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Performance analysis of various rotor
topologies of surface PM synchronous motor

Vasilija Sarac!

Surface mounted permanent magnet synchronous motors can be found in several designs regarding configuration of
magnets on the rotor. Finding the most optimal design in terms of the high efficiency and power factor, small cogging torque
and material consumption along with good overloading capability could be a challenging task. This paper analyzes three
different rotor designs of surface permanent magnet motors regarding their magnet shapes. All three motors have the same
outer dimensions, output power, torque and the material properties. The comparison of all three models is performed and
advantages and drawbacks of each model are pointed out. Four design variables are selected to be varied within prescribed
limits for each motor model in order the best combination of number of conductors per slot, magnet thickness, the magnet
length and shape to be fond, which result with the highest efficiency, small cogging torque and good overloading capability
of the motor. The impact of each varied parameter on motor efficiency and cogging torque is presented. All three optimized
model are compared and the most optimal model in terms of the above-mentioned characteristics is analyzed by Finite
Element Method (FEM) and with the Simulink. The model in Simulink allows motor transient characteristics to be obtained.
The performed analysis is useful for determining the most optimal and cost-effective solution among presented three types
of surface mounted permanent magnet motors in terms of the high efficiency and power factor, small cogging torque and

material consumption.

Keywords: surface mounted permanent magnet motor, efficiency, cogging torque, magnetic flux density distribution,

transient characteristics

1 Introduction

Synchronous motors with permanent magnet has been
known for their high efficiency and good power factor.
There are numerous advantages that facilities their us-
age in industrial processes or propulsion systems: high
power density, no torque ripple when the motor is com-
mutated, high efficiency at high speeds, easy maintenance
and installation, capable of maintaining the full torque
at low speeds, high reliability and efficient dissipation of
heat. Among major drawbacks are the high initial costs
and difficulties regarding starting up because it is not
a self- starting motor. Depending on how magnets are
attached to the rotor and the design of the rotor, per-
manent magnet synchronous motor can be classified into
two types: surface permanent magnet synchronous motor
(SPMSM) and interior permanent magnet synchronous
motor (IPMSM). Also depending on the stator design,
the permanent magnet motor can be with distributed
or concentrated winding. There are various cases of syn-
chronous motors designed, to keep the other parts almost
unchanged compared to a corresponding asynchronous
machine (eventually winding turns are changed). This
kind of approach has spread in the last few years, with the
aim of satisfying generic applications, precisely as substi-
tution of the asynchronous motor. Besides the evident
advantages in manufacturing costs, the use of equivalent
parts in terms of overall dimensions, supports and exter-
nal fixing points, has allowed adopting these motors with-

out modifying the remaining mechanics [1]. Whenever the
permanent magnet synchronous motor design in question
is, there are numerous design solutions often calculated
by design assist systems that allow accurate calculation
of motor characteristics that satisfy the predefined mo-
tor operating conditions [2]. Majority of these software
use the methods for motor calculating based on equiva-
lent motor circuits that account various motor losses such
as core losses [2-4]. The constant need for energy effi-
cient motors has determined the main research directions
in permanent magnet synchronous motors ie influence of
various construction parameters such as magnet material
or combination of several types of magnet materials into
hybrid magnets and their impact on motor efficiency and
power factor [5]. Impact of the poles and slots combina-
tions on motor noise and torque as one of the most impor-
tant operating characteristics in the propulsion systems
has been analyzed in [6-8]. The other authors searched
for the reduction of noise at SPMSM by introducing the
complex global air gap permeance per unit area in order
to take into account the permeability of magnetic wedges,
the height of pre-slot and the rotor shape [9]. Despite of
all the benefits, especially in terms of the energy savings
that come along with the use of permanent magnet syn-
chronous motors instead of asynchronous motors there
are still some difficulties in their usage that should be
overcome. One of them is the cogging torque that orig-
inates from the interaction of rotor permanent magnets
and stator slots and affects the motor control precision
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Fig. 1. Analyzed types of permanent magnet motors

especially in low speed applications. The rotors magnets
tend to align with the stator in the position in which the
air gap permanence is larger so when they are shifted
from this position, they generate a torque know as cog-
ging torque. Skewing of the stator slots can effectively
eliminate the cogging torque in case when it is accurately
analytically calculated [10]. Yet, this method demands
complex production of the stator, which cannot be taken
from the corresponding asynchronous motor, increased
manufacturing costs and overall motor price. Therefore,
this method for cogging torque reduction, although effec-
tive, cannot be easily implemented in practice. Other de-
sign parameters such as combinations of number of slots
and poles and magnet arc affect the magnitude of the
cogging torque at SPMSM. Therefore, the factor propor-
tional to the slots number and the poles number and
inversely proportional to their smallest common multi-
ple has been introduced to indicate the goodness of the
combination of number of slots and poles [11]. The mag-
net wedges with central separator from low permeability
material effectively reduces the maximum cogging torque
according to [12]. Another aspect of minimization of cog-
ging torque is the magnet shaping [13-16]. Various opti-
mization methods have been compared with respect to
the design objective such as machine weight, magnets
weight or efficiency in [17]. Optimization of motor per-
formance and comparison of various rotor topologies of
SPMSM has been presented in [18]. However, the opti-
mized models have different outer dimensions suggesting
that comparison is done for different machines. Reduc-
tion the production cost of permanent magnet motors for
traction applications is presented in [19]. The optimiza-
tion procedure is applied on axial flux modular structure
with straight slots and concentrated windings.

In this paper, the optimization of SPMSM is presented
based on parametric analysis, a software module in An-
sys software that allows several design parameters of the
electrical machine to be varied within prescribed limits,
in order to calculate numerous combinations out of these
varied parameters, which define the various motor mod-
els. The advantage of the parametric analysis is that all
motor operating characteristics that are selected for opti-
mization, ie the efficiency, cogging torque, magnet mass,
can be calculated and analyzed simultaneously for each
combination of varied parameters, providing the broader
perspective of the analyzed design. As it will be presented
later, there can be more than one solution for each mo-
tor type with maximum efficiency or the smallest cog-
ging torque. By analyzing all possible solutions, the op-
timal model with relatively high efficiency, small cogging
torque, and good magnetic characteristics in terms of safe

operation of the motor without the danger from demagne-
tization can be found. Firstly, three different rotor topolo-
gies for the same SPMSM are defined where the only dif-
ferences are shape of the magnets and their dimensions.

For all of the three configurations the computer mod-
els are derived and the operating characteristics of each
motor model are calculated. These motor models will be
referred to as basic motor models of all three rotor topolo-
gies (BM1, BM2 and BM3). Parametric analysis is ap-
plied for all three models where the same set of varied
parameters is used. From each of the three models (Fig. 1)
1376 new combinations (models) are obtained because of
the parametric analysis. All obtained motor models are
evaluated for several operating characteristics: efficiency,
power factor, cogging torque, maximum power and per-
manent magnet material consumption. For each type of
the motor, presented in Fig. 1, the most optimal solution
is selected in terms of the efficiency, power factor, cog-
ging torque and permanent magnet consumption. These
optimized motor models will be referred to as OM1, OM2
and OM3 and they correspond to the optimized variant
of models BM1, BM2 and BM3 respectively. Finally, from
all three optimized models (OM1, OM2 and OM3) , one
most favorable model in terms of the efficiency, power
factor, cogging torque and permanent magnet consump-
tion is selected. The selected model is analyzed by Finite
Element Method for magnetic flux density distribution.
Over the years, Finite Element Method has proved to be
a valuable tool in machine analysis in terms of calculating
various electromagnet variables necessary for estimation
of the goodness of the motor design [20, 21]. The last
part of the analysis is obtaining the transient character-
istics of current, speed and torque of the selected optimal
model. Transient characteristics are integral part of mo-
tor analysis as they provide data of motor acceleration
with various loads and the motor dynamic response [22,
23].

Searching for the most optimal motor design is always
a challenging task and often it is a trade-off between the
motor cost and performance. The presented analysis com-
pares the various types of SPMSM and makes their addi-
tional optimization. Moreover, the impact of each varied
parameter to the motor characteristics, subject to design-
ers interest, can be individually analyzed and adequate
conclusion can be derived that contribute to improve-
ment of the machine design. Finally, finding the motor
optimal design is a complex process where several oper-
ating characteristics of the motor should be taken into
consideration in selecting the most optimal design, as it
will be presented later. By employing the optimization
per one parameter, ie efficiency or cogging torque, sev-
eral models can be designed, with the highest efficiency
but significantly deteriorated remaining parameters like
the cogging torque or magnet mass. Therefore, the im-
plemented approach of parametric analysis offers broader
perspective of the designing process which facilities the
most optimal and cost-effective solution of the analyzed
design.
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Table 1. Main motor dimensions and winding parameters

Dimensions/winding parameters BM1&BM2  BM3
Stator outer diameter (mm) 163 163
Rotor outer diameter (mm) 97 97
Rotor outer diameter (mm) 95.2 95.2
Motor length (mm) 105 105
Number of stator slots 36 36
Winding layers 2 2
Nr. of parallel branches 2 2
Conductors per slot 92 92
Coil pitch 7 7
Magnet thickness (mm) 34 8
Pole embrace (mm) 0.85 0.6
Pole offset (mm) 5 6
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Fig. 2. Reprezentation o6 geometry of permanent magnet param-
eters [26]

2 Parametric analysis and results

In this analysis the approach of modification of asyn-
chronous squirrel cage motor (AM) into surface perma-
nent magnet motor was adopted. The starting point is
asynchronous squirrel cage motor, the product of com-
pany Rade Konar from Zagreb, H2AZ 155-4 of 1E3 class
of efficiency. The technical data concerning this motor
can be found in [24]. Firstly, the computer model of the
asynchronous motor in Ansys software was derived. More
data about this model can be found in [25]. The second
step was to derive three models of SMSPM according to
the presented rotor topologies in Fig. 1.

Some constrains were adopted during the modeling
process. The motor outer dimensions are the same for
all three types of SMSPM and they remain unchanged,
compared to AM. The same materials were used in SM-
SPMs as in the AM. The rotor dimensions remain also
unmodified, only the squirrel cage winding was replaced
by permanent magnets. Three models of SMSPM were
derived according to rotor topologies presented in Fig.1
and they are referred to as basic models BM1, BM2 and
BM3. The design constrain according to which the mod-
els were derived is that all models should have the same
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output power of 2.2 kW. The semarium cobalt permanent
magnets were used in all three models. The main dimen-
sional data for all three models are presented in Tab. 1.
The main differences between first two models and the
third one, are dimensions concerning permanent magnets
ie magnet thickness, pole embrace and pole offset, taking
into account that all three models are modeled according
to the generic designs of the rotors presented in Fig. 1.
Therefore, although BM1 and BM2 have the same de-
sign parameters according to Tab. 1 the different rotor
configuration e magnets cutting will have impact on op-
erating characteristics of the motors. The pole embrace
represents the ratio of the pole arc to the pole pitch, pole
offset is pole arc center offset from the rotor center while
magnet thickness is the thickness of the magnets mounted
on the rotor surface. They are presented in Fig. 2. Pole
offset modification within certain ranges, ie , shaping the
magnets, should improve the motor cogging torque there-
fore, it is adopted as one of the design parameters that
should be optimized.

Table 2. Comparison of operating characteristics of BM1 to BM3

BM1 BM2 BM3
Rated output power- P, (kW) 2201 2201 2200
Rated current — Iy (A) 362 358 3.6
Rated torque — 77, (Nm) 14 14 14
Speed — n, (rpm) 1500 1500 1500
Efficiency — 1 (%) 91.75 91.89 91.78
Power factor — cos ¢ 0.99 0.99 0.98
Maximum power — Prpax (W) 8278 8052 107481
Cogging torque — Teog (Nm) 0.27 0.14 0.58
Magnet mass m (kg) 0.64 0.65 0.9

Table 3. Range of variation of optimization variables

. Range Range
Variable (BM1-BM?2) Step (BM3) Step
No. of conduc-
tors per stator 90 — 100 1 90 — 100 1
slot-CPS
Magnet thick- 3.2 - 3.6 01 8-10 1
ness- MT (mm)

Pole offset g7 L 3_4g 1
OFS (mm)

Pole embrace

EMB 0.83 — 0.87 0.01 05-0.7 0.1

The three models BM1 to BM3 have different oper-
ating characteristics, obtained as output from the com-
puter models, modeled in RMxprt, software module of
Ansys. They are presented in Tab. 2. The obtained data
in Tab. 1 are compared with the similar motor with the
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Fig. 3. Static characterisitcs of BM1 and OM2-10

same power rating of 2.2 kW OMPMI100LA4 [27]. The
comparison shows satisfactory similarity.

Design process often demands lot of modifications in
order the most optimal solution to be obtained. Often it
is a trade-off between motor performance and cost. There
are numerous combinations of various design parameters

among which, the optimal solution should be selected,
ie high efficiency, small cogging torque, good overloading
capability and low consumption of permanent magnets.
Ansyss software module, parametric analysis, allows sev-
eral parameters to be selected for variation within certain
ranges. To allow fair comparison between all three mod-

Table 4. Optimized models of BM1

OM1-1 OM1-2 OM1-3

OM1-4 OM1-5 OM1-6 OM1-7 OM1-8 OM 1-9 OM 1-10 OM1-11 OM1-12

CPS 90 90 90 91 91 91 91 91 91 91 91 91
MT (mm) 3.2 3.6 3.5 3.4 3.4 3.3 3.3 3.4 3.5 3.6 3.2 3.5
OFS (mm) 6 7 7 6 7 6 6 7 7 7 6 7
EMB (mm) 0.86 0.86 0.87 0.83 0.83 0.84 0.84 0.84 0.84 0.84 0.85 0.85
n (%) 92.5 92.5 92.5 92.5 92.5 92.5 92.5 92.5 92.49 92.49 92.49 92.49
Teog (Nm) 0.185 0.15 0.116  0.229 0.17 0.226  0.228 0.179 0.18 0.182 0.213 0.172
mm (kg) 0.581 0.643 0.626 0.608 0.589 0.572 0.593 0.593 0.613 0.633 0.577 0.618
cos ¢ 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99
Table 5. Optimized models of BM2
OM2-1 OM2-2 OM2-3 OM2-4 OM2-5 OM2-6 OM2-7 OM2-8 OM2-9 OM2-10

CPS 90 90 90 90 90 91 91 91 91 91

MT (mm) 3.5 3.3 3.5 3.6 3.6 3.2 3.3 3.5 3.6 3.6

OFS (mm) 6 5 6 6 6 5 5 6 6 6

EMB 0.83 0.84 0.84 0.84 0.85 0.83 0.83 0.83 0.83 0.87

n (%) 92.5 92.5 92.5 92.5 92.5 92.5 92.5 92.5 92.5 92.45

Teog (Nm) 0.18 0.19 0.154 0.157  0.115 0.227 0.225 0.177 0.175 0.065

mm (kg) 0.64 0.624 0.645 0.667 0.672 0.599 0.619 0.64 0.66 0.681

cos @ 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99
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Fig. 4. Flux density distribution at motor cross-section at motor
starting: (a) — OM1-3, (b) — OM2-10
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Fig. 6. Flux density distribution at motor cross-section at syn-
chronous speed” (a) — OM1-3, (b) — OM2-10

els the dimensions of all motors remain unchanged. The
number of conductors in stator slot, magnet thickness,
pole embrace and pole offset are selected for variation.
Their ranges of variation, also the variation step, for all
three models are presented in Tab. 3.
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Fig. 5. Flux density distribution at motor cross-section-near syn-
chronous speed: (a) — OM1-3, (b) — OM2-10

For the model BM1 and BM2, 1375 combinations of
varied parameters exist, ie each of these combinations
defines the new motor model. The criteria for selecting
the optimized model is the high efficiency with improved
ie considerably smaller cogging torque than the starting
models BM1 and BM2. The criteria for choosing the high-
est efficiency for most favorable solution of the optimized
model, leads to several solutions, each of them has the
highest efficiency, but the other parameters of interest,
like cogging torque or permanent magnet weight consid-
erably differs from one model to another. Therefore, for
BM1 exist twelve optimized models with the highest effi-
ciency and similarly for model BM2 exist nine optimized
model with the highest efficiency and one model, which
has high efficiency, slightly lower than the highest value,
but very small cogging torque. Therefore, it is also in-
cluded in the selection of the best candidates for opti-
mized model of BM2. From the optimized models of BM1,
there is no other model, which has smaller cogging torque
than the already selected twelve models, which have al-
ready satisfied the both criteria of the highest efficiency
and the small cogging torque. The optimized models of
BM1 and BM2 are presented in Tab. 4 and 5 respectively.
For easier evaluation of all optimized models, the cogging
torque and magnet weight are added in Tab. 4 and 5.
These optimized models of BM1 will be referred to as
OM1-1 to OM1-12 and for BM2 will be referred to as
OM2-1 to OM2-10.

The model OM1-3 (Tab. 4) is chosen as the best can-
didate regarding the optimization of BM1. The criteria
for choosing the OM1-3 is the smallest cogging torque
considering that all optimized models in Tab. 4 have the
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Fig. 7. Transient characteristics of current, speed and torque for
model OM2-10

same efficiency, which is, actually the highest efficiency
obtained from the parametric analysis of BM1. Model
OM2-10 is selected as the best candidate from all op-
timized models in Tab. 5. The reason for selecting this
model was that the efficiency is almost the same as in the
other nine models but the cogging torque of this model is
considerably smaller than at the other models. In Tab. 6
comparatively are presented the best candidates of opti-
mized models of all three motors BM1, BM2 and BM3.
The optimized model of BM3 is referred to as OM3 and
it was selected among 396 combinations of varied param-
eters on the base of the highest efficiency as at all opti-
mized models of BM3, 396 in total, the cogging torque
is considerably bigger than in optimized models of BM1
and BM2.

According to the presented results in Tab. 6, it can
be concluded that in terms of the efficiency and cogging
torque the model OM2-10 could be the optimal solution.
The cogging torque is considerably smaller than in the
other two models and the efficiency is almost as high as
in model OM1-3. As the difference in efficiency between
model OM1-3 and OM2-10 is not so significant, the model
OM2-10 is selected as the best candidate among all opti-
mized motor models. OM2-10 is analyzed with FEM and
modeled in Simulink for obtaining the transient charac-
teristics. Model OM3 besides bigger cogging torque, has
considerable bigger consumption of permanent magnet
material so in comparison with the other two optimized
models of SPMSM does not represent the cost effective
solution. The efficiency, air-gap flux density and cogging
torque of models BM2 and OM2-10, comparatively, are
presented in Fig. 3. They should support the data pre-
sented in Tabs. 2 and 5.

3 Results from FEM analysis

Finite Element Method has been often used for veri-
fication of machine models ie for more exact calculation
of magnetic flux density in machine cross-section. The
method allows points of the magnetic core with high sat-
uration to be detected and improved by modification of
the design. The core saturation contributes to increased
losses and motor heating. The FEM models have been
created for optimized models OM1-3 and OM2-10, taking
into consideration that these two models are selected as
the best candidates regarding efficiency and the cogging
torque among the three analyzed rotor topologies. The
distribution of magnetic flux density is calculated for both
models and for various operating regimes, ie starting,
near the synchronous speed and at steady-state opera-
tion of the motor. For starting regime, the magnetic flux
density for OM1-3 and OM2-10 is presented in Fig. 4 and
for operation near synchronous speed in Fig. 5.

In Fig.6 is presented the distribution of magnetic flux
density at synchronous speed for both models.

4 Results from Simulink analysis

The model OM2-10 is analyzed by Simulink in a
closed-loop speed and current control. The motor is fed
by a PWM inverter. The PWM inverter is built entirely
with standard Simulink blocks. Its output goes through
controlled voltage source blocks before being applied to
the permanent magnet synchronous block’s stator wind-
ings. The load torque applied to the machine’s shaft is
set to its nominal value 14 Nm [28].

Two control loops are used. The inner loop regulates
the motor’s stator currents. The outer loop controls the
motor’s speed [28]. The motor speed is set to 157.15 rad/s
or 1500 rpm. The motor is loaded with 14 Nm load. As
an output from the motor block, transient characteris-
tics of current, speed and torque are obtained. They are
presented in Fig. 7.

5 Discussion of results

Finding the most optimal and cost-effective design
of the electrical motor is always a challenging task. In
case of permanent magnet synchronous motor with sur-
face mounted magnets, there are numerous variants of
the magnets shapes and dimensions and the winding pa-
rameters. On the other hand, the designed motor should
have satisfactory performance parameters: high efficiency,
small cogging torque and consumption of permanent mag-
net material. By implementing parametric analysis, that
allows variation of several parameters and simultaneous
calculation of output results such as efficiency, cogging
torque and permanent magnet weight the various mo-
tor models can be obtained and evaluated on the base
of several performance parameters giving to the designer
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Table 6. The best candidates of optimized models

OM1-3 OM2-10 OM3
CPS 90 91 90
MT (mm) 3.5 3.6 8
OFS (mm) 7 6 6
EMB (mm) 0.87 0.87 0.6
Iy (A) 3.57 3.56 3.55
Frictional and windage m m m
losses- Pry, (W)
Iron core losses- Pre (W) 40.8 41.3 40.2
Copper losses- Pcu (W) 93.97 94.3 93.2
Input power P; (W) 2379.75  2380.5 23774
Outout power- P> (W) 2201 2201 2200
n (%) 9249 9245  92.54
cos ¢ 0.99 0.99 0.99
Mecog (Nm) 0.116 0.0652 0.58
mm (kg) 0.63 0.68 0.9

a broader perspective of the analyzed problem. More-
over, the analysis can be implemented on different ro-
tors configuration with surface permanent magnets such
as with parallel magnets, trapezoidal magnets and broad-
loaf magnets. The analysis was carried out on compara-
ble basis: all models have same output power, dimensions
and built-in materials. According to the data presented
in Tab. 4 and by evaluating all performance parameters,
efficiency, cogging torque and magnet mass, the model
OM1-3 is selected as the best optimized model of first
type of the motor with parallel magnets. From the data
presented in Tab. 5 it is evident that if solely efficiency is
selected as parameter according to which the most opti-
mal model is searched, it leads to several possible motor
models which are not necessarily the most optimal or cost
effective solutions. On the base of presented parameters,
efficiency, cogging torque and magnets mass the model
OM2-10 was selected as the best-optimized model of the
second type of the motor with trapezoidal magnets. Fol-
lowing the same analogy, the best candidate among all
models of third type of the motor with broad-loaf perma-
nent magnets is selected and presented in Tab. 6 as model
OMa3. In Tab. 6 is presented a comparison between all se-
lected optimized models of all three types of the motor
with surface magnets. All three selected optimized models
have nearly the same efficiency. The difference is in cog-
ging torque and permanent magnets weight. The models
OM1-3 and OM2-10 outperform the model OM3 with re-
spect to the cogging torque and magnets weight. There-
fore, model OM3 is excluded from further analysis as it
cannot be the most optimal and cost- effective solution.
The both selected candidates as the best-optimized mod-
els OM1-3 and OM2-10 are analyzed with FEM for mag-
netic flux density distribution. According to the results
presented in Figs. 4, 5 and 6, the model OM2-10 shows
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satisfactory distribution of magnetic flux density in all
three operating regimes: starting, before synchronization
and at operation with synchronous speed and no demag-
netization of the magnets should occur. The model OM1-
3 is subject to partial demagnetization of the magnets in
all three operating regimes. The model OM1-3 has thin-
ner magnets, compared to model OM2-10 (3.5 mm com-
pared to 3.6 mm respectively) and the pole offset is bigger
at OM1-3 than in OM2-10, which results in thinner edges
of the magnets, subject of demagnetization. In all three
types of rotors the same type of magnet is used SmCo28
with residual flux density of 1.07 T and coercive force of
820 kA/m. In order to provide fair comparison between
different rotor topologies, the first rotor model was also
analyzed with the same data as the second rotor topol-
ogy (OM2-10), ie CPS =91, MT = 3.6 mm, EMB = 0.87,
OFS = 6 mm. It was found out that in this case, for the
motor with the parallel-sided magnets, the efficiency is
92.3%, cogging torque is 0.14 Nm and magnet mass is 0.67
kg or the performance parameters are worse than at mo-
tor with trapezoidal magnets. In general, the motor with
parallel magnets shows somewhat smaller efficiency and
bigger cogging torque in comparison to the rotor topology
with trapezoidal magnets. Considering above mentioned
analysis and results, the model OM2-10 shows the most
satisfactory performances from all analyzed models and
it could be considered as the best candidate, considering
efficiency and cogging torque, of all three analyzed rotor
topologies. The model OM2-10 is modeled in Simulink for
obtaining transient characteristics. Transient characteris-
tics, presented in Fig. 7 are modeled for set rated speed
as a reference speed and for acceleration with the rated
load. After the acceleration has finished the motor reaches
the nominal speed, current and torque. Motor success-
fully synchronizes with the network and maintains the
synchronous speed. The impact of each varied parameter
(CPS, MT, EMB, OFS) on efficiency and cogging torque
is analyzed for the model OM2-10 and they are presented
in Fig. 8 and 9 respectively. In Fig. 8(a) is presented the
impact of CPS on cogging torque for the model OM2-10,
when all the other parameters are like in model OM2-10
(MT = 3.6 mm, EMB = 0.87, OFS = 6 mm). Similarly
on Fig. 8(b) is presented the impact of EMB on cogging
torque for the model OM2-10, and the other parameters
are like in model OM2-10 (MT = 3.6 mm, OFS = 6 mm,
CPS = 91). The same analogy is implemented in Fig. 8(c)
and (d) for the impact of MT and OFS on the cogging
torque.

The number of conductors per slot or CPS has no im-
pact on motor cogging torque. Pole embrace and pole
offset have the most significant impact on the cogging
torque. The increase of pole offset reduces the cogging
torque but the magnets can become too thin, which in-
creases the risk of demagnetization. The cogging torque
increases with magnet thickness but as mentioned, too
thin magnets increase the risk of demagnetization so the
optimal magnets thickness should be provided with the
design of the machine. Furthermore, the motor current
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Fig. 9. Impact of varied parameters on efficiency-model OM2-10

increases when the magnets are thinner and efficiency de-
creases as well. The increase of pole embrace decreases the
cogging torque but increases the magnet weigh and cost
of material.

The impact of four varied parameter on motor effi-
ciency is presented in Fig. 9. The impact each parameter
on efficiency is analyzed while the other three parameters
have values as presented in Tab. 5 for model OM2-10.

The most significant impact on efficiency has CPS.
The increase of CPS decreases the efficiency due to in-
crease of resistance and copper losses. The pole embrace

has insignificant impact on efficiency and with the in-
crease of pole embrace the efficiency insignificantly de-
creases. Similar finding can be found in [29]. Variation of
magnet thickness from 3.2 mm to 3.6 mm increases the
efficiency due to decreased current and the copper losses.
Yet, the magnet thickness is not so critical for the effi-
ciency and the thickness can be reduced slightly without
significantly reducing the efficiency. The increase of pole
offset decreases the induced phase voltage and current so
the copper losses are reduced and efficiency is increased,
Fig. 10. According to this, the increase of pole offset has



Journal of ELECTRICAL ENGINEERING 74(2023), NO2

Induced phase voltage (V)

200

CPS =91, EMB = 0.87, MT=3.6 mm &
-200

0 125 375

Electrical degree (deg)

Fig. 10. Induced phase voltage for various pole offsets

also impact on shape of the induced voltage, which is
becoming more sinusoidal with the increase of the pole
offset.

The presented models are theoretical ones. The effi-
ciency of the prototype as well as other relevant oper-
ating parameters is highly dependent on manufacturer
tolerances and the quality of in-built materials. The pre-
sented analysis and models is for power supply of 50 Hz.
The operation of the motor with various frequencies ie ,
operating speeds is subject to further research and anal-
ysis. However, the presented analysis can contribute to
viewing the motor design as complex multi-parameter de-
pendent process were the optimal solution can be found
by evaluating several operating characteristics correlated
to various motor design parameters.

6 Conclusion

The paper analyzes synchronous permanent magnet
motors with surface magnets on the rotor, which can be
found in three most common rotor topologies: with par-
allel magnets, trapezoidal magnets and broad-loaf mag-
nets. Finding the most optimal rotor topology with re-
spect to the motor efficiency, cogging torque and mag-
net mass could be a challenging task. There are vari-
ous motor designs in each of these three rotor topolo-
gies, which engage several design parameters. We will
name some of them such as magnet shape, coverage of
rotor with magnet poles, magnet thickness, and number
of conductors per slot. They can vary from one design
to another resulting in different motor models with vari-
ous operating characteristics like efficiency, power factor,
cogging torque and magnet mass. Finding the most opti-
mal model in each of the three topologies with high effi-
ciency, small cogging torque and magnets weight requires
extensive calculations, which in this paper are done by
parametric analysis. Parametric analysis calculates vari-
ous motor models on the base of combinations of selected
parameters (magnet thickness, pole offset, pole embrace
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and number of conductors per slot) which are varied in
predefined boundaries. For the rotor with parallel and
trapezoidal magnets 1396 combinations of varied param-
eters, exist. For the rotor with broad-loaf magnets exist
386 combinations of varied parameters. Out of these nu-
merous combinations, one design for each rotor type is
selected which has high efficiency, small cogging torque
and permanent magnets mass. However, not only the ef-
ficiency was taken into consideration as criteria for se-
lection of the most optimal design. If only one operat-
ing characteristic is selected as optimization criteria, not
always the most optimal design is obtained or selected.
For the rotor with parallel magnets, twelve designs ex-
ist with the same efficiency (which is found to be the
biggest for the analyzed problem) but all of them have
different cogging torque and magnet mass. The paramet-
ric analysis calculates simultaneously several operating
characteristics therefore provide the broader perspective
of the analyzed optimized model. By comparing the best
candidates from parametric analysis of all three types of
rotor configuration, the rotor with trapezoidal magnets
is found to be the best model with high efficiency, the
smallest cogging torque and relatively small permanent
magnet mass. This model is verified by FEM and shows
satisfactory distribution of flux density at various operat-
ing speeds. The motor dynamics is analyzed by Simulink.
The analysis of dynamics shows that motor accelerates
up to the synchronous speed and maintains it, at rated
load, when it is operated by the inverter.

The analysis in this paper is focused on finding the
most optimal motor design among three different ro-
tor topologies of surface permanent magnet synchronous
motor concerning efficiency, cogging torque and magnet
mass, which was successfully realized with the aid of pre-
sented parametric analysis.

The presented analysis is for power supply of 50 Hz.
The impact of frequency variation to motor operating
characteristics at various speeds and in so-call field weak-
ening region is subject to further research. The presented
models are theoretical. Therefore, the final motor perfor-
mance can vary in dependence of manufacturing toler-
ances and quality of in-built material of the prototype.
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