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Abstract: In this paper, a multiobjective design optimization method combining design-of-experiments
techniques and differential-evolution algorithms is presented. The method was implemented and
utilized in order to provide practical engineering insights for the optimal design of interior and spoke-
type permanent-magnet machines. Two combinations with 12 slots and 8 poles and 12 slots and 10
poles, respectively, have been studied in conjunction with rare-earth neodymium-iron-boron (NdFeB)
and ferrites. As part of the optimization process, a computationally efficient finite-element
electromagnetic analysis was employed for estimating the performance of thousands of candidate
designs. Three optimization objectives were concurrently considered for minimum total material cost,
power losses, and torque ripple, respectively. Independent variables were considered for both the stator
and rotor geometries. A discussion based on a systematic comparison is included, showing, among other
things and despite common misconception, that comparable cost versus loss Paretos can be achieved
with any of the rotor topologies studied.
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SECTION 1.

Introduction

SPOKE-TYPE permanent-magnet (PM) rotors have an inherent flux concentration
capability due of the presence of sets of two adjacent radially arranged PMs around a
nonmagnetic shaft/hub (see Fig. 1). This can lead to higher flux densities in the air gap as
compared to the flux density of each of the PMs.! This design feature allows, in principle,
the replacement of rare-earth magnet materials, e.g., neodymium-iron-boron (NdFeB), by
less expensive and widely available ferrites while maintaining competitive performance for
the electric machines.
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Fig. 1. Cross section of a 12-slot 8-pole spoke ferrite machine.

Different varieties of spoke-type PM machines were studied, for example, in.23 A
fractional-slot 9-slot 6-pole spoke-type PM machine was designed as a brushless-dc motor
and compared with a prototype interior PM (IPM) machine in.2 A 12-slot 10-pole (12510P)
spoke-type ferrite magnet machine with a novel rotor configuration was proposed,
prototyped, and tested for a low-speed electric vehicle traction.3 In this particular paper, a
spoke ferrite design in a 12-slot 8-pole (12S8P) configuration was studied and compared to
12S10P spoke ferrite/NdFeB magnet machines.

Design of experiments (DOE) techniques and differential evolution (DE) algorithms
represent the latest trends for the optimal design methods for electric machines, e.g.#-
567891011 Previous studies have reported that DOE methods are more effective when the
numbers of design variables and candidate designs are relatively small>¢ and that DE
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algorithms are recommended for large scale numbers of variables and candidate
designs.”-10.11 [n this paper, a combined DOE and DE optimization method was developed
for the comparative study of six types of PM machines, namely,

e (Case 1: 12S8P spoke with ferrites (see Fig. 1);

e Case 2: 12S10P spoke with ferrites [see Fig. 2(a)];

o Case 3: 12S10P spoke with NdFeB magnets [see Fig. 2(a)];

e (Case 4: 12S10P V-type IPM (V-SV spoke parametric model) with NdFeB magnets
[see Fig. 2(b)];

e (Case 5: 12S10P V-flat bar-type IPM with NdFeB magnets [see Fig. 3(a)];

e (Case 6: 12S10P V-type IPM (V-FV flat-V parametric model) with NdFeB magnets
[see Fig. 3(b)].

! 4 ! 4
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Fig. 2. Morphing cross sections of the SV shape PM layout parametric model. (a) Spoke type. (b) V
type.
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Fig. 3. Morphing cross sections of the flat-V shape PM layout parametric model. (a) Flat bar type. (b)
V type.

Parametric models for these generalized topologies, which allow geometrical
morphing in between a spoke and a flat-bar IPM configuration, are introduced in the next
section. The general mathematical formulation of the optimization problem and the general
procedure, which combines DOE and DE, are presented in Section III. Sections IV and V are
devoted to DOE sensitivity studies and DE implementation aspects, respectively. The
collection of significant optimization results and their discussions are provided in the last
section before the Conclusion.
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SECTION IL

Parametric PM Machine Models

In order to avoid geometric conflicts during the whole design optimization procedure,
robust parametric FEA models needed to be prepared at the first stage. In this paper, all the
PM machines have the same output of 10 hp at 1800 r/min with a fixed stator outer

diameter (233 mm), as well as a fixed current density of 4 A/ mm? in the stator windings.

Yy 1imm

Fig. 4. Parametric model for the 12S8P spoke-type PM machine.
A. Spoke-Type PM Machine

The machine geometry and the definition of design variables of the parametric
model for a 12S8P spoke ferrite magnet machine are shown in Fig. 4. Eight design variables
were selected to be used in the design optimization work. In order to guarantee the
robustness of this parametric model, five design variables were defined and expressed as
ratios kg;, k¢, kre, Kapm, and k,,py, respectively. These eight design variables are

described as follows.
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k;: the stator split ratio between the stator inner radius R; and stator outer radius
Rso, ksi = Rsi/Rso.

hg: air-gap height.

k., :: the stator tooth width ratio, k,,; = @,,+/@s, where ais the slot pitch, ag =

360° /N, where N; is the number of stator slots. Here, &, ; is the tooth angle,
which is shown in Fig. 4.

dy: the depth of the stator back iron (yoke).

d},,: the depth of bridges on top of the magnets.

kyc: an auxiliary ratio of the magnet width wy,,. It is defined as k.. = (Rr, —
Rpm)/(Ryro — Rgp), where R,., Rpm, and Rgpare the rotor outer radius, magnet
bottom radius, and shaft radius, respectively; see Fig. 4.

K apm: the magnet angle ratio, Kgpm = Qpm/Apm max» Where @pm may is the
maximum angle for the PM limited by the minimum bottom distance between two
adjacent magnets, @pm mqx = Ap — 2arcsin(1/2/Ry,y,) , where a, is the pole
pitch, @, = 360°/P. Here, P is the number of poles (see Fig. 4).

kpy: the magnet bridge width ratio, ky,p = Wpy/hpm, where hy =

2Ry sin(apm/2) (see Fig. 4).

In Table I, the eight design variables' ranges are defined based on mechanical limitations

and engineering experience.

TABLE I Design and Uncoded Variables for the Parametric Model From Fig. 4 as Used for the DOE

Method

Uncoded Design Units Min.  Max.
variables  variables

I
2
3
4
L5
L6
xr7
g

ksi [pu] 0.5 0.7
hg [mm)] 0.7 1.2
Kt [pu] 0.35 0.55
dy [mm)] 12.7 20
dpy [mm] 0.5 2.5
Kre [pu] 0.6 0.95

Eapm [pu] 0.3 1.0
Kwbr [pu] 0.3 0.95
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TABLE Il Design Variables for the Spoke and V-SV IPM Machines From Fig. 2. For the Spoke Type,
the Variables W and ,3 Are Equal to Zero, and dfb Was Kept at Its Minimum Value

Variables  Definition Min Max
ks; Dgi/Dso 0.55 0.7
hg airgap height 0.6mm 1.2mm
wr tooth width 14.0mm  30mm
dy yoke thickness 12.0mm  20mm
afp flux barrier angle 2.5° 5.5¢
dp PM top flux barrier depth  0.5mm Smm
3 PM tilt angle 0° 30¢°
.k:u_,rpm 'U}pgrn X'u]pm_-]rn_ax DS 095
Wgq g-axis bridge width 0.5mm 4mm
- ’,
f f ’ff dy
!.-'
’r KWt
N
'..". .-.\\.I:. \t ‘Ir,(;
Gf{}__“;:"-:-(._ \™-
o 2 ;{EE/A ';;f];"?m """" i
A 3l

Fig. 6. Geometric variables for the FV-PM morphing model.
C. Flat-V PM Parametric Model

For the flat-V PM parametric model illustrated in Fig. 6 and a PM tilt angle 5 of 72°, the
rotor geometry corresponds to a flat bar-type PM arrangement as shown in Fig. 3(a), for
which seven design variables were selected for this study, namely, X =

[ksis hg, Wr, dy, agp, dep, Wg]. For B < 72°, the geometry morphs to a generic V-type PM
layout as shown in Fig. 3(b), which is referred to as V-FV PM. In this case, eight design
variables were selected, namely, X = [kg;, hg, wr, dy, Afp, dfb, Wg, f]- The corresponding

ranges for all the variables are given in Table III.
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TABLE III Design Variables for the Flat-Bar and the V-FV IPM-Type Machines From Fig. 3

Variables  Definition Min Max
ksi Dygi/Dso 0.55 0.7
hg airgap height 0.6mm 1.2mm
W tooth width 14.0mm  30.0mm
dy yoke thickness 12.0mm  20.0mm
Qfh flux barrier angle 29 59
dyp PM flux barrier depth  0.5mm 10mm
Wy g-axis bridge width 0.0mm 4.0mm
o} PM tilt angle 59 70°

Start design optimization
*  Specify design variables, constraints and objectives
+ Define initial ranges of design variables

v

Implement the parametric geometry model

v

Number of design
variables >3

Yes ¢
Implement DOE and RSM:
+  Perform sensitivity studies on each objective
+  Select significant design variables
+  Redefine ranges for design variables

No

Implement DE for global design optimization <€—

v

Select optimum designs through the Pareto-set for
mulli-ohich ves:

. . - I
18 i M

2

Costlpu]
Torque ipgie [%]

Stop design optimization

Fig. 7. Combined design optimization procedure. The performance estimation is based on CE-FEA.

SECTION III.

Optimization Formulation and General Procedure

In the flowchart in Fig. 7, the new combined design optimization method is
described. In this flowchart, the DOE method is used to perform the sensitivity study of
design variables on three design objectives which include the total losses, material cost,
and torque ripple. From this study, the design variables with significant effects on these
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design objectives were selected, and the ranges of these variables were defined, which
contributed to the “well-conditioned” convergence of the DE algorithm. In this design
optimization method, the computationally efficient finite-element analysis (CE-FEA)
approach!2-1314 was utilized to calculate the performance parameters and characteristics of
all obtained design candidate machines. This analysis method utilizes only a reduced set of
magnetostatic field solutions to satisfactorily compute the performance of PM machines
regulated by sine-wave current supplies.12-13,14

TABLE IV Regression Coefficients for Expression (4) for the 12S8P Ferrite Magnet Machines

Design Regression coeflicients for each design objective
ohjectives |
n el ] 13 34 5 = I7 8 i1 Fza Oza Ta4 I56 Tiiiz
SE -1 -3iw -B5E 065 247 Tid -l e =350 350 45 [INE} (1.3 -0 (75
. [ Frr Fam 12 T1a T1a & Fia i Flm ey [5T] 2 dap dar faR
: 357 L {141 2,35 2.02 1.2 .15 6,54 (68 2 1.55 1l 13 (1,52 .05
154 s 51 Tqy TR T4 s L T s oy Ry iy in e
12 0,07 -0 1.51 002 0,04 00T 1.37 s (L3606 ALTE -{LA0 0,32 1% (k36
| iy 3 i3 Ty s e i¥a 11 e ] Han a4 Ins i
4z .38 236 |60 -2 -1.30 -0.55 |48 - 042 [INE RIRIS kan
- ey Das l12 T1a et hy Ms oz 2 fe ] l2g Tay 128
o [L.56 {1L{ {42 (LA1 (.24 .20 LLCKy .25 L5 [IRLi3 {07 L0 30} .15
Tad Har, Taa Tar Fia lag 7 H5a By ng lar tan 78
045 WENx {132 RN | {hd fL20 {1437 [1.0Hx (LI (bl L L3l L1 (ki3
1 7 13 5 34 7 oG Ty iR 211 #r2 53 PP =[] i
W6 -1.20 -T2 560 -1.23 156 w12 -2.12 1.7 -6 0,2 041 005 (41 -0z
" | A Tam 12 12 T14 s e Ty s e Pz Han Jan dar Tym
& 022 030 037 063 041 -0 076 .88 ol 036 007 D08 003 063 0.8
134 Fas lag fay T38 a5 s la7 Fam i 7] i Org In7 inm I8
LN ] (2% L1t (L78 -LLEE LLEH ] -1 .36 2 R 03T [INE} L0 (k36 -0 1%

The design of a PM machine is subject to conflicting requirements and constraints. A formal
mathematical approach for this problem is provided by a multiobjective optimization
process. In the following study, three design objectives have been considered.

1. Minimize the losses, including the copper loss, stator core loss, PM loss, and
mechanical loss, i.e.,

V1= min(PCu + Ppe + Ppy + Pme)-
(1)

2. Minimize the material cost, with a cost function weighted as follows:

Vo = min(5mpy + 8mc, + 1mge)forferrite
ory, = min(65mpy + 8mc, + 1mg.)forNdFeB

(2)
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where Mpy, My, and Mg, are masses in kilograms of the ferrite/NdFeB magnet, copper, and
steel laminations, respectively.

3. Minimize the torque ripple, with a minimum ripple definition as follows:

max(T,) — min(T,)
average(T,) )

(3)

V3 = min(

Meanwhile, two design constraints are defined by the following expressions:

1. total harmonic distortion in the induced voltage waveform < 10% for the 12S8P
combination or < 3% for the 12S10P combination;

2. minimum flux density in the PM > 0.3B,,, where the retentivity B, = 0.43T for
ferrite magnet or B, = 1.05T for NdFeB magnet.

In the design optimization procedure, the operation temperature for all the
candidate designs is assumed to be 100°C . Meanwhile, all the candidate designs have the
same slot fill factor and current density, which lead to different ampere-turns for different
candidate designs because of their different net slot areas. For each candidate design, the
stack length is scaled to obtain a shaft torque of 42 N - m]], which is corresponding to a
10.6-hp output power rating. The performance of each candidate design is estimated at the
maximum-electromagnetic-torque-per-ampere load condition using the method presented
in.1> In the copper loss calculation, only the dc ohmic losses generated in the active
windings and end windings were included. Ferrite magnets are usually nonconductive
magnetic material, which means that the eddy-current losses in the PMs are small enough
to be neglected.

SECTION IV.

Design Variables' Sensitivity Study

For better understanding of the sensitivity study procedure in the design
optimization algorithms, the 12S8P spoke ferrite magnet machine was selected as the
example to be discussed in this section.
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A. 12S8P Spoke Ferrite Magnet Machine

In order to observe the effects caused by the variation of the eight design variables
listed in Table I on the design objectives of the total losses, material cost, and torque ripple,
the central composite design (CCD) method, as one of the most popular DOE approaches,1¢
was implemented to generate a total of 90 designs. The response surface methodology1¢
was utilized to fit these designs into a second-order polynomial function, which is
formulated as follows:

8 8 8 8
Yy =Po+ Zﬁici + zﬁiiciz + z Bijcic; -
i=1 i=1

i=1 j=i+1
(4)

Here, ) stands for any one of the three design objectives, and 3y, 3;, Bi;, and ﬁij are the

regression coefficients for the coded design variables C; and C;. These coded design variables can
be defined as follows:

Xi — (Xi min + X; 2
Cl' — l ( L_min L_max)/ ,i — 1,2, "',8.

(X imax — X i_min)

2

=

Loss regression cosflicients [pu]

)

|
&

Cost regression coefficients [pu]
|
Ripple regression coefficients [pu]
L

)
)

12 3 4 5 6 7 8 12 3 4 5 6 7 8

(a) (b) (c)

12 345678

Fig. 8. Sensitivity study for the 12S8P spoke ferrite magnet machine.
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TABLE V Design Variables' Regression Coefficients, 5; /5, in per Unit, for Cases 2-6. For Cases 2

and 3, No Variables Were Eliminated From DE Optimization. For Cases 4-6, Both dfb and Wq
Were Eliminated From DE Optimization

Case | Objective Design vanables” regression coeflicients, J; /s, in per umil
| kgi fig T dy T -
loss 00512 000126 L0374 -DL00%G 002598 (.0395
2 cosi 003932 00612 1231 00745 00047 L0750
ripple (.0543 002200 00752 000045 01074 -0.0621
loss (L05 00077 (0540 0304 00062 0176
3 Cosl 1443 (L2326 o4 0.0%A] 00725 (L5327
ripple I EE -0.0828 (L0330 (.0613 0.0724 (L0280
Kat fig Wy iy Ok dip i) Kwpm g
liass 00048 00044 00208 (0.0024 00095 -0 RTTVETT (L0014 (L0023
4 cosl 00721 (.0295 0w 0.0597 00473 (L.00ED 00018 00205 00003
ripple 0dEs  0asd 00012 0.0082 00089 00004 00072 00007 00013
kg fg e dy %y dgp iy
loss DOFES 00209 00510 -000ds o0 (L0 AE 17s
5 cost (0.0758 00377 L1161 00727 00572 (L0253 00124
ripple 00343 00920 00012 00017 O0de9 00232 0.0220
ki hu. W dy i r."_lrr'_ i iitly
loss 00101 -00200  -DO02B0 00011 -00133 0 00D29 00001 D.00E]
f cost (L0802 00347 01062 DOTO0 (0583 00213 00120 (LN0E3
ripple EEAR 00026 L0179 00054 (359 [IECERIN] 00072 K33

For the three design objectives of losses, cost, and torque ripple, the regression coefficients
described in (4) are provided in Table IV. The results of the sensitivity studies on the design
objectives are provided in Fig. 8(a)-(c), respectively. In these figures, all the first-order regression
coefficients are expressed in per unit, which are defined as [5; /8y, where i = 1,2, -++,8. From
these sensitivity studies in Table IV and Fig. 8, one can observe that the design variables of the PM
bridge depth, dj,., and the ratio of the magnet angle, kapm, have consistent effects on the three
design objectives, which means that all of the three design objectives decreased with the decrease

of d,, and the increase of kapm. As a consequence, the ratio of the magnet angle, kapm, should be

set up at its maximum value of 1.0, and the PM bridge depth d,-should be kept as small as possible
(0.5 mm) in order to achieve the optimal design objectives.

Based on these observations, only six design variables are left for the DE design
optimization, which are kg;, hg, Ky, dy, ky¢, and k. Because these six design variables

have conflicting effects on the three design objectives, the ranges of these variables cannot
be reduced. Thus, the ranges of the six design variables given in Table I were kept from
being utilized in the DE design optimization procedure. Meanwhile, from Fig. 8(a)-(c), one
also can observe that the cost design objective conflicts with the other two design
objectives of losses and torque ripple. This means that, in line with expectations, the
optimized spoke ferrite magnet machine must have a tradeoff between the cost and losses.
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B. Other Five Case Studies

The same process was repeated for the other five case study PM machines. All of
them have the combination of 12 slots and 10 poles. Only the first-order regression
coefficients in per unit are given in Table V. When selecting design variables, the second-
order regression coefficients were also taken into account, which reflect the interaction
effects between design variables. From the sensitivity study, the number of design
variables in the DE algorithm for the other five case studies is 6, 6, 7, 5, and 6, respectively.
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Fig. 9. Flowchart for the DE optimization of PM machines. CE-FEA stands for computationally
efficient finite-element analysis.
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SECTION V.
DE Optimization

A DE optimization contains a number of g,,,, generations, and each generation has

N, individual designs. Meanwhile, in each design, there are a total number of D,, design
variables. In the DE algorithm, the value of N,, should be seven to ten times the value of

D,,.17 There are four main processes in the DE algorithm, which are initialization, mutation,
crossover, and selection.1” In the initialization procedure, a random process is utilized to
produce the first-generation design candidates. After evaluating the first generation, the
mutation, crossover, and selection processes were implemented to obtain the next
generation, which is explained in the flowchart in Fig. 9. In this figure, there are two control
variables, " and C,.. Here, F is the scale factor in the mutation process, F' € (0,1+). This
scale factor is a positive real value that controls the rate at which the population evolves,
and its effective values are seldom greater than “1”.17 Another control variable, C,., is the
crossover probability, C,- € [0,1], which is a user-defined value that controls the fraction
of variables' values that are copied from the mutant.1” In the selection step, the trial vectors
Ul-’g generated from the crossover process are compared to the target vectors in the

current generation, X; 4, including the design constraints and objectives. Lampinen's
selection criterion was adopted to perform this selection procedure to generate the next

population, X; ;. 1.17 These processes are repeated until the maximum generation number

Jmax 1s reached. More description for the selection criterion and how the constraints affect
the DE algorithm is provided in.1>

TABLE VI Simulation Time for the Design Optimization Studies. “D” Stands for the Number of
Candidate Designs

Topology DOE DE

D Time Jmazx Np D Time
Case 1 90 22 min 60 50 3,000 125h
Case 2 53 15 min 60 50 3,000 17.5h
Case 3 53 15 min 60 50 3,000 175 h
Case 4 156 55 min 60 50 3,000 175h
Case 5 88 31 min 60 40 2,400 14.0h
Case 6 90 32 min 60 50 3,000 17.5h
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Fig. 10. Scatterplot of three optimization objectives. The reference values for losses are 400 W.
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Fig. 11. Scatterplot comparison between 12S8P spoke ferrite and 12S10P spoke ferrite magnet
machines. The reference values for losses are 400 W.

SECTION VI

Design Optimization Results and Discussions

The DE's three parameters, gy qx, Np, and Dy, for the six case studies and the

corresponding simulation times are given in Table VI. These design optimization case
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studies were performed on an HP Z800 workstation with 12 cores (2 Xeon X5690
processors) and 32-GB RAM memory. The distributed solve function in the ANSYS Maxwell
software was utilized for the parallel processing of the candidate designs.18 The typical FEA
models employed have 5000-6000 second-order triangular elements.

8
Torque rippe [%]

Fig. 12. Scatterplots and Pareto sets for DE optimization. (a) 12S8P spoke ferrite. (b) 12S10P spoke
ferrite. (c) 12S10P spoke NdFeB. (d) 12S10P V-SV NdFeB. (e) 12S10P flat NdFeB. (f) 12S10P V-FV
NdFeB.
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Fig. 13. Scatterplot with color map for the percentage of the copper losses. (a) 12S8P spoke ferrite.
(b) 12S10P spoke ferrite. (c) 12510P spoke NdFeB. (d) 12S10P V-SV NdFeB. (e) 12S10P flat NdFeB.
(f) 12S10P V-FV NdFeB.
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For the 12S8P spoke ferrite magnet machines, the 3-D scatterplot for the three
objectives (loss, cost, and torque ripple) is shown in Fig. 10, in which each blue circle
stands for the performance of each design. The optimal designs are located inside the red
solid circle. The Pareto sets' comparison for cost and losses between different
combinations of stator slots and rotor poles (12S8P and 12S10P) was performed, which is
shown in Fig. 11. Both of these two types of PM machines used the ferrite magnet material.
The corresponding torque ripple variation for these two types of PM machines can be
observed from the color map in Fig. 12(a) and (b). It is significant that 12S8P spoke ferrite
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magnet machines can provide designs with lowest losses (highest efficiency). However, the
12S10P spoke ferrite magnet machines can provide designs with the lowest material cost
and relatively lower torque ripple. The design optimization results (Pareto sets with the
color map for torque ripple) for the other four types of PM machines are shown in

Fig. 12(c)-(f), respectively. The NdFeB magnet was adopted in the design optimization of
these four types of PM machines (Case 3 to Case 6). All the optimal designs for the six case
studies are located along the Pareto fronts (left-bottom corner) in all the figures of

Fig. 12(a)-(f).

In Fig. 13, the color maps represent the percentage of the copper loss for each
design, which is equal to the copper loss divided by the total losses of each design. For the
12S8P spoke ferrite magnet machines, the copper loss percentage varies from 35% to 40%
along the Pareto front (left-bottom corner) in Fig. 13(a). For the 12S10P spoke ferrite
magnet machines, the copper loss percentage is around 25% to 30% along the Pareto front
in Fig. 13(b). For these two types of ferrite magnet machines (12S8P and 12S10P), the
designs with neither high nor low copper loss are not optimal. For the other four types of
12S10P NdFeB magnet machines [see Fig. 13(c)-(f)], the copper loss percentage is around
30% along their Pareto fronts and is lower than 40% in the whole Pareto sets. From these
figures, one can observe that, for the 12S10P combination, the magnet material does not
change the loss distribution significantly. When changing the combination of stator slots
and rotor poles, the loss distribution in the machine changed. The optimal design for the
12S8P combination definitely has higher percentage of copper losses than that of the
12S10P combination.
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Fig. 14. Pareto-front comparison between the six case studies.
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Fig. 15. Effect of design objectives on the optimization results. (a) Three objectives. (b) Two
objectives.

The Pareto fronts' comparison for the six case studies is shown in Fig. 14. It is
significant that the ferrite magnet material can reduce the material cost of PM machines
while maintaining the competitive performance (efficiency) as the NdFeB magnet
machines. The combination of 12 slots and 8 poles can reduce the total losses of optimal
designs; however, its material cost will be increased when compared to the 12S10P
combination. Meanwhile, the 12S10P combination provides relatively lower torque ripple,
which contributes to another advantage of this combination.

In line with expectations, the torque ripple for the 12S8P combination is large and
can vary in the examples studied between 10% and 60%, providing a clear indication as to
why it is very important to consider its minimization as a design objective. The situation is
different for the 12S10P combination, in which case the torque ripple is substantially
lower, typically below 12%. In this case, only two objectives may be necessary for the
optimization, i.e., loss and cost with the torque ripple constrained below 5%. This is shown
in Fig. 15 using as an example the 12S10P spoke ferrite magnet motor. The Pareto fronts
for the DE with three objectives (loss, cost, and torque ripple) and two objectives (loss and
cost), respectively, are comparable, and therefore, the elimination of the third objective is
recommended for computational reasons. Accordingly, in all the case studies for the
12S10P combination, the torque ripple was not used as an objective but rather as a
constraint in the DE algorithms.

SECTION VII.

Conclusion

As a first step of the design optimization method described in this paper, DOE was
employed for a sensitivity study for the three objectives of material cost, power losses, and
torque ripple, leading to the selection of the most important parameters as independent
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variables for the global DE process. This approach resulted in a reduction of the design
space, which, in turn, led to fewer candidate designs to be considered per
generation/population. Further advantages in terms of reducing the computational effort
for the DE optimization were provided through narrower ranges for the variables, as per
the DOE findings.

A systematic comparative study of six PM machine topologies, i.e., 12S8P spoke
ferrite, 12S10P spoke ferrite, 12S10P spoke NdFeB, 12S10P V-SV NdFeB, 12S10P flat-type
NdFeB, and 12S10P V-FV NdFeB, was performed for an example rating of 10 hp and 1800
r/min. The results show that, within the limits considered in the study and despite common
misconception, similar Pareto fronts of cost versus loss can be achieved basically with any
NdFeB-based design of the spoke or IPM, V-shape or flat-bar, type. This is not to say that
particular configurations do not hold advantages in terms of other aspects, such as
manufacturability and protection against demagnetization.

The optimization study is also illustrative of the relative merits of the spoke ferrite
designs, showing that these can achieve comparable and even higher efficiency at
substantially lower cost of up to 40% than their NdFeB counterparts of the same rating.
However, another interesting and somewhat unexpected finding for the example IPM and
spoke-type study is that, when core losses are significant and are taken into account, a 12-
slot 8-pole combination can provide optimal designs with lower losses, albeit at higher
material cost and higher torque ripple than the 12-slot 10-pole combination.
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