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ABSTRACT Heat removal, maximizing torque, minimizing losses, volume, cost, and temperature effect
play essential roles in electrical vehicle applications. An inner-rotor consequent-pole permanent magnet
synchronous machine (CPPMSM) merits suitable losses, cost, and heat rejection. Hence, first, a two-
dimensional model of CPPMSM is explained based on solving Maxwell’s equations in all regions of the
machine. Then, all the components of torque, back-EMF, inductance, and unbalanced magnetic forces in the
direction of the X-axis and Y-axis and their magnitudes are calculated. Afterward, the overload capability
and the torque-speed characteristic are determined based on the average torque. Therefore, to maximize
the torque/volume ratio, four metaheuristic optimization algorithms, including Genetic Algorithm (GA),
Particle Swarm Optimization (PSO), Differential Evolution (DE), and Teaching Learn Base Optimization
(TLBO), have been implemented, and the mentioned index is optimized. Since the said algorithms usually
can minimize, its inverse is minimized instead of the index mentioned above being maximized. At this stage,
the effect of three types of magnetization patterns, i.e., radial, parallel, and bar magnet in shifting, is also
considered. The flux density of the permanent magnet changes concerning temperature. Finally, the effect of
these changes on cogging, reluctance, and instantaneous torque, as well as back-EMF, unbalance magnetic
force (UMF), torque-speed characteristic, and overload capability diagram, will be analyzed. The simulation
was performed using MATLAB software.
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I. INTRODUCTION

Electric vehicles need suitable heat removal, maximum
torque, minimum losses, cost, and volume. The CPPMSMs
have special features compared to superficial permanent mag-
net machines. These machines use fewer magnets [1], [2],
making them more economical and reducing eddy current
losses [3]. Also, due to the presence of iron between the
magnets, the passage of the armature reaction (AR) field
through iron increases, which helps reduce the eddy current
losses in the magnet even more [3]. In addition, the flux
linkage increases in this type of machine [4], and the structure
used in the present paper increases the torque by raising the
reluctance torque [5]. Thus, it is an appropriate option for
the mentioned application. The design of this type of electric
machine requires an accurate model due to the asymmetric
distribution of flux in the air gap under adjacent poles.

Although numerical methods [6] provide an accurate
answer, the main disadvantage of these methods is the lack
of a function for indicators such as torque and back-EMF.
Therefore, such methods are not used for optimization. The
equivalent circuit method examines only magnetic flux den-
sity changes in the radial direction and ignores changes in the
tangential direction [7]. Also, in these methods, in exchange
for changes, the number of poles, slots, etc., the equivalent
circuit must be redrawn, and the desired indicators must be
calculate; hence, using them for optimization is not recom-
mended. Furthermore, only the radial magnetization pattern
can be modeled in the equivalent circuit method, and the
effect of other magnetization patterns remains unknown.
To solve the mentioned problems, a two-dimensional analysis
based on solving Maxwell’s equations in sub-regions has
been proposed [7].

CPPMSMs are of two types, i.e., outer-rotor [8] and inner-
rotor consequent-pole machines [3]. The first one has more
torque due to the larger radius of the rotor; however, not
only their heat removal but also their starting and braking
are more difficult. On the other hand, in the CPPMSM
inner rotor (CPPMSMIR), heat rejection is performed bet-
ter, and the machine has less inertia. The machine used in
electric vehicles must have the lowest cost, adequate heat
removal, acceptable acceleration and declaration, and the
highest torque/volume ratio. To reduce costs and losses,
a consequent-pole machine is used; to reject heat better,
the CPPMSMIR is preferred; and to compensate for the
torque loss, the machine needs to be designed to maximize
its torque. Therefore, the torque must be determined as a
function of machine parameters; then, this function needs to
be maximized by derivative-based methods or metaheuristic
methods. Previously, a model was proposed for a permanent
magnet machine with double excitation on the rotor based on
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the finite element method (FEM) method. Then, the target
indicators for optimization were determined using the curve
fitting method as a function of the pole arc-to-pole pitch
ratio [9]. In addition, the performance of the said machine
was approximated by considering the larger number of inputs
to the neural network [10]. Further, the hybrid machine has
been analyzed in two dimensions, and the number of poles
and the armature winding type have been modified to reduce
torque ripple. In addition to the above, the number of rotor
slots has also been changed to reduce UMF. The effect of the
changes in the number of poles and slots for the inner-rotor [3]
and outer-rotor consequent-pole machine [8] has been inves-
tigated. Also, the torque can be increased by deforming the
poles [11] and modifying the rotor structure [12]. The effect
of temperature and magnetization patterns has been investi-
gated. In addition to the mentioned methods, there is another
one which is a magnetic equivalent circuit [13]. It com-
putes the back-EMF, torque and inductances. In contrast, the
reluctances are time-variant and position dependent. Also,
it can’t model magnetization patterns. As a result, it doesn’t
accurately calculate all machine indicators [7].

In this paper, using the two-dimensional method, the flux
density is calculated, and then, based on it, the torque is also
calculated. Due to the large number of variables, the use
of metaheuristic optimization algorithms is recommended,
which has been done using the four methods GA, PSO,
DE, and TLBO [14], [15], [16], [17] in the current study.
These algorithms are population-based, that is, first a primary
population is generated. Then, by considering some points
related to each method, the population is improved in the next
generations. Until the stopping condition happens. Further-
more, because the permanent magnet’s magnetic field (PM)
significantly affects the torque, three types of magnetic pat-
terning, i.e., radial, parallel and bar magnet in shifting, have
been considered. After obtaining the optimal characteristics,
the torque-speed characteristic, the overload capability, the
self and mutual inductance of the stator winding, Back-EMF,
and UMFs in the X and Y axes as well as the magnitude
of these magnetic pulls are obtained. Finally, the effect of
temperature on the mentioned indicators in the optimized
machine is investigated. Structure of CPPMSM is presented
in Fig. 1.

Il. TWO-DIMENSIONAL ANALYSIS OF CPPMSM

A. RADIAL AND TANGENTIAL FLUX DENSITY

To derive a two-dimensional model, Maxwell’s equations
must first be solved in all regions of the machine. For this
purpose, a series of simplifying assumptions are required for
CPPMSMIR zoning, as stated in references [18] and [19].
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FIGURE 1. 3-D structure of CPPMSMIR.
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FIGURE 2. The steps of CPCPMSMIR analysis.

The steps of doing this study have been shown in Fig. 2.
Maxwell’s equations are simplified as follows:

19 [ 0ATY 192438 s
Far\ T )T e = Rk M

10 ( 947 L1 32Am ) M,
rar ar

= My —
r2 902 M5
19 [ 9Al N
ror rar

o 30
LA i fas0) 3
——= =0i={a,so
r2 362
where, a, m, so, s and sls are air gap, PM, slot-opening, stator,
and stator slot, respectively.

If the Fourier series of stator current density distribu-
tion, the radial and tangential components of magnetization
patterns, and the boundary and interregional conditions for
the above equations are adequately considered [18].

) @
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The magnetic flux density is computed using B = V X
A, Where for the 2-D analysis, they are obtained using
Equations (4) and (5).

104,

B (r,0) = ——— 4

(r,0) parY; 4)
A

By (r,0) = —— ©)
ar

B. INSTANTANEOUS, COGGING, AND RELUCTANCE
TORQUE
The instantaneous torque (T, ) of a CPPMSM is calculated
based on Maxwell stress tensor according to Equation (6).
L g a a a a 2
Tinst = — (BY prr B ar) (BG pas+B5 ar) R:do
uo - r=R.

(6)

where Bf,PM, B‘j’AR, Bg,PM, and BS,AR are the radial and
tangential magnetic flux density components due to PMs and
AR in the air gap, respectively.

Equation (6) calculates the total torque. Cogging (Tcog),
Reluctance (T}.), and mutual (7},,) torque waveforms can be
obtained separately from equations (7) to (9).

L T

Teog = P (BY par) (BG.pu) R2d6 (N
0 J—-m r=R.
L g a a 2
Tre = — ( r,AR) (Be,AR) R:do (®)
uo J—n r=R.
L g a a a a 2
T = " (B ar) (B§ par) + (B ar) (BY par) RZd
0 J—m r=R.
)

All torque components are calculated due to only the air gap
magnetic flux density.

C. UNBALANCE MAGNETIC FORCE

The Maxwell stress tensor computes the radial and tangential
forces exerted on the stator surface. These magnetic pulls are
calculated based on the magnetic fields in the air gap.

_ 1 2 2
=5 (82 - 5}) (10)
1
fo = —B, By (1)
o

These equations can be transformed into the Cartesian
system.

S = fr cos (0) — fosin(0) (12)
Sy =frsin (0) + fycos(0) (13)

Then, UMF is determined by integrating these forces in the
middle of the air gap.

L2 pm T
Fo(t) = / s fordbédz =L | firdo (14
- —7 -7

L/2 b4 b4
Fy (1) = / fyrdédz =L [ frd6  (15)
—L/2J—m -
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F, = /F2+ F2 (16)

The magnitude of the unbalanced magnetic forces and their
components are computed only by the air gap magnetic flux
density.

D. BACK - EMF

The path of the flux passing through a stator tooth is shown
in Fig. 3. It can be computed with Gauss’s law.

]{B.ds =0— @16 = @12 + ¥23 + ¥34 + Y45 + P36

:/ B.ds+/ B.ds+/ B.ds
S12 523 534

+/ B.ds+/ B.ds (17)
545 556
Using constant coefficients in the machine’s

analytical model, the flux of one turn of the jth wind-
ing, which is wrapped on the jth tooth in the non-
overlapping winding, is obtained from the following
equation.

-
@i (a) = szvle |:<f€_:) ) i 1:|

y [bf}ls,j |:cos (ﬂ (83 + ﬁ))

S 8 2

—(—1)%] — byt [COS (ng_:s (#)) - 1“

P 1@ - 1)

— (BT = (=) B [(II:;;) - 1}

~a 3 [ ()

S

Rn\" . nf
_ |:cﬁ +d (R_) :|cos(n8j+1)] sm(%) (18)

N

In the case of all-teeth wound we have j=1,2,...,Qj.
In contrast, j=1,3,5,...,Qj-1 for the case of alternate-teeth
wound. Moreover, 6t=2m/Qj- is the span angle of each
tooth and &) = 27(j — 1)/Qj is the angle of jth sta-
tor slot center. In addition, the flux of one turn of jth
winding, which is wrapped on the j and j+s teeth in the
non-overlapping winding, is obtained from the following
equation.

The induced voltage in the jth windings can be achieved
using Faraday’s law of induction.

do;
B =—N2 (19)

In this method, the magnetic flux density in the air gap, the
stator slot-opening, and the slot are utilized to calculate the
induced voltage.
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FIGURE 3. Flux path in teeth.

E. INDUCTANCE

To compute the self-and mutual inductances of the stator
phases, the flux density caused by the armature current should
solely be considered. The flux linkage of jth winding caused
by the j’ phase flowing in the non-overlapping windings is
calculated from the following equation.

}Lj’ J (Ol)

27y
— LN, ZVV: [(ﬁ—ij) "y 1]
e (57)
—(=D*] - bi_lf’jﬂ’j/ |:cos (ﬂ(;:é (SS ; ﬂ)) — 1”
o)
FIN, ZV

Ho 2R% (Ry\

ol ()

(rrvs) —4 o sl
Ly [ 5,

e E5) o]

—J{*l’j, cos [ 22 5 —F -1

s S 2

U L o st
LN, D L@ — (=1 a )

i L R\ 7
_ (bsuo,ﬂrl,j — (=)™ bflOJJ )] |:(_S) _ 1:|
RSO
N v s R " .
— 2LN; Zn:l { [az’f + b/ (E) j| sin (n5j+1)

s R\ o 0
_ |:cz’] +d% (R_> :|COS(Vl5j+1)] sm(’%) (20)

S

Forj=1,2,...,Qjand j=1,2,...,Qj; and Jﬂ;f is the vs compo-
nent of the current density in slot j when all phase currents
are zero except for j'.

In addition, the flux linkage of jth windings (between jth
and (j+s)th teeth) caused by the j* phase flowing in the
non-overlapping windings is computed using the following
equation.

2mvg
ZVS R 3s
)Lj’j/ (@) = LN, vs=1 |:(st) " 1:|
s S
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TABLE 1. Fixed parameters of CPPMSMIR that are not optimization
parameters.

Parameter Description Value

P Number of poles 4

Q Number of slots 15

R Radius of stator 50

| Phase current 10

N Number of harmonics in air 100
gap

W Number of harmonics in PM 100

v Number of harmonics in 100
slot-opening

U Number of harmonics in slot 100

f Frequency 50

- wvg (s + B _
X Hbiis’]"’ [cos( 8; ( : > )) - (—1)”*]
: o A% 1) —ﬁ
e (5 (57) )
S - R
bso,]+l,j — % Y 1n [ 22
+ (w5 GRS L

U R .y
LN Y 1@ — =) )

. (RN
= G — (=D ] (R—) -1

N

N , o (Rm\"
—2AN Y [[agd +b% (R_’") :|sin (ndj11)
- N

o - R n 0
— | 4 a® (= cos(ndj41) sin(h)
Ry 2
21

In the case of all-teeth wound, we have j=1,2,...,Qj.
In contrast, j=1,3,5,...,Qj-1 for the case of alternate-teeth
wound.

If there are several series windings in j'" windings phase,
their fluxes should be added together. Finally, the k™ phase
inductance due to the k’ phase current is calculated with the
following equation.

A v
_ j.Jj
Ly = E ek jiek' _ij/ (22)

To achieve the self-inductance, it is required to excite phase
k instead of k’. Next, the flux linkage caused by this current
is computed. Finally, the self-inductance is determined by the
following equation.
A«j,j/
Lk =2 (23)

i

L

F. OPTIMIZATION INDEX

The objective function at this stage is to maximize the
torque/volume index. It is assumed that the volume is deter-
mined according to thermal considerations, and it is constant;
therefore, the average torque needs to be maximized because
the number of variables affecting the torque is high and the
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FIGURE 4. The inverse of the average torque for different magnetization
patterns a) Radial b) Parallel c) Halbach.

search space is very large. Metaheuristic algorithms are used
to determine the optimal dimensions of the machine. Since
such algorithms are used for minimization, the inverse is
minimized instead of the average amount of torque being
maximized. Accordingly, we are faced with an optimization
problem.

1
Min ( ) (24)
Tave(Rr, Ry, Ry, Ryy, L, 85, 8, B, atp)
15 <R, <20 (25)
44 R, <R, <8+R, (26)
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TABLE 2. Optimized CPPMSMIR specifications.

Parameter Description Amount
Ry Outer radius of the slot 45
R Outer radius of the slot-opening 32
Rs Stator bore radius 29
R Magnet radius 28
R, Rotor radius 2
L Axial length of the motor 58
) Slot span angle 0.377
B Slot-opening span angle 0.1131
14+Ry <R, <2+R, (27)
1+Ry <Ry, <3+R; (28)
9+ Ry <Ry < 13+R,, (29)
L
03<—<2 (30)
R
0.3*2—n<5s<0.9*2—n 3D
QS QS
03%8; < B < 0.7%8 (32)

Metaheuristic algorithms may get stuck in the local min-
imum and not converge to the global minimum. Also, their
final result depends on the initial guess. To overcome the
above problems, the four algorithms GA, PSO, DE and TLBO
are considered, and each is executed several times. Finally,
their answers are compared.

G. TEMPERATURE EFFECT

If the temperature changes in the range of 0 to 150 degrees,
the residual flux density of the permanent magnet decreases
with increasing temperature according to Equation (33) [20].

o
By =By [ 1+ o Op — 20)] (33)

where o is 0.105.

The change in residual flux density affects the magnetic
field caused by the magnet, and although the changes in this
field have no effect on inductance and reluctance torque,
they affect instantaneous torque, cogging torque, Back-EMF,
UME, overload capability, and torque-speed characteristic.
These changes will be examined in detail in the next section.

Ill. SAMPLE STUDY

A. COMPUTATION OF OPTIMAL CPPMSMIR DIMENSIONS
To maximize the average torque, the objective function is
considered according to eq. (24), the constraints of which are
also given. Other dimensions of the machine that are fixed
and that are not optimization parameters are presented in
Table 1.

Three types of radial, parallel, and Halbach magnetization
patterns are considered for optimization. The diagrams of the
inverse changes of the average torque in terms of the number
of repetitions for the three magnetization patterns are shown

108856
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FIGURE 5. Magnetic flux density due to PM, AR and both a) radial
component b) tangential component.

in Figs. 4.a, 4.b, and 4.c, respectively. Comparing these fig-
ures shows two points. First, all four algorithms converge to
one point, ensuring the algorithms’ correct operation. Second,
the maximum torque is obtained for the Halbach magnetiza-
tion pattern. Therefore, it is selected to optimize objective
function. Also, PSO converges to the best solution faster,
while GA needs more repetitions to reach the minimum. The
specifications of the optimized CPPMSMIR are presented in
Table 2.

B. CALCULATION OF INDICATORS

Suppose the machine with the dimensions obtained is mod-
eled by the two-dimensional method. In that case, the
diagrams of the radial and tangential components of the
magnetic flux density in the air gap in exchange for the exci-
tation of the PM, the stator winding, and both are according
to Figs. 5.a and 5.b. In accordance with these figures, the
amplitude of the magnetic flux density which is created by
PM is bigger than AR.

After calculating the magnetic flux density, according
to Equations (6) to (9), all the components of torque,
i.e., cogging torque, reluctance torque, and instantaneous
torque, are calculated, the diagrams of which are shown
in Figs. 6.ato 6.c. As can be seen from these figures, the

VOLUME 12, 2024
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FIGURE 6. All components of torque a) cogging torque b) reluctance
torque c) instantaneous torque.

cogging torque amplitude is very low and negligible, because
the structure of the consequent pole has less PM than the
superficial magnet and has less effect on the stator teeth.
Because the flux overlap of the windings of each phase is
higher than that of the other phases, it is expected that the
self-inductance of each phase will be higher than the mutual
inductance between the two phases. Added to that, because
the phase difference between the windings of one phase
and the winding of the other phase is 60 and 120 degrees, and
the flux of one phase affects the windings of the other phase
with the cosine of the angle between them, the mutual induc-
tance can have both positive and negative values. If the self-
and mutual inductances of the stator windings are calculated
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FIGURE 7. Self- and mutual inductance of stator winding.
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FIGURE 8. The Back-EMF for the consequent-pole machine.
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FIGURE 9. Overload capability.

using Equations (22) and (23) both said facts can be clearly
seen in Fig. 7.

One of the most essential features of a synchronous
machine is the induction voltage without harmonics because
harmonics not only degrade the quality of power [21] but
also increase losses [22]. The diagram of Back-EMF changes
according to the rotor angle, as shown in Fig. 8. Not only
is this figure within the permissible range of the IEEE-519
standard, but the three-phase symmetry is well established.

During the synchronous machine’s operation, unforeseen
overloads may occur due to sudden load changes or outages
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Torque-speed characteristic
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FIGURE 10. Torque-Speed characteristic for the optimal consequent-pole
machine.
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FIGURE 11. The magnitude of the UMF and its component in the X and Y
directions due to a) armature current b) PM c) both excitations.

of other generators. The overload capability curve, shown in
Fig. 9 for the optimized machine, examines the machine’s
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response to these problems. Given that the magnetic flux
density due to the armature current is of less amplitude than
the flux density resulting from PM, increasing it does not lead
to saturation of the core; therefore, this diagram is linear.

In addition to CPPMSMIR performance at powers above
the rated power, its performance at speeds above synchronous
speed is another practical issue in machine design. The
torque-speed diagram of the CPPMSMIR optimized up to
3 times the synchronous speed is shown in Fig 10. To reduce
the output torque without changing the dimensions and exci-
tation sources of the CPPMSMIR, the angle of the stator
current must be adjusted accordingly.

UMFs are another factor that can limit the use of the
machine, so the need to study them is inevitable. The magni-
tude of such forces and their values on the X and Y axes are
important. Stator and PM excitation sources produce UMFs.
The magnitude diagram of the UMFs and the diagram of their
components in the direction of the X and Y axes per armature
winding, PM, and both sources are shown in Figs. 11a, 11b,
and 1lc, respectively. Given the radial and tangential com-
ponents of the Halbach magnetization pattern, it is expected
that this pattern produces a fixed UMF amplitude. This fact is
seen in Fig. 11b. Also, the UMF components in the said two
directions relative to each other are plotted in Fig. 12. If the
machine excitation sources are symmetrical, the amount of
UMF is reduced to an acceptable level. According to Fig. 12,
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the PM excitation source has good symmetry, so its UMF
level is acceptable; however, the armature coil has no diamet-
ric symmetry, so its UMF amplitude is greater than that of the
PM. Also, the diagram resulting from both excitations in the
figure shows that every 120 degrees of the diagram is drawn to
one side. This fact indicates that for every 120 degrees, which
is the axis of one phase, the effect of this phase is greater than
the other two phases; between these points, all three phases
affect the formation of UMF.

C. TEMPERATURE EFFECTS
As previously shown, increasing the temperature leads to a
decrease in the residual flux density of the PM; hence, all
indicators calculated according to it are affected. Self- and
mutual inductances are constant because this parameter does
not affect their calculation. Reducing the residual flux density
of the magnet reduces the Back-EMF amplitude. This fact
is shown in Fig. 13. In addition to the voltage, the magni-
tudes of the cogging and instantaneous torque decrease with
reducing the residual magnetic flux density; this is while the
reluctance torque remains constant because it results from
the armature flux density. The diagrams of changes in these
torques under the influence of temperature changes are shown
in Figs 14.a and 14.b, respectively, which confirm the above
point.

The UMFs, due to the armature reaction, do not change.
The changes in Fy in terms of Fy. Fig. 15 plots the com-
ponents for both cases. Attenuating the PM’s residual flux
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density will certainly reduce the UMF resulting from the PM
and the sum of the two excitation sources.

However, because the effect of the armature winding is
greater than that of the PM due to the diagonal asymmetry on
the total UMF, the total UMF does not change significantly.
As previously shown, instantaneous torque decreases with an
increase in temperature, so the average torque will behave
similarly. The diagrams of average torque changes in temper-
ature are shown in Fig. 16. The torque-speed characteristic
and overload curves concerning temperature increase are also
shown in Figs 17 and 18, respectively. It is seen in these
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figures that increase in the temperature leads to a decrease
in torque, which is due to the attenuation of the residual
magnetic flux density.

IV. CONCLUSION

This paper introduced a consequent-pole permanent mag-
net synchronous machine for use in electric vehicles. The
consequent-pole machine has less costs, less loss, and more
torque than a superficial magnet. Such machines are of
two types, i.e., inner-rotor and outer-rotor consequent-pole
machines. The outer-rotor consequent-pole machine has
more torque, but the inner-rotor one has better heat removal
and start-stop capability. Therefore, an inner-rotor machine
is selected, and the torque-to-volume ratio needs to be
maximized. First, the CPPMSMIR is modeled based on a
two-dimensional method that is more efficient than equiv-
alent and numerical circuit methods. Then, the torque per
volume index is optimized with the four algorithms GA, PSO,
DE and TLBO and three types of magnetization patterns.
The convergence of all algorithms to one point indicates the
correctness of their operation. The best solution is obtained
for the bar magnet in shifting magnetization pattern. Then,
all the components of torque, back-EMF, inductance, UMF
on the X-axis, Y-axis, and their magnitudes resulting from the
magnet, the armature reaction, and both excitation sources are
calculated. The production of instantaneous torque with low
ripple and sinusoidal back-EMF with low harmonic confirms
the proper design of the machine. UMF due to PM/armature
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winding is low/high because of symmetry/asymmetry in this
source.

The linear overload diagram shows the unsaturation of the
machine. Also, by properly adjusting the armature current
angle, the torque-speed characteristic can be extended up to
several times the rated speed in the constant power region.
Then, the effect of temperature on the residual flux density
of the magnet is investigated. Reduction of residual flux
density, albeit not affecting reluctance torque, inductance and
UMF resulting from armature flux, reduces the magnitudes of
cogging torque, instantaneous torque, average torque, Back-
EMF range, and UMFs due to the PM and both excitation
sources. However, the changes that occur in the whole UMF
are slight and negligible because in this CPPMSMIR, the
UMF is more affected by the armature current than the PM.
In addition, an increase in the temperature also affects the
overload capability and torque-speed characteristic of the
CPPMSMIR at less and more than the rated speed.

The proposed model can be utilized for optimization of a
large number of objective functions such as decreasing torque
ripple. Besides, it validates multi-objective optimization and
other design targets.
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