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Abstract: The paper presents the results of FEM 2D computational studies of a three-phase Direct
Current Excited Flux Switching Machine (DCEFSM) electric motor with 15 rotor teeth and 36 stator
teeth. The aim of the research was to minimize the cogging torque of the machine by changing the
geometry of the rotor teeth and the size of the air gap between the stator and the rotor, with the
operating torques unchanged. Computational studies were carried out on the influence of the width
of the rotor teeth, the radius of the rounding of their corners, and the size of the air gap on the cogging
torque and machine operating torques. The results of the calculations made it possible to select the
dimensions of the rotor and the air gap in such a way that the maximum cogging torque was reduced
more than six-fold, with the machine operating torques being unchanged. The calculations also
showed that it is not possible to increase the value of the operational torques by further changes in
the geometry of the rotor teeth and the size of the air gap of the machine.

Keywords: DCEFSM; FEM 2D calculations; electric motor prototype; minimization of the cogging torque

1. Introduction

Previous research [1] presented the results of measurements and FEM calculations
of a prototype of a three-phase Direct Current Excited Flux Switching Motor (DCEFSM)
with 36 stator slots and 15 rotor teeth. The results of measurements and calculations of
this motor indicate the necessity to make some structural changes in order to increase the
rated torque, reduce the temperature of the windings during rated operation, and reduce
the cogging torque of the machine. The problem of reducing the cogging torque in electric
machines of various types with radial magnetization has an extensive literature. Typically,
it is associated with machines excited by permanent magnets, but cogging torques can
also occur in electromagnetically excited machines. The methods of reducing the cogging
torque usually do not eliminate it completely. Therefore, a common design practice is to
minimize the cogging torque of the machine using more than one reduction method [2—4].

The literature on this subject provides the following methods of reducing the cogging
torque in electric machines with radial magnetization:

e  choice of the appropriate angular span of magnets in machines excited by permanent
magnets [2,5-8];

making excitation magnets that are skewed [2,5];

desymmetrization of the arrangement of magnets in the machine [4,9,10];

choice of the shape of the magnets on the side of the air gap [7];

making ferromagnetic pole pieces for excitation magnets with an appropriately se-
lected angular span [6];

construction of a machine with magnets embedded in the rotor ferromagnetic (IPMSM) [7];
appropriate choice of the angular span of the stator or rotor teeth [11-13];
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e appropriate choice of the angular span of the rotor poles (teeth) in reluctance ma-
chines [14,15];
making slots in the stator or rotor that are skewed [3,4,11,14-17];
desymmetrization of the angular arrangement of rotor poles (teeth) in reluctance
machines [4,10,11];
choice of the shape of the face of the poles/teeth of the stator or rotor [18,19];
making cuts in the stator teeth or inserting additional teeth [7,15,17];
using an appropriate current power supply [12,20,21].

The cogging torque is significantly influenced by the size of the air gap between the
stator and the rotor [7,8]. The cogging torque decreases as the size of the air gap increases.
However, the possibility of reducing the cogging torque by increasing the size of the gap is
limited, since this dimension is one of the main dimensions of the machine and is forced by
the required value of its rated torque. The rated torque decreases as the gap size increases
as it causes the magnetic flux density in the gap to decrease.

The results of extensive research are presented in [15]. A design study of torque
pulsation minimization in spoke-type interior permanent magnet motors with a skewed
permanent magnet (in different ways) and the notching configurations method has been
presented. Notches are dummy slots in either the stator or rotor of the machine. The
cogging torque effect of the spoke-type 65-4P IPM motor design has been investigated and
discussed based on 3D FEM calculations. Both methods are effective in not only minimizing
the cogging torque, but also in retaining the maximum operating torque.

The original method of limiting the cogging torque is presented in the paper [14]. The
paper presents research on the spoke-type interior permanent magnet motor (PMSFM). In
order to limit the cogging torque without introducing additional elements to the machine’s
magnetic circuit and without changing the shape of the magnets, a configuration of the
machine with an external rotor was proposed. The use of the external rotor reduced the
cogging torque by five-fold and the total torque increased by 8%. The outer rotor machine
has 33% less copper weight in the winding, and therefore the power loss in copper was
also significantly reduced.

A previous study [12] presented methods of minimizing the torque ripple for the
DCEFSM. Based on the harmonics of the self- and mutual inductance of the field and
armature windings, it was shown that the sixth harmonic dominates in the torque ripple.
It is caused by the sixth harmonic of the self-inductance of the field winding and the fifth
harmonic of the mutual inductance between the field winding and the armature winding. A
method of minimizing the torque ripple is to add the appropriate harmonic to the armature
currents. It has been shown that the additional harmonic content in the armature currents
is able to reduce the torque ripple by up to 80%, without reducing the average operating
torque.

In [17], two methods of reducing the torque ripple for DCEFSM 12 /10 were analyzed.
These are: making the rotor with a stepped skew and making non-uniform rotor teeth.
The effectiveness of both methods is similar. It was found that saturation had a significant
effect on the relationship between the reduction in the torque ripple and the skew angle of
the rotor, while the average torque was not changed. Correct selection of the skew angle
reduces the torque ripple by at least 50% with a decrease in the average torque of not more
than 5%.

The aim of the paper is to present the effect of the dimensions of the rotor teeth of
the DCEFSM 36/15 motor and the size of the air gap between the stator and the rotor
on the cogging torque of the machine. The practical goal was to select such sizes of the
rotor teeth and the air gap so as to minimize the cogging torque of the machine. In this
motor, the cogging torque is created by the interaction between the stator teeth and the
rotor teeth (poles). The ferromagnetic stator of this motor is typical for an induction motor,
and comes from an induction motor rated at 5.5 kW and a synchronous speed of 1500 rpm.
It is a 36-slot stator with no skewing of the slots. It was bought as a ready-made induction
motor stator (without winding). The 15-tooth rotor was made to order. Therefore, in FEM
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2D computational studies, the focus was on limiting the cogging torque by changing the
dimensions of the rotor teeth and the air gap between the rotor and stator. The FEM pilot
calculations showed that the width of the rotor teeth and the rounding radius of their
corners have a significant influence on the cogging torque and the rated torque. Therefore,
first, the influence of these dimensions on the cogging torque was determined, and only
later was the influence of the air gap size on its value examined. Finally, the peak cogging
torque was reduced by more than six-fold, with the rated torque unchanged.

2. Materials and Methods

The calculations were undertaken for the machine with the cross-section shown in
Figure 1. The stator outer diameter was 204 mm and the inner diameter was 133.3 mm. The
rotor diameter was 132.4 mm. The air gap had a minimum size of 0.475 mm. The length of
the stator and rotor was 160 mm. The machine had 36 slots on the stator and 15 teeth on
the rotor. In DCEFSM motors, the basic ratio of the number of stator teeth to the number
of rotor teeth must be 12:5. Then, the number of pairs of the armature poles is p, =2, and
the excitation is p; = 3. In order to assume a “reasonable” value of the armature supply
frequency, which is limited due to the increase in power losses in the ferromagnetic sheets
with the increase in this frequency, it was decided to triple these values in order to increase
the torque of the machine. This resulted in a machine with 36 stator teeth and 15 rotor
teeth. Both the field winding and the phases of the armature had a pitch y = 2. The field
winding and the armature winding were made as double-layer windings. The number
of pole pairs of the phase was p, = 6, and the number of pole pairs of the field winding
was ps = 9, because it was not a rotating field machine. Phases coils were connected in
series, and the phases were wye connected. The armature phase coils did not overlap, but
they partially overlapped with the coils of the field winding. The coils of the field winding
were also connected in series. The motor was powered by sinusoidal three-phase voltages,
formed as a function of the measured rotor position. This is a Field Oriented Control
(FOC) control system, analogous to the vector control of the speed of PMSM. The operating
properties (both static and dynamic) of the motor are analogous to those of a cylindrical
synchronous, under-excited and cage-less motor. The rated motor speed of 1500 rpm was
achieved with a supply voltage frequency of 375 Hz. The rated motor parameters (obtained
from measurements [1]) are presented in Table 1.

Figure 1. Cross-section of the motor from the model for FEM calculations. Orange color—field winding
(for DC current); yellow, green, purple—phase windings (for AC currents); red, grey—ferromagnetic
sheets of the stator and rotor.
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Table 1. Rated motor parameters.

Motor Parameter Value Comment
Power (on the shaft) 3.5 kW at speed 1500 rpm
Armature Power 4.03 kW at speed 1500 rpm
Field Winding Power 0.25 kW at field current 9 A
Rotation Speed 1500 rpm at frequency 375 Hz and voltage 475 V
Frequency 375 Hz at speed 1500 rpm
Voltage (phase-to-phase RMS) 475V at speed 1500 rpm
Torque 22.3 Nm thermally limited
Armature Current (RMS) 745 A thermally limited value at speed 1200 rpm
Field Current (DC) 9A thermally limited value at speed 1200 rpm

The rated values of both currents result from the admissible temperature of both
windings during their operation (due to the thermal class of their insulation). According to
the results of the FEM calculations, in motors of this type, the torque increases linearly with
the armature current to the RMS values of the current of 9 A. The RMS value of the armature
current of 7.45 A is only due to the thermal limitation. Increasing the armature current
results in a further increase in the machine torque, although this increase is not linear. Then
the rated torque of the motor would also be twice as large. The situation regarding the
field current is different, the increase of which above the value of approx. 10 A results in
only a slight increase in the machine torque due to the saturation of the excitation magnetic
circuit. The assumed nominal value of 9 A, due to the thermal limitation, is not much lower
than 10 A. Compared to 10 A, it results in torque that is only about 5% lower (for a set
armature current). The measurements, the results of which are presented in a previous
paper [1], were made at the speed of 1200 rpm, instead of the rated speed of 1500 rpm, due
to technical limitations on the test bench. Therefore, the calculations in this paper were also
carried out at a speed of 1200 rpm, for the sake of consistency with the earlier paper [1]. The
results of the FEM 3D calculations performed at that time (taking into account the power
losses in ferromagnetic sheets) show that the results of the FEM 2D calculations obtained
for the speed of 1200 rpm can be extrapolated to the speed of 1500 rpm. According to the
earlier FEM 3D calculations, the increase in power losses in sheets with the increase in the
rotation speed from 1200 to 1500 rpm did not affect the average machine torque value or
the peak value of the cogging torque. Of course, the efficiency of the motor decreases due
to the losses in ferromagnetic sheets.

To determine the appropriate dimensions of the rotor teeth, 4 criteria were taken
into account:

1.  Minimizing the amplitude of the pulsation of the total machine torque;

2. Minimization of the maximum value of the cogging torque and obtaining a smooth
curve of it as a function of the rotor position (i.e., minimization of the derivative value
dT./ d(b)r

3. Obtaining the value of the maximum motor starting torque not lower than 95% of its
current maximum value;

4. Obtaining the value of the rated torque of the motor not lower than 95% of its cur-
rent value.

Two coefficients were introduced to quantify the fulfillment of criteria 1 and 2. The
first is the pulsation coefficient of the total electromagnetic torque of the motor:

:max(Te) — min(Te)
mean(Te)

-100% 1)
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The second factor is the cogging torque content in the electromagnetic torque of

the motor:
~ max(T,)

= max(Ty) -100% )

FEM 2D calculations of the machine cross-section with a stopped or rotating rotor
were performed, taking into account non-linear magnetization of stator and rotor sheets.
The hysteresis loop of the magnetization characteristic of the sheets and the power losses in
the sheets were not taken into account. In calculations, the stator phases were powered by
sinusoidal alternating currents, with sinusoids formed as a function of the rotor position (as
in the Field Oriented Control of this motor), or the phases were powered by constant cur-
rents with values corresponding to the selected time moment of the three-phase sinusoidal
waveforms of currents.

The torque (as the electromagnetic torque of the machine) was calculated with the
rotor rotating at a set speed and with the AC (three-phase armature, sinus) and DC (field
winding) current supply of the motor windings. The starting torque and the cogging torque
were calculated for the stopped rotor, for successive rotor positions, and with the DC
current supply (armature winding and field winding or only field winding for the cogging
torque). Ts is the mean starting torque. The values of the currents in each phase correspond
to the selected moment of the three-phase AC system.

3. Results
3.1. Rotor with Original Teeth (Model A)

Figure 2 shows the rotor tooth shape of the existing machine from Figure 1 (as
Model A). This motor was made as a prototype motor by ATB Tamel (Poland).

Figure 2. Machine rotor tooth shape, Model A.

The cogging torque T, was calculated with a stopped rotor for the field current of § A
(DC) and the zero armature current. The operating torque of the motor was obtained for
the same value of the field current with a rotating rotor at the speed of 1000 rpm and for
the three-phase, sinusoidal supply of the armature phases with currents having an RMS
value of 6.9 A and a frequency of 250 Hz. The static starting torque Ts was obtained with
a stopped rotor from the calculations for supplying the two phases of the armature with
direct current, respectively +8.5 A and —8.5 A, and the field current 8 A. Figure 3 shows the
obtained angular waveforms for these supply conditions. Table 2 summarizes the values of
torques and the coefficients ¢ and T. These waveforms and values are a reference for the
calculation results obtained for changing tooth widths, the radii for rounding their corners,
and the size of the air gap.
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Figure 3. Cogging, starting, and operating torque as a function of the rotor angle of the existing
machine, Model A.

Table 2. Summary of the calculation results of Model A.

Rotor Tooth

. . T [Nm] Ts [Nm] Te [Nm]
Dimensions e[%]  T[%]
s, [mm] 1, [mm] Max Max Min Avg Max
9.81 0 0.53 20.88 17.13 18.54 19.63 13.48 2.7

3.2. Rotor with Changed Tooth Width and Tooth Corners Radius (Model B)

For Model B (Figure 4), the variable parameters, on which the value of the cogging
torque depends, were: tooth width s, varied in the range from 5 to 20 mm with step 0.5 mm,
and the tooth corner rounding radius r, varied in the range from 0 to 3.5 mm with step
0.5 mm. The other machine dimensions remained unchanged in reference to Model A. The
current and velocity conditions for determining the torques were identical as for Model A.

/

Figure 4. Machine rotor tooth shape, Model B.

As can be seen from Figure 5, the local minimums of the maximum cogging torque
occur for each radius r,. The analysis of the obtained distributions shows that the most
advantageous modification of the rotor would be to change the width of the teeth to
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max|[T ] (Nm)

_e_rz=0mm rz=lmm $rz=2mm _e_rz=3mm

s; =8 mm and the radius of rounding of their corners to r, = 1 mm. This guarantees a
minimum value of maximum cogging torque. Very similar values were also obtained for
two other tooth widths: s, = 12.5 mm and s, = 17 mm, with the same corner rounding
radius r, = 1 mm.

)

0.7
+rz=0.5 mm —e—l'z=1~5 mm ,,,,rz=2.5 mm —e—l‘z=3-5 mm
0.7 0.8 0.6
0.67 05
~ 06
0571 & 104
% .
0.4} —_
\ = Ot 0.3
0.3 | pot =
= i
0.2 0.2 0.2
0.1 0.1
0 -
é A S N S A ) 5
‘0%’\%%\Q\\\‘L\’b\b‘\b\@(\\%\%r@
s, (mm) r, (mm)

s, (mm)

Figure 5. Relationship of the maximum cogging torque to the width of the rotor teeth and the radius
of rounding of their corners.

Table 3 shows the smallest values of the maximum cogging torque for each tested
rotor teeth corner radius.

Table 3. List of the minimum values of the maximum cogging torque as a function of the radius of
rounding of the teeth corners.

Rotor Tooth Dimensions T [Nm]
No. sz [mm] r, [mm] Max
1 7 0 0.1777
2 7.5and 16.5 0.5 0.0947
3 8 1 0.0458
4 8.5 15 0.0659
5 9.5 2 0.0566
6 10 25 0.0636
7 11 3 0.0686
8 12.5 35 0.0551

Figure 6 shows the maximum starting torque of the motor as a function of the width of
the teeth and the radius of rounding of their corners. The static characteristic of the starting
torque as a function of the rotor position angle was determined for each combination of
the variables s, and r,, with the rotor stopped and the supply of two armature phases,
and the field winding as in the analogous calculations of Model A. It can be seen that the
relationship between the starting torque and the dimension s, has one maximum global.
Its value is 22.5 Nm with a tooth width of 12.5 mm and no tooth rounding (r, = 0 mm).
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Figure 6. Maximum starting torque as a function of the width and radius of the rounding of the
rotor teeth.

Figure 7 shows the change in the average operating torque of the motor as a function
of the width of the teeth and the radius of the rounding of their corners. The dependence
of the operating torque on the rotor position angle was determined for each combination of
the variables s, and r, and for the value of sinusoidal phase currents of 6.9 A (RMS). The
average electromagnetic torque (for one rotation of the rotor) reached the maximum value
of 18.6 Nm for various configurations of the tested dimensions of the rotor tooth.

20
18
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18 - 16
g 16 =
& g 16 - °
—y e 14
~ 14 @
= E 14 13
g E
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‘ 9

RN EN ENENEC I I NSRS
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Figure 7. Average operating torque as a function of the width and radius of the rounding of the
rotor teeth.

Table 4 shows the maximum values of the maximum starting torque and average
operating torque for each of the rotor teeth corner rounding radii r,. The greatest values
of both torques were provided by the tooth width s, = 12.5 mm and the rounding radius
r, =0 mm, and were 107% and 100%, respectively, of that of Model A. It can be seen that
the negative impact of rounding the tooth corners on the value of both torques becomes
visible only at high values of r, > 1.5 mm. Up to a value of r, = 1.5 mm, both torques hardly
depend on the r, value.
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Table 4. Summary of the maximum values of the starting torque and the average values of the
operating torque as a function of the radius of the rounding of the tooth corners.

Rotor Tooth Dimensions Ts [Nm] Te [Nm]
No. sz [mm] r; [mm] Max Avg

1 12.5 0 22.3956 18.5895
2 13 0.5 22.1735 18.5151
3 13.5 1 21.8866 18.4349
4 14 1.5 21.5116 18.3147
5 15 2 21.1775 18.1838
6 155 25 20.8483 18.0441
7 16.5 3 20.5114 17.8801
8 175 35 20.1541 17.7249

Figure 8 shows the dependence of the torque pulsation ¢ and the cogging torque
content factor T on the parameters s, and r,.

7_e_rz=0mm rz=1mm_e_rz=2mm_9_rz=3mm
28, —e—1,=05mm o r,=1lmm . r,=2mm _o 1, =3.5mm 25
2 A
2oy, 2% ;
8.. § 47
4- 0
0—— — — ; ; 5 ’
© 0\ D %\0\\\%\’5\5‘\6\%(\\%\%(@
s_ (mm)
z
4
4.5
4,
3.%* 3
& 23
8! 2
1,
O.(S) ) 1
5

0 1 1 1 1 1 1 1 1 1
© 0 A D0 N GO0

s, (mm)

Figure 8. The torque pulsation factor ¢ and the cogging torque content factor T as a function of the
width and corner radius of the rotor tooth.

For each radius r,, the smallest values of the coefficients ¢ and T as a function of the
dimension s, were selected and are presented in Table 5.

Figure 8 and Table 5 show that the pulsation of the torque ¢ is the smallest for the
width of the teeth s, = 15 mm and the radius of rounding of their corners r, = 2.5 mm.
The coefficient 7 is the smallest for teeth with a width of s, = 8 mm and a corner rounding
radius r, = 1 mm.

After taking into account the dependence from Figures 68 in the context of the
adopted optimization criteria, the area of variability in the width of the rotor teeth, which
was subjected to further tests, was limited to the range from s, = 10 to 16 mm. The step
for changing the width in the FEM calculations was reduced to 0.1 mm to increase the
accuracy of the calculations and to be closer to the ideal solution meeting the adopted
criteria. The range of variability in the radius of the rounding of the tooth corners did not
change (r,=0...3.5mm).
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Table 5. List of the smallest values of the ¢ and T coefficients.
R(.)tor T(.’Oth e [%] Rotor Tooth Dimensions T [%]
No. Dimensions
sz [mm] r; [mm] Min s, [mm] 1, [mm] Min

1 12 0 6.0634 7 0 0.9810
2 12.5 0.5 4.8921 7.5 0.5 0.5871
3 13 1 3.6321 8 1 0.2573
4 13.5 15 2.9448 8.5 1.5 0.3732
5 14 2 2.7315 9.5 2 0.3295
6 15 2.5 2.1374 10 2.5 0.3645
7 16 3 2.1706 11.5 3 0.3873
8 17 3.5 2.5680 12.5 3.5 0.3117

The most favorable results for the adopted criteria were selected from Figures 9-12
and are presented in Table 6.

Table 6 summarizes the results of the calculations that meet the adopted criteria for
optimizing the dimensions of the rotor. The smallest value of the cogging torque occurs for
the tooth width s, = 12.8 mm and their rounding radius r, = 3.5 mm. These dimensions,
however, are not satisfactory due to the decrease in the value of the starting torque of the
motor (18.9 vs. 20.88 Nm in Model A). The main goal of the optimization was to reduce
the cogging torque, but with the condition of maintaining the motor torques (maximum
starting torque and average operating torque) at a minimum of 95% of their level. Therefore,
the final design parameters of the Model B rotor were the tooth width s, = 13.3 mm and the
corner rounding radius r, = 1.5 mm. With these dimensions, the maximum cogging torque
decreased to 0.079 Nm, i.e., 85% compared to Model A. The maximum starting torque
increased minimally, to 21.2 Nm, i.e., by 1.6% compared to Model A. The average operating
torque decreased to 17.6 Nm, i.e., by 5.1%. Comparison of the torques of Models A and B

(with the final design parameters) as a function of the angle of the rotor position is shown
in Figure 13.
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Figure 9. Values of the maximum cogging torque, maximum starting torque, and average operation
torque as a function of the width of the teeth for different radii of the rounding of their corners
(r; €<0, 1.5mm >).
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Figure 12. The coefficient of pulsation of the operation torque and the coefficient of the cogging
torque content in the operation torque, as a function of the width of the teeth, for different radii of the
rounding of their corners (r, €< 2, 3.5 mm >).
Table 6. Summary of the calculation results for various dimensions of the rotor teeth.
Rotor Tooth Tc[Nm]  Ts [Nm] T, [Nm]
No. mensions £ [%] T [%]
s, [mm] 1, [mm)] Max Max Min Avg Max
1 11.7 0 0.13 22.03 17.53 18.06 18.75 6.78 0.71
2 11.9 0.5 0.095 21.86 17.63 18.12 18.71 5.89 0.51
3 12.5 1 0.072 21.47 17.45 17.83 18.22 4.32 0.39
4 13.1 1.5 0.073 21.19 17.38 17.72 17.97 3.32 0.41
5 13.2 1.5 0.076 21.21 17.37 17.66 17.91 3.1 0.43
6 13.3 1.5 0.079 21.21 17.35 17.6 17.84 2.75 0.45
7 13.8 2 0.071 20.92 17.25 17.56 17.82 3.28 0.39
8 14.1 2 0.091 20.92 17.17 17.38 17.55 2.23 0.52
9 14.5 25 0.075 20.65 17.03 17.43 17.72 3.39 0.42
10 14.7 25 0.076 20.66 17.00 17.3 17.55 3.15 0.43
11 10.3 25 0.053 18.3 16.89 17.19 17.67 453 0.3
12 10.4 25 0.06 18.39 17.05 17.27 17.72 3.87 0.34
13 11.2 3 0.057 18.4 16.80 17.14 17.64 4.84 0.32
14 11.8 3 0.074 18.84 17.15 17.51 17.87 4.13 0.42
15 15.3 3 0.072 20.4 16.83 17.24 17.50 3.91 0.41
16 15.6 3 0.076 20.37 16.77 17.05 17.28 2.98 0.44
17 12.2 35 0.051 18.48 16.81 17.12 17.60 4.6 0.29
18 12.8 3.5 0.053 18.9 17.05 17.44 17.77 4.12 0.3
19 14.7 35 0.066 19.8 17.09 17.56 18.19 6.19 0.36
20 15.7 35 0.073 20.16 16.69 17.3 17.72 5.98 0.41
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Figure 13. Comparison of the torques of Models A and B as a function of the angle of the rotor position.
3.3. Influence of the Air Gap Size on the Cogging Torque
The size of the air gap has a great effect on the cogging torque of electric machines and
their operational torques [7,8]. Figure 14 shows the dependence of the three torques—maximum
cogging torque, maximum starting torque, and average operating torque—and the coeffi-
cients € and T on the size of the air gap. These relationships are for Model B (s, = 13.3 mm,
r, = 1.5 mm).
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Figure 14. Relationships of the motor torques and the ¢ and 7 coefficients to the size of the air gap.

The calculation results presented in Figure 14 show that increasing the air gap causes
a decrease in the value of the maximum cogging torque and the coefficients ¢ and .
Unfortunately, the values of the operational torques also decrease. Increasing the size of the
air gap above approx. 0.42 mm does not result in significant changes in the maximum value
of the cogging torque and both coefficients, but it causes a further decrease in the value
of the operating torques. This is caused by the decrease in the value of the magnetic flux
density in the air gap, with the supply of the motor windings with currents. On this basis,



Energies 2022, 15, 2455

14 of 17

for Model C of the motor, the final dimension of the air gap = 0.42 mm was selected, with
the dimensions s, and r, as for Model B.

Figure 15 shows the angular waveforms of torques of all three models. The numerical
results of the optimization of the rotor dimensions for all three models are summarized
in Table 7.
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Figure 15. Comparison of the torques of Models A, B, and C as a function of the angle of the
rotor position.
Table 7. Summary of the calculation results of Models A, B, C.
Rotor Dimensions T, [Nm] Ts [Nm] Te [Nm]
Rotor £ [%] T [%]
sz [mm] 1, [mm] 8 [mm] Max Max Avg
Model A 9.81 0 0.475 0.53 20.88 18.54 13.48 2.7
Model B 13.3 15 0.475 0.079 21.21 17.6 2.75 0.45
Model C 13.3 1.5 0.42 0.083 23.47 19.24 3.27 0.43

4. Discussion

Figure 5 shows that the magnitude of the maximum cogging torque depends on
the relationship of the rotor tooth width to the stator tooth width. When r,= 0 mm, the
maximum cogging torque reaches the greatest values with the width of the rotor tooth
being half the width of the stator tooth (s,=1, 2, 3, .. .-%sz of the stator). Figure 5 also
shows that the rounding of the corners of the rotor teeth has a significant influence on the
magnitude of the maximum cogging torque. It decreases monotonically with the increase in
the radius of this rounding, for each width of the rotor teeth. At the same time, an increase
in the value of r, causes an increase in the value of s,, where the local maximum cogging
torque occurs.

The maximum starting torque and average operating torque achieve their greatest values
for the width of the rotor teeth greater than s,= 9.81 mm from Model A: s,= 10...16 mm,
depending on the size of the corner rounding radius r, (Figures 6 and 7). An increase
in the value of r, causes an increase in the required value of s,, which guarantees the
highest values of both torques. With r,= 0 mm (as in Model A with s,= 9.81 mm), the
greatest values of both torques occur, respectively, of s,= 12.5 mm and s,=9...11 mm.
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With r,= 1.5 mm (as in the Model C), the greatest values of both torques occur, respectively,
ofs,=14...14.5mm and s,= 10.5...12 mm.

The values of the ¢ coefficient in Figure 8 reach their minima at the width of the
rotor teeth s,= 12...13 mm, for all values of the radius r,. The coefficient T reaches its
maximums for those values of the width s, for which the maximum cogging torque is the
greatest. The minima of the values of T occur for those values of s, for which the maximum
cogging torque is the smallest.

Figures 9 and 10 show that with the increase in the radius of the rounding of the rotor
teeth corners, the minimum value of the maximum cogging torque shifts in the direction of
the increase in the width of the teeth—from s, = 11.7 mm for r, = 0 mm to s, = 13.8 mm
for r, = 2 mm. The change in the shape of the dependence of the value of the maximum
cogging torque on the width of the teeth, as a function of r,, at a value of r, = 2.5 mm, results
in a new minimum of this torque, of s, = 10.3 mm. With further increases in the radius r,
the minimum also shifts in the direction of increasing the value of s,; for r, = 3.5 mm it
reaches s, = 12.2 mm. Although the shape of the dependence of the value of the maximum
cogging torque on the width of the teeth s, changes with the change in the value 1, its
general character is retained. This can be considered to be an indirect confirmation of the
correctness of the FEM calculations.

As the radius of the tooth corner rounding rises, the minimum value of the ¢ coefficient
also shifts in the direction of the tooth width increase (Figures 11 and 12). Contrary to the
value of the maximum cogging torque, this occurs in the full range of radius r, changes,
because the new minimum value of ¢, appearing at the value r, = 2.5 mm, has a lower
value than the “old” minimum. Both minimums are shifting towards an increase in the
value of s,. The shape of the relationship ¢(s,) changes smoothly with the change in the
value of r,, which can be considered to be an indirect confirmation of the correctness of the
FEM calculations.

The minimum value of the coefficient T from Figures 11 and 12 behaves similarly—as
the radius r, increases, it moves towards the increase in the value of s,. With r, = 2.5 mm,
a new minimum T appears, unlike for ¢, with a lower value of T than with the “old”
minimum. The shape of the relationship 1(s,) changes smoothly with the change in the
value r,, which is also an indirect confirmation of the correctness of the FEM calculations.

The increase in the size of the air gap 6 (Figure 14) causes a decrease in the values of
all three torques of the motor and the coefficients ¢ and t. The decrease in the value of the
torques is due to the decrease in the magnetic flux density in the machine air gap with the
increase in its dimension, due to the current supply of the motor windings. However, the
decrease in the value of the maximum cogging torque is not linear, which made it possible
to determine the size of the air gap, above which this torque practically does not decrease.
This size was fixed for the final machine Model C. This size is a little smaller than that in
Model A (0.42 vs. 0.475 mm).

The test results confirmed the thesis that it is possible to significantly reduce the
value of the cogging torque in the DCEFSM machine without reducing the value of its
average torques. In the final Model C, there was even a certain increase in the value of
torques—maximum starting torque increased by 12% and average operating torque by
3.7%. The goal of minimizing the cogging torque was achieved despite a certain reduction
in the dimension of the air gap in relation to Model A. The research also showed that
to minimize the cogging torque it is not necessary to modify the stator sheets, which is
important for practical reasons. The high dimensional resolution of the FEM calculations
made it possible to accurately determine the variability in the machine torques and the
values of the coefficients ¢ and T with the dimensions s,, r,, and 8. Rounding the corners
of the rotor teeth forced a significant compaction of the FEM mesh around these corners,
especially on the side of the air gap. The problem of the accuracy of FEM calculations near
the edge is known in the literature. Incorrect selection of the number of finite elements or
their shape near the edges can lead to significant errors in FEM calculations [8].
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5. Conclusions
The research carried out resulted in the following conclusions:

1.  Itis possible to significantly (more than six-fold) limit the maximum value of the
cogging torque in the DCEFSM motor only by changing the geometry of the rotor
teeth and the size of the air gap. This does not reduce the operating torque and
starting torque of the motor.

2. Rounding the corners of the rotor teeth, which is generally not practiced in electrical
machines, has a significant impact on the cogging torque. It also helps to reduce the
value of the dT./d¢ derivative, which affects the smoothness of the rotor movement
during rated motor operation.

3. The dependence of the cogging torque on the size of the air gap is non-linear, i.e., with
saturation. This made it possible to select the correct size of the air gap, guaranteeing
the minimization of the cogging torque while maintaining the values of the operating
and starting torques.

4.  Calculations showed that it is not possible to further increase the operating torque
of the machine by changing the geometry of the rotor teeth and the size of the air
gap. The operating torque can be increased only by increasing the value of the field
current and/or the armature current. Unfortunately, this will require enlarging the
stator slots, for the field winding and/or for the armature winding.
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