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ABSTRACT The open-slot stator topology, which allows for preformed coils and an excellent fill factor,
has been regarded as a suitable candidate for low-speed operation such as direct-drive systems. This paper
presents a rapid and accurate design optimization of surface-mounted permanent magnet (PM) machines
equipped with the open-slot stator configuration. The analytical method, utilizing the coenergy-based
subdomain model, is developed to predict the various electromagnetic performances. The proposed analytical
model is decoupled into two components, relevant and irrelevant to the optimization process. Subsequently,
the teaching-learning-based optimization (TLBO), a human-based algorithm for global solutions, is applied
to the analytical model to search for the best compromise belonging to the Pareto-optimal front. The design
methodology presented in this article is well-suited for the open-slot stator configuration, providing a
computationally efficient and accurate approach to address multi-constrained minimization problems. In the
end, the reliability of the proposed model is verified by finite element (FE) results.

INDEX TERMS Analytical models, coenergy principle, direct drive, open-slot stator, optimization,
subdomain model, surface-mounted permanent magnet, teaching learning based optimization.

I. INTRODUCTION

Thanks to the technical advancement of power electronics,
permanent magnet synchronous machines (PMSMs) have
been widely used in various industries [1], [2], [3], [4].
In particular, the PMSMs equipped with fractional-slot
concentrated windings (FSCW) have been gaining great
interest, especially in low-speed direct-drive applications [5],
due to their short end-winding, high slot fill factor, high
torque density, low cogging torque, and flux weakening
capability [6], [7], [8].

To date, most research works on FSCW-PMSMs have been
highly focused on the semi-closed (i.e., coffin-shaped) slot
configurations [9], [10], [11], [12], [13], [14], [15], [16],
(171, [181, [19], [201, [21], [22], [23], [24], [25], [26], [27],
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[28], [29], [30], [31], which is the most common shape
of stator slots. These studies can be classified by cogging
torque [9], [10], [11], [12], torque pulsation [13], [14],
[15], cost reduction [16], [17], radial vibration force [18],
[19], [20], design analysis [21], [22], [23], [24], design
optimization [25], [26], [27], [28], [29], and loss/thermal
analysis [30], [31]. In contrast, limited attention has been
given to research on FSCW-PMSMs with the open-slot
configuration.

The open-slot structure has been regarded as a minor
type of machine topology because it is connected with high
levels of space harmonic and eddy-current losses, resulting
in unfavorable performance at high-speed applications [32].
However, open-slot FSCW-PMSMs have their own merits in
that 1) it facilitates the stator assembly using prefabricated
coils, leading to an excellent fill factor and high torque
density; 2) the low levels of winding inductance can be
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achieved by eliminating tooth-tips, preventing magnetic
saturation at high current ratings; 3) the torque pulsation can
be minimized due to significantly reduced harmonics of the
slot opening factor. Considering these characteristics, open-
slot FSCW-PMSMs can be a perfect solution for direct-drive
systems requiring low-speed, high-torque, and high-accuracy
applications, such as robotics, electric propulsion, and wind
power.

To the best of our knowledge, the research works related
to the open-slot FSCW-PMSMs have been found in [32],
[33], [34], and [35]. A comparative study for semi-closed
and open-slot configurations was made in [32] based on
several computations by the finite element (FE) method. The
analytical thermal model of open-slot FSCW-PMSMs was
developed in [33] by employing a lumped-parameter circuit
technique. In [34], the attributes of the six different pole-slot
configurations were investigated by the FE-based optimiza-
tion method. The impact of the initial design decisions on the
final performance of open-slot FSCW-PMSMs was discussed
in [35] by using the traditional motor sizing equations.
As revealed in the previous publications, there is a lack of
research work on this subject. In particular, prior studies lack
a computationally efficient design technique that integrates
an analytical model with an optimization algorithm. Given
that accurate performance prediction poses greater challenges
in open-slot structures due to the leakage effects arising from
the wide slot opening, a more rigorous approach should be
provided for electric machine designers.

To fill this research gap, this paper presents a rapid and
precise design optimization approach for surface-mounted
PMSMs equipped with an open-slot FSCW configuration.
Two advanced analytical methods are utilized to calculate the
flux density while considering slotting effects: the subdomain
(SD) model [36], [37], [38] and the complex permeance (CP)
model [39], [40]. Compared with the SD model, the CP model
offers quicker calculations by mapping complex geometry
onto a simpler domain. However, the limitation of the CP
model is based on the assumption of no shape deformation
in the magnets, leading to undesired errors in flux density
calculations. This drawback can be especially critical in
open-slot configurations, where deformation becomes more
pronounced with increasing slot opening width. For this
reason, the SD model is adopted as an analytical tool in this
study. Further, the developed field model is extended in two
ways;

1) All electromagnetic performances can be accurately
predicted using the precise method based on the
magnetic coenergy. The coenergy principle enables
accurate predictions in the open-slot topology without
relying on approximated factor, such as slot opening
factor [37], [41].

2) The analytical model is decomposed into two distinct
parts, one relevant and the other irrelevant to the
optimization process. As a result, the optimization
procedure becomes computationally efficient, as there
is no need to calculate the back-EMF and inductance.
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FIGURE 1. Configuration and symbols of open-slot surface-mounted PM
machines.

Subsequently, a recent meta-heuristic algorithm known as
Teaching Learning Based Optimization (TLBO) is employed
and applied to the coenergy-based SD model to explore
the best compromise within the Pareto fronts. The TLBO
is a human-based algorithm inspired by the teaching and
learning process in classrooms [42]. Its main advantage lies
in its robustness and simplicity, as it does not require fine-
tuning of algorithm parameters for optimal performance.
This quality enables TLBO to overcome challenges related
to parameter selection faced by well-known traditional
meta-heuristics, such as genetic algorithm, particle swarm
optimization, and differential evolution. Finally, a systematic
optimization methodology well-suited for the open-slot stator
configurations is presented, and the accuracy of the proposed
model is verified by finite element (FE) results.

Demonstrating the synergy effect achieved by the com-
bination of the coenergy-based SD model and TLBO for
the optimization of open-slot PMSMs, the primary contri-
bution of this paper lies in introducing a computationally
efficient design tool ideally suited for open-slot stator
configurations.

Il. ANALYTICAL MODEL RELEVANT TO OPTIMIZATION

In this section, the electromagnetic performances relevant to
the optimization part (i.e., electromagnetic torque, efficiency,
weight, volume, and material cost) are derived using the
coenergy-based SD model. The analytical field model is
based on the following assumptions: 1) infinite permeability
of iron materials; 2) negligible end-effects.

A. ON-LOAD FIELD MODEL

Fig. 1 illustrates the cross-section configuration and symbols
of open-slot PMSMs equipped with FSCW. As shown in
Fig. 1, the whole field region is classified into three types
of subdomains: PMs (subdomain 1), air gap (subdomain 2),
and stator slots (subdomain 3). The general solutions for
the vector potential distributions in each subdomain can be
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expressed by [36], [38]
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where r and 6 are the radial and tangential static positions,
Az1,Ap, and A3 are z-axis components of the vector potential
in the domain of magnet, air, and stator slot, respectively,
Mo is the air permeability, M, and My are radial and
tangential components of PM magnetization [43], and J is
the current density in the stator slot (i.e., fill factor = 1)
whose spatial distribution varies on the pole and slot number
combinations.

By the variable separations, the vector potential in each
subdomain can be obtained by [38]

Ay = Z |:A1 (RL> + By (RL)_ + ,BPMC:| cos (nf)

n

2 |:C1 (Ri) +Dy (Ri) + ﬂm} sin (1)

4)
r n r —n
Ap = Z |:A2 (R_) + B; (R_) :| cos (nf)
r n r —n )
+ Z |:C2 (IT) + Dy (R—) } sin (nf)) Q)
| ro\ A r\ A
Agi= |:A3i (R_b) + Bs;i (IT) + ,Bcul:|

- COS (Am (‘9 0; + b%)) + Bewz + Beus (6)

where A1, B, C1, D1, Ay, By, Cp, D;, Az;, and Bsz; are the
unknown coefficients to be determined, Ry, Ry, Ry, R, are
radii of stator slot bottom, stator inner, magnet, and rotor
yoke surfaces, respectively, A,, = mm /b, by, is the angle
of slot width, Bpy and Bpy are particular solutions due to
PMs, Beut» Beuz, and B3 are particular solutions due to the
current density, and 6; is the center positions of the ith stator
slot.

Based on (4)-(6), the general expressions of radial and
tangential flux densities in each subdomain can be expressed
by
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The detailed process of deriving the unknown coefficients
is provided in the Appendix.

B. ELECTROMAGNETIC TORQUE

The magnetic coenergy stored in each subdomain can be
calculated by the flux densities derived in (7)-(12), as given
by

271
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(14)

359) dodr (15)

(16)

where L is the active length, Qs is the number of slots,
Wppm, W, and Wy are the magnetic coenergy stored in the
magnet, air gap, and stator slot respectively, and W; is the
total magnetic coenergy stored in PM machines.

Under the condition that all three-phase currents (i.e., iy, ip,
and i) are excited, the electromagnetic torque, including the
cogging torque, can be obtained by the derivative of the total
magnetic coenergy with respect to the rotor angular position:

Ten (©) =0W; (©) /0O 7)
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where T,, is the electromagnetic torque and ©® is the
rotational angle between the rotor magnet and the referent
position.

By utilizing the Fourier transform, (17) can be written in
the form of Fourier series, as follows:

Tem (©) = Tavg + Z Tr(6h) Cos (6hp®) (18)
h
where T, is the average torque (i.e., fundamental compo-
nent of T,,), T, is the torque ripple component (i.e., harmonic
components of T,,,), and p is the number of pole pairs.
It should be noted that 7, includes both the cogging
component and harmonic mismatch component between the
back-EMF shape and the current.

C. TOOTH WIDTH AND BACK IRON THICKNESS

The tooth width and back iron thickness are crucial param-
eters in the optimization process, especially in the open-slot
structure, because their values must be selected to keep the
flux density below the saturation level of the ferromagnetic
material. The maximum flux density in the tooth and back
iron can be calculated by

By = ¢sm/TwL (19)
By = Qs /yspL (20
By = Grm/ymL 2n

where B;, By, and B, are the maximum flux densities in the
tooth, stator back iron, and rotor back iron, respectively, T,
is the tooth width, yg, is the stator back iron thickness, y,;
is the rotor back iron thickness, ¢, is the maximum flux
traveling through the stator tooth, and ¢,,, is the maximum
flux traveling through the rotor yoke.

Under the condition that all three-phase currents are
energized, ¢y, and ¢, can be calculated by the integration of
the surface surrounded by the slot and magnet, respectively:

Rgp
¢sm = max |:L/ (B3r (®)|€:9a + B3, (®)|9:95) dr
R

bp
+LRs/ By (©)],—g, d@} (22)
O
Opm+m/2p
Gy = max [LRr / Bir ()]s, de] (23)
Opy —1/2p

where 0y = 0; + bsa/2,08 = 0i11 — bsa/2, and Opyy is the
center position of the rotor magnet. This approach provides
more accurate calculation of ¢, in open-slot configuration
by considering the flux densities through the side aspect of
the tooth.

D. LOSS AND EFFICIENCY

As stated in the Introduction, the open-slot stator configura-
tion is adopted in low-speed applications due to its intrinsic
characteristics. Consequently, the copper loss becomes the
predominant component in this machine topology. The
formulation for the copper loss can be expressed as follows:

P, = SII%thu (24)
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where 1, is the root mean square (RMS) value of the phase
current and R, is the phase resistance of the copper winding.

The phase resistance of copper winding can be expressed
as

Rou = pey "R L) 3)
Asfr /Ne
where p., is the copper resistivity, n. is the number of coils
per phase, N, is the number of winding turns per coil, le,g is
the mean length of the end-turn on one side of the coil, Ay is
the slot area per layer, and f; is the fill factor.
The phase current can be given by

AdfrJeu
Ne

where J., is the current density of the stator conductor in
RMS value (i.e., Joy = J /ff).
Substituting (25) and (26) into (24) yields

Ad?-]cu 2 neNe2(L + lena)
Py = 3 cuT , ~ Ar
Ne Agfy /Ne
= 6AffJ 2 peuntc (L + lena) (27)

At higher speeds, the other power loss components
become more significant. These include the core loss in
the stator lamination, eddy-current losses induced by PMs
and conductors, and mechanical loss. However, given that
the open-slot stator topology is intended for low-speed
applications, the eddy-current losses and mechanical loss can
be neglected in the loss calculation. Therefore, the efficiency
can be calculated by

Ly, = (26)

Tavew
n = avgWr (28)
Tangr + Pey + Peore

where w, is the mechanical rotor angular speed and Py, is
the core loss in the stator lamination, for which the calculation
technique is described in [44].

E. WEIGHT, VOLUME, AND COST

The active weight can be classified into four parts: PMs, stator
iron, rotor iron, and stator conductor. The active weight can
be obtained by multiplying the density with the volume:

WW=n@;—ﬁyme (29a)
o =1 (R = R, = y)?) Ly (29b)
%F{n@;—@0+nm@4wﬂ (29¢)
@ey = 2ncAgff(L + lena)dcu (294d)

where a, is the pole arc to pole pitch ratio, dpus, 8fe, and ¢, is
the density of magnet, iron, and stator conductor, respectively,
hy is the slot height (i.e., hy = Ry, — Rj), and R, is the outer
radius (i.e., Ros = Rgp + Vsp)-

The volume of machine can be readily calculated by

V, =nR:L (30)
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Finally, the material cost is estimated using the following
basis: PMs (U.S. $125/kg), copper winding (U.S. $10/kg),
and iron (U.S. $2.5/kg). Therefore, the material cost can be
calculated by

Eeost = 125wpy + 10w¢y + 2.5 (Wy; + W) 3D

IIl. ANALYTICAL MODEL IRRELEVANT TO OPTIMIZATION
In this section, the electromagnetic parameters irrelevant to
the optimization part (i.e., back-EMF, winding inductance,
and number of turns) are derived by the coenergy-based SD
model.

A. BACK-EMF
The conventional approach for calculating the back-EMF
is based on the slot opening factor [37], [41], which
enables a partial assessment of the leakage flux components
traversing through the air gap. However, this method lacks
the required accuracy for open-slot configurations, especially
as the slot opening width increases, leading to significant
errors. Therefore, in this study, a more rigorous technique is
proposed for back-EMF calculation by employing magnetic
coenergy principles.

Assuming that the phase B and C currents are deactivated
(i.e., ip = i, = 0), the magnetic flux linkage passing through
the phase A winding can be obtained as

Apm—a (©)

_ Wilpmzo,i,=1, = Wilpm20,i,=0 = Wilpm=0,i,=1,

= 7
where PM = 0 means no magnetization (i.e., turning off
PMs), PM # 0 means that PMs operate normally, and I, is
the arbitrary value of phase A current.

Similarly, the magnetic flux linkage passing through the
phase B and C winding can be expressed as follows:

(32)

Apy—p (®)

_ Wilpmzo.i=1, = Wilpm20.i,=0 = Wilpm=0.i=1, (33)

= 7

Apy—c (©)

= Wilpm 0,ic=1, — Wz|PMI;é0,i¢-:0 — Wilpy=0.ic=1. (34)
C

For (33), phase A and C currents are turned off (i.e., i, =
ic = 0), and for (34), phase A and B currents are turned off
(i.e., ig =ip = 0).

Finally, the back-EMF for each phase can be obtained by
taking the negative derivative of the magnetic flux linkage
with respect to the time:

IApy—;j (©)  dApy—; (O©)
ot 98
Although (35) accurately predicts the back-EMF wave-
form, one drawback of this method is the longer com-
putational time it requires. This is because it requires
consideration of three different conditions (i.e., PM = 0,
I =0, and PM = I = 0) to calculate one point of magnetic

¢ (©) =

wy,j=A,B,C (35)
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flux linkage. However, this limitation is not a problem in this
work, as the back-EMF calculation is decoupled from the
iterative optimization, which is a notable advantage of the
proposed design method.

B. WINDING INDUCTANCE

The winding inductance can be straightforwardly calculated
by using the magnetic coenergy. Assuming that PMs are
deactivated (i.e., PM = 0), the magnetic coenergy for the
three-phase winding can be expressed as follows:

I, 1. 5, 1 5 ..
Wilpp—o = ELaala + ELbblb + ELCCIC + Mpigip

+ Mgcigic + Mpeipic (36)

where L; is the self-inductance (.., L; = Lg,z =
Lyp = L) and Mj; is the mutual-inductance (i.e., M; =
Mab = Mac = Mbc)-

Based on (36), the self-inductance can be calculated
by injecting the current in one-phase, e.g., iy = I,
and i, =i. =0:

L 2 Wil pm=0,i,=0,i,=0
i = 5
[a

(37

Subsequently, the mutual-inductance can be obtained by
injecting the current in two-phases, e.g., i; = I, i = Ip, and
ir=0:

_ Wilpy—o,i—0 — Liil7 /2 — Liii;/2

M;; = 38
ij I, (38)

C. ROTATIONAL SPEED AND NUMBER OF TURNS

At the final design stage, the winding number of turns N,
is determined based on the rotational speed w,. The voltage
equation in the phase A winding can be expressed as follows:

dix(®)

vA(©) = ea(®) + Reyia(®) + (Lij — Myy)
~—_— —
&XN¢ &N,

(39)

&N,

As shown in (39), all voltage terms are directly propor-
tional to the number of turns N, resulting in the phase voltage
v4 increasing proportionally with the number of turns N,.
Therefore, the machine designer may increase the number
of turns until the phase voltage is just below the maximum
voltage supplied by the inverter. This can be achieved
through a straightforward iterative method. Subsequently, the
corresponding conductor diameter wy can be calculated by

[4Aff
= [— 40
" N, (40)
IV. OPTIMIZATION

In this section, the Teaching Learning Based Optimization
(TLBO) algorithm is implemented in the analytical model
of open-slot PMSMs, as proposed in section II, to explore
the optimal trade-offs within the Pareto fronts. The com-
prehensive and systematic optimization process is illustrated
in Fig. 2.
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TLEO
Algorithm

(o) [o_.,ﬁm:,..-..,..] =N
L &— 1

Analytical Model

Iteration of TLBO

FIGURE 2. Flowchart to describe the comprehensive optimization
process.

TABLE 1. Definition of five optimization parameters.

Symbol Parameter Unit Initial range

D Rotor diameter mm [30,200]

hy, Magnet thickness mm [1, 10]

a, Pole arc to pole pitch ratio - [0.5, 1]

hs Slot height mm [5,30]

Bop Slot opening to slot pitch ratio  — [0.2,0.8]
TABLE 2. Set of design requirements.

Symbol  Parameter Unit Value

Tavg Rated torque Nm 27

w, Rated speed RPS 5

Vi Rated voltage |4 170

A. OPTIMIZATION PROCESS
As depicted in Fig. 2, the proper selection of design
specifications, optimization parameters, and fixed parameters
is a prerequisite that needs to be fulfilled before commencing
with the optimization process.

Table 1 shows an overview of the five structural dimensions
of PMSMs selected as optimization parameters, accompanied
by their initial range. Table 2 displays the design requirements
for open-slot PMSMs. As mentioned in section 111, the rated
speed and supply voltage can be adjusted by altering the
number of winding turns, which remains unaffected by the
shape optimization. Consequently, during the optimization
process, only the rated torque is considered. Table 3 provides
an overview of the seven fixed parameters that can be
predetermined by the designer. The selection of 20 poles and
18 slots is based on their advantageous properties, including
a large least common multiple and low harmonic components
of the magneto motive force. These characteristics help

VOLUME 12, 2024

TABLE 3. Definition of seven fixed parameters.

Symbol  Parameter Unit Value

N, Number of poles - 20

Qs Number of slots — 18

g Air gap mm 1

fr Fill factor - 0.5

Jeu Rated current density Apps/mm? 5

B, Residual flux density T 1.345
Bt Saturation flux density T 1.7

mitigate undesirable effects such as cogging torque and
torque ripple [5]. Additionally, in order to achieve superior
electromagnetic performances, such as increased specific
power and torque production, this article has chosen a small
air gap, large fill factor, and high residual flux as the minimum
and maximum allowable values within the constraints of
available manufacturing technologies and material costs.

Moreover, there are several dependent parameters that are
automatically determined during the optimization process.
These parameters include the tooth width, yoke thickness, and
active length. The calculation of the tooth width in the open-
slot stator configuration can be obtained using the following
geometrical relationship:

Ty = Tsior — bso 41

where Ty, is the slot pitch and by is the slot opening.

Accordingly, considering that the magnetic flux passing
through the tooth width separates into two halves, with each
half forming a flux loop with one-half of the flux of the
adjacent magnet, the stator and rotor back iron thickness can
be calculated as follows:

Ysb = Yrb = Tw/2 42)
Meanwhile, the active length can be derived as

Tarb
Tavg

L=

X Larb (43)

where L, is the active length set to an arbitrary value (i.e.,
initial random value) and Ty, is the arbitrary torque value
corresponding to L.

B. OBJECTIVE FUNCTION

Given that PMSMs are typically recommended to possess low
weight, low loss, low volume, and low cost, the objective
function for the minimization problem is formulated as
follows:

fobj = Cyxy + Cix; + Cyxy + Cexe + PF 44)

where x,, X7, Xy, and x, are active weight, total loss, volume,
and cost, respectively, Cy, C;, C,, and C, are weighting
factors assigned to each performance index, allowing for
a high degree of freedom to achieve the optimal trade-
off among design objectives, and PF is a penalty function
implemented to avoid solutions that violate constraints by
penalizing the objective function accordingly. During the
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optimization process, common constraints are applied to
prevent the magnetic saturation within the core and avoid the
machine size from escalating. This can be achieved by the
following approach:

Ros)n ( B, )n (Bsb )n (Brb )n
F = + + + (45)
( 100 Bsal Bsat Bsat

where n is an arbitrary large value (e.g.,n = e50) and By is
a saturation flux density in the iron.

C. TEACHING LEARNING BASED OPTIMIZATION

The TLBO is an efficient optimization method introduced by
Rao et al. in 2011. This algorithm utilizes knowledge transfer
behaviors observed between teachers and learners, making it
widely applicable to solve complex optimization problems.
TLBO offers simplicity and robustness, surpassing other
optimization algorithms (e.g., differential evolution, particle
swarm optimization, genetic algorithm) by employing only
common parameters such as population size, number of
variables, and iterations. Specifically, at any iteration i, there
are m subjects (design variables j = 1,2,---,m) and n
learners (population size k = 1,2, ---, n). For this paper,

the common parameters are selected as follows:
1) Population size: 5

2) The number of variable: 20

3) The number of iteration: 100
The TLBO algorithm operates in two phases: the teacher

phase and the learner phase. During the teacher phase, the
knowledge levels of learners (X;) are improved using the
information from the teacher (X, ), as shown below:

AX = ri(Xpest — TF Xmean) (46)

where X}, 1s the value of the teacher, Xj;,.4,, is the mean value
of learners, r; is the random number in the range [0, 1], TF is
the teaching factor which randomly decides the value either
1 or 2 to determine the mean value, i.e.,

Tr = round[1 + rand (0, 1)] 47)

As a result, a new equation for solution generation is
derived as follows:

X =X + AX (48)

The update of X; to X*" occurs only when the objective
function value of X shows improvement. During the
learner phase, learners X; enhance and refine their knowledge
through random interactions with other learners X; in the
class, based on the outcomes of the teacher phase. The
learning process for minimization problems in this phase is
explained below:

X[ = X7+ ri (X — X)) (49)

X =X — r; (X — X;) (50)

If the objective function value of X; is higher than Xj,
the knowledge level is adjusted according to (49); otherwise,
it will be adjusted as per (50). In conclusion, by comparing

with the original individual at every iteration, X}'** is updated
as the optimal value.
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FIGURE 3. Pareto fronts resulting from the two-objective optimization
problems.

D. OPTIMIZATION RESULT AND DISCUSSION

The TLBO algorithm is applied to the developed analytical
model to search for the optimal solution while adhering
to the common constraints specified in (45). As a result,
adjusting the weighting factors yields the desired 2-D Pareto
fronts, as illustrated in Fig. 3. For example, modifying C,,
and Cj, with C, and C, set to zero, produces the Pareto
front concerning weight and loss. Similarly, other Pareto
fronts can be generated through suitable adjustments to
the weighting factors. Simultaneously, the results of 15,000
random searches are also illustrated in Fig. 3, providing a
baseline for comparison with TLBO results. As shown in
Fig. 3, all random design candidates are located above the
Pareto front, demonstrating the validity of the solutions found
by TLBO. It is important to highlight that the optimal design
values within the Pareto front, as depicted in Fig. 3, exhibit
a remarkably high level of accuracy, which is attributable to
the coenergy-based method proposed in this paper.

To demonstrate why the TLBO algorithm has been chosen
for this study, the performance of TLBO is evaluated
through a comparative analysis with four well-known meta-
heuristic algorithms: differential evolution (DE), particle
swarm optimization (PSO), crew search algorithm (CSA),
and sine cosine algorithm (SCA). In Fig. 4, the variation of
the objective function value is depicted across three different
population sizes (N = 10, 20, 30), with a fixed number of
iterations set at 100 (i.e., i;qx = 100), while maintaining the
all weighting factors at the same value (i.e., C,, = C; = C, =
C. = 1). As illustrated, TLBO not only achieves the lowest
objective function values but also proves its effectiveness
in reaching optimal solutions with faster convergence,
regardless of the population size. As a consequence, TLBO
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TABLE 4. Comparison of time required for 2000 design candidates.

Traditional Proposed
Analytical Analytical 2-DFEA
Time (s) 61560 22800 246000

outperforms other algorithms, demonstrating its primary
advantages in open-slot configurations where the slot opening
to slot pitch ratio plays a crucial role as an optimization
parameter.

Finally, Table 4 displays a comparison of the approx-
imate time needed to evaluate 2000 design candidates
using traditional, proposed, and FE models. The traditional
method involves calculating coil design components such
as winding number of turns and conductor diameter during
iteration, whereas the proposed method, by decoupling from
optimization, eliminates the need for such calculations. This
strategic exclusion significantly enhances the efficiency of
the modeling process, resulting in substantial time savings,
as exhibited in Table 4.

E. CORRELATION ANALYSIS

A correlation analysis of the five optimization parameters
with respect to the objective function is conducted in this
section. For this analysis, more than 5000 optimization data
candidates have been extracted under various conditions.
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FIGURE 5. Sensitivity of the five optimization parameters with respect to
the objective function.
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FIGURE 6. The optimal value of slot opening to slot pitch ratio in each
different fixed parameters.

Specifically, optimizations are individually executed for
each performance index (weight, loss, volume, and cost)
while varying the fixed parameters specified in Table 3.
Subsequently, sensitivity analysis is performed using the
Pearson Correlation Coefficient (PCC), which ranges from
—1 to 1, based on the collected optimization data. A pos-
itive PCC value signifies a positive correlation, while a
negative value indicates a negative correlation. The closer
the absolute value of PCC is to 1, the stronger the
correlation.

Fig. 5 depicts the results of this sensitivity analysis,
showing the varying degrees of sensitivity between these
five optimization parameters and each performance index.
As illustrated, the rotor diameter D notably impacts weight
and volume positively, but it reduces loss. The magnet
thickness h,, greatly increases cost, while exerting a neg-
ative impact on loss and volume. The pole arc to pole
pitch ratio o), has a modest effect on all objectives. The
slot height &y significantly influences loss positively but
notably decreases volume. Finally, the slot opening to
slot pitch ratio B,, strongly raises cost while slightly
reducing weight, loss, and volume. These findings will
serve as valuable reference points for optimizing open-slot
FSCW-PMSMs.

Given the significance of the slot opening to slot pitch ratio
Bop in open-slot stator configurations, a deeper exploration
of this factor is conducted. As a result, Fig. 6 shows the
optimal slot opening to slot pitch ratio for each performance
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FIGURE 7. The variation of loss and flux density in the stator tooth with
respect to the slot opening to slot pitch ratio.

objective, considering the variation in fixed parameters, such
as air gap, fill factor, saturation flux density, and residual flux
density. It is important to note that while fixed parameters
maintain constant values for a particular independent design,
they are not necessarily immutable in all circumstances. For
example, the fill factor can vary depending on the winding
method and configuration, the air gap is affected by motor
manufacturing technology, and saturation flux density and
residual flux density can differ based on chosen materials.
Therefore, it is reasonable to analyze the effect of the slot
opening to slot pitch ratio by treating fixed parameters as
independent variables and varying them within specified
ranges during this investigation. The insights from Fig. 6 can
be summarized as follows:

v' The figure clearly illustrates that the air gap has a
substantial influence on the optimal value of the slot
opening to slot pitch ratio for all performance objectives.
Specifically, as the air gap increases, the optimal slot
opening to slot pitch ratio increases in relation to all
performance objectives.

v" The optimal slot opening to slot pitch ratio remains
constant regardless of the variation of the fill factor
from the perspective of volume optimization. However,
it decreases in relation to the other performance
objectives.

v" The optimal slot opening to slot pitch ratio remains
constant regardless of the variation of the saturation
flux density from the perspective of cost and volume
optimization. However, it increases concerning the
weight and loss optimization.

v" The optimal slot opening to slot pitch ratio remains
constant regardless of the variation of the residual
flux density from the perspective of loss and cost
optimization. However, it decreases concerning the
weight and volume optimization.

Fig. 7 displays the variation of loss and tooth flux density
with respect to the slot opening to slot pitch ratio. Based on
Fig. 7, it becomes evident that the total loss is minimized
when the tooth flux density reaches the saturation flux density
(In this work, saturation flux density is set to 1.7T, as outlined
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TABLE 5. Major design parameters of validation models.

Symbol Parameter Model A Model B Model C

D Rotor diameter 100 120 98

Dys Outer diameter 138.5 164.6 136

L Active length 35 30 60

oy Magnet thickness 2.5 45 4

ap, Pole arc ratio 0.95 0.83 0.78

hg Slot height 15.5 17.5 14.5

T, Tooth width 3.53 8.91 6.8

B Slot opening to slot 0.8 0.65 0.61
or pitch ratio

N, Number of poles 12 20 20

Qs Number of slots 18 15 18

g Air gap 0.5 0.8 1

fr Fill factor 0.5 0.55 0.5

Jeu Current density 4.5 5 5

B, Res. flux density 0.45 1.35 1.345

N, Number of turns 168 152 107

Wy Conductor diameter 0.7 0.9 0.75

in Table 3 ). Subsequently, the total loss increases due to the
dominance of the copper loss. From these results, it can be
concluded that to achieve loss minimization in an open-slot
PMSM, itis crucial to select the slot opening to slot pitch ratio
value at the point where the tooth flux density reaches the
saturation flux density. Overall, the research findings reported
in Figs 5, 6, and 7 holds significant implications for the
optimization of PMSMs equipped with an open-slot stator
topology.

V. FE VALIDATIONS

In this section, the coenergy-based analytical method pro-
posed in this paper is validated through FE simulations. Three
validation models are employed for this purpose, and the
main design parameters for each of them are provided in
Table 5. Subsequently, the topological structure diagrams
of three validation models are illustrated in Fig. 8. All
validation models have an exceptionally wide slot opening
width, indicating an open-slot configuration.

As shown in Table 5, Model C aligns with the provisions
outlined in Table 3. However, Model C adopts 20-poles/18-
slots configuration, which inherently yields minimal har-
monic components due to its distributed winding layout.
Consequently, this configuration would lead to negligible
levels of torque pulsation and back-EMF harmonics [45],
[46], making it unsuitable for validation purposes. There-
fore, Models A and B, diverging from the provisions
of Table 3, have been included as validation models.
These models, belonging to the 2-poles/3-slots family and
4-poles/3-slots family, respectively, are considered suitable
for validation due to their tendency to exhibit more harmonic
components.

Figs. 9-11 exhibit the comparison of the phase back-EMF
at a speed of 500 rpm for three validation models. The slot
opening factor-based conventional analytical method [37],
[41] has been implemented alongside, providing a basis for
the comparison. It is evident that the proposed analytical
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FIGURE 8. The topological structure diagram of three validation models listed in Table 5. (a) Model A. (b) Model B. (c) Model C.
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FIGURE 10. Comparison of phase back-EMF for Model B at 500 rpm.

results exhibit a high level of agreement with the FE
results, whereas the traditional method shows some dis-
crepancies with the FE results. These discrepancies can
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FIGURE 12. Comparison of electromagnetic torque for Model A.

be attributed to the approximated evaluation of leakage
effects arising from wide slot openings in the traditional

method.
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TABLE 6. Numerical comparison of inductance components (Unit: mH).

Inductance 'Model A Model B .Model C
Analytical FEA Analytical FEA Analytical FEA
Air gap 11.58 11.41 7.98 8.01 14.74 14.79
Self Slot 8.10 8.02 4.19 4.13 8.69 8.62
Total 19.68 19.43 12.17 12.14 23.43 23.41
Air gap -5.32 -5.37 -3.65 -3.59 -0.57 -0.55
Mutual Slot -3.40 -3.33 -1.72 -1.77 -0.62 -0.62
Total -8.72 -8.70 -5.37 -5.36 -1.19 -1.17
Phase Air gap 16.90 16.78 11.63 11.60 15.31 15.34
(Self-Mutual) Slot 11.50 11.35 591 5.90 9.31 9.24
Total 28.40 28.13 17.54 17.50 24.62 24.58
TABLE 7. Numerical comparison of efficiency and power factor at 2000 RPM.
Model A Model B Model C
Analytical FEA Analytical FEA Analytical FEA
Torque [Nm] 2.99 2.98 11.18 11.09 14.94 14.97
Mechanical power [W] 626.03 624.87 1.76 1.74 2.57 2.45
Joule loss [W] 56.49 56.63 58.11 57.77 89.77 90.36
Core loss [W] 6.25 5.75 24.45 22.11 19.18 18.84
Reactive power [VAR] 321.07 318.02 0.23 0.22 0.39 0.35
Efficiency [%] 90.89 90.92 95.51 95.62 95.92 95.72
Power factor 0.906 0.908 0.888 0.890 0.870 0.880
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FIGURE 13. Comparison of electromagnetic torque for Model B.

Figs. 12-14 illustrate a comparison of the electromagnetic
torque. Similar to the phase back-EMF, the proposed
analytical method shows excellent agreement with FEA,
while the conventional method exhibits some discrepancies
when compared to FE results. Notably, the proposed method
demonstrates a close match not only with fundamental
components but also with harmonic components in FEA,
as illustrated in Figs. 9-14 through the harmonic spectrum.
Therefore, the coenergy-based analytical method proposed
in this study is proven to be a highly reliable approach,
even in situations where accurate performance prediction
is more challenging, such as in open-slot configurations.
Besides, when comparing Models A and B, it is evident
that Model C shows minimal torque ripple and back-EMF
harmonic components, as shown in Figs. 11 and 14. This can
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FIGURE 14. Comparison of electromagnetic torque for Model C.

be attributed to the previously discussed 20-poles/18-slots
configuration.

As shown in Figs. 9-14, the slot opening-based traditional
method also yields results with a certain level of reliability,
showing comparable outcomes to FEA. However, since the
slot opening factor is based on the correction coefficient,
it cannot accurately evaluate the leakage flux arising from
the slot openings, as clearly demonstrated in Figs. 9-14.
Consequently, for applications demanding precise perfor-
mance prediction, such as high-precision servo motors, the
proposed method holds significant research value. Further-
more, beyond its industrial relevance, proposing accurate
calculation methods always carries substantial academic
importance, establishing a promising design approach in the
field of electric machinery.
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Finally, the numerical comparisons of winding inductance
are exhibited in Table 6, revealing an outstanding agreement
between the proposed method and the FE results.

VI. CONCLUSION

This paper presents a rapid and accurate design optimization
method for FSCW-PMSMs with an open-slot configuration,
utilizing the coenergy-based subdomain model. In Sec-
tions II and III, the analytical model is systematically
developed by decoupling into relevant and irrelevant compo-
nents with respect to the optimization. Section IV presents
a comprehensive optimization process, where the TLBO
algorithm is integrated with the analytical model to explore
the optimal trade-offs within the Pareto fronts. In section V,
the reliability of the analytical model is verified through FE
results. To summarize, this paper introduces three significant
contributions that stand apart from previous research:

1) It is widely recognized that obtaining accurate perfor-
mance predictions through analytical models poses greater
challenges for open-slot PMSMs, mainly due to significant
leakage effects resulting from wide slot openings. Nev-
ertheless, the coenergy-based analytical method proposed
in this paper demonstrates remarkable accuracy, compara-
ble to FEA, thereby highlighting its substantial research
contribution.

2) The systematic separation has been performed between
the components relevant and irrelevant to the optimization
process. As a result, the optimization can be carried
out without the necessity to compute the back-EMF and
inductance. This approach effectively mitigates the time-
consuming aspect of the coenergy-based method, which
represents a notable advantage of the proposed approach.

3) The determination of the slot opening to slot pitch
ratio is of paramount importance in the design of open-slot
PMSMs. From this perspective, the optimal trend of the slot
opening to slot pitch ratio, as presented in Figs. 6 and 7,
proves highly advantageous, especially for the early design
process, as it provides valuable guidelines for selecting
appropriate values of the slot opening to slot pitch ratio.

APPENDIX

To solve ten unknown coefficients shown in (4)-(6), the
derivation techniques presented in [38] and [45] are combined
and adapted to the open-slot configuration. The five particular
solutions shown in (4)-(6) can be specified as

Hor

Bpme = 2 (M9cn — nMg,) (A.D)
MO

Bpms = 2 (Mé)m + nMen) (A.2)
MO"

,Bcul = A2 _4Jim (A.3)
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be Inr
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.Bcu3 = - 4 ]iO (AS)
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where My, Mysn, Mosy, and M., are given in [37] and Jj
and J;,, are given in [45].

Applying the boundary condition Hiygl,—g, = O, the
following equations can be obtained by

R, " HoRy

A — — By =- 5 (nMyen — M) (A.6)
Ry, n—1
R-\" _ MoR

Ci (_r) - Dy = 2 d (nMQYn + Mcn) (A.T)
Ry, n

Applying the boundary condition Bi,|,—g, = B2rl;=g
the following equations can be expressed by
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Applying the boundary condition Higl,—g, = Hagl;=g,»
the following equations can be obtained as
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where o, ¢i, §i0, and &; are given by

2 by
Lio = — cos (n;) sin (u) (A.15)
nm 2
1 n . nbg,
ity v [ (”9f " )
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Applying the boundary condition By|,—g, = B3rl,=g,,
the following equations can be obtained by

A Ry \ A A 27 B R, \" 2 +B
3i Ry, 28i be 2 R, gi by 3i

_ HoRs
A2 —4
(A.19)

Jim

2 )
ealz) (3 ()-

Finally, the ten unknown coefficients (i.e., Ay, By, C1, D1,
Az, By, Ca, D3, A3j, and B3;) can be determined by solving
the multivariable equation set shown in (A.6), (A.7), (A.8),
(A9), (A.10), (A.11), (A.12), (A.13), (A.14), and (A.19).
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