pyn |

III. OPTIMIZATION
A. Motor Parameter Calculation

For the motor parameter FE simulation, the rated current den-
sity conditions for the respective stators are used as tabulated in
Table I. In an attempt to reduce the design optimization time, an
alternative FE simulation package is used, namely, SEMFEM,
that was developed in-house by Gerber [17]. The advantage of
this package is its greatly reduced FE simulation solving time
as compared to commercial FE simulation packages. This is as
a result of its script-based interface.

Each FE simulation is set up with the rotor rotating an
equivalent electrical angle of 60°. This equates to a two-slot
pitch angle for the 24-slot stator and a three-slot pitch angle
for the 36-slot stator. The number of time steps for each simu-
lation is set to 50. The machine performance parameter Ty is
calculated by

Tivaxy — Ty

Tr = T 4)

with Thyax and Thsrn being the maximum and minimum
torque values of the simulated machine, respectively, and T4
being the average simulation torque.

B. Optimization Procedure

For the optimization, the VisualDoc [18] software package
was used. The flow diagram of the optimization procedure is
illustrated in Fig. 8. The simulation time for the 24-slot ma-
chine, which includes the reading in of variables, reconstructing
the updated topology, setting up the FE package, solving, and
postprocessing, was approximately 30 s. The same procedure
for the 36-slot machine was concluded in 95 s.
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TABLE 11
OPTIMIZATION VARIABLES™

Fortran

Model Variables

S.EMFE.M 4——' Model Generationl
Simulation

& Simulation 2
Results )

END

Optimum Objective
Machine Variables

< YES

Fig. 8. Optimization flow diagram implementing a Python script to link the
optimization package VisualDoc with the FE package SEMFEM for design
optimization.
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Fig. 9. Optimization strategies implemented and variable flow diagram, with
the superscript “S” indicating the implementation of the symmetric—asymmetric
procedure and superscript “A” indicating that of the full-asymmetric optimiza-
tion procedure.

The optimization of the rotor topology consists of two sep-
arate strategies, as presented in Fig. 9, with the initial strategy
being a symmetric—asymmetric strategy (SAS) and the second
being a full-asymmetric strategy (FAS). The optimization ob-
jectives of both strategies are to maximize 74 and minimize
Tr. The initial global search for maximizing T4 is conducted
by a relatively large finite difference step size, followed by an
unconstrained minimization of T’z with a small finite difference
step size (FDCH).

The objective T4 is maximized by using a gradient-based
optimization algorithm, namely, the modified method of fea-
sible directions (MMFD) [19]; objective T is minimized by
utilizing the optimization algorithm sequential linear program-
ming [19]. These specific algorithms were selected based on
the consistency with which an optimum solution could be
determined for each respective optimization problem.

SAS Optimisati FAS Optimisati
| ptimisation ptimisation
Initial Variables Xo X1 Xo X5 X4 X5 |Xs X7 Xs
- a |vVr Vr Ve Vi v N v Vv
< Variable >
Adjustment B \/R \/R Vv Vv Vv V4
R
v v VARRRVAN IRV v
Pisp | v VARRRVAN IRV v
Optimum
Objective Pssp \/ v v \/ v \/
Reached? Pssp v vV |V VA
X | Ve VR v VvV Vv
S1P | Vg VR vV
SQP \/R \/R \/ \/
o | Vv v vV Vv
* Vg - Right Side, V1, - Left Side, v/ - Right & Left Sides

Referring to the right and left sides of the asymmetric pole structure.

1) Symmetric—Asymmetric Optimization Strategy: For the
initial study on the 24-slot and 36-slot motors, the flux barrier
topologies are first symmetrically optimized by maximizing
Ta(Xo), with the R subscript of variables X in Table II in-
dicating the right symmetric barrier side. This is done in order
to speed up the optimization procedure by reducing the number
of variables and also to provide a baseline for comparative
optimized asymmetric structures.

For the symmetric optimization, points Pssp, ar, and 51
are symmetrically generated around the global y-axis from
points Pisp, ag, and Br, with the barrier tips symmetrically
reproduced for each respective barrier. All variables, including
the rated current density conditions on the stator, are kept
constant, excluding the current angle 6, which is allowed to vary
between 45° and 90°. Furthermore, the inside and outside rotor
radii were fixed during optimization.

After the symmetric maximization, the second objective
function is symmetrically minimized, using solution variables
X5 as start variables. The minimization is performed in two
steps, first by constraining all the variables except those sum-
marized by X; in Table II, with objective function Tr(X1),
and second with all the variables allowed to vary symmetrically
with the objective function, Tr(X3). The latter is conducted
with the current angle 6 constrained by implementing the
variables X2 as start variables. The optimization result of S
in Fig. 9 is now implemented in three separate optimization
studies (Sy, S5, and Sg), using the 24-slot machine to deter-
mine the effects of the proposed asymmetric topology on the
symmetric machine performance results.

The design optimization study Sy consists of the minimiza-
tion of objective function Tr(X3), with variables X5 in Table II
and with only the current angle and asymmetric left side
allowed to vary. The second and third optimizations (S5 and S¢)
consist of minimizing optimization objective functions T (X}4)
and Tr(X5). The variables of X, equal those of X5, with the
addition of the current angle 6 that is also allowed to vary in Xs.

The performance results of the four optimization objectives
are illustrated in Fig. 10, in which the four different topologies
found are mapped against the current angle change for the
24-slot machine. The tabulated values for each of the four
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Fig. 10. Symmetric—asymmetric optimization objective torque ripple and av-
erage torque results versus current angle of the 24-slot machine, with [A]—
Tr(X3), [BI=Tr(X5), [C1—Tr(X4), and [D]—TRr(X2).

TABLE II1
SYMMETRIC-ASYMMETRIC OPTIMIZATION STRATEGY
RESULTS OF THE 24-SLOT MACHINES

Symmetric-Asymmetric Optimisation Strategy Results
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(a) (b) (©)

Fig. 11. Laminations of optimization objective results by objective functions.
(a) Tr(X5) 24-slot machine lamination. (b) T'r(X3g) 24-slot machine lamina-
tion. (¢) Tr(Xg) 36-slot machine lamination.

Fig. 12. Barrier tip illustration of optimization objective Tr(X3g) of the 36-
slot stator lamination in Fig. 11(c). This illustrates the ASPS and flattened
barrier tips.

; Stator 7] Ta Tr TABLE IV
Step”™ . Slots  Objective Function [°1 | [Nm] [pu] [9%] [pu] FULL-ASYMMETRIC OPTIMIZATION STRATEGY VERSUS
— FULL-SYMMETRIC OPTIMIZATION STRATEGY RESULTS
Sy | 24 Tr(Xz) - Max Ty) || 57 | 11.88  1.00 | 11.35 1.00 OF THE 24-SLOT AND 36-SLOT MACHINES
| 24  Tgr(X2)-MinTgr) || 57 | 11.88 1.00 | 1135 1.00 .
g | 24 Ta(Xs)-MwxTa) | 57| 1184 100 | 785 069 , Stator 6 Ta Tr
7l 24 Tr(Xs)-MinTr) || 52 | 1162 097 | 719 033 Sim” _ Slots Objective Function [°] | INm]_[pu] | [%] [pu]
S ; 24 Tr(Xa) - Max T'a) 57 | 11.86 1.00 | 840 0.74 Full Symmetric Optimisation Strategy Results
5 . T
| 24 Tr(X4) - Min Tr) 51 [ 11.54 098 | 691 0.61 G 24 Tr(X2) - Max Ta) 57 | 11.88 1.00 | 11.35 1.00
3 I 24 Tr(Xs5) - Max Ta) 57 | 11.85 1.00 | 8.10 0.71 8 | 24 Tr(X2) - Min Tr) 57 | 11.88 1.00 | 11.35 1.00
6 .
f 24 Tr(Xs)-MinTgr) || 48 | 1121 094 | 615 0.54 5 I 36 Tr(Xz2)-MaxTa) || 66 | 7523 1.00| 849 1.00
3 .
* - Simulation Step in Fig. 9 ; 6 - Current Angle ; T4 - Average Torque ; Tr , 36 Tr(X2) - Min Tr) 66 | 7523 100 ] 849 1.00
- Torque Ripple Full Asymmetric Optimisation Strategy Results
o . . A | 24 Tr(Xe) - Max Ta) |[ 522 [ 1193 100 | 51.54 454
obje.ctlves can be fognfi in Table III. Here, the sy@metnc Y24 Tr(Xe)- MinTr) || 522 | 1193 1.00 | 5154 4.54
maximum T4 and minimum 7T’r .current angle positions .of L2 Tr(Xs) (MaxTa) 525 | 118 100|572 050
objective S, for the 24-slot machine, are taken as the unity 14 TR(Xs)-MinTgr) || 525 | 1183 1.00 | 572 0.50
values for the per-unit value calculations. | 36 Tr(Xe) - Max Ta) || 64 | 7853 104 | 5279 622
From this table, the lowest achievable Ty is from Sg, with R Tr(Xe) - Min Tr) || 64 | 7853 1.04 | 5279 622
a 6% reduction in maximum 74 and a 46% reduction in T 136 Tr(Xs) - Max Ta) || 64 | 7706 1.02 ] 390 046
from the symmetric optimization. From this initial optimization 3 ' 36 Tr(Xs)-MinTr) | 64 | 7706 102 | 3.90 046

study, the observation is made that a reduction in T's is possible
with the proposed flux barrier topology without affecting the
T4 current angle mapping when implementing the proposed
asymmetric flux barrier optimization. A further observation
is that the maximum 74 point and minimum 7T point are
not at the same current angle when implementing the specific
asymmetric optimization strategy.

2) Full-Asymmetric Optimization Strategy: In an attempt to
combine the reduction of T from Tr(X5) with the coherent
current angle point for high T4 and low Tx from Tgr(X>),
a full-asymmetric optimization strategy is implemented. The
strategy includes a T'4(X¢) objective function with variables
X, as in Table II, and with the model asymmetrically maxi-
mized from the start utilizing the MMFD algorithm.

In the initial optimization study, it is noted that the optimizer
maximized variables S p and Sy p to their maximum allowable
area, as illustrated in Fig. 12. In the second optimization study,
these variables were therefore omitted from the optimization
variables, with an initial maximum value. This then clearly
illustrates the desired flux barrier tip that the optimizer contin-
uously tended to, with a single illustration in Fig. 7(a).

* - Simulation Step in Fig. 9 ; 6 - Current Angle ; T'a - Average Torque ; Tr
- Torque Ripple

Once again, the two-step Tr minimization discussed in the
initial optimization strategy is repeated, with variables X7 in
Table II allowed to vary asymmetrically for Tr(X7) mini-
mization, implementing variables Xé41 as start variables. This
optimization is followed by Tr(X3g) objective minimization,
implementing the result variables X ;4 2 from Tr(X7) as initial
values. This optimization is conducted with 6 constrained at
the objective function T'4(Xg) convergence point in order to
force the optimizer to seek a mutual coherent maximum 7’4 and
minimum 7T'r current angle point, as found with the symmetric
optimization model Tr(X2).

The results of this strategy applied to both the 24-slot and
36-slot machines are tabulated in Table IV and illustrated in
Fig. 14. In the table, the initial full-symmetric optimization
Tr(X2) results of both stators are taken as unity for the per-
unit calculations. Also shown in the table are the initial T4 (X§)
maximization results, illustrating a slight drop in T’y during the
two-step minimization of Tg.
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Fig. 13. Optimization result lamination of the (solid lines) full-symmetric and
(dashed lines) full-asymmetric optimizations of the 36-slot stator illustrating
the symmetric versus asymmetric pole structure.

—a [A]: Ty
— [B]:Ty

m--m [A]:Tg
a4 [B]:Tg

— O Ta (€] Tr
o—e [D]: Ty oo [D]:Tx
1.1 4.5

rque Ripple
Torque [ P.u

@)

50 55 60 65 70 75
Current Angle [ ° ]

40 45 50 55 60 65
Current Angle [ ° ]

Fig. 14. Full-asymmetric optimization objective torque ripple and average
torque results versus current angle comparison for the 24-slot and 36-slot
machines with [A]—T'r (X2 24-slot machine, [B]—T'r (Xg) 24-slot machine,
[C1—TRr(Xg) 36-slot machine, and [D]—Tr (X2) 36-slot machine.

From Fig. 14 and Table IV, itis evident that achieving a coher-
ent maximum 7’4 and a minimum 7'r point is possible with re-
spect to the current angle. Furthermore, minimum torque ripple
values of 3.9% and 5.7% are achieved for the 36-slot and 24-slot
machines, respectively. Furthermore, a 2% increase in T4 is
achieved for the 36-slot machine, compared to the full-symmet-
ric and full-asymmetric optimization results of steps S and As.

When comparing the first maximization of Ty, step A1, to
the final Tz minimization step As, the results of the 24-slot
stator illustrate a 0.01% reduction in average torque, with a
88.9% reduction in T’z from 51.54% to 5.72%. Likewise, for
the 36-slot stator, there was a 2% reduction in T'4, with a 92.6%
reduction in T'g from 52.79% to 3.90%.

The optimized rotor flux barrier topology laminations of
objective Tr(X5) and objective function Tr(Xg) applied to
the two 24-slot and 36-slot machines are illustrated in Fig. 11.
A comparison between the full-symmetric Tr(X2) optimized
lamination and full-asymmetric Tr(Xs)’s optimized lamina-
tion for the 36-slot stator is also shown in Fig. 13 to indicate
the flux barrier variation.

IV. EFFECT OF ROTOR SKEW ON PROPOSED TOPOLOGY

In this section, the effect of rotor skew on the five optimum
topologies optimized is investigated. These topologies are as
follows: Tr(X5) for the 24-slot and 36-slot machines and
Tr(X5) of the 24-slot machine together with both the T (X5)
objectives from the 24-slot and 36-slot machines. The process
of investigation included a T contour mapping versus current
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Fig. 15. Torque ripple versus skew and current angle mapping of the full-
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with one-slot pitch at 15.0°.
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Fig. 16. Torque ripple versus skew and current angle mapping of the
symmetric—asymmetric optimization objective function Tr(X5) of the 24-slot
machine with one-slot pitch at 15.0°.
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Fig. 17. Torque ripple versus skew and current angle mapping of the full-
symmetric optimization objective function Tr(X2) of the 36-slot machine
with one-slot pitch at 10.0°.

and skew angle. The average torque and torque ripple for each
step of the mapping are calculated by dividing the machine into
five respective machines, as described in [7].

The results of the Tr contour mapping for the initial SAS
for the two implemented stator machines are presented in
Figs. 15-17. The FAS T contour mapping results for the two
machines in the second optimization strategy are illustrated in
Figs. 19 and 20. In these figures, the traditional one-slot pitch
skew for minimum torque ripple is clearly evident at the 15°
area for the 24-slot machine and at the 10° area in the 36-slot
machine. In addition, in the 24-slot machine mappings, a sec-
ond low Tr area in the 7°-11° skew range is identified in all
three 24-slot machine mapping figures, with an additional low
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Fig. 18.
average torque and torque ripple versus current angle for the selected skew
angles 0.0°, 9.2°, and 15.0° for the 24-slot machine.

Symmetric—asymmetric optimization objective function Tr(X5)
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TABLE V
SKEW ANGLE RESULTS OF THE TWO APPLIED
OPTIMIZATION STRATEGY TOPOLOGIES

Skew Angle Mapping
Stator 6 Ta Tr

Skew Angle [ °]

54 56
Current Angle [ ]

Fig. 19. Torque ripple versus skew and current angle mapping of the full-
asymmetric optimization objective function Tr(X3g) of the 24-slot machine
with #tone-slot pitch at 15.0°.
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Fig. 20. Torque ripple versus skew and current angle mapping of the full-
asymmetric optimization objective function Tr(X3g) of the 36-slot machine
with one-slot pitch at 10.0°.

torque ripple area in the 4°-10° skew range for the 36-slot
machine mappings.

For the investigation of the 36-slot mapping, two additional
angles, namely, 3.0° or 4.0° and 8.0°, are selected along with
the one-slot pitch angle and unskewed machine. For the 24-slot
machine, one additional angle per topology is selected, which
includes a 10.6° skew angle for the mapping in Fig. 15, a 9.2°
skew angle for the mapping in Fig. 16, and a 7.6° skew angle
for Fig. 19. The results of this investigation are tabulated in
Tables V and VI, with the 0.0° skew results taken as the unity
value for the per-unit calculation values for each machine ana-
lyzed. Comparative current angle maps for the investigated ma-
chines from the symmetric—asymmetric optimization strategy
objective Tr(X5) and full-asymmetric optimization objective

S

=

2 Slots | Skew Angle [°] | INm] [pul | [%] [pul

Qfm Symmetric-Asymmetric Strategy

& Step S - Tr(X2)

e T T T T T T Th Figure 15 Result Analysis
24 | 0.0° - (Max Ta) 57 | 11.88  1.00 | 1135  1.00
24 | 0.0° - (Min TR) 57 | 1188 1.00 | 1135  1.00
24 10.6° - (Max Ta) 53 | 1.50 097 | 214 019
24 10.6° - (Min Tr) 53 | 1147 097 2.1 0.19
24 15.0° - (Max Ta) 50 | 1119 094 26 023
24 15.0° - (Min Tr) 45 110 093 | 228 020

Step Se - TR(Xs)
T T T T T T Figure 16 Result Analysis

24 | 0.0° - (Max Ta) 57 | 11.85  1.00 | 810 132
24 | 0.0° - (Min TR) 48 | 1121 095 | 615 1.00
24 | 9.2° - (Max Ta) 56 | 1159 098 | 290 047
24 | 9.2° - (Min Tg) 49 | 1118 094 | 201 033
24 15.0° - (Max Ta) 55 | 1120 095 | 212 035
24 15.0° - (Min Tr) 45 | 1050 089 | 172 028

Step S3 - Tr(X2)

Figure 17 Result Analysis

36 0.0° - (Max T'a) 66 75.23 1.00 8.97 1.00
36 0.0° - (Min Tr) 66 75.23 1.00 8.97 1.00
36 4.0° - Max Ta) 66 74.98 1.00 3.83 0.43
36 4.0° - (Min Tr) 66 74.66 1.00 2.87 0.32
36 8.0° - (Max Ta) 65 74.22 0.99 3.15 0.35
36 8.0° - (Min Tr) 53 74.19 0.99 2.87 0.32
36 10.0° - (Max Ta) 64 73.66 0.98 2.66 0.30
36 10.0° - (Min Tr) 63 73.58 0.98 2.53 0.28

0 - Current Angle ; T'a - Average Torque ; Tr - Torque Ripple

TABLE VI
SKEW ANGLE RESULTS OF THE TWO APPLIED
OPTIMIZATION STRATEGY TOPOLOGIES

Skew Angle Mapping
Stator ] Ta Tr
Slots Skew Angle [°1] [Nm] [pu] [ %1
| Full Asymmetric Strategy

Step Ag - TR(XB)

Figure 19 Result Analysis

[pul

24 0.0° - (Max T'a) 53 11.83 1.00 5.72 1.00
24 0.0° - Min Tr) 53 11.83 1.00 5.72 1.00
24 7.6° - (Max Ta) 56 11.66 0.99 3.28 0.57
24 7.6° - (Min TRr) 54 11.62 0.99 2.84 0.50
24 15.0° - (Max Ta) 49 11.18 0.95 2.58 0.45
24 15.0° - (Min Tr) 45 10.99 0.93 2.27 0.40
Step Az - TR(Xs)
Figure 20 Result Analysis
36 0.0° - (Max Ta) 64 77.06 1.00 3.90 1.00
36 0.0° - (Min Tr) 64 77.06 1.00 3.90 1.00
36 3.0° - Max Ta) 63 76.92 1.00 3.19 0.82
36 3.0° - (Min Tr) 63 76.92 1.00 3.19 0.82
36 8.0° - (Max T'a) 63 76.05 0.98 3.12 0.80
36 8.0° - (Min Tr) 56 74.23 0.96 2.68 0.69
36 10.0° - (Max Ta) 62 75.49 0.97 3.56 091
36 10.0° - (Min Tr) 49 69.24 0.90 1.83 0.47

6 - Current Angle ; T'a - Average Torque ; Tr - Torque Ripple
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Fig. 21. Full-asymmetric optimization objective function Tr(Xg) average
torque and torque ripple versus current angle for the selected skew angles 0.0°,
3.0°,8.0°, and 10.0° for the 36-slot machine.

Torque Ripple [ % ]
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Torque [ Nm |

Fig. 22. Average torque versus torque ripple of the selected T'r (X5 ) optimiza-
tion objective machine with constant current angles at 49°, 56°, and 63°.

Tr(Xs) for the 36-slot and 24-slot machines with selected skew
angles are indicated in Figs. 18 and 21.

From the results in Tables V and VI, it is evident that,
although the lowest possible T, is achieved with the traditional
one-slot pitch skew in most cases, this angle is not the optimum
if T4 is also taken into account. The variation of Tz and
T, with skew angle and current angle is clearly visible in
Figs. 18 and 21. This variation is more pronounced for the
24-slot machine due to its larger one-slot pitch skew angle.

Considering the two T'r mappings of the 24-slot machine for
the two different topologies found by Tr(X5) and Tr(X3s) in
Figs. 16 and 19, it is clear that the effective angle for rotor skew
heavily depends on the specific rotor topology. Furthermore, an
interesting trend is observed with the 24-slot machine, where
the three mappings have low T’r values in the 60°-70° slot
pitch angle areas. These angles provide improved machine
performance parameters compared to the conventional one-slot
pitch skew.

V. MACHINE MANUFACTURE AND TESTING

In order to verify the optimized topologies, objective func-
tion Tr(X5)’s optimized rotor is selected for manufacturing.
This includes the 9.2° skew angle, which is perceived to be the
optimum skew angle for the objective topology as in Table V.
The respective average torque versus torque ripple plot for three
constant current angles is illustrated in Fig. 22. In addition, the
torque versus electrical angle from rotor skew angles 0°, 9.2°,
and 15° is illustrated in Fig. 23 for the selected rotor.

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 51, NO. 5, SEPTEMBER/OCTOBER 2015
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Fig. 23. Torque waveforms for the selected 24-slot machine for manufacture

that include the 0°, 9.2°, and 15° skew angles.

Displacement Stress

Magnitude von Mises

mm N/(mm~2)
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91.529

|73.232
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18.342
0.045749

Fig. 24. Stress and deformation contour plot of the selected Tr(X5) lamina-
tion at 6000 r/min with only centrifugal forces applied.

0.0076753
0.0065976
0.0055198
l' 0.0044421

0.0033643
0.0022865
0.0012088

0.00013103

TABLE VII
STRESS AND DEFORMATION ANALYSIS AND COMPARISON BETWEEN
STRUCTURAL ANALYSIS DONE IN JMAG AND ALGOR MULTIPHYSICS
ON THE SELECTED ROTOR LAMINATION

Stress & Deformation Analysis

JMag Algor
Speed  Temp®  E-M*® || Mises ® Def* | Mises ®  Def *
[ pu] [C°] [MPa] [pem] [MPa] [pm]
4 20 NA 172 10.5 183 10.9
4 20 Vv 207 12.4 NA NA
4 150 NA 172 69.4 183 69.6
4 150 Vv 207 71.3 NA NA

Lamination M470-50A Yield Strength : 300 M Pa
& - Lamination Temperature ; # - Electromagnetic Forces
R - Von Mises Peak Stress ; * - Maximum Point Deformation

Due to the omission of the central support web in the lami-
nation, an extensive structural analysis was conducted to verify
the structural integrity of the lamination at rated conditions. An
illustration of the stress and deformation analysis contour plot is
provided in Fig. 24, with the tabulated results in Table VII. The
rotor lamination was simulated at four times the rated machine
speed (i.e., 6000 r/min), with lamination temperatures varying
between a minimum of 20 °C and a maximum of 150 °C.
Simulation results include the simulation of the lamination by
only including centrifugal forces and, second, by including
centrifugal and rated condition electromagnetic forces, with
the largest contributor to stress and deformation being the
centrifugal forces.

In order to verify the initial structural simulation done in
JMAG, the comparative structural analysis was repeated in
Algor Multiphysics, with a comparison made in Table VII that
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(@) (b)

Fig. 25. Tllustration of T'r(X5) lamination and rotor assembly. (a) Tr(X5)
lamination. (b) Tr(X5) rotor assembly.

Fig. 26. Back-to-back RSM IM test bench setup with flywheel for IM torque
harmonic filter.
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Fig. 27. Measured T4 results plotted against the FE simulation of the manu-
factured 9.2°, objective function T (X5) machine.

excludes the electromagnetic forces at rated conditions. This
is due to the inability of Algor to accurately include rated
condition electromagnetic forces. Taking the yield strength of
the lamination material into account, the peak stress and defor-
mation of the lamination is found to be well within acceptable
levels, thus proving rotor structural integrity at rated operating
conditions. The manufactured rotor lamination is illustrated in
Fig. 25(a), with the rotor assembly shown in Fig. 25(b). The test
bench setup is illustrated in Fig. 26.

The measured results of the manufactured rotor machine
are indicated in Figs. 27 and 28. The measured T4 values of
Fig. 27 closely correlate with the simulated values across the
current angle range, with a maximum deviation of 5%. The
latter deviation can be attributed to the difference in the stator
steel characteristics used in the FE package. Additionally, the
actual induction machine, a from-the-shelf induction machine
stator whose exact flux density and magnetic field strength
characteristics curve characteristics were not known to the
authors, was used in the experiments.
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Fig. 28. Torque ripple harmonic plot of the measured torque, with rated
conditions at 20 r/min. “Noise” harmonics from the test bench at no load
conditions are also illustrated.

The torque ripple harmonic comparison in Fig. 28 also
illustrates, in general, a good comparison between measured
and simulated results. The only exception is the large differ-
ence in the measured and the simulated 24th harmonic torque
component. This is difficult to explain, as it could be due
to inaccuracies in the rotor manufacturing, differences in the
dimensions of the FE package stator, and the actual-induction-
machine stator and/or inaccuracy in the exact skew angle of
the rotor. The latter statement is motivated by the extreme
sensitivity of torque ripple in the selected 9.2° skew angle range
as illustrated in Fig. 16.

VI. CONCLUSION

In this paper, an alternative asymmetric flux barrier creation
technique is proposed in combination with design optimization
to maximize average torque and minimize torque ripple. It
is shown that, by implementing a relatively high number of
variables of between 29 and 37, torque ripple values of 5.7%
and 3.9% are achievable for the 24-slot and 36-slot machine
stators, respectively, without implementing rotor skew. More-
over, it is shown that there is no drop in 74 when comparing
the full-symmetric with the full-asymmetric optimizations, with
an average torque ripple reduction of 50% for the 24-slot and
36-slot machines, respectively. This large reduction in torque
ripple with the proposed asymmetric topology is confirmed by
a similar study conducted in [20]. Additionally, the optimum
flux barrier tip found for the optimized topology was flattened
and not rounded (see Fig. 12).

It is further shown that a torque ripple of below 3.0% is
achievable by implementing rotor skew for both 24-slot and
36-slot machines. This is achieved with rotor skew angles of
between 60% and 70% of a slot pitch angle for the 24-slot
machine and between 30% and 80% for a 36-slot machine. The
rotor skew analysis illustrates that the optimum rotor skew an-
gle heavily depends not only on the specific stator configuration
but also on the rotor topology.

Rotor integrity was proven to be well within the limit at rated
operating conditions. The average torque comparison between
simulated and measured results correlates closely with the
torque ripple harmonic comparison between the measured and
simulated values also correlating well with a slight increase in
measured harmonics.
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