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Individual and Global Optimization of Switched Flux Permanent Magnet

Motors

7.Q. Zhu *, X. Liu **

Abstract —With the aid of genetic algorithm (GA), global optimization with multiple
geometry parameters is feasible in the design of switched flux permanent magnet (SFPM)
machines. To investigate the advantages of global optimization over individual optimization,
which has been used extensively for the design of SFPM machines, a comparison between the
two approaches is carried out for the case of fixed copper loss and volume. In the case of
individual parameter optimization, the sequence in which the individual parameters are
optimized is very important. In the global optimization a better design can always be
achieved although the corresponding torque density is found to be only slightly better than
that of individually optimized with correct design sequence. By using the obtained global
optimization results, the performance in machines having two types of stator and rotor pole
combinations, i.e. 12/10 and 12/14, are compared, and it is shown that higher torque is
exhibited in the 12/14 SFPM machine. Finally, this paper also demonstrates that global
optimization, with the restriction of equal pole width, magnet thickness and slot opening, can
maximize the torque density without significantly sacrificing other performance, such as
cogging torque and overload capability.
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1. Introduction

Switched flux permanent magnet (SFPM) machines are
re-emerging as an attractive machine topology with simple
but robust rotor structure. Many attempts have been made
to use this kind of permanent magnet machine for various
applications, ranging from aerospace and automotive to
wind power generation. However, the detailed requirements
for each application are slightly different, and this leads to
the necessity of optimization.

According to the available literature, in order to
maximize the torque production at the same current density,
the ratio of back-iron thickness to stator pole width is
suggested to be 0.7~0.8, and the split ratio of inner diameter
to outer diameter is suggested to be 0.55~0.6 [1]. The
optimal ratio of rotor pole width to rotor pole pitch is
almost constant, i.e. 1/3, [2]. Harmonics resulting from
back-emf can also be minimized by changing the stator pole
arc [3]. Based on the investigation of different stator and
rotor pole number combinations, the 12/14 SFPM machine
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is considered to have better torque capability than the 12/10
SFPM machine [4], [5]. In the C-core SFPM machine, it
has been shown that, as the rotor pole number increases, the
optimized ratio of slot opening width to magnet thickness
increases [6]. However, the foregoing investigations were
mainly carried out with individual-parameter optimization
or with different restrictions.

In order to optimize the geometry of a SFPM machine,
the influence of the split ratio, stator pole width, magnet
thickness, stator back-iron thickness, rotor pole width, and
rotor back-iron thickness have been studied in [1] by finite
element analysis (FEA). Due to the fact that FEA consumes
a lot of time, a lumped circuit model [2] and analytical
expression for determining the winding configuration [3]
were developed to estimate the optimized design. With the
aid of such approaches, final optimized results can be
quickly obtained by FEA in a narrowed scope [7]. However,
in the aforementioned approaches, the coupling effect
between geometry parameters is seldom considered.

Therefore, a global optimization approach combining the
genetic algorithm (GA) with FEA, carried out with
Ansoft/Maxwell software, is used in this paper to find the
real global solution for 12/10 and 12/14 SFPM machines
with different objective functions. During the optimization,
the copper loss and volume are kept constant. To validate
the effectiveness of such an approach, the individual
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optimization solution followed by appropriate sequence is
compared to the global optimization solution. With the
obtained globally optimized results, the performance of 12/10
and 12/14 SFPM machines are compared in terms of torque
density, cogging torque, magnet consumption, flux-linkage,
and back-emf. The results show that global optimization, with
the restriction that pole width, magnet thickness and slot
opening all be the same, can maximize the torque density
without significantly sacrificing other performance, such as
cogging torque and overload capability.

2. Individual Optimization of SFPM machines

Fig.1 shows the cross-sections of 12/10 and 12/14 SFPM
machines, which are to be optimized in this paper. The
initial design parameters for these two SFPM machines,
which have been used in [1], [2], are listed in Table 1.

To implement individual optimization, the sequence in
which design parameters are optimized should follow the
level of the parameters’ sensitivity. In other words, the most
sensitive parameter should be optimized first. The
definitions of the design parameters are as follows: Ais
the split ratio, s, is the stator pole width ratio, r, is the rotor
pole width ratio, 7, is the rotor slot depth ratio, M; is the
magnet thickness ratio, Hy is the back-iron thickness ratio.
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where bys, 7o, bpr, T, pr, fyr, b, hys and hpg are illustrated in
Fig.2. The calculation of the copper loss, P,,, is shown in
(7), where k,, p, I, J, and S denote the packing factor,
resistivity, motor active length, current density, and slot
area, respectively, and by, is shown in Fig.2.
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With a packing factor of 0.5, i.e. k, = 0.5, a copper loss
of 129W (80°C) is assumed during the individual
optimization. Under such conditions, the parameters are
optimized according to the following sequence: (1) split
ratio; (2) rotor pole width ratio; (3) stator pole width ratio;

(4) magnet width ratio; (5) back-iron thickness; (6) rotor

slot depth ratio. Figs.3-6 show the calculated average
torque versus the various defined design parameters in both
12/10 and 12/14 SFPM machines. It should be mentioned
that little influence of rotor slot depth ratio on the average
torque is observed. Thus, the optimized rotor slot depth
ratio in both 12/10 and 12/14 is set to 0.41.

Another phenomenon that is seen during the individual
optimization is that the maximum average torque may not
increase during the optimization. This is because of the
coupling effect among the parameters. For an easy
comparison, Table 2 lists the initial design and optimized
results for both 12/10 and 12/14 SFPM machines.
Compared with the initial values, it is seen that wider stator
poles and a thinner stator back-iron are preferred in order to
produce higher torque for the given copper loss. After the
optimization, 15% higher torque can be seen in the 12/14
SFPM machine as compared to the 12/10 SFPM.

(a) (b)
Fig. 1. Cross section of SFPM machines (a) 12/10 SFPM;

and (b) 12/14 SFPM

Table 1. Main Parameters of Prototype SFPM Motors

Number of phases 3 3
Stator pole number, N 12 12
Rotor pole number, N, 10 14
Outer diameter of stator, D, 90mm 90mm
Inner diameter of stator, D, 55mm 55mm
Airgap, g 0.5mm 0.5mm
Active axial length, / 25mm 25mm
Rotor pole width top/bottom | 5.65/7.68mm | 3.88/4.60mm
Stator pole width 3.6mm 3.6mm
Magnet thickness 3.6mm 3.6mm
Back-iron thickness 3.6mm 3.6mm

Table 2. Comparison between Initial and Individual Optimized Values

12/10 SFPM 12/14 SFPM
. Initial Individual Initial | Individual
Variables - -
value optimized value | optimized
As 0.60 0.60 0.60 0.64
p 0.33 0.33 0.33 0.33
Sp 0.25 0.29 0.25 0.27
My 0.25 0.27 0.25 0.20
Hy, 0.21 0.14 0.21 0.13
ry 0.41 0.41 0.41 0.41
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3. Global Optimization of 12/10 SFPM Machine for
Maximizing Torque Density

As one of the most effective numerical optimization
methods, GA has been widely used for seeking optimized
solutions in applications of motor design. In literature, the
maximum torque density and minimum cogging torque are
often used as the optimization objectives [8], [9]. They are
used in this paper as well. The global optimizations of
SFPM machines are carried out with and without the
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restriction of equal stator pole width, magnet thickness and
slot opening. It is expected that with fewer variables the
optimization solution may be found more quickly.

3.1 With the restriction of b= by= by

According to the study in [2], the stator pole width,
magnet thickness and slot opening are suggested to be equal
to each other to produce the maximum average torque.
Therefore, the GA is implemented first with such a
restriction, and the settings of the GA are as follows: the
population size, mating pool size, individual crossover
probability and mutation probability are 20, 20, 0.5 and 1,
respectively. The objective function is defined as:

Cost = —Z; wT, (8)
where w; and T; denote the weight and torque at specific
rotor positions. To optimize the average torque, all the
weights are set to be 1/n  and hence their contributions to
the average torque at each specific rotor position are all
equal. By neglecting the reluctance torque, the d-axis
current is set to zero and the copper loss is set to 12.9W
during the optimization. Table 3 lists the global optimized
parameters together with the individual optimized
parameters. The up- and down- limitation of parameters are
restricted to obtain the reasonable design, shown as
constraints in Table 3. No significant difference in terms of
average torque is observed between individual and global
optimizations, as seen in Table 5.

Table 3. Global Optimization Variables with Restriction of
by =bps= bgior and Constraints in 12/10 SFPM Motor

Optimization | Initial | Individual | constrai | Global
parameters value | optimized nts optimized
Split ratio 0.60 0.60 [(;)6576] 0.61
&i’;’; fa"tllf) 0.33 0.33 Qf%’ 0.34
sttf‘dtt"; f’a‘:}z 0.25 0.29 0.25 0.25
hagnet | 023 0.27 0.25 0.25
51?((;11:1-11;:: ratio 0.21 0.14 [(?20;]’ 0.16
dRe";;’E rs;’ito 0.41 0.41 %??%’ 0.48

Note: Constraints are the range within which each parameter may vary.

3.2 Without any restriction

If the restriction is removed, even higher average torque

should be expected. After the implementation of global
optimization, Table 4 shows the solution under the
condition of fixed copper loss. In the case of global

optimization without restriction, more variables are
changing during the procedure. Therefore, the possibility to
obtain the global optimal torque in a short time period is
reduced, as shown in Fig.9. Compared with the individual
optimization, the time required for global optimization is
often much longer since more iterations are required.
However, due to the random characteristics of GA, the time
consumption under global optimization is always difficult
to determine. Moreover, it can be seen in Fig.9 that during
the global optimization the Cost is likely to convergent to
several values, which are named as the local optimizations
and global optimization. One of the advantages of GA is its
capability to converge to the global optimal point, Fig.9

By comparing the optimized results, very little
improvement is achieved in terms of torque density if no
restriction is applied, as compared to the case in which the
restriction from applied. Therefore, to optimize the torque
density, both the individual and global optimizations with
restriction of by= by= bgor can achieve good solutions in
the design of SFPM machines. Regarding other critical
issues, such as magnet consumption and slot area, global
optimization with the restriction is also acceptable
compared with other approaches. For a direct comparison
of all designs, the laminations are illustrated in Fig.10.
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0
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S o ”
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Iteration

(b) Without restriction

Fig.9. Optimization procedure by GA for 12/10 SFPM
machine.
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4. Global Optimization of 12/14 SFPM Machine for
Maximizing Torque Density

For comparing the performance between optimized 12/10
and 12/14 SFPM machines, the global optimization
with/without the restriction of by,=b,=by are also carried
out for the 12/14 SFPM machine. In this way, the influence
due to other geometry parameters can be excluded. Hence,
only the stator and rotor pole combination may affect the
average torque. However, due to the space limitation, only
the final optimized results are listed in Table 6 and Table 7.

In terms of magnet consumption, advantages of the 12/14
SFPM machine are observed compared to the 12/10 SFPM
machine, as shown in Table 8. Moreover, higher torque can
also be achieved in the 12/14 SFPM machine at the copper
loss of 12.9W.

Table 6. Global Optimization Variables with Restriction of
by=bps= bgior and Constraints in 12/14 SFPM Motor

- withby=by=byo withoutrestriction Optimization | Initial | Individual | Con- | Global
Fig.10. Illustration of laminations of 12/10 SFPM parameters value | optimized | straints | optimized
machines Split rati 0.60 0.64 [0.56, 0.64
plit ratio . . 0.67] .
Table 4. Global Optimization Variables without Restriction Rotor pole [0.22,
R ) . 0.33 0.33 0.33
Of by= bys= bgo and Constraints in 12/10 SFPM width ratio 0.44]
Motor duaor pole 025 | 027 0.25 0.25
Optimization | Initial | Individual | Con- Global Maenet
parameters value | optimized | straints | optimized a8 . 0.25 0.20 0.25 0.25
[0.56 thickness ratio
Split ratio 0.60 0.60 0.67] 0.61 Bgck-lron . 021 013 [0.03, 014
Rotor pole [0.22 thickness ratio 0.28]
width ratio 033 | 033 | g4qy | 039 || Rotor slot 041 | o041 |02 0.41
Stat ] 017 depth ratio 0.53]
Wiiitolf g:i(e) 0.25 0.29 [0 3 3]’ 0.29 Note: Constraints are the range within which each parameter may vary.
Magnet 0.13,
thiciness ratio 0.25 0.27 [0'33] 0.24 Table 7. Global Optimization Variables without Restriction
- of b,=b,=by, and Constraints in 12/14 SFPM
Back-iron 1 ) 0.14 [0.03, 415 s sl
thickness ratio 0.28] Motor
Rotor slqt 0.41 041 [0.29, 0.45 Optimization | Initial | Individual Con- Global
depth ratio ) ) 0.53] ) parameters value | optimized | straints | optimized
Note: Constraints are the range within which each parameter may vary. . . [0.56
Split ratio 0.60 0.64 0 '67]’ 0.63
Table 5. Motor Design Comparisons between Initial, Rotor pole 0.33 0.33 [0.07, 0.38
Individual, and Global Optimizations in 12/10 width ratio ' ' 0.53] ’
SFPM Machine Stator pole [0.17,
Indivic Global width ratio 0.25 0.27 0.33] 0.26
Optimization Initial | -dual optimized Magnet 025 0.20 [0.13, 0.20
parameters value | Optimi- | b,=bys | bu#bps || thickness ratio : : 0.33] :
-zed =buor | #bsiot || Back-iron [0.03
Mass of magnet (g) | 143.4 | 157.4 | 1422 | 1394 || hickness ratio | 2! 0.13 0.28] 0.14
Slot area (mm” 100.2 91.4 105.9 89.2
( ) Rotor slqt 0.41 0.41 [0.29, 0.43
Average torque*(Nm) | 1.93 2.05 2.05 2.08 depth ratio 0.53]

*Average torque at copper loss of 12.9W at 80°C.

Note: Constraints are the range within which each parameter may vary.
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Table 8. Design Comparisons between Initial, Individual,

and Global Optimizations in 12/14 SFPM Machine
Indivi- Global
Optimization Initial | -dual optimized
parameters value | Optimi- | b,=b,s | bn7bys
-zed :bslot ;ébslot
Mass of magnet (g) 143.4 109.6 137.1 111.0
Slot area (mm’®) 100.2 99.9 97.5 101.6
Average torque*(Nm) | 2.17 2.36 2.33 2.38

* Average torque at copper loss of 12.9W at 80°C.

5. Performance Comparison between 12/10 and 12/14
SFPM Machines

5.1 Torque with fixed copper loss

As mentioned early, the copper loss is kept constant
during the optimization, so as to increase the torque density
for a given copper loss. To evaluate the torque production
capability, a new coefficient is defined as:

k. =JS )
The copper loss is proportional to the square of this
coefficient, i.e.

(g, -2ey )
2

Fig.11 shows the average torque versus k. for both the
12/10 and the 12/14 SFPM machines. Higher torque exists
in the 12/14 SFPM machine compared with the 12/10
SFPM machine. However, since the copper loss was fixed
at 12.9W (k=2.8x10°) during the optimization, the optimal
average torque in the global optimization without restriction
found for this choice of copper loss may not be achieved at
other given values of copper loss, such as overload
condition.

To validate the FEA calculations, the initial designs of
the 12/10 and 12/14 SFPM machines were selected to be
identical to those in [5].

8

—&— Initial 12/10
—*— Optimized with restriction 12/10
—*— Optimized without restriction 12/10
| —©—Initial 12/14
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S
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Fig.11. Comparison of torque-current characteristics with
[d:0~

5.2 Cogging torque comparison

The comparisons of cogging torque, which is a main
contributor to the torque ripple, in the initial and global
optimizations are shown in Fig.12. Compared with the
12/10 SFPM machine, lower cogging torque is observed in
the 12/14 SFPM machine for both the initial and optimized
designs. If no restriction is applied in the global
optimization, high cogging torque is observed in the 12/10
SFPM machine. On the other hand, the calculation results
show that with the restriction of by,= b,= by in both 12/10
and 12/14 SFPM machines the cogging torque will not be
excessive in the globally optimized case.

0.7 —
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—_ —X%— Optimized with restriction 12/10
£ 05 r —¥— Optimized without restriction 12/10
= —o— Initial 12114
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S - 4
- oo
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£
(2]
.03
[<]
(&) 05

-0.7

0 10 20 30 40 50 60

Rotor position (electrical degree)

Fig.12. Cogging torque comparison between 12/10 and
12/14 SFPM machines.

5.3 Flux linkage and back-EMF

Fig.13 compares the open circuit flux linkages for both
12/10 and 12/14 SFPM machines, together with the
harmonic spectra in which it can be seen that the first
harmonic, i.e. the fundamental component of flux linkage,
is dominant. Similar to the torque characteristic at the fixed
copper loss, the fundamental component of flux linkage is
increased in both optimized 12/10 and 12/14 SFPM
machines. Noting that the electromagnetic torque is
proportional to the product of flux linkage and pole pair
number, smaller flux linkage in the 12/14 SFPM machine
will not lead to lower electromagnetic torque.

Finally, Fig.14 shows the phase back-EMF waveforms
and spectra, i.e. epy=ejtertestes, since each phase winding
consists of four coils connected in series, as shown in Fig.1.
The 12/14 SFPM machine has less harmonics but a larger
fundamental component.
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Fig.13. Flux-linkage in both 12/10 and 12/14 SFPM
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6. Conclusions

To evaluate the effectiveness of global optimization of
SFPM machines by genetic algorithm, both individual and
global optimizations of 12/10 and 12/14 SFPM machines
were carried out in this paper. Compared with the
individual optimization, the global optimization can be
employed without considering the optimization sequence,
and always achieve better design, but it produces only
slightly higher average torque at fixed copper loss than that
obtained by the individual optimization with a correct
optimization sequence for the parameters. The results show
that, with the aid of global optimization, higher torque but
less cogging torque in the 12/14 SFPM machine is achieved.
Moreover, it was found that, with the restriction of
bn=bps=bgo: during the global optimization, the
improvement of average torque did not cause high cogging
torque.
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